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XV ural international winter school on physics of semiconductors

The articles published in this issue pertain to materialheterostructures. A topical theoretical question related to this
presented in lectures and reports at the XV Ural Internationagroup of problems is to determine the character of the energy
Winter School on Physics of Semiconductors. spectrum of the current carriers in double quantum wells, the

The tradition of holding winter schools on semiconduc-solution of which is the subject of the paper by Alshanskii
tor physics in the Urals began in 1966. They were conductednd Yakunin. The observation of novel optical effects arising
by the staff of the Institute of Metal Physics of the Ural as a result of the excitation of charged excitons—bound
Division of the Russian Academy of Sciences with the par-sstates of three current carriers—in heterostructures based on
ticipation of other academic institutes and the Ural Univer-cadmium telluride is the subject of the paper by Gaj and
sity, and for more than 20 years were produced and directedo-workers. The paper by Dvurechensky, Nikiforov, Pchelya-
by Acad. I. M. Tsidil'kovski (1928—-2001 His approach to kov, Teys, and Yakimov is of considerable interest for those
the selection of the main subject matter for the schools wag/ho study heterostructures; it deals with the technique for
to choose the most current research topics at the given timgrowing germanium- and silicon-based heterostructures by
in the rapidly changing face of the physics of electronic phe-molecular beam epitaxy. Also in that section is the paper by
nomena in semiconductors. He encouraged the participatiofonomarev and coauthors, basically devoted to the experi-
of a large number of lecturers and young people from remental aspects of the justification of the low-dimensional
search centers all over Russia and also Ukraine, Poland, artharacter of the conduction in crystals of compounds belong-
other countries. ing to the class of high-, superconductors.

The latest session of this school was held February 16—  The papers in the second section of this issue pertain to
21, 2004 at Kyshtym in the Chelyabinsk Region. The pro-the electronic properties of semiconductor crystals contain-
gram was devoted largely to research on low-dimensionghg impurities of transition elements. New results of optical
electron systems in semiconductor heterostructures. In addétydies of a wide-gap compourtdinc selenidg containing
tion, considerable attention was devoted to semiconductinghromium and iron impurities are presented in the paper by
compounds doped with transition-element impurities, to thegodlewski and coauthors. Other papers are devoted to the
properties of systems possessing high-temperature supercastfects of impurities on conduction and to galvanomagnetic
ductivity, and to structural aspects of the physics of semiconphenomena_ The paper by Nesmelova and coauthors is de-
ductor crystals. The participants included leading specialistgoted to a detailed discussion of the large set of experimental
in various fields, who presented over 20 invited lectures an@ata obtained on manganese donor impurities in mercury tel-

reviews, authors of original research, and young scientists.|yride. The resonance scattering of electrons with impurities
The articles published here reflect the main content ofs the subject of the paper by Okulov.

the program and in their nature and the character of the prob- ggme interesting new results in the physics of doped
lems addressed fit the profile of the jourhalw Temperature  semiconductors have been obtained recently in the region of
Physics They may be divided thematically into three sec-tne |ow-temperature structural phase transitions. Such results
tions. are the presented in the papers published in the third section
The first section contains papers devoted to the elecyf thjs issue. The characteristic anomalies connected with the
tronic properties of two-dimensional and layered structuresappearance of a phase transition in lead telluride containing
Among the main news in this area is the observation of gianga|lium impurities are discussed by Khokhlov and coauthors
quantum oscillations of the magnetoresistance of twogn the basis of an analysis of impedance measurements.

dimensional electron layers in a microwave field. A review gygkov and coauthors report the observation of features of
of the research on this effect is given by Lyapilin and Patraspe yitrasonic parameters, giving evidence of a low-

kov. They set forth the main theoretical methods and apgemperature phase transition, in zinc selenide containing
proaches proposed for describing effects of this kind. In &icyel impurities. Tikhomirova and Babushkin present mate-
separate, original paper they develop a possible interpretqy,| from studies of a structural phase transition in ammo-

tion of the effect. Research results on the electronic propersi,m halides. Also in that section are papers by Robouch
ties of low-dimensional structures created on the basis Oéheregii and Kisiel and by Chukalina, Funke, and Du-

different allotropic forms of carbon has also been attracting, o skii, devoted to developing a theoretical interpretation of

considerable interest of late. Results in this field are summag,g gxperimental data on the structure of semiconductor crys-
rized in the review article by Kulbachinskii, who discussesi g

the Shubnikov—de Haas effect, weak localization of current

carriers, superconductivity, and a number of other phenomg ihe active research in a number of areas of semiconductor

ena characteristic of such structures. The papers by Yaku”'[%ysics. It is hoped that the materials presented will be use-
et al, Sheregiiet al, and Arapovet al. are devoted to prob- ¢ ’to the readers of.ow Temperature Physics
lems of the physics of conduction and galvanomagnetic phe-

nomena in two-dimensional electron layers of semiconductor V. I. Okulov

Altogether the contents of this special issue give an idea
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A review of research on the electronic properties of low-dimensional structures based on various
modifications of carbon is presented. The following effects are discussed: the Shubnikov—de
Haas effect in graphite intercalation compouri@Cs) of the acceptor type, superconductivity of
GICs of the donor type, weak localization and superconductivity of carbon fibers, the

negative magnetoresistance of a carbon foil obtained by pressing of exfoliated graphite, and the
superconductivity and spectroscopy of new heterofullerides2004 American Institute of

Physics. [DOI: 10.1063/1.1819856

INTRODUCTION C3HSO, - 2H,S0O;, C5,NO; - 3HNO;, and others:™’

. . . . _ GICs in which the interlayer space is alternately filled
In this art.|c.le we d'§CUSS the 9Iectrqnlc properties anquth two different intercalates are also known. These are
superconductivity of various low-dimensional carbon Struc-so_called heterocompounds, typical examples of which are

tures such as graphite intercalation compou@ikCs), car- 5,5 with CuC} and ICI or FeCJ and ICI®€ They expand

bon fibers, foils pressed from exfoliated graphite, and ful-g\en further the possibilities of obtaining new materials with

lerides. , _ , a unique set of physicochemical characteristics.
In graphite and in GICs the sharp difference betweenthe 11,4 intercalation of acceptors entails a significtyt a

interaction energies between atoms belonging to the samge(or of 2_3 increase in the distance between graphite lay-
layer and atoms of adjacent layers leads to high anisotropy Qfis and the characteristic graphitic order of alternation of the
the physical properties. The graphite structure corresponds {9y ers can be disrupted. A distinctive feature of GICs is the

hexagonal, perfectly planar layers. The carbon atoms in thEossibility of inserting an intercalate only between every sec-

layer are bound by strong covalent bonds, with a C~C disgng or every third, etc., layer of graphite, creating GICs of

tance between carbon atoms in the laggrequal t0 0.1415  jitrarent so-called stages. The number of stagéds equal to

nm. The distr;a]lnce between layers at room temperatudg iS e numper of graphite networks between nearest intercalate
=0.33538 nnm. The interaction between them is brought layers. The identity period, of a GIC is given by the for-

about by weak van der Waals forces. This crystal structur
permits different atoms and molecules to be intercalated in
the interplane space to form a new class of GICs in whichthe | .=d.+(N—1)d,, (1)
lattice consists of plane layers of carbon alternating with the
intercalated substance, or intercalate. These compounds exhereN is the number of stages andis the thickness of an
hibit typically metallic properties, have a high electrical con-intercalate layer.
ductivity, and some of them are superconducforé great The kinetics of intercalation is extraordinarily interest-
many GICs have now been synthesized and are under activeg. Initially a high-stage GIC forms, and then, by passage
investigation. GICs are used to make infrared polarizersthrough mixtures of the different stages, GICs of lower and
monochromators for low-energy neutrons, wavelengthlower stages progressively form, ultimately reaching the first
tunable optical filters, electrochemical devices in optical disstage(if the given intercalate forms a stage-1 Gl@s an
plays, heat-shielding systems, etc. example, Fig. 1 shows the time dependence of the relative
GICs can be divided into two broad classes: donor andesistivity in the basal plane of a graphite single crystal dur-
acceptor. The redistribution of the electron density betweeing the in situ intercalation of sulfuric acid. Simultaneous
the intercalate molecules and the carbon atoms in a GIC of-ray diffraction studies showed that each minimum corre-
the acceptor type gives rise to an additional number of delosponds to the formation of a pure stage in the sequence from
calized holes in the graphite layers. Acceptor compounds arg to 1, after which the irreversible overoxidation of the
formed in the intercalation of such substances as halogengraphite host occurs, and the resistivity increases
metal halides, and oxygen. Donor compounds are formed iseveralfold®
the intercalation of alkali or alkaline-earth metals into a  The electrical conductivity of GICs has a high anisot-
graphite host. Examples of donor compounds ai€, Cgli, ropy, n=o,/o., which in pure graphite has the value
CgCa, GHg, and others. Acceptor compounds are of morel0°>~10% in GICs of the acceptor type it increases to
complex composition, e.g., {@Br,, CyFeCk, CilCl, 10°—1¢ (Ref. 5.
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after Kraschmer and Hoffman’s paper appeared, supercon-
3 ductivity with T.=18 K was observed in the potassium
fulleride *® The discovery of superconductivity in other ful-
lerides soon followed. The highest superconducting transi-
2r tion temperature observed to dafe,= 33 K, was recorded
L in the compound RbGE&g, (Ref. 14 and, under pressure, in
CsCeo (T,=40K).2®

In this article we review the electronic properties and
] superconductivity of GICs, carbon fibers, foils, and novel

g 372 ) . heterofullerides.
0 200 400 600
t, min
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FIG. 1. Relative change in resistivity of a graphite sample during the inter-
calation of HSO,. The minima are labeled by the number of the corre-

sponding pure stage formed. PROPERTIES OF GRAPHITE INTERCALATION COMPOUNDS

Supermetallic conductivity
Fulleren_es ha_ve gttracted attent_|on since thelr_ discovery The high conductivity of GICs in the basal plane,, is
by the English scientist Kroto and his co-workers in 1$85. : n .
.determined by the composition of the intercalate, the grade

They succeeded in synthesizing a number of new allotropic .
forms of carbon G (wheren is an integer from 38 to 120 of graphite, and the number of stages of the GIC. The most

among which the g molecule turned out to be the most famous papers for the creation of GICs with supermetallic

common and stable. It consists of 20 hexagons and 12 per?—OndUCtlon are those of Vogel and coauthtirshe conduc-

tagons. The nameillereneis in honor of the architect Buck- tivity rises with increasing intercalate content, reaching the

minster Fuller, who designed the dome of the United StateE?ual maximu.m fgr a stage-3 GIC, mainly for compounds
Pavilion at the Montreal Exposition in 1967 in the form of with metal halide intercalaté€.In the so-called heterointer-

conjoined pentagons and hexagons. calatiop compounds, i.e., GICs with alternating Iayers of dif-.
There was an extraordinary upsurge in interest inferentintercalates, even the stage-1 GICs have high metallic

fullerenes in 1990, when a group of scientists led byconductivity>*®As an example, in Fig. 2a we show the con-
Kratschmer and Hoffman successfully synthesized solid ductivity in the basal planeg, (left scalg, and the hole
fullerene in the form of microcrystal§which have been densityp (right scalg for GICs with intercalates of ICI and
given the namdullerites). Usually the crystals have an fcc CuCk and for the heteroGIC {gCuCk-0.6IClI. It is clearly
lattice, but an hcp lattice is also possible. In the crystg) C seen that the value of the conductivity is correlated with the
molecules are bound by van der Waals forces. The intercaldwole density. Figure 2b shows the conductivity in the basal
tion of fullerene by alkali metal ions givdslleridesof com-  plane for GICs of stages 1-5 with a sulfuric acid
position ACgso (A=Li,Na, K, Rb, Cs)!? Less than a year intercalate’®
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FIG. 2. Basal-plane conductivity, and hole densitp at room temperature versus the stage nunheior the GICs GyICl (1) and GyCuCl, (2) and for
the heteroGIC CuCl,-0.6ICI (3). The conductivities of several metals are shown for comparigpiThe conductivity of the HSO, GIC (b).
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FIG. 3. Cross section of the hexagonal Brillouin zone of a GIC with two T,K
initial coaxial cylindrical Fermi surfaces along the eddeand 2. The ar-
rows indicate the decrease in size of the Brillouin zone when an intercalat€lG. 4. Relative change in the resistivity along tBexis in graphite and in

04

superlattice commensurate with the graphite lattice appears. sulfuric acid GICs of stages 1-3. The curves are labeled by the number of
the stage.
Phase transitions of the “order—disorder” type The phase transition can be observed by different meth-

When the temperature is lowered below the temperaturgdsf (g.g., NMR, b.Ut the simplest way is to measure the
of synthesis of the GIC there is a transition of the intercalatées_'swIty perpendlcglar to the layefalong the_ C axis pc,
from the liquid phase to a crystalline or amorphous phase. AWh'Ch u_nde_rgoes a jump at the phase transitfohs an ex-
the transition temperaturg, a superlattice commensurate or amp!e, in Fig. 4 we show t_he_ t_emperature dependence of the
incommensurate with the graphite lattice can appear. Suche_lémve change in Fhe re5|_st|V|t)_/ along axis (perpen-
superlattices have been observed in GICs wiii$8, (Ref. icular to the Iay(_arjsm sulfuric acid GICs of @fferent stagg;,
20), with AsF; (Ref. 21, and with SbCJ (Refs. 22—25 In and, for comparison, the curve fpr graphne. The transition
the GIC with B, SO, the sulfuric acid anions form a hexago- temperature depends on the stagethe given case of an
nal superlattice that is commensurate with the graphite IatticyzSO4 GIC we haveT,~187 K for the first stage,.TC
but with a greater period. Here the initial hexagonal Brillouin ~180 K for the ;gcond stage, aﬁ@gl?i«'] K for.the 4th|rd.
zone of the GIC decreases proportionally, as is shown in I:igf\nalogous transitions are observed in nitric acid GfCs.
3. In the initial Brillouin zone the Fermi surfaces are coaxial
cylinders located at the edgéthey are denoted and2 in
Fig. 3. When a commensurate superlattice of the intercalate  High-quality GIC crystals exhibit quantum oscillations
appears, the Brillouin zone contracts proportionglipne  of the magnetoresistance—the Shubnikov—de H&H)
folding effec. Then in the new zone the sections labeBed effect/?® Many GICs of the acceptor type have a cylindrical
and 4 appear, giving rise to new frequencies in the oscilla-Fermi surface, which corresponds to a purely two-
tions of the magnetoresistance, although new groups of cudimensional character of the energy spectrum. As an ex-
rent carriers do not appear. This follows from a comparisorample, in Fig. 5a we show the SdH effect at liquid helium
of the data on the Hall effect and the Shubnikov—de Haasemperatures for samples of HY@ICs of stages 1-4. The

Shubnikov—de Haas effect in GICs

effect. Fourier spectra of the oscillations are shown in Fig. 5b. The
8
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TABLE |. Parameters of nitric acid GICs.

1
~ — _ 2 21,2
E,=—-Ey,=Ec,= 5{71+[71+970bok2]1/2}- )
- o o~ o~ o
w | @ sl 5| 5| & . .
o £ £ o = = = For third-stage GICs the graphite layers are no longer
ol 2 - e = = = equivalent with respect to to the intercalate, and a parameter
% 2 ~ 2 = = = 6, characterizing the difference in the potential energy of the
& | 2B | wf | %8 carbon atoms of the outer and inner layers, appears in the
calculations. For a stage-3 GIC the energy spectrum consists
98 1 0.798 | 0.04 | 2.9 - - of six branches:
98 | 051 1.121 | 016 | 3.40 | 14.30 - E{Y=05%]x, (6)
85 1 1.456 | 0.21 2.40 430 | 23.80 v_ 2 4 2
ESV=+{02+yi+|x|2=[y]+(48%+295)[x|?]312,
83 1.5 | 1.807 | 0.08 | 0.57 | 14.30 - 7

ES"= £ {624 43+ X2+ [yi+ (4024 20 X113 2
)

Fourier spectrum has one oscillation frequency in a firstwhere |x|=3ygbok; & is a parameter that depends on the
stage, two in a second-stage, and three in a third-stage Gl@istribution of excess charge between the inner and outer
The Fourier spectrum of a fourth-stage GIC has a frequenciayers of graphite. Three of the branches of the energy spec-
corresponding to pure graphite and a high frequency. Fronrum lie in the conduction band, and three in the valence
the frequencies of the quantum oscillations of the transverspand. From a comparison of the experimental and theoretical
magnetoresistance one determines the extremal se@jgns data on optical reflection in GICs it has been established that
of the Fermi surface and the density of current carriBgg,. 8~0.2 eV. At that value of the parametéan excess charge

If it is assumed that the Fermi surface consists of smootlof approximatelyz=0.15 is redistributed to the inner graph-
cylinders, the carrier densify,,.can be determined from the ite layer. A uniform distribution of charge between the three

formula graphite layers would correspond ze- 1/3. We note that in
the case of complete screening of the inner graphite layer a
42 ngtr frequency cqrre;ponding to pure graphite should appear in
Pos= . ) (2)  the SdH oscillations of a stage-3 GIC.
(2mh)[di+(N—=1)do] The Blinovskii—Rigo model is of course a simplification,

The factor of 4 in expressiof®) takes into account the Pauli but it gives a rather good description of the optical reflection
principle and the fact that in a GIC, two cylinders of the data for low-stage GICs of the acceptor type. In that model
Fermi surface, with cross sectiorg,,, fall within each the Fermi surface of a first-staghi 1) GIC of the acceptor
band of indexk (the summation is over the several filled type consists of two smooth cylinders lying along the edges
band3. Some parameters of nitric acid GICs are presented iff the hexagonal Brillouin zonéit is usually depicted as 6
Table 1. cylinders, along all of the axes, so that the total volume of
the Fermi surface for each zone is 6/3). The Fermi sur-
face of a stage-2 GIC in the case of strong acceptors consists
of coaxial cylinders(two in each zong and for a stage-3
GIC, in the case of a large Fermi energy, the number of
In 1980 Blinovskii and Rigo proposed a model of the coaxial cylinders can be equal to three, i.e., if three bands are
energy spectrum of low-stage GICs of the acceptor typg- filled (there are 6 cylinders in allThe experimental data on
In the framework of that model a stage-1 GIC is treated as &e SdH effect in nitric acid GICs correspond well to the
system of equivalent noninteracting graphite layers, i.e., thépectrum(3)—(8): in a stage-1 GIC there is one hole band
system is purely two-dimensional. The dispersion relation fofone oscillation frequency is obseryeth a stage-2 GIC two

Energy spectrum of GICs

a stage-1 GIC of the acceptor type has the form hole bands are fille@two frequencies are obseryednd in a
3 stage-3 GIC, three hole ban@oscillation frequenciggsee
E.,= == yobok 3) Fig. 5. Using formulag(3)—(8) and the experimental values
U - 2 ’

of the cross section of the Fermi surface for a stage-1 GIC
wherey, is a parameter describing the interaction of nearest(S€€ Table), one can calculate the value of the Fermi energy
neighbor carbon atoms in the layer. Er . For stag 1 a Fermi energif=0.21 eV is obtained; for

For second-stage GICs, in the subsystem of two graphité{@ge 2EF=0.42 eV, for stage thre&g=0.75 eV.

layers one considers only the interaction between neighbor- Experimentally, however, in a number of GICs, even of
ing carbon atoms in the basal plafibe parametely,) and the first stage, a Fermi surface in the form of corrugated
between nearest atoms in adjacent plafescribed by the cylinders is observe This means that the structure cannot
parametery,). The dispersion relation for the valence bandP€ considered purely two-dimensional. For such GICs the
and conduction band are written energy spectrum should include dispersion with respect to

the third direction. Such a spectrum has the foffn

1
_ e 2 212,211
Ei=—Ey,=Ec,= E{_ yit[vi+9ygbok1"s,  (4) E1o=* v} cos® -y} cog & + 5%K?, (€)
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where® =k,| /2, n=v3ayy/2. The parametey] describes
the interaction of conducting graphite layers in a GIC and 1.002
determines the three-dimensionality of the spectrum. The )
Fermi surface in the case of such a spectrum will be two
coaxial corrugated cylinders with the following cross sec-
tions atk,=0: =) 1.000
S
7| Eg|(|Eg| £274) @)
S [Eeld 77'2' . (10) I 0.998
Donor GICs 0.996
Donor GICs are formed in the intercalation of alkali
metals into graphite. In 1965 a group of scientists led by 0.994 A i ! {

Hannay discovered superconductivity of KCRbG;, and
CsG GICs at ultralow temperaturé$ A review of the su-
perconducting properties of donor GICs can be found in the B, T

monograph cited as Ref. 3. We note that in a magnetic fielghg. 6. Relative magnetoresistivity of a carbon foil at different tempera-
parallel to theC axis (perpendicular to the layerdhose tures. The curves drawn with a fine line show a fit according to forridla
GICs have properties corresponding to type-l superconduct-

ors, while in a magnetic field in the plane of the layer they

are type-Il superconductors. The highest transition tempera- e? b - wﬁ(b)

ture T,=0.55 K has been observed in the stage-1 GY&.C Ao(B)=— 272 (1+ )22 1+ y— ¢(D) (12)
Subsequently, in ultradense stage-1 GICs., those with "

significantly more potassium ions per carbon atom than invhere b= 2el’B/(1+ y)?*%, and y,(b) are the Laguerre
CgK) synthesized under pressure, the valueTgfhas been Polynomials:

raised substantially, e.g., to 1.5 K inglC (Ref. 34 and to o

T.~4.2 Kin GK (Ref. 35. In amalgams of thallium and in l//n(b):f exp(— (x+bx?/4))L(bx?/2)dx. (12
superconducting bismuth GICs of composition,KTl, 5 0

(n=1, 2; M=K, Rb) T, lies in the interval from 0.7 to 4 K. The curves of the Whitman and Schmidt theoretical depen-
For example, T,=2.56 for GKTl,;5s and T,=4.05 for dencdformula(11)] conform well to the experimental d&fa
C,CsBi; 5 (Ref. 3. (the fine lines in Fig. § making it possible to obtain the
temperature dependence of the main parameter of the
theory—the dephasing time, of the wave function of the
current carriergFig. 7).

