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Today we open the International Symposium, organizedvere made by Soviet scientists, including workers of the
in honor of the hundredth anniversary of the birth of one ofA. F. loffe Physicotechnical Institute.
the most well-known and distinguished scientists in the field  An important stage in the development of the study of
of solid-state optics, Professor EvgeRiedorovich Gross.  excitons was the discovery of the so-called exciton liquid. Its

I recall how in January of 1953 | attended for the first existence and properties were predicted by Academician
time a seminar of Professor Gross in the Leningrad Physicg- v/ Keldysh and his students. A detailed study of the ex-
technical Institute. | was greatly impressed not only by hisgiton liquid was undertaken by Professor V. S. Bagaev at the
lecture on the discovery of excitons, but also the very perppysical Institute of the Academy of Sciences, Professor
sonality of the professor, his emotional manner of presentay A Rogachev and others at the Physicotechnical Institute,
tion and his great love for science. and by Corresponding-Member of the Academy of Sciences

| think many §C|ent|sts of our institute, even those_whoYa_ E. Pokrovski and coworkers at the Institute of Radio
never worked in his laboratory but only met him in Seminarsg, . +ronics

and the like, were always under the strong sway of his per- A section will deal, within the scope of this symposium,

sonality. . S .
y with an examination of the properties of quantum dots, the

The discovery of the exciton was one of the most strik- hvsi f di ional struct d het truct
ing in the physics of condensed media. The exciton was prég ysics ot zero-dimensional Structures and hELerostructures.

dicted in 1931 by the distinguished theoretical physicist €€ special types of structures, excitons play an impor-
Ya. Frenkel’, who gave this quasiparticle the name “exci- &Nt role not only in explaining optical phenomena, but also

ton” to explain the photoreactive absorption of light in sol- & quasiparticles “at work” in real devices. New semicon-
ids. Later, in 1951, in a very delicate optical experiment, thisductor lasers based on quantum-dot structures would not

quasiparticle was discovered by Professor Gross and h@ork without excitons as the working particles. Today,
graduate student N. Karryev. Dr. Grundmann from the Technical University of Berlin will

Evgeni Fedorovich was the creator of a scientific consider the theory of these lasers in his presentation and
school. Today, in this beautiful lecture hall of the House ofhighlight the important role of excitons in them.
Scientists of the Russian Academy of Sciences, | see many | hope that there will be many interesting presentations
people(young and not so youngmost of whom belong to and discussions in the course of this symposium.
the scientific school of Professor Gross. The works of the In the name of the scientists of the Physicotechnical In-
scientists of this school have created a new and importarstitute and the St. Petersburg Scientific Center, | welcome all
branch of solid-state physics. participants of this symposium and hope that it will be useful
For an extended time, we have spoken of the excitono you.
only as a phenomenon of fundamental physics, not having | would like to remind our guests that St. Petersburg is
great physical application. But any fundamental discoverypne of the most beautiful cities of the world and | hope you
always has a practical significance, even if it is not used inj|| find time to acquaint yourself with it. Best wishes to all.
devices. Without recourse to excitons we could not explain  aAnd now one of the first graduate students of Professor

nor even examine many phenomena. Nowadays the situatiqgyoss, now Academician, Boris P. Zakharchenya, will tell us
is different, and excitons are beginning to play a role ingphout his teacher.

semiconductor devices.
With great pride | can say that many of these discoverieSranslated by Paul F. Schippnick
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VIRTUOSO OF THE OPTICAL EXPERIMENT inhomogeneous discharge. Gross altered the conditions of
the discharge, and the structure disappeared as a result of line

Evgeni Fedorovich Gross was born on October 8, 1897hrgadening.

into the family of a metallurgical enginger, specifically tr_]e After publication in 1928 in the journaeitschrift der

man who ran the IzhorskiVorks, a Russian nobleman. This ppysikof the results of German researchers on the hyperfine

was the largest armaments plant in all of old Russia. splitting of sodium lines in accordance with Pauli's theory,
We can say with confidence that Evgeiross was an  gross understood what a bad mistake he had made, blindly

outstanding experimental physicist working in the field of ygting in the opinion of a higher authority. He outlived his

spectroscopy of the condensed state. His faith in the pOWghigake, and always advised us, his students, to take a criti-
of optics and spectroscopy as an instrument for penetratingy,; e\ of all authority, in short—to be dissidents of sci-
the microscopic structure of matter was in many ways in-e

stilled in him him by his teacher Academician DniitBer-
geevich Rozhdestvenskand remained with Gross until his
death in 1972.
In the field of spectroscopy Gross carried out many bril-
liant studies, but the high points of his creativity were
—the discovery in 1930 of the fine structure of the Ray-

nce.
At the end of the 20’s EvgeniGross took upon himself

with great enthusiasm the realization of what in the pre-laser

era was a very difficult experiment, namely observing the

fine structure of the Rayleigh lines. This experiment was

suggested to the young physicist by the distinguished Mos-

leigh line of so-called Brillouin scattering, therewith demon- cow optl_cal phyS|C|§ts_ L. Mandel _shtam and .G' Lar_1ds_berg.
who tragically let priority for the discovery of inelastic light

strating the_ existence of Debye waves in crys_tals; scattering slip out of their hands in 1928. Now the whole
—the discovery of low-frequency spectra in the scatter- . . . .
orld calls this Raman scattering after the Indian physicist

ing of light by crystals. In essence this was the observation”

of new spectral lines appearing in the wings of the RamaﬁNh0 published his experiments somewhat earlier, even

. ; - LS ; though they were not as vivid a demonstration as that of
lines in the crystallization of liquids. The corresponding fre-
Y a P v Landsberg and Mandel’shtam.

guencies, which have come to be called “Gross frequen- A X in the 30" b , he Ravleigh
cies,” are associated with intermolecular vibrations; ) n expenmgnt In t € oU's on obsenving the Rayleig
—the discovery of the spectrum of large-radius excitongdiNes was unbelievably difficult, first of all because of the
absence of an intense collimated light source and a sensitive

in semiconductors—Wannier—Mott excitons. In its signifi- - V-
cance, this discovery is very close to works for which NobelPhoton detector. As his light source Gross had a quartz mer-
cury lamp, more accurately its 2537 A line, and a photo-

prizes are awarded. ; ; ) :
I will cite a case and say a little more about one out-graphic plate served as his detector. The scattering object

standing discovery of EvganFedorovich, which had, alas, a Was @ quartz crystal, chosefthis, if anything, revealed
dramatic finale. About it not much is known. Gross’s perseverance and diligen@m many hundreds of

The story goes like this. At the very outset of his scien-Samples. The light power of the setup with the Michelson
tific career, EvgeifiGross made use of instruments of high interferometer was not large; therefore the required exposure
resolving power. One of these was the Michelson interferfime was a hundred hours. During this time Gross never left
ometer. Gross was a master of this instrument and, crossif§€ Setup even once, all the time checking the thermostatic
it with a spectrograph, he commenced a study of the lin@nd barostatic control of the Michelson device. The experi-
structure of the radiation from gaseous discharge source§)ent was crowned with success. Gross observed the struc-
including those in which Doppler broadening had beenture of the Rayleigh line predicted by Leon Brillouihbut it
eliminated, i.e., the lines were extraordinarily narrow. Em-was more complicated because of the presence of longitudi-
ploying this technique, Gross observed the hyperfine strug?al and transverse acoustic modes. In the case of quartz,
ture of the lines. Such structure was predicted at this time byhree components were observed in both the Stokes and the
Wolfgang Pauli as a result of the interaction of the electronanti-Stokes parts. The experiment went beyond the state of
spins with the angular momentum of the nucleus. Havinghe art of its time. Gross published his results in 1930 in the
made this outstanding discovery, Gross made an unforgivjournal Zeitschrift der Physikwith an expression of deep
able mistake by trusting in the authority of one of gratitude to the above-indicated Moscow physicists.
RozhdestvensKs senior collaborators who declared that the ~ Alas! Gross was able to observe the spectrum and its
structure Gross had discovered was nothing but a result of structure on the photoplate only visually, by the scanning
trivial self-action of resonance lines in a temperature-objective method, averaging the grains of the plate in the
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darkened region. It was not then possible to record the spet¢dartree—Fock approximation, there is no place for electron
trum on a microphotograph and, therefore, he could not sendorrelations. Later on, Wannier and Mott added exciton
the result to Leon Brillouin in response to his written request.states to the familiar Bloch diagram. It was just such a large-
Gross’s discovery waited a full three years for confirmation,radius exciton that Gross had discovered.
when scientists in one of the laboratories of France suc- Frenkel' excitons or, as they are often called, small-
ceeded in reproducing his experiment. Now it is compararadius excitons, had been discovered a long time earlier, but
tively simple to observe Mandel’'shtam—DBrillouin scattering. the experimentalists who had observed them did not realize
Laser spectroscopy has simplified the experiment substathe connections of the lines they had observed with the ex-
tially. citon. These were Jean Becquerel, who observed narrow
I think it appropriate here to tell about this experiment of lines in crystals of rare-earth salthe minerals xenotite and
Gross’s since it highlights not only Gross’s extraordinarytisonite), and Ivan Obreimov, who observed the line spectra
skill as an experimentalist, but also his burning drive to ob-of crystals of aromatic hydrocarborieaphthalene, anthra-
tain a new result, providing food for further thought. cene, benzeneRoughly three decades after these observa-
These qualities were again displayed in the remarkabléons A. Davydov developed a theory of small-radius exci-
experiments of Gross and Max Wuchs in observing the lowtons and formulated the main criterion for recognizing such
frequencies of the Raman spectra of molecular crystalgxcitons—the famous Davydov doublet, whose components
about which | have already spoken. are polarized relative to the crystal axes. However, the ex-
Now let us turn to the exciton part of the research ofperimentalists persisted in calling the line spectra in the
Gross and his coworkers. This all begins shortly after the endbove-indicated crystals spectra of crystalline states. The ex-
of the Second World War, when Gross was invited by theciton terminology started to be used only after Gross’s dis-
director of the Physico-technical Institute, Abram Fedorov-covery.
ich loffe to organize an optical laboratory in the institute. It Closest to the exciton ideology before Gross were those
is curious that already in the 40’s loffe understood the sigwho worked with wide bands at the fundamental absorption
nificance of optics and spectroscopy for solid state, and esdge of alkali-halide crystals discovered by Hilf and Pol. It
pecially for semiconductors, with which he himself was ac-was in these crystals that exciton migration was first demon-
tively occupied, foreseeing their remarkable future. At first,strated at the beginning of the 50’s by Apker and Taft.
Gross continued to occupy himself with light scattering, but ~ Having discovered this extraordinarily striking phenom-
soon his interest was diverted by the experimentalists Venon and believing in its exciton nature, Gross rushed to
Zhuze and S. Ryvkin, who had just discovered that to expublish. However, he encountered serious obstacles in his
plain experiments on the kinetics of photoconductivity inpath. The thing was that just at this time Abram Fedorovich
crystals of cuprous oxide it was necessary to invoke the ideboffe had been displaced from his position as director of the
of an exciton—a quasiparticle carrying energy but notPhysico-technical Institute by the curator of the nuclear pro-
charge, predicted in 1931 by the theoretician Yakov Il'ichgram of the USSR, LavreritBeria. A new director had been
Frenkel’, also at the institute. installed—Anton Komar, the Ukrainian academician. He
The semiconducting crystal, cuprous oxide, was exwas under pressure to be especially strict in approving papers
tremely popular in the 40’s. To grow @0 crystals back for publication since not long before his arrival a cycle of
then, albeit not very high-quality ones, did not require muchpapers on nuclear physics had been published which had
work. Therefore Gross decided to study its optical absorptiofbeen awarded the Stalin prize. The work later turned out to
spectra in the hopes of finding something associated with thibe in error, and the reputation of the institute suffered as a
exciton. Fate had a fine gift in store for him. In the first result. On top of that, Komar had been assured by his col-
absorption spectrum of a thin ruby-red wafer of cuprous oxdeague in the Ukrainian Academy of Sciences, Professor An-
ide he, together with his graduate student from Turkmenitonin Prikhod’ko, that the series of lines observed by Gross
stan, Nuri Karryev, observed a series of narrow absorptionvas nothing but a trivial interference of light in the crystal-
lines converging, in accord with a hydrogen-like law, to theline wafer. Gross was not just a little disturbed, he was furi-
limit of continuous absorption corresponding to the funda-ous: “They dare to accuse a world-class optical physicist of
mental absorption edge or, as we would say today, to tha primitive error!”
band-to-band transition. At liquid-nitrogen temperature, they = The incompetence of Komar and Prikhod’ko cost Gross
observed six or seven lines. The experiment was performedearly. He could not publish his discovery, made at the be-
at the beginning of 1951. Gross announced that he observeginning of 1951, until 1952 in the journ&oklady Akademii
the absorption spectrum of the quasiparticle, the exciton ilNauk (Proceedings of the Academy of Sciepcpublishing
an institute seminar. He calculated the excitonic Rydberg anthere two papers, one after the other. President of the Acad-
determined to the extent possible the effective masses of themy of Science of the USSR A. N. Nesmeyanov helped
electron and hole. Gross in this matter. During that time when the papers lay
As is well known, the concept of the exciton was intro- tabled, papers by the Japanese physicists Hayachi and Kat-
duced to solid-state physics by the creator of many physicaduki appeared. The first was published in 1950 in the Journal
models, Yakov Frenkel'. In the calculation of the exciton of the Physical Society of Japan and arrived in the Soviet
states and wave functions, Frenkel’ used the Heitler—LondotUnion a year later. No hydrogen-like series was observed in
approximation, assuming that in the Bloch diagram, familiarit. An exciton interpretation of the stefsot lineg which
to all who work with semiconductors, but based on thewere observed at the absorption edge was lacking. In 1951
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the same authors published a detailed paper in the journal @dSe, where they demonstrated a Maxwellian distribution of
the University of Hokkaido, in which they spoke of a the exciton momenta and, finally, experiments on the spatial
hydrogen-like series, admittedly, but much less to the pointispersion of the excitons, starting with the observation of a
than Gross. About the exciton, however, not a word. Grosgjuadrupole line in cuprous oxide corresponding to the tran-
received this paper only after the publication of his own pa-=sition to the first excitonic state.
pers with distinct hydrogen-like series and their confident It is impossible here to list all the discoveries in exciton
interpretation. physics made during a very short time by Gross and his team
The papers of these Japanese authors were probably eat the Physico-technical Institute. | love to call this period
amined not too attentively by Professor Rashba who, in hifrom the 50's to the 60’s, following the terminology of Go-
foreword to the bookexcitonsedited by him and published ethe and Schiller, the period &turm und Drangn the op-
in 1982 by North-Holland Press, ascribed the discovery otics of excitons in semiconductors. It should be noted that
the exciton to the Japanese scientists. Gross had already diediprous oxide played a distinctive role in these discoveries,
but for his many students—KaplyanskPermogorov, Safa- this crystal has a valence band and a conduction band that
rov, Novikov, the author of this essay, and others—this wasre described by wave functions of the same parity. As a
incomprehensible and very unpleasant, not the least becausensequence, the absorption coefficient for interband transi-
we regard Enmanuil Rashba, like Gross, as a great theoretitions is relatively small, offering the unique possibility of
cian. observing up to 13 absorption lines at liquid-helium tempera-
Still more disagreeable were the numerous attempts bjure in the exciton series! Other parameters of the band struc-
the Strassbourg professor Serge Nikitin somehow to dispature of cuprous oxide also facilitate this. This was Gross’s
age Gross’s work and his inarguable priority in the discoverycrystal! Looking over its spectrum, located in the visible
of the new quasiparticle in order, having begun similar re-range, with the help of a simple lens, he exclaimed with great
search efforts himself, to be able to claim the honor for him-excitement: “What a wonderful phenomenon! A hydrogen-
self. As a Russianmigre, Nikitin knew well the language like series in a crystall What narrow lines! Boris, what
and was able to make use of the fact that the journals whereeauty, it is impossible to tear myself away from it! | am
Gross published had not been translated into English. Mangonvinced this is an exciton!”
of Nikitin’s papers and reviews, in which it was not hard to Without a doubt, at such moments the triumphant strains
divine an effort to plagiarize, disturbed Gross severely. In theof Tannhaiser must have resounded in Gross’s soul.
archive of Evgerii Fedorovich we have found letters to Ni- Within a short time, the following phenomena and ef-
kitin rebuking him in this matter, containing naive efforts to fects were discovered: a second excitonic series associated
explain that such behavior was at the very least inappropriwith spin-orbit splitting (this before experiments on cyclo-
ate. tron resonange the diamagnetic exciton shift and the Zee-
Gross’s main argument in favor of the exciton interpre-man effect of exciton lines; the exciton Stark effect and ion-
tation of the observed phenomenon was the narrowness @fation of the exciton in weak fields; diamagnetic excitons
the lines. Such a property of exciton absorption was notedmagnetic excitons the already mentioned polarization of
already in the first papers by Frenkel'. The light momentumthe quadrupole exciton line; in 11-VI crystals Gross'’s stu-
is small; therefore it creates an exciton with minimum energydents discovered hot excitons; they studied the effect of mag-
in the exciton band. This assertion, appearing in our time agetic field inversion; they discovered the optical analog of
even trivial, was extraordinarily daring in the 30's, whenthe Massbauer effect; they detected spectra of exciton—
even the existence of quasiparticles in solids was referred timpurity complexes and the fine structure of photoconductiv-
with great hesitation. This argument of Gross’s was poorlyity associated with excitonic states; they initiated experi-
received even in the 50’s. Most of the opponents of the exments for creating a high-density exciton gas. | cannot list
citon interpretation asserted that most likely this was an imthem all.
purity without understanding that band-impurity optical tran- It is clear that the discovery of excitons marks the be-
sitions cannot give narrow lines as a consequence of the faginning of semiconductor spectroscopy, which, together with
that the wave functions of the impurity states occupy a sigthe study of electronic states in semiconductors, plays the
nificant region ok space. Such transitions give wide absorp-same role as atomic spectroscopy did in the era of great
tion steps. discoveries in qguantum mechanics. About this Abram Fedor-
The argument tied to the narrowness of the lines wa®vich loffe spoke frequently, commenting upon the advances
poorly received by the participants of the seminars that Grossf Gross and his coworkers.
and | often attended. Striking effects in electric and magnetic  The invention of the laser and the incorporation of its
fields, proving the huge radius of the exciton orbits, inter-use in laboratory practice led to the discovery of multi-
ested them but, as an argument in favor of the existence of @xciton complexes and posed the challenge of creating a
mobile quasiparticle, it was not accepted by the suspiciouBose condensate which, in turn, generated the physics of the
scientists. They said to us: “Prove the motion of the exciton.electron—hole liquid in semiconductors. Numerous experi-
then we will believe.” ments appeared on the optical orientation and alignment of
The first experiments in this direction were on inversionexcitons. Finally, brilliant works on exciton physics were
of the magnetic field, performed in crystals of cadmium sul-made possible by the advent of femtosecond technology.
fide. These included experiments that carefully examined the It is impossible to imagine the spectroscopy of quantum-
shape and structure of the luminescence bands in CdS armsize structures without a study of exciton states. In this con-
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text many subtle phenomena were observed, from quantufmuge orchestra obediently playing to the movement of his

beats as a consequence of interference of quantum statesdaton.

effects of anticrossover of fine structure levels of localized  Most of all, Gross loved Sergérokofiev, and least of

exciton states. | think the discovery of the trion and phenomsq||, Tschakovskii and Mendelssohn, considering them to be

enon associated with the shake-up process far from comopo mundane and narrow.

pletes the giant pyramid of these studies. Among performers dear to him was Svyatoslav Richter
In conclusion, | would like to turn to one more side of and, of course, the great Glenn Gould, whose concerts in

tmhy teache_r(,j EvgenFedorovich Gross, who laid the basis of | eningrad Gross considered to be the greatest event of his
is pyramid.

life
Besides his astounding physical intuition, nature be-

ife.
: ) \ S ) X | could talk for hours about Gross’s passion for painting:
queathed him with a refined appreciation of music and PaiNte o the golden-blue Poussin to the abstractions of Kandin-
ing. He was an absolute musical “addict,” not missing even

D . . . kii and the genial colorful discoveries of his student Petrov-
one significant musical event in St. Petersburg/Leningrad. ! 9

recall his stories of his happy and quite affluent childhood, odkin Chupyatoyhe was well represented in Gross's mod-

when his father dressed him in a warm Romanov-era sheep?—st collection. . .
However, | will stop here and ask my young friend, the

skin coat, seated him in the sleigh, and the troika carried him,

into St. Petersburg to the Assembly of Nobiasw the Phil- violinist Boris Kipnis, to remember Gross with the remark-
harmoﬁic Society able music of Johann Sebastian Bach.

It is difficult for us to imagine that long-ago snowy St. - bet Brilouin this  struct dicted by Leonid
Petersburg, when it was possible to ride on sleighs into the="c" »>e'ore Brifouin: fhis structure was predicted by Leon
. Mandel'shtam in 1926; therefore we frequently call it Mandel’'shtam-
very center of the city. In the concert hall, the beloved Ale- g.ouin scattering.
ksandr Ziloti, conducting his enlightening concerts and lec-
tures, or the eight-year old wunderkind Willi Ferrero, with a Translated by Paul F. Schippnick
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On the validity of Haynes rule for the binding of excitonic complexes in low dimensions
J. Singh

Faculty of Science, Northern Territory University, NT 0909 Darwin, Australia

Fiz. Tverd. Tela(St. Petersbung40, 794—796(May 1998

Using a two-dimensional geometrical model and fractional dimension approach, it is found
analytically that the ratio of the binding energy of a biexciton to that of an exciton is 0.228 in
quantum wells and it is independent of the quantum-well width. This agrees very well

with the results in GaAs and ZnSe quantum wells, and CuCl crystals and large quantum dots. It
is suggested that, while Haynes rule may be valid for bulk, much higher ratios may be
expected in lower dimensions. @398 American Institute of Physids$$1063-783408)00305-(

1. Much interest has been generated recently in studying h2 ) n2l 2 , 1
excitonic complexes like biexcitons and trions in narrow di-Hxx=— WVR_ 5 Everﬁr M_ee
mensions, because of their applications in confined quantum
optoelectronic devices. In GaAs quantum-wéknd type Il where* M =2(mg tmﬁ)'z 1/:“5:*1: 1/m§2+1/m;§ v Lpee
superlattice$,the binding energy of biexcitons over 2 mev = Y/Me and Lup,=2/my, Ve, Vg.andVy,are the Lapla-
has been observed, whereas in ZnSe quantum’ vaeki cians with respect to the relative co-ordinates between elec-

cucl single crystaf§‘7 much higher binding energies have tron and hole, electron and electron, and hole and hole, re-

, : e ivel 2is that with h f

been measured. The first observation of biexcitons was maa%) ectn{e Y, an.OVR'S that wit respegt to t. c centgr ol mass
. . . i . co-ordinateV is the Coulomb potential of interaction among

by Haynef in crystalline silicon and, on the basis of his

. & the electrons and holes of the biexciton. Applying another
previous work on a neutral donor complekaynes used the coordinate transformation to the relative coordinates that en-

ratio of the binding energy of a biexcitofE() to that of an g res a square structure of the 2D biexciton, the Hamiltonian
exciton (Ep) in silicon as 0.1. Ever since this ratio, com- (1) reduces int&
monly known as the Hynes Rule, has been assumed to be 5
applicable for all solids, including quantum wetfsHow- Hoo— - @)

. . . . XXx— r
ever, as biexcitons are observed more frequently in confined 2 pxx Eed

systems, a desirable question arises if there is a constant rafighere 1, = Zuon, e=(V2/(4—2))e, and ¢ is the di-
for the binding energy of a biexciton to that of an exciton, electric constant of the material. The kinetic energy operator
which can be applied to both bulk and confined systems. of the center-of-mass motion is excluded from the Hamil-

In this paper we have presented a brief account of detettonian(2). The energy eigenvalue of the Hamiltoniét can
mining the ratio of the binding energy of quasi-two- be obtained by applying the fractional dimension apprddch
dimensional biexcitons to that of an exciton analyticlily in solving the following Schidinger equation
using the fractional dimension approatiand compared it _ _
with some of the known experimental results on quantum 0 Poun(1)= (Bxoin = 2Bg) Yien(r), @
wells. As the Bohr radius of biexcitons is much larger thanwhereE,, , and ¢, , are the energy eigenvalue and eigen-
that of excitons, it may be expected that the effect of confunction of a biexciton in its internal energy staterespec-
finement will be more pronounced on biexcitons than onfively, and Eg is the energy gap of the material. We thus
excitons. Therefore, while the Haynes rule may be regardegPtain
as applicable in bulk crystals, a higher ratio may be expected EL
in lower dimensions. . o Exxn=2Eg— N+ ((a=3)12))2" a=2, (4)

2. In quantum wells of widths smaller than the biexci-
tonic diameter, a biexciton is confined into a 2D space. Irand the corresponding biexciton radisg, , as
this situation a planar square geometrical configuratitor a—3\2
the electrons and holes involved in the formation of a biex-  ay,=|n+ — a,, (5)
citon can be assumed. Assuming that the quantum well plane
is parallel to thexy-plane, the 2D biexciton is free to move Where
only in this plane. Transforming the Hamiltonian of such a M
geometrical structure into the six relative co-ordinates and a Eg=— X Ry, (6)
center of mass coordinate, we get the biexciton Hamiltonian ExxMe
ast and

2 1 oo
Veet — Vinl tV, (D
Mhh
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,om, o=mi/m¥ ¥ and hence it is different for different mate-
A= ay () rials. For a negatively charged trioie—h—e, the binding
xxixx . .
energy is obtained as
Ry anday are the Rydberg constant and Bohr radius, respec- 9(1+0) .
tively, andm, is the free-electron mass. b =231 20) Ep. (10

Using the definition of the biexciton binding energy as —x )
Ef*=2E, n—Eyxn, WhereE, , is the energy eigenvalue of and hencek, /E, depends on. Using Eq.(10) we get a
an exciton state, we get the exciton binding energy as ratio of E;~ to the energy of a neutral donor as a function of
o that agrees reasonably well with the variational
(4/-\2) calculation™* Such a difference betweds*/E} andE} /E}
T—Z) s(n), (80 may be attributed to the difference in the structure of biex-
citons and trions.
whereE{(n) = Eg—Ey . is the binding energy of a 2D ex- Effsct of .Co?flnemehnﬁshthe b|§x0|tonhBohrErad|us is
citon. From (8) one gets the ratioEr*/E;=0.228, which more than twice larger than t eexmtpn Bohr radigg. (9]
does. not depend on the biexciton bstatg ri.nci ,al uantur e expects that the effect of confinement would be more
number n e?fective masses of the chaFr) o cgrrigrs an ronounced on the binding of biexcitons than on excitons.
’ : > 9 : his means that the ratié;/Ej}, is expected to be larger in
guantum-well width. The ratio is also more than twice the . . 2. X ; :
. ) narrow dimensions such that it is least in bulk and highest in
ratio obtained by Haynes rule. d K ledae th | |
Using Eq.(5), we also find the ratio of the radius of 1D and 0D. To our (nowie ge there are only two examples,
e e GaAs and CuCl, which may be used here. In GaAs quantum
biexciton to exciton as . ; : - L
wires the ratio obtained from a very sophisticated variational
3 calculatiort® suggests thaE{*/EX=0.6 and it is nearly inde-
Bxxn _ 3(4-V2) =274 (9) pendent of the length and width of quantum wires. The ex-
Ay.n 242 perimental resulfs in GaAs quantum wells show that
Eg/E=0.2 and it is independent of the quantum well
which is also independent ofand, therefore, the ratio is the width, which is also supported by the ratio obtained in
same for the Bohr radius of biexciton to that of exciton. TheEq. (8).
ratio (9) suggests that the biexciton Bohr radius can be more  In CuCl quantum dots of sizes more than 50 A, no effect
than twice as large as the exciton Bohr radius. of confinement on biexcitons and excitons is obseffed.
3. Using a simple but realistic model strucuture of 2D This is because theSLexciton Bohr radius in CuCl is 6.8
biexcitons in quantum wells, we have obtained analyticallyA,*® and the corresponding biexciton Bohr radius is 1%°A,
Eb/Ep=0.228 for 2D biexcitons. The questions now ariseand the effect of confinement is not found to be significant in
(i) Do biexcitons in all quantum well materials have the quantum dot sizes much bigger than exciton and biexciton
same ratio?ii) Although the results derived here are strictly Bohr radiil’ However, more experimental data are needed
applicable for the two-dimensional case, can this ratio be&n the binding energy of excitons and biexcitons as a func-
applied in dimensions lower than 2@Quantum wires, quan- tion of the size of confinement to address the issue any fur-
tum dots etg? (iii) Should it really be independent of the ther. Nevertheless, it is interesting to see from the above
quantum-well width? We would like to address these queseata®'8that the ratio of biexciton to exciton Bohr radii is 2.2
tions below. in CuCl, which is comparable with 2.7 obtained in E§).
Material independence of f/Ej . Biexcitons have been | am indebted to Professor T. Itoh for supplying his re-
observed in many quantum wells, but they have been studiesllts on CuCl and to Dr. D. Birkedal for many useful discus-
more systematically only in GaAs quantum wéllsn GaAs  sions. A part of the work was done at the Mikroelectronik
guantum wells the measured ration is 0.2, and the bindin@entret, Danish Technical University, and | would like to
energy of quasi-2D excitons in GaAs quantum wells of widththank Professor J. Hvam for the hospitality.
80 A is knowrf to be 10 meV which gives a binding energy
Of. 2 meV ZOI‘ biexcitons. In _ZnSe single quan_tum_wel[ of 1R. C. Miller, D. A. Kleinman, A. C. Gossard, and O. Munteanu, Phys.
width 75 A* the measured binding energy of biexciton is 5 Rev. 25, 6545 (1982.
meV and the exciton binding energy is 20—-25 meV, which 2D. Birkedal, J. Singh, V. G. Lyssenko, J. Erland, and J. M. Hvam, Phys.
gives a ratio of 0.2—0.25. ,Rev. Lett. 76, 672(1996. . .
In the bulk crystals of CuCl the binding energy bf M. Ngkayama, K. Suy.ama,'and H. Nishimura, Fourth International
) : Yy g . gy Meeting Optics of Excitons in Confined Systefsrtona, ltaly,(28—31
biexciton, the lowest bound state of tifg excitons, has a  August 1995.
binding energy of 32 me¥and the exciton binding energy is *V. Kozlov, P. Kelkar, and A. V. Nurmikko, Phys. Rev. B3, 10837
_ ; ; : _ (1996.
150 1,90 meV, WhICh.gl.VeS a ratio of 0.17-0.21. To the SR. Shimano and M. Kuwata-Gonokami, Phys. Rev. L&2.530(19994.
aythpr S knowmdge} th'§ IS the only example Pf _SUCh a largeeK. Saito and N. Nagasawa, Solid State Comnf4).33 (1995.
binding energy of biexcitons in a bulk. The ratio in E§) is M. Hasuo and N. Nagasawa, Phys. Rev. L&, 1303(1993.
clearly in agreement with the above examples which suggesgj- 2- :aynes, EEVS- geV- tgﬁ?é 2?? iggg&
P ; . R. Haynes, Phys. Rev. . .
that the ratio is !nerendent of thg material. . 195, A. Kleinman, Phys. Rev. B8, 871(1983.
However, thls_ is not true for trlon(sa free charge carrier 113 gingh, D. Birkedal, V. G. Lyssenko, and J. M. Hvam, Phys. Re§38
bound to an exciton where the ratioE}*/E; depends on  15909(1996.
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Anomalous behavior of excitons at light holes in strained (In,Ga)As/GaAs
heterostructures

Kh. Moumanis, R. P. Seisyan, M. E. Sasin, A. V. Kavokin, and S. I. Kokhanovski
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Additional localization of holes due to Coulomb attraction to the electron located in a quantum
well is important for light-hole excitons in the heterostructiire GaAs/GaAs. The fine

structure of the optical and magneto-optical spectra of these quantum wells is examined in detail
with the formation of a “Coulomb well” and deformations taken into account. 1898

American Institute of Physic§S1063-783@8)00405-5

1. In (In, GaAs/GaAs heterostructures a “type-l—type- and 758 A, while the spectral line widths for the HH1E1
II” mixed heterojunction is realized possessing the propertytransition were 0.8 and 1.1 meV, respectively. Magneto-
that in the InGaAdternary solutiop layer attractive poten- optical measurements were performed Tat1.7 K in a
tials are present for the electrons and heavy holes and a reumped-down helium cryostat with a superconducting sole-
pulsive potential for the light holes. The nature of the light-noid which allowed us to obtain fields up to 7.5 T.
hole excitons in these objects is not obvious. Deep in the 3. The experiments yielded absorption and magneto-
type-ll layer they are spatially indirect; however, maxima areoscillation spectra containing numerous maxima correspond-
observed in the absorption spectra(bf, G9As/GaAs het- ing to light-hole and heavy-hole exciton transitions. The op-
erostructures for light-hole exciton states whose oscillatotical absorption spectrum of the sample with indium content
strengths are significantly higher than expected for spatiallx=0.045, measured before and after substrate removal, is
indirect transitiong:? This can be explained by taking into shown in Fig. 1. The spectra of the substrate-free samples
account the possibility of additional localization of the light exhibit considerably more detail. It is possible to distinguish
hole thanks to Coulomb attraction of the latter to the electroriwo absorption levels in the spectra. The first level, corre-
spatially confined by the quantum-well potential. This effectsponding to weaker absorption, corresponds to transitions to
leads to the formation of a “Coulomb well” for the light an electron level in the InGaAs quantum well, while the
hole in the ternary-solution layer, which in turn provides stronger spectral features belong to transitions in the GaAs
some spatial localization of the light hole within this layer, barrier. Absorption in the barriers can be described in terms
and the optical transitions turn out to be dirdct. of exciton—polariton processes overlaid by an effect of weak

In order to observe the fine structure of the spectra asso-
ciated with the light-hole transitions from states of the “Cou-
lomb well,” it is necessary to use high-quality samples char- 1B
acterized by a very small half-width of their spectral lines. N

Theoretical calculations of the exciton binding energies
in a magnetic field and of the oscillator levels in the “Cou-
lomb well” enable us to study the observed behavior of a
light-hole exciton. We were the first to successfully isolate
the “Coulomb well” contribution quantitatively and esti-
mate the height of the “Coulomb wells” and the actual en-
ergy positions of the LH1 and LH3 levels.

2. We experimentally investigated a set of samples with
different parameters, grown by molecular-beam epitaxy. For
optical measurements, the substrates were completely re- . . .
moved by chemical etching. To observe effects associated 1.49 1.50 1.51
with the influence of the “Coulomb well,” we first selected Energy, eV
In,Ga _,As/GaAs heterostructures with low In content
x=0.05-0.08. The highest-quality samples were obtained af!G. 1. Absorption spectra of sample NMC21 at 1.7 K with no magnetic

such In concentrations. For samples NMC 21 and NMC 1]f|el_d. The dashed line depicts the ab_sor_ptlon spectrum of the sample before
stripping away the substrate, the solid line—after. The numbers denote the

with x=0.045 and 0.062, reSpeCtivel_yv thg well widthwas  apsorption maxima corresponding to transitions between electrons and holes
equal to 90 and 88 A, and the barrier thicknéss to 822  of the well; the letters—transitions in the barrier.

W
]

(58]

Absorption, a.u.
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elongation in the layer plarfeAll peak positions in the free tions of the absorption maxima in Fig. 1. This figure also
samples are shifted toward lower energies by 2.5—-6.6 meYeveals some deformation of the GaAs barrier layers in the
relative to the substrate-bound sample. The shift is differenfree samples, which can be quantitatively estimated with the
for heavy-hole and light-hole transitions. The longest-aid of the energy shiftéE and the deformation splitting .
wavelength lines, associated with transitions to an electrorelative to a free bulk sample of GaAs. According to Ref. 6,
level in the quantum well, can be divided into two groups:the change in the strain state of ttia, GaAs layer can be
the first two lines are associated with an HH1E1 exciton indescribed in terms of the deformation of the barmens

the ground state (&) and first excited state &. The re- Ae=e;—ey=ek, wheree; is the resulting deformation, and
maining lines can belong only to light-hole exciton states. Ite, is the initial deformation in théln, GaAs layer (before

is worthy of note that for low In content, according to the substrate removalandk=5.6512/(5.6512 0.4x)~1. This
energy diagram, other optical transitions in this system arenakes it possible to describe the shifts and A, for
absent. The fan diagram for the positions of the absorptiotH1E1 and LH1E1, respectively?

maxima in magnetic fields is shown in Fig. 2. It is clear that

one group of lines reveals the typical behavior of diamag-  A;=—-a(2—A1"%e—b(1+11%e,

netic excitons in a quantum wélland it can be linked with

an HH1E1 exciton. 10 10
Ary=—a,(2—N\; )e—by(1+A\
Most interesting is the behavior of the light-hole exciton 2 xl X ) xl X )
lines. Note that a light-hole exciton does not form a natural X e[ 14 9b,(1+ N 1% (ey+e1)/4A 4], (@]

fan diagram and the positions of the light-hole maxima de-

pend Weakly on the magnetic field. In addition, we stress thax)l(oo is a parameter expressed in terms of the Components of
the second Iight-hole line also exhibits such a weak f|8|d:he e|asticity tensor, anb is the constant of the strain po-
dependence, which contradicts the model for the formatiorential.
of a magneto-absorption spectrum in an ordinary quasi-2 Heavy-hole exciton transitions dominate in the magneto-
system proposed in Ref. 5. absorption spectra. The fan diagrams for these transitions are
4. The difference between the free samples and theypical of direct D exciton transitions in a magnetic field.
substrate-bound samples is seen in the change in the poSip regain the “true” values of the energies of the transitions
between the Landau levels, it is necessary to augment the
energies of the exciton transitions obtained from the experi-
I=4_I=3 =2 , mental absorption spectra by the calculated exciton binding
1 energies. A reconstruction of the fan diagram, incorporating
1= experimental data and theoretical calculations, is shown in
Fig. 2 by the solid lines. Excluding the system of heavy-hole
transitions entering into the diagram, it is possible to confi-
dently distinguish peaks corresponding to light-hole transi-
tions. The theoretical data obtained in Refs. 1 and 2 allow us
to calculate the configuration of the Coulomb wells and the
oscillator energy levels. The main parameters of such a well
depend weakly on the material parameters of the quantum-
size layer and its thickness. For samples NMC 21 and NMC
I= 11 the total depth of the Coulomb wells is on the order of
Vo=12—17 meV, where the first LH1 energy level is found
at —12.5-15 meV relative to the bottom of the “Coulomb
well,” and the splitting between the first optically active
light-hole oscillator levels LH1 and LH3 is equal t®E .
=2—-5 meV.
The half-width of the “Coulomb well” is around 200 A,
which is substantially greater than the width of the GaAs

60000 o layer. Taking mixing of the light-hole states in the well and
it o0 in the barrier into account, we calculated the exciton binding
ememned L = energies for different Landau levels in different magnetic
0.0 L5 3.0 4.5 6.0 7.5 fields. It turned out to be possible in this way to bring our
Magnetic Field, T calculated results into agreement with the experimental data.

FIG. 2. Fan diagram of sample NMC21, obtained with right-circularly po- .\Ne also exammed. sample_s with hlgher indium content
larized light. Exciton transitiond — HH1E1, Il — LHEL, Il — transitions X F"gure 3, tggether with gxperlmental pomts f(?r the LH1E1
from deeper light-hole “oscillator” levelgprimarily), IV — transitions in ~ exciton transitions belonging to samples with differergnd
the barrier. The solid lines correspond to transitions between Landau levels | plots curves fOIEg(X), E., andE, (Eg is the width of

of the heavy hole HH1 and the electron Elis the number of the Landau ;
level of the electron, the numbers to the left correspond to the numbers iﬁhe band 9ap, anEC and Ey, are respectlvely the levels of

Fig. 1. The arrow indicates the energy of the transition between the HH1 ané€© bottom of the conduction band and the top of the light-
E1 levels in zero magnetic field. hole bandgl.
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FIG. 3. Energy gap between the bottom of the electron well and the top o
the valence band in the barriea)(and between the bottom of the electron

well and the top of the light-hole band itn, GaAs (b) as functions of . .
indium content. Inset: energy diagram of the sample. The central @row and the top of the light-hole band in tiie, GaAs layer are

corresponds to transitions in the adopted model. in satisfactory agreement with this theoretical dependence,
which may be considered as a quantitative confirmation of
the “Coulomb well” model.

If we subtract the energies of the first quantum-size lev-  This work was supported by grants No. 1-020/2 and
els E1 and HH1 in the quantum wells from the experimental _og0/4 of the GNTP.

values of the transition energies, we can recover the “experi-

mental EQ(X)' Ec, andE.+Ey, for SamF"eS with different 1R. P. Seisyan, A. V. Kavokin, S. I. Kokhanovskii, A. I. Nesvizhskii, M. E.
X. The agreement reached for HH1E1 is very good and the sasin, M. A. Sinitsin, and B. S. Yavich, Semicond. Sci. Techf6).611
experimental error does not exceed® meV, while the ex- (1995.

) . . . .
erimental points for LH1E1 are considerably lower than the A V- Kavokin, S. I. Kokhanovski A. 1. Nesvizhski, M. E. Sasin, R. P.
P P y Sdsvan, A. P. Egorov, A. V. Zhukov, and V. M. Ustinov, Fiz. Tekh.

corresponding curves for large concentrations0.05) and  pojyprovodn31, 1109(1997 [Semiconductor81, 950 (1997].
approach them at low indium concentrations<(¥<0.05). SAl. L. Efros, Fiz. Tekh. Poluprovodr20, 128 (1986 [sic].
This can be explained by the fact that our calculation of *G. N. lAliev, Né_\éBLuk‘ydagovaHR. P. %eisya(;l,slvl. R. Vladinggtzvgb\é. N.
“ ” ; _ Bessolov, H. Gibbs, and G. Khitrova, Compd. Semicdris 169(1996.
the “Coulomb well” for low x is not accurate enoth be SA. V. Kavokin, M. A. Kaliteevskii, S. V. Goupalov, J. D. Berger,
cause we have neglected the closeness of the.electron €Nergy. Lyngnes, H. M. Gibbs, G. Khitrova, A. Ribayrol, A. Bellabchara,
to the barrier. In Fig. 4 we present a calculation of the de- P. Lefebvre, D. Coquillat, and J. P. Lascaray, Phys. Re64BR11078
pendence of the position of the upper oscillator level in the689§6-Al_ LV, Luk 4R, P. Seyan, Fiz. Tverd, Telaa
. . . . N lev, N. V. Lu ’yanova, an . P an, Fiz. ltverd. le 3
Coulomb well on the indium content E, ; is, ef course, 1067(1998 [Phys. Solid Stat&8, 590 (1996].
equal to zero fox=0 and reaches an asymptotic value only 7a_v. kavokin, A. I. Nesvizhskii, and R. P. Seisyan, Fiz. Tekh. Polupro-
for x>0.05. The experimental points calculated as the dif- vodn.27, 977 (1993 [Semiconductor27, 530 (1993].
ference between the recalculated experlmental Va(m 88 l. KOkhanOVSkii, K. Moumanis, M. E. SaSin, and R. P. Seisyan, Nano-
. o I Physi Technol . 69.
triangles in Fig. 2 and the dashed curve in Fig. 3 for the Stfuctures Physics and Technologi99?, p. 69

energy difference between the bottom of the electron wellrranslated by Paul F. Schippnick
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Magnetic polarons in semimagnetic-semiconductor-based heterostructures
K. V. Kavokin, I. A. Merkulov, and D. R. Yakovlev
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Specific features in the behavior of localized magnetic polarons formed under optical excitation
in heterostructures based on semimagnetic semiconductors are considered. These features
are due to the strong anisotropy of the hgldactor in low-dimensional systems based on
zincblende crystals. The anisotropy is due to the strong spin-orbit coupling in the valence

band which, in qguantum confinement conditions, results in quadrupole splitting of the hole spin
levels. Theg factor anisotropy manifests itself in a strong anisotropy of the magnetic and
magneto-optical characteristics of localized magnetic polarons19@8 American Institute of
Physics[S1063-783#8)00505-X]

Theoretical and experimental studies of magnetic potwo-dimensional quantum-welQW) band can assume only
larons date back as far as three decddBsvelopment of two values,J,= *+3/2. A localized hole can in this case be
semimagnetic semiconductors (CgdMn,Te, Hg _,Mn,Te  described approximately as a quasi-particle with pseudo-
and so ol, whose luminescence at helium temperatures ispin j=1/2 and a strongly anisotropig factor, gz
due to recombination of localized excitons, provided a new=3,gxx, dyy<1l. The g factor is introduced here as a
impetus to these studiésThe fact is that, at not too low tensor relating the matrix elements of operators of the spin,
concentrations of magnetic impuritiex#0.1), exchange J, and pseudospin, J, components, @5|J.|7")
interaction between localized photoinduced carriers and the-g,, ,( |04l %’), calculated with the wave functions of the
surrounding magnetic ions produces a considerable red shifhin goublet under study, whete; are the Pauli matrices.
of the luminescence line. The reason for this shift liesinthe ' The Hamiltonian of exchange interaction of this quasi-
polarization of the magnetic ions induced by localized carri-particle with surrounding magnetic ions will now depend not
ers, which brings about a decrease of the exchange energy ghly on the angle between the spin of thth ion, I, and the
the system through formation of magnetic polar6fig. 1).  hole pseudospif, but also on orientation of each of these

Optical measurements of photoluminescence spectra, thejiectors relative to the principal axes of tigefactor tensor
dynamics, and polarization characteristics permitted one tgthe Z axis for a quantum well

obtain valuable information on the properties of magnetic-
polaron states and stimulated development of their theoreti- ~ B A A 2
cal descriptiorf. Hex 3; (gD [¥ (Ry)|%.
In the semimagnetic semiconductors under study, the
exchange-interaction constant of magnetic ions with carrierslere 8 is the exchange interaction parameter, ##¢R,)|?
in the valence band exceeds by several times that fo the squared modulus of the hole wave function at this
conduction-band carriers. Therefore, holes play a major roléagnetic ion.
in magnetic-polaron formation in these compounds. Semi-
magnetic semiconductors have zincblentlm wurtzite
structure, and their valence band is characterized by strong 2
spin—orbit coupling. In cubic crystals, this interaction gives v(r)
rise to formation of light- and heavy-hole subbands, with the
carrier behavior in these subbands described by the Luttinger
Hamiltoniar?. The spins of such carriers change direction in
the localization region from point to point, which may result
in quantitative and qualitative changes in the properties of  __ —"___ __ __ ___ ___  __ ___ __— _
the magnetic polarofiThe role of hole spin—orbit coupling um
manifests itself most clearly, however, in magnetic polarons
in low-dimension system&uantum wells, wires, and dgts
and wurtzite crystals. Lowering of symmetry gives rise in

this case to a strong quadrupole splitting of hole spin levels, 7 i
which is formally seen in a strong anisotropy of their NN \ - Ne—
factor?®

For example, the hole spin projection on the normal oG, 1. Exchange energy profile in the carrier localization region before
the quantum-well planeZ axis) at the bottom of the lowest (dotted ling and after(solid line) formation of the magnetic polaron state.

1063-7834/98/40(5)/3/$15.00 734 © 1998 American Institute of Physics
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FIG. 2. Spin structure of the magnetic polaron formed by a particle with an .© i o o
anisotropicg factor for arbitrary orientation of external magnetic field. Dot- 'ES .
ted line: anisotropiay factor ellipsoid §,,>d,,). Total spin of magnetic g) b 0 Volgt
ions making up the polarom, , is directed along the resultant of the exter- o 5 |- e /
nal magnetic field and the exchange fiel, produced at these ions by a = ® ° o
hole with anisotropig factor.l, and hole pseudospjrcoincide in direction | ® ° o)
with external magnetic field only when it is parallel to tAeaxis. Faraday ®
0 [ l —d l 1 q [
_ _ _ 0 2 4 6 8
With the magnetic polaron in steady state, the hole pseu- Magnetic field B, T

dospinj is oriented along the exchange field of the surround-

ing magnetic ionSBex“é2n|n|q’(Rn)|21 and the total mag- FIG. 3. Anisotropy of depression of the two-dimensional magnetic polaron
netic moment of the ions generating this fiels by an external magnetic fieflnset shows the spin splittings of states of the
_ 2_ P free exciton formed by a 2D electron and a heavy hole in a magnetic field
= upIunQ | V(Ry)|°= upgunl,, along the resultant

L . perpendicular to the quantum-well platfearaday geometjyand in an in-
of the external magnetic field and the exchange field of the pjane magnetic fieldvoigt geometry.

localized holeB,= (8/31s9mn) =n031/ ¥ (R,)|? (see Fig. 2
(Here Q is the unit-cell volume, angkz and gy, are the
Bohr magneton and factor of magnetic ions, respectively  est eigenvalue of the latter, and the obvious stationary mag-
Thusj||1[[B only when the external magnetic field coincides netic polaron state witf1 |B is unstable. The anisotropy of
in direction with one of the principal axes of tengprMore-  the holeg factor results in this case in anomalously small
over, in the case of a strongly anisotrogjcand of not too  Vvalue of the magnetic-field-induced linear polarization of the
strong external magnetic fields, in steady stétg|B only if luminescencé,as well as in such prominent dynamic effects
the external magnetic field is directed along the principaias the anomalously large number of peaks in optical para-
axis corresponding to the largest eigenvaluggSfAs a re-  magnetic resonance spectrascillations in optically induced
sult, the characteristics of the magnetic polaron turn out to b&araday rotatiof}, sign inversion of the Hanle effect in
strongly dependent on direction of the external magneti®ptical-orientation experimentS,and dynamic increase of
field. magnetic polaron enerdy All these dynamic effects origi-

Depression of the magnetic polaron shift for two- nate from the spin precession of magnetic ions in the total
dimensional polarons by an external magnetic field was
shown, both theoretically and experimentally, to be strongly
anisotropic(Fig. 3).° In the three-dimensional case, this de-
pression is connected with the polarization of magnetic ions
becoming saturated in the applied field. As a result of this
saturation, the additional polarization of magnetic ions in the
hole exchange field also decreases, and this is what accounts
for the eventual disappearance of the polaron. In the case of
2D-hole g factors with the maximum possible anisotropy
(927=3, gxx=0yy=0) these considerations remain valid if
the fieldB is along theZ axis. In the case of perpendicular
geometry BL Z), the hole pseudospin in a stable, stationary
magnetic-polaron state is still directed along thexis, the
fieldsB andB, are mutually perpendicular, and the magnetic
polaron shift begins to decrease significantly only for
B=B,.

Itpthus becomes clear that the 2D polaron become§!G. 4. Precession of the magnetic-ion polatization induced by an external

. . L . ; magnetic field in the presence of the exchange field of a photoinduced hole
strongly anisotropic when the magnetic field is applied allOnglvith a strongly anisotropig factor. It is this precession that accounts for all

the principal axis of thg tensor corresponding to the small- dynamic effects studied in Refs. 7—11.
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field B+ Bp, which is parallel neither to the external mag- Proceedings .9f the 21st Intgrnational F:onfgrence “Physics of Semicon-
netic fieldB nor to the exchange fielfl, because of the hole ~ ductors” (Beiing, 1992, edited by Ping Jiang and Hou-zhi Zheng

g factor being anisotropi¢Fig. 4). (World Scientific, Singapore, 1992p. 1136; D. R. Yakovlev and K. V.

. . Kavokin, Comm. Cond. Matter Phy4&8, 51 (1996.
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A study is reported of exciton luminescence in GaAs double quantum wells produced in electric
and magnetic fields. It has been found that the indirect-exciton liX¢ behaves

anomalously, namely, one observes a magnetic-field-induced low-energy shift Iof three, and

the onset of periodic£5 ¢ fluctuations in thd X-line intensity. © 1998 American

Institute of Physics[S1063-783%08)00605-4

1. Considerable interest has recently been focused oB=0 andV4.=—0.4 V is displayed in Fig. 2a. The spec-
studying the behavior of carriers in double quantum wellstrum contains the direct-excitorbX) line at 1.555 eV, the
(QW). This interest is stimulated by the possibility of carrier line corresponding to an impurity-bound direct exciton
condensation to a superfluid state in such systerBecent  (BDX),’ the indirect-exciton lindX, and aLIX line. The
experiments indicate very interesting collective phenomenéatter line is produced in recombination of an impurity-bound
in double QWs initiated by an external magnetic fi&lfl. 1X indirect excitof. The positions of théX andLIX lines
The present work studies exciton photoluminescefR®le  are determined by the electric field in the double QWs and
spectra from slightly asymmetric GaAs double QWSs occur-depend linearly orVy. within —0.4<Vy.<0 V. A further
ring in the presence of a magnetic field perpendicular to thelecrease o¥ . (V4.<Vo= —0.4 V) does not practically af-
double QW plane. fect thelX line position and, hence, the electric field in the

2. The samplegNU1117 were grown at Nottingham double QW, while creating a noticeable={ wA) electric
University by molecular-beam epitaxy on 0.4-mm thick currentJ through the structure. Application of a magnetic
(00)GaAs substrates at=T630°C. The samples are three field B changes substantially the behavior of tikeandL X
guantum-well pairs with thicknesse®QW/ Aly;GagAs  lines. For comparatively low fieldB<2 T (see Fig. 2h
barrier/QW in nm of 20.07/3.82/1.95, 10.18/3.82/9.61, and these lines shift toward lower energighkis behavior fits into
8.20/3.82/7.63 grown on a im thick GaAs buffer. The QW none of the available models describing the magnetic-field
pairs are separated by AlGa, gAS barriers 20 nm thick. A dependence of spectral lines in semiconductors and, thus, is
constant dc biad/4. was applied to two indium contacts anomalous and only a further increase of the field, i.e. for
deposited on the substrate and the sample side with thB=2 T, makes thdX and LIX lines shift toward higher
double QWs(Fig. 13. The PL was excited and detected energies(Fig 2¢). At the same time the direct-exciton line
through a small (0.20.2 mm hole in the contact on the DX behaves in the usual waja diamagnetic shift is ob-
side of the QW4Fig. 13. The sample was illuminated with served. Figure 3 shows the shikE=Ex(B)—E;x(B=0)

a cw He—Ne laserR<1 mW, A =730.3 nm, which corre-  of thelX line as a function oB for three different values of
sponds to under-barrier excitation, The spectra were mea/y..

sured with a DFS-52 double-grating spectrometer in the 4. Turning now to discussion, it is essential to point out
photon-counting mode from the sample maintained athatAE increases, while remaining positive, throughout the
T=4.2 K. B range covered only fo¥y. within a certain intervalV,

A magnetic field(up to 5 T) was applied in the growth <V4.<0 V (see Fig. 3b and 3c Note that within this
direction, i.e. parallel t&/4.. The polarity ofV4. was chosen electric-field interval practically no current flows through the
so as to achieve the indirect modeig. 1b), which corre-  structure (<<0.1uA). For V4 .<Vo=-0.4 V, however,
sponds to the lowest energy position of the IX indirect exci-when a noticeable current flows in the structure, magnetic
ton (with the electron localized in the thick, and the hole, infield (B<2 T) shifts the IX line toward lower, and for
the thin wel) relative to theDX direct-exciton transition B>2 T, toward higher energie@=ig. 33. The IX shift to
energy(with both the electron and the hole in the thick well lower energies implies creation in the double QW of a larger
in PL. (compared to the zerB case electric field, which changes

3. The experimental data presented here relate to thiéhe slope of the energy bandsig. 1b. One may thus con-
behavior of photoexcited carriers in the 10.18/3.82/9.61-nntlude that magnetic field blocks current flow and in this way
double QW. The emission spectrum of this QW obtained afavors generation in the double QW of a higher effective

1063-7834/98/40(5)/3/$15.00 737 © 1998 American Institute of Physics
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FIG. 1. (a) Schematic representation of experiment érdand diagram for
indirect mode.

electric field. ForVy.>—0.4 V, there is practically no cur-

rent, and magnetic field produces only positive changes in

AE (Fig. 3b and 3t A magnetic-field-induced displacement

of the IX line toward higher energies was observed earlier

and was attributed to diamagnetic sifit Diamagnetic shift
should be significant for large valuesBf # w.>E} , where
hw, is the cyclotron frequency, arEJIB<=3.3 meV is thed X
binding energ. Indeed AE is seen to increase f@>2 T,
i.e. for Aw.>3.5 meV (Fig. 3.
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FIG. 2. PL spectra obtained &= —0.4 V andB(T): (& O, (b) 1.4, and
(c) 3.5.
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FIG. 3. AE-vs-B dependence for differenty(V): (a) —0.4,(b) —0.3, and
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One may thus conclude that the shift of the indirect-
exciton linel X is caused by two factor$l) the shift toward
higher energies is determined by diamagnetic shift, @d
the shift to low energies is governed by the change of the
electric field in the region of the double QW due to the
blocking of J.

Factor(1) should operate for any,., provided the con-
dition i w > EB‘ is met. At the same time fact@2) should
manifest itself only in the case where a substantial current
flows through the structure &=0, i.e., forVy.<Vqy. While
the mechanism by which a magnetic field blocks the current
remains unclear, experimental data suggest that a significant
role is played here both by specific features in the behavior
of the electron(exciton subsystem in double QWs and the
behavior of carriers in the AlGaAs layers separating the
double QWs.

The experiments aimed at determining the magnetic-
field dependence of the current under over-barriar (
=632.8 nm and under-barrier N\=730.3 nm excitation
showed the character of the blocking to depend on whether
electron-hole pairs are created by photoexcitation in the Al-
GaAs barriers or not. In this connection, one could suggest a
mechanism of blocking by which carrier tunneling through
the barrier(and, hence, the currenis affected strongly by
carrier interaction(trapping, scatteringwith impurities lo-
calized in the AlGaAs barriers. The efficiency of these pro-
cesses depends on the in-plane extent of the charge wave
functions, namely, the larger is the wave-function extent, the



Phys. Solid State 40 (5), May 1998

T A T T
0 10 -

2 10 E
C 3 1
3 £

. - ‘“ -
£ S
(U :0'5— 1
Z osr :
n
C 1 )
8] - 0 20 -
£ Time t, s
& 02f

" e L " i 1 2 " L i
1.535 1.540 1.545

Energy, ev

FIG. 4. Spectral profile of theX line obtained a¥4.,=—0.5V andB=2 T.