0 01 02 03 04 05

ELECTRICAL PROPERTIES OF CARBON FIBERS
AND FOILS

L ) . . Carbon fibers
Weak localization of current carriers in a carbon foil

There is still another type of carbon material in which

D!sordered carbon materials are excellent objects fO(/veak localization of the current carriers is observed—carbon
studying transport and magnetotransport at low temperatureg, . 41-43 gjnce the structure inherent to graphite is pre-
Such objects include carbon foil obtained by pressing of ex-

foliated hit€® First th hite is int lated b i served in the fibers, weak localization corresponds to a two-
oliated graphite.“irst the grapnite 1S intercalated by Sullu- .0 n6i0nal character of the conduction. Figure 8 shows the

ric acid, for example. Then a thermal shock is created—rapi .
! -~ emperature dependence of the resistance of two types of
heating to 900 °C—whereupon exfoliation of the GIC oc- peratu P ! wo typ

curs, the volume increasing by tens of times. Then by press-
ing one can create a foil whose properties will depend on the
oxidation time of the graphite by the sulfuric acid, the sub-
sequent heat treatment, and other controllable factors. Such a
foil has interesting galvanomagnetic properties. Low-
temperature growth of the resistivity, which is characteristic
of weak localization, and negative magnetoresistance in low
magnetic fields are observed. As an example, Fig. 6 shows
curves of the magnetoresistance at different temperatures for
a carbon foil obtained by pressing of exfoliated graphite. The
negative magnetoresistance in the majority of cases is de-
scribed quantitatively by either the original theory of quan-
tum corrections to the conductivity®® or by a modified
theory extended beyond the diffusion liriitIn the latter T,K

case t_he change of the_ conductivity in a magnetic field can bgig, 7, Temperature dependence of the dephasing time of the wave function
described by the function of the current carriers.

5
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FIG. 8. Temperature dependence of the relative change of the resistivity of
single carbon fibers obtained from viscoded) and coal tar(2,4) in the 3340 3360 3380 3400
initial state(1,2) and after intercalation and heat treatméht). H, Oe

FIG. 10. EPR spectrum of 4Cqq at a temperature of 15 K.

fibers (obtained from viscose and coal xaiThe resistance
increases as the temperature is lowered, as is characteristic of Superconducting  heterofullerides  of  composition

weak localization(curves 1 and 2). These isolated fibers y_ \c, have lower superconducting transition temperatures
were intercalated and heat treated, after which the IocallzeqiC than K;Cag,, and the crystal lattice constaat of the

growth of the resisti\{ity on decreasing tempe'rgture persisteGaterofullerides studied is smaller than that al%,, appar-
but aroun 4 K the fibers underwent a transition to the Su-gnily hecause substitution of the potassium ion by an ion of

perconducting statésee Fig. 8, curves,4).* = smaller diameter decreases the lattice constant. Thus there is
a correlation between the superconducting transition tem-

ELECTRONIC AND SUPERCONDUCTING PROPERTIES perature and the crystal lattice constant: a decreaadezfds

OF FULLERIDES to a decrease of .

Superconductivity of heterofullerides

.. Electron paramagnetic resonance
Recently a method has been developed for synthesizing

heterofullerides of the Fe and Cu groups with the composi-  Figure 10 shows the typical EPR spectrum of this ful-
tion K,MCgo (Refs. 47 and 48 Some of them exhibit super- leride, measured in 4Cqq at 15 K> The asymmetric signal
conducting propertie€. For example, Fig. 9 shows the tem- has two components, which are well approximated by
perature dependence of the magnetic susceptibifitfor Lorentzian linegsolid curve. The two components are due
fullerides with M=Fe, Ni, Cu. Also shown in Fig. 9 is the to conduction electrons in the aniong,G C3; —0-C; ,
x(T) curve for the well-known superconductor;®s,, and others. Figure 11 shows the EPR spectradfi€q, and
which was synthesized simultaneously for purposes of comK2C0Cyp at various temperatures. A characteristic feature of
parison. these EPR spectra is that the amplitude of the resonance
It follows from the studies done that fullerides of com- increases with decreasing temperature. Interestingly,gthe
position K,MCg, (M=Ag, Cu,Co) and K|\§+C60 (M factors of the heterofullerides KiCg, and K,CoGg at tem-
=Co, Ni, Fe) are not superconductors. Fullerides of compoperatures of 20 K and belowwhere the signal is clearly

sition K,CoGCyp, and KCoCgq exhibited a paramagnetic Sig_ seen are equal to 1.99960.0003 and 1.99860.0003, re-
nal on cooling to 4.2 K. spectively. Theg factor of the heterofulleride gFe** Cq at

these same temperatures is 1.998®50001. These values are
somewhat smaller than thefactors of KsCgy. The two lines
in the ER spectrum of ¥Cs, gives values of 2.001 and 2 for
the g factors of the wide and narrow lines, respectively.

For T<T. one observes fluctuations of the background
signal, while these fluctuations are absent at temperatures
aboveT,. Itis seen in Fig. 11 that fluctuations of the back-
ground signal are also observed in®GC;, at temperatures
of 3 and 6 K, although superconductivity is not observed in
that fulleride.

-0.01

X, €.m.u./g

-0.02 Raman scattering spectra

The Raman scattering spectra of the fullerided/Cq,
-0.03 (M=Fe, Ni,Co) are shown in Fig. 12, together with the
FIG. 9. Temperature dependence of the magnetic susceptifild§ ful- spectrum 9f KCeo for comparlson_. It_ has been fouftthat
lerides of composition KMCg, (M=Fe, Ni,Cu) and, for comparison, Of the ten lines that are characteristic for the spectrum of the
K3Ceo. pure fullerite[standard notatiory(1,2) andH4(1-8)], the
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FIG. 11. Temperature dependence of the EPR signal frohi®s, () and K,CoGCy, (b).
modeng(5,6,7) are missing in the spectrum of®;,. In A shift of the line Ag(Z) is observed not only in the

addition, the line,(2,4,8) andA,(1,2) are shifted relative SPectrum of KF€* Cgo but also in KNiCe. In the latter
 Cositions in o - fulleride theA,(2) line is shifted by about 3 cit to smaller
to their positions in the spectrum of pure fulleritg,CThe  fulleride theA,(2) line is shifted by about 3 cnt to smalle

linesHy(1) andH4(3) do not change position. Characteris- Wave number. This indicates that the charge of tergol-
tically, all of the shifts are in the direction of smaller wave €cule in this fulleride is nearly one electron charge higher

number. This attests to a lowering of the energy of certairfh@n in KsCeo.
phonon modes upon intercalation of metal atoms in fullerite.
Of the seven phonon modes observed in the spectrum &ONCLUSION

KsCeo, there are actually only three int'ense lines in t.he het- summary, graphite intercalation compounds are low-
erofullendes:Ag(l, 2) andH(1) (see Fig. 12. These lines dimensional conducting materials that can be classified as
are present in the Spe‘i”a of+a|| heterofullerldes of CompoSIéynthetic metals. Some of them, like the fulleride allotropic
;{_IOI’] K2MCeo E]N:: Fe_z t’ Fe t’hNI’ Cl:o;. Thc(iaH otr11er _Ifﬁur forms of carbon, exhibit superconductivity. Carbon foils and
INes are much 1ess ntense .A@( »2) andHg(1). The fibers are also extraordinarily interesting objects of study.
pOS'F'O” of almost all the lines in t.h.e spectra of the he.terOf'Suitably treated, they exhibit weak localization effects and
uIIen?es cc;rreépon:sd.]tcfo the pqsmgn of tgqs?hllnes !tr'] thesuperconductivity. The synthesis of new allotropic forms of
S?ZC r;m odE 63' F ' erencei |s'ot;erve Itn ?l?/lcgl ion carbon, e.g., carbon nanotubes, the properties of which could
0 'thgf\ﬂ)_aFr;er Q(Fe)g; orgxa][np(é, mth N |§pef_|ra20 Zh 60 not be discussed in this review article, and the recently dis-
xlave n_umbe,r of 43?(;lcr‘n? lf/?/h?l% ir? tIE: s%egtruis gf covered superconductivity of diamotichold great promise

. . o . for research on graphite-based materials.
K,MCgo with M=Ni, Co this line is shifted leftward to grap
415 cm't. From the position of the liné\g(2) in the ful-

lerides one can assess the charge state of ggenGlecule. ~ E-mail: kulb@mig.phys.msu.ru
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The experimental observations of novel behavior of the kinetic properties of a two-dimensional
electron gas in the presence of microwave radiation are reviewed, and the various
theoretical models that have been proposed for explaining them are describ2@04cAmerican
Institute of Physics.[DOI: 10.1063/1.1819857

1. INTRODUCTION ity u=2.5x10" cn?/(V-s), and electron densitp,=3.5

1 —2
The transport-related properties of two-dimensional”™ 10: tcm ' ider th . tal setup in Ref. 4. Th
electron system§2DESS in a perpendicular magnetic field T us ﬁoﬂs' er the experimenta Bse up mk el. 4. 1he
were investigated rather widely in the late 1960s and early@MpPle with the 2DEG was in a weaB{0-2 kG) mag-

1970s*2 The studies showed that microwave radiation at fre"etic field perpendicular to the surface and was simulta-

quenciesw slightly higher than the cyclotron frequenay, neously subjected to an electromagnetic field of the millime-
or its harmonicsNw, (N is an integer can lead to absolute (€r range {=35-150 GHz). The wave vector of the
negative conductance in a 2DES. Investigation of the nonlin€lectromagnetic waves was perpendicular to the surface of
ear photoconductivity in the microwave range due to thethe sample. The power of the electromagnetic radiation was
photon-assisted scattering of electrons on impurities was th&om 10 to 20 mW. The experiment was done in the tempera-
subject of Refs. 3. ture interval 0.5-6 K. The geometry of the experiment is
Renewed interest in the theoretical investigation of nonshown in the inset to Fig. 1.
linear transport phenomena arose in connection with the pub-  The longitudinal resistancR,, and Hall resistanc®,,
lication of new experimental results on very pure 2DESwere measured as functions of the magnetic indudig.
samples. Recent studies by two experimental grbtigsave  1). The measurements of the Hall resistafig(B) gave a
revealed that the resistance of a two-dimensional electron gatose to linear dependence on the induction and were insen-
(2DEG) with high mobility in GaAs/AlGaAs heterostruc- sitive to the radiation—this is the well-known nonquantum
tures subjected to microwave irradiation at frequenacgx-  Hall effect. For the longitudinal resistan&, the presence
hibits some new behavior of its dependence on temperaturef the the electromagnetic field led to substantially different
microwave power, etc. In the presence of microwave radiadependence on the inducti@ For example, in the absence
tion, peculiar oscillations of the longitudinal magnetoresis-of the electromagnetic field, Shubnikov—de Haas oscillations
tance arise in two-dimensional systems at large occupatiofre observed. In the presence of the electromagnetic field the
numbers. Unlike the Shubnikov—de Haas oscillations, which‘;harp oscillations of the longitudinal resistarRg, are ob-

depend on the ratio of the chemical potenjiaio the cyclo-  seped at significantly lower fields and with a different pe-
tron frequencyw., the oscillations caused by microwave (o4 in 1/B.

radiation depend on the ratio of the radiation frequeadyp

the cgclotr_o_n frequeTcy)C. ]}N;:h Increasing radlatlonhlnten- (with respect to B) depends on the frequency of the elec-
sity It ethmlnlml_Jm VatL.JelS oft g. reS|statrr1]ce applrtoacf Zero. tromagnetic waves. The governing parameter is the ratio of
n this review article we discuss ne resulls ot expert-y, . electromagnetic wave frequeneyto the cyclotron fre-
mental studies and various theoretical models proposed to . . .
: . " ) .quencyw.. It is stated in Ref. 4 that the maxima of the
explain the new behavioral regularities observed in the ki~~~ "7 . . a
netic properties of a two-dimensional gas. longitudinal resistance are observedddin.=1,2,3,... and
the minima atw/w,=3/2, 5/2, 7/2,... .
The longitudinal resistance of the sample measured at
the most pronounced minima is equal to zero within the lim-

its of experimental error. At the maxima it is higher than the

Let us begin with a description of the results of the firstresistance of the sample in the absence of electromagnetic
experimental studié$ in which these behaviors were ob- waves(sometimes by 5 times or more
served. Figure 2 shows the dependenceRyf, on w./w for dif-

The first experimeftwas done using a very pure sample ferent frequencies of the electromagnetic radiation incident
of Alg,Ga 7AS/GaAs/Al ,Gay 76As (a quantum potential on the sample. It is seen that the positions of the maxima and
well). The parameters of the sample were: quantum welminima of R,, for the different frequencies coincide. With
width 300 A, sample dimensionsX& mm, electron mobil-  increasing temperatur@ig. 3 the zero resistance parts be-

Analysis showed that the period of these oscillations

2. EXPERIMENT

1063-777X/2004/30(11)/14/$26.00 834 © 2004 American Institute of Physics



Low Temp. Phys. 30 (11), November 2004 I. 1. Lyapilin and A. E. Patrakov 835

5 3 {
322 2 e=1
‘lacl | | | T=0.9K
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FIG. 1. Resistance versus magnetic induction: heavy lines—in the presence T
of electromagnetic radiation in the millimeter rangé=(57 GHz) at — 6
T=1K; fine-line curve—in the absence of radiation. The vertical dashed
lines correspond to integer and half-integer values ofw/w.. The inset
shows the geometry of the sample, the position of the electrical contacts in ) - .
a typical case, and the orientation of the currentagnetic inductiorB, FIG. 3. Ri(B)/Ry(0) versus 18 in the presence of millimeter-range mi-
and the electric and magnetic fields of the electromagnetic wégs crowave radiation at different from 0.9 to 3.5 K. The arrows pointing
figure was taken from Ref. . upward indicate the positions of the minim@his figure was taken from

Ref. 4)

come narrower and eventually vanish, and the height of the
peaks decreases as well. +3)]71, wherej=1,2,3,.... Heres, the oscillation period

Analogous results on the change in the longitudinal andn 1/B, coincides with the valueB]c’l:(wm* cle) ! to
Hall resistances were obtained in Ref. 6, in which samples igvithin the experimental error.
the form of Hall strips of width 5Qum=¢=<200 um and Figure 5 shows the frequency dependence of the oscilla-
square samples up te-3X3 mm in size, prepared from tions of the longitudinal resistance. Approximation of the
high-quality GaAs/AlGaAs heterostructures with an electrondata by a product of a sinusoid times a damped exponential
density n(4.2 K)=3x10'" cm™? and mobility x(1.5 K)  shows that the oscillation frequenEyincreases linearly with
~1.5x 10" cn?/(V-s). The measurements were made at raelectromagnetic radiation frequenty and the damping pa-
diation frequencies 27 GHzf<115 GHz, radiation powers rameter of the oscillations as functions®f? is independent
up to 1 mW(i.e., much lower than in Ref.)dand helium  of f. An estimate ofm* with the use of the formulaF/df
temperatures. The dependenceRyf on B is presented in  =27m*c/e gives m*/m=0.067, which agrees with other
Fig. 4. estimates of the electron effective mass in GaAs.

In Ref. 6 a different result for the position of the minima ~ The amplitude of the radiation-induced resistance oscil-
and maxima of the resistance oscillations was obtained aations also increases with increasing radiation power. At the
compared to Ref. 4: the minima were observedBgf/d  same time, the shape of the resistance oscillations is insensi-
=[4/(4j+1)]"! and the maxima, atB,5/6=[4/(4j tive to the value of the currerEig. 6).

It was stated in Ref. 6 that the observed behavior of the
resistance is independent of the type of electrical contacts,

8
12L Bi=2nfms/e {=103.5GHz T=1.3K
1 6
{4
C
a8l 2%
% 0 %
o
_2 o«
4
-4
08 1.0 12 -6
@/ ,
FIG. 2. Dependence dR,,(T=1K) on w./w in the presence of electro- _0'44/5/Bf0'%4)9 B 0 4/|9 80'2 4/‘5 BOA
magnetic radiation of different frequenciéer clarity the graphs have been - f f f f
shifted with respect to each other along the verjicihe vertical arrow B, T

shows the additional peak. The inset shows the graph corresponding to
a frequency of 57 GHz and weak magnetic fields. Beats can be seen &G. 4. Curves oR,,(B) andR,,(B) in the presencél) and absenc¢) of
B=0.1 kG. (This figure was taken from Ref. 4. electromagnetic radiatiorfThis figure was taken from Ref.)6.
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0
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0 3 0 " Lt At '0‘3 At 34 FIG. 7. a—Magnetoresistance of a Corbino sample in the absence of micro-
. 0.2 : ' wave radiationthe sharp Shubnikov—de Haas oscillations at low magnetic
B, T fields and the minima of the integer quantum Hall effect at high magnetic

field). b—Conductance oscillations under microwave irradiatatrthe first

FIG. 5. Evolution of the radiation-induced zero-resistance states Upon #inimum a state with vanishingly low conductance is observékhis fig-
change in the radiation frequency. a—At frequencies in the range up to 63¢ was taken from Ref.)5

GHz the zero-resistance state appears aBA/5The triangles denote the

values ofR,, at the magnetic field;=wm*c/e at which the oscillatory

curves have neither maxima nor minima. b—At higher frequencies the zero-

resistance state appears around34/8nd 4/®; . Inset:B* was calculated A state with exponentially low conductivity brought on

from the first five resistance minima according to the form@a by microwave radiation has also been observed in Corbino
_%5 i i = - ) S . -
=2 o{[4] F 1/4]Bysy . 1)}/5, with the result dB™/df=2.37mT/GHz. g5 mples with a high mobility of the two-dimensional charge
(This figure was taken from Ref.)6. N
carriers The samples were AbGa) ,AS/GaAs/
Alg-Ga 76AS quantum wells 25 nm wide, witi-doped Si

the shape of the sample, the orientation of the current wittYers situated 80 nm above and below the quantum wells.
The density and mobility of the electron gas were 3.55

respect to the polarization vector of the electromagnetic ra- ! :
diation, and the value of the current. X 10" cm~2 and 1.2& 10" cn?/(V-s) atT=5 K. Corbino
samples with an inner diameter of 0.5 mm and an outer di-
ameter of 3 mm were made on a square-gfxX4 mm.

As is seen in Fig. 7a, in the absence of microwave ra-
diation the Drude conductivity of the sample exhibits sharp
Shubnikov—de Haas oscillations with changing magnetic
field for B=1.5 kG, and vanishing conductivity at the quan-
tum Hall effect minima forB=10 kG. Figure 7b shows a
plot of the conductance at a microwave power ofydM and
frequency 57 GHz. Strong oscillations of the conductance
are seen in the region of low magnetic fields. In a region
around the strongest minimum of the oscillatiofet B
=1.05 kG) a state with vanishingly small conductance is
observed. The evolution of the conductance under micro-
wave irradiation at different frequencies but equal power
~10 uW at temperaturd =0.65 K is shown in Fig. 8. It is
seen that the strong oscillations and the state with vanish-
4/5B; 4/9B; ingly small conductance are observed at all frequencies.

B, BT To determine the activation energy associated with the

FIG. 6. Amplitude of the radiation-induced oscillations as a function of the TNIMA, - CUTVES OfRyx(B)/Ryx(0) versus II' were con-

magnetic induction for different radiation powees and for different values structed in Refs. 4 and &ee F_ig.S. 9 and_ 1O_These tem-
of the current(b). (This figure was taken from Ref.)6. perature curves are characteristic of activational processes:

12_f=103.5GHz

4/9B,
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: FIG. 10. Natural logarithm of the resistance as a function of inverse tem-

perature. Here:/2kgt~10 K for the state 4/B; at 85 GHz.(This figure was
taken from Ref. 6.

0./

FIG. 8. Conductance oscillations in a Corbino sample at various frequencies

of the microwave radiatiofthe amplitude of the oscillations decreases with were done on GaAs/AlGaAs heterostructu(wj;th an elec-

increasing radiation frequencyThe graphs have been shifted relative to t bilit — 5% 10P c/(V d elect d it

each other along the verticdllThis figure was taken from Ref. 4. ron maobil yl l“_72 ¢ ( -s) and electron densi y
ne=3.5x10" cm ?), the amplitude of the magnetoresis-
tance oscillations was observed to vanistBat110 G. As

R,exp(—«/2T), wherex is the activation energy. This re- the magnetic field was decreased further, the amplitude of

lation holds in a range of resistances whose upper and lowdh€ oscillations grew agaifsee the inset in Fig.)2 This
boundaries differ by more than a factor of 10. The pemnen{eature of the magnetoresistance was interpreted as beats. An

energy scales for the given problem include the separatiofi"@logous effect was observed in the experiments of Ref. 6,
between Landau levefsw,, the energyio of a quantum of which were done on GaAs/AsGaAs heterostructures with

the radiation, and the Landau level broadenifif, , where electrlon _anOb'“t_y p=15x10° cn?/(V-s) and n=3

Ty is the Dingle temperature. All of these energies are lower* 10" cm"?. Vanishing of the amplitude of the oscillations

than the calculated activation energyot over 20 K in Ref. Was observed aroun8=240 G (see Fig. 11 According to

4). We note that there are no other arguments in favor of afRe'- 6, the magnetic field strength at which the amplitude of

activational transport mechanism besides the shape of e magnetoresistance oscillations vapls_hes is independent of

R, (B)/R,(0) versus IT curve. the frequency qf the external rgdlathq. The observed
Among the novel effects observed is unusual behavior of P€ats” were a“”t?Uteg to “zero-spin splitting” due to the

the longitudinal magnetoresistance in the low field regionSPiN—orbit interactiorf:

B=0.02 T. For example, in the experiments of Ref. 4, which

3. THEORY

2 The experimental observation of “giant” oscillations of
10+ the magnetoresistance of two-dimensional electron systems
6f under microwave irradiation and the experimentally
4} observed® vanishing of the electrical resistance and the tran-
= 2: sition to “dissipationless” states in a 2DES placed in a mag-
I
L 1.0¢
‘P, 6 41 13
% 4f c | B=2ntmye
a sy | 3l 1.1
ol [:4
G2
0.1t
6f T
41 f=54 GHz 2
Lo L Y 1 . 1 s I . $ L : ] R .
04 06 08 0002 .04 gﬁ.oa 0.08 0.10|
T K 4/13B, 4/9B; 4/5Bs
B,T

FIG. 9. Ry (B)/R,4(0) versus I at the sequence of minimanfilled sym-

bols) and maxima(filled symbols at j=1, 2, 3, 4. The solid lines are an FIG. 11. Dependence oB of the resistanc®,, of a 2DEG in a GaAs/
approximation by the lavR,,(T)«<exp(—E/T). The inset shows the values AlGaAs heterostructure in the preser(d¢ and absenc€?) of electromag-

of the fitting parameteE as a function oB. (This figure was taken from netic radiation. The beats visible in the resistance oscillations are shown on
Ref. 4). an expanded scale in the ins€this figure was taken from Ref.)6.
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netic field have elicited numerous attempts to explain the
nature of these effects and have led to a new wave of theo-
retical studies®