Inset:1(t) relation measured dty=1.545 eV.

higher is the efficiency of carrier trapping by the barrier im
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GaAs. It should be noted that the depth of the amplitude
modulation does not depend on the width of the spectral
interval chosen within théX profile. There is also no corre-
lation between PL intensity fluctuations in th¥ line and
fluctuations of the current through the structure. The reason
for the onset of low-frequency oscillations and their relation
to collective phenomena is unclear and requires further in-
vestigation. Note that this phenomenon can be used to de-
velop microelectronic generato¢switcheg in the Terahertz
range.
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We have measured the photoluminescence spectra and photoluminescence excitation spectra of
magnetic excitons in InGaAs/GaAs near-surface quantum wells in a magnetic field. We

have quantitatively investigated the effect of dielectric enhancement of excitons in qguantum wells
brought about by decreasing the thickness of the barrier layer, both in a magnetic field and
without. © 1998 American Institute of PhysidsS1063-783#8)00705-9

Excitons in semiconductor thin films, threads, and dotsgcence excitation spectra for a quantum well with= 20, 5,
surrounded by an insulator or vacuum, are significantly amand 3 nm. Only one line is observed in the photolumines-
plified thanks to a decrease in screening of the Coulomisence spectrum, corresponding to exciton recombination in
potential in the medium surrounding the semiconductor,
which has a lower dielectric constaat™? From a formal
point of view, this effect is described by allowing for an GaAs/InGaAs/GaAs QW
additional interaction of the electron and hole in the exciton L°w=5 nm
with image charges. This effect, called dielectric enhance- 1‘3 2s

ment, has been investigated theoretically for various types of I Vacuum GaAs InGaAs GaAs
structures™> A change in the binding energy was experi- ;

mentally observed in semiconductor thin fil@dTe on a w
dielectric substrafeand in superlattices based on lead iodide P ;
in an organic matriX; however, a quantitative study of the
effect has not been carried out due to the complex structure
of the absorbers. More promising are quantum welsV)
situated near the boundary with vacufifiSuch a structure

is the simplest realization of a system in which, on the one
hand, e varies strongly in the immediate vicinity of the ex-
citon and, on the other, the distance from the quantum well
to the semiconductor—vacuum boundary can be varied in a
controlled way.

In the present work we discuss the behavior of an exci-
ton in a near-surface, | Ga g/ AS/GaAs quantum well with
quantum-well thickness.oy=5nm in magnetic fieldsB
=0-14 T. The structures were grown by molecular-beam
epitaxy with thickness of the surface barrier laykeg
=20 nm. Photoluminescence spectra and photolumines-
cence excitation spectra of the excitons were first recorded
for the grown samples. Then, using dry etching, the thick- '
ness of the barrier laydr. was reduced to 163 nm. To 1.45 1.50
avoid forming defects, this was done using low-ene(®g0
eV) Ar' jons and a small angle between the ion beam and Energy, eV
the surface of the sample (20°) at a low temperature FIG. 1. Photoluminescence and photoluminescence excitation exciton spec-

(~SO K) A tunable Ti-sapphire laser was used to eXcitetra in InGaAs/GaAs near-surface quantum wellsBer0 andL.=3, 5, and

. 20 nm. The inset shows the variation of the localizing potentials and the
phOtollummeSC.ence- ) ) position of the single-particle levels in a near-surface quantum well with
Figure 1 displays photoluminescence and photoluminesallowance for self-actiorisolid lineg and without(dashed lines

Intensity, arb. units

1063-7834/98/40(5)/3/$15.00 740 © 1998 American Institute of Physics
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(a), exciton binding energy, and splitting between tieeahd X levels (o)

in a InGaAs/GaAs near-surface quantum well as functions of thickness of
the cap layer between the well and vacuum: theory with allowance for
images(solid lineg, without allowance for image&lashed lines and ex-
periment(points.

1S

localization of the exciton and variation of the dielectric con-
stant. The first effect is due to the fact thatlads increased,
the quantum well approaches the high potential barrier cor-
responding to the vacuum with a concomitant growth of the

o L =20 nm L ) . : .
© contribution to the exciton energies from carrier tunneling
y v T through the barrier. The abrupt decrease: iat the surface
1.40 1.45 1.50 also leads to an increase in the transition frequency as a
Energy, eV consequence of repulsion of Qlectrons and holes py their cor-
! responding images. In addition, the extra attraction arising

FIG. 2. Effect of a magnetic field on the photoluminescence and photoluhere of an electrohole) to a hole(electron image leads to

minescence excitation exciton spectra in a InGaAs/GaAs near-surface quagr growth of the binding energies of the exciton states.

tum well Growth of Eq, partially compensates the dielectric blue shift
of the interband transition frequencies as a consequence of

the ground (%) state, while two lines are clearly visible in the el_ectrical neutrality of the exciton. Obv?ously, the tot.al
the photoluminescence excitation spectra, corresponding f§agnitude of the effect depends on the radius of the exciton
transitions to the ¢ and 2 states. The Stokes shift of ths 1 N the quantum-well plane. A magnetic field leads to an ad-
line between the photoluminescence and photoluminescendifional compression of the exciton states in the quantum-
excitation spectra is around 1.5 meV. The magnitude of th&€ll plane and, consequently, influences the magnitude of
shift and the half-width of the 4line vary only slightly with  the dielectric enhancement of the exciton states.

increase ofL.. As L. is decreased, both lines are shited ~ FOr @ quantitative description of the effect, it is neces-
toward higher energies, whereby the magnitude of tee 2S&TY to include the image interaction potentials in the Hamil-

line shift is substantially larger than that of the ine. Con-  tonian

sequently, as the quantum well approaches the e [e—1)\ 1
semiconductor—vacuum interface both the exciton transition  Vser(2)= > (m 27" (1)
energyh w, and the exciton binding enerdy; s increase.
A magnetic field increases the energy gaps between the e (e—1 1
exciton states. As a result, additional spectrally resolved Uenim(p,Ze,Zn)=—— , (@
. i ; o e \etl ]| p2+(zo+2)?
lines appear in the photoluminescence excitation spectrum e’ “h
(Fig. 2), corresponding to excitation of excitons in thas"” which take into account repulsion of a charge by its image

states withn=2, 3, and 4. The energies of all these statesand enhancement of attraction between the electron and hole
grow with increase ok ., where the magnitude of the effect in the exciton due to attraction to the foreign image. The
for the 1s and X states is less than f@=0. potentialV¢{z) leads to a modification of the potentials for
Variation of the exciton energies with variation of the the electrons and holes near the semiconductor—vacuum in-
barrier thickness is due to two factors: variation of the spatiaterface as shown in the inset in Fig. 1. The poteritig),, is
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7 T J 7 ment is insufficient to draw any conclusions about the role of
61 dielectric enhancement. For this purpose, it is necessary to
analyze the change in the gap between thaidd X states,
A5, whose magnitude, as is clear from the calculated results
plotted in Fig. 3b), is hardly influenced by the asymmetry of
the potential barrier at the semiconductor—vacuum interface.
The dependencaA,(L.) is due to the stronger influence of
the image charges on the excited states due to the greater
Or : ] distance between the electron and hole. The experimental
‘ values ofA;5(L.) are in good agreement with calculation

2l A,,(5 nm) —A (20 nm) (Fig. 3b)). The increase im,, for L,=3 nm is equal to 4

. . , meV, which corresponds to an increaselip by roughly a
factor of 1.5.

The effect of a magnetic field on the dielectric enhance-
ment effect is illustrated by Fig. 4, which plots the depen-
denceA ;5(B) for L,=5 and 20 nm, and also their difference
A5 nm)—A;5(20 nm, which should not depend on the
magnetic field if the effect of image charges is not taken into
account(dashed curve in Fig.)4 The results of calculation
of A;5(B) (solid curve$ are in good agreement with experi-
ment. The differencé\;,(5 nm)—A;,(20 nm decreases with
growth of B due to a strong contraction of thes-2xciton
wave function and is adequately described by the given
model. We emphasize that if the effect of the dielectric en-
vironment is not taken into account, this difference is equal
to zero.

] - I

Energy, meV

20}
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Exciton dynamics in ZnCdSe/ZnSe quantum-well structures have been studied from
luminescence spectra obtainedTat 2 K. The energy and phase relaxation times of localized
exciton states have been determined from a study of the destruction of exciton optical

alignment by an external magnetic field and direct measurements of the polarized-radiation decay
kinetics in the picosecond range. The exciton polarization lifetimes measured by two

independent techniques are found to be in a good agreement998 American Institute of
Physics[S1063-783®8)00805-3

The samples studied by us were MBE grown on GaAsinear polarization(Fig. 2), with the Pj,-vs-field relation
substrates as laser structures and represented a set [®ing described by a Lorentzian
Zn; _,Cd,Se quantum wellsX=0.2, 7-nm thicknegs sepa-
rated by 6-nm thick ZnSe barriers and sandwiched between Pin=Py 1 ,
thick n andp ZnSe layers. 1+ (B/By))?
At helium temperatures, the luminescence spectrum o\yvhere
the ZnCdSe quantum wells consists of one comparatively
broad band. This band was shown eatlfeto be a superpo- B h
sition of two overlapping emission bands of different origin V2 et Ty
(_F'g' D). Thg shorter vyavelength barlui&) is due to rad|§1—_ HereB is the magnetic field strengtly, is the Bohr magne-
tion of excitons localized at well-thickness or composition, 1 s the Planck constang,,=3gy,— g is the excitong
fluctuations, whereas the band at lower energies originates
from exciton complexes including a defect, presumably of

donor type BE). Both bands are inhomogeneously broad- 20 [
ened. : 40
The luminescence produced in the region oflttiEeband [
under resonant excitation with linearly polarized light exhi- ¢ 15 20
bits significant linear polarizatioP,= (Ij—1,)/(1+1,). g | o
The luminescence spectrum in Fig. 1 was obtained with Ar 05’, X ] g 2
laser excitatior(476.5 nm. The resonant excitation of lumi- 3 10 i :
nescence is produced in this case as a result of absorption o | 148
involving emission of ond.O phonon. The energy of the 2 1 =
excitons excited in this process is 2570 meV and corresponds .§ [ 10 §
to the short-wavelength emission-band edge. The spectral % 5 8 @
s

dependence of the degree of linear polarization is shown in
Fig. 1 by filled circles.
The linear polarization of the radiation results here from

E-N

Sl AN laoten s d N
optical alignment of the exciton dipole moments under direct 2530 2540 2550 2560 2570 2580
excitation while the spectral dependence of the degree of ENERGY, meV

polarization reflects the gradual destruction of this alignment

it | . ithin the inh | FIG. 1. Exciton luminescence spectrum of ZnCdSe/ZnSe quantum wells
as excions relax in energy within € Inhomogeneous Yobtained aff =2 K (solid line) and its deconvolutioh? into radiation bands

broadened spectrum of localized states by emitting phononss (1) localized and(2) bound excitons(dashed lines Filled circles —
In accordance with theoretical predictidneo optical align- ~ spectral dependence of the degree of linear polarizafignunder laser

ment is observed within the exciton-complex bal excitation at 476.5 nm. The three right-hand scales relate to total exciton
) lifetime T, (squares phase relaxation tim&, (rhombs, and exciton polar-

Application 'Of an external magnetic field in Fara.-day 9€-ization lifetime T4 (triangles. Open circles refer to magneto-optical mea-
ometry results in a decrease in the degree of luminescencgrements offy .
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Magnetic field, T Shown in the bottom of Fig. 2 are typical results obtained in
0 2 4 6 a study of the radiation kinetics for two polarizations. Using
T L the model proposed in Ref. 4 permits one in this case to
extract from the experimental data independently both the
total exciton lifetimeT,, which is determined by radiative
recombination and energy migration, and the phase relax-
ation timeT, dominated by spin relaxation processes in the
localized exciton. The spectral dependence of the tifhes
and T, obtained in the experiment is displayed in the right-
hand part of Fig. 1. Independent determinatioTgfand T,
provides also a possibility for calculating the total polariza-
tion lifetime T4 from 1/Ty=1/T,+1/T,. The values ofT4
derived from measured radiation decay kinetics are shown in
the lower part of Fig. 1 with triangles.
As evident from Fig. 1, the exciton polarization lifetimes
determined by two independent methods agree well with one
another in the part of the spectrum where radiation of local-

Intensity, a.u.

1 i 1

N h 0 ) A . i A
-20 0 20 40 60 ized excitons is predominant. A comparison of the spectral
Time, ps behavior of T,, T,, and T4 shows that, at the short-
wavelength edge of the luminescence band,Tthémes are

FIG. 2. (a) Degree of linear polarizatiof®;, under excitation conditions . . . .
used to obtain data in Fig. 1 as a function of external magnetic field, meagomma‘ted by the fast energy relaxation of localized exci

sured at(1) 2568 meV and(2) 2557 meV.(b) Radiation kinetics under ~tONs. As the localization energy increases, however, the en-

resonant excitation of quantum-well luminescence at 2559 meV measured iergy relaxation processes slow down, which becomes re-

polarization (1) parallel and(2) perpendicular to that of the pump light. flected in a substantial increase®f. In these conditionsT 4

Solid curves in panela andb are predictions based on theoretical models. is increasingly dominated by phase relaxation processes. The
phase relaxation timé&, also grows with localization energy.

factor, andT is the exciton polarization lifetime, which is This may be due to reduced random anisotropy among the

determined by both the lifetime of the exciton state and carlocalized exciton states.

rier spin-relaxation processes in the exciton. In the energy region where localized and bound excitons
We used the value of thg factor for localized exciton ~Produce comparable radiation intensity, the values pbb-

statesg,,=1.68 obtained earliérfor the same samples from tained by two different methods disagree. This discrepancy

a theoretical analysis of the dependence of the magnetdnay be caused by thg factor being dependent on exciton

circular polarization on magnetic field to derive the lifetime localization energy. Besides, the two methods differ in the

of the exciton polarization and its spectral behavior. The reway used to excite excitons, and therefore the results ob-

sults are shown by open circles in the bottom part of Fig. 1tained may correspond to different ensembles of localized
We readily see that the polarization lifetimes of localizedStates.

exciton states at the short-wavelength edge of the emission Partial support of Russian Fund for Fundamental Re-

band are of the order of 3 ps. This value is in a good qualisearch(Grants 96-02-16933 and 97-02-1813hd INTAS

tative agreement with observations of a clearly pronouncedGrant 94-324is gratefully acknowledged.

structure with a period of theO phonon energy in lumines-

cence excitation spectra of this partof the baradresult of 's. Permodorov. A. Reznitskv. L. Tenishev. A. Kormievekv. S. Ivan

the short exciton lifetime restricted by migration of energy to & ngkci’rgovsf"vor; deerzo'ssteﬁ" " Sfolz I(\all\'{itm.anz F:?‘\’/Sog*elséng?mo"'

deeper localized states. Only on insignificant increas€0f  proceedings of the 23rd International Conference “Physics of Semicon-

is observed, however, with increasing localization energy. ductors” (Berlin, 1996, p. 2015-2018.

This suggests that energy migration is not the only factorzé- IReZ””Sky'dAS- ’éomii_"s"}' LS' F.’;;m;fcggg'(lgg;e”isr'ev’ S. Verbin,
. . . . . . Ivanov, an . D0rokKin, J. LuminZ— /4, .

aﬁeCt'r_]g the _p0|ar'zat'0n_“fet'me' . 3G. E. Pikus and E. L. lvchenko, iBixcitons edited by E. |. Rashba and

This conjecture received support from direct measure- . p. sturge,Modern Problems in Condensed Matter Scien@idsrth-

ments of the radiation decay kinetics under excitation by a Holland, Amsterdam, 1982Vol. 2, Ch. 6, p. 869; Nauka, Moscow, 1985.
pulsed picosecond—range tunable |d$m15€‘ duration 4 ps at “H. Stolz, Time-Resolved Light Scattering from ExcitoSpringer Tracts
a repetition frequency of 79 MHzThe measurements were " Moderm Physics, Vol. 13@Springer, Berlin, 1994

performed in polarized light directly at the pump frequency.Translated by G. Skrebtsov
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Results of an optical study of heterostructures based on new compounds, ZnSe/ZnMgSSe, are
presented. The possibility of using these compounds to produce high-quality quantum-

well structures having strong exciton features in optical spectra is demonstrated. An analysis of
reflectance spectra has yielded the exciton parameters: the resonant frequency, oscillator
strength, and exciton line damping. The exciton binding energies have been determined from
magneto-optical spectra. The samples studied have a high structural perfection and small
inhomogeneous width of the excitonic resonances. 1998 American Institute of Physics.
[S1063-78348)00905-9

The quaternary compounds ZnSeZnMgSSe are promighis class of structures potentially interesting also for exciton
ing materials for semiconductor quantum-well optical de-spectroscopy by permitting detailed investigation of such
vices operating in the blue-green spectral redidiis is due  fine excitonic effects as exciton-polariton quantization,
to the possibility of developing structurally perfect samplesexciton-electron interactiohand so on. This work reports on
which would be lattice matched to GaAs substrate and hava measurement of excitonic parameters in ZnSe quantum
a broad gap-width range. The above advantages, as well aglls (QW) with ZnMgSSe barriers, which have a low S and
the large exciton binding energ20 meV in ZnS¢ make Mg concentration.

The samples to be studied were grown by a molecular-
beam epitaxy on §€100GaAs substrate. To improve the in-
terface quality, the I[I-VI structure was grown on a 200-nm
thick GaAs buffer overlaid by a- 10 monolayer-thick ZnSe
flm. We studied two samples(1) 45-A thick zZnSe/
Zngy.9gM00.0550.0558.91 quantum well with barrier thickness
of 3000 A, and(2) 20-A thick ZnSe/ZgeMdo.0S0 158 9
quantum well with barrier thickness of 4500 A.

Photoluminescence (PL) and photoluminescence-
excitation(PLE) spectra were obtained with an Ar ion laser
operating in the UV range, and a dystilben-3 laser.

Figure 1 plots reflectance, PL, and PLE spectra obtained
at 1.6 K from the 45-A thick QW. The reflectance spectrum
exhibits clearly two features due to excitons in the ZnSe
buffer and the barrier, as well as three resonances originating
from excitons in the QW. These resonances were identified
by us as due to thel-hhl(1ls), el-4h1(1s), andel-
hh1(2s) excitonic transitions, respectively. Note the small

1hh1-e1(1s)

thi-e1

1 l’;ﬂo

Reflectance, arb. units
spun *qJe ‘Aysudjui 14

L . TABLE |. Exciton parameters of ZnMgSSe quantum-well structures.
2.800 2.825 2.850 2.875 2.900

Energy, eV QW width, A Exciton type #wg, €V 4Ty, meV  #l, meV
FIG. 1. Reflectance, photoluminescence, and photoluminescence excitation 45 el—hhl 2.825 0.18 0.8
spectra from a 45-A thick ZnSe/ZeMgq 055 0656 01 quantum well ob- 45 el—lhl 2.844 0.08 18
tained at 1.6 K. Dotted line — calculated reflectance spectrum in the exciton 20 el—hhl 2.852 0.19 2.2

resonance region.

1063-7834/98/40(5)/2/$15.00 745 © 1998 American Institute of Physics
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inhomogeneous broadening of the excitonic resonances aradl observed transitions. Mathematical analysis of these spec-
the absence of the Stokes shift of the PL line relative to thera yielded the exciton diamagnetic-shift constagt,,, and
resonance in the reflectance spectrum. For example, the Rhe exciton binding energR.’> For the ground state, these
line width for the heavy-hole exciton is 0.8 meV, which is a quantities aredy,,=3.43uV/T? and R=28. This value of
record-low figure for this system at present. Note also thehe binding energy is in accord with the observed energy
reflectance spectrum in the barrier-exciton region, whosélifference between thesland X states, which is 23 meV in
shape corresponds not to a single excitonic resonance baero field.
rather to the excitonic polariton in a thin fifriThe existence Thus we have performed optical characterization of
of the excitonic polariton is not only derived from the nu- ZnSe/ZnMgSSe-based QW structures with well thicknesses
merical treatment of the reflectance spectrum but followsof 45 and 20 A. A high perfection of the structures studied
also from the anti-Stokes shift of the PL line maximum rela-has been demonstrated. Radiative and nonradiative damping
tive to the absorption maximum by the energy equal to theates, as well as the binding energy of the exciton have been
exciton oscillator strength in bulk ZnMgSSRef. 2. The  determined.
observed width of the exciton PL line includes the inhomo-  Partial support of Deutsche Forschungsgemeinschaft
geneous part due to structural imperfections of the sampléSFB410, Volkswagen-Stiftung, and Russian Fund for Fun-
The excitonic polariton is also sensitive to inhomogeneouslamental ResearctGrant 95-02-0406Jais gratefully ac-
broadening and disappears completely from optical spectra &howledged.
a certain critical exciton damping for this structuebout 1
meV). The above permits a conclusion of a truly high Struc_*Permanen't address: A. F. loffe Physicotechnigal Institute, Russian Acad-
. . . emy of Sciences, 194021 St. Petersburg, Russia.

tural perfection in the sample studied.

Mathematlcal analysis of the reflectance Spé(yrgld.ed Wkuyama, K. Nakano, T. Miyajima, and K. Akimoto, Jpn. J. Appl.
the excitonic parameters: resonant frequeagy radiative Phys.30, L1620 (1997.
width 'y, and exciton dampind’. The values of the above 2Excitons edited by E. I. Rashba and M. D. Sturdéodern Problems in
guantities obtained for the light- and heavy-hole exciton in Condensed Matter SciencéNorth-Holland, Amsterdam, 1982Vol. 2;
the 45-A QW a.md for the heavy-hole exciton in the _ZO-A 3an;1aen,\g/lolgcql'wc:t)?<85\/ P. Kochereshko, K. Seminadayar, S. Tatarenko,
QW are listed in Table I. The reflectance spectrum in the ¢ pgassani, and A. Franciosi, Superlattices Microstrii6t.253 (1994,

exciton-resonance region calculated for the 45-A QW is“E. L. Ivchenko, P. S. Kop'ev, V. P. Kochereshko, I. N. Ural'tsev, D. R.
shown in Fig. 1 by a dotted line. Yakovlev, S. V. Ivanov, B. Ya. Mel'tser, and M. A. KalitievakiFiz.

N . _ Tekh. Poluprovodn.22, 784 (1988 [Sov. Phys. Semicond22, 495
The 45-A QW was used in a StUdy of magneto (1988]; E. L. Ivchenko and G. E. Piku§uperlattices and Other Hetero-

reﬂ.eCtance and PLE spectra in magnetic fields of up 10 8 T, structures. Symmetry and Optical PhenomeBpringer Series irSolid-
which revealed a strongly pronounced magnetoexciton struc- State Science&Springer, Berlin, 1995 Vol. 110.

ture. The spectra obtained 2 T are shown in Fig. 2a. The 5J. Puls, V. V. Rossin, F. Henneberger, and R. Zimmermann, Phys. Rev. B
g . . . 54, 4974(1996.

spectra exhibit a series of magnetoexciton resonances. Flgure (1996

2b displays the magnetic-field dependence of the energies Ofanslated by G. Skrebtsov
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A study has been made of bound exciton—electron complé@xess) and unbound

exciton—electron statdggombined exciton—cyclotron resonahdéem reflectance spectra

obtained from modulation-doped CdTe/CdMgTe quantum-well structures. It has been established
that the contribution of trions to dielectric permittivity is comparable to that of excitons.

An analysis is made of the magnetic-field dependence of the parameters describing the contribution
to dielectric permittivity due to exciton-cyclotron-resonance states.1998 American

Institute of Physicg.S1063-783#8)01005-3

The exciton—electron interaction processes have beeexciton line. The amplitude of th&™ line grows with elec-
considered to be sufficiently well studied until recently.tron density in the QW, while that of the exciton line, de-
Their analysis reduced to two main mechanistigdestruc- creases. In the modulation-doped structure the exciton line is
tion by free electrons of the exciton states throlkgbpace substantially broadened as a result of exciton—electron scat-
filling and screening of the electron—hole Coulomb interactering and screening by free carriers. For high doping levels,
tion in the exciton, and2) enhancement of exciton damping the exciton line is not observed at all, and the spectrum is
due to exciton—electron scattering. Both these mechanisndominated by theX™ line. This implies that the trion state
lead to destruction of exciton states and suppression of excprovides the major contribution to the dielectric permittivity
ton lines in optical spectra. It has recently been found that irof doped QWs.
the case of a low free-electron density in semiconductor No changes were observed in the reflectance spectra of
guantum wells(QW) exciton-electron interaction results in the undoped structure as the magnetic field was increased.
the formation of a bound exciton-electron compleion).»>  Fig. 1a and 1b shows reflectance spectra of the modulation-
Such trion states were observed to exist in 1I-VI and 1lI-V doped quantum-well structure in magnetic fields from zero to
semiconductor QW%2 Unbound resonant exciton—electron 7.5 T obtained in two circular polarizations,” ando~. The
states, i.e. the exciton cyclotronresonalERCR), were de- ¢ spectrum exhibits three reflectance lines corresponding,
tected in the presence of a magnetic fielthis work deals respectively, to the excitonX), trion (X™), and exciton—
with a study of reflectance spectra from modulation-dopectyclotron resonanceéEXCR). Viewed in this polarization,
CdTe/Cd Mgy 3Te QW structures containing a low-density the amplitude of the trion reflectance line falls off with in-
two-dimensional electron gas. creasing magnetic field to disappear altogether at 4.5 T,

We studied CdTe/GgMgg sTe heterostructures grown whereas that of the exciton line grows. Thé spectrum
by molecular-beam epitaxy ofiL00)-oriented GaAs sub- exhibits only theX andX™ lines, and the amplitudes of both
strates. Structures with a single 80-A thick CdTe QW w&re resonances increase slightly with magnetic field. The maxi-
doped with iodine at a distance of 100 A from the QW. Themum of the ExCR line shifts linearly with increasing mag-
electron density in the QW was 2@m 2 in an undoped netic field toward higher energy with a slope close to the
structure and was as high as'1@m™2 in a doped one. electron cyclotron energy. Approximation of this line to zero

In the absence of a magnetic field, the reflectance spectraagnetic field yields the exciton resonance energy. The ori-
of undoped QW structures contained only one free-excitorgin of this exciton—cyclotron resonance line is assigned to
line (X) whereas modulation-doped structures exhibit twothe following process: the incident photon creates an exciton
lines, namely X, which corresponds to the free exciton, andwith asimultaneous transition of the additional electron be-
X, due to the trion(Fig. 1). The trion reflectance line is tween the Landau levefs.
shifted toward long wavelengths by3 meV relative to the All the observed transitions are strongly polarized in a

1063-7834/98/40(5)/3/$15.00 747 © 1998 American Institute of Physics
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FIG. 1. Reflectance spectra from modulation-doped CdTgf@d, sTe structures with 80-A thick quantum wells containing two-dimensional electron gas
with density 18* cm™2, obtained in a magnetic fielda) Right-handed circular polarizatiom™, (b) left-handed circular polarization™.

magnetic field. The polarization of the trion reflectance line

is the result of the trion ground state being a singlet.a Xap=m(d,)*dgle(0)]?
sufficiently strong magnetic field, and at temperatures low h
enough for all electrons to fall to the lowest Zeeman sub-

level, only excitons with a certain angular momentum can +ne f d?r (1)

form a bound trion state. Indeed, in a strong magnetic field,

i.e. when all electrons in the 2D electron gas are oriented d? _— o1 QU3
along the field, only excitons in which the electron spin is X f I, SX-Q LH/Z)HZ:L m( 5 )
antiparallel to the external field can be excited. The polariza-

tion of the exciton reflectance line is opposite to that of the 1

trion. .Th|+s poIanEanon c.>r|g|_nates from the exciton damping Xﬁw— E(Q)—nho, e—il‘exc’

rates ino™ ando~ polarizations being different. One of the :
reasons for this lies in that exciton dampingen polariza-

tion can increase because binding to form a trion provides a
fast relaxation channel for the exciton. The second reason for
this exciton polarization may consist in that exciton damping
becomes spin dependent in the presence of a magnetic field
due to the exchange contribution to exciton—electron scatter- - 1.638 |
ing. It should be pointed out that, in undoped structures, the
exciton reflectance line in a magnetic field is not polarized.
The polarization of the EXCR line has the same sign as that
of the exciton and is directly related to it.

Figure 2 shows the positions of the exciton, trion, and
EXCR reflectance lines as functions of magnetic field. The
exciton and trion reflectance lines exhibit a quadratic dia- M@ﬁ‘ X
magnetic shift with increasing magnetic field. The ExXCR line 1.630 - —o—o—"0-
shifts linearly with increasing magnetic field to shorter wave- t
lengths by an amount close to the electron cyclotron energy —
with a slopex1.03 meV/T.

The observed reflectance spectrum is described by the
QW pOIanzablhtyxaﬁ (,See Ref. 6 for, deta_lls of the th‘?ory FIG. 2. Magnetic-field dependence of positions of the excKorrion X,
proposed by Surjs which can be written in the following ang exciton—cyclotron resonance EXCR lines derived from the spectra of
form taking into account EXCR: Fig. 1.
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FIG. 3. Magnetic-field dependence of effective parametgrd 5 R and
(2) I'®Rfor the EXCR line derived from the spectra of Fig. 1.

whered, g is the interband dipole matrix element of the
optical transitione(r) is the exciton envelope functiok,.,
and I'®*¢ are the exciton energy and damping rate, respe
tively, Q is the in-plane exciton wave vectdr,, is the mag-
netic length/i w,  is the electron cyclotron energy, angdis
the two-dimensional electron-gas density.

The first term in Eq.(1) describes the contribution of
exciton transitions to the polarizability. The second term
which is proportional to electron density, is the contribution

C_
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field. The ratio of the first combined exciton—cyclotron reso-
nancepeak intensity to the exciton resonance intefggitan
be written

SEXCR

So

2

=8n,L?.

Thus the EXCR line amplitude should decrease linearly with
increasing magnetic field, which is in agreement with experi-
ment (Fig. 3). Such a decrease in the EXCR reflectance line
amplitude contrasts with the usually observed behavior of
exciton lines, whose amplitude grows with magnetic field.
Thus we have studied reflectance spectra in a magnetic
field from modulation-doped QW structures containing two-
dimensional electron gas. The reflectance spectra of these
structures exhibited transitions associated with excitation of
excitons, trions, and exciton-cyclotron resonance. It has been
found that the contribution to dielectric permittivity of the
optical transitions associated with trion and EXCR photoex-
citation is comparable to that due to exciton transitions. An
analysis of the EXCR reflectance profile has permitted us to
establish the magnetic-field dependence of the parameters
describing the contribution of these processes to reflectance
spectra.
Partial support of the Russian Fund for Fundamental Re-
search(Grant 95-02-040% INTAS (93-3657 Ex{, Volks-
wagen-Stiftung, and “Nanostructures” Program of the Rus-
sian Ministry of Science is gratefully acknowledged.

of the exciton and electron resonant states, EXCR. As seen

from Eq. (1), the exciton reflectance linewidth is dominated
by the damping parametéi®. The term describing EXCR
also contains parametdi®*° [the second term in Eq1)].

"Present address: A. F. loffe Physicotechnical Institute, Russian Academy of
Sciences, 194021 St. Petersburg, Russia.

This is what may account for the polarization of the EXCR

reflectance line.
As evident from Eq(1), the exciton contribution to the
reflectance spectrum is described by a Lorentzian. At th

€K. Kheng, R. T. Cox, Y. Merle d’AubigheF. Bassani, K. Saminadayar,

same time the EXCR contribution is described by a convolu- and S. Tatarenko, Phys. Rev. Leftl, 1752(1993.

tion of a Lorentzian and a Gaussian. It can be shown that th

integral is also a Lorentzian with effective parameters: radia-

EXCR EXCR
rg ™", | I

tive damping nonradiative damping
and resonant frequendywg “F=% w¢ o(1+Me/Mg+myy),

wherem, andm,,, are the electron and hole effective masses,

respectively.
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The luminescence method has been employed for the first time to detect nonequilibrium phonons
in CdTe quantum wells with GgMng 4Te barriers. The method makes use of the giant

Zeeman splitting of exciton states in Cd{i@d,Mn)Te quantum wells and is promising for
application in high-sensitivity subterahertz phonon spectrometry. The method can also be useful in
revealing the spin-phonon coupling mechanisms in diluted magnetic semiconductors.

© 1998 American Institute of PhysidsS1063-783#8)01105-§

The luminescence method has for many years been sergtrate had a broad spectrum with characteristic energies of a
ing as a powerful tool for detection of terahertz acousticfew meV (13— 102 Hz). The phonons traversed GaAs, en-
phonons in solid$. During the last ten years, it has been tered the CdT&Cd,Mn)Te structure, and produced changes
successfully used to probe the properties of terahertin the exciton luminescence, which was excited by a 50-mwW
phonons and their interaction with electronic excitations incw Ar laser(the laser spot diameter on the sample was 0.3
bulk semiconductors and two-dimensional semiconductomm). The sample, contained in a liquid-helium cryostat with
structure$. These studies were carried out on nonmagneti@umping maintaining a temperatufe= 1.8 K, was placed at
semiconductors. Diluted magnetic materials, such(@d, the center of a superconducting magnet in Faraday geometry.
Mn)Te, contain a magnetic-ion system which interacts One measured luminescence of the 1.8-nm thick QW
strongly with phonons and carriets> The present commu- Whose spectrum under stationary excitati@n the absence
nication reports on the first experiments in detection of subof nonequilibrium phononscontains one exciton line, whose
terahertz acoustic phonons using luminescence of CdTepectral position aT=1.8 K is strongly dependent on mag-
quantum wells(QW) confined between semimagneticd,  netic fieldB. The exciton luminescence line was observed to
Mn)Te barriers. We obtain qualitative information on the shift to longer wavelengths bAEg=E,—Eg (E(,Eg are
spectral sensitivity of such aphonon detector, which is imthe exciton transition energies in the absence of and with
portant for its application in phonon spectrometry. We alsomagnetic fieldB applied, respective)y This shift is caused
show that this method can be used to advantage in studyingy the giant Zeeman splitting of band states and results from
the mechanisms of spin-phonon interaction in semimagnetic
semiconductors. These mechanisms are currently attracting
considerable interest in connection with the problem of for-
mation of magnetic polarorf< ) SU‘bStrate

The structure under study contained four CdTe QWs of CdTe/CdMnTe GaAs
different thicknesg9.0, 4.0, 1.8, and 1.2 nmThe structure OWs
was MBE grown on a 0.38-mm thick semi-insulating GaAs
substrate. The QWs were separated by 50-nm thick
Cdy gMng 4Te barriers. The area with the QWs in the samples
was 2.0 1.8 mm. The growth technique used and optical
characterization of the samples were reported edrlier.

The experiment is illustrated schematically in Fig. 1. The
phonon generatoh (10-nm thick constantan filin 0.5 B
X 0.25 mm in area, was deposited on the end face of the /
GaAs substrate. The pulse duration was=0.1us, the ) ] ) ) )

FIG. 1. Schematic representation of the experiment. Filled cifdlesnd 2

ponv]vzer density per p_u_lse could be varied upRe-160 W/ on CdTe(Cd,Mn)Te surface identify the locations of phonon excitation. The
mnr, a.nd the repem.'O.n freqyencly was .30 kHz. The non-gow shows propagation of ballistic phonons from the phonon gendrator
equilibrium phonons injected in this way into the GaAs sub-to point2.

[001]

[110]
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the strong exchange interaction of carriers in the CdTe QWphonons. This corresponded to a temperature change in equi-
and Mn ions localized in théCd,MnTe barrierd It is  librium conditionsAT~0.5 K, thus giving grounds to as-
known thatAEg drops with increasing temperature, which is sume that the changes in luminescence intenéliy(t), at a
explained as due to thermal population of higher-lyingfixed wavelength of the detecting monochromator would be
Zeeman sublevels of the Mn ions and, accordingly, to thedirectly proportional toSEg(t).

decrease of magnetic susceptibility of the carriers confined in  Figure 2 presents the time relatioAkz(t) measured in

the QWs® the 1.8-nm thick QW for different magnetic fields, phonon

The idea underlying the experiments consisted in in-generator powers, and positions of the point where the pho-
creasing the Mn ion temperature through interaction withnon signal was detecte@r of the point where the excitons
nonequilibrium phonons of the heat pulse, which should rewere excited, points 1 and 2 in Fig).. The solid lines in Fig.
duce oEg. The dynamic shift of the exciton lineEg(t), 2 represent thél g(t) signal measured near the phonon gen-
induced by the nonequilibrium phonons was measured at twerator(point 1, separated from the center of the phonon gen-
points located at different distances from the phonon generarator byr =0.24 mm. The circles in Fig. 2 correspond to
tor (points 1 and 2 in Fig. llin different magnetic field8.  the §lg(t) signal measured at point 2 €1.81 mn). One
The phonon-generator power densRyused in the experi- observes a distinct shift in time of the leading edgeSkf(t)
ment was low enough and corresponded to the largest detegtith increasingr. The magnitude of this shift is in accord
able shift SEg=2 meV in the presence of nonequilibrium with the ballistic time of flight for LA and TA phonons in
GaAs(the expected shifts are shown in Fig. 2a with horizon-
tal barg. The results obtained for the trailing edges of the
81g(t) signal forB=2 T andP=160 W/mnt (Fig. 2a ap-
pear somewhat unexpected. Thig(t) signal falls off faster
with increasing distance from the phonon generator. This
behavior is very unusual compared with the previous experi-
ments with nonequilibrium phonoh¥. In the earlier experi-
ments, the detected phonon pulse broadens in time because
of phonon scattering in the bulk of the sample. The results
displayed in Fig. 2 exclude the ballistic mechanism of pho-
non detection, and the explanation for the observed relations
should be looked for in the spin-phonon interaction in a
P=70 W/mm2 semimagnetic material. The long trailing edge is observed
only at a high power densityp=160 W/mnt, and disap-
pears at a low power levél=70 W/mn? (compare the solid
lines in Fig. 2a and 2b

It is essential that the observed microsecond-scale evo-
lution S1g(t) is substantially longer than the exciton lifetime
Texe~ 10710 s (Ref. 11), as well as the spin-phonon relax-
ation time7g,<10"" s in Cd_,Mn,Te forx>0.1 (Ref. 12.
Thus the measured profile @i g(t) reflects the temporal,
P=160 W/mm? spatial, and spectral evolution of the nonequilibrium
B=3T phonons. We shall first discuss the generation and propaga-
tion of acoustic phonons in GaAs. These processes were
studied in detail befordsee, e.g., Ref. 13 After this we
shall consider the spin-phonon coupling mechanisms, which
play a major part in the interpretation of our experimental
results.

Phonon generatianThe phonons are created in a thin
P=70 W/mm?2 metal film heateh. It is assumet'® that phonons generated
B=3T during a heat pulse have a Planckian distribution in tempera-
ture, T, P4, which can be calculated by acoustic mismatch
theory® In our experimentsT,,~ 25 K for P=160 W/mnf,
which corresponds to a spectral distribution of phonons
peaking atfiw,~2kT,~5 meV. These phonons have a

B

Phonon signal, 81 (t), arb. units

[l 1 1

0 > 10 15 short mean free pati{ w,,) ~0.05 mm, and are confined to a
Time, ps region close to the phonon generator because of elastic
scattering:>1
FIG. 2. Normalized evolution of the nonequilibrium-phonon-induéég(t) Phonon propagation The phonon mean free path is

signal measured at points(4olid curve$ and 2(circles for differentB and —4 _
P. Horizontal bars specify the expected ballistic time shift of signals for LA, strongly frequency dependerit{w ), and, therefore, low

FTA, and STA phonongthe corresponding sonic velocitieg=5.3,3.4, ~ €NErgy phor_10ns Witﬁwsl me\_/ are capable of traversing
and 2.5 km/s ballistically (i.e., without scatteringdistances of a few mm.
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If the phonon detector is sensitive to these low-energyp=160 W/mnt (solid line in Fig. 2a shows clearly the
phonons, then the time profiles of signals measured at diffefeontribution of the diffusive component to the trailing edge
ent distances from the phonon generator should have aqf the §14(t) signal measured at point 1. The diffusive com-
steep leading edge shifted in time by the ballistic time ofyonent disappears at lower power densitRs; 70 W/mn?
flight ty=r/v;, wherey; is the sonic velocity of polarization (Fig. 2p, when# w,, is smaller §w,~4 meV, T,~20 K)
j (i=LA, FTA, STA). This is indeed observed in the signals than it is for large values d?. Thus high-frequency phonons
measured by ugcompare the solid lines and circles in Fig. and, accordingly, interaction with clusters is also essential
2). The trailing edge of a phonon pulse is dominated by theor the 51 5(t) signal. Thesl g(t) signal measured at point 2
dynamic properties of high-frequency phonons with>1  practically does not contain the diffusive compon@iy. 2),
meV!® High-frequency phonons withfiwo~%iwy are thus confirming that GaAs is a filter for high-frequency
strongly scattered in the bulk of GaAs and reach the detectqshonons.
by diffusion!® Thus the relative contribution of high- Interestingly, the role of high-frequency phonons de-
frequency phonons to the phonon spectrum at point 2 shoulgreases with increasing magnetic field. IndeedBat3 T
be substantially smaller than that at point 1 because of therig. 29 the difference between the values éifz(t) mea-
diffusive damping of phonons, as well as a result of theirsured at points 1 and 2 is not so large as th&=a® T (Fig.
escape to liquid helium from thin samptésActually, the  2a). The relative increase in efficiency of direct as compared
GaAs substrate acts as a filter for the high-frequencyo indirect processes with increasiBgwas observed earlier
phonons propagating from the phonon generator to point 2to occur in bulk C¢_,Mn,Te for x<0.12 although in sub-
Spin-phonon interactiariWe are turning now to discuss- stantially higher fields than the ones used in our experiments.
ing the spectral sensitivity of our luminescence detector. It isThis difference may be due to the significantly higher Mn
determined by the energy spectrum of Mn ions which areconcentration, as well as to the role of interface Mn ions in
heated by nonequilibrium phonons. The Mn ion system inour samples, which provide the major contribution to the
diluted magnetic semiconductors contains paramagnetigiant Zeeman splitting of excitorf-23
spins and clusters consisting of antiferromagnetically inter- In conclusion, we propose a new method of
acting spins. The relative contribution of paramagnetic spinjuminescence-based detection of nonequilibrium phonons
and clusters is determined by the Mn content andwyhich makes use of the giant Zeeman splitting of exciton
temperaturé. The giant Zeeman splitting is determined pri- states in CdTe quantum wells with barriers of diluted mag-
marily by paramagnetic spins and, partially, by clusters connetic (Cd,Mn)Te material. This method of phonon detection
taining an odd number of Mn ions. The observed phonoris sensitive to ballistic phonons and shows promise for high-
signal can be accounted for by interaction with both low- andresolution 0.1 meV) phonon spectrometry. This spectrom-
high-frequency phonons. Low-frequency phonons with  eter would permit one to study acoustic phonons in the spec-
=0mnieB (gun=2 for Mn iong can initiatedirectresonant  tral region up toZw=gy,ugB=2 meV and in magnetic
transitions between Zeeman sublevels in Mn ibh&or  fields of up to 20 T, and could serve as a new tool for prob-
B=3 T, Aw=0.3 meV, and phonons with such an energying the dynamic vibrational properties of semiconductor
undergo ballistic transport in GaAs. High-frequency nanostructures.
phonons can interact with spin clusters, which have a num-  Qur sincere gratitude is due to A. A. Kaplyarisk. V.
ber of excited states with energies of a few méVlhis  Kavokin, and I. A. Merkulov for fruitful discussions.
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individual spin (indirect Urbach proces$), and the corre- gratefully acknowledged.
sponding contribution to the exciton splitting will be deter-
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The method of molecular layering is used to prepare CdS thin films and CdS/ZnS and CdS/CdSe
superlattices. The dependence of the exciton photoluminescence on film thickness is

studied, and the role of internal strains is examined. The effect of the excitation intensity on the
superlattice photoluminescence spectra is examined, manifested in a shift of the emission
maximum toward shorter wavelengths when this intensity is increased1998 American

Institute of Physicg.S1063-783#8)01205-3

The method of molecular layering was developed undetecular layering cycle wa 1 s and the reagent feed time was
the direction of Aleskovskiin the middle of the 1960’'s and 0.02 s. As the reagents we used dimethyl cadmium, diethyl
has become known abroad under the name “atomic-layezinc, and hydrogen sulfide and selenide. The layer thickness
epitaxy” (ALE) and occupies a secure position at present asvas measured with the aid of an ellipsometer, and the struc-
one of the techniques for obtaining superthin uniform semiture of the films obtained was measured using reflection
conductor and insulator film's? high-energy electron diffraction. We found that raising the

In their realization of the molecular layering reactions onsynthesis temperature enhances the quality of the layer struc-
a substrate surface, the authors of the method proceedégre, and we showed that film growth is epitaxial on mica
from the following considerationslf chemisorbed groups of substrates at 300 °C and the reflections in the electron dif-
atoms are present on the substrate surface, then such a sdiidction patterns become pointlike. On silicon substrates,
body can be represented as an unchanging frame to whiamly a weak orienting effect appeared, and the ordering ten-
functional groups of a known chemical nature are bound. Ifdency of the crystalline structure was preserved.
these functional groups manifest chemical activity relative to  Implementing the indicated method, we grew thin films
any molecules, then it is possible to get them to interacof CdS, and superlattices of the types CdS/CdSe and CdS/
under certain conditions and thereby obtain a new layer oZnS. In the thin films and the superlattices we examined the
functional groups. The composition of this layer will differ photoluminescence, its spectral features, and its dependence
from that of the original and will be predetermined by the on the excitation intensity in the temperature interval 300
composition of the original functional groups and reagent—4.2 K. Photoluminescence was excited by a nitrogen laser
molecules with which the interaction occurred. In general (A =337 nm) and a mercury lamp using extraction light fil-
such functional groups of the substrate may be groups ders.
atoms bound to the substrate not only by strong chemisorp- CdS thin flmsPhotoluminescence in thin films was ob-
tion bonds but also by weak bonds even of physical adsorpserved at 77 and 4.2 K and consisted of an emission maxi-
tion. If we consider the original solid body in this way, then mum with a half-width of 100—120 meVFig. 13. As the
the first stage of the molecular layering reactions should b¢hickness of the thin film was decreased below 150 A, the
formation of a layer of functional groups bound to the sub-maximum shifted toward shorter wavelengths along a curve
strate. If we pose ourselves the problem to synthesize a prelose toa/d?, wherea is a constant and is film thickness
scribed solid body and not just a random hodge-podge ofFig. 1b.> We associate the photoluminescence maximum in
materials, then it is necessary to ensure that the resultinGdS thin films with exciton emission and its shift—with the
adsorption interactions take place with maximum possiblalecrease in thickness and the appearance of a size effect. The
irreversibility. It was shown in Refs. 3 and 4 that the mo-relatively large half-width of the maxima is probably due to
lecular layering method can be successfully applied to synimperfections in the films, thickness fluctuations, and also
thesize thin films of 11-VI compounds using as the reagentstrains caused by a difference in the thermal expansion co-
metallo-organic compounds and the corresponding hydride®fficients of the substrate and the laminating material.

In the present work we have performed a synthesis on an Interaction with the substrate can lead to internal strains
novel automated setup according to a preset program atia the films. We investigated the transmission spectrum of a
substrate temperature of 300 °C. The duration of the mo€dsS film (d~1000 A), grown on quartz glagéused silica

1063-7834/98/40(5)/2/$15.00 754 © 1998 American Institute of Physics
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FIG. 1. @ Photoluminescence spectra of CdS thin film3 at77 and 4.2 K
(d=95 A). b) Dependence of the energy position of the photoluminescence
maximum on CdS film thickness &at=77 K. 1—experiment2—theoretical
curve (~a/d?). The arrow pointing at the energy axis points to the position
of the A exciton line in a CdS bulk crystal.
] 1 ! 1 |
at 300 °C. The spectrum was recorded using the 24 26 28 E, eV

modulation methodFlg. 23. As can be seen, it has three FIG. 2. 3 \-modulation spectrum of a CdS film &t=77 K. b) Dependence

f?au_”es |81 ’7\2_1)\3)’ which we think are associated With @X- ot the energy position of the exciton lines on strain in the CdS cryatahd
citation of excitons belonging to the three valence subbands excitons are indicated The points are our data. The dashed line indicates

A, B, andC. In the film in question, the energy positions of the shift of theC line in the film we investigated.
the excitons differ substantially from their positions in the
bulk crystals. As was indicated above, this is due to the largeshift of the exciton states. This field can be decreased as a
strain caused by the difference in the thermal expansion caesult of screening at a high excitation intensity level, which
efficients of the CdS film and the quartz substrate. Comparicauses the short-wavelength sfifte observed an analo-
son with the data of Ref. 6 shows that the internal strairgous shift in CdS/CdSe superlatticegown by ug like the
corresponds to a stress around>31° kg/cn? (Fig. 2b). authors of Ref. 8.

CdS/ZnS superlattice®Ve preparedCdS);/(ZnS)s, and
(Cd9S;p/(ZnY)s, superlattices differing in the width of the
quantum well. The spectrum of the sample with the widel\é' B'_Al;eilko";kt'LSt‘_’iChiocr]“eltgg‘”d Synthesis of Solid Compouiis
quantum well reveals an intense and relatively narrow emis~zT.“ZSL?H;,I;‘,‘;;;“C‘?TQ%? Epitaxy(MSR, North-Holland, Amsterdam,
sion maximum near the absorption edge of bulk Catf®und 1989, Vol. 4, No. 7.
2.4 e\/)_ For the narrow guantum well, the maximum is 3V. K. Adamchuk, V. B. Aleskovski V. E. Drozd, V. I. Gubgdullin, A. V.
shifted by~0.4 eV toward shorter wavelengths and there is Fdorov: and A. I Romanychev, Dokl. Akad. Nauk SSS68 1390
an additional longer-wavelength maximum. This shift is no- g aleskovski, V. E. Drozd, V. I. Gubzdullin, and A. I. Romanychev,
ticeably smaller than the shifts obtained for short-period Dokl. Akad. Nauk SSSR91, 136 (1986.
CdS/znS lattices grown by molecular-beam epitaxy on GaAs;A. D- Yoffe, Adv. Phys.42, 173(1993. ,
substrated.For the given structure we were the first to ob- tTHeK&dtﬁ Z"Odnf%,;’ﬁ;;agﬁegggiﬁgsﬂ ' ﬁ%;%fggg | E rgiezedmgs o
serve a shift of the photoluminescence maximum in a CdSt_ grunthaler, M. Lang),/ A. Forstnest al, J. Cryst. Growth138 559
ZnS superlattice in response to a change in the intensity of (1994.
the exciting light. We believe that in strained CdS/znS °l- V- Bradley, G. P. Cresy, and K. P. O'Donnell, J. Cryst. Grows, 551
samples, a strong internal electric field arises as a result of 1999
the piezoelectric effect, which leads to an anomalous Starkranslated by Paul F. Schippnick
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Appearance of resonant I'—X mixing in gradient GaAs/AlAs short-period superlattices
I. Ya. Gerlovin, Yu. K. Dolgikh, Yu. P. Efimov, I. V. Ignat'ev, and |. A. Nedokus

Scientific-Research Institute of Physics, St. Petersburg State University, 198904 Petrodvorets, Russia

Fiz. Tverd. Tela(St. Petersbun40, 822—823(May 1998

We have experimentally investigated the low-temperalifeK) luminescence and reflection
spectra of a gradient GaAs/AlAs superlattice. We have examined the behavior of phonon
satellites in the vicinity of theX—I" resonance. Smooth passage through the resonance was
achieved by scanning an exciting light beam along the surface of a gradient sample.

Based on our experimental results, we have determined the functional dependencé&’ efXhe
mixing potential on the resonance detuning. 1®98 American Institute of Physics.
[S1063-783%8)01305-1

The lowest excited states of type-Il GaAs/AlAs superlat-sample was accompanied by a substantial change in the in-
tices are excitons formed By electrons of the AlAs conduc- terrelation of the GaAs and AlAs layer thicknesses for an
tion band and” holes of the GaAs valence band. The non-almost constant value of the superlattice period.
zero value of the oscillator strength of the indire¢t+T We measured the low-temperatyi® K) photolumines-
exciton is due to adulteration of thé states byl" states of cence spectra and the reflection spectra. Luminescence was
the GaAs electrons. ThE— X mixing potential depends on e€xcited with a He—Ne laser. When recording the reflection
the energy difference of the states being mixed together angpectra we used a halogen-cycle incandescent tungsten lamp.
takes on maximum values in the resonance region. As the results of our experiments showed, the low-

Experimental data on the near-resonance behavior of thi€mperature luminescence spectra undergo a dramatic trans-
X—T andT'—T excitons in GaAs/AlAs short-period super- formation as the laser spot is moved over the sample. The
lattices are reported in Refs. 2—6. To obtain a relative shift ofPectrum of the thinner part of the sample contains, in addi-
the states being mixed, we employed cubic compression dfon t0 a strong exciton peak, phonon satellites typical of an
the investigated structuré$,a constant electric fieltiand a  Indirect X—I" transition. In the thickest part of the sample

set of superlattices with different heterolayer thickneSges. e phonon echoes of the exciton peak disappear, and the
The values of thd’—X mixing potential of 1-5 meV esti- peak broadens somewhat, acquiring the typical shape of a

mated from the experimental results coincided within an or-r_r exciton. Consequently, in this region of the sample the

der of magnitude with the theoretical estimatésdowever, IOWERSt j_ta}['ge t;?formes theb'Gafsstate.t.h imult :
to compare with theory it is more informative to have not . 6]‘( & 'xe recompination with simu ant:ousdemls— t
just the value of the mixing potential for one set of values of>'0n O @ phonon carrying away excess momentum does no

) : : require the admixture of GaAE states, i.e., the intensity of
the parameters of the investigated structures, but but its func; L
. he phonon echoes should not change asltheX mixing
tional dependence on these parameters. In the present paper

. ; - otential is varied. This means that the ratio of intensities of
we present results of experiments aimed at refining the fun heX—T exciton peak and the phonon echoes can serve as a
tional dependence of the oscillator strength of ¥hel™ ex-

) . measure of variation of the oscillator strength of the purel
citon transition on the energy gap between khandX elec- g pure’y

excitonic transition. Figure 1 plots the dependence of this
tron states.d. dth L f th . h di ratio, measured at different points in the sample, on the mag-
We studied the variation of the position, shape, and iy ,qe of the energy gap between theand X states,AE.

tensity of the exciton lines in the optical spectra of a GaAshhg ghserved dependence is well described by the function
AlAs short-period superlattice near thie-1" resonance. To

pass through the resonance we used the dependence of the lex/lpn~AE %, k=1.1+0.1.

energies of theX electrons of AlAs and thé electrons of According to Ref. 1, the oscillator strength of the no-
GaAs on the thickness of the corresponding layers. Th%hononx—r‘ transitionSy_r is given by

sample was a heterostructure on a semi-insulating GaAs sub- ) r o

strate, and the investigated structygeown on an P-1302 Sx-r=|Vrx/AE%,

molecular-beam epitaxy setup at the Scientific-Research |rWhere|VFx| is the matrix element of the mixing potential
stitute of Physics, St. Petersburg State UniveJsintained  due to overlap of the corresponding wave functions.

a 50-period GaAs/AlAs superlattice with nominal layer As was mentioned above, in the investigated sample a
thicknesses of 20 &5aAg and 12 AAlAs). A distinguish-  relative change in the GaAs and AlAs layer thicknesses is
ing feature of the superlattice was the presence of a crossccompanied by the most insignificant change in the super-
gradient of the GaAs and AlAs layers. Thanks to this gradi-attice period normalizing the wave functions. This means
ent, scanning of the exciting light over the surface of thethat the observed changes in the oscillator strength of the

1063-7834/98/40(5)/2/$15.00 756 © 1998 American Institute of Physics
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Iex/Iph lator strength on the energy gap does not coincide with that
1200V ] predicted by theory.

- ; Apparently the main reason for this disagreement is in-
homogeneous broadening of the states being mixed. Such
broadening is indicated by the Stokes shift of the I' ex-
citon peak in the reflection and luminescence spectra. To
clarify the role of inhomogeneous broadening requires more
detailed study.
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Toward a theory of light absorption by excitons in quantum-well structures
V. A. Kosobukin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

Fiz. Tverd. Tela(St. Petersbhung40, 824—826(May 1999

A theory of light absorption by excitons in periodic structures with an arbitrary number of
quantum wells is constructed. It is shown that the temperature dependence of the frequency-
integrated absorption characteristics is due to a competition between the processes of
dissipative decay of quasi-two-dimensional excitons and the light—exciton interactiod99®
American Institute of Physic§S1063-783@8)01405-]

The total optical absorption, being temperature- 1 TN
independent fgr polarization resonances in media without aN=—N—d|n S(0) =7 Nd n 1-Ry
spatial dispersiohfalls substantially at low temperatures for ) ) _ _
spatially dispersed bulk excitosAn analogous temperature It_ is convenient also to introduce a local absorption coeffi-
behavior was observed recently for the total light absorptiorf'€nt
by quasi-two-dimensional excitons in Gaf&l,Ga)As (Ref. an: —(UA)[(S/Sy_1)—1]=(Ld)(AL /Ty @y, 3)

3) and(In,GaAs/GaAs(Ref. 4, § quantum-well heterostruc- IT.= 2T/ 2,12 q q

tures. In the present paper we present results of a gener\é’mere AlT,=2I'T [(‘_"_,“’0) +I'7], and Sy, and S,
theory explaining the temperature dependence of light apdre the values of Poyntmg s vector before and after passage
sorption by excitons in structures with an arbitrary number of?" th€ €lectromagnetic wave through théh quantum well
quantum wells and period in the absence of exciton spatidi"=1, 2, ...,N). The quantitya, in (3) governs the varia-
dispersion effects. tion of the energy flux due to absorption in théh quantum

Consider the propagation Of a monochromatic e|ectroWe”; |t iS expressed in terms Of the eXCiton eXCitation fre-
magnetic wave with frequenay along thez axis of a struc-  qUENCY wo z;md its dissipativel’ and radiativel’s decay
ture formed byN<1 equispaced quantum wells with period ParameterS;” and the dependence of expressinon n is
d in a medium with background dielectric constagt Asin ~ given by the real functionp,>0. For an infinite N— )

Refs. 6 and 7, the resonance contribution of the quasi-twostructure, taking Eq(3) into account, we obtain Bouguer's
dimensional excitons to the quantum-well polarization islaw in the form

takfan into account in t_he nonlocal approximation, anq tun- S\ m/Sn=exf — a(w)dn],

neling of charge carriers between quantum wells is ne-

glected. The transfer matrix methoid used to calculate the a=—(Ud)In[1-(AL/T)e], 4
reflectionRy and transmission coefficients, of the struc- wherea(w) does not depend on either or .

ture, and also the value of Poynting’s vector in successive We will use the above-defined spectral dependences to

nonabsorbing barrier layefsutside the quantum wellsAs . ; : :
- . o : examine the following frequency-integrated absorption char-
characteristics of optical absorption in a structure whth acteristics:

quantum wells, we next consider the following quantiies:
1) the absorptivity of the structurédy(w)=1-Ry(w) 1 J*’”

S(Nd)) 1

. 2

dw
—Ty(w), or probability of absorption of a photon with en- 'N= 27N P_OAN(“))' ©)

ergy fiw; 2) the absorption coefficient\(w) (the optical
density Dy(w) = an(w)dN). Strictly speaking, the absorp- 1 d_“’(a d)= 1 (= d—wln( T )
tion coefficienta(w) is defined for macroscopically homoge- N2 ) T N 1-Ry/’

- 2aN ) . T,
neous media as a characteristic of the properties of a material (6)

in which Bouguer’s law These integrals become temperature-independeht-ase,
when Eq.(4) is fulfilled, whereuporl y—0 andKy— 1. Be-
S(z,w)=S(0,w)exd — a(w)z], low we will discuss the temperature dependence of the quan-
tities (5) and (6), which is configured by the presence of
boundariegfinite N) and peculiarities of exciton re-radiation
for smallN. The analytical expressiaf®) for solitary quan-
tum wells N=1) and Bragg structureN>1, d=n/kg,
is fulfilled, wherea(w) does not depend on the coordinate  whereky= \e,(wo/c), ¢ is the speed of lightshows that as
along which the flux of electromagnetic ener§fz,») at-  functions ofx=T"/T"g, |y andKy grow monotonically from
tenuates. For a structure witth quantum wells, in line with x=0 and saturate fox>N. It follows from a numerical
Egs.(1) we define the effective absorption coefficient analysis that these conclusions are valid for &hgndd.

a(w)=—-S"1(2)[dS(2)/dZ] .Y

1063-7834/98/40(5)/3/$15.00 758 © 1998 American Institute of Physics
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I, depend or_, (Ref. 10, but not on temperatuf®’ The curves
a e e I, in the figure show the upper limit for the corresponding
08l /// e dependencels,(T) with differentN, and the curve&; show

the lower limit forK(T). All the curves shown in the figure
are qualitative similar: at first they grow monotonically with
temperature and then saturate at temperatures defined by the
inequality I'(T)>T",. Physically, this means that fdf(T)

<I'y a polariton mechanism of light propagation is mani-
fested which is associated with re-radiation of excitons of the
quantum wells as a consequence of their radiative decay. As
the temperature is raised, the dissipative mechanism of exci-
ton decay becomes dominant, which renders polariton effects
and radiative decay of excitons, defined by the parameter
I'y, unimportant.