Let us begin our discussion of the theoretical models
used in analyzing the results of Refs. 4 and 6 with a micro- -‘

n+3

scopic model based on consideration of the probabilities of
transition between Landau levels under the influence of ra-
diation; this model describes the origin of the resistance os-
cillations and explains their period and phase. We consider
this class of models from the example of the first pap&ts.
The authors of Ref. 10 begin with a study of a simplified
model that can be used to establish a simple physical picture
of the problem. |y
The electronic states of the 2DEG in a perpendicular I’
magnetic fieldB are the Landau levels,=nw., wherew, v
=eB/m*c, n is a non-negative number, ama* is the ef-  FIG. 12. The Landau levels are tilted by an applied dc bias voltage. Elec-
fective mass of an electron in the semiconductor. Here trons absorb photons and acquire an enesgyrhe electrons excited by
=1 and a constant energy shift a2 has been cropped. %70 e scalered by sotrand i e ht o by e
When an electron absorbs a photon, it acquires an erergy states to the right, then the dc current increases. In the opposite case, it
In the absence of disorder the conductivity is independent ofecreases.
the distribution of the electrons over Landau levélke
Kohn theorem!” so that the electrons excited by the photons
cannot give an additional contribution to the dc current. In , . i -
the presence of disorder the Landau levels broaden. We dggnd to first order.m.Edc gnd find the Ionglltudlnal co_ndu_c-
note the eigenstates in the absence of disordér, és), with tivity Txx The rad|at|qn-|nduced c.hange in the Ionglt.udlnal
eigenenergies,,. When an electron absorbs a photon it ac_(:_onquctlwty is proportlon:'sll to the integral of the partial de-
quires an energy. In the presence of disorder the excited rivative (ﬁ(/\/(r.,erw)N(r ’8).)/'?AX)R' .
electrons can be scattered by impurities. To second order in The density of states is modeled by the expression
the radiation the frequency at which the electron is scatteref}/_(s) :NOJFNlCOS(ZT?/wC)' For w/w large in comparison
from the initial statea’ to the final positiorr is with No/Ay one obtains the result

€n=nwct+eEy. X

W, (=272 | (1)]28(e =& —w)|{a|€eEXa’)|?, (1) Aoy —sin2mol o) (4)

) _ _ o with a positive coefficient. This form, which resembles the
where(a|eEXa') is a matrix element of the electric dipole derivative of the density of stateg /7 9|, -, arises because
OperatOI’ of the radiation field. The additional current denS|tythe main contribution is given by the initial states around the

due to the radiation is center of the broadened Landau level, which are scattered
into empty broadened levels, and the accessible phase space
AJ(R)=— ef ded?Ar[ng(e)—ne(e+w)] increases or decreases for positive or negalixelepending

on the change of the energy modulo w. (see Fig. 12 It
5 follows from experiment thatr,, is almost a hundred times
XZ [ar (r")|?8(e = €0 )War(NAX. (2 Jarger thano,, and does not change noticeably under irra-
“ diation. Therefore inversion of the conductivity tensor gives
pxxwpf(yaxx, the oscillations of which have experimentally
observable period and phase.
The analysis in Ref. 10 shows that disorder plays a cen-

HereR=(r+r")/2, Ar=r—r’'=(Ax,Ay). For the average
over the disordefdenoted by an overbpawe have

tral role and can be sufficient for obtaining radiation-induced
AJ(R)= —Zwef ded®Ar[ng(e) —Ne(e+w)] oscillations. A calculation of the conductivity with the use of
the diagrammatic techniquéhe Kubo formula including
XMr,e+o)Nr',e)M(r,r")Ax. (3 the radiation and disorder but neglecting electron—electron

interactions will be sufficient for reproducing the effect. The
Here Mr,e)=3 |y.(r)|?°6(s—e,) is the average local calculations of Ref. 10 give,,<O0 in the region of magnetic
density of states, which for high Landau levels satisfies thdields where the zero-resistance states is observed.
relation V(e + mw;) =Me); M(r,r’')>0 is determined by Analogous arguments are made in Ref. 11. It was shown
separating these factors of the density of states and is athat the state with negative resistance is also the result of a
sumed to be independent of the energiesxde + w and isa  nontrivial structure of the density of states of the two-
function of |Ar| alone. dimensional system. The theory of Ref. 11 modeled a tunnel

The dc fieldEq, is directed along the axis. It is as- junction sample to which the sum of dc and ac voltages are
sumed that the field influences E®) only throughA(r,e) applied(see Fig. 13 The ac voltage/,.= A coswt applied
=Me—eEyxX). The energy spectrum in the fieHy. is  to the junction models the microwave radiation in the real
illustrated in Fig. 12. For finding the linear response we ex-experiment.
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Vac= A cos ot are presented in Fig. 14. We note that the positions of the
maxima and minima of the photoconductivity depend on the
radiation power; this explains the discrepancy between the

HR results of Refs. 4 and 6.

;ev It follows from the models considered above that the

My S appearance of new oscillations is due to photon-assisted

transport phenomena in the presence of an oscillatory density

of states, which can also lead to negative conductivity at

FIG. 13. Model of a quantum tunnel junction. A dc bias voltagend anac ~ SUfficiently high radiation power. There remains the legiti-

field V,.= A coswt are applied to a structureless tunnel junction. The acmate question of whether the rather strong interaction be-

field models the microwave radiation. tween the radiation field and the 2DES in a magnetic field
has been adequately studied.

In Ref. 19 a theory was developed in which the interac-
tion of the radiation and electrons is taken into account ex-
actly, while the scattering on impurities is treated by pertur-

2me bation theory. The main result for the theory developed in
1+)\C°Sﬁ_wc> Po: 5 Ref. 19 consists in the renormalization of the density of
states, for which the following expression was obtained:

A calculation of the conductivity with the use of the
model density of states

p(e)=

leads to the following result:

® E 1 1)
a(T A A2 1) "e)= 2| €E N -
( )= E Jﬁ — 1+—c05<21-rn— p'(e)=2p(etnhw)l; h X w+m) ' ®
0p ntw ho 2 e ¢
wherep(e) is the density of states in the absence of radiation,
, W w y7i . . . .
—nm\ —sm( 27n— +g(—,T) , (6) andX; is the coordinate of the center of the harmonic oscil-
@e @e fia lator.
where gy=e?Dp3, andg(u/thw.,T) is the contribution of The zero-bias conductivity is described here by the same
the Shubnikov—de Haas oscillations, which falls off rapidly expression as in Ref. 11, but with a different argument of the
at finite temperatures. Bessel function, which exhibits resonance behavior that was

The amplitude of the oscillations in Ref. 11 is indepen-absent in the framework of perturbation theory. For the den-
dent of temperature. This means that the temperature depesity of states(in the absence of radiatipmvith the broaden-
dence that is observed experimentally must be due to thiag of the Landau levels taken into accouf}, the photon-
temperature dependence of the density of states. We note trggsisted conductivity gives rise to slow oscillations as a
the theory developed in Ref. 11 also predicts an oscillatorjunction of the inverse magnetic fieldxsin(2mw/w),
character of the magnetoresistance, with a period and phagéereas the usual Shubnikov—de Haas oscillations are fast:
that agree with the observatioh&urthermore, it predicts an  *sin(2ru/fiw.), whereu is the chemical potential. It is clear
N-shaped current—voltagé—V) characteristic for the zero- that the slow and fast oscillations can be observed separately

resistance state. if the chemical potential is much higher than the temperature
The results of the conductivity calculations carried out in(«>T) and the temperature is not too low in comparison
Ref. 11 for a more realistic density of states, with the distance between Landau levé3$/% w.~1. This is
precisely the regime in which the experiments have been
T 2me d
p(e)=1+2 exp{ — )cos Po» (7 one. . o o
WcTy hwe In this regime the contribution to the conductivity due to

photons has the form

2l == AX

O'_O'SdH_)\z ” 2 eE
h

1+ w
D) a)g—wz

w w w
cos( 2mn —) —2mn —sin( 2mn —) — 1} ,

We We We

0o 2 n=—ow

B> >
LI T {

N=OO
QOO
gege

X

where oy=€?Dp3; osqy is the conductivity in the absence
of radiation, which is none other than the conductivity in the
usual Shubnikov—de Haas effeotyyy can be determined as
the conductivity aE=0; AX;=2y2n+ 1« (« is the mag-
netic length.

5 A straightforward analysis shows that, together with the
oscillations of the first harmoninE 1) there should also be
FIG. 14. Dependence of the conductivity efw, at different values of the noticeable oscnlatlon§ of the ot_h_er harmomc?(z) near
radiation intensity. The parameters are taken from Ref..d850kw, kT ~ ®@=wc. The observation of additional harmonics was men-
=0.25% 0, or=6.25. tioned in Ref. 4. It should be noted that that paper made
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some theoretical predictions as to the zero-resistance state ‘WN ey N,

Kyt ky+
the vicinity of half filling of the lowest Landau level; this Ty
242\ |2
state is due to photon aSS|s_ted transport processes in the pres- _ _2 NVel2 Oy L<q 2 (£0(.a)
ence of an oscillatory density of states, which is analogous to ho4 VT NN T ml&allx.y
the zero-resistance state of electrons in low magnetic fields. )
An approach based on calculation of the probability of X S[MAQ+(N=N")AQ.+eELqy]. (11

transitions between broadened Landau levels is now the mo

generally accepted. However, although it explains many o uantum numbers of the electrap, andq, are the changes
the observed featL’l,res of the photoresstance oscillations, it +am due to photon-assisted scattering on impuritgs,
e Xl o7 = a7 f, €=l s the lecron chrget i he mpury
photoresistance oscillations in samples with lower mob|I|tyconcemraﬂon3\/qoc flexp(—di q) 'S the matrix e'Iement of

) - the electron—impurity interaction, which takes into account
under otherwise equal conditions.

. . . the localization of the electrons in the direction of thaxis,
The influence of an rf field on the conduction of a 2DEG whered; is the distance between the 2DES and doped
in a quantizing magnetic field at low temperatures was con:.

sidered in 1986% The proposed mechanism for the forma- layer. The functions characterizing the overlap of the initial

tion of the photocurrent is the same as that proposed in Re%ind final states of the electrons are

10.. In Ref. 21 the scatterers were assumed to be impurities. Qunr(m)= pNN “N(p)exp — 7/2),

Using the Kubo formuldthe rf field was taken into account

in the second order of perturbation theprihe authors ob- PN ~N(5) LN “N(4), whereL} () is a Laguerre poly-
tained a formula for the dependence of the photocurrent onomial, Jy (0 (dy,qdy)) are Bessel functions,

the radiation frequency in the vicinity of the harmonics of

ereN is the number of the Landau levél, andk, are the

the cyclotron frequency. It was found that the sign of the £0(0y,0y)= e_g s '(? /Q)(qxey leX)|
photocurrent is opposite to the sign of the deviatioa of Y 10— 07
the radiation frequency from the nearest harmonic of the cy- (12

clotron frequency, i.e., the dependence of the photocondugynerem is the effective mass of an electron.
tivity on the frequency of the microwave radiation has an | the Ohmic regime for a 2DES with=2d; /L <1 (the

oscillatory character. We stress once again that, according fgyse of short-range impuritieshe authors of Ref. 12 ob-
Ref. 21, t photoconductivity equals zero f&rw=0, in  (ained the following expression:

agreement with the experimental results of Ref. 6 but not
with those of Ref. 4. The correction for the rf field to the Hall £ (inten £ ex;{ Pf(—
component of the current in the approximation used in Ref. ph Q.
21 is equal to zero. In addition, the authors mention that
absolute negative conductiviffANC) can be realized near ! pf(&))z
the cyclotron resonandsee Refs. 22 and 23 ! Q)| [(AQ—~Q)*+T?)?
The photoconductivity due to photon-assisted scattering Q 0 (AQ.—20)
on impurities in multiphoton processes in a magnetic field in +1, pf<_> ) > A S — J
the presence of microwave and dc electric fields was consid- Qc) )T [(AQ—20)7+T7]
ered in Ref. 12. It was shown in the framework of the theory (13)
developed there that the value of the maxima and minima of
the microwave radiation is a nonmonotonic function of theWhere P=pq/po is the normalized microwave radiation

O,(AQ—~Q) ]

microwave radiation power and the electric field. power, f(w) =w(1+ w?)/(1-w?%? andly(7) is a modi-
The authors proceed from the expression for theied Bessel function.
radiation-induced dissipative current: It follows from the analysis done in the present paper
that the height of the maximum and depth of the minimum
o= J (inten | J(mtra)’ (10)  near the cyclotron resonan¢and around its harmonigsn-

crease with increasing radiation power. At high powers the

wherej g”‘er) is the contribution due to transitions of electrons height of the maximum and depth of the minimum saturate
between Landau levels of different numbers as a result of thand begin to decrease. The height of the first one-phonon
microwave radiation, while the second term on the right-maximum(depth of the minimumfor A=1 andM =1 falls
hand side of(10) is the change of the dissipative current off when the microwave radiation power exceeds a certain
component due to transitions within each Landau level. Theéhreshold value. In that range of radiation power the maxima
probability of these processes is a function of the total ddminima) corresponding to resonances of higher order can be
electric field and ac field of the microwave radiation. comparable to the maximuigminimum) near the cyclotron

For the transition probabilities between electron statesesonance. At large values of the power the two-photon reso-
(N,ky,ky) and (N’ ,k,+dy,ky+g,) in the presence of a total nance maxim#minima) can increase faster than those due to
electric fieldE=(E,0,0) perpendicular to the magnetic field one-photon absorption processes. Furthermore, in the vicin-
H=(0,0H) and an ac fieldE,=(&e,,&ey,0), polarized in ity of 1/Q.=1.5 a relatively weak maximum and minimum
the plane of the systemef and e, are components of the corresponding to the two-photon transitiotM &2 and
polarization vector of the microwave radiatjpnhe authors A =3) appear. These results, as was noted in Ref. 12, agree
of Ref. 12 use the formula with the experimental dat&®
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In comparatively strong total electric field&>E,, on the radiation power, characterized by slowing of the
when transitions between high-numbered Landau levels givgrowth, saturation, and even a decrease in the value of the
the main contribution to the photoconduction mechanism unmaxima and minima with increasing microwave radiation
der consideration in the microwave range, the authors of Repower; a shift and broadening of the maxima and minima of

12 obtain the photoconductivity with increasing microwave radiation

_ %[AQ,—MQ)| power and electric field.
jgﬁte%c PIRCIVNERS c—) As we have said, the dissipative transport of electrons in
AM eEL the direction parallel to the electric and perpendicular to the

[ﬁ(AQC—MQ)

;{ A2(AQ— MQ)T magnetic field occurs on account of “hops” of the centers of
e
eE’L ’

—_—— the Larmor orbits of the electrons due to scattering processes.
2(eEL) However, the probability of such scattering with a spatial
(14 displacement of the center of the Larmor orbit greater than
the quantum Larmor radius= (cA/eH)*? is exponentially
small. Because of this, such scattering processes will be ef-
R ficient, and the microwave radiation-induced change in the
Ru(z y)—f dxJu (VX7 dissipative component of the currefe., the photocurreit
significant, only in the immediate vicinity of the resonances,
exp[ BVXZ+y?— (X +y2)/2] |Q—AQ<=maxXeEUsT}, where I' characterizes the
(x2+y?)32 (19 broadening of the Landau leveéfsThus at smaleEL/% and

: I' the intervalsQ—AQ. in which ANC due to photon-
It follows from Eq. (14) that conduction in the presence of
assisted scattering occurs are rather narrow. One should
microwave radiation in a high electric field also has an os-

cillatory character, with maxima and minima @#/Q,= A therefore estimate the contribution of other scattering mecha-

invﬁolvinangn%mﬁoté\: (San d’ ag?[()lec:tl\[//e\lyi (;‘?I)]t;z;/rpsgr?:s In Ref. 13 the dissipative components of the conductiv-
_g P ' L . ity (mobility) tensor of a 2DES were calculated on the as-

QIQ.=[A+8)]/M for transitions involving the absorp- . . ) )

tion Cof M photons. Heres V)= 8 )=eEL/AQ, = E/E sumption that the main scattering mechanisms were the

The width of the mexima and minima under dciscussii)'n in_photon-assisted scattering of electrons on piezoelectric

crease linearly withE as A=A (=2 24E/E,, whereas acoustic phonons. The energies of the electron states in a
. Co . -1 2DES in crossed magnetic and electric fields neglect of
their height is proportional t&

As was noted in Ref. 12, the model describes the follow- the Zeeman splittingare given by the expression
ing features of the conduction in a 2DES acted on by micro-
wave radiation and a magnetic field: zero photoconductivity ~ &n,¢=( N
at the cyclotron resonance and its harmonics; the position of
the maxima and minima of the photoconductivity in the vi- In the standard approadkee, e..g., Refs. 1, 3, 24, and)25
cinity of resonances with absolute negative conductivity athe dissipative currenip(E) in a 2DES is written in the
the maxima; nonlinear dependence of the photoconductivitjorm®?

where

1
+ 5| R+ eEL. (16)

ipE)=2 ZfN«—f )jdzqqyiv 210y v (243 /2P (A g8IN = N'IIQ, + hoog + eEL’q,]
N

+(y + BN = N'ORQ, - hog + eEL%q,] + I (9,9, )N g800Q + (N = NOWQ + hog + eEL*q,]
+10(q5,qy ) (N g + DS[HQ + (N N, - Qg + eEquy]}.

17

Heref is the filling factor of theNth Landau level, given by localization width of the electron in the direction of tke
the Fermi distribution fU?CtionH:(qx,qy,qZ), wq=S0, axis, perpendicular to the plane of the 2DEIS<(), and
and Ng=[expfiwg/T)—1] are, respectlvely, the _phonon IQN,Nf(LZQf/2)|2=|PN'*N(quf/Z)IZexp(—LZQf/Z) is the
wave vector, frequency, and distribution functiajs the

N e : matrix element determined by the overlap of the wave func-
speed of soundq= v+ dy+dz, 9. = . Ot dy, Olw) s tions of the electron before and after the hop caused by scat-
the form factor of the Landau level, which at smBltan be

replaced by a Dirac delta functiofV/q|><q~*exp(-1%g%/2) ~ tering, and Py ~"(L%q?/2)|? is proportional to the Laguerre
characterizes the piezoelectric coupling of electrons witHolynomial.

acoustic phononssince that coupling is assumed to be the  The value ofl 3(dx,qy) is proportional to the power of
most important in these 2DESs at low temperatyféss the  the incident microwave radiation. It characteristics the effect
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of the radiation on the motion of the electron in the plane of
the system. For unpolarized microwave radiation
la(0x.Gy) =T oL2(a5+q5), with Zo=(Eq /€)%, where&qy
is the amplitude of the electric field of the microwave radia-
tion and is assumed smaller than some characte@gtiof
the microwave field. The latter assumption means that the
amplitude of the oscillations of the center of the Larmor orbit
in the microwave radiation field is smaller than and the
emission processes involving the participation of more than
one photon of the microwave radiation are unimportant.
The first two terms in EQ.(17) correspond to the
electron—phonon interactions, while the third and fourth cor-
respond to such interactions accompanied by absorption of a

I. 1. Lyapilin and A. E. Patrakov

4 6 8 10
g Q- AQ /s

photon. As is seen from(17), at resonanced)= (N’

—N)Q, the contribution of photon-assisted processes in th

dissipative conductivity goes to zefsee Refs. 17, 26 The
characteristic amplitude can be writterf as

z v2mQ|Q2—Q2|L
. eJ0Z+0?2

In the immediate vicinity of the cyclotron resonanQe

(18)

=) the value of&,, is limited by the broadening of the

Landau levels. Formulé&l8) becomes incorrect, an?b can
be estimated a&,=v2mQI'/e.

In Ref. 13 the conductivity was written in the form

0(E)=0gant opn, Where oy is independent ofZg,
whereaso < I, (this expansion is valid foeE|¢|<7i|Q
—AQ|<hQ,hQ,).

gIG. 15. Dependence of the photoconductivity, on the normalized fre-

guency of the microwave radiation in the internva{) . <Q<(A+1)Q..

and H{M(q)=3(Lq)*/32N

for Lg>1 and 142N<Lqg<1, respectively.

It is seen from formuld19) that the expression far .«
contains a small exponential factor exy#()./T), which
arises because the conductivity in the absence of radiation is
due to absorption of acoustic phonons with engigy close
to the distance between Landau levels, the electrons under-
going a transition from the almost filled Landau leygist
under the Fermi levelN=N,) to the next, almost empty
one. However, the number of such phonons Te£A (). is
small. The frequency of processes involving the emission of

As a result of calculations under the additional assumpacoustic phonons accompanying transitions of electrons from
tionsN>1 andL()./s>1, the authors arrive at the formulas the upper Landau level is also exponentially small because of

O gan G

hs\[ s hQ, p(|29§>
et -7 el ) a0

where G=1/227N,, (N,, is the number of the Landau

level directly beneath the Fermi surface

TV E HM (A
ph 2Ldq 2 al
q= qQ
(20)
for Q—AQ.<0 and
oty =, 9 Jex e HM(q)(Ng+1)
ph Q qu 2 q Y
=49
(21)
for Q—AQ.>0. Here
Nm
HMV (@)= > fu(l—fy DHE (@),
N=Np—A+1

12-L?
EXF{(ZT)'[Z

\/quz—tz

Lq
H{M ()= f dtt® |PN(t212)2,
0

giving
H{M(q)=3[2V2m(1-12/L?)5NLqg] *=3(2\27NLg) !

the low occupation of that level and the Pauli exclusion prin-
ciple.

The photoconductivity given by formulg20) and (21)
as a function of the frequency of the microwave radiation
exhibits pronounced oscillations, in which a change of sign
occurs. At the resonance3 = A(). the photoconductivity
oon=0. The dependence of the photoconductivity on the mi-
crowave radiation frequency, calculated according to formu-
las (20) and(21) for LQ./s=10, |/L=0.1, and various val-
ues of the parametdr=7%s/TL, is presented in Fig. 15.