Analysis based on relation®) and (3) of the “micro-
scopic” picture of the formation of Bouguer's lag4) with
increase ofN shows the following. The spectral functions
an(w) have a sharp minimum near= wy which is asym-
metric forI'(T)<I'y and approaches a Lorentzian 6¢T)
>T, (in the important frequency regiamy > ay: if N>N").

As N—oo, the quantitiesay(w) tend to @(w), where the
character of this convergence depends substantially and
kod. Qualitatively, these and similar conclusions pertaining
to the two quantitief\y(w) andly are valid both for short-
period Kod<<1) and for long-periodKyd= ) structures. In
| X the latter case a quasi-macroscopic description of exciton
0 100 200 T K electrodynamics on the basis of an effective dielectric con-
stant is impossible, i.e., the given theory is in essence micro-
FIG. 1. Temperature dependence of the integrated absorption characteristigﬁopicl The theoretical curves shown in the figure of the total
Iy (@ and Ky (b) for a heavy-hole exciton le—1hh in GafslGa)As . . . . .
structures with a number of quantum weNs=1 (dashed curvgsand N PTXCIton absorptlor} in quantum-well StrUCt_uref are in qualita-
=20 (solid curves. Curvesl correspond tok,d=0.4 (d~150 A), 2—  tive agreement with the results of experim@&m Although
kod=3 (d~1100 A); the filled triangles mark the curves fdiT, formally these dependences are the same as for bulk
=0.1meV, and the filled circles mark the curves ff',=0.3 meV. The  excitons? their physical nature is different: for quantum-well
following parameter values were usetlo=151 eV, £,=12.6 andl' g ctyres we have neglected the effects of spatial dispersion
=T'py(T), formula (7). . . .
which lie at the basis of the temperature dependence of ab-
sorption by bulk excitons. To summarize, we have estab-

Broadening mechanisms of exciton states in quantuntished that the decrease in the total exciton absorption at low
wells, determining in particular the quantily, have been temperatures in quantum-well structures is due to a compe-
discussed in connection with luminescence speciiae de- tition between the processes of dissipative decay of excitons
pendence of the width of the quasi-two-dimensional excitoraind the light—exciton interaction. In bounded periodic struc-
levels on the temperatufg as for bulk excitons, is governed tures radiative decay of quasi-two-dimensional excitons of a
by the exciton—phonon interaction. The exciton decayquantum well plays a double role: it leads to the formation of
mechanism with participation of phonons is universal sincghe polariton dispersion law via the mechanism of exciton
theoretically it can be manifested even in heterostructurege-radiation and to true radiative decay of excitons, resulting
with ideally planar interfaces and without defects, i.e., wherin the escape of an emitted photon from the system. Escape
all other possible exciton decay mechanisms are exclude®f photons from the system is impossible fée=, but for
The phonon contribution t&' is given by the formul& smallN it is strongly manifested as a violation of Bouguer’s

_ law (3) at low temperatures, where dissipative decay is weak.

Tpi(T)=Cacl + Lol exp(i 0 /keT) ~ 117", @) It may be expected that an account of additional mechanisms
For a heavy-hole excitonel- 1hh in GaAs(Al,Ga)As struc-  of homogeneous and inhomogeneous broadening of exciton
tures with quantum wells having effective width 200 A, thelevels can lead to an effective increase in the low-
parameters in formula(7) are equal to #C,=1.5 temperature part of the total absorptibhpwever, a correct
X 1073 meV/K for the acoustic andil' ;=4 meV and  description of this effect is lacking at present.

70, o=36 meV for the optical phonoris.

The calculated temperature dependence of the integrakpese quantities are defined in Ref. 8.
magnitudes5) and(6) for solitary quantum wells and struc-
tures is plotted in Fig. 1. In the calculation we used themn’ 3. Phys. /8, 233(1970.

scaling depenqenCJZth(T) from Eqg. (7) for any 2A. S. Davydov,Theory of the Solid Stafén Russian (Moscow, 1978;
guantum-well widthL,, and the parametdf, is assumed to  N. N. Akhmediev, Zh. Esp. Teor. Fiz79 4(10), 1534(1980 [Sov. Phys.
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Raman spectroscopy of resonance exciton tunneling in GaAs/AlAs superlattices
in electric fields

V. F. Sapega
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Optical-resonance-Raman scattering by acoustic phonons is used to study the effect of an electric
field on the state of excitons in GaAs/AlAs superlattices. When the energy of the exciting

photon coincides with the energy of an exciton bound to Wannier—Stark states of a heavy hole
and electron witAn=0,* 1, the acoustic Raman scattering is enhanced. Oscillations in

the intensity of the Raman spectrum in the electric field are explained by resonance delocalization
of the exciton ground state as it interacts with Wannier—Stark states of neighboring

quantum wells or with Wannier—Stark states of a higher electron minibandl9493 American

Institute of Physics.S1063-783%8)01505-9

The electric-field induced localization of the wave func- shifts. Thus, it is possible to study individual resonances in
tions of electronic states in solid®Vannier—Stark localiza- great detail. Furthermore, the conditions for a double reso-
tion) has been under active study, both theoretiéaflipnd  nance are almost satisfied for phonons with energies lower
experimentally. Only with the creation of semiconductor su-than the homogeneous broadening, so that there is a substan-
perlattices, however, has it become possible to observe thial increase in the intensity of the scattered li¢ht.
phenomenon experimentally. Wannier—Stark localization  Figure 1 shows some typical electro-Raman spectra
and the so-called Stark ladder of electronic states in an eleecneasured with different excitation energies relative to
tric field have been studied by photocurrent spectroscopythe lowest miniband transition. One can distinguish three
photoluminescence excitatidrand electroreflection.lt has  kinds of resonances in these spectra. The peaks denoted by
been reported that electric fields do affect the Raman scatten=+1 in Fig. 1a move to higher fields as the excitation
ing of light by optical phonorfs’ and effects owing to reso- energyE,, is raised. Similar peaksn=—1) are also ob-
nance tunneling have been obserfied. served for excitation energies below 1.610 eV. However,

In this paper resonance-Raman scattering of light othey move toward lower energies. Their slopes are
acoustic phonons is used to study the effect of an electrie-0.76 meV(kV/icm) and —0.94 meV(kV/cm), respec-
field on the exciton ground state in a superlattif®esults tively. These resonances were interpreted as transitions be-
from this study have been reported previousH). tween Wannier—Stark states of heavy holes and electrons

The experiments used the same sanfpleéGaAs/AlAs localized in neighboring quantum wells, i.e., transitions with
superlattice with 60 periods of (70/9))Aas in the experi- n==*1.
ments of Schneideet al,'! and the measurements were The intensity of the continuous Raman spectra is sub-
made atT=15 K. The pump intensity of the tuneable cw stantially larger in high electric fields. A typical electro-
Ti-sapphire laser was 1-2.5 W/crh Raman spectrum is shown in Fig. 1b. In this spectrum, one

The resonances owing to the Stark levels were deterean see distinct drops in intensitindicated in Fig. 1b by
mined with a method we have used before for studying Lannumbers with asterisksagainst the background of a broad
dau levels>!® At each excitation energy, the spectrometerresonance peak. A comparison with theoretical calculations
was used as a filter whose transmission passband was shiftadd the data of Ref. 11 shows that these minima in the
into the Stokes region by 6 cr. The intensity of the scat- electro-Raman spectra occur whenran 0 exciton state is
tered light was measured as a function of the electric fieldlelocalized owing to anticrossing witm=-6, ...,—2
under these conditions. Electro-Raman spectra of this sokVannier—Stark stategindicated by asterisksoriginating
are sensitive to all the electronic states satisfying the condifrom the next, higher miniband. Three of the observed reso-
tions for an input or output resonance in a Raman scatteringances = —2*,—3*,—4* in Fig. 1b coincide with those
process. The advantage of optical scattering by acousticbserved beforé in photogalvanic experiments with this
phonons is that the resonances are studied for small Ramatructure. The interaction of the exciton state=(0) with the
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a superlattice the situation is obviously more complicated,
a Eex=1‘64°ev since the exciton continuum is a miniband consisting of a
| n=+1 large number of delocalized wave functions. An electric field
splits the continuum state into a discrete set of Wannier—
Stark states which are localized in the corresponding quan-
E =1636eV tum wells. These states, however, extend over several peri-
o ods, so they can interact with similar states localized in other
quantum wells. This interaction becomes important when the
E,1.601eV level energies are clogé The interaction of the electron or
e hole component of the wave functions of excitons localized
‘ in different isolated quantum wells leads to resonance tun-
bl nelling. These are the resonances which appear as oscilla-
10 20 30 tions in the Raman and photoluminescence intensities and
they explain the behavior of the low-field electro-Raman
b spectra shown in the figure. The intensity minift@belled
by numbers with tildes in the figurare caused by resonance
delocalization of an exciton, which has been localized by
fluctuations in the widths of the quantum wells, as it interacts
with the states of a miniband exciton continuum that has
been split by the electric field. This effect has recently been
E =161eV examined theoreticall}?
ox In the electro-Raman spectra of the figure there are
-2 minima between 3 and 25 kV/cimumbers with tildesow-
L ing to the interaction of a localized exciton with states that
1 h have been localized in the nearest seven quantum wells. The
0 50 100 150 miniman=—1,...,—7 in an electro-Raman spectrum taken
ELECTRIC FIELD , kV/cm at 1.601 eV were observed at fields of 28, 14.5, 8.5, 6.5, 5.1,
4.0, and 3.2 kV/cm, respectively. Given that the center of
FIG. 1. Electro-Raman spectra of a GaAs/AlAs superlattice for differentthe miniband lies at an energy of 1.623 eV and the slopes of
excitation energiesE,,. The peaks denoted bp==*1 correspond to the Stark statesn=—1 and 0 are—0.94 and —0.09
resonance-Raman scattering involving transitions between Wannier—Stark . .
states. The oscillations at low fieldsninima, denoted by numbers with meV/(kV/Cm)’ reSpeCt'Vely’ we can calculate the location of
tildes) are caused by resonance delocalization of an exciton state as it intethe resonances using the relatiBr-neFd The resonances
acts with states in the miniband continuum. The minima at high figlds- calculated in this way should be observed at fields of 25.9,
bers with asterisks in)bare caused by interactions with Wannier—Stark 12.9, 8.6, 6.5, 5.2, 4.3, and 3.7 kV/cm, in gOOd agreement

levels of a higher-lying electron miniband. . .
gnerying with the experimental values.

‘ n=+1
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Exciton spectra of semiconductor superlattices in a parallel magnetic field
N. N. Sibel'din, M. L. Skorikov, and V. A. Tsvetkov

P. N. Lebedev Physics Institute, Russian Academy of Sciences, 117924 Moscow, Russia

Fiz. Tverd. Tela(St. Petersbung40, 830—-832(May 1999

Low-temperature photoluminescence and photoluminescence excitation spectra of GaAs/AlGaAs
semiconductor superlattices having different potential barrier widiks20, 30, 50, and

200 A), i.e., degrees of tunnel coupling between quantum wells, are studied in magnetic fields up
to 5 T oriented parallel and perpendicular to the layers of the structure. The changes in the
qualitative character of the photoluminescence excitation spectra observed in a parallel magnetic
field with increasing tunnel transparency of the barrier correspond to a transition from a
quasi-two-dimensional to a quasi-three-dimensional electronic spectrum as a miniband develops
in the superlattice. In the photoluminescence excitation spectra of the superlattide with

=50 A, as the parallel magnetic field is increased, a new line appears in the violet wing of the
spatially indirect exciton excitation line, which is absent in a perpendicular field. A

similar line was also observed to arise in the photoluminescence spectra. It is shown that the
indirect exciton luminescence line can be suppressed by both parallel and perpendicular
magnetic fields. ©1998 American Institute of Physid$$1063-783%08)01605-7

1. The properties of excitons in symmetric arrays of 3. The general features of the photoluminescence excita-
bound quantum wells and superlattices are of great interesion spectra of all the samples include intense lines associ-
and it is not by chance that they have drawn the interest ofted with transitions to the ground state of heavy- and light-
researchers in recent years. It is known that there is a tranghole excitongHH andLH, respectively, in Fig. L In most
tion from a two dimensional to a three dimensional excitonof the spectra, there is also a fairly sharp edge to the con-
behavior with increasing tunnel transparency of the barfiers.tinuous spectrum owing to absorption in interband transitions
The nature of the excitons in these systems depends on tleé electrons from heavy-hole bands. As a rule, a transition to
relationship between the exciton binding enekjy and the  the first excited state of aklH-exciton occurs only in a
total width A of the electron and hole minibands. In particu- magnetic field.
lar, whenA <E,,, spatially indirect excitons formed by elec-
trons and holes located in neighboring quantum wells can
develop in a superlattice.

The relationship betwees,, andA in a superlattice can LH
be controlled by acting on the structure with a magnetic field. HH
A magnetic field oriented perpendicular to the plane of the
structure increases the binding energy of an exciton without x10
affecting the single-particle superlattice states. H=0

A magnetic field parallel to the layers of the structure ® f
changes the one-electron states and the energy spectrum (c
the superlattice radicalfy.In weak fields, the superlattice g |
acts as a bulk crystal with an anisotropic effective mass: the-Q 1
miniband breaks up into Landau subbands. In fields exceed- © ’
ing H* = (fc/ed®) - (M/M)Y2 (wherem is the effective mass  _-
in the plane of a quantum wel =2%2/a2A is the effective
mass along the superlattice axis, amds the superlattice
period, the miniband is destroyed and the superlattice breaks
up into isolated quantum wells.

2. In this paper we study GaAs/iMGa, /As superlat- f 2
tices with quantum well widthsr=80 A and barrier widths . .
b=20, 30, 50, and 200 A. Photoluminescence was excited
using a tuneable cw Ti-sapphire laser. It was also used to 1.58 1.60 1.62 164 1.66
measure the photoluminescence excitation spectra; here th_ hv , eV
radiation corres_pondlng_ to the Iong wavelength wing of theFIG. 1. Photoluminescence excitation spectra of a superlattice with
heavy-hole exciton luminescence line was detected. All th@—20 A in magnetic field$i =51 kOe paralle(1) and perpendiculaf?) to
measurements were made at a temperature of 2 K. the layers. The arrows denote the lthes of theHH exciton.

1063-7834/98/40(5)/3/$15.00 764 © 1998 American Institute of Physics
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A parallel magnetic field has no noticeable effect on the
photoluminescence excitation spectrum of the sample with
b=200 A, since the quantum wells are isolated from one
another owing to the low tunnel transparency in this sample,
while the magnetic length<w over the entire range of mag-
netic fields. In a field directed along the growth axis of the
structure, the photoluminescence excitation spectrum has the
customary form corresponding to the spectrum of quasi-two
dimensional magnetoexcitons. In this case, at sufficiently
high fields, the variation with increasing field ihE, the
energy separation between the first excited)(@nd ground
(1s) states of the diredt H-exciton(Fig. 2), mainly reflects
the change in the splitting between the two lowest Landau
levels.

As the barrier thickness is reduced, the influence of a
parallel magnetic field on the photoluminescence excitation
spectra grows. In the samples with=30 and 20 A, the ]
excitons are quasi-three-dimensional, as indicated by the
qualitatively similar behavior of the photoluminescence ex-
citation spectra in parallel and perpendicular magnetic fields
(Fig. 1) and the roughly identical variation iIAE with in- =
creasing fieldFig. 2). 1580 1.585 1.500 1.595

The conditonH>H* is apparently satisfied reliably hv, eV
9”'3’ for the SUD?rlattlce witlo= 50 A within the magnetlc FIG. 3. The appearance of a new lifidicated by an arropin the photo-
field range studied hergAn estimate forb=20 A gives luminescence excitation spectrum of a sample With50 A as the parallel
H*~7T.) In this sample, however, the excitons are essenmagnetic field is increaset,(kOe): 0(1), 23 (2), 32 (3), 51 (4).
tially quasi-two-dimensional, even without a fieldEd,
>8 meV), and the observed changes in the photolumines-
cence excitation spectra in a parallel field do not yet allow Uphotoluminescence  spectra of the samples with
to judge the further two-dimensionalitidestruction of the =30 and 50 A, as well as the diredd] exciton lines?
miniband of the electron SpeCtrUm of this Superlattice. In the photo|uminescence excitation Spectra of the

4. Lines associated with spatially indiredt)(HH exci-  sample withb=50 A, thel exciton line(like the spectrum
tons were observed in the photoluminescence excitation angs a wholgwas not displaced noticeably in a magnetic field
parallel to the layers, but a new line appears in its high-
energy wing, which exceeds the origindine in intensity at

|, arb. units
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FIG. 2. The energy separation between the first excited and ground states of hv , eV

the directHH exciton as a function of the magnetic field in samples with
b=20(1,2 and 200 A(3,4) for field orientations parallel2,4) and perpen-  FIG. 4. Luminescence spectra of a superlattice Wwith30 A in a parallel
dicular (1,3 to the layers. magnetic fieldH,(kOe): 0(1), 9 (2), 32(3), 51 (4).
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high fields(Fig. 3). In a perpendicular field, as its strength D line. In a perpendicular field, the analogous phenomena in
increases the line is shifted to higher energiédut no new the photoluminescence spectrum are much less distinct.

line flares up. ) )
In the photoluminescence spectra of this sample taken in  1hiS Work was supported by the Russian Fund for Fun-

parallel and perpendicular fields, theexciton line shifts to damental ReseardiProject No. 96-02-18237and the Min-

higher energies, broadens, and falls off in intensity by sevister of Science of the Russian Federation in the framework

eral times. of the Programs on the Physics of Solid State Nanostructures
In the photoluminescence spectra of the sample wit{Project No. 97-1050 and Fundamental Spectroscopy

b=30 A, thel-exciton line in zero field is scarcely visible in (Project No. 2.6

the short wavelength Wing of the maib line. As the- 1A, Chomette, B. Labmert, B. Deveaud, F. Clerot, A. Regreny, and
strength of th.e mag_neth field pargllgl to the layers is in- G. Bastard, éurophys. Lem', 461(1987. ' ' '
creased, thé line initially increases in intensity and yet an- 2a_ | Tartakovski, V. B. Timofeev, V. G. Lysenko, D. Birkedal, and
other emission line shows up in its high-energy wikdg. J. Hvam, zh. Ksp. Teor. Fiz(1997, to be published.

4). With further increases in the field, both these lines fall off *A- M. Berezhkovskiand R. A. Sirius, Zh. Esp. Teor. Fiz86, 193(1984

in intensity, so that only the shortest wavelength component [Sov. Phys. JETIS, 109(1984].

remains in the spectrum at the highest fields, along with theranslated by D. H. McNeill
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Direct and spatially indirect excitons in GaAs/AlGaAs superlattices in strong magnetic
fields

V. B. Timofeev, A. |. Tartakovskii, and A. I. Filin
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Russia

D. Birkedal and J. Hvam

Microelectronic Center, The Technical University of Denmark, DK 2800 Lyngby, Denmark
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Luminescence and luminescence excitation spectra are used to study the energy spectrum and
binding energies of direct and spatially indirect excitons in GaAs/AlGaAs superlattices

having different electron and hole miniband widths in high magnetic fields perpendicular to the
heterolayers. The ground state of the indirect excitons formed by electrons and holes

which are spatially distributed among neighboring quantum wells is found to lie between the
ground Is state of the direct excitons and the threshold of the continuum of dissociated

exciton states in the minibands. The indirect excitons have a substantial oscillator strength when
the binding energy of the exciton exceeds the scale of the width of the resulting miniband.

It is shown that a high magnetic field shifts a system of symmetrically bound quantum wells
toward weaker bonding. At high exciton concentrations, spatially indirect excitons are
converted into direct excitons through exciton-exciton collisions. 1998 American Institute of
Physics[S1063-783#8)01705-3

1. Exciton properties are at the center of scientific inter-along the crystallographi®01] direction. Five superlattices
est in studies of optical and electronic phenomena in supemwere studied with the same GaAs quantum-well thickness,
lattices based on semiconducting heterostructtifésThis  L,,=80 A, but different widths of the AlGaAs barrier be-
interest, in particular, involves spatially indirect excitons, fortween the wellsL,= 20, 30, 50, 100, and 200 A.
which the electron and hole are localized in neighboring 2. In the superlattices whose barriérg=50 A or less, a
guantum wells separated by a barrier. This sort of Wanniernew line,1(1sHH), can be seen distinctly in the lumines-
Stark localization of the electrons and holes has been discowence excitation spectra between the direct heavy-hole exci-
ered and studi€d®in sufficiently high electric fields perpen- ton lines sHH and ZHH:; it is not associated with the
dicular to the superlattice layers. Spatially indirect excitonsdirect exciton spectruniFigs. 1 and 2 In the superlattices
can exist in a superlattice, even without destruction of thewith narrow barriers, this line corresponds to the ground
inversion symmetry, but their localization within the con- state of a heavy hole exciton with a spatially distributed elec-
fines of a superlattice period is of Coulomb origin in this tron and a hole at a distance corresponding to a single super-
case. A magnetic fieldR) perpendicular to the superlattice lattice period. Thus, in this case, we are speaking of a spa-
layers has a significant effect on the exciton states: it intially indirect exciton, which is localized in the axial
creases the splitting between the ground states of the diredirection within a single superlattice period. Unlike
and spatially indirect excitons and, thereby, for fixed tunneMannier-Stark localization, in this case the localization is
coupling in the superlattices, shifts the symmetry of theexclusively of Coulomb origin. The indirect exciton state is
bound system of quantum wells toward weaker bonding. more weakly bound than the corresponding direct exciton

In this paper, using GaAs/AlGaAs superlattices as arstate. The highest oscillator strength of thexciton occurs
example, it is shown that indirect excitons are formed inin superlattices with an intermediate tunnel bonding. Thus, in
symmetrically bound quantum systems when an inversiomn 80/30/80 superlattia&ig. 2), the oscillator strength of the
center is present. For this purpose, we have studied the emdirect exciton is about 10% that of a heavy-hole direct
ergy spectrum of direct and spatially indirect excitons in su-exciton. ~ As  the  barrier width is reduced
perlattices as the width of the barrier between the quanturfiL,=20 A and below, the wave function of the indirect
wells is varied. Using a sufficiently strong magnetic field, exciton extends ever further in tteedirection and may en-
which enhances the Coulomb bonding in the excitons, madeompass several superlattice periods. In this limit, the indi-
it possible to modify the character of the bonding in super+ect exciton state becomes ever more delocalized and, ulti-
lattices having a fixed barrier size. mately, merges with the continuum of dissociated states of

In this work we have used superlattices grown on thethe direct exciton$.Figure 3 shows how the binding energy
basis of GaAs/AlGaAsX=0.3) heterostructures by molecu- of an indirect exciton behaves, as well as its oscillator
lar beam epitaxy on an insulating GaAs substrate orientedtrength measured relative to a direct exciton, when the bar-

1063-7834/98/40(5)/3/$15.00 767 © 1998 American Institute of Physics
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observing spatially indirect excitons occur for quantum bar-
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Figures .1 and. 2 Show luminescence excitation Sp?CtralG. 2. Luminescence excitation spectra of an 80/30/80 superlattice in a
for superlattices with barrieds,=50 and 30 A, measured in magnetic field for circular polarization* .
magnetic fields with a step size of 1 T. The strongest lines in
these spectra are those of theHH- and 1sL H-direct exci-
tons. As the magnetic field increases, these exciton statégminescence spectréFig. 4). The indirect exciton line,
undergo a diamagnetic shift whose magnitude is greater for {1sHH), lines in the spectrum between the spatially direct
heavy hole exciton, since this state is more weakly boungxcitonsD(1sHH) andD(2sHH). It is clear that the indi-
than the BHH exciton. As the barrier width is reduced rect excitons are not in thermal equilibrium with the direct
(Lp,=230, 20 A), the diamagnetic shift of thesl. H exciton is
essentially zero, since the effect of the superlattice is largest
for the exciton states with light holes.

Besides the ground states of the direct excitons, magne-
toexcitons corresponding to higher Landau statds>()
were observed in the luminescence excitation spectra. Only
those magnetoexcitons which represent bound states of a
electron and hole belonging to the same diamagnetic quanti-
zation level are optically active in the spectFags. 1 and 2

Let us consider the diamagnetic properties of the direct
and indirect excitons. The diamagnetic corrections to the en-
ergy of the ground state of the spatially indirect exciton are
almost a factor of two greater than for theHH exciton and
much lower than for the HH exciton. This correction is
roughly 45, V/T? in the 80/50/80 superlattice. Thus, it is 1
evident that thd (HH) exciton has no connection with any o
excited states of the direct excitons. We conclude that the 2 3 4 5
I (HH) line corresponds to the grounds §tate of an indirect
exciton with spatially separated electron and hole in the con-

fines of a S.ing|e.|at.tice periqd. . FIG. 3. The behavior of the binding energy and oscillator strength of an
3. Spatially indirect excitons are also observed in theindirect exciton as the barrier width in the superlattice is changed.

Barrier width, nm
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) ) o . FIG. 5. The intensity of luminescence lines of dir¢t} and indirect(2)
excitons, and the actual population of the indirect excitorexcitons as functions of the concentration of direct excitons @che

states alT=1.5 K is many orders of magnitude greater thanbehavior of the line intensity of an indirect exciton with pulsed excitation on

the thermal equilibrium valugUnder these conditions, there ¢ Same concentration scale. The upper horizontal scale is the power den-
sity of the exciting radiation and the lower scale is the concentration of

is no excitation of the direct exciton stat2(2sHH), inthe  gjrect excitons. The inset illustrates the scheme for conversion of indirect

photoluminescence spectr&uch slow relaxation of an in- into direct excitons.

direct exciton into a direct exciton during weak, steady-state

pumping is explained by nonresonant tunnelling of an elec-

tron through the barrier, which is a slow process. The behavhole-miniband width in the superlattice. It is significant that

ior of the luminescence spectra of the diredf) (and indirect ~ inversion symmetry is not required for observing these

(|) excitons as the power density of cw and pu|sed excitatiorptates. A strong magnetic field transverse to the heterolayers

is varied is shown in Fig. 5. Clearly, within the dynamic Of the superlattice enhances the Coulomb bonding in the ex-

range studied here, the luminescence intensity of the dire@iton and shifts the system of interacting quantum wells to-

excitons depends linearly on the pump intensity to high acward weaker bonds.

curacy. At th? same time, the Il_Jmmescencg 9f the |nd.|rect This work was supported by the Russian Fund for Fun-

excitons manifests a clearly nonlinear behavior: a superlinear

. o . . . damental ResearciGrant 96-02-17535 the Interdepart-

rise at low excitation levels and a sublinear rise at high lev- L : i
mental Scientific Program on the Physics of Solid State

els.
The quenching of the luminescence of the indirect exci-vanostructures, and INTAGrant 95-IN-RU-576

tons at high pumping levels is explained by inelastic exciton-
exciton collision processes. As the concentration of indirect;H- Chu and Y.-C. Chang, Phys. Rev.38, 2946(1987.
excitons rises, the probability of pairwise collisions between E\agg%m?ﬂfa '?]' sLa[';tt’zrtA 681' (%%Vga“d' F. Clerot, A. Regreny, and G.
them increases because of a dipole-dipole interaction mechay, cn, and YEC)( Chang, Phys. Rev.3, 10861(1989.
nism with conversion into spatially direct excitons. This pro- “D. M. Whittaker, Phys. Rev. B, 3238(1990.
cess is illustrated schematically in the inset to Fig. 4 and carfP- Mé\égl:nggégi- Ehrenreich, P. M. Hui, and N. F. Johnson, J. Appl. Phys.
; . 74, 7369(1993.
be written down as follows: ekhk+1+ek+1hk._>e_khk 6B. Deveaud, A. Chomette, F. Clerot, A. Regreny, J. C. Maan, R.
+ €4 111+ photon, whereeh, ; andey, 1hy are indirect Romestain, and G. Bastard, Phys. Rev4® 5802(1989.
excitons in the differentk))-th and k+ 1)-st quantum wells, 7K. Fujiwara, K. Kawashima, T. Yamamoto, N. Sano, R. Gingolani, H. T.
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The low-temperature photoluminescence spectrum and the recombination dynamics of localized
excitons have been studied in a short-period superlattice of CdSe/ZnSe submonolayers. As
distinct from structures with isolated submonolayers, which exhibit one narrow photoluminescence
peak, the photoluminescence and photoluminescence excitation spectra of a superlattice

have two peaks, separated by50 meV. The amount of splitting, as well as the temporal
characteristics of the damping of the photoluminescence, are interpreted in terms of a model of a
disordered superlattice of extended islands, sited randomly in the submonolayers making up

the superlattice. ©1998 American Institute of Physids$$1063-783498)01805-X

Despite the large number of publications devoted to théhowever, may be the decisive factor that determines the
fabrication technology and optical properties of quantum-properties of the short-period superlattice made up of the
sized heterostructures in the CdSe/ZnSe systemgertain-  submonolayers. For uniform layers of the solid solution, the
ties about the structural properties of the CdSe/ZnSe inteiinteraction of electrons in neighboring wells leads to the for-
face still evoke a certain amount of disagreement. Based omation of minibands and, as a consequence, to a shift in the
the narrowness of the photoluminescence line observed iexciton peak toward longer wavelengths, without significant
structures with stressed thin layers of CdSe and the anom#&roadening. In the case of randomly positioned planar, ex-
lous dependence of the line width on the layer thickr#es  tended islands, the disorder determined by the random over-
half width of the peak increases from 5 to 40 meV when thdap of the islands in neighboring layers of the superlattice
effective thickness of the layer is raised from 0.25 to 2may show up through inhomogeneous spectral broadening
monolayery Zhu et al? concluded that a spatially uniform and specific localization effect?.
layer of ZnCdSe solid solution forms on the interface. An In this paper, the exciton localization effects are studied
alternative viewpoint assumes that two-dimensid@a) is- in submonolayer CdSe/ZnSe superlattices by cs photolumi-
lands of CdSe are formed in a submonolay/@he narrow- nescence and photoluminescence excitation spectroscopy, as
ness of the photoluminescence line in this case reflects theell as by time resolved photoluminescence spectroscopy.
uniform thickness of the different islandg.g., exactly 1 The sample was grown by molecular-beam epitaxy on a sub-
monolayey and their relatively large lateral dimensions. Oth- strate of (100) GaAs and included 20 submonolayers of
erwise, the exciton photoluminescence line would be inhoCdSe with a nominal thickness of 0.65 monolayer, separated
mogeneously broadened owing to fluctuations associateldy 28-A-thick ZnSe barriers. Samples including single CdSe
with the size limitation along the growth axis and with a layers of different thicknesses were also grown. The tech-
lateral limitation effect in the islands, which are three dimen-niques for growing the samples and calibrating their thick-
sional quantum dots with a certain size and shape distriburesses are described in detail elsewHér&hotolumines-
tion. Inhomogeneous broadening effects of this sort haveence spectra with a time resolution on the order of 15 ps
been observed, for example, in thin ZnS/ZnSe layers, whererere measured using a streak camera after excitation by the
they produce an exciton photoluminescence line width on thérequency doubled output of a mode locked,@{/Ti laser.
order of 100 me\f. Figure 1 shows cw photoluminescen@mooth curve and

It is difficult to distinguish these two possible submono- photoluminescence excitatigashed curvyespectra of the
layer configurations reliably by only studying the optical sample with a submonolayer superlattice. In distinction from
characteristics of structures with isolated layers. In fact, thehe narrow single-photoluminescence peak observed in the
optical properties of uniform layers of ZnCdSe solid solu-spectra of single layer@ot shown herg the photolumines-
tion, as well as of extended 2D islands, are determined prieence and excitation photoluminescence spectra of the sub-
marily by size limitations in the direction of the growth axis, monolayer superlattice reveal two peaks separated by
while lateral limitations are unimportant. Thus, the optical ~50 meV. The general character of these peaks is confirmed
spectra will be similar in both cases, with features characterby the similarity of their photoluminescence quenching ki-
istic of quantum wells. The morphology of the interface, netics following excitation by a short pulse. The characteris-
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a single superlattice barrier, while all the other configura-
tions, which include parts of islands that are essentially iso-
1500 lated from one another, contribute to the band. This de-
scription makes it possible to explain all the experimental
observations reported above, including the splitting of the
exciton band and the characteristic manifestations of the
jump relaxation of excitons localized in the random potential
from local vertical configurations of extended, planar islands.
Strictly speaking, the good agreement between the pro-
posed model and the experiment only confirms the presence
of structural configurational disorder in the sample, while
) 0 leaving open the question of the exact dimensions of the
2.65 270 eV islands and possible correlations in the positions of the is-

lands in neighboring layers of the superlattice.
FIG. 1. Cw photoluminescendemooth curveand photoluminescence ex-

citation (dashed curvespectra; the triangles denote the position of the peaks  Thijs work was supported by the Russian Fund for Fun-

as a function of the detection time deléscale on the right ordinate damental Research and the Program on the Physics of Solid
State Nanostructures of the Ministry of Science of the Rus-
sian Federation.

1000

arb. units
Delay time, ps

500

tic quenching times vary over the line profiles freAd0 ps
in the short wavelength wing te-350 ps in the long wave-
length tails, while the energies of the pedksangles in the k. p. 0'Donnell and U. Woggon, Appl. Phys. Left0, 2765(1997).
figure) show a shift to longer wavelengths with the detection ?Z. Zhu, H. Yoshihara, K. Takebayashi, and T. Yao, Appl. Phys. I&St.
delay time. This sort of behavior is typical for jump relax- 3}618(}<?(gezhikov MV Maimor. S. V. vanov. S. V. Sorokin
ation qf localized l%xcnons accompanied by the emission of ¢ Permogorov, A. N. Reznitsky, A. V. Kornievsky, P. S. Kop'ev, Zh.
acoustic phonon%. 1. Alferov, N. N. Ledentsov, D. Bimberg, and C. M. Sotomayor Torres, in

These experimental data cannot be described adequatelyProceedings of the 23rd ICPS (Berlin, 1996). The Physics of Semiconduc-
assuming the formation of uniform solid-solution layers, but S M. Scheffler and R. Zimmermari&ds), World Scientific, Singapore

L2 I=To (1996, p. 3187.
they do e_lllow a natural explanation in te-_r.ms.of a disorderedat va0 M. Fujimoto, S. K. Chang, and H. Tanino, J. Cryst. Groddh,
superlattice formed by the random positioning of extended 823 (1991).
planar islands relative to one another. Different local con-°N. Magnea, J. Cryst. Growth38 550 (1994.
figurations of “bound” quantum wells are realized in this A. Chomette, B. Deveaud, A. Regreny, and G. Bastard, Phys. Rev. Lett.
; R o . 57, 1464(1986.
kind of superlattice in the direction of the growth axis. A 7g 'y, vanov, S. V. Sorokin, P. S. Kop'ev, J. R. Kim, H. D. Jung, and
simple estimate for CdSe islands having a thickness of ex- H. S. Park, J. Cryst. Growth59, 16 (1996.
acﬂy 1 mono'ayer, in terms Of the “enve'opes” Of the func_ 8g, lvanov, S. Sorokin, I. Krestnikov, N. Faleev, B. Ber, |. Sedova, and
. . s L . . P. Kop’ev, in Proceedings of the 8th International Conference on 1I-VI
tions, neglecting the lateral limitation and the differences in . :
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the biding energy of excitons in different configurations, °| g Golub, E. L. Ivchenko, and A. A. Kiselev, J. Opt. Soc. Am18,
shows that the allowed exciton energies fall into two bands 1199(1996.
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The description of quantum-dot ensembles using solely average carrier populations is
insufficient. Keeping track of the probablity of all micro states, and solution of the master
equations for the transitions between them, allows proper modeling of the phonon bottleneck and
laser properties. We predict that a single exciton shows gain and calculate the dependence

of threshold current density of the type of capture process. The gain-current relation in quantum-
dot lasers is linear. €1998 American Institute of Physids$1063-783#8)01905-4

1. Quantum dots represent a unique electronic systermake two transitions: radiative dec#§,1,..)—(0,0,..) and
which was recently applied successfully in novel semicondintersublevel scatterin@®,1,..)—(1,0,..). The ensemble state
ductor lasers~* The charge carriers populate discrete elec-is described by the probability, to find a micro-state in
tronic levels andat least at sufficiently low temperatyrall the ensemble of all dotéhe total number of dots shall be
dots in an ensemble are laterally decoupled from each othelarge), =, p,=1. The probabilityp,, can be also thought of
Therefore an event in a quantum dot, e.g., a recombinatioas the time average of the micro states a single dot undergoes
process, does not depend on the average carrier ddimsity during a sufficiently long time interval, i.e., the quantum-dot
volving all other dots but only on the particular population ensemble is ergodic.
of the present dot by electrons and hol&he ensemble has 3. The delayed energy relaxation in quantum dots, the so
to be averaged over the probability distribution of the differ-called “phonon bottleneck” effect has attracted much atten-
ent micro states. Different probability distributions of micro tion because of its potentially detrimental impact on perfor-
states can have the same average carrier population but ex:ance in high-speed devices. From time resolved experi-
hibit different properties like recombination current. In order ments with resonance exciton of excited zero-dimensional
to illustrate this point with a simple example, we comparestates of InAs/GaAs self-ordered quantum dbtsntersub-
two QD ensembles having the same average carrier populégvel scattering times of 25-40 ps are fouhdsround-state
tion: in ensemble I, all electrons are in different dots than thduminescence rise time is similarly fagt0 ps for nonreso-
holes: no radiative recombination takes place. In ensemblgant excitation in the barrier. However, a modeling of such
Il, electrons and holes populate the dots in pairs, leading téransients requires description with mast equations for the
radiative recombination. We further discuss modeling of themicro states®. If a conventional rate equation mod€RE)
phonon bottleneck effect. for the average population of sublevels is used in connection

2. Since the epitaxially created self-ordered GBsare  with a short intersublevel scattering timg, the transient of
in a strong confinement regime, it is adequate to model eledhe excited-state luminescence displays a fast and nonexpo-
tronic levels in the single-particle picture, i.e., electrons anchential decay. The experimental decay of luminescence from
holes populate single particle levels. Ground-state luminesthe first excited state is exponential as predicted by the mas-
cence is said to originate from the radiative recombination ofer equations for the micro statédEM) (Fig. 2).
an electron and a hole in their respective single-particle  The luminescence of the ground state is composed of
ground stategexciton. The lifetime of the exciton shall be photons from excitons and biexcitons. In Fig. 3 we decom-
denoted byry. The Coulomb correlation shall not funda- pose the calculated transient of an initially completely filled
mentally alter that picture. One effect is the shift of recom-ground state into the excitonic and biexciton is parts, which
bination energy of the biexcitoftwo electrons and two holes could be experimentally observed if both recombination en-
in their spin-degenerate ground statesth respect to that of
the exciton. For InAs/GaAs quantum dots this shift is ex-
pected to be small<2 meW);® for 11-VI compounds this —— 12 —@— 1, —@—

shift will be larger. The radiative lifetimeyy= 7«/2 (as if . I
two independent exciton decayshortening of this time by —0— — T
Qoulomb interaction is neglected here but could be included lT' /0 ltr /EDIZ lT'
in our model.

A micro state represents one particular population of the ———— 1;'/2 —_— 1, T
guantum-dot levels with carriers, e.g., an empty @?0,..), —_— —
a dot with an electron-hole pair in the ground stéit¢,..), — 00— —

or a dot With. an ?leCtrPn‘h0|e pair in the ﬁrslt'eXCited Stater|G, 1. Scheme of the transitions between microstatés the lifetime for
(0,1,..). As visualized in Fig. 1, the latter micro state can all radiative transitionsr, is the intersublevel scattering time.
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FIG. 3. Calculated luminescence decay of completely filled ground state.
Different lines are total intensity and intensity on exciton and biexciton
recombination linesl{g=Ix+ I xx)-

0.01

FIG. 2. Experimental decay of the excited-state luminescence from InAs/
GaAs self-ordered quantum dots. Lines represent fits with master equatiorgssumed for simplicity that no charged dots exist. If exciton

for _the micro stateSMEM)_and_conventional rate equatiofGRE), both for and biexciton recombinatiofand absorptionenergy are suf-
an inter-sub-level scattering img =30 ps. ficiently separatedcompared to their homogeneous broaden-
ing and the inhomogeneous ensemble broadenigain in

ergies are sufficiently separated. The biexciton transient i€ €xciton and biexciton recombination energy have to be
strictly exponential with a time constamyy= 7y/2. The ex-  distinguished. As can be seen in Figay already the exci-
citonic luminescence increases first when excitons start to b@n Offers gain. With increasing currefit excitons are cre-
created by theXX— X+ y process; eventually it decays ex- ated>] and biexcitons=j2. At a current of /7y per dot,
ponentially with the time constant . the exciton luminescence reaches its maximum; it decreases

4. The recombination current in a quantum-dot ensemble
cannot be described using solely the average electron and
hole densities. Throughout the literature, the bulk recombi-
nation rate!! is used for the recombination current which is
essentially a bimolecular expression,

2eNp

== 2 fefn, M

N

7

having a maximum of =2eNp /7« for the fully occupied
ground state. &f, <1 denotes the average filling of the
ground state with electrons and holes. As already indicated
in the introduction, the precise distribution of carriers over
the dots has to be known to properly obtain the recombina-
tion current

- Ny Nyx— Ny Nyx  Ny+Ny_+Ny, +2Nyy

ji=—+ + + ,
TX TX— TX% TXX TX
2

whereNy denotes the number of dots filled with an exciton,
Ny_ and Ny, the number of dots with negatively or posi-
tively charged excitons andyx those with biexcitons. The
right equality is valid in the strong confinement limit where
Tx=Tx_=Tx+=27xx. If excited states are populated with
carriers, additional terms enter E(). The recombination \ , !
current is monomolecular as opposed to E. 2

The gaing of a quantum-dot ensemble depends linear on Injection current | eh-pairs / dot t,
the carrier density?. The dependence of total ground-state o S _ _ _ _
luminescence intensity and gain on an external injection Curl_:IG. 4. Total, excitonic and blexc!tqnlc_lumlnescence |nten5|ty_and gain of

. . . ; . . . the ground state versus external injection current. A capture time from the

rent (Fig. 4) is also linear(until saturation dominatg¢swhile  parrier 7.~ 7,/100 and a barrier recombination channel with- 7, have
Eq. (1) predictsge /j [dotted line in Fig. 8a)] In Fig. 4 we  been assumed.

photons/dot
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L L broadeningrz=20 meV, a vertical optical confinement fac-
1k @ tor I',=0.7% and a total los@including the loss at mirrojs
i of a;;=10 cmi'}; ¢ describes the area filling factor with
fé - ol ] dots. For smalf<1.3% the maximum gain is insufficient to
o 0 . Rl 1 L i evoke lasing on the ground state. The thresltfidd ground-
.% / o ogo [ i state lasingygoes smoothly to infinity, for—1.3%, because
0] ] > | ’ a recombination channel in the barrier had been included in
“,” -1 1 i the model(see caption of Fig.)3 For large coverage, when
-1 0 1 N/NDZ the threshold current density is close to the transparency cur-
—— et rent density, the two capture scenarios differ by almost a
0 1 2 3 factor of two. For small coverage, when the gain has to be

close to maximum, the difference becomes smaller. The con-
ventional approachEqg. (1)] yields a falsely small threshold
in any case. We note that the presence of charge carriers at
zero injection(due to doping decreases the threshdit’®

5. Fundamental properties of quantum dot lasers are in-
sufficiently described by using solely average carrier densi-
ties. A detailed analysis based on bookkeeping of the micro
states is required and has been worked out by us. Time-
resolved experiments involving intersublevel scattering can
be properly modeled. New properties of quantum-dot lasers
result, i.e., linear gain-current relation and excitonic gain.
The threshold current density is higher for excitonic capture
0.1 1 as compared to uncorrelated electron-hole capture.

Coverage Parts of this work are funded by Deutsche Forschungs-
gemeinschaft in the framework of Sfb 296, INTAS and

FIG. 5. (a) Gain of a single-layer quantum-dot ensemble as a function 0fV0Ikswagenstiftung.
injection current for uncorrelatede(-h, solid line and correlated(X,
dashed ling capture of electron and holes. For comparison the result from
conventionallEq. (1)] mean-field theoryMF, dotted ling is shown. The L ] ]
gain is given in units of the maximum gain. The inset shows the relation ~N- Kirstaedter, N. N. Ledentsov, M. Grundmann, D. Bimberg, V. M.
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Excitonic waveguiding and lasing in wide bandgap semiconductor
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New type of structures for optoelectronics, we refer to as excitonic waveguides, are proposed
and realized. Oppositely to conventional waveguides and double-heterostructure lasers,

no significant difference in the average refractive index between the cladding and the active
layers is necessary, and these regions can be fabricated from the same matrix material
(homojunction laser In this approach(i) the waveguiding effect has a resonant nature and
appears on the low-energy side of the strong exciton absorption peak in agreement with the
Kramers—Kronig transformatiorii) the absorption peak is induced by nanoscale island-

like insertions of narrow-gap material in a wide bandgap matibantum dotg preventing free-
carrier screening of excitons and, simultaneously, allowing lasing resonant to the spectral
range of the enhanced refractive index. X©98 American Institute of Physics.
[S1063-78348)02005-X]

Currently the structure of semiconductor lasers is de{o produce excitonic waveguides is thus related to a possibil-
fined by the double-heterostructure conceptising thick ity of creating arrays of uniform QDs either isolated or
layers of a wider bandgap material having a lower refractiveslectronically-coupled and providing a lateral confinement of
index is assumed to be necessary. However, this wider banthe order of the exciton diameter. Recently, ultrathin
gap material, lattice matched to the active layer, does nosubmonolayér or monolayer (ML)® insertions were pro-
always exist, or, if it exists, does not necessarily provideposed to be used in excitonic waveguides. These insertions
sufficient conductivity. The interest in using a wider range ofare shown to form dense array of nanoscale 2D islands which
materials and an ultimate shift towards blue and UV spectratan efficiently localize excitons. The structures composed of
region requires a search for alternative approaches for effstacked ultrathin insertions result both in lifting of the
cient waveguiding. An attractive idea is to use resonank-selection rule and in strong increase in the exciton oscilla-
waveguiding, which originates of the low energy side of thetor strength, providing a new possibility for lasing and
absorption peak due to a Kramers—Kronig equation which
relates the absorption with the dielectric susceptibility.

Exciton absorption can be considered as a possible can-
didate to realize excitonic waveguidifgln conventional
[1I-V bulk or quantum wells(QWSs), however, excitons are
effectively screened at exciton densities well below thresh-
old. To the contrary, high exciton binding energies and os-
cillator strengths, and high densities required to screen exci-
ton in 11=VI and IlI-N materials(around 18 cm~%) make
these excitons stable. However, exciton-induced lasing, reso-
nant to the range of strongly enhanced refractive index, can
be hardy realizetby free excitons with finité values domi-
nant at high excitation densities and observation tempera-
tures cannot recombine radiatively, as it was demonstrated
first by Grosset al. 2 and an additional particle.O-phonon
is required for lasing.

On the other hand, excitons in quantum d@®s) can-
not be screened, and also provide exciton or biexciton lumi-
nescence and gain resonant to the waveguiding region at any
lattice temperature. As large QDs trap carriers more effec-
tively and, at finite temperature, there always exists recapture
of thermally excited carriers from smaller dots by larger
ones, gain initially appears on the low-energy side of the QD

eXCith resonance an_d'. unless the ma.in QD absorp_tion p_eqtl&;_ 1. Local lattice-parameter image of the structure with CdSe insertions
remains, the waveguiding effect remains. The crucial poinin a ZnSe matrix.

3nm
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waveguiding®~° At the same time we underscore that differ- T
ent approaches can be used for QD fabricatfon. i
The cross-sectional local lattice-parameter image of the
stack composed of 1 ML CdSe insertion separated by 3 nm
thick ZnSe layers is presented in Fig. 1. White color corre-:
sponds to CdSe lattice parameter in the growth direction,,
while the black spots indicate the ZnSe lattice parameter irg |
the growth direction. As it can be clearly seen, the CdSex ~———=
deposition results in islands having a lateral size of about 42 [ 4zrrdE?
nm. The average thickness of the CdSe insertion in the islannf'cf .
area obtained from numerical analysis of the local lattice- [

parameter image is about 1.6 ML and significantly exceeds [ : 4
the average thickness of the deposit. » ﬂ-’/L 1
Photoluminescence, optical reflection, and lasing spectri , g5~ 2';5 '2,'70' 2.'75 2 80

of the structure with 30 stacks of CdSe insertions grown on Photon Energy, eV

top of a thick ZnSSe layer and covered by ZnSSe cap are _ _ _

shown in Fig. 2. The important result which follows from FIG. 2. Photolummescence, lasing, and optical reflectance spectra of the
. . . . excitonic Wavegwde structure.

Fig. 2 is an extremely pronounced modulation of the optical

reflection spectra at the SL heavy-hole exciton energy, which

indicates the high exciton-oscillator strength and, hence, efexciton-induced waveguiding is placed on the low-energy

fective refractive-index modulation in the active region. In-side from the exciton resonant ener"gy.‘l’he anti-

crease in the exciton-oscillator strength in the array of QDsvaveguiding region is, consequently, placed on the high-

with respect to that for QWs has been demonstrated iRnergy side of this energy. As it follows from Fig. 2, the

Ref. 11. To describe the exciton peculiarity in optical reflec-lasing spectrum recorded in the waveguide geometry is 16

tion spectrum we use the model of resonant modulation ofneV Stokes shifted with respect to the surface photolumi-

v T v 5 —
(0.1nm CdSe -3nm ZnSSe)x30 in ZnSSe

no cladding layers
16 meV

—_—

units

b

Lasing

dielectric susceptibility? nescence peak and the exciton resonance energy in the opti-
oL cal reflection spectrum. The refractive index enhancement at
e(w)=¢gp| 1+ —IF) (1) lasing wavelength is estimated to be of 0.15. This value is
Wy~ w—

comparable with the refractive index enhancement provided
where g,—dielectric constant without exciton resonance;by thick (Zn,Mg)(S,Se cladding layers.

hwgy,ho 1,Ail—exciton resonant, longitudinal-transverse NSy 0S8 .9—2ZLNy gC0yoSe  quantum-well-laser  struc-
splitting and damping energies, respectively. Fitting of thetures with comparable cavity lengths lase at energies
calculated optical reflection spectrum to the experimentat-%w, o (30 me\) below the exciton transition revealed by
one gives the following valuestwy=2.701 eV, hw t  photoluminescence and optical reflection spectra, in agree-
=1.9 meV andiI’=3.5 meV. The region of the exciton- ment with the excitonL. O phonon lasing modet***4 At
induced enhancement of the refractive index and, thus, of theoom temperature this shift increases to about 100 rheV
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150 [~ A IS A I S Aaas T materials. The recent progress became possible due to appli-
[ ok | [ | cation of self-organized growth of quantum dots in IlI-V
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Excitonic effects in diluted magnetic semiconductor nanostructures
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Excitonic properties and the dynamics are reported in quantum(@@s) and quantum wells

(QW) of diluted magnetic semiconductors. Transient spectroscopies of photoluminescence

and nonlinear-optical absorption and emission have been made on these quantum nanostructures.
The Cd_,Mn,Se QDs show the excitonic magnetic polaron effect with an increased

binding energy. The quantum wells of the CdMn,Te/ZnTe system display fast energy and
dephasing relaxations of the free and localized excitons as well as the tunneling process

of carriers and excitons in the QWs depending on the barrier widths. The observed dynamics and
the enhanced excitonic effects are the inherent properties of the diluted magnetic
nanostructures. €998 American Institute of Physids$$1063-783498)02105-4

1. INTRODUCTION bulk crystal and the lattice constant is 4.3 A. The absorption

Nanometer-scale confinements of the band electrons iﬁpectra of the Cd.,Mn,Se microcrystals show humps of the

semiconducting materials provide varieties of quantum phePand-edge absorption in the 2.0-2.5 eV region, which are

nomena such as low-dimensional electronic states, increasdf evidence of the exciton absorption in the, CMn,Se
exciton binding energies and dynamics of carriers in the syshicrocrystals. The average diameferof the microcrystals
tems. Diluted magnetic semiconductd®MSs), which in-  in the samples is determined by x-ray diffraction.

volve magnetic ions in the cation sites, show marked The microcrystal-size dependence of the exciton energy
magneto-optical properties due to the exchange interaction dheasured from the absorption edge agrees with the calcula-
the band electrongoles with the magnetic ions. Therefore, tion of the exciton confinement energy, which indicates that
nanostructure DMSs are expected to show particulathese Cd_,Mn,Se microcrystals can be described by the
magneto-optical effects owing to the confinement of both theQDs for the excitonic state. Transient characteristics of the
electronic and magnetic states. In this paper, we report propguminescence in Cd ,Mn,Se QDs(the average diameter is
erties of the quantum dot®Ds) of Cd;_,Mn,Se and the 220 A) is shown in Fig. 2, where the exciton luminescence at
quantum wellS(QWs) of the Cd _,Mn,Te and ZnTe layers 0 T decays with the decay time-constant of 100 ps in the
and show the dynamics of low-dimensional excitons in thenigher-energy region at 2.03 eV, while in the lower-energy

confined magnetic nanostructures region around 1.94 eV the decay is much slower5AT the
exciton luminescence decays with a faster decay-time
2. EXPERIMENTAL constant The lifetime of the QD excitons deduced from the

Cd;_,Mn,Se QDs in SiQ matrices were fabricated by luminescence decay is distributed in the range of 100 ps to
rf-sputtering and subsequent heat treatments. Diametefsns. The variation is caused by the difference in the exciton
were fabricated of the QDs range from 20 to 400 A, and thdifetime in the size-distributed QDs. In a magnetic field of
Mn concentration x is 0.05-0.2. Multiquantum wells 5 T, the exciton lifetime decreases markedly due to the in-
(MQWs) and asymmetric quantum wellSADQWSs) of  crease of the radiative recombination rate. The decrease in
Cd,_,Mn,Te/ZnTe (x=0-0.2) were prepared by the hot- the exciton lifetime by the magnetic field also showed evi-
wall epitaxy method. Excitonic properties and the dynamicsdence of an exchange interaction of the exciton with the Mn
have been studied by the transient spectroscopies of phot@ns in the QDs, since this decrease is caused by the level
luminescence, degenerate four-wave mixi@WM) and  crossing of the singlet and triplet exciton states in a magnetic
pump-probe differential absorptions, where the optical excifje|q.

amplification system. by the gravity center of the time-resolved luminescence spec-
tra, decreases by 40 meV@T for the increase of time with
3. EXCITONIC EFFECTS IN DMS QUANTUM DOTS the time constant of 900 ps. At 5 T, the increased radiative

Microcrystals of C¢_,Mn,Se grown in Si@amorphous recombination rate induces a fast decay of the exciton lumi-
matrices show a lattice image as displayed in Fig. 1, wher@escence. The observed variation of the exciton lumines-
the microcrystal of 150 A diameter ¢d,Mn,Se in the SiQ  cence displays the formation process and the radiative decay
matrix appears with the lattice fringe of the wurtzite of the excitonic magnetic polaron in the QDs.
structure®® The crystal structure is the same as that of the  The magneto-luminescence of the;CdVin,Se QDs for

1063-7834/98/40(5)/3/$15.00 778 © 1998 American Institute of Physics
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the selective energy excitation in the exciton absorption re-
Energy, eV

gion shows decrease of the Stokes-shift enesdyof the
luminescence with Increas_mg. the mggnetlc N varies FIG. 3. DFWM signal intensities in the CdTe/ZnTe MQWSs, which show
from 80 meV to 53 meV with increasing from 0 Tt0 7 T resonant behavior of DFWM signals at the QW exciton energy.
for a fixed excitation energy d&.,.=1.905 eV. The Stokes
shift AE in the selective excitation is related to the magnetic
polaron formation energy. The formation energy of the exci-strong magnetic fields, since the external magnetic field
tonic magnetic polaron is suppressed by the presence eafligns the Mn spins along the field direction. Therefore the
reduction of the Stokes shift due to the magnetic field corre-
— sponds to the binding energy of the excitonic magnetic po-
SR AR R laron. The existence of the excitonic magnetic polaron in the
b Cd""Mn"S:oc:‘?s DMS QD of 160 A diameter is confirmed in the present work
220A with the magnetic polaron binding energy of 27 meV. Re-
4.2K cently the magnetic polaron binding energy of the exciton
state in DMS QDs has been calculatédThe fairly good
agreement between the experimental results qf ¢Mdn,Se
QDs with the calculation indicates marked increase of the
exchange interaction in the QDs due to the confinement ef-
fect.
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4. EXCITONIC EFFECTS IN DMS QUANTUM WELLS

205 The DMS QWs are studied by the transient nonlinear

optical spectroscopie%’. The DFWM measurements have
been made on the Gd,Mn,Te/ZnTe QWs. In the
Cd,_,Mn,Te MQWs (the well widthL,=124 A, the barrier
width L,=8 A, the periodsP=35) at the resonance excita-
tion on the exciton state, a double-exponential-decay signal
is observed, where the fast decay component corresponds to
the dephasing tim&,= 450 fs. This fast dephasing is caused
(') — 1' E— :'2 S :; - by the free exciton in the QWSs, which is confirmed by the
. resonance behavior of the component at the exciton absorp-

Time, ns tion peak as shown in Fig. 3. The slow decay component can
FIG. 2. Transient exciton luminescence in the, Gdin,Se QDs at 0 and D€ attributed to the dephasing process of the localized exci-
5T. tons, where the slow decay of 6.4 ps partly involves the
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until 235 ps after the pump excitation. On the other hand, the
CdTe/zZnTe MQWs exhibits the gradual low energy shift of
60 meV until 210 ps after the pumping. The dominant fast-
energy-relaxation of the exciton in the £fin, Te/ZnTe
MQWs indicates the formation process of the excitonic mag-
netic polarons in the two-dimensional QWSs, while the
gradual energy relaxations seen in both of the MQWs are due
to the localization process of the excitons in the inhomoge-
neous MQWs. Exciton luminescence peaks are shifted by
60-100 meV to the lower-energy side from the exciton ab-
sorption peak in the steady state, where the large Stokes shift
of the exciton luminescence indicates the existence of the
fluctuation of the well thickness in the MQWs.