The negative sign ofr,, due to photon-assisted scatter-
ing on acoustic phonons near resonance$XerA Q). and in
the intervalsA Q. <Q<(A+1)Q. is explained as follows.
When O=<AQ,, transitions of electrons between Landau
levels, which contribute tarl}), are accompanied by the
absorption of acoustic phonons with energfes = A
—Q, which are rather small. In this situation the probability
of photon-assisted absorption of a phonon decreases with
decreasing phonon energyo>q. Since the energies of the
phonons absorbed near resonance are small, the difference
between values ol with rather small and very close values
of q is inconsequential. Because of this, the frequency of
absorption of acoustic phonons withw, not much greater
than (A Q.— Q) exceeds the frequency of absorption of
acoustic phonons with w =% (AQ.—(Q). In the first case
the displacement of the center of the Larmor orbit of the
electron is6§=%(Q—AQ.+ wy)/eE>0, and so the elec-
tron’s potential energy chang& >0, and such an electron
scattering event therefore gives a negative contribution to the
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dissipative current, i.e., it leads to ANC. Contrarily, near the 4 7654 3 2 ®/0¢ 1
resonances but faf) slightly greater tham\ ()., scattering AR ' !
events with6¢<0 predominate. m 1=103. 5Grz

An analogous model of photoconduction in a quantizing T 3t V=08
magnetic field was proposed in Ref. 24. It considers optical : @1 =50
rather than acoustic phonons and ignores processes that do E_ ol e @T=30
not involve the participation of photons. The conclusions that 3
the photocurrent is an oscillatory function of the frequency T
of the microwave radiation and that absolute negative con- £ 1+ '
ductivity can occur are still reached even when these simpli- \\\
fications are made. ,.MEA : T

0 0.05 010 0.15 020 0.25

4. OTHER MICROSCOPIC MODELS

The th tical h idered ab FIG. 16. Instability growth rate as a function of magnetic field for the
e theoretical schemes considered above presquOﬁgrameters of Ref. 30, velocity/V=0.8, and two different scattering

that the observed features of the photoresistance result frofiequencies. The numbers on the upper axis label the positions of the har-
bulk effects. A fundamentally different approach to the ex- _monics of the cyclotron frequency. The arrows indicate regions of instabil-
planation of the resistance oscillations is proposed in Ref. 18Y-

Based on an analysis of the experimental featfiPemother

possible scenario was put forward, based on the development

of the microwave radiation-induced drift instability near the of Fig. 1 gives the same result feature of the instability
edge of the sample. The author proceeds from the standafiot in Fig. 16 is that the “strength” of the instability de-
picture of the Landau levels, bending upward near the edgéreases rather slowly with increasing number of the har-
and intersecting the Fermi level. The role of the microwaveMonic, in qualitative agreement with experiment. Further, the
radiation in this case reduces to a redistribution of electron§urves in Fig. 16, constructed for different scattering fre-
over quantum states near the edge of the system, where elgtlencies, show that the growth of the electron mobility pro-
trons Occupying h|gher energy levels and moving a|0ng théT]OteS the deVelOpment of InStabI|Ity, and that aISO agreeS
boundary (skipping orbit3 with an increased velocityin ~ With Refs. 4 and 6. We note that the number of electrons
comparison with the situation in the absence of radiationmoving along the edge with a velocity that is increased by
appear. In sum, we have a typical situation for the developthe influence of the microwave radiation is proportional to
ment of drift instabilities in a plasma. For finding the spec-exp(~W/T), and that is also in qualitative agreement with the

trum of the plasma waves the authors of Ref. 15 used thBower dependence and temperature dependence of the pho-
equatiori® tosignal at the minima oR,.
It is also supposed by the author of the model under
p consideration that it resolves the paradox associated with the
m' (22 magnetoplasma resonance wik=1/w in the new experi-
ments: whereas in Ref. 20 the wave vector of the two-
which under the conditior(q,») <0 can give unstable so- gimensional plasmons was determined by the witbf the
lutions (here €(q,w) is the dielectric functionw, is the  sample, in the new experiments the characteristic wave vec-
plasma frequency in the beanThe dielectric function of a (ors are fixed by the conditions of instability and the weak
two-dimensional system in a magnetic field has the formep k> magnetoplasma resonance is not seen against the

€(9,0)=1+27i0y(q,w)q/wk, where the wave-vector packground of the giant oscillations arising as a result of the

wl
w—qV==

and frequency-dependent conductivit§®is edge contribution. An argument in favor of this picture is the
ne? wtiy( 2 |2 o kZJE(qu) relatlvgly weak bulk magnetoplasma resonance observed in
ox(Q,w) = - — > - 5 Ref. 4 instead of the relatively weak oscillationsRy; .
Mo, To. \qre) =1 K—[(o+iy)/ o]

The author assumes that the arguments he offers reflect
(23 the basic physics of the phenomena: the existence of insta-

andr. is the cyclotron radius. bility in intervals wheree(q,w)>0. The results of Ref. 15

As we see, the dielectric function becomes negative irare in qualitative agreement with the dependence of the pho-
some frequency intervasbovethe harmonics of the cyclo- toresistance on the power and frequency of the microwave
tron frequency(instability regions. Solving equation(22)  radiation, temperature, magnetic field, and mobility.
with respect tog at a fixed(rea) frequencyw and with wF’) Another approach to the explanation of the observed os-
<w,, one can find an expression for the imaginary part ofcillations of the conductance is proposed in Ref. 16. The
the wave vectog”(w), which characterizes the instability authors of Ref. 16 assume that the magnetoresistance fea-
growth rate. Figure 16 showy’(w) as a function of mag- tures observed in Refs. 4 and 6 are determined by the micro-
netic field for typical experimental parameters of Ref. 6.  wave radiation-induced change of the electron distribution

A comparison of Fig. 16 with Fig. 6a shows that the function. Because of the oscillation of the density of states
instability region coincides with intervals & in which the  due to the Landau quantization, the correction to the distri-
zero-resistance states were observed experimentattyl  bution function also acquires an oscillatory character. This
negative photoresistance was observed at higher harmonigéves a contribution to the dc conductivity which oscillates
of the cyclotron frequency; an analogous plot using the datavith variation of w/w.. We note that an analogous model
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but in zero magnetic field was considered in Ref. 31. 3
The authors of Ref. 16 start from the expression for the
conductivity

O'phzzf deogc(e)[—d.f(e)], (24

Q
wheref(g) is the electron distribution function ang,.(e) :_ﬁ \/
determines the contribution of the electrons with enerdgy ol V \/
the dissipative transport processes. In the leading I
approximation®3? one hasoy.(s)=053%(¢), where¥(s) -4r
=wv(e)lvg is the dimensionless density of stateg=m/2m 6l o ,
is the density of states per spin in the absence of magnetic ~1/51/4 1/3 1/2
field (we are assuming thdt=1), andol.=€?vovZ/2wir, @0/
is the Drude conductivity per spin.

The main assumption of Ref. 16 is that all of the effectsF'G_- :_L?. Photoresistiv_itynormalized to the Drude v_alue in the abs_ence of
are due to the nontrivial energy dependence of the nonequ[Ea" 1 Ve/aphing Landau evels o frclon ol st et
librium distribution function of the conduction electrons, 5. 0.2‘*4(1)' 0.8(2), 2.4(3).
which satisfies the kinetic equation

oP(0) < -
f"szvo Z etow)[f(exw)—f(e)] The following expression is obtained for the oscillatory
B part of the conductivity:
D
2 Jde i 72 i _M 2Tw | 27w
dCV()';(S) Je 14 (8) Je f(S) - Tin . - Pw - sin o +4Qdc
—5=1+28% 1- (29
(25) e o mw
o . o _ 1+ 7P, Sif— + Qqc
Here 0" (w) is the Drude conductivity per spin for alternat- Wc

ing current. If it is assumed thab + o[> 1 itis given by | the linear response regimé£— 0) and for not too high a

the expression field of the microwave radiation, E429) gives a correction

ez,}OUé to the dark dc conductivityy.= ogc(1+ 26%), which is lin-

PP(w)=2 ————. (26)  ear in the power of the microwave radiation:
T Aot we)
) ) ) ) Oph™ Tdc . TW 27w
In the right-hand side of Eq25) the inelastic processes are ———=—45"P, o Sin——. (30
taken into account in the relaxation time approximation; Tde ¢ ¢
fr(g) is the Fermi distribution. Formula(29) also permits consideration of effects which

The main results of the authors pertain to the case ofire nonlinear both in the dc and in the ac electric field. The
overlapping broadened Landau levélse density of states evolution of the dependence of the photoconductiwity on
7=1-265cos(2relw;), where §=exp(—m/w.7,)<1, where B with increasing microwave radiation powB V=P (w,

74 is the single-particle relaxation time in the absence of=0) is shown in Fig. 17.
magnetic fieldh When the smallness af is taken into ac- The 1-V characteristics of the system at sufficiently high
count, the authors obtain for the oscillatory part of the dis-radiation power are N-shaped:

tribution function o 27w o\ L
P,>P=| 46°—sin —sir?
2Tw | 27w @ Wc We we
P, sin +4 Q¢ o S
f(e)=o2 ﬁsin%@ w¢ wc In the limit of large&g, the conductivity is close to the Drude
os 2 de g - T® ' value and is therefore positive. The value of the dc electric
1+P,si we +Quc field at whichop, changes sign is determined by the condi-

(27)  tion Q4.=(P,—Pr)/P; and is equal to

[ wé( w’+ wg) vz

I 20 (w?’— wg)

Here dimensionless units have been introduced for the dc
and ac electric fields:

h N8

Tin engF>2 wi—l—wz 1 Rd 452 T | 2Tw 2 T\ 31
0= , X — - ’
Tir w (wz—wi)z T W sin W s! We (3Y)
27, €€\ [ 7\ 2 where & is the threshold value of the ac field at which the
dc:T_(—w )(w—) , (28)  zero-resistance state is realized.
tr Cc Cc

It should be noted that the results of Ref. 16 on the
wherer, is the transport relaxation time f&=0, andr, is  whole are also in agreement with the experimental
the inelastic relaxation time. The magnetic field is assumeabservationé:® The observed temperature dependence of the
to be classically strong, i.eq ;> 1. photoresistance at the maxima agrees well with the predicted
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T2 behavior. Typical parameter®/27w=50—100 GH, Tq is the deviation of the frequencies of the microwave radiation
=10ps give wr,=0.5-1.0 (overlapping Landau levels from the shiftgd cyclotron frequenqy in the ac fieldis the
and the experimental data are actually analogous to thogdectron density, an®, =ef7/2(1+iQ7). _
shown in Fig. 17. Fom~1K ander~100K we find7,* Here the copdltlon under which the diagonal conductiv-
~10 mK, which is much smaller thar, '~ 1K, as is as- 1ty Will be negative has the form

sumed in the theory. Finally, for a microwave radiation 0] 2
power ~1 mW and an area of the samptel cn? the di- —
mensionless power i®(?~0.005-0.1, which is consider-
ably lower than the predicted result for overlapping LandauThis condition is consistent with the assumptigfl <w.
levels(Fig. 17). The reason for this discrepancy must still be and sm/m<1.

m
) | (39

We T\ om

explained. In the limit of a pure electron gas— formulas(36)
Obviously the conductivity is “sensitive” to irradiation and(37) simplify to

only if Kohn’s theorem is violated’ It is usually assumed ne  (ef)?

that the cause of this violation is a random impurity poten-  o4=— P msin 26, (40

tial. The authors of Ref. 14 considered a model in which ¢ ¢

Kohn's theorem is violated for an “internal” reason, viz., ne? (e&)?

because of a slight nonparabolicity of the electron spectrum: 0t= Mg 8MEQw, cos2|. (41)
e(p)= p_2 1— p? 32 We note that the relaxation timedrops out not only fronwr,

2m 2mEy)’ but also from the diagonal conductivity. This means that the

momentum relaxation necessary for dissipative transport
rocesses is provided by scattering on the microwave field,
hich is coupled with the translational motion through the
nonparabolic term in the dispersion relation.
p p Several experimental facts cannot be described in the
V= E(l_ ﬁ) (33 framework of the model under discussion: the model does
not give the frequency dependence of the conductivity in the
is obtained by differentiating the energy with respect to mo'entifqe range 0]9 frequyencirza(sin particular, it is difﬁcultyto
mentum. . . . generalize to the case~nuw,); the result(36), (37) for the
Ir_1 th? model of Ref. 14 a negative arises under Im_ear longitudinal conductivity contains dependence on the polar-
polan;a‘uon of the ac field coset. L?t us write the C"’?‘SS'Ca' ization of the radiation, in contradiction with experimént.
equation of motion of an electron in an ac magnetic figld

and dc and ac electric fields:

wherem is the effective mass, anél, is an energy of the
order of the width of the forbidden band. The correspondin
expression for the velocity

5. INSTABILITY OF ONE-DIMENSIONAL STATE OF A 2DES

d e
d_rt) + 2— E[VX B]=eE+ef coswt, (34 The decisive result in the preceding discussions consists
in the existence of regimes of magnetic field and microwave
(7 is the relaxation time radiation power for which the longitudinal conductivity cal-
The authors of Ref. 14 seek a solution @) in the  culated in the linear response theory is negative:
form
0yx<0. (42

+i =Py+ iwt)+ —iwt).
PO FIp(O=Po+ Py eXpiwt) +P- exp—iwt) (35) However, at the same values of the cyclotron frequency and

) ) microwave radiation frequency for which the model consid-
Solving a system of equations f@%, P,, P on the as-  ered above gives,,<0, experimentally one observes a state
sumption thatPy<P.. , P_, w~aw|P_|<|P,| (but keep-  \ith zero resistivity or zero conductivity.

ing P_ in lowest ordey, they obtain for the longitudinal and It was shown in Ref. 30 that formul&?) is in itself
Hall conductivities sufficient for explaining the state with zero dc resistivity ob-
ne? [ 1 sm\ Q7 sin 26— cos 20 served in Refs. 4 and 6, irrespective of the details of the
L Il e (ﬁ) o , (36) microscopic mechanism that leads to the validity of that for-
erre ¢ mula. One uses in it the following relation between the local
ne? (5m) Q 7cos 20+ sin 26 - dc electric fieldE and the local dc current density
o= B 1 . . .
omog| T 2m weT E=jpa(i2)+[]XZlpn, (43)
where wherez is the unit vector normal to the surface of the sys-
sm |77+|2_ (e€7)2 tem. It is assumed thaiy(j?) is a real continuous single-

- 2 . . =
= = 5 (380  valued function ofj and that there exists a region Bf w,
m mE  AmE[1+(27)7] and P, in which the spatially nonuniform zero-current state
is a small relative correction to the electron mass due to thés characterized by a negative dissipative resistivity

radiation and to the nonparabolicity of the spectrum, pa(j2=0)<0 (44)
2
O=w—w.+ el P | <w It is clear that at sufficiently high values of the dc current,
¢ mEg ¢ pq(j?) should return to its value in the absence of radiation,
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FIG. 19. Simplest possible picture of the current density distribution—a
/ domain wall. Under the influence of the total currénthe system adjusts
X through a shift of the position of the domain wall by a distadcesee text.
/—10 lo
where
FIG. 18. Proposed form of the dependence of the dissipative component of |0 1
the local electric fieldE, on the current density, . The inset shows the Ph=Pn| _ 10

dependence of the dissipative resistivity on the current density.

is the usual Hall resistivity tensor,
since in that limit the microwave radiation will be a small pa=palta;]i®]; (50
perturbation of the electron distribution function of the ;.4
steady state. Thus it follows from continuity that there exists
a valuej=j, at which dpq(j)?

(51
. 22
pa(is) =0, (45 e

Since the Coulomb interaction operaﬂaris positive defi-

and p4(j?) has the form shown in the inset to Fig. 18. The =, S : .
main panel of Fig. 18 shows the S-shaped |-V characteristi&'tS’ the stability is determined by the sign of the operator

that follows from the proposed form of the functipg(j?). ¥ (Pa*+pr) *V in front of it. In order for any solution of
We note that the choice of an S-shaped form of the |_\,equat|on(49) npt to grow in time, the following condition

characteristic corresponds to the requirement of continuity"ust be satisfied:

and single-valuedness of the functipg(j?). In the case of 2 2 2

an N-shaped |-V characteristic the functieg(j2) would be Pali)=0, pq(j%) +a,j"=0. 52

multivalued. Obviously, if even one of the quantitigg or pq+ «; is
Considering the fluctuationsj around the time- negative, then the state with a uniform current distribution is

independent uniform state with currgntand using the con- ynstable.

tinuity equation It follows from the analysis in Ref. 30 that almost every-
an where in the sample the current density has the vjuat
Fra V.j=0 (46)  which dissipative resistivity vanishes, but the direction of the

current density must change in such a way that the total
current agrees with the boundary conditions. The distribution

and Poisson's equation of current density should contain regions of singular points,

E=-VUn, (47) occupying a negligible fraction of the volume, where the
current density takes on values different frggn The sim-
we obtain the following expression: plest possible form of such a singularitggomain wal) is

shown in Fig. 19. It is seen in the figure that any value of the
(48) total currentl corresponding to a current density much less
thanj, can be obtained by a simple change of the height of

H is the el h density afidis th local the domain wall: ifd is the position of the domain wall
eren Is the electron charge density abdis the nonlocal o 54ve 1o the center, thelh=2dj, at V,=0. Analogously,

interaction operator, which can be expressed in terms of th{'}he total Hall resistance is the sum of the positive voltage in

. J
V(UV-1)=E[de(iz)Jr[JXZ]pH]-

L
—+d

2 :_pHI

Green'’s function of Laplac?’s equation with suitable bound-the upper half of the sample and the negative voltage in the
ary conditions. ImportantlyJ has non-negative eigenvalues |gyer half: this leads to
(the authors assume that the screening radius is equal to zero
and neglect the difference between the electric and electro- Ly )
chemical potentials Vy=pn 10(7 - d) ~lo
Writing j(r,t)=j;+ dj(r,t), linearizing with respect to
8j, and taking the divergence of both sides of Eg), we  and agrees with the result in the absence of radiation if the ac
obtain field does not influencey .
The model considered above explains the existence of
domains, but because of the assumption of zero screening
radius it cannot give the characteristics of the domain walls.

av- 8

- =(V(pg+pn) VU)V- 4], (49)
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A more detailed model was considered in Refs. 26 andgcopic models at best give only the value of the conductance
33. Let us start from the basic principles. The relation be-of the system in the linear response theory.
tween the electron densityand electric fieldE is given by |
Poisson’s equation E-mail: Lyapilin@imp.uran.ru
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We present a summary of our spectroscopic studies of the oscillator strength of transitions

related to the formation of neutral and positively charged excitons in modulptaoped CdTe-

based quantum wells. The hole concentration was controlled in the range ff8ro 10

10'* cm~2. Continuous-wave and time-resolved femtosecond pump—probe absorption
measurements were performed. They allowed us to study the interacting system of excitons, trions,
and free holes. Characteristic times of the system were determined, such as the trion

formation time. A new explanation of so-called oscillator-strength “stealing” has been proposed,

in terms of spin-dependent screening. Experimental evidence is presented for optical

creation of transient spin polarization in the quantum well.2@4 American Institute of

Physics. [DOI: 10.1063/1.1819859

INTRODUCTION EXPERIMENTS

The existence of charged excitoftsions) in semicon- The experimental results were obtained on modulation
ductors was predicted by Lampehack in the fifties. How- doped structures consisting of a single 80 A quantum well
ever, because of a very small dissociation energy, charge®@W) of Cd,_,Mn,Te(x~0.0018) embedded between
excitons were extremely difficult to observe in bulk crystals.Cd seZNo.0AMJo 27T€ barriers grown pseudomorphically on a
A very different situation occurs in doped semiconductor(100 CdygeZng 1oT€ substrate. Due to strain and confinement
quantum wells, where the confinement leads to a strong inthe energy separation between heavy and light hole excitons
crease of the dissociation energy and charged excitons can Eelarger than 15 meV. Therefore only heavy hole excitons
easily observed. The first experimental identification ofWere observed in our experiments. Modulatiptype dop-
charged excitons in a semiconductor quantum well by Khend'd Was assured by a nitrogen-doped layer placed at 200 A
et al? opened the field of experimental studies of those com{ToM the QW. The density of the hole gas in the QW was
plexes. In particular, the optical properties of bgth and controlled by an add|t|ongl |IIum|n§t|on with photon energy
n-doped CdTe-based quantum wells have been extensive ove the gap of the barriers, provided by a tungsten halogen

studied®® Transmission, photoluminescence, four-wave mp with a blue.f|lter:_ the cc_)n.trol mechanism and its cali-
bration are described in detail in Ref. 9.

mixing, and time-resolved absorption experiments have been The continuous wavelcw) transmission through the

penf?rmed. Nizgatlvel)t/l (X)b and pOlo§|t|vel3|y ch?rged (dX) ﬂ sample was measured as a function of hole gas density. The
exciions are firequently observed in absorption and Oft€ly, oy magnetic field was applied in a Faraday configura-
dominate the excitonic photoluminescence of doped quary, \we also measured time resolved absorption in a pump—

tum wellg (both in 1lI-V ‘and 1I-VI semiconductor n,ohe configuration. The pulses were generated by a
;ystemﬂs °They appear as abSOI’ptIOD or photqlgmlnescencqi3+:A|203 laser tuned to 765 nrfl620 meV, at a repeti-
lines a few meV below a neutral exciton transition. tion rate of 100 MHz. The duration of the laser pulse was

In this paper we present a summary of our studies ogpout 100 fs and the spectral width about 40 (80 meV),
positively charged excitons in modulatigndoped CdTe-  \which is much broader than the separation between the neu-
based quantum wells. We had the possibility of controllingtral exciton line X and the charged exciton line XTo ex-
the hole concentration by additional illumination in the rangecite only one transitioticharged or neutral excitothe pump
up to 16* cm™2. Thus the relative intensity of charged and pulse was shaped to a spectral width less than 1 nm and a
neutral excitons was controlled. Therefore we were able teluration of about 2 ps, thus creating either X, of Ky the
investigate the role of the hole gas and the interplay betweehinding of an additional hole. We analyzed the dynamics of
the charged and the neutral excitons. both transitions by a spectrally broad probe pulse. The pump

1063-777X/2004/30(11)/5/$26.00 848 © 2004 American Institute of Physics
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FIG. 2. Transmission through the quantum well measured for different hole
concentrations.
and probe pulses were focused on the sample to a common

spot of diameter smaller than 1Qam, and the spectrum of

the pump pulse transmitted through the sample was recorddtble concentration in the relevant spin subband. However,
as a function of the pump—probe delay. The power of botffor higher hole concentration the intensity of the charged
pulses was controlled independently, the pump-to-probe inexciton saturates, because states with highare filled.

tensity ratio being at least 20:1. The average power of the The changes of relative intensity of the charged and neu-
pump beam was typically 30@W, which results in the cre- tral exciton were observed for both negatively and positively
ation of a few times 1t cm™2 excitons by each pulse. The charged exciton$>'® This effect was called oscillator-
pump beam was polarized circularlpy convention,c*,  strength stealinglOSS from the neutral exciton by the
creating electrons with spirt 1/2 in the conduction band and charged exciton. However, the change of the charged exciton
holes of momentumt+3/2 in the —3/2 spin-down valence oscillator strength is not equal to the change of the neutral
subband; Fig. L The probe beam was detected behind theexciton oscillator strength. In this way the sum rule is not
sample in both circular polarizations, measuring the absorpapplicable; only after taking into account additional optical
tion associated with the creation of either X of Xaving  transitions involving scattering processes is the sum rule ap-
electron—hole pairs of the same spin as the pump,(co-  proximately obeyed:! We will show that it is possible to
polarized or opposite ¢, cross-polarized Therefore, we explain the reduction of the neutral exciton intensity by
could analyze the influence of the charged exciton on th&creening: a normal and a spin-dependent one. The two types
neutral exciton and separate spin-dependent contribution byf screening can be separated by magnetooptical experi-
separation of the light polarization. Additionally, by applying ments.

magnetic field we were able to resolve all four polarization =~ Measurements of the cw optical density in external mag-
configurations: pump witlr~ and probe witho™(—/+) or  netic field were also performed. The selection rules for
o~ (—/—) polarization, and pump witkr™ and probe with  charged and neutral exciton are the same as for pump—probe
o’ (+/+) or o~ (+/—) polarization. To analyze the neutral experiments, presented in Fig. 1. In Fig. 3a the transmission
and charged exciton line intensities two Gaussian functionspectra in both polarizations in magnetic field are shown. In
were fitted to the cw or time-resolved spectra. In some exthe ot polarization we observe that the neutral exciton line
periments difference spectra were analyzed to expose thgominates the charged exciton line. In Fig. 3b, where the
change in the optical absorption under the influence of théntensities of the neutral and charged exciton lines are plotted

pump pulse. versus magnetic field, the charged exciton line completely
disappears at- 0.3 T. However, for ther™ polarization the
RESULTS charged exciton line gets stronger with increasing magnetic

field. In magnetic field as low as 0.3 T the hole gas is fully
polarized in one spin subband, due to the giant Zeeman ef-
Let us start from results obtained in cw transmissionfect in the semimagnetic QW. A charged exciton is formed
measurements. Figure 2 shows the transmission through thxy the binding of an additional hole from the pre-existing
guantum well, measured for different hole concentrationsgas, with spin opposite to those created by the light. In one
Two absorption lines are observed. The higher-energy line ipolarization trions cannot be formed—there are no pre-
related to the neutral excitofX). The second line, lying at existing holes in the opposite spin subband. In the opposite
lower energy, is related to the positively charged excitonpolarization the intensity of the charged exciton dominates,
(X™). A strong influence of the hole gas on intensity of bothwhile the intensity of the neutral exciton is smaller. This
transitions is observed. The neutral exciton intensity decorrelation between charged and neutral exciton intensities
creases with increasing hole concentration. Simultaneouslgecame known as intensity or oscillator-strength stealing. No
the charged exciton intensity increases. For low hole concemicroscopic explanation of this effect has been proposed so
trations the charged exciton intensity is proportional to thefar. Using external magnetic field and external illumination

Continuous wave measurements
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FIG. 3. Optical density of a CdMnTe quantum well in magnetic figldle concentration wag=2x 10'° cm™2) (a). Integrated line intensities as a function
of magnetic field(b).

we can control the relative number of charged and neutrasample the intensity of the charged exciton decreases and
excitons. An important conclusion from the cw measure-the intensity of the neutral exciton increases for co-polarized
ments is that the spin-dependent effects are essential. Hoysump and probe pulses. The line intensities are plotted ver-
ever, their exact nature still remained unclear. Significankys pump—probe delay time in Fig. 4b,c. The temporal evo-

progress was obtained in time-resolved studies. lution of the oscillator strength of the charged and neutral
_ _ excitons is shown Fig. 4b for co- and cross-polarized beams
Time-resolved absorption measurements when the pump pulse is tuned to resonance with the charged

We measured the time-resolved absorgtibioping to  €xciton. Results for pump pulse tuned to the neutral exciton
explain the origin of the oscillator-strength stealing. In Fig.are presented in Fig. 4c.
4a the optical density for negative and short positive delays Let us start the discussion for the case of co-polarized
(0.5 p9g is presented. We observe two absorption lines, ondeams. We observe an intensity decrease of the charged ex-
related to the charged exciton, the other to the neutral excieiton, accompanied by an intensity increase of the exciton at
ton. At zero delay(when the strong pump pulse excites the zero delay time. This variation is faster when the pump pulse

Pump pulse X" Pump pulse X
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0.20f
2 E 0.30
S +, +
. - —o— co
€ o.15F £025F ° G/G_( » L
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FIG. 4. Optical density for a QW with hole density=2.5x 10'° cm™?, at negative delay< 8 ps, solid ling and short positive delay®.5 ps, dashed line
for a co-polarized pump pulse tuned td Xa); evolution of the X and X oscillator strength with pump pulse tuned td Xb); evolution of X and X with
pump pulse tuned to Xc).
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is tuned to resonance with the charged exciton; when the
pump pulse is tuned to resonance with the neutral exciton,
the same effects are observed with a delay. We observe the
same behavior as that observed in cw transmission measure-
ments(Fig. 2), with one important difference: now we do not
modify the density of pre-existing holes. The only thing that
changes in the time-resolved measurements is the occupation
of charged exciton states. This fact led us to a new explana-
tion of the oscillator-strength stealing phenomena, in terms
of spin-dependent screening. Let us assume that intensity of
neutral exciton decreases due to screening by holes with spin
opposite to the spin of the hole created by light. In this way
we can explain why in cw measurements the increase of the
hole density results in a decrease of neutral exciton intensity.
In time-resolved results, the holes bound into charged exci-
tons (resonant creation of charged excitons by the pump
cannot screen the neutral exciton any more, and its intensity
increases, as shown in Fig. 4b. The decrease of the charged
exciton intensity is due to bleaching of the transition: the
number of charged excitons created by the pump pulse is
comparable with the number of pre-existing holes; thereforeG. 5. Temporal evolution of the difference between charged exciton os-
the probe pu|se with the same po|arizati0n cannot forntillator strengths obs_erv_ed in “cross” and “co” circulgr polarizations_ with-
charged excitons—the transition is blocked. The Conclusioﬁgthe;ternal_magr;eBtlc field. The curve presents a fit by exponential decay
is that the decrease of neutral exciton intensity is due tc\xNIt ecay ime ot & ps.

screening by holes with spin opposite to that of the holes

involved in the neutral exciton—a spin-dependent effect. Thentensity is observed in cross-polarization for both neutral
second important conclusion is that the binding of holes intoyng charged excitons. We explain it by exciton—exciton in-
charged excitons excludes them from interaction with theeraction: screening and phase space filling.
rest of the system, specifically from screening the neutral  \we can use the fact that the charged exciton intensity is
exciton. In the case of pumping into the neutral exciton weproportional to the density of holes in the relevant spin sub-
observed the same effect, but the increase of the neutral ekand to find characteristic time of the heavy hole spin flip.
citon intensity is delayed. In this case the charged exciton i et us assume that a strong pump pulse creates a nonequi-
not formed directly. The pump creates neutral excitons, anglbrium population of heavy holes in one spin subband. Then
then some time is needed to bind additional holes and fornthe intensity of the charged exciton when the probe pulse is
charged excitons. Therefore the increase of the neutral exci>* polarized is proportional to the density of holes in the
ton intensity, when the pump pulse is tuned to resonancepin 3/2 subband. Far~ polarization of the probe pulse the
with the neutral exciton, occurs with a rise time related to thqmensity of the charged exciton is proportional to the number
formation of charged excitons. We found that this rise timepf heavy holes with spir- 3/2. Therefore, the time evolution
depends on hole concentration in the following way: 5, 2,0f the difference of the intensities of the charged exciton in
and 1 ps for hole densities of 2%80', 3x10, and 4  the two circular polarizations gives us information about spin
X 10" cm™ 2, respectively. The formation time is faster for relaxation of the heavy holes. In a complicated systems like
higher hole concentration, in good agreement with the Plours, other spin polarizatiorisf excitons, trionscan also be
results presented in Refs. 12 and 13. responsible for the intensity difference. However, we believe
Let us turn to the situation when the pump and probethat the hole spin polarization is predominant. In Fig. 5 the
pulses are cross-polarized. We observe a completely differemémporal evolution of the difference between co- and cross-
time evolution of charged and neutral exciton intensities depolarized intensities of the charged exciton is plotted. The
pending on whether the pump pulse is tuned to resonanagecay time is 8 ps, and we found it weakly dependent on the
with the charged or neutral exciton. In Fig. 4bump reso- hole concentration in the investigated range. This value is
nant with X") the intensity of the charged exciton increasescomparable to the spin relaxation times determined for holes
slightly and the intensity of the neutral exciton remains con-bound in excitons and trions. Photoluminescence experi-
stant in time. However, when we tune the pump pulse tanents with much lower excitation power and very similar
resonance with neutral excitgRig. 40, the intensity of both  heterostructures gave values from about 3 (Bef. 14
transitions decreases at zero delay. This behavior can be ethrough 20 pgRef. 12 up to 35 ps(Ref. 13,
plained by spin-dependent screening. When we pump into
the c_harged excnoq we bind holes. The.chargt.ad exciton I8 ONCLUSIONS
sensitive to holes with both spiribecause it consists of two
holes with opposite sp)n The bound holes are excluded We have shown that pump—probe time-resolved absorp-
from screening trions, which increase in intensity. In co-tion measurements can be a useful tool for studying interac-
polarization this effect is masked by the bleaching discussetion mechanisms in the exciton—carrier—trion system. We
previously. When we pump the neutral exciton, a decrease iproposed a new explanation of the known oscillator-strength
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It is shown that in a periodic system pftype Gg_,Si,/Ge/Gg _,Si, quantum wells having a

Ge layer more than-30 nm wide, the hole gas in each Ge layer is separated into two two-
dimensional sublayers concentrated near opposite boundaries of the layer. This follows from the
vanishing of the quantum Hall effect plateau and of the corresponding minimum of the
longitudinal magnetoresistance for a filling facte+ 1. Here positive magnetoresistance is
observed, which is attributed to the presence of two types of holes with different mobilities. A
quantitative analysis shows that these are mainly heavy holes having different mobilities in

the sublayers that form. The difference of the mobilities indicates that the opposite heterointerfaces
of the Ge layers are of different quality. It follows from an analysis of the shape of the

quantum Hall effect plateau far=2 that the densities of holes in the sublayers formed are close
and, consequently, that the profile of the potential wells is close to symmetri2062

American Institute of Physics[DOI: 10.1063/1.1819860

INTRODUCTION these reasons it is important to find methods for quality con-
trol of heterointerfaces and for monitoring the profile of the

Heterosystems consisting of layers of Si, Ge, and theipotential well.

solid solutions are of interest in connection with the signifi-  In the heterosystems under study the potential well is

cant improvements that have been achieved in the paranpredominantly formed in the valence band of the layer with

eters of devices based on thefms compared with those the larger Ge conteRtTherefore here the holes mainly form

made from the analogous bulk mater)alsr today’s appli- a size-quantized gas.

cations. Because of this, and also the relatively low cost of In studying the quantum Hall effedQHE) we have

these materials, they are promising objects that can compefeund that in a multilayer system gftype Ge/Ge_,Si, at a

with other heterosystents’ For achieving high mobility of ~ Ge layer thickness greater thar80 nm the hole gas in each

the carriers in the layewhich is essential for increasing the Ge layer separates into two two-dimensional sublayes.

working frequency an important role is played by the qual- the one hand, this establishes a limit on the existence of a

ity of the heterointerfaces: its geometric irregularities shouldunified quasi-two-dimensional hole gas in the Ge layer,

be minimized, its sharpness should be maximized, and then the maximum distance of the holes from the heterointer-

fraction of impurities located on and near the interfaceface. On the other hand, since the holes are localized near

should be minimized. This last factor is important, since highone of the heterointerfaces in the two-dimensional sublayers

mobilities are achieved only through selective doping of thethat form, and the characteristics of that particular heteroint-

barriers, so that the ionized impurities are partitioned fromerface influence the mobility of the holes near it, it becomes

the free carriers in the potential well by an undoped part of0ssible to carry out a comparative analysis of the opposite

the barrier—a spacer. An impurity can diffuse from theboundaries of the Ge layers.

nominal doping region and approach the heterointerface and

even rea(?h it. Ap increase in mobility can _also be broughtSANIPLES AND EXPERIMENT

about by increasing the width of the well, since the average

position of the carriers is then farther away from the hetero-  We shall present the results of measurements of the lon-

interface and from the doped region of the barriers. Howevemitudinal p,,(B) and Hallp,,(B) magnetoresistivitieMRs)

the latter process is prevented by the bending of the bottorof multilayer Ge/Ge_,Si, samples wittk~0.1, grown on a

of the well that occurs during growth of its width. For all of substrate with th€111) orientation. The central part of the

1063-777X/2004/30(11)/5/$26.00 853 © 2004 American Institute of Physics
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TABLE |. Parameters of the Ge/Ge,Si, multilayer samples.

Sample N dw , P K,
nm 1015 m=> | m?(V-5)
1006 90 12.5 4.9 1.4

1124b3 27 22 2.8 1.0

47522 37 38 5 1.3 =1006

47624 37 38 5 0.85

476b4 37 38 5.8 098 | Za g e e
Ge, _,Siy, barriers is doped with boron. The samples differ in 0 0.5 1.0 1.5 2.0
the widthd,, of the Ge layers, the densipy of the hole gas 1/v=B/B,.,

in them, and also the hole mobility and the number of F1G. 2. Quantum Hall effect in Ge | { different widths. The QHE
H H . 2. uantum Rall etftect In Ge layers of different wi S. e

SGeee/G'rzl;reS)le periodsN (for the parameters of the samples, features with =1 vanish for a width of ts;le Ge layer greater thai30 nm.
The hole mobilities are rather high for observation of a

clear picture of the QHE. Figure 1 shows a typical QHE

pattern for Ge layers-20 nm thick.(The resistivity in each

of the figures is given per conducting Ge layeie call

attention to the fact that the features of the QHE, i.e.,

“shelves” on p,,(B) = h/e?i and the corresponding minima

of pyx(B), are predominant at even valuesiphbut features

are also observed fdr=1. Negative magnetoresistance ap-

ears in the region of low magnetic fieldue to weak lo- .
Ealization eﬁecgs g dsu because of the influence of the charged surface states

In the samples with Ge layer widths greater than®9- Ref. 5. The symmetric nature of the profile of the po-

~30 nm the structure of the experimental curves change[%ential wells in th‘? samp.les that we investigated is probably
substantially: the QHE feature for- 1 vanishesFig. 2), and promoted by their multilayeredness. The structure of the

a positive magnetoresistance appears which is expressed pt y_m_me’inc Fc;_tentle}l t\;]vellsfofrids;ample 475:12’ cal((j:ul:l)at.ed fr9m
ticularly clearly at low magnetic field&=ig. 3). € Joint solution ot the Schrbnger equation and FoISson's

equation, is presented in Fig. 4. The Fermi level is found
SEPARATION OF THE HOLE GAS INTO TWO TWO- near the top of the curved _bottom of this well, as is typical
DIMENSIONAL SUBLAYERS for _the_ process of s_epgranon qf a hole gas. However, the
main sign of separation into two independent sublayers is the
The vanishing of the QHE features for 1 in samples  practically complete coalescence of the lower levels HH1
with wide Ge layers indicates that the hole gas in the layergnd HH2. The tunneling gap is practically abséhamounts

separates into two two-dimensional sublayers concentrate@ ~1 ,V) because of the large width of the barrier formed
near opposite heterointerfackhe appearance of such an gnd the large mass of the heavy holes.

effect can be expected starting with a certain width of the
potential well under the condition that its profile is symmet-
ric (or at least that the deviations from symmetry are small

d,~30 nm. The vanishing of this feature means that the
theprofile of the potential well is symmetric, since otherwise in
a wide asymmetric well the free carriers would simply leak
into one of the triangular wells forming near the heterointer-
face. Such a situation is observed for one-sided doping of a
potential well and for isolated wells found near the surface

For the investigated series of samples with different widths
of the Ge layer, the QHE feature fo# 1 vanishes starting at
30 «10 . 1124b3 2
1=
25t B
<
o
20} 11€ '2
g =) B
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FIG. 3. Positive magnetoresistance in samples with a width of the Ge layer
FIG. 1. Quantum Hall effect in sample 1124b&,& 22 nm). greater than 30 nm.
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FIG. 5. Magnetoresistance of sample 476a4. Experiniént the solid
FIG. 4. Calculated potential profile, the energy levels, and the Fermi level oturves were calculated according to form(da for two sets of parameters.
sample 475a2.

The curves ofp calculated according to formuld) for
POSITIVE MAGNETORESISTANCE: A SIGN THAT THE sample 476a4 are shown in Fig. 5. It is seen that both for
OPPOSITE HETEROINTERFACES ARE DIFFERENT equal densities of the hole gas in the layerss n,, and also

The positive magnetoresistance in a perpendicular mag(-With a Somey\(hat F’e“er agreement with gxperiméxm Ny
netic field is quite easily described by the participation of 7 Nz the mobilities in the sublayers must differ by roughly a

two types of carriers, with different mobilities, in the mag- factor of two. - _
netotransport. The fact that positive magnetoresistance arises !t @S0 follows from the results of the fitting that this
in samples with wide Ge layers in the same cases when tH’gethod is rathgr insensitive to the difference in the densities
QHE feature withi=1 vanishes, i.e., when the hole gas of the _hol_e gas in the subla)_/ers. In the case (_)f a large number
separates into two two-dimensional sublayers, can be ex! 0scillations ofp,.(B), which occurs, e.g., in the conven-
plained by the conjecture that holes with different mobility ional heterosystem oh-type GaAs/AlGaAs}” the differ-

are found in the different sublayers. Thus the difference of"C€ Petween, andn, can be determined from two differ-
their mobilities indicates that the opposite boundaries of th&nt series of oscillations. In a hole gas, however, this cannot
layer are of different quality. This difference is unsurprising, °& done:

since these boundaries are formed under different conditions:

the heterointerface of the Ge layer on the side farther from

the substratéthe normal boundapygrows on a layer of pure ESTIMATE OF THE RATIO OF THE DENSITIES OF THE

elemental Ge, whereas the boundary nearer the sub@trate HOLE GAS IN THE SUBLAYERS FROM THE STRUCTURE

inverted boundary grows on a layer of solid solution OF THE QHE

Ge,_,Si, and, most importantly, that layer is doped. And , .
alaoagﬁ there is nominslly an Li/ndoped sypacer IayFr)ar between Letus ﬂrst answer the question of how the QHE .feature
the impurity layer and the heterointerface, in actuality ancan be realized for the Ge layer as a whole at a definite value

impurity can “float up” during growth, approaching and pos- O.f.'. (:.2) in the face of such a large difference |r.1.the_mo—
sibly even reaching the boundary with the Ge layer. It isbIIItIes in the sublayers. Even at egual 'holle. .dens!tles in the
therefore to be expected that the hole mobility is lower nea}WO 'sublayers the' difference of their reS'St'V.'F'?S will be pro-
the inverted heterointerface than near the normal bour‘?dary.port'Onal to the difference of_the hole mobll|t|es, and w_hen_
In relatively narrow layers every hole is sensitive to boththe sublayers are connected in parallel into a common circuit

boundaries, and therefore the holes all have the same mobﬁlje cufrre:]ts Iffl(?ﬂvamg_anng g;e sublayers W'.I(lj dlﬁgrt b{) the
ity. Upon separation into hole sublayers in the case of a wid ame factor. 0 given sublayers aré consigered 1o be 1S0-

Ge layer the holes in each of the sublayers formed can ha gted from each other, then in each of them the first plateau

different mobilities of p,y(B) from the high-field end will correspond tio=1,
The longitudinal and Hall magnetoresistivities in the i.e., will have a heighp,,=25.813 K). However, the volt-

. ; . agesU! =p..I' corresponding to them will be different on
presence of two types of carriers with different mobilities agcour;(ty ofptFlye differenF():e of tﬁe curremtgthe indexl num-

are described in the framework of the extremely simple ! ) : o
Drude—Lorentz model by the formufas bers tr_]e. I_ayer Then if one copS|ders the classical situation
for an initially uniform distribution of the current streamlines
Pxx=(D1+D2)/[(D1+D)%+ (A +Ay)?], over the width of the sample, then when the corresponding
potential contacts of the sublayers are connected, because of
Pry="(Art A)I[(D1+D)*+ (At Ar)”]. D the potential difference across these contacts circulating cur-
HereD;=n;eu;/(1+ u;B) is the diagonal term of the con- rents should flow between them, distorting the pattern of
ductivity matrix for layerj, A;=u;BD; is the corresponding streamlines in each sublayer. After these contacts are con-
off-diagonal term, and; is the density of the 2D hole gas in nected the potentials across them change, and a calculation

sublayerj. of the value of the potential difference formed across such
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FIG. 6. Equivalent circuit of a system of two layers in the QHE regime. The
current streamlines in an isolated 2D laya); the distribution of the Hall
and longitudinal resistances in the layby; the layer resistances connected 0 - y y . X '
i 2 4 6 8 10 12
in parallel(c).
B, T
- . L 4of 9 n,=2n,
joined Hall contacts in a circuit with distributed parameters
and currents circulating in the transverse direction is, gener-
ally speaking, not a simple problem. a
In actuality, in the QHE regime the classical picture of 2 o0l
the uniform distribution of current over the cross section &

does not apply. At zero temperature ideal 2D lay@ses, in
the complete absence of any parallel 3D condugtiarthe
interval of magnetic fields corresponding to the QHE the i ) . ) . :
potential along the whole perimeter of the sample can take 0 2 4 6 8 10 12
on only two values, so that the difference of these potentials B, T
is equal toh/ie? (Ref. 10. In this case discontinuity of the _ _

IG. 7. Transformation of the resultant Hall resistance of two parallel layers

equipotential lines olc:curs only at two points—at the inlet an or increasing differences of the hole concentrations in them. The top two
outlet of the current’ This means that even when the end of curves are for the individual layers; the lower curve is the result of their

the sample is completely coated with a conducting materialgonnection in parallel.)an,=1.2n,; the resultant model curve is compared

the current will flow into the body of the sample only at one With the experimental curve for sample 475b4.