The result of the pump-probe differential absorption in
the Cd_,Mn,Te/ZnTe ADQWSs (the narrow well width
Lyw=10 A, the wide well widthL =20 A) shows, in the
case ofL,=300 A that the saturation of absorption MW
andWW decays with a same time constant of 160 ps, where
the tunneling time omNW exciton is the order of 0ps. In
the ADQW ofL,=75 A, the saturation of absorption bW
decays faster than that &YW, which is interpreted by the
fast tunneling timg1 p9 of the electrons fronNW to WW.
Numerical analysis of the pump-probe absorption spectra
shows the tunneling process of electrons and holes through
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WP RN the barrier in the ADQW ot.,>38 A
| 210ps | In summary, ultrafast spectroscopies on the QDs and
T T | T QWs of MDSs in magnetic fields have clarified the energy
1.8 19 Py 1.9 2 21 22 and phase relaxations and the tunneling processes of the ex-
Energy, eV Energy, eV citons and carriers. The magneto-optical properties of the

DMS nanostructures are significantly affected by both the

FIG. 4. Pump-probe differential absorption spectra in the confinement effect and the exchange interaction.
Cd,_,Mn,Te/ZnTe MQWSs(x=0 and 0.}.
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Self-organized nano-objects fabricated in different semiconductor systems are currently at the
focus of scientific interest because of their unique electronic properties. Transmission

electron microscopy and high-resolution electron microscopy have been used to study the InAs
guantum dots grown by molecular-beam epitédddBE) on GaAs and InP substrates.

Optimal imaging conditions for visualization of quantum dots were established. Size, shape, and
stability of the equilibrium island arrays were analyzed with respect to the growth

conditions. Both decrease and increase of the As pressure compared to the optimal value were
shown to destroy the regular arrangement of the islands. Energy benefit due to the strain
relaxation in the InAs islands is likely to be the driving force for their formation. 1898
American Institute of Physic§S1063-783@8)02205-9

Further progress in opto- and microelectronics currentlyislands with 14 nm base length and 7 nm height are embed-
involves quantum effects in semiconductor heterostructureded in the GaAs active layer which is located between two
of reduced dimensionality: quantum wires and quantum dotsladding superlattices g2 nm Aly ;G&, ;As/2 nm GaA$,,.
(QDs). Quantum objects uniform in size and in shape can béStrain-induced contrast significantly influences the image,
fabricated in a way compatible with advanced semiconductobut the pyramidal shape of the island is still visible. A plan-
technology by utilizing self-organization phenomena duringview image of this heterostructufaot shown demonstrates
crystal growtht™? alloy decompositio'° and surface ordering of the islands in both shape and dize.
faceting'®” The Stranski—Krastanow epitaxial growth of  Because the strain-induced contrast strongly affects the
highly mismatched, semiconductor systemSi/Ge?  dot image on TEM micrographs, optimization of imaging
INAs/GaAs*®” GaSb/GaAs! zZnSe/znS'? etc) has been conditions is required to visualize the true shape and size of
shown to result in the formation of coherent strained nm-the quantum dot. Molecular dynamics calculations have been
scale islands that allow attainment of a high level of quantunapplied to model the atomic displacement field of the InAs
confinement-’ Vertical coupling of quantum dots in super- island and the GaAs matrix. The calculations were carried
lattices has been found to decrease the radiative lifetime aneut using the CERIUS program packagéolecular Dynam-
to result in injection lasing at low current densitisThe
understanding of these phenomena is dependent on the em-
ployment of atomic-level electron microscopic techniques
such as high-resolution transmission-electron microscopy
(HREM)®" and scanning tunneling microscop{8TM).*
These techniques are complementary: STM is efficient for
surface characterization and morphology evaluation during
growth while HREM is used to characterize atomic structure
of quantum objects. Due to the small sizes of quantum ob-
jects and the strain effects, their HREM visualization re-
quires special imaging conditions. Here we review results on
structural evaluation of self-organized nano-objects fabri-
cated in different semiconductor systems.

Scattering in size and shape for the quantum dots re-
ported by different groups makes it of interest to study the
equilibrium geometry of small islands grown in the

StranSki—KraStaHOV\_/ mode. A typ.ical HREM image of angiG. 1. InAs quantum dots in GaAs: HREM cross-sectiarand plan-view
InAs quantum dot is shown in Fig. 1. Pyramid-like InAs (b) TEM micrographs.

1063-7834/98/40(5)/3/$15.00 781 © 1998 American Institute of Physics
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microscopg where the chemical contrast difference is most
pronounced? Detuning from these optimal imaging condi-
tions results in the over- or underestimation of the QD size.
Strain affects conventional TEM image of QDs even more
strongly. Contrast on calculated bright-field images taken at
symmetrical Laue orientatiofe.g., in Fig. 2d depends on
the foil thickness, but is independent of defocus. Even for a
thin foil, the shape of the dot is difficult to resolve. However,
the size of the dot can be determined if the thickness of the
foil is not larger than 2a. Similar results were found for plan
view imaging®®

Formation of InAs dots on InP substrates differs from
that on GaAs and significantly depends on the material of the
matrix. Figure 3 shows typical TEM images for InAs/
InGaAs and InAs/InAlAs systems grown @¢A01) InP sub-
strates. The InGaAs and InAlAs ternary alloys had the same
FIG. 2. Simulated cross-sectional HREM,D and corresponding bright-  |attice parameters as the InP substrate. The characteristic lat-
field (c.d) images of unrelaxe.q and relaxedb,d) InAs island. eral sizes of InAs quantum dots were 50—70 nm for InAs/
InGaAs and InAs/InAlAs systems, respectively. The dot

ics Inc., Cambridge detailed elsewher®. A pyramid-like heights were in the range of 2.5—3 nm in both cases. Besides
InAs island has a base length=6 nm because the total the InAs dots, strain modulation contrast due to spinodal
number of atoms in the model was limited to<20*. The  decomposition of ternary alloys was observed al¢hg0)
atomic displacement field has then been used for simulatiordirections. Similar composition modulations have been re-
of HREM images at different foil thicknesses and defdci. Pported for other system&**% The InAs dots in Fig. 3 are
Figure 2 shows the calculated HREM image and correspondnore rounded and more shallow for the InAs/InGaAs system
ing calculated bright-field images of unrelax@ld and re- compared with that of the InAs/InAlAs.

laxed (b,d) InAs islands. An increase of foil thickness sig- In contrast, each island in the InAs/GaAs system has a
nificantly affects the image due to strain-induced contrast ssquare base and they are locally arranged in a two dimen-
that the true size and shape of the island is poorly resolved &ional square lattice with main axes alo{i0 crystallo-

foil thickness larger than 2a. The island contrast is mosgraphic direction§:” The square base of the islands can be
clearly seen at certain defo@®0—70 nm for JEOL 4000EX understood by taking into account the elastic anisotropy of

e
g0 -

o~

FIG. 3. Plan-view(a,b) and cross-sectionét,d) bright-field TEM images of InAs dots for InAs/InGaA&,0 and InAs/InAlAs(b,d) systems grown of001)
InP substrates.
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cubic GaAs with the minimum stiffness alond00 and This study was supported by the Office of Energy Re-
(010 crystallographic directions. The repulsive interactionsearch, U. S. Department of Energy under Contract No. DE-
of islands of high density due to the strained substrate resuli&C03-76F00098. The use of the facilities of the National
in their ordering into the two dimensional square lattice. TheCenter of Electron Microscopy is greatly appreciated.
uniform quantum dot array can result in minimal possible
free energy of the systeM.Thus, the characteristic size of
the island is energetically favorable.

According to our calculation® the total energy of the
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Study of the phase composition of Agl microcrystals by exciton spectroscopy
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Differential absorption spectra of RbAlg have been measured in the exciton absorption region
of Agl within the temperature range 27—-250 °C. In the same temperature range, the
temperature behavior of the heat capacity of RHAgRb,Agl;, and KAgls have been obtained
by differential scanning calorimetry. An analysis of the results suggests that, in Agl
microcrystals less than., in size, the upper boundary for stability of the low-temperai8re
modification is higher by several tens of degrees. 1898 American Institute of Physics.

[S1063-783808)02305-3

The dependence of structural phase transitions occurring The increase of the phase-transition temperature in silver

in small particles on their size is of considerable interest bothiodide present in a finely-dispersed form in RhAgcrystals

from the scientific and practical standpoints. Experiment inis supported by calorimetric measurements. Curves 2 and 3
dicates that a decrease in the size of particles may be acconm Fig. 2 display the temperature behavior of the heat capac-
panied by a change in their structure, as well as in a changy, which show the exciton structure in absorption spectra to
of the boundaries separating the existence regions of diffeishift sharply at 200 °C. Besides the effect of thermal origin

ent phases. For example, Agl aerosol particles may havén the region of the melting temperature of RoAg (T,

depending on size, different structufigexagonal for <20

nm and cubic for >30 nm.! The transition of BaTi@ to
cubic symmetry as the particle size was reduced to 49 nm
has been reported as well as the high-temperature tetragonal
phase of ZrQ becoming stable up to room temperature if the
particles were small enough.

The present work studies the phase composition of finely
dispersed silver iodide present in ternary superionic com-
pounds(RbAgls, Rb,Agl;, KAguls) by exciton spectros-
copy and differential scanning calorimetry.

It is known that, in bulk samples, the low-temperature
hexagongB modification of silver iodide transforms to the
superionic cubier phase afl .,~147 °C. It was also shovin
that this transformation entails pronounced changes in the
exciton spectrum of Agl, in particular, a significant shift of
the exciton structure toward lower energies by 0.26 eV.

Studies of the optical properties of single-crystal
RbAg,l5 revealed, in the reflectance and luminescence spec-
tra of most samples, a structure belonging to silver iodide.
The presence of Agl in MAgs compounds(M=Rb, K,
NH,) results both from the their thermal instabifitand
from deviations from stoichiometry in the course of crystal
growth, with the origin of silver iodide in the starting crystal
affecting the dimensions and structure of the inclusions.

A study of the temperature dependence of wavelength-
modulated transmission spectra of comparatively freshly
grown RbAgls single crystalgas a rule, they are transpar-
ent, slightly yellowish in color made in the spectral region
of the Agl exciton structure showed its strong shift toward
longer wavelengths, which is characteristic of e « tran-
sition, to be observed at 200 °C, i.e., considerably above
T.o (Fig. 1. Spectra obtained arourid,, shift smoothly to-
ward longer wavelengths with increasing temperature.

1063-7834/98/40(5)/3/$15.00 784
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FIG. 1. Wavelength-modulated transmission spectra of a RAgystal
taken at different temperature$(°C): 1—27, 2—70, 3—170, 4—195,
5— 200.
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3
1 1 ]
250 200~ 150
T, °C
FIG. 3. Temperature dependence of the heat capacit{t)adingle-crystal
RbAg,l5, (2) single-crystal RpAgl;, and(3) polycrystalline KAg|s.
K4
i A
200 150
T,°C

perature towardl.,, and(2) the transition temperature ob-
FIG. 2. Temperature dependence of the heat capacity of RbAgystals. ~ Served in these microcrystals practically coincides with the

1— melt-grown single crystal, 2 and 3—single crystals grown from acetonegutectic temperature of the Rbl-Agl systefi. €199 °C,
solution, 4—single crystal grown from acetone solution and subjected tqRef, 7.

prolonged storage. Inset: heat capacity of RHAgowder(1—with excess .
of Agl, 2—stoichiometric composition 3—Ag,Hgl, crystal, and 4— Figure 3 presents temperature dependences of the heat

powder CdHgj. capacity of single-crystal RbAfy and RBAgl;, as well as
that for a polycrystalline KAgls; sample. The coincidences
between the phase-transition temperatures in RbAgnd
Rb,Agl; (curves 1 and R on the one hand, and of the tran-
at 200 °C. One observes also sometimes a very weak maxsition temperature in KAgs (curve 3 with the eutectic
mum around 147 °C. point of the KI-Agl system [,=239 °C, Ref. 7, on the
As the storage time of RbAgy crystals increases, the other, suggest that it is ai, that finely dispersed Agl micro-
maximum at 147 °C associated with the phase transition irrystals undergo a phase transition to thenodification.
bulk crystals grows, and the thermal effects at 200 °C and The features in the temperature dependences of heat ca-
around the melting point of the ternary crystal becomepacity observed around 150-165 {€urves 3 and 4 in Fig.
weaker. This is accompanied by a very strong increase in the) were discussédor the Agl—-Hgh system and assumed to
luminescence of silver iodide in the emission spectra obe due to phase transitions occurring in small silver iodide
RbAgls. Curve 4 in Fig. 2 illustrates the temperature be-microcrystals dispersed in the matrix of the ternary com-
havior of the heat capacity of a Rbflg crystal stored for pound AgHgl,. There are reports of a slight temperature
several months in humid air. One immediately notices thancrease in the superionic transition in Agl due to the small
following points:(1) an increase of Agl microcrystals in size size of particles and, as a consequence, a more uniform
does not entail a gradual shift of the phase transition temstructure’ Note that the thermal effects observed in this tem-
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perature region are characteristic of Agl inclusions in variousN. A. Kakutkina, Author's Abstract of Candidate ThesiBlovosibirsk,
matrices(inset in Fig. 2. 1980.

. . 2 . .
One can thus assume that the small size of Agl inclu-,S- Schiag and H. F. Eicke, Solid State Comm@l, 883 (1994).
G. Ya. Akimov, V. M. Timchenko, and I. V. Gorelik, Fiz. Tverd. Tela

sions in matrices of_ _ternary crystals is resp?nS|bIe for the (St. Petersbung36, 3582(1994 [ Phys. Solid Stat@6, 1906(1994].
increase of the t_ran3|t|0n t?mpefatl(lll@ to 168 °Gto thea 1. Kh. Akopyan, V. N. Bondarev, D. N. Gromov, A. B. Kuklov, and B. V.
phase. As the size of the inclusions drops, however, below aNovikov, Fiz. Tverd. TelaLeningrad 29, 2263(1987 [Sov. Phys. Solid
certain critical level, the boundary of stability of the low- _State2s, 1305(1987]. _ _
temperatureg modification is found to increase up to the 1. Kh. Akopyan, T A. Vorob’eva, D. N. Gromov, and B..V. Novikov, Fiz.
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rystals grow to transfer to the superionicphase. The ab- 6| g Topol and B. B. Owens, J. Phys. Chef, 2106 (1968.
sence of noticeable size-quantization effects in the excitor'D. A. Gallagher and M. V. Klein, Phys. Rev. B9, 4282(1979.
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Effect of substrate misorientation on quantum-dot size distribution
in the InAs/GaAs system

D. G. Vasil'ev, V. P. Evtikhiev, V. E. Tokranov, I. V. Kudryashov, and V. P. Kochereshko

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

Fiz. Tverd. Tela(St. Petersbung0, 855—-857(May 1998

A study is reported of the effect ¢001)GaAs substrate misorientation in th@&L0] direction on

the distribution of MBE-grown self-assembled InAs/GaAs quantum dots in size and

position in the GaAs matrix. Temperature-induced narrowing of the exciton photoluminescence
line of a quantum-dot ensemble caused by redistribution of photoexcited carriers among

dots of different size has been observed.1@98 American Institute of Physics.
[S1063-783#8)02405-9

The fast progress witnessed to occur in microelectronic$ocations for dot growth, dots can form at other sites on a
has been shifting the interest of researchers to the region ¢érrace as well. We studied PL spectra of an ensemble of
ever smaller nanoobjects, from semiconductor quantungquantum dots as a function of substrate misorientation angle
wells to quantum wires to quantum dots. Production of enwithin the 6—200-K temperature interval. The spectra were
sembles of dots with the highest possible uniformity is aexcited with a He—Ne laser operating at a power density of 1
major problem in this area. The use of dots in heterolaser¥v/cn?.
requires the possibility of controlled fabrication of ensembles ~ Figure 2a shows PL spectra obtained6aK from a
with a given dot density. These problems can be solved bgluantum-dot structure on a substrate misoriented by 1°. Two
using self-organization effectsThis approach permits one inhomogeneously broadened PL profiles stand out in the
to obtain ensembles of dots uniform in size to within SPectrum. Each of these profiles is a Gaussian with a width
+10%?2 Attempts at increasing the dot density on ideal~80 meV. The maxima of the profiles are displaced with
(00Dsubstrates gives rise, however, to coalescence of adji€SPect to one another by 100 meV. The inhomogeneous
cent dots. Dislocation growth in such dots results in a drop oProadening of each of the observed PL peaks is due to a
their photoluminescend®L) efficiency. This places a severe quantum-dot spread in size. Straightforward evaluation of

limit on the maximum possible density of luminescent quan-NiS Spread asE/E~25R/R (whereE is the quantization

tum dots in the INAs/GaAs system. energy andR is the dot sizg shows the quantum dot en-
A method of growing uniform quantum-dot ensemblessembles thus obtained to be highly uniform, with a spread

in InAs/GaAs on[010]-misoriented substrates has recently OR/R~+8%.

been developetl.The steps forming on such surfaces are The presence of two PL peaks implies the e?(|stence n
— L : the sample of two quantum-dot ensembles with different av-
along the[110] and[110] directions. Intersection of such

X erage sizes. The average size of dots in these ensembles dif-
steps can produce a network ofisolated terrace fragments

consisting of alternating broadenings and narrowings

bounded on all sides by steps, with the quantum dots grown 1001]

on such surfaces being located primarily in the broadened + 1 2
parts of a terracéFig. 1). This provides a possibility of mak-
ing dot production a controlled process and permits one to
form dot ensembles with a sufficiently high density and uni-
formity.

The self-assembled quantum dots used in this work were
grown by molecular-beam epitaxiBE) in the InAs/GaAs
system on GaAs substrates with misorientation angles of 1,
2, 4, and 6°. To achieve the maximum possible dot density,
the effective thickness of the InAs layer was chosen to be 2.3
monolayers.

Increasing the misorientation angle results in an increase
of terrace density2 nm ! for 1°, 2.7 nm! for 2°, and
4 nm ! for 6°) and, accordingly, in a decrease of their size. [110] {i10]

The terrace width was 500, 360, 300, and 250 A for 12 4FIG. 1. Schematic diagram of a quantum-dot structtited pyramids in

and 6° misorientation angle, respectively. While the cornersne inAs/Gaas system. Positions 1 and 2 indicate two possible locations of
of broadened terrace fragments are energetically preferretbts on terraces of a misoriented substrate.

1063-7834/98/40(5)/3/$15.00 787 © 1998 American Institute of Physics
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FIG. 2. Photoluminescence spectra of the structures under study obtained T T T T T T T i T "
T=6 K. (a) spectrum from a sample with 1° misorientatidb) sample 1.1 1.2 1.3 14 1.5 1.6
misorientation angle 4°. QD1 and QD2 are two Gaussian distributions Energy , eV

(dashed linegs used to approximate the quantum-dot photoluminescence
lines. The peak denoted WL identifies emission from the wetting layer.  FiG. 3. Photoluminescence spectra of a structure with 1° misorientation
obtained at different temperatures.

fers by~15%. We relate one of the ensembles to dots grow-
ing at corners of the broadened terrace fragméuisition 2 tion time in a dot, the spectrum will contain radiation from
in Fig. 1). Such dots should have a larger average size condots of all sizes.
pared to those that grew at terrace centers because of a par- The probability of carrier tunneling between dots grows
tial strain relaxation in InAs dots bordering on another ter-with temperature. As a result, it is increasingly deeper dots
race. The other quantum-dot ensemble combines dots ththat will be populated, and it is there that radiative recombi-
grew spontaneously on flat parts of the terragesition 1 in  nation will occur. This will tend to shift the PL line toward
Fig. 1). Such dots should be, on average, smaller than thé&onger wavelengths. The existence of this temperature-
ones in position 2. Accordingly, the PL maximum of the first induced redistribution of photoexcitation indicates a high
ensemble lies at longer wavelengths compared to that of théensity of quantum dots whose average separation, as fol-
second ensemble. As the substrate misorientation angle itews from tunneling-length calculations, should not exceed
creases, the terrace density increases, and the average terrdb@ A
size decreases, so that the fraction of the quantum dots in the The PL linewidth is determined by the interplay between
first ensemble should increase. Figure 2b presents a PL spdtie probabilities of radiative recombination and of carrier
trum obtained af =6 K from a quantum-dot structure on a transition to a deeper dot. Because the dot distribution in size
substrate misoriented by 4°. The redistribution of PL inten-s limited, the PL line will become narrower with increasing
sity between the two quantum-dot ensembles suggests a@mperature.
increase in the relative number of dots growing at terrace  Thus low-temperature PL spectra of InAs/GaAs
corners. guantum-dot ensemblesgrown on misoriented substrates sug-
Quantum-dot PL spectra were observed to underg@est the existence of dot ensembles with two characteristic
strong changes with increasing temperat{fig. 3). An in-  sizes differing by 15%. The spread of dots in size within
crease in temperature results in a long-wavelength shift otach ensemble did not exceedB%. Photoexcited carriers
the quantum-dot PL spectrum which exceeds by far thevere observed to undergo redistribution with increasing tem-
temperature-induced shift of the InAs and GaAs ba(kdg. perature toward populating larger dots.
3). Besides the shift of the spectrum, the PL lines are ob- The authors are grateful to A. V. Platonov for assistance
served to become more narrow with increasing temperaturdn carrying out the experiments.
At T=200 K, the PL spectra in all the samples studied be-  Partial support of the Russian Fund for Fundamental Re-
came similar, with one maximum-70 meV wide in the search(Grant 95-02-06038and of the “Nanostructures”
region of ~1.2 eV. Program of the Russian Ministry of Science is gratefully
This modification of the PL spectrum can be explainedacknowledged.
as dLJe to a redistribution of photoexcited carriers among the
dots” At low temperatures, nonresonant photoexcitation 1D, Leonard, K. Pond, and P. M. Petroff, Phys. RevS® 11687(1994).

populates uniformly all dots. If the carrier tunneling time 2;_v marzin, J.-M. Geard, A. Izréé D. Barrier, and G. Bastard Phys.
between dots exceeds the electron—hole radiative recombinaRev. Lett.73, 716 (1994.
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Optical orientation and alignment of excitons in InAlAs quantum dots in the AlGaAs matrix

have been studied both theoretically and experimentally. Experiments performed in a longitudinal
magnetic field(Faraday geometjyreveal transformation of optical orientation to alignment

and alignment to orientation, which is caused by exchange splitting of the dipole-active exciton
doublet and allowed by the quantum-dot low symmetry. A comparison of theory with

experiment made with inclusion of the anisotropy of exciton generation and recombination along
the[110] and[110] axes permits one to determine the character of dipole distribution in

direction for resonant optical transitions in the self-organized quantum-dot ensemble studied.

© 1998 American Institute of Physidss1063-783#8)02505-3

Even in semiconductors having a simple band structuresows of quantum dots separated by 5-nm-thick &a, As
the energy levels of excitons are degenerate, if one includegyers. It is bounded on the side of the substrate and of the
electron and hole spin states. In particular, the heavy-holeurface by 50-period Al,GaysAS(2 nm)/GaAg1 nm) su-
exciton ground levelel-hh1(1s) in zincblende quantum perlattices followed by AlGa_,As (x=0.45-0.6) and
dots is fourfold degenerate and has an angular momentum|, (Ga, ,As layers 0.15 and 0.&m thick, respectively. The
projectonM=s+j==*1,*2, where the electron spis=  transition from two-dimensional uniform to three-
*1/2 and the hole angular momentyrs + 3/2. Exchange dimensional nonuniform regime of InAlAs growth was
interaction splits this level into a radiative doubletl) and  monitored from changes in the RHEED pattern from the sur-
two closely lying, optically inactive singlets. Exciton local- face of the growing film.
ization at an anisotropic island or in an anisotropic quantum  The sample was placed in a liquid-helium cryostat. The
dot lowers the symmetry of the system, so that the radiativéelium was pumped out to a temperatidire 2 K. The mea-
doublet splits into two sublevels polarized linearly in two surements were made under quasi-resonant photoexcitation
orthogonal directions, whose orientation is determined by thekr* laser,\,,=6764 A). The laser beam was directed at a
form of the localizing potentidi.Studies of photolumines- small angle to the growth axig along which recombination
cence spectra of excitons trapped in GaAs/AIG@8%)  radiation was detected in reflection geometry. The magnetic
quantum dots performed in optical near-field regime showedield parallel to thez axis was generated by a superconduct-
the el -hh1(1s)doublet to undergo exchange splitting into ing coil. The luminescence polarization was analyzed in Far-
two components polarized alofij10] and[110].2 In GaAs/  aday geometry. We used a modulation technique, in which
AlGaAs(00)) type-Il superlattices, a similar splitting caused either the polarizer is fixed, and the analyzer position is
by exciton localization at an interface and the low symmetrymodulated, or the analyzer is fixed, and the sample is excited
C,, of a single interfackwas studied by polarized photo- by light with alternating sign of circular or linear polarization
luminescenc®®. It was shown that observation of the opti- at the 26.61-kHz photoelastic-modulator frequendy. the
cal-orientation—optical-alignment or alignment—orientationfirst case one measured the degrees of polarization
transformation in a magnetic field|z, i.e., observation of

linear (circulan polarization of photoluminescence under cir- e~ 1% @ & e
cularly (linearly) polarized excitation permits reliable deter- po=—" — plw:L“O’ Pe = 10 o0
mination of the splitting and of the direction of polarization le, T15. 17T 1110 I Toot 1010

of optically active sublevels, while not resolving the fine D

spectral structure. This work studies the fine structure of lo-

calized excitons in a self-assembled quantum-dot systemnd in the second, the effective degrees of polarization
INAIAS/AlGaAs.

The structures were grown by molecular-beam epitaxy [T+ |7~ Iﬁo—lllo |100_ | 010
in a RIBER 32P setup with a solid-state source, A% e« pl =L ¢ pl’:u.
(100GaAs semi-insulating substrates. The quantum-dot en- ~ © [7F+417-" 7% 11041107 T 100,010
semble was produced by self-organized growth at 485 °C of 2

a 1.6-nm thick IpAl;_,As layer (x=0.45)° The remainder
of the structure was grown at 700 °C in an arsenic-rich enHere symboll stands for the intensity of recombination
vironment. The active region in the sample consists of threeadiation in the &,8) polarizer and analyzer configuration,

1063-7834/98/40(5)/4/$15.00 790 © 1998 American Institute of Physics
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o D 60 by a difference between the absorption coefficients for light
S8 o L-L = e -G . — . . .
Y I - 50 . 2 polarized alond110] and[110] (linear dichroism and does
2 _ a %u4o. . - not depend on the fielB. When measuring the linear dichro-
a 5 S 30 ., / c ism in absorption, excitation was produced in the same way
b5 RN = 0 . .,‘ as in the exciton alignment experiments, and a depolarizer
%10 T N e was introduced in the luminescence detection channel to
& g 10 %o/ eliminate the polarizing action of the diffraction gratings and
$ 15 ) . - : mirrors in the spectrometer.
o 0 2 4 6 8 4 2 0 2 4 . . . . .
Magnetic field, T Magnetic field, T _ Optlcql alignment of excitons is observed with the pump
15 20 : : : : light polarized both alon§110] and alond 100] (see Fig. 1a
Q g se . . . . . . .
o L-L S - e L-o and 1b. In a longitudinal magnetic field, linear polarization
410 a 5 " N\ q is depressed in the same characteristic field range in which
o’ \\ b N ‘\\ one observes growth of circular polarizati@fig. 1¢9. Note
§ s \ S ® that the depression of alignment alofifL0] is determined
‘;:vj \ ® 101 \ by the difference between the linear polarizations in zero and
& © ~4 -g 'xn./.,/ a strong magnetic field, because the effective linear polariza-
£ 5 E 5 T — tion p'ﬁo is superposed upon by intensity modulation. When
6 -4 2

excited along th¢100] and[010] axes, the linear dichroism
is insignificant.

As already mentioned, anisotropic exchange interaction
combined with the Zeeman effect in the exciton results in the
optical orientation becoming connected with alignment. This
effect is illustrated by Fig. 1d; indeed, exciton-spin orienta-
tion in the quantum-dot structure under study placed in a
longitudinal magnetic field is connected with alignment of
oscillating dipole moments in thgl10], [110] system. It
and indexa or 8 assumes one of six values: linear polariza-should be stressed that, when excited with circularly polar-
tion along the[100], [010], [110], [110] axes or circular ized light in a magnetic field, no linearly polarized compo-
polarizationo . ,o_ . nent appeared in thHe00], [010] system, just as the reverse

An emission spectrum obtained under quasi-resonant exeffect of transformation of linear polarization along the
citation (zw=1.832 eV} contains peaks separated from the[100], [010] axes also did not respond to circular polariza-
pump line by the optical-phonon energy in Ga@s me\j  tion.
and AlAs (48 me\), as well as a weakly pronounced struc- The quantum dots studied here had the shape of a pyra-
ture’® The experimental data presented below relate to thenid (possibly,truncated whose height is parallel tg[ 001],
phonon peak distant from the laser line by 35 meV. Similarand the rectangular base is oriented along [th@0] and
results were obtained also for the other phonon line. [010] axes®® To analyze the optical orientation and align-

Figure 1 shows the dependence of the degree of lumiment of excitons, one can conveniently consider [thel)
nescence polarization on longitudinal magnetic field. Panelgoublet as a pair of states of the pseudo$iil/2. Then the
a and b illustrate exciton a”gnment a|0ng tl"[é_TO]/[llO] Hamiltonian describing doublet Spllttlng in a |Ongitudinal
and[100)[010] axes, respectively. Measurements of the ef-magnetic fieldB||z can be written
fective degree of linear polarization of the luminescetiee,
of the exciton alignmentwere performed under linearly po-
larized excitation, with the electric vector of light alternating

in direction from parallel to th¢110] axis to perpendicular \yhere nQ=guoB, g is the longitudinalg factor of the
to it (or from [100] to [010]) at a frequency of 26.61 kHz, exciton, u, is the Bohr magnetong; are Pauli matrices
and a linear polarizer transmitting alof10] or [100] was  along axes 1,2,3 of the effective space where the pseudospin
inserted into the luminescence detection channel. The degreetates, andi(}; and £}, are two linearly-independent
of effective circular polarization of excitorni@xciton orien- exchange-splitting parameters of the radiative doublet.
tation) was measured under excitation with circularly polar- Square-based quantum dots have point-group symn@siry
ized light changing the sign of polarization with the samefor which Q,=0,Q,#0, so that, with no magnetic field
frequency(26.61 kH32, with a quarter-wave phase plate and applied, the doublet components are polarized along
a linear polarizer(analyzer of circular polarizationplaced  x||[[110] andy|[110]. In the general case of a rectangular
into the luminescence channel. base, local symmetry is lowered down &, and Q; is

As seen from Fig. 1a, optical alignment of excitons nonzero. Clearly enough, this quantity has opposite signs for
along the[110]/[110] axes is not destroyed below 12.5%. quantum dots with bases extended alda§0] and [010].
Additional experiments showed this to be due to the lumi-Note that for(2,= =0 and(},+# 0 the components of the
nescence intensity being modulated by the pump polarizatiodoublet would be polarized along the axe$[100] and
modulation. The intensity modulation, in its turn, is causedy’||[010] turned through 45° with respect to thxgy axes.

0o 2 4 6 ) 2
Magnetic field, T Magnetic field, T
FIG. 1. Optical alignment of excitons alorig) [1T0] and[110] axes and
(b) [100] and[010] axes;(c) optical orientation of excitongd) transforma-
tion of optical alignment along th[alTO] and [110] axes to orientation.
Solid lines show the results of calculation using E@8, (6), and(11) and
distribution (12).

fi
HZE(9101+9202+QH0'3), 3
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Neglecting the anisotropy in exciton generation and recomselectivity of generation of thf1 10) and|110) states under
bination, the average values of the pseudospin projecpns unpolarized or circularly polarized excitation, and parameter
(j=1,2,3) are connected with the degree of polarization ok describes the anisotropy of radiative recombination. It is

emitted light, or Stokes parameters, through simple relationgssumed that the values@fb, andc are small compared to

P=2S;, P=2S,, P.=2S;.

Similar expressions relate the incident
PP, P?,PY to the direction of pseudosp® at the instant of

(4)

exciton generation, provided the excitation does not entail

partial loss of polarization. According to E¢B), the pseu-
dospin precesses about vectar=(,,(,,Q) with a fre-

guency|Q|. If this frequency exceeds significantly the recip-

rocal exciton lifetimer ™1, and the spin relaxation time

> r, the average pseudospin vectrcan be found by pro-
jecting vector * on the direction ofQ, i.e. S=Q(Q
-S%)/|Q|2. We finally obtain a relation connecting the polar-

izations of the photoluminescence and of the incident light:

Pi=A;PYi,j=1"l.c), (5)
0 0,0, 0.9

Adll=——— 0,0, 02 0,0 6

|| I]|| Qi-{—ﬂ%—i—ﬂﬁ 1852 2 22H ()
Q0 Q0 Qf

Note that neglecting the effects of level anticrossover antﬁ

absorption dichroism the polarizatid?f coincides with the
quantitiesp!, introduced in Eq(2).

To take into account the anisotropy of generation an
recombination alon§110] and[110], introduce the concen-
tration of zero-dimensional excitog, and vectoN whose
projections are connected throudiy=2N,S (1=1,2,3)

with the average pseudospin projections. In the case of

one. An analysis of solutions to EqS) shows that experi-
mental data can be fit satisfactorily fdo—d|<|c|, where

polarizationd=T/ 7= (7,9~ 7y30)/ (7110+ T110)- Then in first order in

the small parameters\;; {;|,|al,|b|<1 we obtain

Pi={{(PMazb=0+C8j2, pL=(Pacpb-0tad;2,

11

where P)a=p-o is the polarization calculated neglecting
anisotropy and fog;= 1. Within the two-level model, inten-
sity | does not depend on magnetic field.

Experimentally, one analyzes light emitted by a large
number ofquantum dots and, therefore,; has to be aver-
aged over the distribution df; and Q),, to which fluctua-
tions in quantum dot shape and local strains contribute. The
apparent contradiction of experimental results, namgly,
optical alignment of excitons irrespective of direction of the
pump-light linear polarization and?2) the orientation-
alignment transformation in a longitudinal field which im-
plies that thd 110] and[ 110] axes are nonequivalent, can be
xplained satisfactorily by assuming that positive and nega-
ve values of(); are equally probable, i.e. th&f),)=0,
while the mean(Q),) is nonzero. When calculating the po-

(Jrarization of radiation we assumed the exchange splitting pa-

ameters to have a Gaussian distribution:

B (B,—(By))?
b3

1
P(Bl,BZ) = W]_bz exp(
(12)

steady-state excitation, the rate equations for the quantities

Ny andN can be written in the form

N Mo raxnen, MMy 7

7+?02+ XN= 1 ;+?_ 03 ()
where

1 1/ 1 1 1 1/ 1 1

T T110 T110 T110 7110

7170, T110 @re the exciton lifetimes in stat¢s10) and|110),
ando, is the unit vector in the direction of axis 2. The rela-
tion between the generation ratl&ig,N and the incident po-
larization, as well as betweet,,N and the characteristics of
secondary radiation can be written

No=Alo(1+aPf), N;=Alg({;P)+bd;y),

9
(10

Here the components,,| are intensities of the primary and
secondary radiation, respectively, compondhisP,,P are
identified withPy,,P|,P., &j;  is the Kronecker symbol, co-

I=B(No+cNy), IP;=B(N;+CcNydj,).

where B, =7, /(ugg)), B,=%,/(ngg)), and took into
account that the average value(@f is zero.

By the parametera andc characterizing the linear di-
chroism for absorption and emission, respectively, one
should understand their values averaged over the quantum-
dot ensemble. The solid lines in Fig. 1 were obtained theo-
retically by averaging expressiori$l) with the use of the
distribution function (12) for (B,)=1.2 kG, b,=b,=1.8
kG, PJ=63%, P{=P),=33%. The values oP{ are not
equal to one because of the polarization losses involved in
quasi-resonant exciton excitation. The linear dichroism in
absorptiona, with respect to thé110) axes is 12.5%. There
is also an indication of a linear dichroism along 00
axes(see Fig. 1 This effect is, however, small and may be
associated with thEL00Q] axis being not parallel to the plane
of the pump light polarization. Therefore when processing
the data in Fig. 1b the theoretical curve was shifted by 2.5%.
The recombination anisotropy parameter was derived from
the linear polarization along the 01110 axes under unpo-
larized excitation and was found to lbe= 6%.

Thus in contrast to GaAs/AlGaAs quantum-well struc-

efficients{j=<1 account for polarization losses in the courseture$ and GaAs/AlAs type-Il superlatticsthe major axes

of nonresonant or quasi-resonant excitation, paramater

ofanisotropic exchange splitting for excitons in InAlAs/

characterizes the relative difference between generation ratédGaAs quantum dots are not fixed along thel0] and

of the total exciton number under excitation with light polar-

ized along thd 110] and[110] axes, parametds describes

[1?0] directions and are characterized by two linearly inde-
pendent parametefd,; and(),. If the rectangular bases do
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Effect of spin—orbit splitting on electron—hole transitions in microscopic CdS
and CdTe crystals

A. A. Lipovskii and E. V. Kolobkova

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
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Fiz. Tverd. Tela(St. Petersbung40, 862—864(May 1999

The effect of the Luttinger parameters and finite spin—orbit splitting on the location of the lowest-
lying size quantization levels of holes in spherical microscopic crystallites having cubic
symmetry is examined for the case of type II-VI semiconductors using a model with a multigap
hamiltonian. It is shown that, under conditions of severe size limitation, the controlling

factor in the inversion of the andp states if the relationship of the Luttinger parameters. The
theory is compared with experiment for microscopic CdS and CdTe crystals9%8

American Institute of Physic§S1063-783#8)02605-7

The symmetry of the lowest-lying hole state in the va-symmetry?> The theory assumes conservation of the total
lence band of microscopic crystals of type II-VI semicon-hole angular momenturir=L+J, wherelL is the orbital
ductors has, thus far, only been established unambiguousbhgular momentum andl is the hole spin operator. The re-
for the case of cadmium selenide. Because of size quantizaylting hole energy levels are denoted m@g, wheren is
tion of the hole levels, in this case the lowest hole state haghe number of the energy level of the given symmetry and
the symmetry of ass state (B,;), while the nextisp state =g p, .. is the smallest orbital angular momentum in-

12 : i
(1P3pp). ™" Here there is an allowed transition from the Iow- ¢),qeq in the hole wave function. The lowest hole states are
est electrors level (1S,) to the holes level so that lumines- 1S,, and 1P5,. 1

cence at the absorption edge of microscopic cadmium se-

lenide crystals is observéd.At the same time, an inversion of spin—orbit splitting and dearees of mixing of the liaht and
of the lowest holes and p states has been noted in micro- P piting 9 9 9

scopic crystals of cadmium sulfide and telluritié Such in- heavy-subbz-;mds ovgr which-p |nverS|on. IS possmle. Fig-
version should lead to the transition between the lowest eledd'® 1 is @ diagram in the,, Ao plane which illustrates the
tron and hole levelgthe s—p transition forbidden by the dependence of the type of lowest hole level in microscopic
selection rules, so that luminescence at the absorption edg&miconductor crystals om andAsq for (a) y,=1.09 (cor-
should not be observed in microscopic crystals of these semfesponding toy; for microscopic CdS crystdls (b) ¥,
conductors. However, the question of the existence of an =2.04 (corresponding to CdSg and (c) y;=4.7 (corre-
— p inversion in microscopic crystals of CdS and CdTe re-sponding to CdT®. Using other published values o4 for
mains open, especially since edge luminescence has betrese semiconductors does not change the form of the dia-
detected for microscopic crystals cadmium sulfide and tellugrams qualitatively. Near=0.75, the lowest levels are so
ride in a number of experiments? The purpose of the close to one another that in the cage-4.7 of a rather weak
present paper is to study the dependence of the location @fteraction with a very widely split bandAso~9 eV!), an
the lowest hole levels in microscopic crystals of I1-VI semi- jnyersion of thes and p levels would occur in small sized
conductors on the magnitude of the spin—orbit splitting, 2 nm) microscopic crystals. Thus, the inversion of states
Aso. and on the ratio of the Luttinger parameteys, g mainly determined by the degree of mixing of the light and
=272/, which describes the degree of mixing of the light 0.5\, 5 nhands, rather than by the spin—orbit interaction,
and heavy subbands of the valence bt¥hd. . .

We have used in the analysis a multiband Hamiltonianal.though an. inversion of the and p Ievel.s cannot occgr

without the influence of the latter. In the figure the asterisks

model of the valence band in the effective mass
approximatior® which makes it possible to find analytic so- denotze_stlhle values ofx and A_SO for CdSe, CdS, and
CdTes™""It can be seen that in CdSe the lowest hole state

lutions for spherical boundary conditions, while taking finite ) .
spin—orbit splittingA s into account:3 These solutions also IS always ars state, while for CdTe it is p state. For CdS,

work well for the hexagonal microscopic crystals of CdSethe magnitude of is not adequately determined and it may
when strong size quantization is presétite radius of the happen that as the size of the microscopic crystals is reduced,
microscopic crystals is smaller than the exciton Bohr ragius an inversion from thes to the p state takes place.

since in this case the size quantization energy exceeds the We have made an experimental study of the structure of
splitting of the crystal field associated with the hexagonaloptical transitions in microscopic crystals of CdS and CdTe.

Our calculations made it possible to determine the range

1063-7834/98/40(5)/2/$15.00 794 © 1998 American Institute of Physics
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The microscopic crystals which we studied were formed in aals produces luminescence of the bound exditbn.
specially developed matrix of phosphate glass of the system We have shown in this way that the main factor control-
P,O5—Na0O—-ZnO—-AlF;—Ga0;. The crystallite radius ling thes— p-inversion in microscopic crystals of type 11-VI
was varied from~2 nm to the exciton Bohr radius. The semiconductors is not the magnitude of the spin—orbit split-
crystallites had a narrow size distributi&hAs a result, we ting, but the degree of mixing of the subbands of light and
observed at room temperature up to 7 transitions in the CdTheavy holes in the valence band. Estimates of the ratios of
optical absorption spectra and up to 6 in those for GdiBe  the Luttinger parameters based on experiments with micro-
locations of the transitions were determined from the secondcopic crystals of cadmium sulfide and telluride are consis-
derivative of the absorption specirét. should be noted that tent with the expected values, which confirms the validity of
the small amount of spin—orbit splitting in CdS leads tothe computational procedure we have used. It was pointed
strong mixing of the hole states within a narrow energy in-out that the question a§— p-inversion requires a more rig-
terval and that, unlike microscopic CdSe and CdTe crystalsgrous model because of the closeness of the lowest hole lev-
in this case the system of observed optical transit{@nthin els.
an interval of~1 eV) is caused by transitions to the higher
electronic levels P, and 1ID.. The experimentally deter-
mined transition energies were compared with the calculateda. |. Ekimov, F. Hache, M. C. Schanne-Klein, D. Ricard, C. Flytzanis,
values and this allowed us to estimate the ratja)f the I. A. Kudryavtsev, T. V. Yazeva, and A. V. Rodina, J. Opt. Soc. Am. B
Luttinger parameters. We found for CdTe to beu~0.6 10 100(1993. .

. D. J. Norris and M. G. Bawendi, Phys. Rev.53, 16338(1996.
and for CdS, alsc;u~0.6. Thus, our data agree with pUb' 3G. B. Grigoryan, E M. Kazaryan, Al. L. Eros, and T. V. Yazeva, Fiz.
lished values ofu.**! Tverd. Tela32, 1772(1990 [Sov. Phys. Solid Stat82, 1031(1990)].

Since the energies of the and p states of the micro- :T. Richard, P. Lefebvre, and H. Mathiue, Phys. Re\5$7287(1996.
scopic crystals are then clogsee Fig. 1a and 1cthe gngeéitz\{gegg Richard, H. Mathiue, and J. Allegre, Solid State Commun.
S— p-inversion problem must be examined more rigorously. 6Y.’Wang, A éuna, J. McHugh, E. F. Hilinski, P. A. Lucas, and R. D.
For example, in the existing model, the Coulomb interaction Johnson, J. Chem. Phya2, 6927 (1990.
is treated as an effect which determines a correction to théﬁg“fffgvéﬁg H. Yao, T. Hayashi, and T. Kobayashi, J. Chem. PBys.
Optlca(lj transition energy and its effect on the mixing of 87. Sekikawa, H. Yao, T. Hayashi, and T. Kobayashi, Solid State Commun.
stated” is neglected. At the same time, the result of such 83, 969 (1992.
mixing may be, for example, the absence of an inversion®T. Rajh, O. I. Micic, and A. J. Nozik, J. Phys. CheB¥, 11999(1993.
between close low hole states in CdTe crystallites. This ap 12 i H’\;IJ gch\;“\*/(;rC: }'imiﬂ Ndzeggjlfgbi”%‘ ,Ja Ie'-nutfzﬂgl hlg5 J(l?w9a@delros
pears to be confirmed by our and othérssbservation of Neto, L. C. Barbosa, O. L. Alves, E. A. Menezes, J. M. M. Rios, H. L.
luminescence at the edge of the absorption band of micro- gragnito, C. H. Brito Cruz, and C. L. Cesar, Appl. Phys. L&8, 439
scopic CdTe crystals with sizes of 2—5 nm. Final conclusions (1995.
about the luminescence of small-size CdS crystallites can beA A. Lipovskii, E. V. Kolobkova, and V. D. Petrikov, Proc. SPE67,
reached only after further study of high quality samples, 30 (1996.
since passivation of surface defects of microscopic CdS crysfranslated by D. H. McNeill
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Manifestation of near-surface localized excitons in spectra of diffuse reflection of light
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The interaction of excitons with rough surfaces and its effect on light scattering spectra were
investigated theoretically. We have employed a model for the excitonic surface potential

based upon the generalized Morse potential, taking into account its random fluctuations produced
by the surface roughness. Applying first-order perturbation theory, we calculate the cross

section of light scattering from a rough GaAs surface and analyze its frequency dependence in
the presence of an extrinsic surface-potential well with excitonic bound state§99®

American Institute of Physic§S1063-783@8)02705-]

At present ther_e isa great i_nterest i_n the study of Opticathe correlation length of the surface profile functiéfr)),
properties of spatially dispersive media such as excitonigyhich is assumed to be a stationary, Gaussian stochastic pro-
crystalsl. In these materials the interaction of excitons with cesg. Under these conditions, the exciton interacts, locally,
the surface play an important role in determining the line-with a flat surface and, therefore, the potential fluctuations
shape of their optical spectr@eflectivity, transmissivity, are strongly correlated with the surface profile. The first two
etc). In the case of high-quality crystals the exciton-surfaceierms on the right-hand side of E() represent the surface
interaction is well described by a repulsive surface POt?ht'a|-potential for an ideal flat surface,which is modeled here by
However, surface treatmentbeating, intense illumination, the generalized Morze potentfalThe terms proportional to
electron and ion bombardment, doping, and electric-field apz(r,) in (1) describe the smalin 8/a<1) fluctuations of the
plication) modify the concentration of impurity ions in the gyrface potential.
transition layer and, consequently, the form of the surface  The amplitudes of the electromagnetic fields, both inside
potential. The extrinsic contribution to the surface potentiakhe semiconductorz> Z(r,) and in vacuum(z< {(r,)), are
may be attractive, unlike intrinsic potentials. The generatiorfound by employing usual Maxwell boundary conditions to-
of excitonic bound state within an extrinsic potential well gether with the condition that the excitonic polarization van-
produces resonancéseaks and dipsin the optical spectra. ishes atz=¢(r,). Applying first-order perturbation theory,
of the incident lighf:® The resonances associated to transas the ratio of the intensity of light scattered into direction
verse pqlarltonlc modes appear in pGand p-polarization (g #) (@is the scattering angle, measured from the normal of
geometries, whereas the longitudinal resonances, due {fe average surface, angl is the azimuthal angeto the
quantized polarization wavésare present only in the latter intensity of the incident light.

geometry. _ The light scattering spectra in Figs. 1 and 2 were calcu-
In this paper we present theoretical results for spectra ofted for GaAs near exciton resonance frequertay;

tals, having near-surface localized excitons. We will shows—15 A | =5000 A. Figs. 1a and 2a correspond to the case
that thgre spectra give useful information about the behaviogs 5 high-quality GaAs crystal with an intrinsiexponential
of excitons near treated surfaces. _ potential( U,=0.5 meV,U,=0, a=130 A). The curveg?2)
‘We solved analytically the system of equations that dejn Figs. 1 and 2 were obtained for a surface potential well
scribes the exciton-polariton fields inside the semiconductorcy, = —2.718 meV,U,=3.694 meV,a=550 A), having
It is composed of the Maxwell equations coupled t0 thethree  excitonic bound states at the frequencies
equation for the excitonic polarizatidrin the calculation we hwr,=1.51465 eViw1,=1.51485 eVfiw3=1.51497 eV.
considered a surface potentld(r)given by The near-surface localized excitons produce transverse reso-
U(r)=Uye 22+ U,e 272+ (1)) (U e~ 22+ 2U,e 2%%)ja. (1) nances{broa_d p_eak)sin the frequency dependencedd/d)
close to their eigenvalues, (n=1,2,3. These peaks coa-
This model holds when the surface is sufficiently smooth andesce and form a huge maximum below the exciton reso-
its roughness is very small such tha&a<L (6 is the nance frequencw in the spectrundo(w)/dQ (see Figs.
mean-square deviation of the surface from its average plantb and 2. In the case op-polarized incident light, besides
z=0, a is the characteristic size of the transition layleris  transverse modes, quantized polarization wavese

1063-7834/98/40(5)/2/$15.00 796 © 1998 American Institute of Physics
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FIG. 1. Frequency dependence of the dimensionless cross section of ligiRiG. 2. The same as in Fig. 1, but both the incident light and the scattered
scattering from a rough GaAs surface. The incident ligtstmlarized with light are p-polarized.

an angle of incidenc#,=40°, and the scattered light $spolarized in the

plane of incidencd¢$=0) with #=10°. Curves(@) and (b) were calculated

for an exponential potential and an extrinsic surface potential well, respec-  In conclusion, the spectra of diffuse reflection can be

tively. useful to characterize the state of the surface transition layer
and defect near-surface localized excitons.
The present work was partially supported by the Consejo

excited at frequencies, ,= wt,+ o1 (w7 is the frequency Nacional de Ciencia y Tecnolém)

value of the longitudinal-transverse splitting hese longitu-
inal m ive ri new resonan in th r
g a /(?gei g.e fse tO. heh esonances the SpeCt urqP. Halevi, in Spatial Dispersion in Solids and Plasmasedited by
) U(f‘)) that 'nter. ere. with the transverse qnes' As is seen P. Halevi, Vol. 1,Electromagnetic Waves—Recent Developments in Re-
in Fig. 2b, the longitudinal resonances manifest themselveSsearch,Chap. 6(Elsevier, Amsterdam, 1992and references thergin
as dips in the spectrum of light scattering for GaAs. It is *A. S. Bat(yrevél\g- \h/ Karalsgnkoy and A. Vi Sel;';]in, Fiz. Tverd. Te3s,
; ; F e e 11, 3099(1993 [Phys. Solid Stat85, 1525(1993].
noteworthy that this manifestation is similar to that observed, Beez-Rodrguez and P. Halevi, Phys. Rev. &, 10086(1996.
in reflectivity spectrd. This fact can be explained as a con-
seguence of the assumed strong correlation between the peybiished in English in the original Russian journal. Reproduced here with
tential fluctuations and the surface roughness. stylistic changes by the Translation Editor.
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Polariton reflectance spectra from thin ZnS  ,Se;_, layers

G. V. Astakhov, V. P. Kochereshko, and A. V. Platonov
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D. R. Yakovlev, W. Ossau, W. Faschinger, and G. Landwehr
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Fiz. Tverd. Tela(St. Petersbung40, 867—-868(May 1999

A study of reflectance spectra from thin Zi$® _, solid-solution layers in the region of

excitonic resonances is reported. It has been found that an increase in sulfur concentration in the
layers increases the inhomogeneous broadening of the quantized polariton lines. It has been
established that the inhomogeneous line broadening in a reflectance spectrum depends on the
magnitude of exciton-photon mixing; it is small in the long-wavelength region where the

photon component of the polariton is large, and large at short wavelengths where the mechanical
component dominates. @998 American Institute of Physid$$1063-783408)02805-4

A large number of studies of exciton polaritons in thin reflectance spectrum having a clearly pronounced polariton
semiconductor layers, quantum wells, and microcavitiestructure using the following parameters: exciton resonant
have recently been publishéd® The renewed interest in frequency w,, nonradiative dampingl’, longitudinal-
polariton-related phenomena stems from the explosivéransverse exciton splittinlgw 1, exciton translational mass
progress in the technology of fabricating semiconductor miM¢,, and sample thickness. Figure 2 presents an experi-
crocavities and observing the strong exciton-photon mixingnental(solid line) and a theoreticaldashed lingreflectance
in them. Of particular interest in this connection are 11-VI spectrum from the ZnSe structufthe parameters of the cal-
semiconducting compounds, such as ZnS and ZnSe, whiatulation are specified in the figure captiod good agree-
can be used to produce blue-green heteroldsers. ment of the measured with calculated spectrum was ob-

This work reports a study of the effect of fluctuations in
the solid-solution compositior in thin ZnS Se _, layers on

guantized polariton spectra. . , , T
The samples under study were 488, _, layers about
250 nm thick with a cubic structure and sulfur composition B .
within 0<x<<0.12, which were grown by molecular-beam T
epitaxy on(001)GaAs substrate. All the spectra presented in "a
this work were measured at 1.6 K. \ . , ) .
Figure 1 displays reflectance spectra for three samples
with different sulfur concentrationsx&0.12, 0.07, and 0
obtained in the heavy-hole exciton-resonance region. Be-
cause of the lattice misfit between GaAs and ZnSe, the layers
under study were strained. This lifts degeneracy in the va-
lence band and splits the light- and heavy-hole stétesur
case, by~ 15 me\). This study deals only with heavy-hole
excitons. The arrows in the figures identify the features as-
sociated with quantization of the exciton as a whole in a 2833 2837 2.841
ZnSSeg _, layer (minima in this particular cageThe stron-
gest polariton structuréour feature$ is observed in the bi-
nary compound ZnSe. An increase in sulfur concentration
results in a broadening of the observed quantized polariton
lines and a decrease of their number in the reflectance spec-
trum. In the Zng ,,5&, gg Sample one sees already only one
feature in the reflectance spectrum. We believe that an in-
crease in sulfur concentration leads to increasing composi-
tion fluctuations in the solid solution, which, in its turn, gives
rise to inhomogeneous broadening of the polariton quantizegle_ 1. Light reflectance spectra in tled

lines.

Reflectivity | arb. units
)

2.801 2.805 2.809
Energy, eV

—hhl exciton resonance region
from ~250-nm thick layers ofa) ZnS, 1556, g5, (b) ZnS) 15663, and(c)

Based on Refs. 4 and 5, one can calculate a complexnSe.

1063-7834/98/40(5)/2/$15.00 798 © 1998 American Institute of Physics
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tained. This shows that in the case of pure ZiS®, if the T T T ' T ™
effect of inhomogeneous broadening can be neglgdtesl
reflectance spectrum in the excitonic resonance region can be
described in terms of an effective dampingl{=0.25 me\}
which does not depend on energy. To explain the physical
origin of the polariton structure, the inset to Fig. 2 shows
schematically polariton dispersion curves. The presence of
alternating maxima and minima in the reflectance spectra is
due to interference of the exciton polaritons from branches 1
and 2% The condition for an extremurta minimum in our
case to appear corresponds to the interference condition

Reflectivity arb. units

Kd=Znd=n| N+ = 1
= En = 5] )
2.830 2.835 2.840
whereK is the polariton wave vectod is the layer thick-
Energy eV

ness,n is the refractive index, anll is an integer.
Shown in Fig. 3 is a r_eﬂeCtanC_e spectrum obtained frorT}:IG. 3. Experimentalline 1) and calculatedlines 2—4 reflectance spectra

a Zn$ oS g3 Structure(Line 1). Line 2 corresponds t0 & from a zZn$ ,Se,qs layer. The parameters used in the calculation: 2 —

calculated reflectance spectrum with a dampfig=2.2 #I'=2.2 meV, 3 —4I'=0.8 meV, 4 —#T',,=0.95 meV,Aly=1.45

meV. The theoretical curve fits the experiment well only inmeV. The other parameters arkw,=2.839 eV, 7=1.8 meV, M,

the high-energy region of the polariton structure, and de = 0-65mo, d=267 nm.

scribes it poorly at low energies. By contrast, line 3, corre-

sponding to a dampinfI'=0.8 meV, exhibits a good fit in

the low-energy region while disagreeing with experiment at )
high energies. To describe the reflectance spectrum from the

We believe that the effect of inhomogeneous broadeningNS.058 ¢3 Structure, one has to introduce the dependence
is different for different polariton quantized levels and in- Of effective dampingl” on energy. Line 4 in Fig. 3 is a
creases with increasing contribution of the mechanical exciteflectance spectrum calculated for the casé aficreasing
ton to the mixed exciton-photon modehe polariton. As  linearly with decreasing wavelengtI',,=0.95 meV in
seen from the inset to Fig. 2, an increase in the number of thie low-energy part of the polariton spectrum, i.e. around the
quantized polariton level corresponds to moving away fronfirst feature, andiI'yig,=1.45 meV at high energies, in the
the anti-crossover of the photon and exciton modes and to &gion of the second feature in the polariton spectféig.
decrease in exciton-photon mixidgsccordingly, levels with 1b). _We see that line 4 fits best the reflectance spectrum
a higher energya larger numbérare associated with a larger obtained.

contribution of the mechanical exciton to the polariton mode ~ Support of INTAS 93-3657 Ext, Volkswagen Stiftung,
and, hence, with a larger inhomogeneous broadening. ~ Russian Fund for Fundamental Resear@rant 96-02-

17929, and “Nanostructures” Program of the Ministry of
Science of Russia is gratefully acknowledged.
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J o Dispersion

curve

1 !

“Permanent address: A. F. loffe Physicotechnical Institute, Russian Acad-
1 . emy of Sciences, 194021 St. Petersburg,Russia.

!A. D’Andrea and R. Del Sole, Phys. Rev.4, 1413(1990.
°N. Tomassini, A. D'Andrea, R. Del Sole, H. Tuffigo-Ulmer, and R. T.
Cox, Phys. Rev. B51, 5005(1995.
3J. Ding, H. Jeon, T. Ishihara, M. Hagerott, A. V. Nurmikko, H. Huo,
N. Samarth, and J. Furdyna, Phys. Rev. L&&.1707(1992.
4Y. Chen, A. Tredicucci, and F. Bassani, Phys. Re\62B1800(1995.
(. SM. R. Vladimirova, A. V. Kavokin, and M. A. Kaliteevski, Phys. Rev. B
1 L 1 L L = 54, 14566(1996.