point—at the edge of the contact of the conducting coating

with the sample, and it will flow out only at a single diago-

nally opposite pointsee Fig. 6a, which shows the current across the right resistd,, is equal to the voltage between

streamlines in a rectangular bar in the QHE regime contacts b—d. Thus the Hall potential difference in the QHE
In the equivalent circuit of the 2D layer the Hall resis- regime occurs in a vanishingly small region on the perimeter

tance will be represented by two resist&g, corresponding of the sample. In this scheme all the deviations from the

to the aforementioned two discontinuities of the equipotenideal QHE regime, responsible for the nonzero value of the

tials (Fig. 6b. Indeed, as is seen in Fig. 6b, the voltage droplongitudinal resistance in the region of the QHE plateau, ac-

across the left resist®,, in a layer taken separately is equal cumulate as the current flows along the perimeter from the

to the voltage between contacts a—c, and the voltage droplet point to the outlet point. This part is represented on the
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equivalent circuit by the resistoiR,,. It is these resistors tures inherent to intercoupled two-dimensional layérs.,
that reflect the finite value of the mobility in the QHE plateaufor studying interlayer correlated state®n the other hand,
region in a real sample. The given equivalent circuit showsgjalvanomagnetic effects in this regime can be used for a
that in the QHE regime one can get away from a problencomparative analysis of the quality of the heterointerfaces on
with distributed parameters. As a result, for layers connectedpposite sides of the conducting layer and for assessing the
in parallel the Hall resistanceR,,, of the different layers degree of symmetry of its potential profile.
turn out to be connected in parallel with each other, just as It has been found that the samples had two types of holes
the longitudinal resistancer,,; are (Fig. 60. Importantly,  with mobilities differing by roughly a factor of two. These
here the resultant resistancBsy, and R,, turn out to be cannot be heavy and light holes, since their densities are
completely decoupled: they are mutually independent andlose, and this effect is not observed in narrow layers of the
uniquely determined by the corresponding single-layer comsame heterosystem. Consequently, these are holes localized
ponents. near the opposite heterointerfaces, and the difference of their
Thus for a parallel connection of the 2D layers in the mobilities means that the quality of these heterointerfaces is
QHE regime the differences in the mobility of the carriers insubstantially different. This illustrates the possibility of per-
the individual layers has no effect on the resultant value oforming quality control of the opposite boundaries of the
the Hall resistance of the system. Consequently, for findindayer from magnetoresistance studies.
the resultant Hall resistance of the sublayers one can treat We have shown that the potential profile of the quantum
them as equivalent irrespective of the differences in mobilitywells in a multilayer system can be symmetric from the start,
Therefore, in the case of a parallel connection of two identi-unlike the known situation for isolated conducting layers,
cal 2D layers (,=n,) in the magnetic field interval in where an external electric field must be applied with the aid
which each isolated layer has a QHE plateau of height  of a gate in order to compensate the asymmetry induced by
=h/e’=25.814 K), a two-layer system will have a plateau the charges localized on the surfdée.
with py,= h/2e?=12.907 K). This study was supported by the Russian Foundation for
If the densities of the two-dimensional carrier gas in theBasic Research, Projects 02-02-16401, 04-02-16614 and the
layers are differentr{;#n,), then a two-layer system will “Physics of Solid State Nanostructures” program of the Rus-
exhibit a shortened plateau wigh,, = h/2e?=12.907 K) in  sian Academy of Sciences.
the field interval in which for the isolated layers the shelves
overlap. In the two-layer system the shelf wiph,= h/e?
=25.814 K) will be absentsee Fig. 7, where we present the
results of a mathematical modeling of this situajion
With increasing difference of the densities of the 2D gas
in the sublayers the plateau that initially was clearly discern-*H. G. Grimmeiss, Fiz. Tekh. Poluprovodss, 1032(1999 [Semiconduc-
able around =2 for the systentFig. 7a is first smeared out th°§33§/ ﬁzﬁ’gn?g]-H C. parker, . Phys.d. 1397(1993
(Flg' 7b,Q _and then reforms, but now aroune 1 (F'Q- 7.0)' 3M. V Yakunin, G.-A..Al.shanskii: Y.u. Gy. Arapov, V. N. Neverov, 0. A.
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above that the potential well has a symmetric profile. 5?- EaSIaYPJH Szizové-g Tafgg, T. Ishikawa, S. Hiyamizu, and M. Inoue, Jpn.
. It ShOL!ld be mentlone.d again that the moqelmg done ISGé. S?'ﬁsla, J.y;ait’o, K. N(anbl?,.T. Ishikawa, and S. Hiyamizu, Jpn. J. Appl.
valid only in the fields regions where the constituent sublay- ppys 23| 573 (1984,
ers have a QHE plateau on theiy, (B) curves. At low fields 7M. J. Kane, N. Apsley, D. A. Anderson, L. L. Taylor, and T. Kerr, J. Phys.

it is more correct to describe the curves on the basis of for- C 18 5629(1985.
mula(l) 8J. J. Harris, J. M. Lagemaat, S. J. Battersby, C. M. Hellon, C. T. Foxon,
! and D. E. Lacklison, Semicond. Sci. Techn®|.773(1988.
9J. M. Lagemaat, G. E. W. Bauer, J. J. Harris, and C. T. Foxon, Phys. Rev.
CONCLUSION B 38, 13439(1988.
. ) 10M. Buittiker, Phys. Rev. B38, 9375(1988.
It has been established from QHE studies that the Sponig | Rashba and V. B. Timofeev, Fiz. Tekh. Poluprovo@e, 977 (1986
taneous formation of the potential profile of a double quan- [Sov. Phys. Semicon@0, 617 (1986].
tum well occurs irp-type doped Ge/G._eXSiX heterosystems 12G. S. Boehinger, H. W. Jiang, L. N. Pfeifer, and K. W. West, Phys. Rev.
having widths of over-30 nm. On the one hand, this opens Lett. 64, 1793(1990.

up some possibilities for seeking and investigating the feaTranslated by Steve Torstveit

*E-mail: yakunin@imp.uran.ru



LOW TEMPERATURE PHYSICS VOLUME 30, NUMBER 11 NOVEMBER 2004

Parallel magnetotransport in multiple quantum well structures
E. M. Sheregii,* D. Ploch, M. Marchewka, and G. Tomaka

Institute of Physics, University of RzégzdRejtana 16a, 35-310 RzésgzdPoland
A. Kolek, A. Stadler, and K. Mleczko

Department of Fundamental Electronics, Rzeszxiniversity of Technology, 35-959 RzaszV. Pola 2,
Poland

W. Strupinski, A. Jasik, and R. Jakiela

Institute of Electronic Materials Technology, Wryrska 133, 01-919 Warsaw, Poland
(Submitted July 21, 2004
Fiz. Nizk. Temp.30, 1146—-1156 November 2004

The results of investigations of parallel magnetotransport in AlIGaAs/GaAs and InGaAs/InAlAs/
InP multiple quantum-well structuré®QWs) are presented. The MQWs were obtained

by metalorganic vapor phase epitaxy with different shapes of the QWs, numbers of QWs, and
levels of doping. The magnetotransport measurements were performed in a wide region

of temperature$0.5—300 K and at high magnetic fields up to 30(B is perpendicular to and

the current is parallel to the plane of the QWhree types of observed effects are

analyzed: the quantum Hall effect and Shubnikov—de Haas oscillations at low temperatures
(0.5-6 K and magnetophonon resonance at higher temperaftire800 K. © 2004 American
Institute of Physics.[DOI: 10.1063/1.1819862

1. INTRODUCTION (QW). Interesting effects are manifested for this geometry if
. . . we have a coupled double QWWQW): in a DQW there will

. Elecj[ron magnetotransport has bgen widely mvestlgateﬂe an effect connected with crossing of the Fermi surfaces.

n I(_)w-d_lmensmnal structured DSs) since 1980. We can Both perpendicular and parallel electron transports have

distinguish two type of magnetotransport in LDSs accordlnq/ery important applications

to the direction of the magnetic field: first—the magnetic Perpendicular electron transpohtas fundamental appli-

field is perpendicular to the plane of the quasi-two- _.. . . . _
dimensional electron gdQ2DEG and parallel to the axis cations in lasers and in detectors of electromagnetic radia-
'’ tion. The determination of the Q2DEG parameters under

which is the axis of the layer growtf(2), and second—the conditions of perpendicular transport is one of the more im-

magnetic field is parallel to the plane of the Q2DEG and ) )
perpendicular to the axis B.L2). In each of these cases portant aims of research on perpendicular electron magne-
totransport.

both perpendicular electron transpéctirrent perpendicular L
berp pee perp Parallel electron transporhas fundamental application

to the plane of the Q2DE)Gand parallel electron transport ‘ . X X
(current parallel to the plane of the Q2DE&re possible. It too, namely, om transistors and particularly in special tran-

is well known that Landau quantization occurs in the plane>'Stors such as) ihigh power transistors; Jiitransistors for
perpendicular to the magnetic field. If the magnetic figls ~ Nigh frequency —or high-electron-mobility  transistors
perpendicular to the plane of the Q2DEg@arallel to thez (HEMTs). The conditions for such devices are fulfilled in
axis) the entire value oB works to cause Landau quantiza- G@AS/AlGaAs 2D structures produced by MBE technology,
tion, which means an oscillatory character of density of@S well as MOVPE. Strained quantum wells such as InGaAs/
states. The quantum effects in the Q2DEG—Shubnikov—d&P (INGaAs/InAlAs) structures are widely used in high-
Haas oscillationgSdH) and quantum Hall effectdQH)— speed semiconductor devices such as InGaAs high-speed
are caused by Landau quantization and can be observed fransistors or HEMTsand heterojunction bipolar transistors
the case of magnetic field perpendicular to the laget ¢)  (HBTS).>~* Transistors based on InGaAs/InAlAs structures
and parallel electron transport. with single QWs have a higher frequency limit and lower
If B is not perpendicular to the plane of the Q2DEG andnoise in comparison with those based on GaAs/AlGaAs.
there is an angle betweerB andz, the Landau level energy However, the latter structures have a very essential
is formed by the valudB,=B cose. This is a well-known advantage—they can be heated to higher temperature with-
effect of a tilted magnetic field, when the resonance peaksut deterioration of the parameters, which is important for
are shifted toward higher magnetic fieldsBifis tilted to the  high power devices. Thus for HEMTs based on InGaAs/
plane of the Q2DEGthe anglep increases INAlAs structures it is paramount to obtain wider QWs with
No Landau quantization will be observeddfis located  sufficient high electron densitlower resistance On the
in the plane of the Q2DEG. Barrier effects can be manifestedther hand the wide QW means the appearance of a triangu-
only in perpendicular electron transport in this case forlar shape of the QWs in which the Q2DEG is located, mak-
Q2DEGs in heterostructures or in a single quantum weling it impossible to increase the electron density without

1063-777X/2004/30(11)/9/$26.00 858 © 2004 American Institute of Physics
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deterioration of the carrier parameters. A special technologyABLE I. Parameters of the structures.

of HEMT structures is required in order to obtain a wide, ,

) i R Sample Channel parameters 8-doping do-
quasirectangular QW with a Q2DEG of high parame?érs. . o ow | nor concen-
Therefore, the creation of HEMTs built on InGaAs/InAlAs/ uz?:pf:lly . profile of Q trations,
InP QW structures of different shape is a problem of consid- o ' 10" cm™
erable importance. The separation of donors from carriers i 1093 75 20 sharp interface 0.7
the QW by a space buffer enables one to decrease the the
scattering. The direct doping of QWs is applied for power 1098 85 20 Cha“_g:d com- 5.0
amplifiers with the aim of decreasing the amplitudes of har- P
monics in the signal.

LDSs can contain different number of QWs: those with 1607 65 23.5 | sharp interface 3.5
two QWs are called double quantum we{BQWSs); those 1088° 53 20 sharp interface 2.5

with several identicalor otherwisg¢ QWs we will call mul-  Note 1088— process with one-doping layer.

tiple quantum wellfMQWSs); those with a large number of

identical QWs are called superlatticesl.s). HEMTs can be

built on MQWsS, too, because the additional charsjein- In comparison with the previous structures the third
crease the conductivity and the device power limit. There{#1089 structure has only one delta-doped Si donor layer. A
fore, research on the parallel electron transport in channels afo-period (1.8 nm)IgsGay 4/AS/(2.5 NnM) I 5 Al g 4gAS SU-

the MQW structures GaAs/AlGaAS and InGaAs/InP or perlattice was additionally deposited on the InP as a buffer
InGaAs/InAlAs/InP is interesting from the point of view of |ayer in the case of sample #1607. In order to improve the

improving the 2DEG parameters. crystalline quality of the strained layer, the growth rate and
temperature values of the 18-nmy haGa, 35AS active layer
2. SINGLE QW (SQW) STRUCTURES were lower than the ones in the case of the #1098 structure

o S ) and equal to 4.1 A/s and 600 °C, respectively.
Investigations of structures with single QWs are impor-  The structures #1093, #1607, and #1088 have sharp in-

tant to get experience in interpretation of quantum effeCtSigrfaces between the InGaAs channel layer and the InAlAs
SdH oscillations and IQH. It is necessary to develop methodgpacer layers. The doping level was different in these four

of calculation of the Landau level energies in SQWs of dif-\ings of structures: minimal for #1093 and maximal for
ferent shape: rectangular and triangular. #1098.

These methods must be verified on real QWs. A detailed
description of the engineering of structures and the present
tion of the experimental data and their interpretation can b
found in the original article5® Here we present the main Magnetotransport measurements were performed using a
results only. superconducting system giving magnetic fields up to 11 T.
The sample was mounted in an anticryostat providing tem-
peratures from 0.4 to 300 KU,,(B) and U,,(B) records

InGaAs/InAlAs/InP structures with single QWs were were registered for opposite directions of the magnetic and
grown by low-pressure metalorganic vapor phase epitaxglectric fields. Therefore, eight records were made and aver-
(LP-MOVPE) on semi-insulating100 InP:Fe substrates. A aged for one temperature measurement of both the Hall ef-
horizontal quartz reactofAIX-200R&D) and IR heated fect and magnetoresistance.
graphite susceptor were used. The reactor pressure and tem- Figures 1 and 2 show examples Rf,(B) andR,,(B)
perature were maintained at 100 mbar and at 650 °C, resperecords for samples #1088, #1607, and #1098.
tively, during the unstrained layer growth. The V/III ratio The formation of Q2DEG in samples #1088, #1607, and
was unchanged and amounted to 329 for InP, 1040 fo#1098 is clearly evidenced by quantum oscillations in
INg 5Al g.4gAS and 198 for g ,5Ga, osAs. The partial pressure  R,,(B) and plateaus irR,,(B)—the IQH. It is shown that
of SiH, (doped barrierswas the same in all of the structures. the Hall resistanc®,(B) at temperatures of 0.4 K0.6 K),

Four types of structures were studied. Their parameter$.6 K, and 2.8 K is quantized accordinghitve?, wherev is
are presented in Table I. The first struct(#@093 consisted an integer,h is Planck’s constant, ané is the electron
of (from bottom to top an undoped 180 nm InP buffer fol- charge(in the case of sample #1607 there is a departure from
lowed by a 400-nm InAlAs buffer layer on an InP:Fe sub-this rule, discussed laterThe pronounced maxima of the
strate. A delta-doped Si donor layer and 3-ngsilp.As  Ry(B) curve(the SdH oscillationscorrespond to beginning
spacer were grown on the InAlAs buffer layer. A 13-nm of each plateau on thi,,(B) curve. These oscillation peaks
Ing 76Gay o5As channel layer, a 3-nm §iAlg 46AS Spacer, a decline at temperatures above 10 K. It is necessary to notice
delta-doped Si donor layer, and a 25-nmgydshlg.As  that structure of the SdH peaks in the case of sample #1088
Schottky layer terminated the structure growth. is simpler and claerer in comparison with the oscillation

In the case of the second structufte 098, the indium  peaks for sample #1607. At the temperature of 0.4 K, for
content in the channel was changed from 53 to 65% during aample #1607 there is a long plateau on Ryg(B) curve,
time of 25 s, then a constant indium content of 65% waswhich spreads from 4.0 to 6.5 T with the maximum at a
maintained in a 17-nm InGaAs layer, and then the gradednagnetic field of about 8.0 T, where the=5 plateau should
layer (from 65 to 53% was repeated. The parameters of thestart (this maximum disappears a&>1.0 K and ther=5
other layers were unchanged. plateau becomes observablevhile for sample #1098 at

2_.2. Description of experiment and results

2.1. Structures
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#1098 is deduced from the IQH filling factons and the
calculation of the Landau level energiesee Fig. 3 and ¥
Similar analysis for sample #1607 was done by means of the
0 > ) 3 8 ) Rux(B) andR,(B) curves obtained af=1.6 K.

B, T The fundamental fieldB; for this series are presented in
Table Il. Assuming a circular Fermi surface, a 2D carrier

FIG. 1. Records oR,(B) andR,,(B) for samples #108&a) and #1607  concentratiom, can be extracted from the SdH period:
(b). The inset shows the band profile of the QW.
k
2e(By);

ne=2 —p— @

T=0.6 K a sequence of pronounced plateaus orR{¢B)

curve are observed. Very sharp maxima are also observed ayherei is the number of the subband in the QW dnis the

the R,(B) curve, with undoubtedly periodic behavior versus number of populated subbands. The values of the density
inverse magnetic field. are presented in Table Il. The carrier mobility values deter-

Analysis of the positions of the experimental peaks inmined from the low-field Hall measurements are also entered
inverse magnetic field shows the presence of more than orfeere.
oscillation series: two for sample #1088, and three for In case of sample #1093 the oscillation peaks on the
sample #1098without spin splitting. That means that two Rux(B) curve are observed too but they are not so pro-
subbands in the QW are populated in the cases of sampfounced as for the sample described above, and the plateaus
#1088 and three subbands in case of sample #1098. Anotheh theR,,(B) curve are absent.
confirmation that the two electron subbands for sample
#1088 are populated as well as the three subbands for sam@é. Interpretation

In the case of sample #1088 we have an asymmetric
QW. The band profiles of this QW were calculate by Zawad-

ski and Pfeffet (the barrier composition is differs by only
140
1201 Er
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FIG. 2. The Landau level energies calculated for sample #1098 as well aBIG. 4. The Landau level energies calculated for sample #1607 and SdH
SdH oscillations and the IQH effect at 0.6 K. oscillations at 1.6 K.
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TABLE Il. The values of fundamental field; of SdH oscillations and 2D  TABLE |IIl. Band-structure parameters of J8a _,As channels of the
carrier density deduced frof; as well as the carrier mobilities obtained InGaAs/InAlAs/InP structures.

from the damping factor of the SdH oscillations.
*
Sample x E, eV m;/m() gc A, eV
Sample Bf, T 2D carrier Electron
density, mobility”, 1088 | 0.53 | 0.846 | 0.0345 -8.16 0.355
Number of electronic 102 em2 | 10° em?/ (Vo)
subbands 1607 0.65 | 0.723 | 0.0299 -9.90 0.355
1 2 3 1098 0.65 | 0.723 | 0.0299 -9.90 0.355
1088 [ 2.6 19.6 - 1.07 1.7 1093 0.75 | 0.629 0.0265 -11.36 0.355
1607**| 6.4 | 19.8 - 1.2 3.2
1098 | 83 | 149 18.4 2.0 2.6 .
Ryy(B) andR,,(B) curves obtained at 0.4 K.
1093 | 6.1 19.4 - 1.0 0.94 The values of the band-structure parameters, energy gap
Note *is related to Landau levels in the magnetic field region about 1.5—4Eg , the effective electron mass at the edge of the conduction
. kk . .
T; ™ parameters are related to temperatdres1.0 K. bandm? , the effectiveg factor g¥ used for calculation of

the Landau levels energies of the Q2DEG for all structures

are presented in Table Ill.
1%) and are presented in Fig. lase). Since the depth of P

the triangular well at the edge of the QW for structure #10882 4. Generalization
is 105 meV, we can assume that the Q2DEG in this structuré”
is located in a single triangular potential well. The structure  Four kinds of InGaAs/InAlAs/InP structures with a
#1607 was doped symmetrically, since shape of QW is symSQW channel for HEMTs were prepared: with a sharp
metric too. This shape is shown in Fig. ibse). In case of interface—the structures #1088, #1607 and #1093 and with a
sample #1607 we have two triangular QWs separated by wariable composition in the channel—the #1098 structure.
barrier of about 95 meV. Thus the Q2DEG in structure #1607  Structures with sharp interface have different content of
is located in a nearly double triangular QW. InAs in QW channel: 53% for #1088, 65% for #1607, and
The engineering of structure #1098 is more complicated75% for #1093. It is shown that the maximal mobility of the
the In-content in the channel is increased from 53 to 65%Q2DEG in the InGaAs QW channel was obtained for struc-
over the 16 nm to compensate the Coulomb interaction withure #1088 with a single asymmetric triangular QW. The
ionized donors in thé-doped layers. Therefore, the shape oflowest electron mobility was determined for the structure
the QW is practically rectanguldsee Fig. 5. #1093 with maximal difference of the InAs content in barrier
To interpret experimental results on the SdH oscillationsand QW, namely: 53 and 75%, respectively, though the ef-
and IQH plateaus it is necessary to calculate the energy déctive mass of electrons in the QW is the smallest. That
the Landau levels. We adapted the Zawadzk—Pfeffer quasimeans that scattering on the interface dislocations is signifi-
two-band modéf-** for calculation of the Landau level en- cant and we can assume that this factor is the most important
ergies in the subbands of the QW. The description of thén limiting the electron mobility in the QW.
adapted model for the different QW shapes is presented in An interesting case is presented by the structure #1098,
Ref. 8. in which a smooth transition from the barrier to the QW was
The calculated Landau levels are shown in Fig. 3 forprepared with the aim of decreasing the mismatch as well as
sample #1088triangular QW at a temperature of 2.8 K. to form rectangular QW. The calculations confirm that deter-
The structure of the SdH peaks as well as the plateaus ahination of the Landau level energies by the model that ap-
the IQH effect are interpreted very well for this sample: it is plies to the rectangular QW give a better fit to the experi-
necessary to take the value of Fermi energy equal to 18 mekiental positions of the SdH peaks than does the model
for subband numbei=1 and 51 meV for the subband applying to the triangle QW. Thus the InGaAs channel in
i =0 [we define the Fermi level us to be placed between twastructure #1098 actually does form a quasi-rectangular QW.
Landau levels when the plateaus on Big(B) curve or the  The 2D density of electrons in this channel is the highest and
minima (zerg on theR,,(B) curve occut. the electron mobility is very high too, namely 2.6
The calculated Landau levels are shown in Fig. 2 for thex 10° cn?/(V-s). Therefore, the proposed engineering of
sample #1098rectangular QW at temperature 0.6 K. It is this structure appears promising.
necessary to take the value of the Fermi energy equal to 27.5 The Zawadzki—Pfeffer quasi-two-band modétf
meV for subband numbdr=2, 54 meV for subband=1, adapted for calculation of the Landau level energies in the
and 70 meV for the lowest subbarie-0 to obtain good triangular and rectangular InGaAs/InAlAs QWSs enables us
agreement with positions in magnetic field of the experimensatisfactorily to interpret experimental data for the structures
tal peaks of the SdH oscillations for sample #1098. #1088 and #1098.
In case of sample #1607 satisfactory agreement between
the experimental positions of the SdH peaks versus magnet; pOUBLE QUANTUM WELL
fields and the theoretical ones Bt=1.6 K was obtained if o
the Landau level energies were calculated in the frameworl%‘l' Motivation
of a single triangular QW model. The values of the Fermi  Fabrication of multiple 2D layers in close proximity al-
level energies are 27 and 63 meV for subbandd and lows the controlled introduction an additional degree of free-
i =2, respectively. But this model can not be adjusted for thedlom associated with the third dimension.
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TABLE IV. Parameters of the InGaAs/InAlAs DQW structure. curve are deformed. There are two possible explanations for
that. The first explanation invokes the presence of additional

Composition Two channels Three 5-doping . . .
of two with layers with donor channels of conduction, for mstance_ conduction through
channels In, thickness of, concentrations,  three donoré layers. The second one involves coupling of
Sample % nm QW-profile 102 cm2 the QWs.
2506 65 20 Sharp interface 3.5

3.3. Theory

The double QW is the simplest of these structures and We use the model proposed in Ref. 18, in which sym-
preserves both high electron mobility and external gating ofmetric DQWs separated by a middle barrier were considered.
the electron density in the layers. Interlayer Coulomb inter-An external magnetic field was assumed to be applied per-
action in multilayer systems can lead to interesting effectgendicular to the planes of the QWs. The electron motion
such as Wigner crystals or the absence of plateaus in the IQttas described by the Scltinger equation containing both
for filling factor equal to 1 or 32**Experimentally both the the DQW potential and self-consistent Hartree potentials.
integer and fractional Hall effects have been observed imhe in-plane electron motion in each subband in the DQW
multilayer systems with essential interlayer tunneling. Ef-was assumed to be Landau quantized. The total electron en-
fects connected to the crossing of the Fermi surfaces of twergy including both the in-plane and vertical electron mo-
coupled QWs wherB is in the plane of the layers were tions can be written as
observed for wide QW with Q2DEG localized in two trian-
gular QW<* or for a specially engineered DQWThe prob-
lem of the electron—electron interaction for coupled DQWs
was investigated experimentally in Refs. 16 and 17 and theo-
retically by Danhong Huanget al’® Thus bi-layer two- Where Vi, is the exchange energginvolving screeningy
dimensional systems have been of great research interest {hich is given by Eqs(12)—(18) in Ref. 18. The numerical
the study of the properties of Q2DEGs at high magneticcalculations performed by the authors of Ref. 18 for DQWs

1
Em:(n+ E)hwc+Ei+VF 2

ni-

fields. based on the well material GaAs and barrier material
Aq:Ga 7As with a well width of 14 nm and a barrier width
3.2. The structure description and experimental results of 3 nm have shown that there is an approximately lirgar

) _ dependence for the tunneling gap in the region of magnetic
Here the experimental results are presented which wergg|ys <9 T. Therefore, the total splittin, between en-
obtained for DQWs fabricated at the Institute of Electronicergy states of two QWs consists of two parts: a constant term
Material Technology in Warsaw. They consisted of .tWOASASa determined by the overlapping of the electron wave
InGaAs QWs of thickness 20 nm, and three InAIAs barriers ¢,nctions of the two QWs, and a variable tunneling term

In each barrier there were donéidoped layers. o VE., involving a screening factor:
The structure was grown on an InP substrate similarly to
the SQW. The parameters of the structure are presented in A;=Agast Vrfi' 3

Table IV. The data of magnetotransport measurements at low

temperatures are shown in Fig. 6, where the pronounced SdFhe last term is a strongly decreasing functiorBofand for
oscillations on theR,(B) curve as well as the IQH effect on magnetic fields less than that at which the quantum limit
theR,,(B) curve of are also shown. The SdH oscillations for begins can be written as

weak magnetic fields appear starting at 0.5 T. The peaks of
the SdH oscillations at higher magnetic fields are split just as
has been observed in DQWs by other authors.

This splitting increases towards higher magnetic fields
which means that the energy gap caused by electron inter
tion within the DQWSs is proportional t8, as was shown in
Ref. 16. It should be noted that the plateaus onRhEB)

VE=—(Ky—kB), 4

whereK is the maximum screening factor in zero magnetic
field and — kB is a variable screening factor that decreases
afith B up until the first Landau level in the two QWSs is
filled. Generally, the total energy gan between symmetric
and antisymmetric states in DQW is proportional to the mag-
netic field, as has been observed experimentilly.

In Al,_ As In,Gaq_ As In Al,_,As We adapted this analysis for our case of an
x=0.52 x=0.52 INg 53Al g 47AS/INg 6:G &y 35AS DQW structure, assuming rect-
x0.53-068 w065 }=0.53-06% angularity of the QWSs. This last enables us to calculate the

| Landau level energies according to the formulas:

0.53 (In)-lwithout of bamlers

(E—E,)(Eq+E+E,) #2a%(i+1)°

....... = +(AL.ctKE)),
124mev (.2 ——1x=0.53 Eq omraZk T AsastkEL)
b D oes -
16 17 nm 16 nm
J6nm ; + > . :_E+E\/l+4MBB ¢ mo n+£ 1 o
49nm 1 2 2 Eg lm: 2 —2 gO 21

FIG. 5. The band profile of the QW for structure #1098. (6)
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2
(Eg+A)(EL+Eg+§A)

fj_: 2 ’
Eg+ §A)(EDLEQJFA)
2
Eg+ 54
szm, (7)

wherek, is the energy gafbetween the top of valence band 800

and the edge of the conduction band is the spin—orbital
splitting, m, is electron mass in vacuumy is the effective
electron mass at the edge of the conduction bangdis the
Bohr magneton,n=0,1,2,... stands for Landau levels,
i=0,1,2,... is the number of the subbaid, is the Landau
level energy in the absence of the QWM the Zawadzki— 0
Pfeffer notation, and E is the unknown energy of Landau
level n for subband with numbadrin the QW. The parameter

ZAS is the energy gap determined by the overlap of thd™!G. 6. '_rhe_Landau level energies calculated for sample #2506 as well as

K . . .. . SdH oscillations and IQH at 1.6 K.

wave functions, which is diminished by the screening at zero
magnetic field, as follows froni3) and (4):

{600 o

{400 &
1200

2 4 __6
B,T

Ai=(Asas—Ko) +kB=Ag,stkB. (8)  greater than the barrier energy heightq5 meV). This bar-

This parameter has the meaning of the zero-magnetic-fielle” Séparates two triangular QWs in the conducting channel,
splitting of the subbands and can be determined by extrapdnd. hence, the Q2DEG in the two triangular QWs consti-
lation of the experimental peak splitting of the SdH oscilla-tutes a united electron system. We assume that at 0.4 K the

tions toB=0. The parametek (which is in fact the coeffi- Fermi level falls below the barrier top.

cient of proportionality between the total splitting, and Then a new situation occurs in which two correlated
fiwy) can be determined as a fitting parameter. electron subsystems are in two separate triangular QWs.

Therefore, in this situation the structure should be considered
3.4. Interpretation as a DQW.

The calculation of the Landau level energies was per-
formed for sample #2506 taking into account the band pa3.5. Generalization
rameters determined for sample #1098 with single rectangu-
lar QW (Table Ill). Extrapolation of the experimental peaks
splitting of the SdH oscillations t8=0 gives the value of
Agps=1meV. The coefficient of proportionality between
total splittingA; and# w. was determined as fitting param-
eter and was found to be equal to 0.19.

In Fig. 6 the calculated Landau level energies are showri15 e
as functions of magnetic field. It is clearly seen that we have
achieved excellent agreement between the experimental d
concerning the peak positions and theoretical prediction fofcal
the SdH oscillation maxima. It is interesting to note that the

value of the total splitting\; is approximately equal to 15 m - -
n o . odel of the DQW proposed in Ref. 18 and the Zawadzki—
meV at 10 T forn=1 andi=0 and should increase together p¢ . quasi-two-band mod&h:t

with the field up to about 30 T, where the predicted quantum The influence of the thermal stresses on parallel electron

limit should occur. It is necessary to notice that we have no{ransport, which can disrupt the magnetoconductivity in a

needgd to invoke the thermal stresses caused by m'smatChIWGaAsllnAlAs DOW, was not observed in this measure-
explain the experimental data on the InGaAs/InAIAs/InPment

DQW.

If we return to Fig. 1b, where the experimental data for
sample #1607 are presented, we can notice that the strongMULTIPLE QUANTUM WELLS
maximum at 8 T in theR,,(B) curve obtained for this
sample aff =0.4 K can be explained by the presence of th
second triangular QW in this sampieAs was mentioned Four types of MQW systems were studied. They con-
above, the SdH oscillation structure at 2.8 K can be exsisted of ten QWs of GaAs and ten, &g, _,As barriers and
plained by means of the single-triangle QW model. Thiswere obtained by LP-MOVPE on semi-insulating GaAs at
model predicts the value of Fermi energy as to be about 11the Warsaw Institute of Electronic Materials. The thickness
meV above the conduction band bottom. This value is a bibf the well was 10 and 8 nm; the thickness of the barrier was

In parallel and perpendicular magnetotransport in a
DQW the following effects connected to the resonance tun-
neling are manifested:
— the existence of an SAS gap, which means an addi-

tional splitting of the electronic states;

— the SAS gap is proportional 8; this proportionality
xpected to be reduced in very strong magnetic field.
Excellent agreement was achieved between the experi-
ntal data concerning the SdH peak positions and theoret-
prediction for the SdH oscillation maxima based on the
method of calculating the Landau level energies using the

e4.1. Description of structures
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TABLE V. Parameters of the GaAs/fba _,As MQW structures. 4.3. EXPERIMENTAL RESULTS: MAGNETOPHONON
RESONANCE
Structures LGa AS(nm) /L AlGa AS(nm) x Carrieif) dex_1zsity,
10 om The magnetophonon resonanéPR) appears every

151 10/4 0.3 50 time when the phonon frequeny o is equal to the cyclo-
tron frequencyw, of the electron in a magnetic field, multi-

152 10/4 0.3 5 plied by the same small integéf:

153 8/4 0.3 50 o o=May, 9)

41 10,/4 1.0 50

wherew.=eB/m, e is the electron chargen is the effective
mass, and is the magnetic induction.
The resonances are manifested in transvpegsand lon-
4 nm for all the MQW. GaAs layers were doped with Si to gitudinal p,, magnetoresistances. The transverse magnetore-
about 5< 10*° and 5x 10" cm™3. The parameters of MQWs Ssistancep,, reaches the maximum at resonance values of
are shown in Table V. magnetic fields, which fulfills the specified resonance condi-
Six samples in standard form for Hall measurements obtion [Eq. (9)]. There are two papers known in which MPR
tained by photolithography from #151 MQWs have beenwas reportedly examined in superlattices and structures with
measured as well as three, two, and two from #152, #153IQW in the vertical transportboth the magnetic field and
and #41, respectively. the electric current are perpendicular to the lay&té! The
present paper reports results of exploring the MPR and
MQW in the parallel transport. In this instance the measure-

4.2. Experimental results: Low-temperature measurements ments can be more sensitive to the strain in the lafet$.
The MPR research was performed in pulsed magnetic

The data of magnetotransport measurements at low €M 45y to 30 T. The pulsed fields were generated by dis-
peratures are presented_ln Flg. 7 for sample #151. It is See@harging a 10 mF capacitor bank through a copper coil, giv-
that_ ”“?re are SdH oscillations on tl.ﬁe‘X(B) curve. The ing a pulse duration of 4 ms. A transient recorder was used to
oscillation peaks start at a magnetic field of about 4.5 T an%tore the transverse magnetoresistangéB) and a voltage
con{sist of t.hree unsplit maxima. The SdH oscillations start a[xaB/at, which was numerically integrated to fifl8. The
a higher field than that for the QW structure_s based %Mduced voltage in the sample leads was compensated for by
InGaA_s/AIGaAs, because the e_Iectron effective mass Neveral additional field coils. There was a good agreement
GaAs IS two times greater than inglaGay ss. A_ single herween data taken on the rising and falling sides of the
plateau is observed on t,RV(B) curve at 8-9 T, it corre- pulse for samples with resistance800 K. The transverse
sponds to the deep minimum on tRg(B) curve. Similar oy heroresistance was measured between 77 and 340 K and
curves were obtained at low temperatures for the samplege‘\1pR oscillations extracted by subtracting a voltage lin-

#41 and #152. These curves, on one hand, is evidence of the, i, magnetic field. The oscillating part of the magnetore-
existence of a Q2DEG in the samples which we studied; O%istanc%p was recorded
XX .

the other hand, they demonstrate clearly that there is no in- In Fig. 8 examples of th p,.(B) curves registered are
fluence of thermal stresses which could split maxima in thesghown in which the structureng the observed peaks was
M_QW structu_rgs in the low-temperature measuremé_gnts.. faithfully represented because of its astonishing repetition for
Since the splitting of electron states caused by tunneling iNitferent MPR harmonics at different temperatures
Fenhcoupled Q\{XS thn’t appea;] at low tﬁmperﬁtdmﬁ, K? The broken curves in Fig. 8a show the resonance peaks
in the SdH oscillations and in the IQH effect, thayortiori  \inout the fine structure. As the repetition of individual

cannot appear at a temperature higher than 77 K. MPR peaks in the given MQW stands out particularly in the
magnetic field interval 0—16 T, where peaks caused by tran-
sitions 0—-2, 0—3, 0—4, 0-5 and 0—6 were observed simulta-

600 neously, the resonance curves within this range of magnetic
- #151 inductionB are represented. Representing them in the whole
5001 Cﬂrga;t 10pA x 3Ry range of resonance fields together with the transition 0—1
I ' (22.5 T) would lead to disappearance of the interesting struc-
O 400_ ture of the peaks and its repetition for different harmonics.
3 300t It should be noted that:) ithe fine structure of MPR
o - peaks reappears in each type of MQW, but its character is not
200} the same; )i with increasing temperature the fine structure
" becomes more pronounced.
100 It follows that the occurrence of the observed peak struc-
~ ture depends neither on the two-dimensional density of car-
071 2734 5 6 7 8 910 riers nor on the size of the quantum wells but can be con-
B.T nected to phonons.
FIG. 7. Records oR,,(B) and R(B) for sample #151 obtained at low The thicker arrows in Fig. 8 indicate the position of the

temperature T=1.6 K). MPR peaks observed in the single heterostructures
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FIG. 8. Experimental recordings dfp,,(B) obtained for sample #151 at
three different temperatures higher than 7{aKand for samples #152T(

=166 K) and #151 7= 169 K) (b).

GaAs—-A|lGa _,As at the temperature 130 K to facilitate an

interpretation of the observed peak structure.

In the case of MPR in a single heterostructure each tran-
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absorption of the quantum wells GaAs LO phonons also ob-
served the peaks caused by the interaction of electrons with
LO phonons of the AlAs barrier. The partly observed peak
structure can be explained by the introduction to MPR of two
more kinds of barrier phonons. So, the occurrence of a peak
at about 9 T can be explained by a transition 0—3 of an
electron with the absorption AlAs-like LO phonon. The MPR
caused by interaction between an electron and phonons from
the barrier made of a GaAs-like lattice, though, manifest
themselves as satellites of each main series transition, on the
side of lower magnetic fields. It is mostly visible in Fig. 8b,
where the fine structure is less prominent.

It is well known that every phonon band in solid solu-
tions of zinc-blend structure consist of four likésvhich
means the existence of the five phonon modes. In case of
AlGaAs the average distance between these modes is about
8cm ! or 1 meV. So, these five modes can generate fine
structure of the MPR peaks.

5. SUMMARY

The parallel magnetotransport in SQWs, DQWSs, and
MQWs is studied at low temperatures and a temperature
higher than 77 K.

A method of calculation of the Landau level energies
including the tunneling and screening effects in the coupled
DQWSs, which enable us to interpret the SdH oscillations and
the IQH effect, is developed.

The fine structure of the MPR peaks in parallel transport
of MQWSs can not be explained by destruction of the mag-
netoconductivity caused by thermal stresses, because at low
temperatures this splitting should manifest itself more
strongly, but it does not appear in the SdH oscillations and
QHE.

The splitting of electron states caused by tunneling in
coupling ten QWs does not appear at low temperat(kes
K) in the SdH oscillations and QHE, and it therefore cannot
appear at temperatures higher then 77 K when MPR is ob-
served.

There is no doubt that the fine structure of the MPR
peaks is connected to phonons.

At temperatures less than 1 K, the magnetotransport phe-
nomena in a single symmetric QW of the width greater than
10 nm reveal similar features to those characterising the elec-
tron transport in the DQW.

The InGa _,As/InAl; _,As (#1098 structure makes an
interesting example of QWs where due to a smooth transition
from the barrier to the QW a rectangular QW was produced.
The calculations confirm that the evaluation of the Landau
level energy using rectangular QW model gives better fitting
of the experimental positions of the SdH peaks than the tri-
angular QW model. The 2D density of electrons in the chan-
nel of the structure in question is very high, as is the electron
mobility, which is equal to 2.8 10° cn?/(V-s).

Therefore, the proposed engineering of this structure

sition between Landau levels corresponds with one pealppears promising.
(structureless and the resonance fields were somewhat
smaller than the theoretical position of MPRs involving the,

bulk LO phonon of GaAs. The authors of Ref. 21, where ar,

E-mail: sheregii@atena.univ.rzeszow.pl
The maximum in the plateaus with=1 was observed on thB,,(B)

examination of MPR in th_e verticall tranSport in GaAS_AlAS curve by M. Kelloget al'” for a DQW and was explained by involking the
MQWs was reported, besides oscillations connected with thedrag effect in the IQH effect.
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In a two-dimensiona(2D) hole system{multilayer p-Ge/Gg _,Si,) heterostructure with
conductivity o~e?/h at low temperaturesT(~1.5 K) a transition from the insulator phase
(do/dT>0) to a “metallic” phase (la/dT<0) is observed as the temperature is

lowered, behavior that is in qualitative agreement with the predictions of the Finkelstein theory.
In a magnetic fieldB perpendicular to the plane of the 2D layer one observes positive
magnetoresistance depending only on the rBfid. We attribute the positive magnetoresistance
effect to the suppression of the triplet channel of Fermi-liquid electron—electron interaction

by the magnetic field owing to the strong Zeeman splitting of the hole energy leve00@
American Institute of Physics[DOI: 10.1063/1.1819865

INTRODUCTION electron—electron interaction effect in the ballistic regfine.
However, the nonmonotonic temperature dependence of
VE(T) observed near the proposed metal—insulator transition
(co~€?/h) still does not have a generally accepted explana-
éion. This has stimulated our investigations into multilayer
p-Ge/Gg _,Si, heterostructures.

Suppression of the low-temperature conducting phase by
a magnetic fielgparallel to the 2D layerpositivemagnetore-

In disordered 2D systems at low temperatures there al
two types of quantum correctionSo= S0+ do e 10 the
Drude conductivityoo=e?/h(kel): oy, is the correction
due to inertial effects in the scattering of the electron wave
on impurities(weak localizatiop and do . is the correction
due to the disorder-modified electron—electron interactfon.

In weakly disordered systems wiltx| >1 these corrections . .
are small in the parametekdl) ~* (I is the mean free path sistancg has been observed repeatedly for high-mobility
and depend logarithmically on temperature. Si-MOSFET!® and p-GaAs heterostructur&s!’ such be-

Experiments to detetand study(see reviewt® the so- havior is explained either by the “complete polarization” of
. .. . 2-14,17,18 .

called metal—insulator transition from the change in the carthe electrorihole) gas or (at low fields by the Zee-
rier density in 2D semiconductor structures with high mobil-man effect in the quantum correction owing to the electron—
ity have stimulated a substantial advance in the theory oflectron interaction in both the diffusithand ballisti¢**
electron—electron interaction effeét5The general theory of €gimes.
quantum corrections to the components of the conductivity ~We have carried out studies in a magnetic fippen-
tensor of a 2D system owing to electron—electron interactioflicular to the 2D layer, where together with the Zeeman
effects has been developed for the ck3e<Er for an arbi-  level splitting it is necessary to take weak localization effects
trary relationship between the valueskdf and#/r (ris the  into account. The hole gas in the Ge quantum wells for the
momentum relaxation timeover the whole range of tem- P-Ge/Ge_,Six heterostructures studied is described by the
peratures from the diffusion regimé&Tr/A<1) to the bal- Luttinger Hamiltonian with a highly anisotropig factor in
listic regime &T7/%>1) both for short-rangépoint)® and  respect to the mutual orientation of the magnetic field and
for large-scalgsmooth’ impurity potentials. the 2D plane. At the bottom of the lower spatial subband

For example, the linear growth of the resistivigywith g, =6« (where for Ge the Luttinger parameter= 3.4)?° for
temperature in Si-MOSFET structures with high carrier mo-the perpendicular magnetic field andg,=0 for the
bility at large valuesoy>e?h, which for the past decade parallel.?>?? For interpretation of our experimentalB,T)
has been considered to be a manifestation of an “anomalousurves in the samples near the proposed metal—insulator
metallic” state, is now interpreted as being due to anphase transition we invoked a model used for semiconduct-

1063-777X/2004/30(11)/4/$26.00 867 © 2004 American Institute of Physics
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FIG. 1. Temperature dependence of the resistit@yand conductivity(b)

for B=0 FIG. 2. Resistivity versus magnetic fie{d) and magnetoresistivity versus

B/T (b) at different temperatures.

ing 2D systems with high mobilit}f+1519.23.24

60¢d B, T)=00¢0,T)+ do,(b), (1)
EXPERIMENTAL RESULTS AND DISCUSSION where
Measurements of the galvanomagnetic effects in 2 keTT
multilayer heterostructures op-type Ge/Ge_,Si, were 00.40,T)= m(l—sx)ln o (2
made in magnetic fields up to 5 T a=0.3—-4.2 K. For a
samplé with a carrier density of 1.2 10'* cm™2 and mo- 2 gueB
bility w,=4x10° cn?/(V-s) (parameter eg7/f=0.75), d04(b)==5—2-G(b) | b= kaT ) (€)

nonmonotonic low-temperature behavior of the resistivity is
observedFig. 13: p(T) increases with decreasing tempera- The first term in front of the logarithm in E¢2) corresponds
ture from 4.2 to 1.5 Klocalization and therp(T) decreases t0 the exchange part of the electron—electron interaction,
asT is lowered further from 1.5 to 0.3 Kantilocalization. ~ While the second term corresponds to the Hartree contribu-
In the antilocalization region fof<1 K the conductivity tion (triplet channe). Here

depends logarithmically on temperatu¢gig. 1b). In the

1+vy
whole temperature interval positive magnetoresistance is ob- \= 2

In(1+y,)—1, (4)
served, increasing sharply with decreasihgFig. 23. At v2
low temperature§ <1 K in fieldsB<0.3 T the magnetore- wherey, is the Fermi-liquid interaction paramet@r.
sistivity A p,, is an almost universal function of the raBdT The electron—electron contribution of the magnetic field
(Fig. 2b). is given as a function of the ratiB/T by expression(3),

The observeg(B,T) curves can be compared with the where G(b) is a known function describing the positive
guantum corrections to the two-dimensional conductivitymagnetoresistance due to the splitting of the electron energy
due to the weak localization effecté,,) and to electron— levels>?*?” and g=20.4 for a 2D hole gas in Ge for
electron interaction §o o). For the electron—electron inter- ex—0.
action effects in the diffusion regimegT7/%<1 we havé? For weak localization effect®
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predominance of the first effect. For example, let us give the
10+ expression for o= So.t+ S0y, at low fields B<B,
2 :kBT/g,LLB, B<B€D:
i I

[e2]
T

[e2]
T

H
T

N
T

2 2
05r 50(B,T)= =r| —0.081y,(1+ 7,)+0.043 =2
A 212k VILy2 Y2 . B,

0 1 B 2
-1.0 -0.5 0 0.5 1.0 Xl 52] (7
10 (T/T ) z
where(for p=1) the ratioB,/B, is independent of tempera-

FIG. 3. Temperature dependence of the parameter@ and \=[(1 ture

+ v2)!v21In(1+y,)—1 (b) according to the Finkelstein thedfyboth with : . .