Reflectivity , arb. units

2.796 2.800 2.804 V. A. Kiselev, B. S. Razbirin, and I. N. Ural'tsev, JETP Leti8, 296
(1973.
Energy,eV V. A. Kiselev, I. V. Makarenko, B. S. Razbirin, and I. N. Ural'tsev, Fiz.
) o ) Tverd. Tela(Leningrad 19, 2348(1977 [Sov. Phys. Solid Stat&9, 1374
FIG. 2. Experimentalsolid line) and calculateddashed ling reflectance (1977)].

spectra from a ZnSe layer. The parameters used in the calcul&tion:
=0.25 meV,iwy=2.803 eV,iw t=1.3 meV,M=0.65my, d=250 nm. Translated by G. Skrebtsov



PHYSICS OF THE SOLID STATE VOLUME 40, NUMBER 5 MAY 1998

Thickness dependence of exciton absorption in pure GaAs crystals
at the “prequantum’ limit
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The optical absorption of GaAs crystals with thicknesses0.4—4.4um is measured in the
exciton-polariton resonance region at a temperature of 1.7 K. As the thickness is reduced, both a
broadening of the exciton line and increased absorption with a negligible Stark shift are

observed. The way the absorption spectra vary with crystal thickness is examined in terms of a
competition between two regions for light-exciton interactions in the crystal: in the field

of surface charges and electric-field free. 1©98 American Institute of Physics.
[S1063-783%8)02905-7

With thicknessesa,<d=<I*, wherea, is the exciton and o*=8x10° cm .3 The optical measurements were
Bohr radius and* is the polariton mean free path, thin films made while the sample was immersed in liquid helium which
of semiconducting crystals can have optical properties ajvas pumped to a temperature of 1.7 K.
photon energiekv<E, which differ strongly from those of
thicker “bulk” crystals. Here the optical phenomena also
d|ffe_r substantially from processes taking place in SeMICONy, Ly oepIMENTAL RESULTS
ducting heterostructures with layers of “quantum” thick-
ness. In this regard, there is some interest in a separate study We obtained optical absorption spectra of a series of
of the light absorption in this range of small thickness, im-GaAs samples with thicknesses of 0.4 to 4wh. With de-
mediately adjacent to the quantum-sizeD Btructures. In  creasing thickness in the range 4.4—2u®, the absorption
the following, we shall refer to this range as “prequantum.” spectra essentially did not change and corresponded to
The purpose of this paper is to study the features of excitothose observed earlierthe half width of the line
optical absorption by semiconducting crystals of gallium ar-H~0.3—-0.5 meV, a distinct exciton serieg=1,2(3), a
senide with “prequantum” thicknesses. quasicontinuum, continuum, and  exciton-impurity
compleX®). As the thickness is lowered down toum, si-
multaneous increases in the half width of the line and its
amplitude were observed, which were then replaced by a

We have studied samples of high-quality pure GaAsdrop in amplitude against the background of a continued
(n<5x10"%cem™3,  u7=(1-1.5)X10 cn?/V-s) with  increase in the half widthFig. 1). Here the lines of the
“prequantum” thicknesse§0.4—4.4um) cut from a thicker  excited state and the exciton—impurity complex became in-
epitaxial layer. To measure the transmission spectra the subdistinguishable.
strate was etched chemically and the thickness of the epitax- In some of the “prequantum” samples with smaller
ial layers was reduced from 1pm to the required size. thicknesses, it was possible to observe the effects of interfer-
Relatively uniform segments were selected for the measureence of the polariton waves, as well as quantization of the
ments by masking. The technique for packaging and experiexciton as a whole. These features have shown up most
menting with the samples in free form without any kind of clearly in samples witliin,GaAs/GaAs quantum wells with
fastening or gluing has been described elsewhér&@he a widened GaAs-barriérin studies of the optical absorption
problem in analyzing the spectra obtained this way was t@spectrum in GaAs barriers with,=82.2 and 75.8 nm, be-
determine the sample thickness. Previously, for this purposejdes a series of narrow lines in the neighborhood of the
we observed the end of the sample in an electron microdiscrete exciton spectrum of GaAs, it was possible to observe
scope. In this case, however, it would be difficult to compareup to ten weak peaks in the continuum region. A transport
the segments of the sample where the measurements weretrix method has been used to calcflate spectrum for
made with those parts where the thickness had been detahese samples theoretically, including polariton interference
mined. Thus, we used the known absorption coefficiefdr and exciton quantization, and good agreement with the ex-
GaAs at the onset of the continuum. Then the thickmees  perimental spectrum was obtained—for a certain choice of
the crystal in the test section could be estimated ashe translational masses and “exciton” thickness of the crys-
d=D/a*, whereD is the optical density aE=1.525 eV tal and “dead” layers.

1. SAMPLES AND EXPERIMENTAL TECHNIQUE

1063-7834/98/40(5)/3/$15.00 800 © 1998 American Institute of Physics
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FIG. 1. Absorption spectra of GaAs samples with different thicknesses in 0 L : . ;
the neighborhood of the exciton resonante; 1.7 K, thicknessd (um): 1 2 3 4 5
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FIG. 2. The integrated absorpti& of the ground exciton state of GaAs as

a function of the crystal thicknesk The smooth curve is fit according to
3. DISCUSSION OF RESULTS

Eq. (1), with K;=5 eV/cm,Ks=74 eV/cm, andd} =0.11 um. The points

During the course of the experiment we obtained a resu|genote experimental data. Inset: the electric field distribution, dissipative
amping, and integrated absorption according to @y.as functions of

that was strange at first sight: the optical absorption coeffigepth in the samplamode).

cient, which is usually a constant of the material, depended

on the thickness in the region of the discrete exciton specstrength, which obviously contradicts the experimentally ob-

trum. An attempt to explain this fact can be made by notingseryed growth in the absorption as the thickness is reduced to

the presence of an inhomogeneous electric fieldear the g1 ,;m,

sample surfacdinset to Fig. 2 generated by the surface For further processing of the experimental data, we ana-

chargeQs. Th_e absorption coefficient is nonunifo_rm_ OVEr |yzed the integral absorptidti=#J «dw as a response func-

the cross section of the sample and the characteristic Whlcgi{)n_ In general, it is proportional to the oscillator strength

we obtain is its effective value. and is insensitive to a frequency shift of the line, as well as to
If we assume that the conditions at the boundaries ar@s inhomogeneous broadening. It turned out that the area

unchanged as the sample thickness is reduced, there isuader the profile of the exciton ground statg=1 increased

reduction in the size of the average region where an excitogontinuously over the entire range of variati@aduction in

is not subjected to an electric field. Changes in the excitorthe thickness, from 4.4 to 0.4m. K(d) is plotted in Fig. 2.

spectrum of such samples may be related to a change in ti@early, for thicknessed>2 um, the integrated absorption

fraction of the crystal lying in the field of the surface charge.coefficient approaches a constant valu&—8 eV/icm and

In the surface regions witk(x)>F,, whereF|=R/ea, (¢  increases to 33 eV/cm when the thickness is reduced from 2

is the electronic charge arRlis the exciton binding energy  to 0.4 um.

an exciton is ionized; in the region where the field is smaller  This behavior of the integrated absorption coefficient

thanF,, it causes an inhomogeneous Stark shift of the linemay be evidence of exciton-polariton processes. Since an

and broadens it. In this case, the absorption coefficient desxciton polariton with spatial dispersion “absorbs” light

pends on the thickness’as only to the extent of the real dissipative damping, one might
— _ think that in the central region of a sample of “prequantum”
()= a(w)(1=25ay(w)ds/a(w)d), thickness, there would be almost no dissipative processes at

where da is the surface absorption coefficient averagedl.7 K. Such an effect has been observed in similar samples
over the layerds, in which an exciton is acted on by the of GaAs during studies of the temperature characteristics of
electric field. This dependence is hyperbolic and, by choosthe integrated absorption coefficieftUp to a critical tem-
ing the frequency, a rising or falling result can be obtainedperature corresponding to a critical damping, K was ob-
At the exciton resonance frequency, however, because aferved to rise, followed by saturation®tT.. The magni-
electric field effects the amplitude of the absorption can onlytude of the integrated absorption in the saturation region,
fall off with a broadening corresponding to the oscillator K¢, was determined by the oscillator strength of the state
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and proportional to the longitudinal-transverse splittingalso implies that folg<<1 the dissipative damping is given
energy,A 1 Kea= m/CwoA Ve, Wheree, is the back- by I'=(7wK/4K )T .. Substituting our data and the estimate
ground dielectric permittivity, which is determined by the for K, in these equations, we obtalfy~0.02 meV, while
effective dissipative damping until saturation. For GaAs thel’;~0.24 meV. The inset to Fig. 2 illustrates the variation in
calculated value oK ,=70 eV/cm. Based on the preceding I' and K over the cross section of the sample. Since the
discussions, the integrated absorption coefficient of a thitransition fromI'; to I'; and, therefore, fronkK; and K¢y
sample in the neighborhood of the exciton resonance can Hekes place within a relatively narrow region of the crystal,

determined as follows: our dividing the sample up into three layers and applying the

o q* K equations in Ref. 9 derived for a uniform sample, to this
K(d)=K,+2— Ks( 1— ] (1)  highly nonuniform case, appear to be justified.

d Ks This experimental study has shown that exciton—

whereKj is the average integrated absorption coefficient offolariton processes play an important role in the transport of
the surface regions ari¢, is the integrated absorption of the light through thin slabs of highly-perfected semiconducting
inner region of the sample. A curve constructed using(Ey.  crystals whose thickness is “prequantum,” with,<d
is shown in Fig. 2, where the fit parameters were chosen t&=!"- Our analysis shows that, in our relatively “pure”
be K;~5 eVicm, K;~74 eV/icm, andd*~0.11um. The GaAs crystals at low temperatures, the true qI|SS|pat|ve damp-
experimental points clearly lie well on the curve. It is note-ing is I'=0.02 meV for the measured linewidth of 0.3—0.5
worthy that we obtained a value Kt that is almost the same MeV. Polariton processes manifest themselves through a
as the calculated value #f.,, while the ratioks/K~7 for substantlal(b_y many t|_me§s increase in th_e transparency of
samples withd=2 um is consistent with the results from an the sample in the ne|ghb_orhood of gxmton—polanton_ reso-
earlier paperon the thermal broadening of the exciton line. nances compared to exciton absorption W'tho.Ut spatial dis-
We can, therefore, assume that in the interior regionP€'SIon- This happens right upko=I', wherel'is the true
where the excitons are not subject to the influence of arq|35|patlve“damp|ng. Trlroughout_ this interval, the transpar-
electric field, the polariton damping parameteis smaller ~ €NCY Of a “prequantum” sample is greater than in the satu-
than the spatial dispersion owing to the lossds, ration region characterized by spatial dispersion losses. The

= 2hwo\2epA 1 /MCZ. (M is the translational electron conditionI'=T",. is ach_iev_ed in our experiments_; becaus_e of
mass) In the surface layers the damping parameter increaseé?e e;ffgég;gf eleﬁtrlcdfle!d t?\s the samplz_tmcknet:ssf tlﬁ re-
rapidly as the field rises from the inner boundary of the spac uce =<0ds , whereds 1S e corresponging part ot the
charge region to the surface according tH~I space- charge layer. In the earlier experiméfits,was then

+ AR/f exp(— 4/3f ), where f=F/F,, T, is the damping achieved because of temperature.

parameter in the absence of a field, ahds a numerical This work was supported by State Scientific-Technical
factor. Of course, because of the presence of inhomogeneogsogram Grants 1-020/2 and 1-080/4.

line broadening and because the absorption coefficient has

been calculated incorrectly as a parameter in the BouguetR. P. Sesyan, The Spectroscopy of Diamagnetic Excitdits Russiar,
law in the neighborhood of the exciton—polariton resonance,z(Nsa“Nka'Al'}gf’/SC,\?"‘(vlgfl?k,fasfosg' and R. P. Syan, Fiz. Tverd. Teld8

the observed linewidth is not quantitatively equalltg. It 1067(1996 [Semiconductor88, 590(1996]. ' '
can be calculated using a calculafi@f the integral absorp-  *M. D. Sturge, inExcitons E. I. Rashba and M. D. Sturgé&ds), North-
tion as the inverse logarithm of the transmission in a correct4H0”a”gv l{*mi‘efdam\gg% P-o 9. o

solution of the theoretical problem of the optical transmis- S(D:: %eisebL’JcPh,);fl.SSr?\ico;‘\dzftog ;r?d Semimesds Dingle (Ed), Aca-
sion of a uniform plane parallel slab in the neighborhood of gemic pres¢1987, vol. 24, p. 1.

the exciton—polariton resonance: 5G. N. Aliev, N. V. Luk'yanova, R. P. Seisyan, R. Vladimirova, H. Gibbs,
and C. Khitrova, Phys. Status Solidi 264, 193(1997).

2 - 5 V. A. Kosobukin, R. P. Seisyan, and S. A. Vaganov, Semicond. Sci.
K= P (arctarfd/ \/1_ g9+ g\/l_ 9%) Ksat, (2 Technol.8, 1235(1993.
8G. N. Aliev, O. S. Coschug-Toates, V. A. Kosobukin, R. P. Seisyan, and

whereg=(I'/T';)<1. According to Eq(2), the integral ab- gfl- Q- Xiga“(?V' P;;]C;ESP'ETJ SEQEd-QS\gZ'-é?éGZv p. 561.
sorptionK varies almost linearly with increasing dampifig - N. Akmediev, Zh. fsp. Teor. Fiz4, 1534 (1980 [sic.
for I'<I'; and saturates fdr=1"; (inset to Fig. 2. Figure 2  Translated by D. H. McNeill
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Optical reflection spectra from a @#ly ;As/GaAs heteroboundary are calculated using the
approximation of a strongly localized exciton wave function. The calculation is based on electron
I's and holel'g kp-Hamiltonians with position-dependent parameters. 1898 American

Institute of Physicg.S1063-783#8)03005-§

It has been showhnthat the use of thé&p Hamiltonian ~ where I" is the 4x4 unit matrix, J; are the matrices for
derived for a bulk material is inadmissible for investigatingangular momentum 3/2,{J;J;}=(1/2)(3;J;+J;J;), and
systems with heteroboundaries. When a heteroboundaries aﬂl@ak} (1/2) (k ak +k ak)

present, the effectivkp Hamiltonian in thex representation The additional paramet(m can be determined approxi-
for an arbitrary degenerate band contains position-dependefiately if we neglect thép interaction of thel'}5 valence
parameters and can be written in the form band with thel',s bands. In this casey,= —(1/3)(1+ v,
52 g —27y,—37v3). The parametersy, and ys show up only
Hmm'(X):[E+AE9(Z)]5mm’_2__ when the spin-orbit splitting of the intermediate states is
Mo X taken into account and are given by
J
XMy ()] 5=+ AUy 8(2), (1) ym— —Beo (Mo
X 27 T BEgt28\mg )

where AE is the band gap,f(z) is the step function, L

mm,(z) are position dependent parameters which deter- ye=— (1+y,— 27,) ——2>—,
mine the matrix elements of the Hamiltonian, and) ., Eq +Aco
are corrections which characterize the short-range part of the
heteroboundary potential. In particular, forBY semicon-
ductors, thel'g band kp-Hamiltonian will be characterized
by two position-dependent parameters and «,. Of these,
the firstw(z) =mg/mgy(z) determines the effective electron . ) )
mass in band’, Whilee the second,(2) is caused by the 2 we included only thekp interaction of thel'{ conduc-

presence of a heteroboundary and vanishes in the bulk mgon band with thel';s valence bad, and_ in calculatings,
the interaction of theF valence band with the nearest con-

!

whereEy and A, are, respectively, thE§—T'g energy gap
and the spin-orbit splitting of th&'7s valence band, anE’

and A/, are, respectively, th&$—T'g energy gap and the
spin-orbit splitting of thd"{< conduction band. In calculating

terial o o duction bandI'$s. From the condition that the Hamiltonian
HYe=1%(kaK) +i (o[ kyasK,] (1) be hermitian and using Eq&) and(3), it is possible to

A ~ A derive the following boundary conditions for the electron

+oylkzazk] + o [keazky]), (2)  wave function in thd's band and the hole wave function in

wherel € is the 2<2 unit matrix, theo; are the Pauli matri- the I's band at 4001] interface:
ces, kj=—ialax;, (kak)=kak,+kjak +kak,, and JoN+0)= g —0),
[kiakj]:kiakj_kjaki. " "
The Hamiltonian of thel's band in the presence of a (ASYeM |, o= (ASTYN)|,_ _o—BS 2N 0),
heteroboundary will be characterized by the three Luttinger

parameters/;, y,, andys, as well as the additional param- AY= 11"k, — (1/3) 5[ (235 - 35— 37) 2k,]
eters y, and ys (a refinement of the data obtained ~ a - S
previ0u4sI)?): ° _2'}’3[{Jy‘]z}ky+{‘]x~]z}kx]+|2'Y4[_Jxky+~]ykx]

A~ A ~ -~ ~ : _13] 30
Ho=1M(kyk) — (1/3)[ (232~ 32— 32) (2K, yok,— K, 72K, Ti8ysl = Ixky T Iykd,

—kyyz’ky)+3(.])2(_:]5)(&)(’)/2";)(—’Ry'szy)]_“-[{Jsz} Ag: allekz+ia2[_0'xky+a'ykx]v Bg:(i/ao)me,

X{ky'}%kz} +{‘]x‘]z}{kx73kz} +{‘]x‘]y}{kx73’ky}] BQZ (i/ag)[myl ht m2(2‘]§_ J>2<_ ‘]32/) + m3{Jny}]: (4)

+i 2(Jx[ﬁyy4ﬁz]+Jy[kzy4kx]+Jz[ kxnky]) wheren andm, , 3 are constants which determine the matrix
o aen ar - ar n AU, . In particularm; mixes the states of light and heavy

+18(J5 [ Ky ¥skz]+ Iy K, vsky] + I7[ Ky ¥sky D), (3 holes at the heteroboundaty.

1063-7834/98/40(5)/3/$15.00 803 © 1998 American Institute of Physics
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When a heteroboundary is present, the exciton Hamil:‘w /R .a'ﬁ,{l&r n Eﬂ;[(_G).ﬂI:efre the fe>t<r::|ton wave function
tonian has the form is conveniently sought in the form of the expansion

Hex(Xe %) = Heer (X) 8y + Hypyr (Xn) S Yeo(RN=2 0p(Z,) D f R),
p
+ — ! ! . . ™ .
U coul(Xe™Xn) Ou07 Ocer ® where ¢,(Z,r) is the solution of the auxiliary parametric

whereH¢c .,/ (Xe) are determined by Eql) andUcqy is  problem
the Coulomb interaction operator. 72 P

As for the position dependendxe'r]ﬁm,(z), it is more cop- ~ [M(Z)+My(2)] g + Ucm(”) @p(Z,1)
venient not to transform to the center-of-mass system in the 0
Hamiltonian(5), but to consider, for this purpose, the Hamil- =E¢p(Z,1).

ton function ) . .
In this case, we shall havd(R,r) is the Jacobian of the

H=(|He )= 2 dxcf Al %, (Xer Xp) transformation(7))

H:<'//||:|ex|l/f>: E f j{q)gxp(R)‘P;(Zvr)

X Hex(xevxh)‘!’c’u’(xevxh)}- (6) cvc’v' pp’
This makes it possible to preserve the invariance of the ten- ><|:|ex(R,r)gop,(z,r)(pc,u,p,(R)}
sor equations automatically and, also, to facilitate taking av-
erages over the relative coordinates of the electron and hole. XJ(R,r)drdR.

Even in the absence of band degeneracy, a heteroboung first-order perturbation theory for the Hamiltonian of the
ary does not permit separation of the translational and relaranslational motion of the 3 state of the exciton, this yields
tive motion of an electron-hole pair. This can, however, be
accomplished approximately with the position dependent pa- |:|13(R)=f qo’l‘s(Z,r)I:|eg(R,r)qols(Z,r)J(R.r)dr. ®)
rameters of the transformatioy, ((Z),

xe=R+ yd(2)r, Here all the abrupt. function® ¢ {Xe ), e rXen, and
xn=R— yr(Z)r, Y(2)+ yn(2)=1. (7) S(Xe,n, after the averaging), are smoothed oqt over a scale
length on the order of the exciton Bohr radiag. In the

The parameterg, (Z) can be determined if we separate optical range, wher& <1, however, this smoothing can be
the diagonal parté®(Z= y, (Z)2z) Sy 8;; in the matrices  neglected. In this case, the problem with the hamiltori@n
M'r#r;]‘?’h(Zt YeZ)Z) and expand them in a power series in reduces to a boundary value problem.

z, limiting ourselves to the first terms of the expansion and  Using Eq.(8) for the exciton hamiltonian and the bound-
requiring cancellation of cross terms of the form ary conditions derived from Ed4), we have calculated the
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optical reflection spectra from a G@#l,As/GaAs heter- modes in the reflected light at intensitiesl0™ 7 times that

oboundary for normally and obliquely incident light near the Of the incident light.

I'¢®@I'g-exciton resonance of GaAs. In calculating these !G. F. Glinskii and K. O. Kravchenko, iRroceedings of the International

Spectra, we have used the polanton theory developed Symposium “Nanostructures-97: Physics and Technolodyt: Peters-

. _ . . burg(1997.

previously?=® The results of these calculations are shown in zg Ag_ Foreman, Phys. Rev. B8, 4964(1993.

Figs. 1 and 2. It can be seen that even at the Brewster angI&E. L. Ivchenko, A. Yu. Kaminski, and U. Rsler, Phys. Rev. B4, 5852
T e . . (1996.

a~74%, in the neighborhood of the exciton resonanae (7 G 'woinov and G. F. Glinski, J. Phys. A1, 3431(1988.

=0) the reflection coefficient is nonzero. In addition, mixing °G. F. Glinskii and Z. G. Koinov, Phys. Status Solidi155, 501 (1989.

of light and heavy hole states at the heteroboundary, even forZ- G- Koinov and G. F. Glinskii, Phys. Status Solidil55 513 (1989.

normally incident light, causes the appearance of forbiddermranslated by D. H. McNeill



PHYSICS OF THE SOLID STATE VOLUME 40, NUMBER 5 MAY 1998

Photoreflection and photoconduction spectra of CdS crystals: excitons in the electric
fields of surface states

R. A. Bisengaliev, E. D. Batyrev, and B. V. Novikov

Scientific-research Institute of Physics, St. Petersburg State University, 198904 Petrodvorets, Russia

A. V. Selkin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

Fiz. Tverd. Tela(St. Petersbung40, 875—-876(May 1999

The exciton photoreflection spectra of CdS crystals are studied. It is found that the form of the
exciton photoreflection spectrum is determined by a Stark shift of the exciton energy in

the electric field of surface states. The dependences of the exciton photoreflection spectrum on
temperature on the intensity and wavelength of the modulating radiation, and on the

processes by which the photoreflection signal relaxes is determined. An energy scheme is
proposed for the surface states which explains the observed effects of photoinduced changes in
the surface field. A correlation is established between the exciton photoreflection spectrum

and the form of the fine structure in the photoconductivity. 1€98 American Institute of Physics.
[S1063-78348)03105-7

Exciton photoreflection spectra of CdS crystals havethe reflection profile. For several sampl|@sE| was as high
been studied by a number of authors. It has been proposets 2 meV(Figs. 1 and 2 This method of measurinyE is
that the photomodulation of the reflection is related tojustified by comparing the experimental spectra with theoret-
screening of the surface fiélar to screening of excitorfs. ical ones, calculated using a model of an exciton Stark effect
Riscl? has related photoreflection to a change in the surface the surface field of a Schottky barritQualitative agree-
field and in the conditions for recombination on the crystalment between the experimental and theoretical spectra is at-
surface. tained if it is assumed that the excess donor concentration in

In this paper, as in Ref. 3, it is found that CdS crystalsihege samples is of order ¥a&m™3, while the surface de-
obtained by different methods can be divided into tWOfiection of the bands varies over 0.1—0.2 eV.
groups in terms of the form of their exciton photoreflection  The temporal relaxation of the photoreflection signal in
spectra:A andB (Figs. 1 and 2 A spectrum of typeA has e A crystals is characterized by fast<0.1 s) and slow
the form of an inverse dispersion profile and a spectrum OET>5 s) components, and in tyf® crystals mainly by the
type B has the form of a direct dispersion profile. The modu-¢, componentFig. 1a and 1p The fast component may be

lated light sources used in the exciton photoreflection SP€Galated to Coulomb capture of holes at surface states, while

tral studies were a nitrogen lasek <337 nm), mercury the slow component is related to thermal ejection of elec-

lamps, and incandescent lamps in combination with a mono- . .
.trons from relatively shallow surface states into the conduc-

chromator to isolate a narrow spectral interval from their,. . .
. ) ) . t;fon band. As the temperature is lowered, this component
continuous spectrum. Single quasimonochromatic pulses %ecomes weaker

the modulated light with a duty factor and duration of several ) .
9 y In our studies of the dependence of the exciton photore-

seconds were used. flecti t th lenath of th dulated light
A type A exciton photoreflection spectrum corresponds, ection spectrum on the wavelength of the modurated Ight.

to a photoinduced shift in the reflection profile to Ionger't was somewhat surprising that a photoreflection signal is
wavelengths and a typB spectrum, to a shift to shorter also observed in the vicinity of the exciton resonance when
wavelengths(positive and negative Stark shiffsE in the the energyEy o of the modulated light photons was substan-

exciton resonangeA shift to longer wavelengths is caused tially lower than the band gaf,. Figure 2 shows plots of
by an enhancement in the surface fiéiiding of the surface  the riseAR in the reflection coefficienR in the spectral
state$ and a shift to shorter wavelengths, by an attenuatior?e'ghborhoc_’d of the maximum iR as a function of the
of this field (emptying of surface statesThe magnitude of modulated light photon energy for both types of crystal. The
the shift is basically determined by the intensity of the modu-variation inAR is clearly qualitatively different for crystals
lating radiation. The amplitude of the exciton photoreflectionof type A andB.
spectrum and the shifA E| decrease as the crystal tempera- ~ Changing the wavelength of the modulated light in the
ture is lowered from 77 K to 4.2 Kespecially strongly for ~transparency region of the crystal leads to a change in the
typeB crystal$, which signifies a reduction in the strength of amplitude and sign of the exciton photoreflection spectrum
the induced component of the surface field. signal which corresponds to a transition from tylpéo type

AE was measured from the shift in the inflection point in B or vice versaFor typeA crystals, this kind of transition is

1063-7834/98/40(5)/2/$15.00 806 © 1998 American Institute of Physics
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FIG. 1. Reflection spectrum and the shape of the relaxation pulses irAtygeandB (b) CdS crystals af =77 K with E L C.

observed at an enerds; = E,—0.58 eV (\ =625 nm), and there is a growth in the surface field. With the change in the
for type B crystals, atE;,=E;—0.10 eV A =503 nm). type of exciton photoreflection spectrum there is a change in
We assume that the filling of the surface states predomithe type of relaxation processes. In the transition region, the
nates in typeA crystals wherEy,>E,;, while, whenEyo  shape of the relaxation pulses may be complicated and
<Ei1, the emptying of these states predominates leading teaused by different relative contributions of the fast and slow
an increase or decrease in the surface field, respectively. lﬂ)}ocesses(Fig. 2). For these calculations we have used
type B crystals, there is initially a strong bending of the ,,10_emf measurements of the energy location of the sur-

bands(a S.”°“9 surface fiejd This is related to t_he high face states for a prismatic CdS surface at a temperature of
concentration of surface states and to a gre@hem in type ?00 K5
o .

A) filling of these states by electrons. In this case, capture The fi tructure in the phot ductivity of CdS
holes by the surface states predominates and, as a conse- € fine structure in the photoconductivity 0 crys-

quence, there is a reduction in the surface field. When, on thi&!S alsoemanifests two characteristic types of spegiraups
other hand, the modulated light photon has an energy closk@nd2).” It has been reportédhat there is a direct corre-
to the energy of the unfilled surface stat@,—0.05 eV, Spondence between typk and B exciton photoreflection

E,—0.4 eV), filling of the surface states predominates andspectra and crystals of groupisand2. In our work we have
found that the correlation is more complicated. Some crystals

with a typeA exciton photoreflection spectrum have a type 2

3.0 2.5 2.0 E,eVv photoconductivity spectrum. However, under IR light the
AR[T E, E-005 E,—0,4 ' E,—0.8 photoconductivity spectrum of these crystals has the struc-
-T ‘ I L l ture of group 1. We attribute this to charge exchange of the
surface states and to the complicated bending of the bands at
61 the surface of these crystals. These questions will be exam-
ined in detailed in a separate article.
Type B This work was supported by the Russian Fund for Fun-
3r damental ReseardiGrant No. 97-02-18322
Eys E
lt #
o e
Type A — j
//?/P
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flection signal as the energy of the modulated light is varied at77 K
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A series of free exciton lines in zinc diarsenide
V. A. Morozova, V. S. Vavilov, O. G. Koshelev, and M. V. Chukichev
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A structure corresponding to the=1, 2, and 3 free-exciton states is observed in the optical
transmission spectra of zinc diarsenide at 5 K. The band gapEfo€ at temperatures of
5-300 K and the exciton binding ener¢i7.5 e\j are determined. €1998 American

Institute of Physicg.S1063-783#8)03205-3

Series of exciton levels are usually observed in relativelypeaks broaden and are shifted to lower energies, while the
wide-gap semiconductors witk,=1.5 eV! Among the an- energy separation between the peaks remains unchanged.
isotropic 11-V semiconductors, series of this type have beefMhen=3 line is smeared out by 10 K, while tlme=2 line is
observed in the optical transmission and reflection spectra afbserved up to 110 K, and thme=1 line is observed right up
ZnP, (g4>1.5 eV) 23 For the narrower-gap semiconductor to room temperature. The binding energy of the exciton was
ZnAs, (eg~1e€V), which crystallizes in a monoclinic sys- determined in a hydrogen-like approximation using the stan-
tem, a structure corresponding to free-exciton states witlijard formulas,=¢ g_G/n2 (where thee,, are the energies
n=1 and 2 has been observed in reflection spectr&f@  of the exciton statésUsing the experimentally observed val-
and in optical transmission spectra fat C and 4.2 K(Eis  yes ofe,; ande, and ofe, andes, respectively, we obtained
the electric field vector of the electromagnetic field of theG(1,2)= 16.8+0.1 meV andG(2,3)=17.5-0.2 meV. Be-
light wave andC is the crystal axisand this has yielded an cayse of the influence of the electron—hole exchange inter-
estimateG=12 meV for the exciton binding enerdyin the action on then=1 state, this value 08(1,2) may be low:
reflection spectra, the state with=2 showed up weakly and  Gjyen this fact, the agreement betwe@(i,2) andG(2,3) is
was only observed at 4.2. K. In the optical transmission SP€Csatisfactory. Thus, in ZnAghen=1, 2, and 3 states are well
tra, then=1 and 2 exciton peaks were detected only alyegcrined by the characteristic formula for three-dimensional

4.2 K2 apparently owing to a high level of impurity absorp- Wannier—Mott excitons with a binding energg=17.5
tion (~2cmY). With more perfect single crystals, the +0.2 meV

=1 state has been observed in optical transmission spectra G was also estimated in accordance with a hydrogen-
(ELC) at temperatures of 73_300% . . like model with the formulaG=13.6u/mk* eV. Hereu is
_ Because of ad"a”‘ges in the tephnlqges for 9'OWINGpe reduced mass of the exciton, '=m_ '+ m,*, where
single crystals of ZnAg® the level of impurity absorption m,—0.345n andm, = 2.45(n are tl"le effei:tive r?1a’sses of an
.= 0. .

has been reduced to6L0~2 cm L.° This paper is devoted . '
to a study of the optical transmission spectra of structurallyelec'[ror.l and h olem is t.he. free-electron mass, .akd: 15. 'S
perfect single crystals of ZnAdor the purpose of observing the d'E|eCtr',C permitivity’ The_ calculation gIves
the series of free-exciton levels. G=18 meV, in good agreement with the value determined

These studies were made at temperatures of 5-300 K iﬂbove. ) . . .
polarized light using an 1IKS-21 monochromator. Control The experiment shows that the intensity of the optical

measurements at 78 and 300 K were made on an |FS_11§{,ansitions from the valence band to the conduction band for
(Bruken monochromator with a spectral resolution of betterEL C 1S one or two orders of magnitude smaller than for
than 1cnl. Optical transmission spectrd,,(hv), were dipole allowed transitions. The low absorption intensity may
measured on samples with different thicknesses cut perpeR€ related either to a forbidden or a partially allowed char-
dicular to the principal axes of the crystal. These spectr&cter of the direct transition. But, according to Elliott's
reflect a spectral variation in the absorption coefficient, sincéheory. for forbidden transitions the=1 exciton state is
the reflectivity over the ranger=0.8—1.1 eV is essentially Nnot realized. Assuming that the first line in the series origi-
invariant, in accordance with published data. nates in the state with=2, we obtain an anomalously high
Figure 1 shows optical transmission spectra of a samplgalue of G=91 meV; that is, the first line in the optical
with d=250 um at temperatures of 300 Kurvel), 78 K  transmission spectra corresponds to the state witl,
(2), and 5 K(3) for the EL C polarization. It is clear that at rather thann=2. Most likely, in ZnAs a partially allowed
5 K we have observed a series of three narrow lines, whiclransition takes place in tieL C polarization. However, the
converge at highehv and correspond to the free-exciton possibility that this transition is forbidden is also not ex-
states wit=1,2,3. As the temperature is raised, the excitoncluded. Thus, some calculatidhisave confirmed the possi-

1063-7834/98/40(5)/2/$15.00 808 © 1998 American Institute of Physics
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FIG. 1. Optical transmission spectra fat. C at 300 K (1), 78 K (2), and
5K (3.

bility of experimentally observing the=1 state for indirect
forbidden transitions in TIBr and TICI.

Knowing the energy of the=1 exciton state ;) over
5-300 K andG, it is easy to determiney and its thermal

Morozova et al. 809

5 K, we obtainegzo.973, 1.046, and 1.055 eV, respec-
tively, with an accuracy of %10 % eV and g*=(—3.3
+0.1)10 * eV/K over 60—300 K.

Because of the intense absorption it was not possible to
detect exciton peaks in the optical transmission spectra for
EllC.

We thank A. |. Belogorokhov and L. |. Belogorokhova
for performing the measurements on an IFS-113v spec-
trograph.
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Excitons in the preionization electric field of a Schottky barrier
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The low-temperatureT=80 K) exciton reflectance spectra of CdS crystals in the electric field
of a Schottky barrier are investigated. An anomalous Stark shift of a hydrogenic exciton
state is detected in the preionization limit. An analysis of the spectra within the theory of a
nonlocal dielectric response in a spatially inhomogeneous medium reveals the character

of the subbarrier electric field distribution. @998 American Institute of Physics.
[S1063-783%8)03305-X

The ground exciton state of a crystal is known to un-nances. When a reverse bias was applied to the barrier, we
dergo Stark displacement and broadening under the action @fere able to record all the stages of variation of the reflec-
an electric field" In the case of weak fields, the free-exciton tance spectra as the subbarrier field was increased until the
line undergoes a shift toward longer wavelengths, which igesonant spectral features were completely obliterated.
guadratic with respect to the field. However, when the value  To describe quantitatively the experimental data ob-
of the electric field strengtk is not small in comparison to tained, the spectra were calculat@xh the basis of the ap-
the critical valueE;, which corresponds to the condition for proach described in Ref) 3ncluding the spatial dispersion
the complete ionization of excitons, a significant deviationeffects and the inhomogeneous distribution of the electric
from the quadratic displacement law, including reversal offield in the Schottky barrier, in which the Stark shifiw,
the sign of the shift and strong broadening of the excitorand the Stark broadeningl’ of the exciton state depend on
state, should be expectéth analogy to the behavior of a the distanceZ to the surface. The local values afw, and

hydrogenic atom in a strong electric fiéld AT as functions of the reduced electric fidddE, were cal-
In the present work we studied experimentally the opti-culated on the basis of table data.
cal reflectance spectr@ig. 1) of CdS crystals with a thin Correspondence between the experimental and calcu-

semitransparent gold coating, under which a Schottky barridlated values of the “ionizing” voltages is achieved, if it is
was formed, in the region of th&- and B-exciton reso- assumed that the concentration of excess ionized donors

R
0.50 T
0.45 —
FIG. 1. Reflectance spectra of a CdS crystal
0.40 — (T=80K) in the region of theA- and
. B-exciton resonances for the constant com-
ponents of the voltage on the Schottky bar-
_ rier U=0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
and 0.8 V(curves1-9, respectively and a
modulating component equal to 0.05 V.
0.35 —
0.30
I ' | ' | ' | '
2.53 254 2.55 2.56
ho.eV
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ho ,meV Al ,meV for the purpose of determining the resonance parameters.
2544 — 110 In Fig. 2 curve6 depicts the Stark shift of the resonant
frequencyw, of the A -4 exciton in CdS, which was ob-
tained from an analysis of experimental reflectance spectra
using the Aspnes procedure. The corresponding total broad-
eningI” (which was also determined within this proceduse
depicted by curv®. Solid curve® and5 are the results of an
Aspnes treatment of the theoretical reflectance spectra calcu-
lated for different values of the voltagé on the barrier. The
curves depicted in Fig. 2 are compared with the calculations
of the Stark shiffcurve4) and the total broadeningurvel)
in the region of an almost uniform fielE at the point
Z=W, (on the boundary between weak and strong compen-
sation of the donor impuriby
The Stark shifts of the exciton resonance determined by
2538 —| the three methodgcurves4, 5, and6) agree well with one
another, confirming the correctness of the proposed theoret-
ical model. The experimental data which we obtained clearly
point out the anomalous character of the Stark effect on the
0.0 0.4 0.8 1.2 exciton state, i.e., the significant deviation of the shift of the
uy exciton resonance in a strong electric field from the quadratic
FIG. 2. Exciton resonant frequenpgurves4 and5 and rhombuse&)] and law Wlt,h respect tC? the.fleld’ in good agreement Wlth the
total broadeningicurvesl and2 and triangle€3)] as functions of the applied  theoretical conclusions in Ref. 2 regarding the behavior of
barrier voltageU for the A,,_; state in CdS. hydrogenic states in electric fields.
As for the dependence of the broadeniign the ap-
plied voltageU, there is an appreciable difference between
AN=Np— N, is significantly smaller near the surface than the values of" in the region of a uniform fieldcurve1) and
in the remaining volume of the crystal. The sharp decrease ifhe values obtained as a result of the treatment of the spectra
AN near the surface is apparently caused by the implantatiofccording to Aspne&urves2 and3). In fact, the value of’
of compensating acceptors in the near-surface layer of theeasured according to the method in Ref. 5 in a case where
crystal during deposition of the gold film. it depends strongly oi is only an effective parameter and,
The simplest model which reflects the fundamental asfor the most part, is determined by the portions of the spec-
pect of the situation just described corresponds to a steppdtim on the wings of the reflectance contours, where the
representation of the coordinate dependencé Kfwith a  absorption of light is small and the region of the crystal
smaller value in a near-surface layer of a certain thicknes€>W; with relatively small values of (Z) makes a signifi-
W; than in the remaining volume of the crystal. We per-cant contribution to shaping the reflected wave.
formed theoretical calculations of the reflectance spectra
within such a model with variation of the paramet&/s and
AN. The best correspondence between the theoretical sp
tra and the experimental data was attained foX=4
X 10 cm™3in the regionZ<W; andAN=4x 10" cm 3in
the regionZ>W, (W;=110 nm, theZ axis is directed into o _ )
the Sample, and the=0 plane corresponds to the Au-fim/ 'f & Aeney 40425 osesuen, Sctene 1 semcorier alors
crystal interfacg sterdam(1982, pp. 319-348; Nauka, Mosco@ 989, p. 193.
Thus, the thicknesg#/; of the near-surface regidwhere 2R. J. Damburg and V. V. Kolosov, J. Phys.983358(1976.
there is a practically uniform electric field because of the 3(A1-92)/é Selkin, Vestn. S. Peterb. Univ., Ser. 4: Fiz. Khirt2(11)), 87
sz_i” values OfAN) t”me‘_j out to be Of_the orde_r of _the_ 4V, A, kiselev, B. V. Novikov, and A. E. Cherednichenkixciton Spec-
exciton mean free path, i.e., the experimental situation is troscopy of the Near-Surface Region of SemicondugtorRussia, Izd.
close to the case of the behavior of excitons in a uniform LGU, Leningrad(1987.
electric field, including the preionization decay limit. This °D- E- Aspnes, irHandbook on SemiconductofB. S. Moss(Ed), North-
permits utilization of the standard Aspnes procedundich Holland, New York(1980, Vol. 2, p. 109.
is usually employed in the treatment of reflectance spectraranslated by P. Shelnitz
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Structure of the free exciton luminescence band of heteroepitaxial ZnSe/GaAs layers

Yu. P. Rakovich, A. L. Gurskil, A. S. Smal’', A. A. Gladyshchuk, Kh. Khamadi,
G. P. Yablonskil, and M. Kholken

Brest Polytechnical Institute, 224000 Brest, Belarus
Fiz. Tverd. Tela(St. Petersbung0, 881-883(May 1998

The exciton reflectance and photoluminescence spectra of epitaxial ZnSe/GaAs layers with a
thickness of 2—4um are investigated in the temperature range 10-120 K. It is shown that one of
the causes of the formation of the doublet structure ofAhe; photoluminescence band is
interference of the exciton radiation at the boundaries of the near-surface dead lay£8980©
American Institute of Physic§S1063-783@8)03405-4

The fine structure in the free-exciton photoluminescenceeflectance spectra with a calculation based on the dead-layer
(PL) spectra of ZnSe/GaAs is observed even when the thickmodel” These features of the formation of the fine structure
nessh of the ZnSe layer exceeds the critical value for thein the PL spectra with maintenance of the shape of the exci-
relaxation of elastic stressed,, =1 um.! In samples with ton reflectance spectrum cannot be attributed to the influence
h<d,, the loads caused by the lattice mismatch between thef thermoelastic stresses or polariton effects, since the fine
layer and the substrate lead to splitting of the valence band aftructure is retained up to 150 K. A similar structure was
ZnSe and to the formation of a fine structure in both thepreviously observed in the PL spectra of II-VI single
exciton reflectance and PL spectr@ihe formation of a fine  crystals?~*®which were calculated using a model of the dif-
structure in the PL spectra of thick ZnSe layers has beefusion of excitons with consideration of the self-absorption
attributed to the influence of the stresses arising when thef their luminescence®?° However, agreement with ex-
samples are cooled from the growth temperature due to thgeriment was achieved only for extremely large values of the
difference between the coefficients of thermal expansion ofiiffusion lengthL (several micromd. Our calculations of
ZnSe and GaAsor polariton effectd:® However, these opin- the PL spectra of ZnSe/GaAs using this mé8igave L
ions do not provide an explanation for the temperature be~8—10um, which exceeds the thickness of the ZnSe layer
havior of the spectral positions of the fine-structure compo{(4 um).
nents, their anomalously small width, and the absence of a More reliable results were obtained when the interfer-
fine structure in the exciton reflectance spectra. ence of the free-exciton radiation at the boundaries of the

In the present work we investigated the temperaturéear-surface dead layer is taken into account. In this model
variation of the exciton reflectance and PL contours of epithe reflectance of an exciton impinging on the surface of the

taxial ZnSe/GaAs layers with a thicknelss-1 um to eluci-  |ayer from inside was calculated by a method similar to the

date the mechanism of the formation of the fine structure inmethod in Ref. 7 and was then used to calculate the

the PL spectra. PL spectrumt®2! Figure 2 presents the results of a calcula-
tion of the spectrum measured®&t 45 K with the diffusion

1. EXPERIMENTAL TECHNIQUES AND SAMPLES coefficient D=0.03 cnf/s and the exciton lifetime

7=150-200 ps, which gived=0.67-0.77um for the
diffusion length and is in good agreement with the results of
other investigators for ZnSe/GaAs=100-150 ps. How-
ever, the thickness of the dead layky significantly exceeds
the value obtained from the corresponding exciton reflec-
tance spectrund.4=29 and 7 nm, respectively.

Sinced.s depends on the electric field at the surfate,
the most probable reason for such a disparity might be the
increase in the surface charge under the action of laser radia-

The PL spectra recorded at=10 K display a pro- tion when PL is excited, for example, by the trapping of
nounced line at 2.799-2.800 eV with a full width at half- photogenerated charge carriers in surface centers or the ad-
maximum~ 3 meV (Fig. 1). As the temperature is increased, sorption of oxygert® To test this hypothesis, we measured
a doublet structure appears on its short-wavelength wing, aneixciton reflectance spectra at=80 K with laser illumina-
the spectral distance between its components increaséisn of the sample surface. It was found that dramatic trans-
slightly. At the same time, the corresponding reflectancdormation of the exciton reflectance spectrimthe point of
spectra do not exhibit any fine structure. At all temperaturegomplete inversion of the contgurs observed under the
the spectral position of the dip in the PL spectrum corre-effect of illumination. It is due to alteration of the dead layer
sponds exactly to the exciton resonance energy determindd.s=47 nm with illumination andd.+=4 nm in the dark
from a comparison of the experimentally measured excitorand disappears after the laser is switched off. The value of

Samples of ZnSe with a resistivity of 8- 10 -cm
were grown by metalorganic vapor phase epitdDVPE)
on GaA$110 substrates at 330—480 “CThe PL was ex-
cited by a He—Cd lasgi\ ¢,= 325.0 nm, and the excitation
intensity | o,c~0.02—10 W/crf). The spectral resolution of
the recording instrument was no less than 0.3 meV.

2. DISCUSSION

1063-7834/98/40(5)/2/$15.00 812 © 1998 American Institute of Physics
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des permits an approximate estimation of the surface field
and the corresponding density of charged state$’ When
PL is excited by an He—Cd laser wilh,=0.1 cnf/W at
T=80 K and the exciton field-ionization thresholH,,
Fs~F¢

~50 kV/cm 232
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Excitons in ZnP , crystals in the electric field of a Schottky barrier
S. O. Romanovskil, A. V. Sel’kin, I. G. Stamov, and N. A. Feoktistov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tverd. Tela(St. Petersbung40, 884—886(May 1998

A study is made of the effect of electric fields on the exciton state8-@hP; crystals

(T=77 K) in structures with Schottky barriers formed by depositing semitransparent electrically-
conducting InSn@films on the crystal surface. The observed changes in the exciton optical
reflection spectra when an electrical potential is applied to a barrier are explained by the shift and
broadening of the exciton level caused by the Stark effect. The experimental data are

compared with calculations based on a theory of exciton optical reflection from planar spatially
nonuniform structures. €998 American Institute of Physids$$1063-783%8)03505-9

With a number of unique physical properties and greatturve 2) and spectra taken with supplementary laser illumi-
importance for numerous practical applications, semiconnation forU=—250 V (HeNe laser, 0.1 W/cf wavelength
ducting structures with Schottky barrié@re also extremely \=632.8 nm in curve3; Ar* laser, 5 W/cri, wavelength
interesting objects for studying the effect of electric fields on\ =488 nm in curves).
the exciton states in crystalsThe feasibility of controlling In order to clarify the mechanism for the formation of
the electric field strength in barrier structures over a widethe experimental spectra, we analyzed them theoretically in
range and creating high fields makes it possible to study iterms of a modélof exciton reflection of light from a planar,
detail the behavior of excitons under the influence of electricspatially nonuniform medium, using dafon the Stark shift
fields up to their complete dissociation, when the fieldand broadening of a hydrogen-like state in an electric field.
strength reaches a criticéibnization level3~° The basic parameters of the exciton resonance were obtained

In this paper, the objects of study were structures withby analyzing the experimental data of curten Fig. 1a,
Schottky barriers obtained by depositing essentially transpamwhich corresponds to the case of no electric fiGhl the
ent, electrically conducting films of InSpQITO) on the sense of its acting on an excifon
surface off3-ZnP, crystals. ITO films were deposited on op- The parameter§n the notation of Ref. yare as follows:
posite plane-parallel faces of single crystal slabs of ZnP exciton resonance frequenay=1.5542 eV, damping con-
parallel to the opticaC, axis of the crystala dipole active stant I'y=4.5 meV, polarizability 8,=6.2x10"3, back-
transition into the lowesth=1 exciton state is allowé&dn ground dielectric permittivit,=11.9, translational exciton
light polarized withE|IC,), and served as contacts to which massM =3.0my (m, is the free electron magsand thick-
an external electrical potentil was applied. Exciton spec- ness of the intrinsit“dead” layer | 5, =2.6 nm. In calculat-
tra of mirror-reflected light from one of the faces of the ing the spectra, we also included the effect of the ITO film.
sample that had been coated with ITO were measured asl& dielectric constant|;o=3.5+0.7i was measured inde-
function of the voltageU (for the EIC, polarization in a pendently using an ellipsometer and the thicknégg
near-normal incidence geomelry =8.5 nm was obtained as a fit parameter. The spectrum 1 in

Figure 1a shows reflection spectra for an ITO/ZnP Fig. 1b was calculated using these values of the parameters
sample T=77 K) in the vicinity of then=1 exciton state and is in good agreement with the experimental curve 1 in
for voltagesU=<0, corresponding to a reverse bias on theFig. la.
barrier located on the side at which the spectra were taken. In order to describe the influence of an electric field, in
As |U| was increasetturvesi-12), a significant shift of the the calculations we used the knowinding energy of the
exciton reflected-light profile to longer wavelengths was ob-exciton in ZnB (Ry=46.4 meV) and static dielectric permit-
served, accompanied by a gradual flattening of the profiletivity (e4=11.5). Here the criticalto ionize an excitop
For U=~ —260 V (curve12), the spectral structure associated field E, is 3.4x 10 V/cm. The choice of excess shallow do-
with the exciton contribution has essentially vanished. Herenor concentratio— N, took into account the the fact that
at the highest voltagedJ|, the spectrum acquires an antid- in the experiment the exciton spectra become sensitive to an
ispersion form, i.e., the main minimum in the reflection co-applied voltage only at fairly high values ¢f|.
efficient lies on the long-wavelength side and the maximum, Figure 1b shows reflection specfi@urves1-12) calcu-
on the short-wavelength side. lated withNp—N,=0.1x 10'° cm™2 for different values of

The shape of the reflection spectrum with reverse bias ithe electric field at the sample surfa¢k this case the sur-
strongly affected by supplementary illumination of the re-face electric field remains essentially uniform over a distance
flecting surface of the sample with light in the intrinsic ab- of the order of the exciton mean free pdth.) A compari-
sorption spectral region. Figure 2 shows a comparison ofon of curvesl-12 with the corresponding experimental
reflection spectra of the test sample obtained without addieurves shows that, in their main featur@spectral shift and
tional illumination U=0 in curvel and U=—-250V in  broadening the theoretical spectra correctly reproduce the

1063-7834/98/40(5)/2/$15.00 814 © 1998 American Institute of Physics
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FIG. 1. Exciton optical reflection spectra of IT®ZnP, structures T on th_e order of the dlffu3|0n.length3 (ID>|9><) for the
=77 K) as a function of the reverse bias voltade(a experiment;U in photoinduced free charge carriers.
Volts) and of the strengtlEs of the surface electric fieldb( theory; E in In conclusion, we note that the results presented in this
relative unitsf;=E/E,, whereE, is the ionization fielgt (2) U=0 (1), 70 il ;
(2), 110(3), 160(4), 180(5), 190(6), 200(7), 210(8), 220(9), 230 (10), pap_erlopﬁn up new prOSpeCtSf for thg. feas}:'b”'ty ?f exciton
240(11), 260(12); (b) fs=0 (1), 0.12(2), 0.17(3), 0.20(4), 0.23(5), 0.26 optha reflection spectroscopy for studies of actual semicon-
(6), 0.29(7), 0.33(8), 0.37(9), 0.40(10), 0.44(11), 0.47(12). ducting structures.
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X-ray diffractometry and low-temperature exciton spectroscopy are used to study heteroepitaxial
CdSe/CdS layers grown at temperatures of 350—485 °C by MOCVD. The high-temperature
samples are found to display the exciton and x-ray diffraction spectra characteristic of hexagonal
Wourtzite (W) structures, while the low-temperature samples display the features characteristic

of the cubic structure of sphaleri(ZB). A number of the samples have x-ray spectra characteristic
of structures with stacking faul{$SP, which represent a separate crystalline phase in the
structures studied here. It is found that the individual crystalline phases are spatially separated.
© 1998 American Institute of Physids$1063-783#8)03605-3

The prospects for using CdSe in optoelectronics aréEXPERIMENTAL RESULTS
closely related to its capacity for sphalerite—wurtzite
(ZB—W) type polymorphic transformations, which creates  Diffraction patterns were recorded for all the test
interest in additional structural and optical studies. Here wesamples at anglesfanging from 0.6° to 160° in order to
present results from a study of the diffraction-line profilesobserve and study x-ray diffraction line profiles in all the
obtained from(0001) planes of epitaxial layers of CdSe four possible orders of diffraction peaks froi®002 in the
grown on single-crystal CdS substrates with the same orierhexagonal phase and, correspondindlyll) in the cubic
tation at temperatures of 350-500 °@he temperature of phase.
the sphalerite-wurtzite phase transition for CdSe is 400— An analysis of the diffraction line profiles reveals the
425°C) A simultaneous study was made of the low- following features:
temperature photoluminescence and exciton reflection from 1. A majority of the profiles are generated by crystallites
these structures. consisting of thin interlayers with hexagonal and cubic struc-
This work was performed using equipment at thetures. The x-ray spectrum of one of the samples made it
St. Petersburg Joint Research Cent€sKP). The x-ray possible to determine the angular position of the profiles of
structure was studied using CuBKemission on a Rigaku the pure cubic and pure hexagonal phases. The inset to Fig. 1
D/max diffractometer. The calculated depth of analysis in theshows its resolution into constituent components.
CdSe layer was of the order of Jdm for normal incidence 2. Profiles from different parts of the sample surfaces
of the x rays and was proportional to girfor other grazing have quite different width, shape, and position, which indi-
angles 6. The test samples had different, relatively smallcates that these parts vary in their volume ratios of cubic and
thicknesses of the CdSe laydrom 1 to 5um), so it was hexagonal interlayers and in the thicknesses of these inter-
also possible to detect x-ray diffraction lines from the CdSlayers(Fig. 2).
substrate at the same time. This made it possible to improve 3. It is clear that, in samples fabricated at a higher tem-
the accuracy in determining the angular position of the properature, the profiles lie to the left, on average, i.e., closer to
files from the CdSe layer by using the x-ray diffraction by the position of the peak from a pure hexagonal structure
CdS as reference marks. Part of these profiles are shown {arrowA in Fig. 1), which indicates that the fraction of hex-
Fig. 1. agonal interlayers is higher in them. This is in good agree-
The photoluminescence and reflection spectra were meanent with data from optical studies.
sured in a cryostat in a flow of gaseous helium at tempera- 4. A quadratic rise is observed in the physical broaden-
tures of 5—100 K. The photoluminescence was excited by aing of the profiles from the CdSe, multiplied by c@3, as a
He—Ne laser with an output wavelength of 632.8 nm. Thefunction of the parameter sifi\, as opposed to the linear
reflection spectra were measured at angles close to normalependence of these same parameters for profiles from the
The spectra were detected using a DFS-12 monochromat@dS substrate. This could be explained by a linear decrease
with a cooled photomultiplier operating in the photon count-in the local density of dislocations in the CdSe layer with
ing mode. increasing distance from the substrate interface. The forma-

1063-7834/98/40(5)/3/$15.00 816 © 1998 American Institute of Physics



Phys. Solid State 40 (5), May 1998 Fedorov et al. 817

Intensity arb. units
Intensity arb. units

Rt T, S

ZEITSroc sz

231 232

.......... | P |

1 i
FIG. 1. Profiles of the reflections from tti@001) plane in CuK 8 radiation 1.65 1.70 1.75 1.80
for samples with different temperatures of CdSe layer formatioo low- Energy
temperature and two high-temperature sampk5 °C(dot-dashed curye
450 °C (dashedi 375 °C (smooth), and 350 °C(dotted. The inset in the IG. 3. Exciton reflection(Ref) and photoluminescencé’L) spectra at

upper right sh_0\_/vs an expansion of the profile for a sggment of the 375 =5 K of CdSe/CdS samples grown at temperatures of @6fted curve
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cubic structures and containing stacking faults,(BF

1.85

range ordering, which is defined and stabilized by the sub-
strate, is retained.

tion of dislocations is explained by a 4% mismatch in the ™ | dies b .
internuclear distances in CdSe and CdS. ese same samples were studies by exciton spectros-

5. In some samples, a rapid drop in the intensity of theSoPY.- Figure 3 shows photoluminescence and reflection
diffraction lines is observed as the diffraction order in- SPECtra of samples grown at substrate temperatures

creases. This effect is analogous to a rise in the temperatup—ﬁ= 35ho °C|I andT=485 °C. In the shfor:lwaveler;gth part of
of the sample during the scan. It can be explained by a rel’€ photoluminescence spectrum of the sample grown at a

duction in the short-range ordering owing to statistically dis-hlgh temperature, several narrow lines can be seen, as well as

ordered displacements of the atoms from their equilibriuma narrow line in the reflection spectrum, which are charac-

positions in the ideal lattice when a large number of stackini;mStIC of the exciton spectrum of samples with a hexagonal

faults, interlayers, and dislocations are present, but the lon vurizite structuré.The_ short_es_t wavelengt_h line in the Ium|-
escence spectrum lies within the confines of the exciton

reflection profile and can be attributed tbo—1';), 1.826

eV emission from am=1 free exciton. The narrow lines to
the left of the free-exciton line can be attributed to emission
from bound excitonsl,; —1.8160 eV and,—1.8225 e\ Al

the samples also have broad lines, shifted by 70-100 meV
from the edge of the exciton band, which most likely origi-
nate in impuritiesdefects.

In the samples grown at low temperatures, the sphalerite
(ZB—CdSe structure is stabilized. In the exciton reflection
spectrum, a line can be seen that is shifted relative to the
n=1 line of the spectrum of a film with hexagonal structure
by 80 meV to longer wavelengths. This line can be attributed
to then=1 ground stateI{g—I's).2 An intense free-exciton
line and its phonon repetitions can be seen in the photolumi-
nescence spectrum.

The luminescence spectrum of the samples grown at a
temperature near 375 °C consists of lines of similar intensi-
ties belonging to different exciton states.

Intensity arb. units

A A i " A
227 229 231 In some samples grown at intermediate temperatures, it
was not possible to observe an exciton reflection spectrum,
20, deg - - -
while the photoluminescence spectrum contained a broad

FIG. 2. Profiles 00002 reflections of the 375 °C sample in Ky radia- line WiFh a pegk in Fhe v!cinity of 1.77 eV, which appears to
tion for three different segments of the surface. be mainly of impurity origin.



818 Phys. Solid State 40 (5), May 1998 Fedorov et al.

In sum, x-ray and optical studies of samples grown atan exciton, so there is no energy transport between these
T=350 °C and 485 °C show that they contain cubic andphases.
hexagonal phases, respectively. The substrate temperature is These x-ray studies have shown that the decrease in the
the parameter which determines the predominant phase incal density of dislocations in the CdSe with distance from
the grown layer. Essentially all the samples contain stackinghe substrate interface is linear.
faults, as indicated by the presence of the x-ray diffracBon
line.

The simultaneous observation of resonance lumines+E. F. Gross, B. S. Razbirin, V. P. Fedorov, and Yu. P. Naumov, Phys.
cence of different exciton states with comparable intensity,Status Solidis0, 485(1968.
indicates that the different phases are spatially separated> Ninomiya and S. Adachi, J. Appl. Phygs, 4681(1995.

with a grain size exceeding the diffusion mean free path offranslated by D. H. McNeill
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Intrinsic luminescence of amorphous and disordered crystalline systems
A. A. Klochikhin

B. P. Konstantinov Institute of Nuclear Physics, Russian Academy of Sciences, 188350 Gatchina, Leningrad
Region, Russia

Fiz. Tverd. Tela(St. Petersbung40, 890—891(May 1998

A unified method is developed for describing the steady-state luminescence of exciton fluctuation
states for weak excitation in different disordered systems. The phononless luminescence

band is found to be formed by “radiative” states of the fluctuation tail in the density of states,

i.e., by states for which nonradiative states are either nonexistent or have a low probability.

The shape of the emission spectra calculated including the phonon interaction is in good agreement
with experimental luminescence spectraco6i:H and of solid solutions of Znge ) Te,

and Cdg,_Se.. © 1998 American Institute of Physid$51063-78348)03705-9

The intrinsic luminescence of many disordered systems ~ 4) Accounting for the interaction of fluctuation states
and, in particular, I1-VI solid solutiorfs* is caused by the with phonons. The steady-state concentration of populated
recombination of excitons localized in the wells of the po-states in the presence of continuous weak interband excita-
tential relief. A theoretical description of this process in-tion is proportional to the density of states for a given energy
cludes the following: and their lifetime. The emission probability for the populated

1) Calculating the density of fluctuation states in the vi- states is described by the same optical density as the phonon-
cinity of the localization energie®m= w,. (The energy is less absorption coefficient’(w), so that the phononless lu-
taken relative to the bottom of the virtual crystal band andminescence band can be written in the form
increases with depth in the band gag, is an upper bound
on the energies where the tail states, in the zeroth approxi-
mation, can be regarded as localized and isolated from on 105
another. The integrated density of statd{wg), i.e., the
total number of states with a localization energy exceeding
wg, obeys the inequalitiN(wy)a<1, wherea is the radius 4
corresponding to the wave function with a localization en- 10
ergy of the order ofvy. In calculating the number of states it
is assumed that the localized exciton states arise in fluctua 3
tions (clusters with the character of singly connected poten-
tial wells. T

2) Determining the form of the phononless exciton ab- g 2
sorption band on the basis of data on the density of states. | - 10
the case of amorphous silicon, it was assumed that the shay _~
of the absorption edge is determined by the density of state
in the tail of the valence bands.

3) Finding the form of the phononless luminescence
band under conditions such that optical recombination is lim-
ited by the lifetime of an exciton relative to radiationless 1
transitions to lower-lying tail states. It is assumed that, for
any localized state with energy,=w,, we can specify a af
sphere of radiusR;,;, such that, if within the volume 10 & 18 59
47R3 /3 of the sphere there is at least one other potential 1.0 L4 ’ )
well containing a state with localization energy,= w1, Photon energy, eV
then these wells form a complefsupercluster between
whose states a transition involving phonons can take pIac@.'G- 1.A compa_rison of experimental optical_ spettrith the results of the
The distribution of tail states of interest to us, as they belongﬁresent calculationg(1) The calculate?i c_!ensny o_f states of the v_alence

. . Pands, taken here as an amorphous optical density of stateise profile of
to superclusters, is generated using the theory of percolatiofie band of “radiative” states found using E€l); (3) the shape of the
along overlapping spheres. This approach makes it possibleminescence band, where the squares are calculated values and the smooth
to establish the location of the phononless Iuminescenc@“’"e is the experimental spectrum in relative units; #4dthe shape of the
. . . undamental absorption band, where the thick dashed curve is the experi-
bands relative to the peak in the phononless exciton absorpsental absorption spectrutieft scalé and the thin line with hollow circles
tion band and the threshold for percolation in the system. is calculated, including the phonon interaction.

T,

padl s g

-3

10
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FIG. 2. The luminescence spectrum of Zpgfe, 5 (circles; (1) the . B .
phononless band of the optical density of the exciton ground ditéhe E:E; The luminescence spectrum of GgsSe,so (squares (1-5) As in

relative fraction of “radiating” statesP(w); (3) the phononless lumines-

cence band‘radiating” states; (4) the absorption band of the exciton . . . .
ground state including the interaction with acoustic and optical phoribns; Figure 1 shows theoretical and eXpe“melmammeS'

the calculated profile of the luminescence baf@k12) the profile of the ~— cence spectra ab Si:H. The density of states of the valence
luminescence band including the interaction with acoustic phonons and itpands was calculated using parameters obtained previ%usly.
repetitions at the frequency of the longitudinal optical phonon. The vertical—l—he interaction with phonons was described using an Ein-
line denotes the position of the percolation threshold. . .
stein model with the phonon energy taken to be 18 meV.
Figures 2 and 3 show luminescence spectra of
ZnSe gsTey 15 and CdQ 505 50 solid solutions. In order to
1% @)~ a®(@)P(w) Trag, (1) attain agreement with the experimental data, we have in-

N < th Il relative fracti  emitti cluded the interactions of excitons with both optical and
whereP () is the overall relative fraction of emitting states . J \tic phonon.

with localization energy» belonging to superclusters of dif- A comparison of the experimental and theoretical data
fergn;[q SIZ€S. 'I;jhe contnkf)u::on B(w) frobm isolated wells  g,0ys that the proposed approach is justified for a broad
and the ground states of the pairs can be written as range of disordered systems.

Plw)~[exg=2P(w)}+Pl)exy ~3.073(w)], This work was supported by the INTAS foundation

- _ (Grant 94-324 and the Russian Fund for Fundamental Re-
where P(w)=(1/2)[Rin/r(0)]*> and r(w)=(N""@)3/  search(Grants 96-02-16933and 97-02-18138
47)3. HereN(w) is the integrated density of states, while
P(w) represents the density of localized excitons in units ofig- Qérif]f:e;} Cﬁ/d;hgfk’i%;?él((lg?)i_umw 201(1992
the first virial coefficient. In the_calculatl(_)ns we used the . Cohengand M. Stur'ge’ Phys.yF’ee\'/za 382’8(1983_ )
value P(wye) =1.40 for the density of exciton states at the 4a A Kiochikhin, S. A. Permogorov, and A. N. ReznitskFiz. Tverd.
percolation thresholdoye.® In all cases, isolated potential ~ Tela39, 1170(1997 [Phys. Solid Stat@9, 1035(1997)].
wells and minimally sized superclusters provide the major;S: W. Haan and R. Zwanzig, J. Phys. A: Math. G#@. 1547(1977).
contributions, while the higher-order terms only provide * A Klochikhin, Phys. Rev. B3, 10976(1995.

small corrections. Translated by D. H. McNeill
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T. Breitkopf, R. Westphaling, and C. Klingshirn
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Fiz. Tverd. Tela(St. Petersbung40, 892—893(May 1999

It is shown that, with strong pulsed excitation, the intensity of the exciton recombination band in
the fluctuation tail of the density of states in the limit of large times in the presence of

traps is described by the asymptote of a solution to the diffusion equation. The critical diffusion
index corresponds to a “normal” process in the CdS—Se solid solution and to “anomalous”
diffusion in the case of ZnSe—-Te. @998 American Institute of Physics.
[S1063-78348)03805-2

Under weak excitation, the intrinsic luminescence of e C4|2d+2 2+ 2)
solid solutions is produced by “radiating” states in the tail ~ Popr=€Xp) —(1+2/d)y4 - Nir
of the density of states which have been formed by the lo-

calization of excitons at fluctuation isolated clusters of atoms dide2
; _ x(Dt)¥d+2)4 2
of the narrow-gap component or of the ground states of com
plexes (superclustepsconsisting of small numbers of such
clusters’? whereN;, is the average concentration of traps in the crystal

For excitation powers sufficiently high so that the exci-and C4 is a dimensionless constant which dependsdon
tons, owing to an interband pumping pulse, are able to filEquation(2) implies, that for normal diffusion, the logarithm

both the relatively few isolated localized states and the stategf the intensity of the luminescence band depends linearly on
belong to large superclusters and the percolation cluster, ex fractional power of,

citations appear in the crystal that are capable of limited or

free propagation through the volume. We shall be interested  |n(1(t))~t(@(@+2), 3)

in times At> 74.., Where 74 is the time for an exciton to

jump into a neighboring well. Under these conditions, a mo-f the “optimal” dimensions R, of the diffusion region

bile exciton may undergo many jumps over its lifetime. As awhich make the major contribution to the band intensity are

consequence, we can assume t@tafter a certain time comparable to the correlation lengthof the percolation

following the excitation pulse, a quasiequilibrium distribu- cluster Ropr= £),” then the diffusion becomes anomalous. In

tion develops among the excitons, (il the time evolution  this case, the dimensionalityin Eq. (3) has to be replaced

will be determined by the diffusion of excitons to traps, soby a “hyperuniversal” fractal dimensionaliy? i.e., by the

that under these conditions we can use the well-known asspectral dimensionalitds of the percolation cluster:

ymptote of the solution to the diffusion equation in the limit

of large times™’ In(1(t))~t(ds/(ds2) 4
The asymptote of the solution of the “normal” diffusion

equations for the probability of survival of an exciton in a In Eq. (4), d;=2d;/d,,, whered; is the fractal dimension-

spherical volume of radiuR, free from traps, over timehas  ality (for a three dimensional spat®d;=~2.51) andd,, is

the forn? the index of the fractal dimensionality of the random walk
Dt (d,,~3.8 ford=3). As can be seen from E¢4), the diffu-
p(R,t)NeXp( — 4 ?] (1)  sionis substantia{ly slower than “normal.”. o
The process is slowed down further if diffusion takes

wherey4 is a constant that depends on the dimensionality Place partly over superclusters of finite size. In this caise,
of the space an® is the exciton diffusion coefficient. Av- should be replaced by the exponend;2d, in Eg. (3),’
eraging the probability of survival of mobile excitons over Where

all possible sizesR of the region using an optimization

procedure yields a dependence of the form dy,=dy/(1-B/2v), 5

1063-7834/98/40(5)/2/$15.00 821 © 1998 American Institute of Physics
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FIG. 2. As in Fig. 1 for a sample of ZnggTe,y; over 10-160 ns for
1excitation fluxes of 1000, 300, 100, 30, 10, angBcn? (points on curves
a—f ). For the smooth curves the exponentstaare 0.35, 0.34, 0.34, 0.33,
0.31, and 0.30, respectively.

FIG. 1. The damping kinetics of the integrated luminescence intensity o
CdS, 9558 o7 0ver times of 3—16 ns fof =8 K and excitation fluxes of 600,
200, 60, 6, and ZJ/cnt (points on curves—e). The smooth curves are the
function I (t)cexp(—t¥), with exponentsy equal to 0.57, 0.61, 0.61, 0.59,
and 0.56, respectively. the percolation cluster becomes significant for diffusion,

Rope=¢, Will be satisfied sooner for a crystal with a large
number of traps. A systematic study of the relationship be-

while 8 and v are the critical indices of the ordering param- ftween the damping rate and the luminescence quantum yield
eter and the correlation lengtf;for d=3, we haved;  is the aim of our next experiments.

~5.01/ . .
. . . N . This work was assisted by the Deutsche Forschungsge-
N Wi ha?/ne énc;/ses'[égate: dtr;gam_? N9 ITilgetlcls t?)fnthef I:Jrr?il_ einschaft(section SFB 19band supported by the INTAS
escence —>ca €- 1€ Solid solutions for Mgy, ., 4ation(Grant 94-324 and the Russian Fund for Funda-

intensities of interband excitation by subnanosecond pulseg, ., ResearctGrants 96-02-16933 and 97-02-18138
The experimental conditions have been described

elsewheré!
Figure 1 shows plots of the integrated intensity of the LA. A. Klochikhin, S. A. Permogorov, and A. N. ReznitskIETP Lett.65,
luminescence band of CdS—Se as a function of tirtg, for 289 (1997.

different pumping levels. It is clear from the figure that, in all ?A. A. Klochikhin, S. A. Permogorov, and A. N. ReznitskFiz. Tverd.

[ h nden f the for with an Tela39, 1170(1997 [Phys. Solid Stat@9, 1035(1997)].
cases,|(t) has a dependence of the for@), with a 3B. Ya. Balagurov and V. G. Vaks, Zh kBp. Teor. Fiz65, 1939(1973

asymptotic index close to that for normal diffusion, i.e., [Sov. Phys. JETRS, 968 (1973,
Il (t))oet 06, “N. D. Donsker and S. R. Varadhan, Commun. Pure Appl. Ma#h721
Figure 2 shows similar curves for the spectrum of the5(1979- (1982
_ ; ; iotineti ; P. Grassberger and |. Procaccia, J. Chem. PTs6281(1982.
ZnSe-Te solid s_o_lut|0_n. In _d|st|nct|on from the Previous o\ Vkov and E. Kotomin, Rep. Prog. Physd, 1479(1988,
case, here the critical index is roughly equal to 0.33, Wh'Ch7S. Havlin and A. BundePercolation Il in Fractals and Disordered Sys-

agrees well with the valud;/(d;+d;), as implied by Eg. tems A. Bunde and S. Havlin, Eds., Springer, Ber{it891), p. 97.
(3) afterd is replaced by ﬂf/d\:v- 83. Alexander and R. Orbach, J. Physique L48.1625 (1982.

9
The most probable reason for the different asymptotic (Tl'gggkayama' K. Yakubo, and R. Orbach, Rev. Mod. PI6&. 381

behavior of the diffusion is the different amount of traps ina gunde and S. HavlinPercolation | in Fractals and Disordered Sys-
these two solid solutions. A direct measurement of the lumi- tems A. Bunde and S. Havlin, Eds., Springer, Berl992), p. 51.
nescence quantum yield at weak excitation levels for theseT: Breitkopf, H. Kalt, C. L. Klingshim, and A. Reznitsky, J. Opt. Soc.
samples gives roughly 0.7 for CdS—Se and 0.03 for ZnSe— Am. B 13, 1251(1996.

Te. Thus, the condition under which the fractal structure offranslated by D. H. McNeill
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Anisotropy of cubic semimagnetic Cd ;_,Mn,Te solid solutions and excitonic magnetic
polaron energy from polarized-luminescence measurements
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Polarized photoluminescence of £LgMn,Te crystals in a weak magnetic field has been studied
in Faraday and Voigt geometries. A simple method is proposed to determine the exciton
mobility edge and excitonic magnetic-polaron energy. “Forbidden” polarization components of
the recombination radiation have been experimentally detected. It has been established

that the moments of magnetic polarons are oriented predominantly alofflteaxes. ©1998
American Institute of Physic§S1063-783%8)03905-7

1. Figure 1 presents a typical photoluminescence spealeavage plane, namely, the angular dependence of polariza-
trum of an undoped CdMnTe solid solution. The spectrum igion py(¢) has two deep minimaH||{100}), two more shal-
dominated by the inhomogeneously broadened lirz,  low minima (H||{110}), and four maximdclose toH|{111}
which is due to exciton recombination from magnetic po-directions.
laron states localized at compositional fluctuatfonsiso The observed anisotropy should be related to the devia-
shown is the spectrum of the degree of luminescence circuldion of local magnetization from the direction of the external
polarization obtained in a weak longitudinal magnetic fieldmagnetic field. This deviation gives rise also to the appear-
(Faraday geometyLinear polarization spectra measured in @nce of linear polarization of radiation along detection axes
Voigt geometry have a similar shape. turned through 45° toward the field directiop,§). This

A characteristic feature of such spectra obtained fronfitérnating polarization whose appearance could not be ex-
CdMnTe solid solutions with different compositions is a plained without taking into account the anisotropy has been

strong increase of polarization at the short-wavelength edg@Pserved experimentally by Lﬁslee Fig. 2 st .
The narrow region within which the polarization increases is In Faraday geometry, we also observed manifestations o

located differently relative to the maximum of the lumines- cubic amsgtropy in_polarization. Among _them are the ap-
cence line, namely, in the=0.08 sample these features al- pearance, In the presence ofa mag_”e“c f|_eld, of_llnear pplar-
most coincide, and asincreases, the polarization rise region ization of the luminescence, which is forbidden in spherical
shifts toward the short-wavelength wing ofthe luminescence
spectrum. In the solid solutions studied by us, the distance
between the polarization rise threshold and the luminescence 60 Polaron energy Cd Mn, , Te
line maximum coincided with the magnetic polaron enetrgy. =2K
This correlation suggests that the polarization rise threshold
is just the exciton mobility edge, starting from which the
exciton relaxation in energy can occur only through mag-
netic polaron formatioR. This feature could probably pro-
vide the simplest possible way to determine the exciton mo-
bility edge and magnetic polaron energy in semimagnetic
solid solutions, because the corresponding experiment would
require neither time-resolved techniques nor excitation with
a tunable laser. 0
2. We are turning now to the experimental data on cubic — 1.1
anisotropy. Application of a transversee., parallel to the 6800 6840 6880 6920 6960
sample planemagnetic fieldH produces a signal of linearly Wavelength, A
polarized luminescence along detection axes one of which is
parallel to the ﬁe|(f_ As seen, however, from Fig. 2a, the FIG. 1. Spectra of luminescence and of the degree of circular polarization of

r f polarization can n ronalvy on maanetic field'e luminescence of €11)Cd, ggMng 1sTe sample placed in a weak mag-
degree of polarization can depend strongly o agnetic fie énhetic field (Faraday geometjy T=2 K, excitation by the 633-nm line of

orientation with respect to the crystallographic axes. ThQ—|e—Ne laser. The spectral features indicating the exciton mobility edge and
symmetry of the observed effect reflects that of {h&0 magnetic polaron energy are identified.

40|

20 -

Polarization, %

1063-7834/98/40(5)/3/$15.00 823 © 1998 American Institute of Physics
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approximation(Fig. 29, and of anomalies in the field depen- direction, while the polaron moment deviates from this di-

dences of the degree of circular polarizatipg (Fig. 2d. rection alternately to the closest easy axis, which generates

The degree of linear polarizatigs) is an even function of an alternating polarization signal. The appearancejoin

the field, and its peaks occur at the same fields as the anomgaraday geometry is connected with the actual selection of

lies in the circular polarization. the (011) crystal orientation, namely, the degenerate doublet
The magnitude of the anisotropy effects changesf easy directions closest to the field emits light polarized

strongly with tgmperature and magnetic;-ion concentration irhlong[OlT]. Note that the symmetry of a similar experiment
the solid solutior. The general tendencies revealed in thesqn the (100 orientation contains an additional element, rota-

changes can be summed up as f(.)IIOWS: the anl_s_otrqpy ion through 90° and, therefore, no polarization arises in this
creases as one approaches the spin—glass trafigitdm in case

temperature and manganese content. . - .
. . - The theoretical limit forp, in our case turns out to be
3. As evident from Fig. 2a, the degree of polarizatign . . :
: . A : 20%, producing strong anisotropy in the model. For the
reaches a maximum with the magnetic field oriented close t3

the {111} directions. Therefore, by analogy with the easyxzo'.15 §amples, however, no satu'ratmn oceurs, name'ly, the
axes of magnets we shall call thi11} directions “easy” for polarization decreases after passing through a maximum.
'ghe decrease of polarization cannot be explained within the

the polaron magnetic moments. Some of the results can bt ot del. b this d . ted
best understood in terms of the strong-anisotropy modef ONg-anisolropy model, because his decrease Is connecte

which postulates that the moment of each polaron is orientewith the_ gxternal field oyercoming the. anisotropy field. Thus
along one of the easy axég., the polaron resides in one of the Position of the maximum in the field dependenceppf
eight possible orientational stajeand the luminescence po- PEMIts an estimate of the anisotropy field to be made.

larization in a magnetic field arises because of a population 4 Thus we have observed and studied manifestations of
redistribution among these states. cubic anisotropy in spectra of polarized luminescence of

First of all, the strong-anisotropy model provides aCdMnTe semimagnetic semiconductors placed in a weak
straightforward explanation for the appearance of “forbid-magnetic field. An essentially new result is experimental es-
den” polarizationsp,s and pj. The states in which the po- tablishment of the fact that the moments of excitonic mag-
laron moment makes the smallest angle with the field posse&gtic polarons in crystals with a high manganese concentra-
the lowest energy and, therefore, they are predominantljion are oriented along thd11ll axes. We have also
populated and, thus, determine the characteristics of the r@roposed a simple method for determining the energy of the
diation. The polarization of the polaron recombination radia-excitonic magnetic polaron, which is based on measuring the
tion is connected rigidly with the direction of the polaron photoluminescence polarization.
magnetic moment rather than with that of the external mag-  The authors are grateful to M. E. Boiko for x-ray diffrac-
netic field. When measuring the angular dependengg,f  tion measurements, and to K. V. Kavokin and I. A. Merkulov
the analyzer configuration is fixed with respect to the fieldfor fruitful discussions.
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Band-edge optical spectra of CdFe Te solid solutions differ substantially from those of
undoped CdTe. The pattern of the change in photoluminescence spectra with increasing Fe
concentration is connected with a change in radiative recombination channel99®

American Institute of Physic§S1063-783@8)04005-7

Iron and other transition metals are ubiquitous residuaphotoluminescence. By contrast, emission spectra of
impurities in wide-gap I1-VI semiconductors, and they play Cd, _,Fe Te with a Fe concentration of 3510'° cm™2 have
an extremely important role in recombination processes. Thenly one emission band peaking close to the maximum of the
physical properties of Gd ,Fg Te depend essentially on the exciton reflectance lindFig. 2). As Fe concentration in-
position of the F&" level relative to the crystal band struc- creases, the total PL intensity decreases, to become undetect-
ture. It is believed that the donor level of the isoelectronicable at the highest Fe concentration of 80°° cm™3. At the
substitutional impurity Fe; lies in the gap atE,=1.45 same time the exciton reflectance line broadens considerably

eV.13If the Fe concentration is made high enough, this level
will coincide in position with the valence-band edge of the
solid solution® It appeared of interest to follow the corre-
sponding change in the character of the radiative processes.

The Cd_,FeTe crystals studied in the work were
grown by the Bridgman technique. The photoluminescence
(PL) and reflectance measurements were made on samples
within the whole interval of Fe solubility, €x<0.4, in the
5-250-K temperature range. A He—Ne laser was used as
excitation source. The optical spectra were obtained with a
DFS-12 monochromator and a PM tube coupled to a photon
counting system.

PL and exciton reflectance spectra are shown in Figs. 1
and 2. Table | contains some characteristics of the samples
and of optical spectra. As evident from Fig. 1, the PL spectra
of Cd,_,FeTe and CdTe differ qualitatively. The undoped
CdTe crystal exhibits several radiative recombination chan-
nels. Emission of free exciton€(=1.5964 eV and exci-
tons bound to donorsD x)=1.5931 eV and acceptors
(A% x)=1.5899 eV, as well as the donor-acceptor PL, and
their LO phonon replicas contribute considerably to the

PL intensity, arb. units

TABLE |. Free-exciton line positiorEge, exciton reflectance line width
A=(EFf—EF®), and activation energ¥, of temperature-induced PL
quenching of C¢g_,Fe Te crystalsErg andA are given for the temperature

undoped || «

L 1.0x10" cm” _,\,_)

3.0x10" cm”

of 5 K. 3.5x10" cm” x 100
Fe concentration EFEieV A, meV Eam‘mev TN T TS P A
1.50 1.52 1.54 1.56 1.58 1.60 1.62 1.64
0 1.5964 1.0 23.0
1x10Y 1.5963 1.53 19.8
3x1018 1.5967 1.96 14.2 Energy, e_V
3.5x 10" 1.5992 3.05 10.6
4x107° 1.6157 7.4 - FIG. 1. PL spectra of Cd ,Fe, Te crystals with different Fe concentrations.
8x10%° 1.6527 30.0 - The spectra were obtainetd®K under He-Ne laser excitation. Dashed line:
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spectrum of pure CdTeX10) exhibiting distinct donor and acceptor PL.
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FIG. 3. Temperature-induced quenching of PL in,Cdre, Te crystals.

M 3.5x10" em”
pression taking into account both{LO) phonon-assisted
i i recombination and resonant exciton emission. The shape of
the exciton PL line can be written as
PO R S S O ST VRN A N WY S W W [T N Y W T D WY S S |
158 159 160 161 162 163 HE)= [EY%exp( — E/KT)+ ¢S(E)](1+ yE) @
Energy, eV (E-wio)+T* |

wherekE is the exciton kinetic energ\g(E) is the additional
nonequilibrium contribution to the distribution functiog,
and y are parameters describing the nonequilibrium/
equilibrium distribution and the processes involving
conservation/nonconservation of the wave vector, respec-
and shifts toward higher energies while remaining fairly nar-tlvely’ @Lo 1S the LO-phonon energy, a”n Is the exciton- :
state damping evaluated from the exciton reflectance line
Fow. . idth. It is assumed that the nonequilibrium part of the free-
We may thus conclude that the evolution of PL spectraWI . o . N part |
with increasing Fe concentration is connected with the emls_?xcnon dlgtrlbutlon function reproduces_ the density of states
. . : L in the exciton band. The need to take into account the non-
sion channels changmg from predommantly radiation of theequilibrium distribution of excitons originates from the de-
accgptor-bo_un_d e>_<C|tonA() X) in un_doped _CdTe to free- crease of the exciton lifetime in Fe-doped samples. The par-
exciton emission in Cd «FeTe solid solutions. The 0b- 5| honconservation of the wave vector in exciton
served decrease of the activation energy of temperaturea.,mpination is due to exciton scattering from the Fe impu-
induced quenching of integrated PL intensifig. 3 Eact ity and other defects. The best fit of the calculation to the
from 23 meV for the bound excitom?,x) in CdTe to 10.6 experimental PL spectrurfiFe concentration X 107 cm™3,
meV for the free exciton in Gd ,FgTe supports this con- -3¢ K) was obtained with the parametets=0.007,
clusion (Table ). We believe that the observed decrease iny: 0.2,'=1.5 meV. A similar shape analysis of the room-
neutral acceptor concentration is due to Fe ions transferringemperature emission line made for undoped CdTe crystals
to another charge state;t2-3+. likewise showed the PL to be of excitonic origin and dem-
The character of the variation of PL and reflectancepnstrated the involvement of phonons in the recombination
spectra with temperature is similar to that of their variationprocess.
with Fe concentration. It may be conjectured that both fac-  One may thus conclude that formation of a;CgFe Te
tors affect the free-exciton lifetime, and that the excitonsolid solution results in an increasing gap width with increas-
kinetic-energy distribution has a strongly nonequilibriuming Fe concentration. One observes simultaneously a broad-
character. The large difference in width between the excitorning of exciton reflectance lines and a decrease of inte-
reflectance and PL lines indicates that phonons are involvegrated PL intensity. We believe that these changes indicate a
in the recombination process. decrease in the free-exciton lifetime because of strong scat-
In our previous publicatichwe analyzed the shape of tering from radiative and nonradiative recombination centers.
the exciton emission line in Gd,FeTe. We used an ex- As a result, the free-exciton distribution in kinetic energy

FIG. 2. Exciton reflectance spectra of CdFe, Te crystals with different Fe
concentrations. The spectra were obtained at 5 K.
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A theoretical and experimental study of the effect of a longitudinal magnetic field on optical
orientation and magneto-circular polarization of the luminescence of localized excitons in
semiconducting solid solutions is reported. It is shown that recombination takes place

through two types of emitting states differing substantially in the degree of anisofydgtor,

and spin relaxation time. Estimates are made ofgtHactors, anisotropic and exchange

splittings, lifetime, and spin relaxation time of localized states in a Gg&®) (/GaAs solid-

solution epitaxial layer. ©1998 American Institute of PhysidS1063-783%8)04105-7

Localized-exciton luminescence produced under resopolarized light Poptor=LPeirc(N) + pcire(S) 172, and pycpr
nant excitation by linearly polarized light from the density- =[ p.;.(N) — p.ir(S) /2 (WhereN andS denote the magnetic
of-states tail was found to be linearly polarized predomi-field directions.
nantly in the direction of pump polarizatidnLongitudinal We have also studied the effect of longitudinal magnetic
magnetic fieldB causes rotation of the exciton dipole mo- field on the optical and thermal exciton orientation under
ment, which reduces the degree of linear polarization of theesonant excitation of localized exciton states in order to es-
luminescencep;i,= (I, —1,)/(I+1,), with the p;;,(B) rela-  timate the main parameters of the exciton quartet, namely,
tion being a Lorentzian with the FWHM determined in a carrierg factors and the times,, 7., andr,, as well as the
general case by the splitting of the radiative doublet and  zero-field splittings: the exchange splittifgw, and %,
the relative magnitude of the lifetimerd) and spin relax- (% w,,) splittings for the doublet of radiativénonradiative
ation times of electrons#) and holes ;). states with momeni,= +=1(*+2).

Increase oB also gives rise to the appearance of linear  In a similar problem of describing the effect of a longi-
polarization along theX’ and Y’ axes turned through 45° tudinal magnetic field on the optical orientation of excitons,
with respect to theX and Y axes along which the pump the anisotropically split exciton states were assumed to be
polarization is oriented. oriented along preferred crystallographic directidrased

An external longitudinal field produces an additional on the results in Ref. 3 and, after an averaging made to take
Zeeman splitting: Q2 = (g,—ge) B, and forB high enough into account the random distribution of localizing-potential
that 0> w, exciton state$X) and|Y) transform to “pure”  anisotropy in a solid solution, one comes to
|[+1) and|—1) states, which emit circularly polarized radia-
tion. Excitation with circularly polarized light produces two
contributions to circular polarization of radiatiop.,
namely, (1) due to the optical electron-spin orientation . .
Poptor, IN Which case the sign of the effect depends on the  py(1+ EwZTT/2)/(1+Q%T?+ £w?TT), 2
orientation of excitation polarization, arfé) due to thermal
orientation of excitons, which is caused by the onset of ther-
modynamic equilibrium in the system of split emitting states
(magneto-circular luminescence polarizatipg,cp). Be- .
cause the sign gbycp, is determined by the magnetic field where T~ *=7y1+27;1, T i=r 1+ 711, andrit=(7."
direction, these contributions can be separated, for instance, r,jl)/Z. The dimensionless parametélis determined by
by comparing the values gf,. obtained in oppositely ori- the contribution of nonradiative states and grows monotoni-
ented fields. Under stationary excitation by circularly cally with the field while remaining within & ¢<4/3.

Poptof E(1+Q2T2)/(1+ Q2T+ (w?TT), (1)

P QTI(1+ Q2T+ £0?TT), 3)

1063-7834/98/40(5)/2/$15.00 829 © 1998 American Institute of Physics
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04 — — — TABLE I. Characteristics of isotropic and anisotropic localized-exciton
| CdSggeSeq s/ GaAs states.
T=16 K .. . . .
03 Isotropic (isolated states Anisotropigpair) states
03] i
L gex:gh*g*er <0.1 3
b5 fiwg, meV 0.2
'g fhow,, meV 0.003 0.5
802 ] hawp,, meV 0.08 0.10
S v meV 0.09
'g vE* , meV 0.08 0.06
° 0.1 ] To, NS 0.9 1.0
o Te, NS 50
Th, NS 0.2 10
ﬁ*** 0.7
0 oo ¢ :
o R "The electroniay factor was assumed equalde=1.7, i.e., to the weighted
Magnetic field, T @ qualde 9

mean of the CdS and CdS$gfactors.

- - . ™ ve and v}, are the matrix elements of the perturbation mixing radiative and
FIG. 1. Magnetic field scan of the degree of polarization of the signals due nonradiative states. 4.

to optlca! orlentatlon(open .cwcle)s, op_tlca_l allgnment(oE)en tr|a’ngle)s ™ B is relative concentration of anisotropic and isotropic localized-exciton
MCPL (filled circles, and linear polarization along thé’ and Y’ axes states
(open rhombk Solid curves: fitting with parameters given in Table |. ’

1 with solid lines, and the values of the fitting parameters
Figure 1 presents field dependences of the quantitiethus obtained are listed in Table I.

Pin» Pin @nd popeor, as well as ofpycp. for the case of We readily see that some characteristics, such as the
resonant excitation and detection with a Stokes shift of Zanisotropic splittingsg factor, and spin relaxation time are
meV. substantially different for singles and twos, whereas others,

It is knowrf*® that in the case of interband excitation of for example, the radiative lifetime are practically equal for
localized-exciton luminescence tlg cp (B) relation has a these states. It should also be pointed out that the results of
distinct structure originating from the level crossing of thefitting turn out to be sensitive primarily to the ratiR, /o,
optically active and inactive state. As evident from Fig. 1,rather than to the quantitieg,, and , themselves.
under resonant excitation this structure is practically not seen Thus studying the effect of magnetic field on the optical
in the M CPL spectrum. Such a behavior should be expectednd thermal orientation of excitons yields valuable informa-
if population exchange at the level crossover point does nafion both on the fine structure of the energy spectrum and on
change the intensity of radiative recombination via opticallythe dynamic characteristics of localized states. The existing
active states. This is possible when the only process placingncertainty in the estimation of some parameters may hope-
a limit on the lifetime of|=2) states is spin relaxation to fully be reduced by invoking independent measurements of
|+1) states, which, in its turn, assumes a small probability ofcharacteristic parameters. In this respect, direct measurement
nonradiative recombination of localized states. of the excitong factor from light scattering spectra with spin

A line shape analysis of thg;,(B) dependence pre- flip appears to be most promising of all.
sented in Fig. 1 showed that it deviates noticeably from a  The authors thank with pleasure E. L. Ivchenko for nu-
Lorentzian, but can be described with a very good accuracynerous fruitful discussions and for the possibility of learning
by a sumof two Lorentzians. At the same time, as seen fronthe results of Ref. 3 before its publication. Partial support of
Eq. (2), the theoreticap;,,(B) relation practically does not INTAS (Grant 94-324 and of the Russian Fund for Funda-
differ from a Lorentzian. The theory can be reconciled withmental ResearckGrants 96-02-16933 and 97-02-18138
experiment if we assume that, for each energy, there are twgratefully acknowledged.
sets of localized states differing substantially in properties,
primarily in anisotropy. Using the classification proposed in
Ref. 6, they can be identified with isolated stafesingles”) !S. Yu. Verbin, S. A. Permogorov, and A. N. Reznitsiiz. Tverd. Tela
and pairs of such staté€%wos” ). One may expect that there  (Leningrad 25, 346 (1983 [Sov. Phys. Solid Stat®5, 195 (1983].
is a small or no anisotropy at all among the singles, whereagG. E. Pikus and E L. Ivchenko, iE)_(Citons Modern Problems in Con-
the twos are characterized by maximum anisolropy. In this €056 Valer Soerces Vol 7 coted iy 1 Resoa and ., Surce
case, the distribution of excitons in anisotropy will have two cpap. 6.
maxima for any localization energy. Such a distribution pat- ®R. I. Dzhioev, H. M. Gibbs, E. L. Ivchenko, G. Khitrova, V. L. Korenev,
tern will evidently be retained when one takes into account M. N. Tkachuk, and B. P. Zakharchenya, Phys. Re®6313405(1997.

: 4E. L. Ivchenko and A. Yu. Kaminski Fiz. Tverd. Tela(St. Petersbuig
E:ghmplextis“made up of a larger number of potential wells 37, 1418(1995 [Phys. Solid Stat7, 768 (1995].
rees,

fours” and so on possessing intermediate an- s Reznitsky, A. Tsekoun, S. Verbin, S. Permogorov, E. L. Ivchenko, and
isotropy. A. Yu. Kaminskii, Mater. Sci. Foruni82-184 297 (1995.

We carried out a model calculation of the field depen- SA. A. Klochikhin, S. A. Permogorov, and A. ‘N. ReznitskFiz. Tverd.
dences of the measured quantit'miﬁ ’ PI,in " and Popror, aS Tela(St. Petersbupg39, 1170(1997 [Phys. Solid Stat&9, 1035(1997)].

well as ofpy,cp . The results of the fitting are shown in Fig. Translated by G. Skrebtsov



PHYSICS OF THE SOLID STATE VOLUME 40, NUMBER 5 MAY 1998

Lattice rearrangement induced by excitons in cryocrystals
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Experiments on permanent lattice-defect formation induced by electronic excitation of rare-gas
solids are presented. The creation of triplet excitb§3/2) is found to be the primary

process, followed by the exciton self-trapping. Probable models of defect formation are discussed.
© 1998 American Institute of PhysidsS1063-783#8)04205-1

The self-trapping of excitons in atomic cryocrystals in- a constant cooling rate of 0.1 K/s. The sample quality was
duces a variety of atomic processes including mass diffusiormonitored by measuring the luminescence intensity distribu-
and defect formatioh=* The basis for the physics of these tion and with the glow-curve analysis. Synchrotron radiation
phenomena is a concentration of the electronic excitatiomnd a beam of electrons with low enough energy to avoid a
energy within a volume about that of a unit cell. Release oknock-on defect formation were used for the excitations of
the energy can induce different kinds of lattice rearrangethe samples. The dose dependence of the luminescence spec-
ment. The above phenomena have been the subject of ntra was measured at low temperatures to minimize thermally
merous experimental and theoretical studies on a variety adctivated processes. Stable point defects were detected by a
insulators>°~’ Atomic cryocrystals with their simple lattice sensitized luminescence method. The defect component of
and well defined electronic structdrare excellent objects the internal structuré?! of the well known atomic and mo-
for investigation of exciton induced phenomena. The highecular bands served as an indicator of lattice rearrange-
guantum vyield of these atomic processes caused by smathent. Thermoluminescence measurements were a comple-
binding energies in conjunction with a strong exciton—mentary test of defect creation in the samples.
phonon interaction makes them especially suitable for ex-
perimental study. CREATION OF DEFECTS

A transformation of the initial point defects involving _ 28 i :
the self-trapped excitons was observed in solid Ne by the It is well knowr’® that excitation of atomic cryocrys-

transient absorption methddrhe creation of new lattice de- tar:s from the Igrqund lsftate el_ther by lonizing rfadlat_|on or by
fects induced by the self-trapping of excitons in atomic cry-p otons results In seff-trapping or trapping of excitons into

ocrystals was predicted in Ref. 10. Vacuum ultraviolet spec&lOmic-type (A-STE, A-TE) and molecular-typeM-STE,

troscopic study revealed the formation and accumulation OM'TE) states. These states can be considered as short-lived

permanent lattice defects generated by excitation with slo//€f€Cts which annihilate via radiative transitions. A part of
electrons in atomic cryocrystald~171t was supposed that them can convert to stable long-lived defects in the lattice.

the self-trapping of excitons is the stimulating factor. TheSlnce the energy of electronic excitation is transferred into

first direct evidence of the exciton’s key role for the creationk'netIC energy of atogjlc mo_tlon loge; a un!t cel:, gormatllon ﬁf
of radiation-induced defects was obtained in the experimentd!'€€-» WO, or one-dimensional defects is ruled out. In this

on selective excitation of solid X2and Af® to the lowest case: only the point radiation defects, viz., Frenkel pairs
exciton band(3/2), n=1. This paper reviews experiments (interstitials and vacancigsnay emerge in the bulk of the

on permanent lattice-defect formation induced by electroniccryStal'
transitions in atomic cryocrystals. As an example, recent re-
sults on local lattice rearrangement induced by the excitatiofONVERSION FROM ATOMIC-TYPE STATES

of atomic and molecular states of Ar are presented. The analysis of the cathodoluminescence spectra of solid
Ne'? under different crystal-growth conditions as well as un-
der subthreshold and superthreshold excitation made it pos-
sible to elucidate an origin of internal structure of the A-STE
Because a manifold of electronic levels can be involvedbands. It was shown that each band of the bulk emission
in the phenomena, the optical spectroscopy is the most usefaksociated with the transitiod®;— 'S, and*P,—S, con-
method for such kinds of investigations. The study was persists of two components. The high-energy component stems
formed using cathodoluminescence, photoluminescence, aritbm A-STE in a regular lattice, the low-energy one appears
thermoluminescence. To reveal the effect of irradiation orto be associated with structural defects. The emission spec-
luminescence spectra, it is necessary to grow the samplésum of Ar atoms in solid Ne shows a similar structyFég.
with the lowest possible concentration of initial defects andl). A pronounced increase in the intensity of the defect com-
impurities. Suitable transparent samples were grown in spgonent during irradiation by subthreshold energy electrons
cial cryogenic cells under isobaric conditiorB=£80 Pa) at has been observed for both A-STE and A-TE in the Ne lat-

EXPERIMENT

1063-7834/98/40(5)/3/$15.00 831 © 1998 American Institute of Physics
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FIG. 1. Modification of the atomic
emission with exposure time. The in-
sert shows the dose dependence of
the component.

Luminescence intensity, arb. units
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tice. It was interpreted as being an outcome of a accumulaion can be considered as the primary STE-bubble accompa-
tion of permanent lattice defects generated during the lifenied by two non-adjacent vacancies in the first atomic shell
time of A-STE and A-TE. A current excited state molecularand interstitials in the second one. The calculated transition
dynamics stud? supports this interpretation and suggests aenergies from the defect-associated states of A-GHE-66
microscopic model of the conversion from A-STE to FrenkelmeV) and A-TE (105 meV} are in an excellent agreement
pairs. The formation of the A-STE bubble with elastic lattice with the experimental daté63 meV and 100 me)/

relaxation has been well studied earfiérit is formed due to

prevailing repulsive forces because of the negative electro

affinity (E=— 1.2 eV in solid Ne. After the bubble forma- BONVERSION FROM MOLECULAR-TYPE STATES

tion the surrounding ground-state atoms appear to have The two-component internal structure of the STE lumi-
moved to the second shell. It was found that the secondrescence bands appears to be a general feature of M-STE in
nearest neighboring vacancy-interstitial pairs can create peatomic cryocrystals formed from heavier rare gasésas
manent defects which remain in the lattice after the excitorwell as for the considered A-STE states. The radiative decay
annihilation. The lowest energy bubble with plastic deforma-of the self-trapped and trapped excitons in these solids pro-

]

—_
—_ =
—

2 23 3E
oL

=aw
Owm
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FIG. 2. Internal structure of the mo-
lecular luminescence band of solid
Ar. The arrows indicate the energies
taken at the Iluminescence vyield
measurements.
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Energy, eV Photon energy of excitation, eV

Luminescence intensity, arb. units
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1.0 The process is supposed to occur by a displacement of the
self-trapped exciton from the centrosymmetric position in the
(110 direction followed by a reorientation ¥d100 direction
M to stabilize the defect. The redistribution of the component
wﬂ intensities associated with the self-trapped excitons in on-
center and off-center positions seems to be in line with the

0.5 assumption. Note that in the starting point of the exciton

self-trapping the M-STE center is a system with a strong
M local vibration. In this case the energy release can proceed in
a jumplike proces$? If this energy release exceeds the en-

1 ergy needed for a local rearrangement of the lattice distorted
by an electronic excitation, one can expect generation of de-

fects. However, the further elucidation of the microscopic
0 T g 1'0 i 15 model requires to theoretical studies of the M-STE conver-
sion to stable point defects.

Luminescence intensity, arb. units

0.0

Time of irradiation, h

FIG. 3. Dose dependence of the molecular luminescence component mea- The authors aCknOWIedge.fru'thI discussions with Pro-
sured under selective photoexcitationiTat 7 K. fessors |. Ya. Fugol’ and G. Zimmerer. We thank Professor
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A vibronic charge-transfer exciton, which is a pair of Jahn—Teller electron and hole polarons, is
considered as a possible cause of the appearance of tler base in the virtual

ferroelectric SrTiQ and the “green” luminescence in the virtual ferroelectric KLa@he two
“green” luminescence bands can be associated with emission from two states of a typical
intrinsic defect, viz., a vibronic charge-transfer exciton trapped by an oxygen vacancy and an
isolated vibronic charge-transfer exciton. In both cases the “green” luminescence
corresponds to the recombination of the electron and the hole in the vibronic charge-transfer
exciton, which is accompanied by the emission of light. The properties of tHeiMhase can be
attributed to mixing of the normal state and states of the vibronic charge-transfer exciton

phase when they interact with polarization in the soft Sglidatrix under the conditions of a
pseudo-Jahn—Telldpseudo-JT effect on a soft TO mode of the displacement type. In

this case the vibronic charge-transfer exciton phase forming the low-lying excited states has
“order—disorder” degrees of freedom and exists at temperatures significantly below the point of
the order—disorder ferroelectric transition in Srfi@ T=Ty~37 K. The corresponding

lowering of the symmetry of the vibronic charge-transfer exciton phase to polar symmetry leads
to the possibility of a long-period incommensurate phase in such excited states, which

arises as a result of the appearance of a Lifshitz invariant. The valence-band state making the
largest contribution of the pseudo-JT effect corresponds to a wave vector equal to the

critical wave vector of the incommensurate vibronic charge-transfer exciton phase. When the
temperature is lowered, the pseudo-JT distortion increases downTg and

subsequently saturates in accordance with the saturation of the dielectric constant. The basic
assumption in the model is that the temperatlireT, corresponds to the narrow temperature
range for the transition from an intermediate to a strong pseudo-JT effect under the

conditions for the realization of polarization tunneling states. The appearance of a significant
admixture of states of the modulated ferroelectric vibronic charge-transfer exciton phase

to the ground state under the conditions for the realization of polarization tunneling states at low
temperatures provides an explanation for the principal properties of tier\phase.

© 1998 American Institute of PhysidsS1063-783#8)04305-9

1. Ferroelectric oxides, particularly oxygen-octahedralhole negatived effect and additional vibronic lowering of
perovskites, are characterized by considerable chargde energy, which is comparable in order of magnitude to the
transfert As a result, similar systems, including the virtual Coulomb attraction, appear in the vibronic charge-transfer
ferroelectrics KTa@ (KTO) and SrTiQ (STO), occupy an  exciton. Thus, a vibronic charge-transfer exciton is an
intermediate position between ionic and covalent systemslectron—hole bipolaron.

This circumstance, as well as the comparatively great This paper presents an analysis of two types of effects in
strength of the electron—lattice interactiondnstates(par-  perovskitelike virtual ferroelectrics, whose explanation has
ticularly for Ti**, Ta*", and N§* iong), as well as in ®  run into formidable difficulties until recent times. They are
stateqfor O ions), lead to the possibility of the existence of the “green” luminescence’ in KTO and the set of low-

a charge-transfer exciton, whose final stéech as, for ex- temperature anomali&$in STO, which are related to the
ample, the TW"'—O~ state in STO, the Td4—-O" state in  Miller phase. It is shown that vibronic charge-transfer exci-
KTO, and the NB"—O~ state in SBN exhibits enhanced tons can play a key role in the formation of these effects.
vibronic coupling, which leads to appreciably vibronic low- 2. The mechanism of the formation of a vibronic charge-
ering of the energy of such a vibronic charge-transfertransfer exciton is based on the simultaneous effects of the
exciton?~* In addition, there is a polaron electron—hole pair Coulomb attraction between the electron and the hole and
with minimal separation in the lattice, which exists under thetheir pairwise vibronic coupling. Achievement of the mini-
conditions of a pairwise pseudo-Jahn—Tellgseudo-JTef- mum possible distance between a localized electron and a
fect on the same lattice distortions. As a result, an electron4ocalized hole in the lattice of oxygen-octahedral perovskite

1063-7834/98/40(5)/3/$15.00 834 © 1998 American Institute of Physics
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leads to considerable Coulomb energy lowering. This latter
can be estimated on the basis of the results in Ref. 10 for 4 |
electron—hole Coulomb interactions over short distances and
turns out to beée .~ —(0.7—0.9) eV fore>¢,, in the virtual
ferroelectrics STO and KTO.

The vibronic contribution to the energy lowering of a
vibronic charge-transfer exciton is no less important here. It
should be noted at once that the polaron effect on the closely
arranged electron and hole considered here, which arises as a
result of the interaction of their charges with LO phonons, is
weak because of the compensation of the electron and hole
contributions. However, in the interaction between a vibronic
charge-transfer exciton and the lattice, the dipole—phonon

Photon Countrate, 10°s™
N (9]

'y
T

interaction of the equilibrium dipole moments of the ions, on 0
which the electron and hole are localized, with bbth and 400 600 800
soft TO phonons is very significant. This interaction takes Wavelength, nm

place owing to a local-field effect. Another effective interac- ) L _ ,
tion observed upon the formation of the electron—hole bipo ! 1 “Green” luminescence spectrum in a nominally pure KTO crystal
. . ) . (T=80 K). Influence of reductior(in a vacuum and oxidation of the
laron is the modulation of the Coulomb interaction and thesample:1—reduction for 2 h2—reduction for 0.5 h3—oxidized sample.
charge-transfer effect in the vibronic charge-transfer exciton
by the tetragonal strai®, along the charge-transfer axis.
The pairwise pseudo-JT effect on an electron and a holéers for both electrons and holes. Finally, it was discovered
interacting with shear strains plays a very important rolein Ref. 7 (see Fig. 1that the intensity of the “green’” lumi-
here. Finally, the interaction with all the modes considerechescence increases significantly when the sample is reduced
(both the polar modes and the tetragonal and shear modeand that it decreases significantly when it is oxidized. The
can induce charge transfer in a vibronic charge-transfer exprincipal properties of the “green” luminescence can be un-
citon and thereby also lower its energy. The correspondinglerstood on the basis of the following model of the active
vibronic lowering of the energy of a vibronic charge-transfercenters. These centers can be typical intrinsic defects, viz., a
exciton can be estimated &,~—0.3 to —0.5 eV with a  single vibronic charge-transfer exciton trapped by an oxygen
system of parameters which brings the vibronic chargevacancy(a) and an isolated self-trapped vibronic charge-
transfer exciton close to the situation of a strong pairwisdransfer exciton(b). While the luminescence line with the
pseudo-JT effect. As a result, the depth of the ground state afmaller energy can be associated with certgy the line
the vibronic charge-transfer exciton in the band gap relativevith the larger photon energy can be associated with center
to the conduction-band edgeds~1—1.4 eV, and the depth (b). The “green” luminescence is a result of the recombina-
relative to the valence-band edge in STO~4.9-2.3 eV, tion of electron and hole polarons in the centers based on
which gives an estimate of the excitation energy of an isovibronic charge-transfer excitons under discussion. These
lated vibronic charge-transfer exciton. A similar estimate ofcenters are strong recombination centers for both electrons
the excitation energy of an isolated vibronic charge-transfeand holes, and they are intrinsic defects in KTO and have
exciton in KTO gives~2.2—2.6 eV. However, when a clus- luminescent transition energies which correspond to the val-
ter of vibronic charge-transfer excitons forms, the depth ofues observed within the estimates discussed above. In addi-
their energy level increases rapidly with the number of vi-tion, the concentration of centéa), which plays an impor-
bronic charge-transfer exciton®) in the clustet* due to  tant role in shaping the overall contour of the luminescence
the exciton—exciton interaction. More specifically, when theline, decreases upon oxidation of the sample and increases
radius of the cluster is smaller than the correlation radius irupon its reduction, in agreement with the experimental data
the vibronic charge-transfer exciton phasehe depth of the from investigating the dependence of the “green” lumines-
energy level of such a cluster increases proportionallj2ao  cence on the treatment of the sampiEo conclude this sec-
As a result, the position of the energy level of a vibroniction we note that an oxygen vacancy in an oxygen-octahedral
charge-transfer exciton cluster can approach the position gferovskite can bind not only an intrinsic dipolar defect, i.e.,
the valence-band eddé’ but remains within the band gap. a vibronic charge-transfer exciton, but also an extrinsic dipo-
Saturation of this effect appears in a vibronic charge-transfelar defect, particularly an off-center Liimpurity ion in
exciton phase where the vibronic charge-transfer excitoiKTO. This results in the appearance of dipolar£V*™
states are at a minimum energy distance from the top of theomplexes, which can serve as the nuclei of polar micro-
valence band. domains. The concentration of the corresponding polar mi-
3. The “green” luminescence spectrum in nominally crodomains will increase when the sample is reduced, in
pure KTO consists of two lineswith energies ~2.2  agreement with experimefi.
—2.3 eV and~2.6 eV), whose intensity ratio depends on 4. As a result of the interaction between individual vi-
the temperaturg® It was shown in Refs. 5 and 6 that the bronic charge-transfer excitons in the system under consid-
centers responsible for the “green” luminescence are intrineration, clusters of vibronic charge-transfer excitons appear
sic defects. In addition, they are effective recombination cenalong with isolated vibronic charge-transfer excitéfind
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even a vibronic charge-transfer exciton phase can form. lated by the pseudo-JT effect involving the vibronic charge-
the latter each unit cell contains a vibronic charge-transfetransfer exciton phase, can account for the set of effects ob-
exciton. Two important factors, which lower the energy of served, the first being the fact that the coexistence of
clusters of vibronic charge-transfer excitons and a vibronicdisp|acemem and order-disorder dynamics leading in par-
charge-transfer exciton phase, are the cooperative negativgcman to the appearance of a central peak as a consequence
U effect and the cooperative lowering of the energy of &t the interaction between the corresponding degrees of free-
covalent nature as a consequence of the covalemt@® ., s manifested both outside the Iu phase and even

interaction. As a rgsult, the energy levels of a V|bron|cm re strongly in the Miler phase. The second is that the
charge-transfer exciton phase are close to the valence—bar’{}?e . . o :

I ... Muller phase is characterized by a significantly nonlinear
edge, although they are within the band gap. This snuaﬂora. lectri tibility? It is attributed to the int i f
can cause strong mixing of the normal stétethe valence Ielectric susceptibiiity. "1t 1S atributed to the interaction o

band and states of the vibronic charge-transfer excitonthe incommensurate wave of the order parameter with ran-

phase. In addition, the vibronic charge-transfer exciton phasgomly arranged pinning defects, which produces a highly
has order—disorder degrees of freedom, which are associatédstrated stat& The third is that an additional quasiacoustic
both with the orientations of the dipole moments of theA mode is observed in STO &t<37 K,° which can be
electron-hole pairs in the vibronic charge-transfer excitonsissociated with an acousflcA mode in the incommensurate
and with the pseudo-JT degrees of freedom of the electroatructure of the vibronic charge-transfer exciton pHaShe

and the hole. The exciton—exciton interaction in the phaséourth is that the appearance of polar microdomains, viola-
under consideration, which is associated with correlationsion of the Lyddane-Sachs-Teller relation, and the strong
between degrees of freedom of the former type, is dominaninixing of modes of different symmetry in the region of the
An estimate shows that the mean fields which can be respofyjjjier phase can be associated with the appearance here of
sible for the order-disorder ordering in a vibronic charge-yq highly frustrated spin-glass state just mentioned. Finally,
R X > QHe postulated transition to tunneling state§ atTq within
significantly surpaskTq, where Tq is the characteristic the pseudo-JT effect under discussion leads to an increase in

temperature for the transition to the 'Nar phase. This he fluctuati F hich ken aT <T ‘
means that ferroelectric ordering of the dipole moments of € fluctuations nea Q: which wea ep a Q. account-
ing for the decrease in the crystal field BTy and the

the vibronic charge-transfer excitons takes place in the vi- : ) | '
bronic charge-transfer exciton phase in the temperature ranggSults of the pioneering EPR experiment in Refs. 8.
of the Muler phgse. Thls situation has two important CONSe- 11 work was supported by grants from the Russian
guences: effective dipolar mixing of the normal paraelectric

state and the ferroelectric state of the vibronic charge!:und for Fundamental Resear@FFI Grant 96-02-17972-a

transfer exciton phase under the effect of the polarization ofnd NNIO_'RFFI Grant 93-02-00138nd a NATO Scientific

a soft TO phonon of the ground-state displacement type, as@0Peration GrantHTECH. LG 960540.

well as the appearance of incommensurate modulation in the

vibronic charge-transfer exciton phase due to the appearance

of a Lifshitz invariant induced by the field of the ferroelectric

order parameteP, in the vibronic charge-transfer exciton
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Crystals of aluminum oxidexAl,O; (leucosapphire or long-wavelength edge of the excitation spectrum of the band
sapphire, are characterized by bright self-activated lumines-at 7.5 eV coincides with the Urbach tail of the long-
cence with an intensity maximum at 7.5 €165 nn). It was  wavelength fundamental absorption edge. For comparison,
speculated in Ref. 1 that the luminescence band at 7.5 eV e figure also presents a portion of the exciton absorption
a result of electron-hole recombination. In Ref. 2 and 3 conspectrum R) and the luminescence excitation spectrum of
cerning the luminescence band at 7.5 eV we advanced hye€" at 5 K. At room temperature the luminescence excita-
potheses of the luminescence of self-trapped excitons with #on spectrum of C¥ is similar to the excitation spectrum of
single-center hole structure O the band at 7.5 eV. The short-wavelength descending portion

Investigations of the long-wavelength fundamental ap-Of the excitation spectrum of the band at 7.5 eV coincides
sorption edgdsee Fig. 1, curve5-7) showed that it obeys with the ascending portion of the thermally stimulated lumi-
the familiar Urbach rule with the characteristic parameterd1€SCenc&TSL) spectrum(of electron—hole paijsat 5 K, as
Eo=9.0 eV, ap=10° cm %, ando,=0.64(Ref. 3. Figure 1 well as the luminescence excitation spectrum of cerium cen-
(curve 8) presents the luminescence spectrum of sapphirters (Fig. 1, curve2). _
crystals, from which it is seen that the short-wavelength 6Crystals of aAl;05, which have a complex structure
slope of the luminescence band at 7.5 eV intersects the UfP3a—R3c) with 10 atoms in the unit cell, are classified as

bach exciton absorption tail. The short-wavelength portion ofONiC crystals according to the chemical-bonding type, al-
this band has a feature in the form of a “shoulder” at 9.0 ev, 0ugh the covalency amounts to about 20%. We note that an

which spectrally coincides witk,. The band with a maxi- "important feature of this structure is the lower symmetry of
mum at 7.5 eV has a full-width at half-maximum of 0.8 eV, the anion(oxygen sites (C;) in comparison to the cation

3+ . . B .
and its intensity alf =45 K exhibits quenching with an ac- Erﬁl v;IeSrllt((:aeS égd écfgcr)rr:]jér;gfrt: tf;xcaglestt;ct)gi :ngifc.)mSI
tivation energyE,~0.025 eV. The quantum yield of lumi- pOXYY :

nescence in the band at 7.5 eV is at least 20% under excitg-Iete splitting of thep states occurs in a crysta! field with a
. symmetry as low a€C,. When the coordination number
tion by 9.0 eV photons.

Kinetic measurements of the luminescence in the band at
7.5 eV (see the inset in Fig.)Jdemonstrated the presence of
three decay components=22 ns, 230 ns, ang 2000 n$
of the luminescence with insignificant<(100 meV) spectral
differences’ Their temperature dependences gave simila

-
)

values for the activation energies>25, ~20, and ‘¢, @

~18 meV, respectively. More than half of the integrated in- 5

tensity is found in the fast+22 ns) luminescence compo- .g_ ¥

nent. o :_
In the temperature range fro4 K to 110 K, thedegree o

of linear polarization of this luminescence varies weakly L

from 35% to 30% when it is observed perpendicularly to the
optical axis of the crystaland begins to decrease sharply at .
crystal temperatures 110 K. We also note that the intensity 7.0 8.0 8.0 Eev
of the x-ray luminescence at 7.5 eV in a direction parallel toFIG. 1. Optical spectra oixAl,O; at the fundamental absorption edge:

the C; axis is several times larger than the intensity in thei—apsorption spectrum—luminescence excitation spectrum of cerium

direction perpendicular to th€; axis. centers at 5 K3—TSL spectrum at 5 K4—luminescence excitation spec-

; ; ; ; trum of the band at 7.5 e\§—7—spectra of the Urbach fundamental ab-
The luminescence in the band at 7.5 eV is effectlvely rption edge at 80, 200, and 300 K, respectiv8hsluminescence spec-

excited at .the fundamenta! absorption edge,_i.e., at 8-9_9-2ﬁm. The temperature dependence of the three components of the decay
eV (see Fig. 1, curvel). It is seen from the figure that the kinetics of the luminescence band at 7.5 eV is presented in the inset.

1063-7834/98/40(5)/2/$15.00 837 © 1998 American Institute of Physics
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3p ably caused by branching of the electron excitatibfi$ie
degree of linear polarization of the self-trapped exciton lu-
i minescence varies weakly in the temperature range from 5 to
25meV  20meVv 18 meV 110 K in analogy to the temperature dependence of the fast
T (22 ng component of the luminescence. It therefore follows
3Po that the component of the self-trapped exciton luminescence
with the shortest decay time hasmatype polarization per-
pendicular to theC; axis and, of course, a-type parallel to
v 'p the C; axis.
The findings just described confirm the validity of the
FIG. 2. Energy structure of a self-trapped exciton. hypothesis that self-trapped excitons with an ole com-
ponent form in sapphire crystals. The @n has?P,,, and
2p,;, terms, which split in the crystal field. An exciton
equa|s 4, one of the oxygem orbitals is of the nonbonding formed from such a hole and anelectron has states with
type, while the other is at a 45° angle to the optical axis, i.e.-P2, *P1, ®Po, and'P; terms. We assume that these terms
the C5 axis. split completely during the relaxation of a self-trapped exci-
Comparing the photoconductivity spectra with the re-ton. The luminescent transitions are forbiddeéi®{), par-
flectance spectrum, I'mas and Kuznetdarived at the tially allowed (P;,°Py), or allowed {P;), depending on
conclusion that the reflectance peak at 9.2 eV in sapphire hdBe state of the self-trapped exciton.
an excitonic nature. The parameteg is known to charac- An Al,O quasimolecule, in which each %l ion is
terize the strength of the electron-phonon interaclidine  bonded to the & ion, can be identified in the unit cell of
long-wavelength fundamental absorption edge of sapphire i§apphire. When an exciton is created in agdAfuasimole-
formed by an exciton state with a strong electron—phonoréule, an electron passes from thé"Gon to one of the four
interaction, which leads to self-trapping, as is evidenced byluminum ions, and it can rotate about the oxygen ion. Dur-
the small value otry;=0.64. ing relaxation, the hole is displaced from its equilibrium po-
The spectral kinetic data revealed the characteristic feasition toward one of the Al-O bonds. An electron, in turn, is
tures of the broad-band luminescence of sapphire crystaRlso localized near the hole displaced from its equilibrium
with a maximum at 7.5 eV:)la high quantum yield20%), position. A comparison of the polarization and kinetic pa-
2) a large Stokes shift,)xhe absence of selective bands in rameters of the luminescence allows us to state that the self-
the transparency region of the crysta), the presence of a trapped exciton annihilates primarily from the; state in
component with an exponential decay law in the kinetigs, 5the temperature range 6KT<110 K. At temperatures be-
a genetic relationship to the exciton absorption regionhé  low 50 K the *P, and*P, states are also manifested in the
blocking of energy transfer to impurity centers. As we know, Self-trapped exciton luminescence. The forbidden transition
the luminescence bands of self-trapped excitons in alkaffom the 3P, state corresponds to the case in which the
metal halide crystals have such a set of propeﬁ:i@n the hole is localized in a nonbonding orbital of the oxygen ion
basis of these characteristics we can state that the lumine&=ig. 2).

cence band at 7.5 eV is a manifestation of self-trapped exci- . .
tons in a-Al,O; The feature that we observed at 9.0 eV, We thank B. P. Zakharchenya for taking a steady interest

. ; . in this work.
coincides with the free-exciton state. The absence of a de- This work was supported by grants from the Russian

endence of its intensity on the temperature and the fairl
ghort lifetime 0.3 n3 p)(;int out the “hpot” character of the ¥und for Fundamental Resear¢ho. 95-02-047760aand

. . . . the MNTP (No. 5-15.
luminescence. Therefore, the self-trapping of excitons in sap-
phire is barrierless.

Runcimar postulated that twar components of the lu-
minescence are oriented parallel to the optic axis and that
other ¢ components and the component are oriented per- 1W. A. Runciman, Solid State Commu, 537 (1968
pendicularly to the optical axis. Our direct measurementszp | “kyznetsov, B. R. Namozov, and V. V. Myurk, Fiz. Tverd. Tela
confirmed Runciman’s hypothesis that the linear polarization (Leningrad 27, 3030(1985 [Sov. Phys. Solid Stat27, 1819(1985].

(the = component of the luminescence is directed per- SAL L Kuznetsov, B. R. Namozov, and V. V. Myurk, Izv. Akad. Nauk
pendicularly to the optic axes. The values for the degree Of“\E/S\?RM;Ek 'Z':ésf’ ,\149'35(;232\'/ Fiz. Tverd. Teldst. Petersbuig35, 498
linear polarization of the luminescence that we determined (1993 [phys. Solid Stat@5, 259 (1993]. ' ’
[~30%(T=5K) and 35%{ =80 K)] in the direction per-  °I. P. Batra, J. Phys. C.: Solid State Phg5, 5399 (1982.

pendicular to theC axis in the crystal indicate that there is °E- R. I'mas and A. . Kuznetsov, Fiz. Tverd. Te{aeningrad 14, 1464
also luminescence havingacharacter. 759\7/3}53"(" IEL‘;’: Sgltﬂssgﬁjélgif&%m}

The temperature dependences of the integrated intensitych, g. Lushchik, “Free and self-trapped excitons in alkali halides: spectra
and the polarization of the self-trapped exciton luminescence and dynamics,” inExcitons E. I. Rashba and M. D. Sturg&ds), North-
point to the mechanisms which influence the relaxation of jHolland, Amsterdani1982, p. 505. _
electron excitations in the crystal. The temperature quench- ¥~ Murk B- Namozov, and N. Yaroshevich, Radiat. Me24. 371(1995.

ing of the luminescence intensity &t=45 K is most prob-  Translated by P. Shelnitz
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Vacuume-ultraviolet plasma Frenkel excitons: elementary excitations of polymerized
fullerene

V. V. Rotkin and R. A. Suris

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

Fiz. Tverd. Tela(St. Petersbupg40, 913—-915(May 1998

The high-frequency excitations of the molecular insulatgg &e investigated theoretically. The
model of a quantum well rolled into a sphere is used to calculate the dipuikipole in

the general cagenodes of an individual g cluster. If the spectrum and oscillator strengths of
the collective modes of an individual cluster are known, the microscopic continuum

approach can be used to calculate the spectrum of delocalized excitations in a cluster crystal.
Then the ordinary dielectric constant formalism permits calculation of the optical
characteristics of the material in the vacuum ultraviolet region studied19@8 American

Institute of Physicg.S1063-783#8)04505-3

The molecules in a g crystal are joined by weak van difficult. Nevertheless, the high-frequency excitations of the
der Waals forces. As a result, solid-state fullerene is readilypolyatomic electronic structure of fullerene is practically in-
soluble in many typical organic solvents. However, it wassensitive to the details of its spectrum.
shown in Ref. 1 that a fullerene surface undergoes a pho- Since them-electronic system of fullerene is readily po-
totransformation during prolonged illumination by incoher- larizable and the total number of valence electrons is high, it
ent UV radiation or under the action of a high-power low- turns out that both the analytical quantum-mechanical model
frequency coherent source. After such treatment, a surfacef a quantum well rolled into a sphéréand the simple
region with a thickness amounting to severgj @onolayers phenomenological hydrodynamic model of a charged liquid
becomes practically insoluble. Such a phototransformatiomn the surface of a sphérecan be applied successfully. The
has been termed polymerization, in analogy to the procedsigh-frequency multipole polarizability of a cluster can be
for unsaturated hydrocarbons, whose electronic structure exietermined from the continuity equation and the equation of
hibits some similarity to that of fullerene. Apart from photo- motion for the oscillations of a charged liquid on the spheri-
polymerization, the transformation of fullerene into an in- cal surface of a cluster:

soluble phase at high pressures and temperatures has been Ji ne?
reported® X-ray structural investigations of the polymer —JZ——V(p
phase have shown that the formation of linear or two- ot m o)

dimensional structuregsapparently chainsof Cg, clusters
bonded to one another and of a united 2D network is typical.

The present work examines the elementary excitations in 5 .
one- and two-dimensional systems of fullerene clusters. wheren=240/47R" is the density of valence electrons on

the surface of a spherical cluster of radRism ande are the
mass and charge of an electrap,is the effective electric
potential, which, by necessity, includes the potential of the
1. HIGH-FREQUENCY DIPOLE MODES OF A Cgo CLUSTER: charge induced on the cluster itself,s the density fluctua-
SURFACE-PLASMON APPROXIMATION tion, j is the current density associated with it, afds the

The foundation for the theory of elementary excitationsdradient over the surface of the sphere_z. The SOIUt'OnS O_f
in molecular insulators was laid in Ref. 3. Application of the these equations are naturally sought using an expansion in

ideas advanced by Frenkel to the solution of concrete prob® spherrécal harmonic®, (r)Y, w(Q), i.e., a multipole
lems involving calculations of the optical characteristics ofXPansior. Then the discontinuity of the field on the cluster

insulating crystals has provided explanations for numerou§“rface is reIated.to the amplitude of the multipole quctua—-
experimental findings based on the model of an exciton ofONS oL according to the Ostrogradsky—Gauss theorem:

small radius, or a Frenkel exciton. In the case of crystalline(2|‘+1)"°L"\"/R,:27T"L"\/I " Solving these equations .to-
Cqo We are clearly dealing with a typical molecular insulator, gether, we obtain the multipole dynamic response function of

whose dipole excitations are localized and migrate througf" individual cluster in the form

%9 Vi-o
ot VT

the crystal as a result of dipole-dipole interactions between —oLm R3
neighboring clusters. a ()= ¢ft,rv| = (1_w2/w5),

Despite the fact that & is similar as a whole to the
previously known molecular insulators, the theoretical dewherecp’L‘fM is the spherical harmonic of the external electric
scription of the cluster and the cluster medium is far morepotential. WherL=1, we are dealing with a dipole-moment

1063-7834/98/40(5)/3/$15.00 839 © 1998 American Institute of Physics
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excitation in the cluster. The lack of a dependence oh M n/H
is a consequence of the spherical symmetry of the mode u
and, although @ actually has icosahedral, rather than ”-9/
" 0

spherical, symmetry, the dipole polarizability of the cluster
remains isotropic. The polarizability has a resonance at th
frequency of the collective mode excited in thg, Cluster by
the external multipole potential:

L(L+1 4m7ne®  [L(L+1
om gD fAme JHEED

2L+1  V m*R 2L+1

Here w, is the characteristic plasma frequency of fullerene.
It is the excitation frequency of a surface plasmon in a me-
tallic sphere of radiu® with a surface charge density corre-
sponding to the valence electron density of fullerene. We se
that collective modé’s” in the vacuum-ultraviolet region,
for example, the dipole modew=25 eV), are excited in
Cgo in a range of frequencies much greater than the frequer
cies of all the “single-electron” modes.

In this section we examine the spectrum of dipole modes
of a chain of fullerene clusters neglecting retardation. The
Coulomb interaction of the multipole plasma modes of two
clusters was previously studied in detail in Refs. 9 and 10. Ir x>
particular, it was shown there, for a triply degenerate dipole
mode of an individual g, cluster, that it is sufficient to take
into account the interaction with the dipole mode of the
neighboring cluster. Such an axisymmetric perturbation lead
to splitting of the state with.=1 into longitudinally and
transversely polarized modes. In a chain of fullerene mol- )
ecules the solutions must be sought in the form of plane ; T
waves of the same polarizations. Therefore, an anisotropi > ~
(axisymmetrig system of @, clusters has transverse modes,
i.e., one-dimensional Frenkel excitons, which are formed or
the basis of elementary plasma excitations of an individual

fullerene cluster. We shall call such excitations “plasmaFIG. 1. Spectra of longitudindl, upper spectrujnand transverseL, lower
Frenkel excitons.” spectrum two-dimensional plasma Frenkel excitons obtained numerically
with consideration of a concrete square lattice of polymerizgd & quar-

ter of the Brillouin zone is shown: dependence of the normalized frequency
o(f )/w, of the mode on the wave vectokgH andk,H.

n/H
2. EXCITATIONS OF A ONE-DIMENSIONAL CRYSTAL: THE 0.9%2 102
COULOMB PROBLEM
996

~

H

k!

The Fourier transformation

N
UM(k):n;N e MHgu(x—nH),

wheren=—N,...,0,.. N is the number of the cluster in a
chain of length &, k is the wave number of the excitation,
and H is the distance between clusters, diagonalizes the
problem, and the spectrum takes the form )

1+3(—1)M

o(k)=w; \/l—|— —
where{(x) is a zeta functiort? which defines the lattice sum

The spectrum is doubly degenerate fdr=*1. There is for the ground, totally symmetric state of the plasma Frenkel
natural splitting between thél==*=1 and M=0 states, exciton withk=0 [{(3)=1.202, compare the results in Ref.
which describe transversely and longitudinally polarized ex-12]. It follows from (3) that the longitudinal—transverse split-
citations, respectively. For sm&H<1 the dispersion of the ting is specified by the ratioR/H)3 and amounts to 3.9 eV
modes is linear with respect to the wave vector: for k=0 and—3.1 eV fork=7/H whenH=10 A.?

1+3(—1)M(R)3
w(k)zwl 1+T ﬁ

| 1 3
"kt 2

><[25(3)—(|<H)2

H

2>, 3

R)3 " cogkHn)
n=1 n '
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3. TWO-DIMENSIONAL PLASMA FRENKEL EXCITONS We also present the spectra of longitudinal and transverse
The theory of two-dimensional Frenkel excitons was de-rTll()delS obtgmgd by num;rlcal summation for a square lattice
scribed in detail in Ref. 13, where there are also references g POYMerz€ Go (see Fig. J‘ .

Thus, the spectra of longitudinal and transverse vacuum-

experimental results in this area. Below we present the rel_JItravioIet Coulomb excitations in one- and two-dimensional
sults of a microscopic calculation of the spectrum of Cou-

lomb 2D-plasma Frenkel excitons in a monomolecuIarperiodic systems of fullerene clusters, which were calculated

fullerene film, including results obtained analytically in the analytically in the continuum apprOX|mat|or_1 for wave num-
continuum approximation. bers that are small compared with the reciprocal lattice pe-

We choose the directions of the orthogonal polarization§iOd and nu_meri<_:a||y in the entire Brillouin zone, have k_)een
of the eigenmodes of the two-dimensional problem inanatupresem('}d In _th_'s paper. The values Of. th_e translational-
ral mannero, is a transverse mode polarized along a normafra.nsverse splitting of the elgmentary excnauon; nearthe
to the film surfaceg, is a second transverse mo@ts po- p_omt, as well as on the BnIIoum—zqne edge in the one-
larization vector lies in the plane of the film and is perpen-d'mens'onal case, have been determined.

dicular to the excitation wave vect&), ando is a longitu- This work was performed as part of Project No. 94014
dinal mode with polarization along the excitation wave of the Russian Scientific-Research Program “Fullerenes and
vector. In the continuum approximation, the two- atomic Clusters,” and one of ué/.V.R.) thanks INTAS for
dimensional lattice sum can be replaced by an integraly grant arranged through the Center for Fundamental Physics
which is taken in an expansion to the second order in thg, Moscow, as well as the Russian Fund for Fundamental

small parameter of the problerR(H)3<1/3 in the approxi- Research for its partial suppdi®rant No. 96-02-17926
mation of small wave numbers. Neglecting retardation, the

frequencies of the Coulomb 2D plasma Frenkel excnong)The distance between nearest neighbors in crystallige

have the form
( 3
@)= @1 \/1+ 2 2v. A. Davydovet al, Mol. Mater. 7, 285 (1996.
3/R\3 KH)2 3Ya. I. Frenkel, Phys. Rew87, 17 (1931); Phys. Rev37, 1276(1932).
< w.=w \/l— i 1—kH+ (kH) +O((kH)4) 4V. V. Rotkin and R. A. Suris, Mol. Mater5, 87 (1994).
z 1 2 \H 4 ! 5V. V. Rotkin and R. A. Suris, Fiz. Tverd. Tekbt. Petersbuig36, 3569
(1994 [Phys. Solid Stat@6, 1899(1994].

R\3/3 5(kH)? ) .
_ - N 4 A. M. Raoet al, Science259, 955(1993.
H) (2 2kH+ —g—+o((kH)*) |,

3/R\31 (kH)? 6 .
0 =w 1——|—| [==kH=- +0((kH)4) ) 7G. Barton _and C. Eberlem', J: Chem. Eh95, 1512(1991. _
\ 1 2\H 2 16 V. V. Rotkin and R. A. Suris, ifProceedings of the Symposium on Recent
(4) Advances in the Chemistry and Physics of Fullerenes and Related Mate-

rials, K. M. Kadish and R. S. RuoffEds), Electrochemical Society, Pen-

All three branches are clearly linear with respect to the wave nington, NJ(1998, pp. 940-959.
number at smalkH. 8L. Robin, Fonons Spheriques de Legend@authier-Villars, Pari§1958.

s . . 9V. V. Rotkin and R. A. Suris, Solid State Commwi(3), 183 (1995.
The Sp|lttlng between the Iongltudlnal and trans;Versemv. V. Rotkin and R. A. Suris, irfProceedings of the International Sympo-

modes at thd’ point is sium “Nanostructures: Physics and Technology-95St. Petersburg,

3 3 Russia(26—30 June 1995pp. 210-213.
9(R 3 M. Abramovitz and I. A. StegunHandbook of Mathematical Functions
ACOLT: wq 1+ b - 1_ -
4 \H 4
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3
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Relaxation and hot luminescence in solid Xe
V. Hizhnyakov, M. Selg, and D. Nevedrov

Institute of Theoretical Physics, Tartu University, EE2400 Tartu, Estonia;
Institute of Physics, EE2400 Tartu, Estonia

Fiz. Tverd. Tela(St. Petersbung40, 916—918(May 1999

A theoretical description of multiphonon decay processes of highly excited localized modes is
presented. Slowing of the decay rate at large vibration amplitudes and jumps in the

relaxation rate at certain critical amplitudes are predicted. Highly excited vibrational states can
appear in localized excitons in crystals of noble gases and can also appear in hot
luminescence. The observed and calculated spectra bfirKa Xe crystal are compared.

© 1998 American Institute of Physids$1063-78348)04605-X

Processes involving highly excited vibrational states andvhere t>+ (we neglect the rapidly oscillating terms
the mechanisms for redistributing the energy of localized~ exp=2iwit).
excitations over a crystal lattice are of great interest in mod-  Let us consider the interaction in the pair-potential ap-
ern solid-state physics. The concentration of energy in crysproximation with consideration of only the central forces.
tals with impurities, as well as in ideal nonlinear lattices, hasThe (n+ 1)th-order anharmonicity operator is written as
been studied in fairly great detail. In the classical description, >
such excitations are stable, since none of the harmonics of ﬂgr‘]#):_Q(t)E Vg‘“)&"m, n=2, 3
these modes are in resonance with the phonon spectrum. The n m
problem can be solved using quantum-mechanical methodghereQ(t)=A, coswtt, A, is the time-dependent amplitude
but since the vibration amplitudes are large, quantum pertutst the mode, the VSQH) are the parameters of the

bation theory cannot be used due to the lack of a small pa(n+1)th-order anharmonic interaction, thg,= e are

rameter in the mterator_mc mterz_ictl_on potential. the operators of the coordinates of neighboring atoms, and
The decay of localized excitations bound to defects, as

well as of self-trapped solitons in ideal nonlinear Iagti?:es, the x; satisfy the following equation:
can be described using a previously developed thedty. ~ A . B
was discovered that their decay is highly nonexponential. Xi:xi(o)e_'wit”LZAt% Emi®; 1V§Q+l)
The release of large amounts of vibrational energy into the
phonon continuum is observed at certain critical vibration
amplitudes. The calculations performed show that this
mechanism operates in crystals having a simple cubic 1Attice o ) o ) ) )
and in nonlinear monatomic chaidghe critical amplitudes Subs_t|tut|n_g this equation mto the correlation function, with
are of the order of 0.3—-0.4 A, which can actually be ob-Consideration of1) we obtain

served in localized excitons in crystals of noble gases.

In describing the interaction of an excited mode with the
phonon continuum, it should be taken into account that the
phonon generation and annihilation operat@s anda) are 15
altered in the field of a local mode. The new phonon opera 1
tors equalb= u;(t)b; + v;(t)a;" , where|u;|?—|v|?=1. As
a result, phonons form in the lattice. The decay rate is spec =, 30

t ~
XJ dtl sin wi(t—tl)COSthlxlr;(tl). (4)
0

50

units

0.5

fied by the expression % 1

dE d|w(0)? 5 1 Cews e wo s

w;d|v;(t g 60 62 64 66
T R e C-
: = 10 4
wherew; is the frequency of phonoin The problem reduces
to a calculation of the correlation function 0 T T T T
6.0 6.5 7.0 7.5 8.0
Energy eV

Di(t;7)=(0[x;(t+ 7)x(1)|0)
FIG. 1. Calculated hot luminescence spectrum of th§ ¥easimolecule in

h : :
= o—[|mi(t)[2e™ I+ | w;(t)|%€' 7], (2)  solid Xe. Individual portions of the spectrum on magnified scales are pre-
2w sented in the insets.
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15 1.00
50 . a o -..!." 4. b
* ® 050 *. .
405 - et i .« %o
* : by 7] ® o
N 4 - . -
h= 0 == K . 0 T . .
g 30 63 64 65 66 : - 175 8.00 8.25 FIG. 2. Experimental luminescence spec-
. ‘ 1.00 trum of a Xe crystal excited by x radiation at
£ . T=20 K (Ref. 4 (denoted by points The
© : T (o broken line denotes approximation by a
3_‘ T s . 050 1A Gaussian curve. a,b—hot luminescence
? s ’ % upon excitation by x radiation, c—excitation
c * , by an ArF excimer lasef193 nm).
£ 10 - E '-,
E R4 Y T T T
".',.o' '.,.! . 80 81 82 83
0 .-?n°.~~‘ . T '*~9!g.anl- P Wy
6.5 7.0 7.5 8.0
Energy eV
dE, (t — —2a1(R-Rg) _ 9a—a1(R—Rg)y _
L( )~—hAf(n—1) Vi(R)=D,(e e—2e ) — A, (7
dt
o (D;=515.53 meV, R,=3.24-0.01 A, A;=35.75 meV,
X fo do o TV Im G0~ 0)V"D" D(t;0)], and a;=1.91 A~1). The ground state can be approximated
by a Morse pseudopotential having a continuous spectrum:
€
where wy, is the maximum frequency of the phonon  Vy(R)=Ae 2*R—Age *R—A, (8)
spec:trum,Gmm,(t)=2ia)r;i1 sinwit is the Fourier transform
of the phonon Green’s function, (A=6.47X10° eV, @p=2.147 A"t e=#%ajau, and
_ : _ Ay=24.3 meV.
(N=1) ¢, \_ ioryN—1 4. 0
Doy (G) = ~d 7€' D (1 7), We performed a quantum-mechanical calculation of the

Franck-Condon factors for all the levets=0—44, deter-
mined their relative weights after solving the corresponding
D (t;7) =2 €mi€miDi(t; 7). system of kinetic equations, and summed them after obtain-
ing the required hot-luminescence spectrum. The calculated
spectrum(Fig. 1) also contains a contribution from the zero-
point vibrational level of the ] state. Good agreement with
the experimental hot-luminescence specttumas observed
2 for the relaxation jump near,= 23 (Fig. 2). The oscillating
D(t;0)~ —[I=A{G(~w)V¥G(w ~w)VI|"?IMG(w). ()  gtructure of the spectrum ultimately calculated is a purely
quantum-mechanical effect. Such a structure was discovered
The resolvent has a pole. Consequently, at certain CritiC%xperimenta”y using a new method for tWO_phonon excita-
amplitudesA,, the relaxation rate reaches large values leadtion of a Xe single crystal by an ArF excimer lag¢63 nm)
ing to abrupt phonon emission. at low temperatureésee inset ¢ in Fig.)1
In the case oh=3, the equation foD (t; ) is nonlinear
and can be solved analytically only in some simple cases. This work was supported by the Estonian Science Foun-
However, the following conclusions can be drawn: first,dation(Grant 2274.
there are no real solutions for very large valueshef i.e.,
the processes of generating three or more phonons are com-
pletely suppressed, if the amplitude exceeds a certain value;
second, for amplitudes close to the critical value, the rate of
the processes for the emission of three or more phononéV- Hizhnyakov, Phys. Rev. B3, 13981(1996.
reaches fairly high valueg®f the order of a vibrational quan- éol% gg?e% g'OZ% (Tl‘é%rgj TeldLeningrad 28, 1641 (1989 [Sov. Phys.
tum), but always maintains a finite value; third, the values of sy, piznnyakov and D. Nevedrov, Phys. Rev.58, R2809(1997).
A increase witm, while A% ~1 A, “R. Kink, A. Lohmus, and M. Selg, Phys. Status SolidLB7, 479 (1981).
Hot luminescence appears in thg 0.0, transition in °M. Selg, Phys. Scr47, 769 (1993.
the X& quasimolecule. The [ excited state is described - MzMnyakovand D. Nevedrov, Pure Appl. Chef®, 1195(1997.
well by the Morse potential Translated by P. Shelnitz

and

In the case of two-phonon decayn=2), the equation for
D(t;w) is linear and can be solved analytically for an arbi-
trary phonon spectrum. The result is as folloWs:
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We discuss novel nonlinear optical responses due to weak localization of exciton-polaritons
(EP’9): first phase-conjugated signal induced and enhanced by the weak localization of EP’s under
a single pump and a test beam which are two-photon-resonant to a biexciton. This observation

will give us clear evidence of the weak localization. Second, we analyze, in terms of

weak localization of EP’s, the coherent light emission in the direction normal to the surface

under a single beam pumping tilted from the normal to a planar semiconductor microcavity.
© 1998 American Institute of Physids51063-783#8)04705-4

Since phase-conjugated waBCW) generation was 2(yo+¥)Uq
shown theoretically to be enhanced by weak localization of ~ I'i(ki—ko)=5—— Dk —kg)2’ (1)
exciton or excitonic polariton$EP’s),! several theoretical Y0 v
paperd= were published for the effects of weak localization 2(yo+ v)Ug
on optical nonlinearities. No experimental observation, how-  T'c(ki+ko) = 279t Dk T k)2’ )

ever, of these effects has been reported yet. For the case of
the conventional phase-conjugation process, three beams dtere k;, ky andk are wave vectors, respectively, of EP’s
necessary, and forward and and backward pump beams ag&cited by the test and pump beams and the signal bgam,
required to irradiate the front and rear surfaces at the freis the inelastic scattering rate of the EP,
quency with a finite absorption coefficient. This configura- y=7N(w)n;|V(0)|? with the state densit)}(w) of the EP,
tion makes these experiments difficult. On the other hand, w&; is the number density of elastic scatterers ¥if@) is the
have analyzed, in terms of the weak localization of EP’szero-Fourier component of the potential due to the elastic
coherent light emission in the direction normal to the surfacescattererUo=n;|V(0)|? and D=v}/6(yo+ y) is the diffu-
under the tilted pumping in a planar semiconductor micro-Sion constant of the EP with its group velocity .
cavity containing quantum wellQW’s).%7 For the casef<6, |k—kol?/k§~6°<67=2y,/Dkj

We propose first in the present work how to observeSO that we may puk,=Kk; in (1). Then the ladder-type con-
much clearer evidence of weak localization of the excitons offibution I'; gives the stronger scattering of the EP into any
EP’s under a single pump and a test beam irradiating a Cry_g_lrectlons. On th2e other hand, under such a two-beam pump-
tal surface and nearly two-photon resonant to a biexdton.N9 asD(ki—Ko)*>2yo, i.e., 0>6;, the ladder-type scat-
The main result is as follows: Let us denote Byhe angle terings I') are negligible in comparison to the maximally

between the pump and test beams. Then it will be shown thé:[rqssed ones W'tk%._kt' As a result, the. backward sc.at-
for ¢ larger than the critical anglé, , the phase-conjugated tering of the EP excited by the test beam is most effectively
c’ .brought about and the phase-conjugated signal is observable

wave is induced and enhanced by the weak localization "Wor 9> 6. While the signal intensity of conventional phase-
the direction inverse to the test beam but that no clear en- e 9 y P

. . . conjugated wave is proportional l(ﬁlt, the present signal
hanced'3|gnal'ls expected for the cased. . The EXpression s thelplf dependence. This is understood from the dia-
of 6. will be given later. In the latter case, the sharp signal

L . . gram of Fig. 1, where two-photon resonance of biexciton
due to the weak localization disappears so that its observz%zu +w=wy: the biexciton frequendyis made of use so
S t— .

tion as a function of provides us direct evidence. that the biexction-photon interaction is used twice and the
The EP excited by the forward pump wave is dom'”am'yEP-photon one is ondeHere (I o) and wy(w;) are the in-

scattered into the backward direction due to the effect Oﬁensity and frequency, respectively, of the t@atmp beam.
weak localization of the EP. Here the backward-scattered ER other interesting point of this process is that, when the
plays the same role as the EP created by the backward puniexciton is resonantly excited by the two-photon process
wave. Without the weak localization, the PCW is missing. 4 + w,= w,, the phase-conjugated signal is enhanced not
Therefore the observation of PCW gives direct evidence obnly by the resonance effect but also by the giant oscillator
weak localization. This weak localization comes from con-strength for the transition between the states of a signal ex-
structive interference of multiple scattering of the EP and itsciton and a biexcitof:® As a conclusion, the observation of
time reversed process. Multiple scatterings of the EP ar@CW as a function of the angle between pump and test
composed of the two diagrams, i.e., the ladder-type diagrarbeams will give clearer evidence of weak localization.

I',, and the maximally crossed diagral}, respectively. Second, we will describe the observation by Riéeal.
These effects are summed up into the following forms: on the coherence transfer between EP’s in a system consist-
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a b We assume that the incident laser tilted at an arfijle
®, o, from the normal excites a coherent stateof the EP with an
4 in-plane momentunk, in a well. The emission intensity in
a;,\ t V » the normal direction may be considered to be proportional to
/ ' the number of EP’'s generated in the single mode per second,
w L and may be evaluated under CW excitation as
T ¢ .0 N
4 ls=lim — ((c5 Cop(1))). (3)
(@,) 4V AN o
- "(@) The double angular brackets (8) signify both the quantum-
1 A , mechanical and ensemble average over the distribution of
a/ ! (@) scattering potentials. An irrelevant factor, coming from
@) (@) transmissivity determined by coupling of the EP’kat0 to
' ' the external electric field, has been omitted. The density op-
c d eratorp(t) of the total system is
PO PO p(t)=expt —iHt) pg expliH ), @
o, t 1 . Y » in terms of the total Hamiltoniakl;. We expand4) in H’
t / ' / ' the interaction of EP’s with the external electromagnetic
4 = & field E;. The lowest-order contribution comes from the
z, 4 fourth-order term, i.e. second-order in the pump and second-
¢ Y\, ' order in the signal field. According to the calculations"of,
, (@) (@p) }\ (3) is evaluated by taking account of multiple scattering of
@ ("a’;) EP by the elastic scattering potentigj(q), i.e., the effect of
0 Y 1 Y maximally crossed’; and ladder-typd’, diagrams. Therhg
(w,) h \ (@) A \0 expressed in the lowest approximation in external fields:
, d
@) (w,) 4AU, 1

ls=— 1+ 2 , )
FIG. 1. Diagrams contributing to the generation of phase-conjugated exciton Yo( Yot ¥) 1+D(k+ko)/2yq

polaritonwg . Solid line and double solid line describe propagation of an EP o tian + 2
and a biexciton, respectively, and thin lines describe the external fields of A= |<n0+ 1,a|CO CoH |n0,a><a|ca M- E|0‘>| : (6)

um and testw; beams. . . . .
pump @o ! Here vy, is the inelastic scattering rate,

y=mN(w)n;|Vo(0)|? with the EP state densiti(w) and

the number density of scatterens;, Uy=n;|V,(0)|?,

DEV§/6(’yO+ v) is the diffusion constant of EP with its
ing of multiple-quantum-well excitons resonantly coupled togroup velocityr, and the transition dipole momept cre-
a planar Fabry—Ret microcavity’ Specifically, they ob- ated byc;=c* (ko). From(5) and(6), the signal intensity is
served the emission of light in the direction perpendicular toProportional to the square of the incident powgrin the
the surface with a small divergence angle, even though th¥€ak pumping and increases more strongly agdigisirhis

2D EP states were excited at a much larger arigfefrom 'S Pecause the induced scatterings ikte0 and —k work,
g (gt espectively, in the EP-EP collision Hamiltonian” and

th.e ”Or”?a"_ The em|tteq light vyas cor?ﬁrmed 0 pe _cohe_ren{lo(q) term. There the sharp peak in the normal direction is
with the incident pump light by interfering the emission with understood as a combined effect of the weak localization and

the pump beam. The emitted light intensity was also 0bjnqyced scattering to this mode, which has the longest life-
served to increase more strongly than by the second power @fne in the semiconductor microcavity. The angle of en-
pump light intensity. These experimental observations can beancement is WithirﬂCEnyO/Dkgz 12yo(yo+ 7)/(koyg)2_
accounted for as a consequence of exciton-exciton interaBecause the EP suffers only from elastic scatterings, the sig-
tions in a weakly localized system in the following way. The nal light has the same frequency and phase as the incident
pump excites EP with an initial in-plane wave vectqy. light within a lifetime 1/2y, and is thus coherent with the
These EP’s may be coherently backscattered due to disordBHMP beam. For times longer thanyd/ the EP suffers from

in the quantum-well confinement potential mainly into statednelastic scattering, so that the interference persists for a time
with momentum—k. Collisions between EP's witk, and 1/y,. These results are consistent with the observation of

6
—kg result in generation of a population of EP’s at exactItheeet al.
k=0, giving rise to coherent emission of light in the normal
direction. Note here that the bosonic character is reflected irng. Hanamura, Phys. Rev. 89, 1152(1989.

the scattering and collisional processes, i.e., EP’s are mostV: E. Krabtsov, V. I. Yudson, and V. M. Agranovich, Phys. Rev4B
strongly scattered into the most highly populated staté: 2794 (1990,
aly ghly pop 3 3A. R. McGurn, T. A. Leskova, and V. M. Agranovich, Phys. Rev4B

andk=0. 11441(1991).
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Two-photon photo-voltaic spectroscopy on wannier excitons in Cu -0
N. Naka, M. Hasuo, and N. Nagasawa

Department of Physics, School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113, Japan

Fiz. Tverd. Tela(St. Petersbung40, 921-923(May 1998

Two-photon excitation spectra of photo-voltaic effects and relevant excitonic emissions of a
naturally grown single crystal of GO have been studied at 77 K and 2 K. The photo-voltaic
effects have been detected under local excitation at a macroscopical distance apart from the
electrodes. The participation of the yellow series excitons in the generation of the photo-voltaic
signal has been discussed. 1®98 American Institute of Physid§1063-783%8)04805-9

The correlation between photo-electric effects and rel-dard system for spectroscopy. Photo-voltaic signal was mea-
evant optical absorption in semiconductors had been a cemsured by a digital voltmetefAdvantest R645R Optical and
tral interest of Prof. E. F. Gross and his colleague since thelectric signals were recorded simultaneously by a computer.
beginning of 1950$ They found hydrogenic absorption
lines of excitons in CyO and verified the concept of Wan- 5 rResuLTS AND DISCUSSION

nier excitons experimentally. ] .

Application of laser technology to solid-state spectros-  Figure 1 shows examples of photo-voltaic spectra ob-
copy triggered new progress in exciton physics. A pioneering@in€d by one-photon excitation at 77 (& and 2 K (b).
challenge to observe the two-photon absorption spectrum cﬁﬁeneral_shapes of the spectra were co_n3|stent with the photo-
the excitons in Cs0 was the mileston®and the clear dem- conduction spectfaand the photo-voltaic spectfaRelevant

onstration was established later bit was demonstrated €nergies of the excitonic structures are shown in the figure.
there that thes andd excitons in the yellow series are ex- Itshould be noticed that voltaic effects reaching V in

cited selectively by two-photon processes. Corresponging the dark are present at 2 K. Large amount of the dark-voltaic

excitons are excited by one-photon transitions as is widelyignal quickly diminished to the level shown in Fig. 1b when
known. the sample was irradiated by light. A striking phenomenon

The participation of excitons in photoconduction and observed characteristically 2 K was a very slow recovery

photo-voltaic effects has been discussed in Refs. 5 and & the signal after interrupting the light irradiation.
These phenomena have been utilized to detect the ballistic
propagation of the excitons, that has been interpreted as a
manifestation of the superfluid phase of paraexcitons. -

The aim of our experiments is to develop a new method
to study the dynamical aspect of the excitons. The principle
of the method is a simple application of linear photo-voltaic

a CuO 77K

1, mV

[
spectroscopy to the two-photon excitation regime. Simulta- & 4|
neously the excitation spectra of relevant exitonic emissions ‘: le1LO 1s
is also observed. s [
S L i _| l_
! 1s+1LO
1. EXPERIMENTS -, . [
A naturally grown single crystal was used as a sample. A 200 |- b Cu0 2K

rectangular plate of 8 2.6 mnf on side of §100] plane and 5 i
of about 1 mm thickness was used. One electrode of 2.5
X 2.5 mnt size was set at one side of the sample and theg -
other electrode of similar size was located at the opposite.go -
side. Electrodag was used to from the contacts. The samplt
was immersed in liquid Nor superfluid He.

A color-center laser(Solar CF-151M pumped by a
Q-switched Nd:YAG laser was used as a light source for the -s00}-
two-photon excitation. The pulse width and the repetition L. . L . 1 " L
were ~50 ns and~400 Hz, respectively. One-photon exci- 200 o 208 216

. . . ne- photon energy, eV
tation was performed by monochromatized light from a Xe
lamp. Emissions from the sample were observed by a stamHG. 1. Photo-voltaic spectra at of gb 77 K (a) and 2 K (b).

|11

2p 3p4p

00 |- 1s
Eg

C S

400 |~

—

Voltai
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S o FIG. 3. Photo-voltaic spectréa), (c), and excitation spectrum of, (b)
. . at 2 K.
ya 1 SR 1 1

2.02 7 XY BT
Two-photon energy eV
hole mobility with appropriate lifetimé® It is worth investi-

FIG. 2. Photo-voltaic spectrga), (c), and excitation spectrum of gating the mechanism of this long-range effect comparing
Xo—TI'5 band(b) at 77 K. The insets show respective configurations of light with that of the ballistic propagatio7n
irradiation. ! . ' .
radiation Figure 3a is an example of two-photon photo-voltaic
spectra under the remote excitation at 2 K. Fig. 3b is the
. excitation spectrum of the resonance emission of the ortho-
Recenﬂy, it was found that-V character and relevant .excitons Kg). Each excitonic structure in Fig. 3a corre-
eIectrqumlnesconce.of. the sa.mrgtle useq here are strongly Irg'ponds with relevant structures in Fig. 3b. In this case, the
fluenced t.)y j[he .|rrad|at|on of lig .The origin of the photo- excitonic effects appear as the diminution of the signals as
induced diminution of the dark voltaic effects should be cor- " w0 coce of 15 exciton generation by one-photon ex-

relativel clarified reverin researches on transport .. ..
y 9 POcitation.

pheg?”;?gaz(: (;?]r(;::\a/;s ;]nloo/\:(;?nm?:ri:‘aisx}o- hoton bhoto- Finally, a few comments are given for the two-photon
9 pie of P P Photovoltaic spectrum around the 1s yellow exciton reso-
\iocl)t%:c spedotra a;t 7K thr? theh|nC|dentt I?ser .beanf1 t(;nance at 2 K. As witnessed in Fig. 3, the photo-voltaic spec-
~> MM diameter: passes through a central region of g, ., o qg broadening toward high energy side comparing
crystal sandwmk:;d by the eloctrodes._ The excitation den.s't%ith the sharp structure of the excitation spectrum of the
::;i; i,O(()a(I:(tY\L/J /r(r:1 o?tt:;:e ;n?_)gmurdnzlr?j:;;:gw: g?theo)fm_ emission. The fact clearly suggests that the mechanism of the
N SPeCtiul - X o generation of photo-voltaic signal is different from that of
exciton emission Xo—I';). The excitonic structures are i cione The high-energy wing may be due to the ortho-
clearly resolved. The energy of oach structure in the Sp(.eCtr&(citons of large kinetic energy actually produced by coher-
corrosponl;js to relevaps—d]-exciton energy as Iab_e!ed N ent scattering of acoustic phonons. They may not contribute
the figure. '_rhese facts show tha’? the_ excitons participate in, the X, emissions before relaxation. On the other hand, the
the generation of the photo-voltaic signal. coherent excitation of the ortho-excitons makes coherent

F|gur_e 2¢ shows a similar photo-_volta|c spectrum Whenresonance scattering domindnand carrier generation sup-
the location of the laser beam was shifte@ mm apart from gressed

the edge of the electrodes as shown in the inset of the figure.
Almost similar spectrum with similar intensity was obtained. 3. CONCLUSION
This fact shows that the remote generation of the excitons’
gives clear effects of the generation to photo-voltaic signal.  We have demonstrated two-photon photo-voltaic spec-

The participation of the ortho-excitons in such phenom-troscopy to study the photo-carrier generation mediated by
enon should be ruled out except for their polaritonic propathe yellow series excitons in 0. With the simultaneous
gation, because their lifetime is observed to be in order obbservation of the excitonic emissions, it is revealed that
nsect® The contribution of diffusive propagation of the para- excitons participate in giving rise to the photo-voltaic effects.
excitons may be also ruled out taking account of their diffu-Remarkable photo-voltaic signal is observed even under re-
sion length at 77 K* One possibility is free carrier genera- mote generation of excitons. The dark-voltaic effect is
tion at local centers influenced by the excitons as impliecpresent a2 K and is found to be remarkably influenced by
from the fact obtained by the excitation spectrum of freelight irradiation. The present method is promising to investi-
holes'® However, the diffusion length of free holes is gate exciton-mediated generation of free carriers and their
roughly estimated to be only-100um at 77 K from the dynamical feature.
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Exciton absorption and optical-gain bands in the presence of laser radiation
S. A. Moskalenko, V. G. Pavlov, and V. R. Mis’ko
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The absorption and gain bands of a weak probe signal in the presence of the Bose—Einstein
condensation of excitons, which appears under nonequilibrium conditions in a field of coherent
laser radiation, are considered. It is shown that the absorption of light is caused by a

quantum transition from the ground state of the crystal to the quasiexciton branch of the spectrum.
Amplification of the signal occurs as a result of transitions from the quasiexciton branch of

the spectrum to the ground state of the crystal. 1898 American Institute of Physics.
[S1063-783%8)04905-3

The optical Stark effect in the exciton region of the spec-p_, ..<.(Q)
trum has been studied in numerous experimental and theo-

retical investigationd=® The interpretation of the observed 2|)\kO+Q|2 1

phenomenon proposed by Schmitt-Rink, Chemla, and — % |1_|AQ|2|

Haug"*is based on the idea of the stimulated Bose—Einstein

condensation of excitons induced by external coherent laser rQ) |Agl?

radiation. In contrast to Keldysh and Kozlov’s work, which X — — 2112 - 2
was devoted to the spontaneous Bose—Einstein condensation (helkot QI =hw ~Ex(Q)™+TH(Q) [1=[Aql
of excitons in an electron-hole descriptibthe frequency of T(-Q)

the laser radiation plays the role of the chemical potential. X(hc|k O e T E(—0))ETA—0)| 1)
Stimulated Bose—Einstein condensation can be real, but 0 Lh-
nonequilibriunf when the coherent laser photons excite resoThe  coefficients A, of the unitary Bogolyubov

hant excitons in a band with the same wave vector value, ofransformatiorf,which was used to diagonalize the quadratic
it can be virtual when the frequency of the laser radiationpart of the Hamiltonian of excitons interacting with light,

differs significantly from the frequency of the excitonic depend on the detuninly, the kinetic energy of the exciton

transition?™> Just this variant was realized experimentally N+ "the displacement of the exciton lexs!, and&(k) in the
Refs. 1 and 2, where the photon energy was smaller than ﬂ}ﬁllowing manner:

energy of the low-lying exciton level. Displacement of the
exciton level was observed experimentally after the onset of Z+Tk+ L—&(K)
an ultrashort laser pulse, and its return to the original posi- Ax= L . (2
tion was observed after completion of the pulse.

Below we shall examine the probability of the absorp-Here we have introduced the notation
tion and amplification of a weak optical probe signal upon 52K2
transitions from the ground state of a crystal to an exciton  A=fiwg (ko) —hw +Ly, Ty= ,
state when the crystal is in a field of intense coherent laser 2Mey
radiation that causes coherent macroscopic polarization of Ny
the medium. The issue here is the transition probability un- L= ,,(k)_o,
der conditions where one more exciton is created in the pres- \4
ence of a large number of real or virtual excitons generated — R
under fixed conditions by coherent laser radiation. The pres- €(K)= VAL T?-LE. ()
ence of laser radiation and coherent polarization of the mes Lo o .
dium is the important factor, which leads to the possibility ofeThe detuningA is specified by the difference between the

e . e . energy of the renormalized exciton leved,(kq) + Lo and
the ampllflcatlon of.a weak signal and dlstmgwshes th.IS typ%e e%]):ergy of a laser photon having the fr;a(ugazgarg d the
of equton absorption from the type previously studied "N\vave vectoky; v(K) is the exciton-exciton interaction con-
unexcited crystals. stant, anchkoz NkO/V is the exciton density in the conden-

1. NET ABSORPTION PROBABILITY sate. The expression

The probability of the absorption of light minus the )= V(A +Lo+T)2— L2 4
probability of its emission gives the net absorption probabil- (k) \/( < T K @
ity. After replacing thes functions by Lorentzians, we found is a component part of the total energy of an elementary
the probability sought af =0 in the form excitationE(k),

1063-7834/98/40(5)/3/$15.00 850 © 1998 American Institute of Physics
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fiko Einstein distribution function with a chemical potential equal
E(k)=&(k) +aVs ki Ve=r—, (5  to zero. A sharp difference appears between the occupation
ex
numbers

which depends on the velocity, of the induced condensate.

This rate is determined by the laser photon momentiky ox ox |Aq—ko|2
and the exciton translational masg,. In order that theA, Mkork=Na =12 Ta, |7 q=ko+k ®)
satisfy the condition 4%

IAl<1 ©6) for the cases in whicly tends toward, or —kg,. Since the

optical absorption coefficients are proportional t(}k(rjgx),

over the entire region ok-space, the sign in front of the sharp anisotropy of the absorption of light hence appears.
square root in11) must be chosen to coincide with the sign  Instabilities appear in the spectrum whéris negative.
of the expressionZ(+Tk+ L,). We useg;(k) to denote this They were discussed above. At wave vectors which produce
solution and define it by the rule instabilities the coefficientsA,|2=1, and the corresponding

~ occupation numbers go to infinity. These singularities can be
sgné&i(k)=(A+T,+Ly). (7)
Net absorption takes place at values fb=7c|k,

+ Q| where the differencél) is positive, and net optical Pasl(Q)

emission or amplification occurs at values where it is pos-

sible. ' ' ' ' '
4 =

2. ANISOTROPY OF EXCITON ABSORPTION AND 2t
EMISSION BANDS IN A COHERENTLY POLARIZED
CRYSTAL 0

The function&(k) was previously obtained in Ref. 6. -2
However, the coefficient®\, and the quantum transition . ) . . . z
p_robal_allltles were not |n\_/est|gated. The analogous expres- 6‘.19994 0.9998 1 1.0002 1.0006
sions in the form of functions dig—k,| depend on the ori-
entation of the vectoq of the probe radiation relative to the Pou(Q)
vectorkg of the laser radiation inducing the coherent macro- '
scopic polarization of the medium. Three possible geom- [ ' T T T T T T ]
etries for observing the absorption coefficient are of interest. = | b l |
They areq?1kq, gLky, and gl Tky, in which the probe 10k 2 3 |
radiation propagates along the direction of the laser radia- ]
tion, perpendicularly to it, or antiparallel to it. 0

The absolute valug(q—kg)/ko| takes different values i 1
for the same absolute value g&=xky, wherew>x>0, de-

: . ) : -0} .
pending on the orientation af relative tok,. They equal : |
Ix—1], \x?+1, and &+ 1), respectively. 20l .

For this reason, the energy spectrdpiq—k,), the co- ' ' ! ' ' —
efficients [A;_, |, and the multiplier (1—|Aq_k0|2)‘l are 0-99%6 0.9998 ! 1.0002 1.0004
found as functions of for the three orientations a@f relative PaelQ)
to ky. The dependences onsimultaneously convey the de-
pendences on the frequency of the light absorbed, girce 2 ' ! ' T ! '
=fhcq=xAicky=xhw_ , where x>0. These dependences 15} c 1
were found for a specific value of the detuniigand contain - 3 1
the frequency dependences of;(x), |A(x)|, and i |
(1—|A(x)|?) "1 for the three observation geometries.

The dependence of @|A(x)|?) "1 has pronounced an- ¢
isotropy. The latter is manifested at positive values of -5} .

A =L, and amounts to 2%. At large positive valuesiothe B ]
anisotropy becomes vanishingly small, i.e., the coefficients_1 , . . \ . . , z
|A,| for the quasiexciton branch of the spectrum become g.9996 0.9998 1 1.0002 1.0004

much smaller than unity. Wheh=0, a real, but nonequilib- o o e orientations of
rium induced Bose condensate of excitons with the wavé'S: 1- The frequency dependengc(Q) for three orientations of the
wave vectorq of the probe radiation relative to the wave veckgrof the

vectork, is observed. The exciton occupation numbgf, x  jaser radiation1—q1 Tke, 2—qL ko, 3—ql Tk, for various values of the
becomes infinitely large ds— 0, as follows from the Bose— detuning: #A=0.01L,; b) A=0, 9 A=—0.001,.
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eliminated, if the damping of excitons in the band due tospond to the case df(Q)<|&;(Q)| and to small values of
scattering by other excitons or by phonons is introduced phey,e detuningZ where thqu|2 are close to unity.

nomenologically. The forms of the absorption and gain bands are pre-

. The ggneratlon of New waves and. the stimulated SCattersfented in Fig. 1 for three values of the detunir@:

ing of excitons take place in these regions. The latter proces§O 0L K=0. andA=—0.001.. Th in band |

is threshold-free as long as the damping of the energy spec- >0 = *» anda = —u. -0- | N€ gain bands are 1o-
ted on the long-wavelength side of the laser radiation fre-

trum of the seed excitons is disregarded. Since the number hile ab ion band I d he sh
nonequilibrium excitons becomes anomalously large in th@uentl:y Wh'e,da S?I_rr?t'on h_fan SI are ocated on the short-
vicinity of these regions irk space, the absorption coeffi- wavelength side. They shift relative to one another as a

cient becomes anomalously large. It is noteworthy that thdunction of the orientation of the wave vectors of the probe

region where anomalous absorption is possible also shift‘éad"rjmonq:kf’“LQ andko.

along the energy scale as a function of the obs_ervation ge-  This work was performed as part of an INTAS project
ometry. Besides (%|A(x)|?) 1, the net absorption prob- (Grant 94-324,

ability (1) contains a second multiplier, which has the form

of a Lorentzian. The latter can also exhibit different fre-

quency dependences for different orientationgyatnd kg .

However, it depends on the small difference between quan3/\l-ggysyf0ViCZ' D. Hulin, A. Antonettiet al, Phys. Rev. Lett56, 2748
tItIeIS SUCh_aﬁw and%a, , each of which is Iarge_ m_ com- Zl(A. v06r)1. Lehmen, D. S. Chemla, J. E. Zucker, and J. P. Heritage, Opt. Lett.
parison with the spectrum of elementary excitatidfg 11, 609 (1986

(g—ko)=&1(q—kg) +AVs-(g—Kg). Therefore, the anisot- 3S. Schmitt-Rink and D. Chemla, Phys. Rev. L&, 2752(1986.

ropy is more clearly displayed through the multiplier (1 *S- Schmitt-Rink, D. S. Chemla, and H. Haug, Phys. Rev3® 941

- Mol L e , (1988,
|Aq—ko| )"~ In addition, if the arguments in the corre 5V. R. Mis’ko, S. A. Moskalenko, and M. I. Shmiglyuk, Fiz. Tverd. Tela

sponding Lorentzians coincide exactly, the anisotropy dis- (St. Petersbuig3s, 3213(1993 [Phys. Solid Stat&5, 1580(1993].

cussed above vanishes. In this case the regions where pufé A. Molfjka'ﬁnkodand V. R. '\fls’koyhulé; Fiz. ZI87, 1812(1992.

absorption and pure emission take place are superimposed o '3\//' ';ﬁygSJE?r';z7A52T‘(1§%ZQ‘]’V’ Zh. Esp. Teor. Fiz54, 978 (1969

one another, and their anisotropies are compensated exactlys. a. moskalenko, Fiz. Tverd. Teldeningrad 4, 276(1962 [Sov. Phys.
Similarly, the anisotropy becomes inappreciable, if the Solid State4, 199 (1962].

Lorentzians have a half-width |arger than the width of ON. N. Bogolyubov,(_)ollected Scientific Works, Vols—2 [in Russian,

2|&,(Q)|. The most favorable conditions for observing an- '\aukova Dumka, Kiev1971.

isotropy of the absorption and luminescence bands correfranslated by P. Shelnitz
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Features of the optical bistability in an exciton-biexciton system
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Fiz. Tverd. Tela(St. Petersbung40, 927—-928(May 1998

The role of exciton-exciton, exciton-biexciton, and biexciton-biexciton interactions in the
nonlinear transmission function of a ring cavity is studied. It is shown that transmission functions
both without hysteresis and with one or two hysteresis loops can be obtained by taking into
account the elastic interparticle interactions in the exciton-biexciton systenl998 American
Institute of Physicg.S1063-783#8)05005-9

This paper presents the results of a theoretical investigavhereE; andE, are the field amplitudes of the incident and
tion of optical bistability in the region of th&1 lumines- transmitted waves, respectively, aRd- T=1. We introduce
cence band of semiconductors, which is caused by the optthe normalized amplitudes using the formulas
cal conversion of excitons into biexcitons. Such a system is
completely analogous to the ordinary two-level motel. _ E y= Ei &)
However, elastic exciton-exciton, exciton-biexciton, and ENT ENT
biexciton-biexciton interactions take place at high excitation
levels. Here emphasis is placed on ascertaining the role
these interactions in the nonlinear transmission function of
ring cavity.

The starting point for a theoretical treatment of optica
bistability in an exciton-biexciton system is the interaction
Hamiltonian in the second quantization representation:

hereE=#/(uT,T,) Y2 u=tog, andT, andT, are the
ongitudinal and transverse relaxation times.

It is assumed that the incident wave is coherent and
Imonochromatic. In the approximation of a slowly varying
envelope, the functio(x) varies weakly over distances of
the order of the optical wavelength. We consider the case of
exact resonancA = w— w,=0, wherew,, is the frequency
of the exciton-biexciton transition. With consideration of the
H_ og(a+bE‘+b+E+a)+%a+a+aa foregoing, in the mean-field approximation, we obtain the

f equation of state of an exciton-biexciton system, which re-
lates the amplitudes of the transmitted (and incident y)
Vo 14 . .
+ ?b+b+bb+ §a+b+ba, (1) fields, in the form

N 2Cx @

y:X L

where the field amplitud€ is a sum of the positive- and 1+x*+w(a+B2)*
negative—frequency comp(.)nent.s, i'.E": E*+E™, a (b) iS  where w= i (N+N)To2,  a=1+vy/vi—2vlvy, S

the amplitude of the excitoribiexciton) wave, og is the _— v,/v;—1, andN andn are the occupation numbers of the

constant of the interaction of excitons and biexcitons withyiexcitons and excitons. The bistability paramegis ex-

the field, andv;, v,, andv are the elastic exciton-exciton, pressed by the formul@= aL/4T.! Equation(4) is a gener-
exciton-biexciton, and biexciton-biexciton interaction con-jization of the results in Ref. 1 for the case taking into

stants, respectively. account the elastic interparticle interactions in a system of

Only one macroscopically filled mode of coherent exci-excitons and biexcitons. It contains not only the bistability
tons, biexcitons, and phonons is considefta@ index char-

acterizing this mode is omitt¢dThe problem is solved semi-
classically using the Heisenberg equations of motion for the

amplitudes of the exciton and biexciton waves and the wave E, T T
equation for the field. E; T/ B,
In this paper optical bistability is studied in the geometry > ;E AN >
of a ring cavity (Fig. 1). A sample of lengthL is placed
between the entrance and exit mirrors of the cavity, which 0 L
are characterized by the same transmission coeffidierts
in Ref. 1, we use the boundary conditions for the field am-
plitudes at the points 0 and of the crystal in the form €
R=1 R=1

E(L):?, E(0)=TE+RE(L), (2)

FIG. 1. Schematic representation of a ring cavity.

1063-7834/98/40(5)/2/$15.00 853 © 1998 American Institute of Physics
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FIG. 2. Transmission function for the case ©®&=2 and various values of FIG. 3. Transmission function for the case @4 and various values of
w: 1—0, 2—2, 3—3.5,4—5. w: 1—0, 2—2,3—3,4—7.

two downward switchings and only one upward switching.

parametecC, but also the additional parametavs «, and, When C=8, two hysteresis loops also appear. As fol-
which specify the behavior of the transmission function.  lows from Ref. 1, the first loop exists already for=0. It is

Let us ascertain the dynamics of the variatiox@f) for ~ quite pronounced, in contrast to the preceding case, and re-
different values ofv andC. Figure 2 presents the transmis- mains practically unchanged asis increased. The appear-
sion function for the case & =2 and various values of. ance of the second hysteresis loop is caused by deformation
As w increases, a hump appears on the left-hand side of thef the hump, whose existence is associated with nonlinear
figure, and then its height and steepness increase. At a certéffects in the exciton-exciton, exciton-biexciton, and
value ofw, this hump deforms so much that a hysteresis loogliexciton-biexciton interactions.
appears(for example, atw=3.5). This is caused by the Thus, it is seen that the existence of transmission func-
strong influence of the interparticle interactions, which aretions with two hysteresis loops is possible in a system of
specified mainly by the behavior of the third term in the €xcitons and biexcitons when the elastic interparticle inter-
denominator of the transmission functiot). Thus, it is seen actions are taken into account. The first hysteresis loop is
that optical bistability also appears in an exciton-biexcitoncaused by the existence of internal feedback and can appear
system wherC<4 (in contrast to the results in Ref),Jbut  in transmission even without the ring cavity. The second
in this casew must exceed the critical valusv(=0.9). hysteresis loop is caused by external feedback and appears

Figure 3 shows the(y) curves forC=4 and various ©nly in the presence of the ring cavity. In such a system not
values of the bistability parameter. It is seen that we ob- only the bistability parametet, but alsow, «, andg can be
tain the results described in Ref. 1 whern=0. As w is  bifurcation parameters. A transmission function without hys-
increased, strong deformation of the initial portions of theteresis, a transmission function with one hysteresis loop, or a
curves takes place with the formation of a hump on the transtransmission function with two hysteresis loops can be ob-
mission function, whose position and shape are specified bfgined, depending on the relation between these parameters.
the value ofw. At a certain value ofv, a segment of differ- In addition, variation of the number of upward and down-
ential amplification appears on the right-hand slope of thevard switchings during cyclic variation of the intensity of
hump and then quickly transforms into a bistable segment. Ahe incident radiation is possible for certain values of these
further increase inv leads to expansion of the bistability parameters.
region and even to a change in the number of upward ang
downward switchings during cyclic variation of the incident
light intensity. For example, for the case wf=7 there are Translated by P. Shelnitz

R. Bonifacio and L. A. Lugiato, Lett. Nuovo Cimenfi, 505 (1978.
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Excitons in many-valley semiconductors form molecules consisting of four and more excitons.

The degeneracy factay of the conduction band in germanium is 8, and in siligpa12.

As in acceptors, the hole ground state in excitons is fourfold degenerate. The same is valid for
exciton molecules, because they are quantum objects with spherical symmetry. The

exciton binding energy in molecules is close to that in exciton-liquid droplets. Experimental
evidence is considered for the existence, besides biexcitons, of stable exciton molecules consisting
of three and four, and, possibly, 11 and 12 excitons. Molecules containing from five to ten
excitons are apparently unstable. 1®98 American Institute of Physics.

[S1063-783%8)05105-3

The existence of exciton molecules and of the excitorpletely filled, with one or two holes residing in the shell with
liquid was predicted more than 30 years dddthe authors the principal quantum number=2. The luminescence in-
proceeded from an analogy between the exciton and the hywolves an electrothen=1 electron shell contains 12 states
drogen atom or positronium. The exciton molecule wouldand, hence, is not fillgdand a hole from the fillech=1
thus consist of two excitons, and the existence of the excitoshell. Recombination leaves the molecule in an excited state.
liguid follows from the theorem of statistical physics which In order for the molecule to transfer to ground state, a hole
states that, if molecules or atoms are subject to attraction, nisom the n=2 shell has to drop to the empty state in the
matter how weak, a condensate must form provided the teni=1 shell. There is, however, a serious argument against
perature is low enough. The question of whether the conthis explanation as well. The lifetime of an empty valence-
densed state should be an insulator or a metal has bedand state in the=1 shell, with holes present in the=2
awaiting an answer for a long time. If we consider the exci-shell, is of orderr=#/E,, whereE, is the exciton binding
ton as an analog of positronium, the exciton liquid should beenergy in the molecule. These luminescence lines should
an insulator. Keldysh and Kopagproved theoretically that have then about the same width as the exciton-liquid lines, a
at very high densitiessubstantially in excess of that derived prediction that has not received experimental support.
from Mott’s criterion for the metal—insulator transitigrihe The nature of the next two lines presently raises much
exciton gas is an insulator. In the region of “metallic” den- controversy***2 All the six lines exist in spectra of both
sities the exciton gas is also found to be an insulaféhe  free- and of donor-bound-exciton molecutésThe present
problem of superfluidity of the exciton liquid was consideredauthor is of the opinion that these molecule produce two
by Keldysh® While no experiment with an insulating exciton lines of each in the luminescence spectrum two lines each.
liquid has been carried out thus far, the validity of the aboveOne of the lines is due to radiative recombination, i.e., anni-
theoretical considerations in not doubted. hilation of ann=2 hole with ann=1 electron. Thus this

The first experiment offering information on the electri- recombination leaves the molecule in the ground state and
cal conductivity of an exciton liquid was performed on ger- generates a narrow line. The second line is actually the long-
manium single crystals and showed that the electron—holeavelength tail of the luminescence line discussed earlier.
plasma of sufficiently high density is metalfié.Subsequent The width of this line is determined by the lifetime of the
theoretical and experimental studies showed that the vergmpty state in the=1 hole shell.
strong differences between the properties of the exciton lig- The position of theE, line in luminescence spectra,
uid in such semiconductors as germanium and silicon, on theshich we shall reckon from the free-exciton line, is con-
one hand, and many other semiconductors is due to theected with the exciton free ener@y, through a simple re-
many-valley character of the form®in pure silicon, lumi- lation
nescence spectra of free-exciton molecules exhibit six fines.

Six lines were found also in the luminescence of exciton 1
z

i

z

complexes(molecule$ bound to shallow donors in silicon. Fo=
The existence of two additional lines was initially ascribed to

a contribution of the spin—orbit split band, whose symmetrywherez is the number of excitons in the molecule.

is '3 .2° This band, however, is too far away. Another ex- The experimental values oE, are (in meV): E,
planation suggests that these lines have the following natures —2.0,E3=—4.9,E,=—7.0, and for the last two lines,

In a molecule containing five or six excitons, the hole shellis —8.6 and —10 meV. The exciton-gas—exciton-liquid
with the principal quantum number=1 (four holeg is com-  phase diagram for the case where the gas consists of exci-

z
E,. (1)
z'=2

1063-7834/98/40(5)/3/$15.00 855 © 1998 American Institute of Physics
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25 — —— Y The boundary separating the gas phase from the gas—
: liquid-droplets mixed phase is determined by the equation
’_ 3(z—-1)
2 No +Ziz L[ 2mh?\ T2 ;g(z) zF, "
=Ngy = Ngy —kTmex z _géx ex Tl (2)
x_ where
o 3
22 B Mek T\ 2 Eq
Nex™ Jex m €x _ﬁ— '
E4 is the exciton binding energy in the liquid, ahis the
total concentration of electron—hole pairs. 4, factor
20k g(2) is given by the expression
B 12! 4! 3
9= =i a=ziz’ ©

FIG. 1. The gas part of the exciton-gas—exciton-droplets phase diagram for

silicon. 1 — boundary between the gas and the phase containing excitomnd forz>4:

droplets, with free electrons and holes, excitons, biexcitons, and trions taken

into account2 — same with inclusion of exciton molecules containing 2, 3, ) 12! 16!
and 4 excitons3 — same with inclusion of exciton molecules containing g(2)= Al — TrENE
from two to 12 excitons. (12=2)!n! (16— (z—4))!(n—4)!

4

Thus by filling four 1s states in the valence band one
can obtain a molecule made up of four excitons. This will be
tons, free electrons and holes, trions, and biexcitons is preéd strongly bound molecule. In the case qf and % hole
sented in Fig. 1. The other two lines take into account als@tates, the states that will be filled are those with a consider-
the existence of molecules with=3—4 andx=3—12. For ably lower binding energy. Theslstates for electrons are
unstable moleculesz&5—10) E, was estimated using the filled when the number of electrons reaches 12. As a result of
data presented in Fig. 2. an increasing number of electron—hole pairs in the molecule,
To calculate the degeneracy fact{z) needed for ther- 0one may expect the rise in the hole kinetic energy to be
modynamic determination of the boundary of the gas—liquidcompensated by a growth in Coulomb energy.
phase diagram, some simplifications should be introduced Consider a simple model of the exciton molecule in a
into the gas-phase model. First, we assume the ground stafeany-valley semiconductor. We assume the size of mol-
of holes in the molecule to be fourfold degenerate. Secondzcules to be determined by the electron and hole wave func-
we assume the<and 2 states of holes to have approxi- tion, which can have the form of a hydrogen-like function
mately the same energy, which is valid only for sufficiently ¥'(R)=V1/mR >e”"", wherer is the effective radius of
high temperatures. Since the triple point in silicon is ex-the molecule. For the kinetic energy of electrons we shall
pected to be aT~20 K,!2 this assumption may be consid- then haveE,.=7%2/(2mcr?), and for that of holesE,
ered justified. This assumption is also argued for by the facE %%/ (2myr?). For a X or 2p hole, Eyp= 2%/ (myr?).
that the 2 state lies deeper tharsand that the & states The potential energy per one electron—hole faitci-
are only fourfold degenerate. ton) is e’/eL, whereL=\(¢E)/(6me’n,,), the effective
e—h pair density isn.,= (27/9) Azr 3, parameter is ap-
proximately one, an&, is the average kinetic energy, which
10 — is the sumE,.+Eyy. If more than one hole are in the

=2 state, then
O F rrr i v em v e at i on vm e s ﬁZ 1 4 (2_4) 4
> Ex=—| ——+ >— — . (5)
= 2re\Me  ZMy Z My
- _10 " . .
The free energy per exciton can then be written
N
oor f=-% e 6
z— SL k- ( )
_30 1 L 1 1 'l . . . .
0 4 8 12 The radius of the exciton molecule is found from the condi-
z tion dF,/dr=0:
FIG. 2. Solid line — positions of spectral lines of excitonic molecules 82(AZ)2/3 m.m
containing different numbers of excitons, calculated using(Bq.The num- F,=0.94 e’ h . 7)
ber of excitons in a molecule is plotted along theaxis. The dashed and 2e*h2 Mg+my

dotted lines identify the positions of the levels of freeh pairs and free
excitons, respectively. If z>4, then
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The bistable properties of a thin semiconductor film under conditions of resonant excitation of
coherent excitons and biexcitons by photons in one or two different pulses are studied
theoretically. © 1998 American Institute of PhysidsS1063-783#8)05205-9

Let us consider the steady-state transmission of a thin
semiconductor film of thicknesk, which is considerably X=Y
smaller than the wavelength of the exciting radiation in the
exciton region of the spectrum. We shall simultaneously takgvhere the bistability paramet&= ag?/y,. An investiga-
into account two quantum transitions, one in the region of anjon of the functionY(X) reveals that the criterion for the
exciton resonance and one in the region of fhdumines-  existence of cavityless optical bistability is the inequality
cence band. The giant oscillator strength for optical excitonC>C_=108/176.35. WhenC<C,,, the system of equa-
biexciton conversiohcan promote the appearance of opticaltions (1)~(3) has one stable steady-state solution, and when
bistability even at moderate excitation levels of the crystal,C>C,,, it has three such solutions, two of which are stable.
therefore, we shall not take into account the effects of interit follows from (4) that Y as a function ofX has different
particle interactions. types of asymptotic behavior at small and large valueX:of
Y~X/(1+C) at X<1 andY~=X at X>1. WhenC>Cy,,
switching from one branch of the hysteresis dependence to
the other occurs at definite values of the pump amplitude.

In crystals of such materials as CdS, CdSe, etc., inwhich  To clarify the physical meaning of this finding, let us
the biexciton binding energy is smalk@ meV), the pho- also consider the steady-state dependences of the exciton
tons of one pulse can induce stepwise transitions from theensityn and the biexciton density on the amplitude of the
ground state of the crystal to an exciton state and from théncident pulse. We obtain the following relations directly
latter to a biexciton state. The temporal evolution of the macfrom (2) and (3):
roscopically filled amplitudes of the excitom) and biexci-

1 (4)

+2Y?
Teaevr)

SINGLE-PULSE EXCITATION

ton (b) waves under the action of a fiellis specified by the Ym  Y? Y*
. . Y:FS n=-—-—"157, N:—227 (5)
Heisenberg equatiorfs: Ye (1+Y9) (1+Y9)
ia=woa—iyea—gE" —obE", (1) wheren=(o/g)?|al? andN=(c/g)?b|? are the normalized
ib— Qgb—iyp—oaE*, ) densities of the coherent excitons and biexcitons, respec-

tively. An analysis of(5) shows that the exciton density in

wherew, and(), are the eigenfrequencies of the exciton andthe film increases more rapidly at low excitation levels than

biexciton states, respectively, andy,, are the phenomeno- does the biexciton density and that it reaches its maximum

logically introduced damping constantg,s the constant of possible value fairly quickly. As the pump amplitude is in-

the interaction of the excitons with the field, andis the creased further, the exciton density begins to decrease rap-

optical exciton-biexciton conversion constant. idly and, at a certain critical value of, it drops abruptly to
Assuming that a pulse with an electric field amplitile  zero, while the biexciton density increasesg® o. This

and a frequency = wy={— wg impinges on a thin semi- means that saturation of the excitonic transition is achieved

conductor film located in a vacuum, from the continuity con-and that all the excitons formed in the film thereafter trans-

ditions of the tangential field components we obtain an elecform at once into biexcitons. At that moment, the medium

trodynamic expression, which relates the field andbecomes practically transparent, i.¢5 X.

guasiparticle amplitudes, The time for switching from one branch of the hysteresis

L. dependence is of the same order as the paramgterg?,

E"=E; +ia(ga+oa’D), ®) WhFi)ch is of the order of 10'% s for a CdS filpm Witf?a thgick-

where a=2nwfol/c. When (3) is taken into account, nessL~40 nm. Sincey,~ 10" s™%,3 the paramete€ must

we can easily obtain the following steady-state equatiorexceed the critical valu€,. The intensity of the incident

of state for the normalized amplitudes of the radiationl =cE§/87r corresponding to the value of the nor-

incident X=0Eo(veym) *? and transmitted malized pump amplitudeX=10 must be of the order of

(Y=0]E|(veym) Y2 pulses from(1) and (2): CYeYmX?I8mo?~1 kW/cn?.
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TWO-PULSE EXCITATION ,_(2+Cy+ C,Nn)(1+C,n)?

14
In crystals of the CuCl type, the biexciton binding en- 2 Csn (14)

ergy is of the order of 30 meV, therefore, the transition

within the M band is characterized by considerable detuningjefines the stability boundary of the nonsaddle-type critical
relative to the transition at the exciton resonance. It is aspgints. The bifurcation curves obtained divide the parametric
sumed that the excitons and biexcitons in a thin semiconduGspace K, ,X,) into three regions. In region | the system of
tor film are excited by two pulses of laser radiation with the equations(6)—(8) has one critical point, viz., a stable focal
peak electric field strengthSy, andEo, and the photon fre-  point, in region Il it has three critical points, of which one is
quenciesw; andw;, respectively. We shall assume that the staple and two are unstable, and, finally, in region IIl it has
photons of one of the pulses are in resonance with the fregyg stable focal points and a saddle-type critical point. The
guency of the excitonic transition and that the photons of th%pex of the peak has the coordinadg=2(1+C;)/+/C,,
other pulse are in resonance with the frequency of the traryzCZZ 1+C,.
sition within theM band. _ _ Thus, for the resonant excitation of excitons and biexci-
The Heisenbergmateria) equations for the amplitudes (s there are hysteretic dependences of the amplitudes of
a andb in this case have the form the outgoing fields and quasiparticle concentrations on the
(6) Pump amplitudes. An important circumstance is that, besides
the constantC; and C,, the amplitudes of the incident
ib=Qob—iysb—ocakE; , (7)  pulsesX; andX; are bistability parameters. When the value
of the pump amplitude in one channel is fixed, the nonlinear
transmission in both channels can be controlled by varying
EI=E§1+ialga, E2+=E§2+ia20a*b. (8) the pump amplitude in the other channel. Thus, there is a

, i possibility for controlling the bistable behavior of one beam
Setting the derivativea andb equal to zero, we have py means of the other.

ia=wpa—iy.a—gE; —obE, ,

and the analogs df3) are now

the steady-state equations of state: To estimate the corresponding parameters we use the
2 2 X2 values y~10" s7%, g=5x10' esu, 0=5x 10" esu, and
X2=n 4+Ci+ gremzl - N=grem™ 9) fw;~hwo,=5%10 2 erg*® Then forL=10"¢ cm we find
(1+Czn) (1+Czn) C,~C,~10. These values df; andC, correspond to the
1 CzYi ) critical values of the normalized amplitud&s .~ X,.~ X,
Xi=Xg| 1+ —53], Xo=X,| 1+ ——<53|, (100  =7. The pump intensities at which cavityless optical bista-
1+YZ (1+Y2)

bility is possible should be of the order of cyX2/8ma?

whereC, = a;%9%/ v, andC,= a,%g?/ v, are the bistability ~20 kw/cnt.

parameters. It can be concluded from the foregoing that a thin semi-
Let us determine the region of values of the pump am-<conductor film can function effectively as a bistable switch-

plitudes X; and X, in which the exciton density and the ing element for integrated optics when the excitons in it are

biexciton densityN, as well as the output amplitud®s and  subjected to resonant excitation and simultaneously con-

Y,, can be multivalued functions of; andX,. The bound- verted into biexcitons by the photons of one or two different

ary of the saddle-type critical points in the parametric spaceulses.

(X41,X5) is specified by the system of parametric equations

, [4Cn(1+Cy)]? a1

1 3C,n—-1 |’

) (1- Cl)(1+ Czn)3 ;A. A. Gogolin a_nd I_EI. Rashba, JETP _Letﬂ_.?, 478 (1973. ‘

5= . (12 P. 1. Khadzhi,Kinetics of the Recombination Luminescence of Excitons
3C2n_ 1 and Biexcitons in Semiconductofsn Russian, Shtiintsa, Kishinev

. . . (1977.
In the region bounded by this curve the system of equationsj Hvam, C. Denfeld, and H. Schwab, Phys. Status SolidL80, 387

(6)—(8) has three steady states. Let us next investigate the(19ss.
stability of the steady-state solutions obtained. The system ofVu Duy Phach, A. Bivas, B. Huerlage, and J. B. Grun, Phys. Status

. . Solidi B 84, 731(1977).
parametric equations SR. Levy, B. Hmerlage, and J. B. Grun, Phys. Status Solidl®), 825

, [(2+Cpa+Cn)]? (1988.
Xi=n , (13 ,
C,n Translated by P. Shelnitz
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Exciton susceptibility of semiconductors at high laser-excitation levels
P. I. Khadzhi and D. V. Tkachenko

Pridnestr State University, 3300 Tiraspol’, Moldava

Fiz. Tverd. Tela(St. Petersbung40, 934—-935(May 1998

The hysteresis behavior of the real and imaginary parts of the susceptibility of a semiconductor
in the exciton region of the spectrum is investigated with consideration of the
exciton—phonon and elastic exciton—exciton interactions in the pump-probe regime as a function
of the intensity and frequency of the strong laser pulse and the frequency of the probe

pulse. The conditions for the appearance of suppression of the damping and amplification of the
probe pulse are determined. Abrupt red and blue shifts of the spectral position of the

exciton absorption band as a function of the pump pulse intensity are predictetio9®

American Institute of Physic§S1063-783@8)05305-7

The pump-probe technique has been used widely in rerespect to the weak field, we obtain the following expres-
cent years to investigate the optical properties of semiconsions for the dispersiony() and absorption ") compo-
ductors at high laser-excitation levels. Under this method th@ents of the susceptibility of the crystal:
semiconductor is excited by high-power laser radiation to

. X . (8g—Ag+22)
produce changes in the properties of the crystal, which are X' x0= 5
subsequently probed by weak radiation. The theoretical basis 1+(8—A0t22)

F' 2

So+Ag—22+7°

for this method has been developed for a system of two-level { 22 .

atoms. "Ixo=|1— F 5 3
Below we present the results of a theoretical analysis of XX 1+ (8o~ Ao+22)"

the bistable and spectral features of the behavior of the realhere

(x') and imaginary (") parts of the dielectric susceptibility 5 5

of a semiconductor in the exciton region of the spectrum F=[1— z

during stationary excitation by high-power laser radiation 1+(80—Ap+22)°

with a frequencyw, and an electric field amplitudg, of the So—Ag+2z 2

wave. This pulse is followed by the generation of excitons in +| 8o+ Ag— 22+ 72 1+ (0,— Ao+ 22)2) (4)

0 0

a high concentration, whose interaction with one another
leads to renormalization of the energy spectrum of the crysy,=%g%/y, Ag=Aly, 8o=06ly, X=Ag+ 5o=(w— wo)! Yy,
tal, causing significant changes in its optical propertiesz=wvn,/vy, yis the phenomenological exciton damping con-
These changes are probed by weak laser radiation with stant, andn, is the concentration of coherent excitons ex-
frequencyw and a field amplitudé. cited by the field of the high-power laser pulse, which can be
The Hamiltonian of a system of coherent excitons inter-determined from the nonlinear equation
acting with external electromagnetic fields in the approxima- 3 .
tion of a rotating wave with the frequeney, of the strong Z(z=Ag)*+1]=J"% ®)
pump field has the form Here f=E,/E, is the normalized amplitude of the pump
field, andE2= y°/ vg?.
It follows from Egs.(2)—(5) that ' and x” are compli-
H=hAa" at+hva’ o’ aal2+hg(Ega’ +ako) cated functions of the pump field amplituflend the detun-
—hg(aTEte 14 oEE), (1) ings of the strong 4,) and weak X) fields relative to the
excitonic transition frequency. Because the normalized exci-
ton densityz is a multivalued function of whenA,>3%?,
whereA=w.— wg, 6= w— w, is the mismatch between the y’' and x” are also multivalued functions df, i.e., they
frequencies of the strongu;) and weaklw) fields, wg is the  display hysteresis as a function of the pump field amplitude.
frequency of the excitonic transitiomy is the amplitude of Figure 1 presents the spectral form of the absorption
the exciton wavey is the elastic exciton—exciton interaction band of the weakprobe radiationy”/ x, for the fixed value
constant, andj is the exciton—photon coupling constant. In of the detuning(with respect to the high-power pujse
accordance with{l) it is easy to obtain thémateria) equa- Ay=3 and several values of the pump field amplitude, i.e.,
tion for the variation of the amplitude of the exciton wave. under the conditions of developed bistability for the function
Calculating the steady-state response of the system of exca{f ). The position and shape of the absorption band depend
tons in all orders of perturbation theory with respect to thesignificantly not only onf andAg, but also on whether the
strong fieldE,, and in first-order perturbation theory with pump amplitude increases or decreases as it varies. The ab-
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FIG. 1. Normalized absorption part of the susceptibijty x, as a function

of the normalized detuning for the pump detuning\,=3 in the case of  FIG. 2. Normalized dispersion part of the susceptibijity x, as a function

increase€a) and decrease®) in the pump amplitudd. f.=2.25(a) and of the normalized detuning for the pump detuning\,=3 in the case of

1.71(b). Curvesl—6 correspond td =0, 0.85, 1.89, 2.07, 2.25, and 2.44. increasega) and decrease®) in the pump amplitudé. f,=2.25 (a) and
1.71 (b). Curvesl1-6 correspond to the same valuesfoas in Fig. 1.

sorption band of the probe radiation gradually shifts towardy¢ these excitons also leads to amplification of the probe
shorter wavelengths as the pump amplitfdés increased pulse.

from O to f, (Fig: 13. Upon passage through the value aq the pump amplitude is loweredFig. 1b from
f=f. the absorption band peak undergoes an abrupt bIUF>f_ down tof=f,<f_, at first the peaks of the absorp-

shift, and a region of negative absorption simultaneously apgon and gain bands shift monotonically toward longer wave-
pears, i.e., ampl|f|ca}t|on of the prope radiation occurs, on th‘f‘engths, and the gain band vanishes. A further decrease in
long-wavelength tail. Asf>f, is increased further, only o545 to further monotonic displacement of the absorption

monotonic blue displacement of both the absorption bang, . peak toward longer wavelengths. Hére is deter-

and the gain band is observed. The appearance of the gaifineq only by the detuning..

band is caused by the pairwise escape of excitons from the  aq is seen from Fig. 2, similar features are also charac-

coherent state generated by the pumping and their passag§istic of the real part of the susceptibilify .
into the long-wavelength and short-wavelength regions of

both polariton branches in accordance with the energy and
momentum conservation laws. The radiative recombinatiorranslated by P. Shelnitz
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Influence of an electric field and a high excitation density on the luminescence
of epitaxial GaN films
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The influence on the recombination luminescence spectra of a field applied to the Schottky
barrier and a high excitation density GaN epitaxial films grown by metalorganic chemical-vapor
deposition(MOCVD) is investigated. It is discovered that quenching of the luminescence

takes place under a reverse bias, while an increase in its intensity occurs under a forward bias.
The effect observed is attributed to thickness variation of the space-charge layer under

the effects of the applied voltage. The appearance of a new band caused by exciton—exciton
collisions is observed under the conditions of a high excitation density.19@8 American
Institute of Physicg.S1063-783#8)05405-7

There has been recently heightened interest around theard bias. Sample 3 displayed an increase in the intensity of
world in the investigation of nitrides of group Il elements. It the bound exciton line under a forward bias, as well as
is due to the prospect of using these wide-gap semiconductguenching under a reverse bias, but it was very weak. Strong
materials to create laser structures that operate in the bluguenching and a relatively weak increase in intensity were
and ultraviolet regions of the spectrum. In the present workobserved for the donor—acceptor recombination line.
we investigated the low-temperaturé<6— 80 K) photolu- The effect observed is described well within the model
minescence of GaN films grown by metalorganic chemicalin Ref. 2. According to that model, luminescence is excited
vapor deposition(MOCVD) on 6H-SiC and ALO; sub-  only outside the region of the space chawjeand its inten-
strates. The influence of the field applied to the Schottkysity is determined by the absorption of the exciting light,
barrier on the luminescence of GaN was investigated. Th#hich decreases exponentially as we move into the sample.
photoluminescence of GaN films under the conditions of a
high excitation density was also investigated. In this case the ln(I N )
luminescence was excited by a pulsed nitrogen lager ( 0
=337.1 nm). The excitation density was varied from 10 to 0.5
1000 kW/cn#. °

At T=6K the dominant feature in the photolumines- { o m
cence spectrum of GaN is the intense line of an exciton  reverse bias @ Al a U1/2
bound to a neutral donor in the region of tAg_; exciton ' . . Y ;4 4
resonance l{r=3.468 eV)! At T=80 K a series of lines -6 34 .‘é 3
caused by donor—acceptor recombination is clearly observer o8 A forward bias
in the spectral region below the exciton resonanbe ( -
=2.80-3.30 eV). We studied the behavior of these lines A 0.5
when an external voltage was applied to the Schottky barrier.
The dependence of the intensity of the bound exciton line on
the magnitude of the applied voltage for three GaN samples,
as well as the dependence of the intensity of the donor— A . °
acceptor recombination line for sample 3, are presented ir
Fig. 1. As a whole, the influence of the electric field on the ]
luminescence intensity can be described as follows. Under ¢ A
forward bias the intensity at first increases, and then satura A -1.5-
tion is observed. Under a reverse bias quenching of the lu-
minescence is observed. At the same time, the influences o
the applied voltage on the luminescence intensity differed
somewhat for the different samples. For example, for Sample A 2.0
1 only quenching of the luminescence was observed, while o _ _ _
the increase in intensity under a forward bias was absenf/S: 1 Rlingsl‘?ggioﬁtfag‘z_'eﬁg‘éin'gtzzii'gnolfirfziclfg‘nesginfezf'giz of

Sample 2 exhib_ited bf)th quenching under A TEVEISE bias andrespectively T=6 K), 4—donor—acceptor recombination line for sample
an increase in intensity followed by saturation under a for-3 (T=80 k).

]
»
T R S
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A A LA to differences in their properties, such as the thickness of
space-charge layer, the concentration of electrically active
impurities, etc.

Figure 2 presents the luminescence spectra of GaN ob-
tained with different excitation densities. Under weak exci-
tation the spectrum displays the bound exciton line. When
the excitation density is increased, this line transforms into
anM band. When the excitation level is increased further, a
new P band appears on the long-wavelength wing of lthe
band. The intensity of th® band increases superlinearly as
the excitation density is increased.

The nature of theM band is apparently complex, and
several processes are responsible for it. In the present work
we shall discuss only th€ band. Two processes can be
responsible for the appearance of theband: inelastic col-
lisions of free excitons and radiative decay of an excitonic
molecule. In both cases the shape of théand should be
the inverse of a Maxwellian line shape and should be de-
scribed by the expression

340 342 344 346
hv, eV

Intensity  arb. units

- r
|(hy):fo JE Xl ~ Bk Ted e iy P 29

L
A 2 whereT is the total damping of the initial and final states,
1 and T, is the temperature of the exciton gas. The inset in
b b Fig. 2 presents an analysis of the shape offhkeand. The
3.30 335 3.45 3.55 best fit between the calculated and experimental curves is
hv, eV obtained for the following values of the parameters:
Tex=40 K, I'=3.5 meV, andhv,=3.439 eV. As we see,
FIG. 2. Lunjingscence spectra of GaN for various excitation intensities{he temperature of the exciton gas is significantly higher than
LSO% k@‘g?f’%[llgonae;\j\‘/‘;cy n%'arl?f;:t: i?gl';\gi’écgi' ﬂ?e_ gﬁsp‘;\’\gf”t';é the temperature of the bath. Such excessive heating can be
band. Solid line—experiment, dotted line—calculation. caused, first, by the excess energy of the exciting quantum
and, second, by Auger processes, which can be very effective
in crystals with a large donor concentratidimvestigations
of the temperature dependence of the luminescence spectra
In this case the eXCitO(DI’ Carrieb density is small near the Showed that no Changes in the Spectrum occur in the tem-
surface of the sample, in the region of the strong nonunifornberature range from 6 to 60 K. Therefore, fidand cannot
electric field. The relative luminescence intensity is de-pe caused by the annihilation of a biexciton as a consequence
scribed by the expression of its small binding energy. Thus, taking into account the
1/1o=exf] — a(Aexd W], entire set of properties of the band just mentioned, we can
) . o conclude that it is caused by inelastic exciton—exciton colli-
wherel andl, are the luminescence intensity in the presencejons. During a collision one exciton annihilates radiatively,

and in the absence of a voltage anda(¢,J is the absorp-  \yhjle the other exciton passes into an excited state.
tion coefficient at the wavelength of the exciting light. The

variation of W with U leads to corresponding variation of the

luminescence intensity. Taking into account thet- U2, D. K. Nel'son, Yu. V. Mel'nik, A. V. Selkin, M. A. Yakobson, V. A.
have Dmitriev, K. J. Irvine, and C. H. Carter, Jr., Fiz. Tverd. T¢&t. Peters-
we burg) 38, 822 (1996 [Phys. Solid Stat@8, 455 (1996].

In(1/1 )~U1l2 2R. E. Hetrick, and K. F. Yeung, J. Appl. Phy&2, 2882(1971).
0 ’ 3G. V. Mikhailov, D. K. Nel'son, B. S. Razbirin, and V. A. Kharchenko,

associated with straightening of the bands. The differences in (19891
the behavior of the different samples is due, in our opinion;Translated by P. Shelnitz
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The results of a theoretical and experimental investigation of resonant Mandelstam—Brillouin

light scattering by thermal acoustic phonons wktk 0 near the direct absorption edge

(in the case of ZnSe crystalare analyzed. The appearance of a new type of resonant increase in
the intensity of Raman scattering by optical phonons With0, which corresponds to

resonance with the scattered light in the output channel, near the indirect absorptioinettige

case of semi-insulating GaP:N crysdais also reported. The resonant gain reaches

~4x10° at frequencies corresponding to overtone scattering assiste®pX) andLO(L)

phonons. Exciton states belonging to both discrete exciton bands and to the continuous spectrum
are considered as the intermediate states involved in the scattering processes in calculations

of the resonant scattering tensors. In addition, all the intraband transitions, as well as the interband
transitions between the conduction band, the valence bands, and the spin—orbit split-off

band are taken into account, and good agreement with the experimental results is obtained.

© 1998 American Institute of Physids$1063-783#8)05505-1

The inclusion of excitons as virtual intermediate states inconsideration of the exciton correlations in both the intra-
an analysis of the quantitative laws governing the resonarttand transitions and the interband transitions between the
increase in the intensity of inelastic light scattering in semi-conduction band, quadruply degenerate valence bands, and a
conductors is known to permit more exact reproduction ofdoubly degenerate spin—orbit split-off band was derived in
experimental results. A theory of single-phonon resonant RaRefs. 6—10. Here exciton states belonging to both discrete
man scattering that takes into account excitonic effects waexciton bands and to the continuous spectrum were consid-
first given by Loudort. An expression for the resonant Ra- ered as intermediate states involved in the scattering pro-
man scattering tensor with consideration of the wealkcesses.
exciton—photon coupling was obtained in Ref. 2 within the  This paper presents an analysis of results which attest to
strain potential and Fhdich electron—phonon coupling the appearance of significant resonant increase in the inten-
mechanisms. Similar calculations were performed in Ref. 3ity of resonant Mandelstam—DBrillouin light scattering by
using Green’s functions, and it was assumed in Ref. 4 thahermal acoustic phonons witt=0 in semi-insulating ZnSe
the exciton states are hydrogenic. In this case scatteringrystals without special doping near the direct absorption
through only one valence band and the conduction band waedge, and Raman scattering by optical phonons Wit
taken into account. The consideration of only one valencaear the indirect absorption edge in doped semi-insulating
band turned out to be insufficient for a quantitative interpre-GaP:N(si-GaP:N crystals.
tation of the experimental results for the scattering of light  Figure 1 presents the dependence of the intensity of
by acoustic and optical phonons in crystals having diamondesonant Mandelstam—Brillouin light scattering by acoustic
and zinc blende structures that were not specially doped. Tphonons on the quantum energy of the exciting radiation in
overcome the contradictions that arose, a theory of resona@inSe crystals.

Mandelstam—Brillouin light scattering was developed in If the Coulomb interaction between electrons and holes,
Refs. 4—6, and a theory of resonant Raman scattering withn which the intermediate states are exciton states belonging

1063-7834/98/40(5)/3/$15.00 864 © 1998 American Institute of Physics
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FIG. 1. Dependence of the light scattering cross sectioff fophonons in
ZnSe on the quantum energy of the exciting radiation inythey) z scatter- b
ing geometry. The axes are oriented as follow#:100], y||[011], and L
Z|[011]. T=296 K. Points—experimental data. Solid lines—calculation

T

with consideration of the Coulomb interaction, i.e., Ef). Dotted lines—

calculation within Loudon’s theory. 800 700 600 500
. -1
Frequency shift, cm

. . FIG. 2. Raman scattering spectra of si-GaP:N cryd@|d) obtained with
to both the discrete bands and the continuous spectrum, citation by the output of an argon laser with the wavelenyth

taken into account, the following expression for the inelastic=514.536 nm in thez(y,x)z geometry for backscattering from tHe01)
resonant light scattering tensor can be obtdirfed plane atT=5 K. The spectral slit widttR=1.8 cni ™.

1
Wge— ©;— R/n?

Ris= In contrast to such resonance with discrete exciton bands
and the continuous spectrum near the direct absorption edge
1 [2u]%? Eo (Refs. 4—10 (for ZnSeE,=2.67 eV afT =300 K), Fig. 2
+ E{_} presents results which attest to the appearance of a new type
‘{ R
col ———

h
of resonant increase in the intensity of Raman scattering by
(,!)gﬁ_ Wg

s pﬁng,apao[ 1 &1

3 n3
a,B wgﬂwga-l-wl 2’7Ta.0 n=1 N

1
wgﬁ— wi— R/n2

v optical phonons wittkk# 0 near the indirect absorption edge

in doped si-GaP:N crystals.
The spectra shown in Fig. 2 were obtained under identi-
1/2 h . . .
” 1) cal 'experlmental conditions for two si-GaP:N 'crystals with
' excitation by the output of an argon laser with the wave-
lengthA ;=514.536 nm. They were normalized with respect
where ap=¢%2/u? is the Bohr radius for an exciton, and to the intensity of the line of th& O(I") phonons.
R=pue*/2h2:2? is the exciton Rydberg constant. All the in- It is known that the & state of excitons bound to iso-
traband transitions and interband transitions betweed'the electronic nitrogen impurities in si-GaP:N crystals is split as
conduction band, the quadruply degenerdtg valence a consequence of an electron-hole interaction into two states
bands, and the doubly degenerdte spin—orbit split-off  with the orbital quantum numbets=1 andJ=2. The cor-
band are systematically taken into account. The first term imesponding energy in the low-temperature luminescence
the curly brackets in1) represents the contribution of the spectra of this sample d=5 K for excitons withJ=1 was
scattering processes through exciton states of the discreegjual to 2.3174 eV. The proximity of this value to the quan-
spectrum, while the last two terms represent the contributionum energy of the exciting lighE;=2.4092 eV points out
of the continuous exciton spectrum. the possibility of resonance with light scattered on two opti-
The results of a theoretical calculation using Ef).are  cal phonons. The spectra for si-GaP:N exhibit a considerable
presented as solid lines in Fig. 1 and exhibit good agreemerit-4x 10* fold at »=736.3 cmY) resonant increase of the
with the observed data. intensity of two-phonon light scattering bizO(X) and

_ 3/2
< Rl/2 In Wgp™ Ws + l 2_’“' R1/2
—ws 4| h

Wy s

[{ R

Wge™ Wg
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whereE,, is the energy of the excited excitons. Translated by P. Shelnitz
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Investigation of the excitonic structure in the photoconductivity spectra of CdS crystals
A. S. Batyrev, O. E. Botov, N. V. Karasenko, and E. V. Sum'yanova

Kalmyk State University, 3580(50iﬁa, Russia
R. A. Bisengaliev and B. V. Novikov

Scientific-Research Institute of Physics, St. Petersburg State University, 198904 Petrodvorets, Russia
Fiz. Tverd. Tela(St. Petersbung0, 941-943(May 1998

The changes in the low-temperature photoconductivity spectra of CdS crystals under the action
of external influences are investigated. The high sensitivity of the(&Rreitonig structure

of the spectra to changes in the conditions for the recombination of nonequilibrium carriers near
the surface and in the bulk of the semiconductor is demonstratedl998 American

Institute of Physicg.S1063-783#8)05605-§

A fine structure caused by excitons in the form of ture took place in response to increases in the drift fiEld.
maxima(type 1 or minima (type 2 can be observed in the 2). We note a detail which is significant for later on: the
photoconductivity spectra of semiconductors in the region ofnversion of the type of fine structure in response to increases
the fundamental absorption edge at low temperatures. Thiea the drift field was observed in samples with linear dimen-
presence of this fine structure is due to the difference besions~1 mm.
tween the lifetimes of the nonequilibrium majority carriers in The main qualitative features of the changes in the pho-
the near-surface layerr{) and in the bulk of the semicon- toconductivity spectra in the intrinsic and extrinsic regions of
ductor (r,).! The type of fine structure is determined by the the spectrum are as follows.
relationship between these times: in the case of a type-1 fine In the case of the conversion of a type-1 fine structure
structure 7>, , in the case of a type-2 fine structurg  into a type-2 fine structure, the photosensitivity in the intrin-
<r,, and the photoconductivity spectra should have a strucsic region of the spectrum decreases dramatically, while the
tureless(smooth form when r;=7,. The relationship be- changes in the impurity region at theMl; andAM, maxima
tweents and 7, and, consequently, the type of fine structureare relatively weak. As a result, the photoconductivity spec-
can be altered by treating the semiconductor in various waydra acquire the form of a curve with a dominant long-
and the type of fine structure can serve as an indicator ofvavelength maximum in the impurity region of the spec-
changes in the photosensitivity of the near-surface regiotrum, which is characteristic of crystals with a type-2 fine
and/or the bulk of the semiconductor. structure(Fig. 1, curvesl—3) (see also Ref.)3

In the present work the low-temperaturé4—77 K) In the case of inversion of the type of fine structure
photoconductivity spectra of CdS crystals as a function ofduring IR illumination, overall quenching of the photosensi-
the electric field applied to the semiconductor were investitivity takes place, but it is significantly greater in the spectral
gated using the field effect, preliminary photoexcitation byregion of the additionaAM; andAM, maxima. In the case
intrinsic light, IR illumination, and increases in the drift of inversion of the type of fine structure in response to in-
field. Characteristic changes in the fine structure of the spereases in the drift field, the photosensitivity remains practi-
tra and in the photosensitivity were discovered in the intrin-cally unchanged at thAM; and AM, maxima, while it in-
sic and impurity regions of the spectrum. creases significantly in the intrinsic portion of the spectrum

The application of an electric field which creates a(Fig. 2). In both cases the photosensitivity is lower at the
depletion layer near the surface of the semiconductor leads tdM; and AM, maxima than in the intrinsic region, and the
reversible transformation of the fine structure from type 1 togeneral form of the spectral photoconductivity curves ac-
type 2, as the field strength is increasédy. 1, curvesl—3). quires features which are characteristic of crystals with a
In the intermediate stage of this transformation, the spectrélype-1 fine structure.
photoconductivity curve acquires a smooth appearance The transformation of the photoconductivity spectra ob-
(curve 2). At values of the potential on the field electrode served as the depleted layer near the surface incréBips
corresponding to an accumulation layer near the surface, the curves1-3) is attributed to a decreases # due to an
type of fine structure remains unchangedrve4). increase in the recombination rate in the space-charge region

Reversible transformation of the fine structure from typeas the transition from weak accumulation-inducing near-
1 to type 2 is also caused by preliminary illumination of the surface band bending to depletion-inducing band bending
crystal by intrinsic light” proceeds. The influence of preliminary illumination by in-

Reversible transformation of the fine structure from typetrinsic light on the photoconductivity spectra can be ex-
2 to type 1 was observed in several crystals during intensplained in a similar manner, since illumination can result in
infrared (IR) illumination. There were samples in which the changes in the charge of surface states due to filling by elec-
transition from a type-2 fine structure to a type-1 fine structrons. The formation of a depletion layer near the surface of

1063-7834/98/40(5)/3/$15.00 867 © 1998 American Institute of Physics
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FIG. 1. Photoconductivity spectra of a CdS crystalat77 K forE L. C
and various values of the potentialon the field electrode relative to the 480 490 500 7" ’n
sample;p=0, —50, —300, and 50 V for curved—4, respectively.

FIG. 2. Photoconductivity spectra of a CdS crystalat77 K forE L C
and various values of the drift voltagé; U =20, 25, and 35 V for curves
1-3, respectively.

CdS crystals with a type-1 fine structure due to the “stick-are a component part of the latter centers. It has also not been
ing” of photoelectrons to surface states was detected in Retuled out that the centers forming th&M,; and AM,
4 by photoreflectance spectroscopy at exciton resonghces.maxima are doubly ionized intrinsic acceptor defects, which
The character of the effect of IR illumination on the fine are isolatetl (AM,) or are perturbed by other charged cen-
structure of the photoconductivity spectra indicates reversakers (AM,).
of the inequality 7s< 7, under its influence. At the same The influence of the drift field on the fine structure
time, the significant decrease in the photocurrent in the inseems to us to be of significance. As in the case of IR illu-
trinsic region of the spectrum during IR illumination indi- mination, the transformation of the fine structure indicates
cates a corresponding decreasedn Therefore, the inequal- reversal of the inequality;< 7, as the strength of the drift
ity 7s>7, can be achieved during IR illumination only in the field is increased. However, in this case such reversal is as-
case of a greater decrease7n. This is, in fact, observed sociated with an increase iry and a simultaneous decrease
experimentally in the form of predominant IR quenching ofin 7,, as follows from the superlinear increase in the photo-
the photocurrent in the impurity region at tAdVl; andAM,  current with increasing strength of the drift field in the in-
maxima. trinsic region and from the sublinear increase in the impurity
On the one hand, the selective character of the IRegion (Fig. 2. Such changes irmg and 7, in response to
guenching of the photoconductivity accounts for the transforincreases in the drift field can be associated with the injec-
mation of the fine structure upon IR illumination, and, on thetion of holes from the conta¢anode in strong fields, which
other hand, it points out the bulk origin of theM; andAM, are easily achieved in CdS samples with small dimensions.
maxima(the latter is also indicated by their weak sensitivity The injection of holes can lead to the shortening-ptiue of
to band bending at the surface the trapping of injected holes bycenters and an increase in
In our opinion, the IR quenching of thetM,; andAM,  the bulk recombination rate of free electrons with holes
maxima is due to the ionization of the activatingcenters, trapped in shallow acceptor centers. The increasg, with
with which the centers corresponding to these maxima interincreasing strength of the drift field can be caused by a de-
act directly, by IR radiation. It is possible that thecenters crease in the depletion-inducing band bending near the sur-
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face as a result of the trapping of some of the injected holesv. A. Kiselev, B. V. Novikov, and A. E. CherednichenkBxciton Spec-
by a near-surface hole “pocket.” troscopy of the Near-Surface Region of SemicondudiorsRussian,
LGU, Leningrad(1987, p. 162.
2A. S. Batyrev, N. V. Karasenko, and B. V. Novikov, Vestn. St. Petersb.
YWe observed this effect only in crystals which displayed one or both of the Univ. 4 (1(4)), 28 (1994.
additional long-wavelengtdM; andAM, maxima in their photoconduc-  3J. A. Bragagnolo, G. M. Storti, and K. W. Boer, Phys. Status Soli&2A

tivity spectrd [these maxima were designated @&AM;) andl,(AM,) in 639 (1974).
Ref. 3. Such crystals comprised the majority in the batch of samples that*R. A. Bisengaliev, E. D. Batyrev, B. V. Novikov, and A. V. Sel’kin, in
we investigated. Abstracts of the International Conference “Optics of Excitons in Con-

2A correlation between the type of fine structure in the photoconductivity densed Matter,”St. Petersburg1997), p. 68.
spectra and the type of photoreflectance spectra was also established FR. W. Smith, Phys. Rev105, 900 (1957.
Ref. 4, pointing out the important role of surface states in forming the
finestructure of the photoconductivity spectra. Translated by P. Shelnitz
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Influence of the formation of hot excitons on the quantum efficiency of short-
wavelength photoelectric conversion in Il11-V semiconductors

Yu. A. Gol'dberg, O. V. Konstantinov, O. I. Obolenskii, and E. A. Posse

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

Fiz. Tverd. Tela(St. Petersbung40, 944—-945(May 1998

A new excitonic mechanism for decreasing the quantum efficiency of the photoelectric
conversion process in surface-barrier structures is considered. This mechanism involves the
formation of hot excitons which have a large ionization energy and are not subject to the influence
of the barrier electric field. The spectral dependence of the hot photocarrier losses is derived

in an explicit form from experimental data on the basis of a previously proposed model and is
analyzed. This dependence has two segments with abrupt increases, which are caused by

the formation of excitons in the andX valleys of the semiconductor. @998 American Institute

of Physics[S1063-783#8)05705-0

Surface-barrier structures based on 1lI-V semiconduc- Our treatment is based on separating the losses of ther-
tors are employed as detectors of infrared, visible, and ultramalized and hot photocarriers. Using measurements of the
violet light. However, their sensitivity decreases markedly agemperature, field, and spectral dependences of the photo-
the energy of the photon being detected incréagee also electric-conversion quantum efficiency and the fluctuational-
Fig. 1). This drop in sensitivity has usually been associatedrap modef* we can isolate the hot-photocarrier loss in an
in the literature with the influence of surface recombinationexplicit form. Figure 1 presents the dependence of the hot-
and/or thermionic emissio(see, for example, Ref.)2 photocarrier loss coefficient on the photon energy for a Ni—

In this communication we propose a hew mechanism fom-GaAs structure. This dependence has a stepwise character
lowering the photosensitivity of surface-barrier structuresand contains two segments with abrupt increases. We assume
i.e., for lowering the quantum efficiency of the photoelectricthat these features are a consequence of the formation of hot
conversion process. excitons in the space-charge layer of the structuré&.dpace
there are two large regions where the bottom of the conduc-
tion band and the top of the valence band are almost parallel
to each othefFig. 2). These regions are responsible for the
presence of the two broad absorption peaks of gallium ars-
enide. Since the conduction band and the valence band are
parallel, the electron and hole created upon the absorption of
a photon move in space in the same direction and can con-
sequently easily bind to form a hot exciton. A comparison of
Figs. 1 and 2 allows us to estimate the ionization energy of
such an exciton at several hundred millielectron volts. Such a
tightly bound exciton has a large mean free path and scarcely
dissociates in the barrier electric field. Thus, a hot exciton is

6 hot

0.2} ~~< 4

. ———-

/
E¢-Ev, eV

2 25 3 35 4 45 5
Photon energy, eV

FIG. 1. Dependence of the hot-carrier loss coefficigg on the photon 0 A A

energyhv in a Ni-n-GaAs structurg1). The spectral dependences of the
photoelectric-conversion quantum efficiengy3) and the reflectivityR (2) FIG. 2. Gap width of gallium arsenide as a function of the quasiwave vector
are also presented. k in the A andA directions.
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capable of escaping into the metal or the quasineutral bulk of The dependence of the localization eneEypf the car-
the semiconductor and recombining there without making aiers in a trap on the barrier fielfican be written in the form
contribution to the photocurrent. _

The loss of hot photocarriers can be isolated on the E(£)=Eo=[W(&)~W(&)] @
basis of the fluctuational-trap modelThe photoelectric- Here Eq=22 meV is the localization energy in the absence
conversion quantum efficiency is represented as the prod- of a bias on the structure when the barrier electric figjd
uct of three cofactors: =15 kV/cm, the value oE, being determined from the tem-

erature dependence of the photoelectric conversion quan-

7= (1= R) (1= Onod (1~ Stherm). @ 'E)um efficienfy, andV(&) is the ?evel of the charge carrierc}n

whereR is the reflectivity, andd,,,; and Siherm are the hot-  the trap measured from the bottom of the trap. To fi)
and thermalized-carrier loss coefficients, respectively. Eaclwve used the rough approximation of a triangular potential
of the cofactors in1) is correlated with one of the three main well:
stages of the photoelectric conversion process. The probabil- 5262 13
ity that a photon will be absorbed in the semiconductor W(g):gl(_gZ) , (5)
equals (+R); the probability that the electron—hole pair 2m
created will thermalize in the space-charge layer, i.e., willwhere&;~2.34 is the first root of the Airy function.
become subject to the action of the barrier electric field, A comparison with experiment shows that the fluctua-
equals (+ 6o, and the probability that a pair consisting of tional trap model is capable of faithfully describing the tem-
a thermalized electron and a thermalized hole will be sepaperature and field dependences of the photoelectric-
rated by the barrier field and make a contribution to the phoconversion guantum efficiency, despite its simplicity. A
tocurrent equals * Syerm. combination of this model with the representation of the for-

It is assumed in the fluctuational-trap model that theremation of hot excitons in the space-charge layer makes it
are fluctuations of the bottom of the conduction band and thgossible to completely account for the available experimental
top of the valence band in the space-charge layer of th@ata.

;tructure, which simultaneously serve as traps for the'rmal—luPhotodiodes  Hamamatsu Photonics K. K. Catakig9e, p. 34
ized EIe.CtronS and h_oles._The phOtpcamerS C_ap'[l_,ll’ed n tth. I Reznik0\|/ and G. V. Tsarenkov, Fiz.. fekh. Polupro’v%ﬁﬁ,. .1922
traps quickly recombine without making a contribution to the (1991 [sov. Phys. Semicon@5, 1158(1993)].

photocurrent. 3Yu. A. Gol'dberg, O. V. Konstantinov, O. I. ObolenskE. A. Posse, and
In the case of Boltzmann statistics B. V. Tsarenkov, Fiz. Tekh. Poluprovod@l, 563 (1997 [Semiconduc-
tors 31, 473(1997)].
1— Serm=€ EEVKT, 2 4T. A. Blank, Yu. A. Gol'dberg, O. V. Konstantinov, O. I. Obolenskand
E. A. Posse, Fiz. Tekh. Poluprovoddl, 1225(1997 [Semiconductors
and 31, 1053(1997)].

y=(1—R)(1— e EEVKT, (3)  Translated by P. Shelnitz
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Spatial dispersion phenomena in magneto-optics
V. N. Gridnev, B. B. Krichevtsov, V. V. Pavlov, R. V. Pisarev, and A. A. Rzhevskil

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

Fiz. Tverd. Tela(St. Petersbung40, 946—948(May 1998

An experimental study of nonreciprocal spatial-dispersion effects in para-(®uh,Te), ferro-
(LiFesOg), and antiferromagnetic (gD3) crystals caused by an external magnetic field or
magnetic order is reported. @998 American Institute of Physid$$1063-78348)05805-5

Compounds whose symmetry group does not contaigence linear inB and k, which in cubic crystals T,) are
time and space inversion operations may exhibit optical phedescribed by two parametera,andg, determining the di-
nomena forbidden in centrosymmetric or nonmagnetic meagonal and nondiagonal components of tender; . Bi-
dia. Such phenomena were first observed in Refs. 1, 2 andefringence of thekB type was observed to exist in
later, in Refs. 3 and 4, in the exciton spectral region. Thes€d, ,Mn,Te semimagnetic semiconductorx=0, 0.25,
effects can be described in a general form by the correspond-35, 0.42, 0.52in k 1[110] andk [I[ 111] geometries. The
ing terms of an expansion of the dielectric permittivity tensoreffect exhibits a strong anisotropy relative to Balirection
gij in components of the light-wave vectdr and of the and is described by first- and third-order harmonics. Figure 1
vector G, which is odd under time reversal and determinesdisplays the reduced parametekéx and g/x vs E4—E,
the magnetic state of the crystal whereE, is the gap width, an& is the photon energy. Also

shown is the behavior of the reduced Faraday effeRix

Aeij(@.K.G) = vijakiGr @D and magnetic linear birefringendéB/x2. The kB birefrin-
Vector G may denote here external magnetic fi@ldor a  gence depends linearly an which implies the dominant
magnetic order parameter, for example, spontaneous magnesle of sp—d exchange in the phenomenon. The diagonal
tization M or antiferromagnetic vectdr. The terms of Eq. componenty;; follows a resonance-type dependenfex
(1) are responsible for the appearance of magneto-opticerlcd+c/(Eg—E)l'4 near the band edge. The nondiagonal
effects in light transmission or reflection in the cases wher&omponeng/x is small near the edge and does not exhibit a
traditional magneto-optical phenomena are forbidden, thugesonant character. Such a behavior is in agreement with
opening new possibilities for probing electronic states in
crystals.

Viewed from the standpoint of microscopic theory, the 5 T Ty T
existence of termg1) is determined by different mecha-
nisms. The absence of space inversion and time reversal o Z
erations results in a change of the ground- and excited-sta § 10}
wave functions and the appearance of nonzero combinatior®
of matrix elements of the type Rgm, and Red Q.
whered, m, andQ are operators of electric, magnetic, and
guadrupole moments, respectively, The combinatior ¥
Red,,m,. is responsible for magneto-electric susceptibility [ gix
aj; at optical frequencies, which, when included in the con- . n..,?,-‘li'&"v%ﬂﬂm—-—s—

o . . . e . 00Qp0000bo
stitutive relation8 0 — f—t ettt} Fk

o deg/em/T

10

a/x

A/
<
<
b
4
>
)

b

Di=eijEj+ajHj,  Bi=puiH;+a;E; 2) x=0.25
x=035
x=0.42

x=0.52

provides a contribution to componemg;; and can manifest
itself in crystals exhibiting spontaneous magneto-electric ef
fect. As for Red, Q. it determines the quadrupole contri-
bution toAe;; . Another conceivable mechanism for the ap-
pearance of termgl) could be the linear dependence of
resonant optical-transition frequencies lomnd G for exci-
tonic and interband transitions in semiconductors. This work
reports on a spectral study of magneto-optical spatial 1_2‘ : ‘ofs
dispersion effects in parag=B), ferro-(G=M), and anti-

ferromagnetic G=L) crystals.

In the transparency regi'on of acentric para- or qiamagFlG. 1. (8) A/x and g/x, (b) Faraday effect-R/x and magnetic linear
nets, terms(1) are responsible for nonreciprocal birefrin- birefringencevB/x? vs E,—E for Cd,_,Mn,Te crystals.

> 4«4 B e

FR/x, 103 (deg/cm)/T
VB/x2, 10(deg/cm)/T?

Eg-E, eV
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FIG. 3. Spectral behavior of circular dichroism in light reflection from a

810F 2 (111)-type plane obtained under normal incidence and transverse magneti-
‘3 E zation in LiFeOs.
Bos | ii
g J\ dral positions. The spectra were taken at normal incidence
0 : — L and perpendicular magnetization of the crystal in th#&l)
1.68 1.72 1.76 180 plane,M L C;. The observed spectra can be related to

E.ev magneto-electric susceptibility in the optical range and to

FIG. 2. Nonreciprocal ellipticit and rotation of the plane of polarization Kerr effect cubic in M. A phenomenological analysis
0 in light reflection from the basal plane of £); obtained aff=90 K in showed the magneto-electric mechanism to provide a domi-
the region of spin-forbiddefA,—2E, “A,— 2T, transitions. Shown below nant contribution to the effedf
is the absorption spectrumT €77 K.) )
Support of the Russian Fund for Fundamental Research

. . - . . d of the “Fund tal Spect " i te-
microscopic theory, within which thkB effect is related to ?Lr;ly chn?)wleljjl; e?jmen al Speclroscopy” program Is grate

interband transitions, the inclusion of hole energy dispersion
linear ink, and dependence of the exchange coupling param-

eter qn electron wave vector. . LE. F. Gross, B. P. Zakharchenya, and O. V. Konstantinov, Fiz. Tverd. Tela
Figure 2 plots spectral dependences of the nonreciprocaleningrad 3, 305 (1961 [Sov. Phys. Solid Stat8, 221 (1961)].

rotation of the plane of polarizatioé and of ellipticity ¢ in 2J. J. Hopfield and D. G. Thomas, Phys. Rev. Lé{t357 (1960.

light reflection from the basal plane of the ,Og antiferro- SJEEIT_iDI\LCheQI;OiXLi(Fi'gggChereShko' G. V. Mikhlav, and I. N. Ural'tsev,

; ; 2 2 i ett.37, . ,
ma,gnet[ng_(D:a); in the, region of the'Ap— E,’ T? excl- 40. V. Gogpolin, V. A. Tsvetkov, and E. G. Tsitsishvili, Zhk&p. Teor. Fiz.
tonic tr.anS|t.|on§.' T_he violation of space and time inversion g7, 1038(1984 [Sov. Phys. JETO0, 593 (1984].
operations in GO; is caused by the onset of antiferromag- °Vv. M. Agranovich and V. L. GinzburgSpatial Dispersion in Crystal

netic order [ Il C3). The nonreciprocal effects linear In Optics and the Theory of Excitorfi@viley, New York, 1967 [Russ. origi-
. T . nal, Nauka, Moscow, 1979
are due to magneto-electric susceptibility at optical fre- 6R. M. Hornreich and S. Shirikman, Phys. Ra71 1065(1968.

quenciesf+ie=2a, (1+n)/(1—n), wheren is the refrac- 7. B. Krichevtsov, V. V. Paviov, R. V. Pisarev, and V. N. Gridnev, Phys.
tive index. Microscopic theory of magneto-electric suscepti- Rev. Leit.76, 4628(1996.

bility in the optical range for GO; was developed in Ref. 9. B. B. Krlchevt_sov, V. V. Pavlov, R. V. Pisarev, and V. N. Gridnev, Zh.
Eksp. Teor. Fiz110, 1505(1996 [JETP83, 834 (1996].

F_|gure 3 presgnts the spectral d(_ape_ndence of_nonremprQ;-E_ Hanamura, Y. Tanabe, T. lizuka-Sakano, and M. Mutdrioceedings
cal circular dichroisn{CD) observed in light reflection from  of International Conference DCP-97
a (111)-type plane of the offcentrosymmetric cut@®@® ferri-  '°V. N. Gridnev, B. B. Krichevtsov, V. V. Pavlov, and R. V. Pisarev, JETP
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transitions in the F& ion occupying octahedral and tetrahe- Translated by G. Skrebtsov
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