(1) and without(2) allowance for weak localization effects. By flttlng the dgpendencgb(B/T) U_Smg formulas(3)
and (6) in the whole interval of magnetic fields one can de-

termine separately thg factor andB,(7,). The value found
for the g factor,g=14.2+1.4, is somewhat lower than the

5 (0T) = e? | l ®) theoretical value foe—0 (=20.4), in accordance with the
ow(0.1)= 2m2n PN Ty’ high degree of nonparabolicity of the hole dispersion relation

eZ

&Twl(B,T):m

in the ground spatial subband. For the dephasing time a fit
and the dependence on magnetic field B€B,,, B,<By  giveskgT7,/fi~1, in good agreement with the theoretical
(By=ncl4eDr; B,=hcld4eDr,, D is the diffusion coeffi- estimate.
cient, 7, is the dephasing time, which depends on the tem-  Simultaneously taking into account the disordiercal-
perature ag P, wherep is an exponent determined by the jzation effect$ and the electron—electron interaction leads to
scattering mechanism, dimensionality of the sample) &c. renormalization of the parametet,—to monotonic growth
determined by the expressidn of y, with decreasing temperatire(Fig. 3. As was shown
in Ref. 24, such a renormalization is especially important in
¢<1+ E) —In& _ (6) the region of the metal—insulator transition, which is deter-
2 B B mined by the conditiorr7/%~1. We assume that the non-
, . . monotonicp(T) dependence observed by us is due to just
Formula(6) describes the negative magnetoresistance due t9,.h, 4 renormalization of the parameterand, as a result,
the suppression of interference effects by the magnetic fielclO a change in sign of the coefficienp£1—3\) at T
We emphasize thado, depends only on the ratiB/B,,  _j 5k, although we have been unable to describe the effect
and forp=1 (the Nyquist mechanishit is a function of the quantitatively.
ratio B/T.
By comparing the dependenggT) in the region of
“metallic” conductivity at T<1 K (see Fig. 1bwith expres- CONCLUSIONS
sions(2) and(5) for p=1 we see that such behavior is pos- Thus the observed nonmonotonic behaviop¢T) and,
sible only when the predominant role is played by the antilo-specifically, the transition from insulatingd$/dT<0) to
calization contribution of the triplet channel. A fitting gives “metallic” ( dp/dT>0) behavior with decreasing tempera-
A =0.68, which corresponds tg,=2.15 (in the notation of ture is attributed by us to enhancement of the role of the
Ref. 6,F§=—v,/(1+ y,)=—0.68). triplet channel in the quantum correction to the conductivity
The magnetic field dependen¢see Fig. 2bcan be de- due to the electron—electron interaction. The increase of the
scribed only by the joint influence of two effects: positive contribution of the triplet channel with decreasing tempera-
magnetoresistance due to the Zeeman splitf®)gand nega- ture is apparently due to the renormalization of the electron—
tive magnetoresistance due to dephasify with a slight electron coupling parameter predicted in the Finkelstein
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The process of formation of self-consistent double quantum WeIBWSs) in a wide p-type
quantum well in the presence of uniaxial strain is investigated. A featupetgpe systems is the
structure of the valence band, which consists of two branches of energy dispersion—light

and heavy holes. It is shown that this feature leads to significant splitting of the subbands of
symmetric and antisymmetric states, as a result of which it is difficult to form states of

the DQW with a vanishingly small tunneling gap; a uniaxial strain, by lifting the degeneracy of
the band, suppresses this property, so that the two ground subbands of the size quantization
of the DQW remain degenerate to high energies2@4 American Institute of Physics.
[DOI: 10.1063/1.1819866

INTRODUCTION Shubnikov—de Haas oscillations in a parallel magnetic field.
In this paper we investigate the possibilities and condi-
tions for the formation of a self-consistent double quantum
‘well in a singlep-type quantum well. Based on the model
formulated, which permits taking into account the presence
'8t uniaxial compression in the heterostructure, a technique is

ntum well or near different ed t 2 single wid N eveloped for carrying out numerical calculations, the results
quantu elor nea erent ecges of a single Wide quanyg,, nich enable one to find the solution of the problem posed
tum well. The latter system is called a self-consistent DQW.

. ) . under the indicated restrictions, and the important role of
In a DQW, unlike an ordinary single quantum well, the P

i s uniaxial compression is thereby established.
charge carriers have an additional degree of freedom—they P y

can occupy states in the right or left quantum wel, in the
presence of tunneling, between the layewhich are char-
acterized by a symmetric or an antisymmetric wave function SALCULATION TECHNIQUE
This additional degree of freedom can be controlled by vary-  The calculations were done using an isotropic Luttinger

ing the height and width of the barrier. The latter not only model. The dispersion relation, density of states, effective
determines the value of the gap between the symmetric angass at the Fermi level, wave functions, and profile of the
antisymmetric states but also regulates the value of the intekelf-consistent potential are determined for a series of wells
layer Coulomb interaction. of different widths and charge carrier densities.

DQWs exhibit a number of effects due to the interlayer  The self-consistent system of equations has the form
electron—electron interaction. The clearest of these is the

Systems known as double quantum weglRQWS) or
two-layer electron systems consist of two layers of a two
dimensional electron ga@DEG) separated by a barrier of
width comparable to the average distance between electro
in a layer. The 2DEG layers are each bound in their ow

closing, in a quantizing magnetic field, of the gap between Ei e

the symmetric and antisymmetric states and the formation of HL‘“( Kky 7 5z) V@ Gtk Ky 2)

a state of the collective integer quantum Hall effe@HE). —EG;(Ky Ky .2) )
In an experiment the state of the collective integer QHE is I

manifested in the vanishing of the associated features at even V(z)=V(z)+ V,(2)+qe(2), 2
indices! The features of the integer QHE vanish at high

magnetic field if the relatiol gs<E. is satisfied”® where A@(2)= =47 pn(2) + pimp(2)]; ©)
Asasis the gap between the symmetric and antisymmetric

states,E.=e?/ed is the characteristic energy of the inter- ph(Z)=; f dkgn(k,e¢)|Gpk(2)|%, (4)

layer electron—electron interactiod=d,,+d, is the dis-

tance between centers of the quantum wells forming thevhereG; \(z) is the envelope wave function belonging to the

DQW. A survey of papers on the quantum Hall effect inith subbandVy(z) is the “zero” potential formed by a dis-

DQWs can be found in Ref. 3, and a theoretical analysis otontinuity of the conduction band/,,(z) is the Hartree self-

the states of the collective integer QHE is presented in Refsonsistent potential, which satisfies Poisson’s equation,

3-5. V,.(2) is the exchange-correlation potential, the form of
A magnetic field applied parallel to the plane of the which is taken from Refs. 7 and 8;is the charge of a hole,

structure mixes the symmetric and antisymmetric states, angl=|e|; p(z) is the charge density in the system consisting of

that leads to distortion of the Fermi surface in the DQW. Thisthe hole charge density in the quantum wgl(z) and the

is manifested in a shift of the nodal points of the beats of thempurity charge density;y,(z).

1063-777X/2004/30(11)/3/$26.00 871 © 2004 American Institute of Physics



872 Low Temp. Phys. 30 (11), November 2004 G. A. Alshanski and M. V. Yakunin

The density of states of the spatially quantized holes is 0
given by the relation ¢ =0meV
k
9i(e.k)=5—0(e—&i(k)). 5

For simplicity we neglect the dependence of the Luttinger
parameter on the coordinare which arises because of the
difference of the materials of the layers forming the quantum
well and barrier. We have included a uniaxial compression
along thez direction (the direction of growth of the hetero-
structure, which is described by the addition of the follow-
ing term to the Luttinger Hamiltonian inside the layer form-
ing the quantum well:

E, meV

-100 . : 1 L
-2 0 0 O 0 0.5 1.0 15 20 25
-6

0O ¢ 0 O k, 10 cm

H,= 0 0 ¢ 0} 6) FIG. 1. Dispersion relation of the charge carriers ip-&e/GeSi quantum
well without allowance for the uniaxial compression; Heind HH, show
0 0 0 —¢ the band of spatial quantization of the heavy holes; kHows the band of
where spatial quantization of the light holes.

{=b(S;1— S X.

In the latter expressiob is the deformation potentia,;
andS;, are the elastic constants of the material, Znid the ig
aﬁplled pfrehssure.. .'I'husf l;lnlagmal con];lprr]es&?” Ieatc)is ctjoba Uniaxial compression leads to the situation that the lad-
change of t e pc_Jsmon of the Ottom of the valence band byyo s of sublevels of the spatial quantization of the heavy and
an amount{ inside the layer forming the quantum well,

h he denth of th i ; hIight holes move apart in energy: the levels of the heavy
whereupon the depth of the quantum well increases for thf, o are shifted downward while the light-hole levels are

heavy holes and decreases by the same amount for the liggitieq ypward. As a result, the interaction between the states
holes. ) of the heavy and light holes become weaker, and as a con-
) To solvg the eigenvalue problem we use the transfer maéequence the nonparabolicity of the dispersion relation of the
trix method heavy holes decreases, the gap between symmetric and anti-
symmetric states decreases to a vanishingly small value, and
a state of the DQW arises in the system.

determined from the measurements of the Shubnikov—de
Haas oscillations. The results of the calculation are given in

RESULTS OF THE CALCULATIONS

Calculations were done for a sample with the following CONCLUSIONS
parameters: quantum well widtth,=38 nm and depthiJ,
=100 MeV, spacer widthls,=8 nm, and density of charge
carriers in the wellp=5x10' cm . Such values corre-
spond to the sample in which the vanishing of the QHE
features with even indices was observed in Ref. 10. 0

A calculation without the uniaxial stress in the layer
forming the quantum well shows that the spectrum of charge
carriers in the given system is marked by strong nonparabo-
licity of the bottom two branches of the dispersion relation,
which correspond spatially to the quantized heavy h¥egs
1). For k~kg one observes significant splitting of the sub-
bands of symmetric and antisymmetric states, making it dif-
ficult for states of the DQW with a vanishingly small tunnel-
ing gap to form. This raises the question of how such a state
can be formed in the given system.

The answer to this question is to include a uniaxial stress
in the Ge layer forming the quantum well. Because of the
lattice misfit this layer is stretched in the plane perpendicular -100 :
to the growth plane of the structure; this can be described 0
effectively by a uniaxial compression along the growth di- K, 10"%cm
rection of the structure. The value of the paraméteescrib- ) ) ) o )
ing the amount of uniaxial compression was chosen by proI_:IG. 2_. Dispersion relation of the charge_carrlers |p-§e/GeS| quantum

. . . well with the uniaxial compression taken into account; Hthd HH, show
ceeding from the requirement that the effective mass of theye pand of spatial quantization of the heavy holes, ang shbws the band
charge carriers on the Fermi surface be equal to the massspatial quantization of the light holes.

We have shown that the presence of two branches, cor-
responding to light and heavy holes, in the dispersion rela-

E, meV

05 10 15 20 25
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Oscillations of the conductivity of a two-dimensional electron gas in the presence
of microwave radiation

A. E. Patrakov and I. I. Lyapilin*

Institute of Metal Physics of the Ural Division of the Russian Academy of Sciences, Sofia Kovalevskaya St.,
18, Ekaterinburg 620219, Russia
(Submitted June 1, 2004

Fiz. Nizk. Temp.30, 1166—-1168 November 2004

The conductivity of two-dimensional electrons under microwave irradiation at magnetic fields in
the region where the usual Shubnikov—de Haas oscillations do not appear is investigated in
the framework of the Boltzmann transport equation. It is shown that under such conditions the
microwave radiation gives rise to a new type of oscillations of the components of the
conductivity tensor. ©2004 American Institute of Physic§DOI: 10.1063/1.182001]6

Interest in theoretical research on nonlinear transporThe first term on the left-hand side of Ed) is the rate of
phenomena in two-dimensional electron systems has heighthange of the distribution function under the influence of
ened in connection with the appearance of new experimentahdiation due to transitions between Landau levels,
data obtained on very pure sampfése characteristic values
of the electron mobility and electron density wepe  sf(p)
=(1.5-25)10" cn?/(V-s) and ne~3x10"cm 2. In  —— =2 Wop{ f(p)[1—F(P)]—f(P[1—f(p)]}.
experiments done by two independent grotipg, has been Eac P’
found that in the presence of microwave radiation in two- 2
dimensional systems at large occupation numbers, oscilla- ) - N
tions of the longitudinal magnetoresistivipy, appear in the Heréwp, is the probability of transition of an electron per
region of magnetic fields in which Shubnikov—de Haas osUnit time from a state with kinetic momentumto a state
cillations are not observed. At the same time, the off-With kinetic momentunp’ under the influence of radiation.

diagonal componens,, turns out to be insensitive to exter- The second and third terms on the left-hand side of (Ej.

nal radiation. determine the rate of change of the distribution function due
The most important feature of these experimental result&® forces exerted on the electrons by the external electric and
is that the effect is observed under the conditions magnetic fields. The right-hand side is the collision integral.
We write the nonequilibrium distribution function of the
hlr<T=ho.sho<{, electrons in the form:

which implies its quasiclassical nature. Heris the momen-
tum relaxation timew and w, are the radiation frequency f(p)=To(e(p)) +p-g(e(P)). &)
and cyclotron frequency; is the Fermi energy, and is the
temperature expressed in energy units. The experiments ¥hereg(e(p)) is an unknown vector function that depends
Refs. 1 and 2 drew considerable attention, and in a compar@nly on energy. o _ _ o
tively short time interval many articles had appeared in  An equation for findingg(e) is obtained by substituting
which various aspects of the observed effects werdhe distribution function(3) into the transport equatiofi).
discussed—? We then have

In the present paper we consider the diagangl and
off-diagonal o, components of the conductivity tensor on , , . e
the basis of theyz Boltzmann transport equation, assuming that 2, Wpp'[fo(e") = fo(e) +p"-g(e") = p-0(e)] = {1 Eac
the main mechanism of electron scattering is elastic scatter- P
ing on impurities. The ac field of the radiation will be taken dfole) e _ pge)
into account as a perturbation causing transitions between P —ﬁ[pr]-g(s)—— (p)
Landau levels. We shall show that taking these circumstances

into account is sufficient for realization of the oscillations The terms proportional to the second and higher powers of
mentioned abovgl. . ~ Egcare dropped because they are small.

The nonequilibrium nature of the momentum distribu- e seek a solution of equatigd) in the form of a sum
tion of the electrons is brought about by bothfg and ac  of a term that is independent of the radiation power and a

4

Eqc electric fields. We therefore have term linear inw,,,, . We take into consideration that the main
effect of the ac field is to change the energnd not the
af(p) af(p) e ot(p) g @ Not
o —e dc g —[pXH] oy ILf(p)]. momentum of the electrons. Furthermore, for simplicity we
p mc p

Eac

shall assume that the relaxation time is independent of the
(1)  momentum 7(p) = 7= cons{. We now have

1063-777X/2004/30(11)/3/$26.00 874 © 2004 American Institute of Physics
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B T 2e 1— W22E " 2 I’
9(e)=0o(e) T+ ol (1= 0em)Ege ple)=|tiwcm ﬁwc
afg(e’)  dfg(e) . TE al\ |~
+27 we X Edc]}% wpp,( e e | (5) + szhwc COthhwc (10
where In the limit of low magnetic fields expressighO) reduces to
T e fole) 2me
go:m E{Echr 1w Eyar (6) p(g):po(l_gcog(ﬁw ) [ 0=2 exf — ml(wr)) <1
C
wherew.=(eH)/(mc) and we have taken into account that 1D
Egcl H. (7s=1/T is the smgle particle relaxation time in the absence

Taking into consideration that the change in the electrorof magnetic fieldl® Taking this into account, we obtain for
energy as a result of the interaction with the ac electric fieldhe components of the conductivity tensor
is equal to*+#A w, we obtain from Eq(5)

2 —-1) 27w
20 ph_ _phSdH,, (05T 52 COS 12
Oe) = Gol )~ 272> (1= 02 )Ey, T o c<1+w272>2 o *
Denotlng all the cofactors inoEl—gPSH except
+27 weX Edc]}E p(e*+hw) (w272—1)cos(2rwlwy) by a coeff|C|entA (Wh|ch is propor-
= tional to the radiation powgrwe have
Ifgle thw) dfg(e)
27w
X W Je de |° ™ oPh— PSIH= A(w272—1)cos o (13
2 2 . ..
w.. <E3/?[(n* 1|x|n) < E5n/ 0 xEfen/ g, Analogous calculations for the Hall photoconductivity
whereE,. is the amplitude of the ac electric field with fre- 9ive the following result:
qguencyw, p(e) is the density of states, ant= \A/(Mmw,) is 5
the ma_gnetic length. _ _ _ Ug;} UESSdH 2Aw,7COS Tw (14
Using the expression found for the correction to the dis- W

tribution function, we calculate the current density caused by

A It follows from expression$13) and (14) that both the
the radiation:

diagonal and the off-diagonal components of the photon-
2e - assisted conductivity give rise to oscillations as a function of
j=— G J' f p'dp dep(s)p’ (fols’) inverse magnetic field: fxcc_)s(erw/wc). The ord!nary
7f)po Shubnikov—de Haas oscillations, denoted collectively by
L, oP"sAH contain the factor cos2/Aw,) or cos(4rilfw,) and
+pge"), (8) by virtue of the inequalityT=% w<{ are rapidly damped.
wherepo=m/(27#?) is the density of states per spin in the Since the components of the conductivity tensor are
absence of magnetic field. Substituting the explicit fornggof known, it is not difficult to find expressions for the diagonal
from (7) into (8), we find for the diagonal component of the and off-diagonal components of the magnetoresistivity,
conductivity tensor under conditions of strong degeneracy Which are ordinarily measured in experiment. We get

o 1 A 27w
h (wer’—1) ) =77 = 22 2C0S
ng“_z—zzzp(f)E [Ip({*thw) Oyt O%y Uxx(1+wc7) (o'xx) We
ws(1+ wsr) =
2 +0O(A?), (15
—({Fho)p({Fho)]. ©)
An ideal two-dimensional system in a perpendicular  p,,= 02?22 - (1w:;27_2)+0(A2). (16)
magnetic field is characterized by a discrete energy spectrum xx ' Oxy XX c

that corresponds to a density of states in the form of a set dt follows from the expressions given above that the off-
delta functions. The presence of the random impurity potendiagonal components of the magnetoresistiyity,, unlike
tial causes different points in space to become inequivalenthe diagonal componenjs,,, are independent of the radia-
and the energy of an electron in the magnetic field begins téon, as has in fact been observed in experiméats.
depend on the position of the center of the cyclotron orbit.
This leads to broadening of the peaks on the density ofE

mail: Lyapilin@imp.uran.ru
states. We shall assume that the Landau levels have a Lorent-
zian shape with a width' that is independent of the magnetic
field. The experimental situation realized is one with a large _
number of filled Landau levels{&7%w.), which makes it g/lo %égg;’ég); Du, L. W. Pfeiffer, and K. W. West, Phys. Rev. Lett
possibility to write the expression for the density of states inzr ‘G mani, J. H. Smet, K. von Kiitzing, and W. B. Jonson, Nat(ren-
the following form: don) 420, 646 (2002.
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We present the results of a study of the processes of preparation and the determination of the
electrical and optical characteristics of arrays of Ge nanoislands (arfficial “atoms”) with a

discrete energy spectrum, which is manifested all the way up to room temperature. We give a
brief analysis of the current ideas about the mechanisms of the initial stage of self-formation and
ordering of ensembles of nanoclusters in the heteroepitaxy of Ge on Si. The main factors that
determine the spectrum of states are the size quantization and Coulomb interaction of the carriers.
It is shown that a new factor arising in an array of quantum dots and which distinguishes it

from the situation for an isolated quantum dot is the presence of Coulomb correlations between
islands. The rate of emission and the cross section for trapping of holes are determined as
functions of the energy level depth. The values of the cross sections are several orders of magnitude
greater than the known values in Si. The electron transport along the layers of quantum dots is
occurs via hopping conduction, the value of which oscillates as the degree of occupation of the
occupation of the islands by holes; this can serve as a working principle for electronic data
transmission circuits based on quantum dots. It is shown that Ge quantum dots can be used to
construct a photodetector tunable over the near- and mid-IR rangeX)0® American Institute of
Physics. [DOI: 10.1063/1.1820017

INTRODUCTION which is important if they are being considered as artificial
: atoms for the doping of semiconductorg;tBe sizes of the
In recent years there has been active research on the
. ) ; . nanoclusters has been successfully decreased to values such
electronic properties of semiconductor quantum dots, whick) . .
N . . . that quantum size effects and electron—electron coupling are
represent a limiting case of systems with lowered d'mens'onfnanifested all the way up to room temperatunet/@ meth-
ality: zero-dimensional systems consisting of arrays of nano- Y up . peratu "
. . . . ; ods developed are compatible with the existing silicon tech-
size atomic clusters in a semiconductor HesThe discrete T . L9
. ! . pology for fabricating discrete devices and circuits.
spectrum of energy states in such clusters makes it possible Studies of the electronic properties of Ge/Si structures
to classify them as artificial analogs of atoms, in spite of then .
. . ave been done with the use of electron tunnel spectroscopy,
fact that the clusters contain a large number of particles. B)é

varying the size, shape, and composition of the quantum dotsapamtlve spectroscopy, conductance spectroscopy, studies

. . of hopping conductance, and the field effect. The Ge/Si sys-
by controllable technological means one can obtain analo . ;

: em belongs to the class of type-II heterostructures, in which
of practically all the natural elements.

. . - Ge islands are potential wells for holes. This circumstance
The nanosize scale of atomic clusters strongly limits the;. ; o

L ; . . . : dictates the choice of the type of conductivity of the systems
possibilities of using conventional lithographic techniques

for preparing the structures, and new approaches must bséud|ed.

developed. The idea of using morphological changes of the
surface during the growth of mismatched heteroepitaxial sysl' GROWTH AND THE FEATURES OF THE ORDERING
. : : OF ENSEMBLES OF Ge NANOCLUSTERS

tems for the formation of an array of nanosize atomic clus-
ters at the transition from two-dimensional growth to three-  In Ge—Si heterosystems several stages of evolution of
dimensional by the Stranski—Krastanov mechanism hathe islands is observed as the effective thickness of the film
proved to be extremely fruitful. This idea was first imple- is increased. These stages are different for substrates with the
mented in 1992 for the Ge/Si system, and it was concluded01) and(111) surface orientations. From the standpoint of
from the results of a study of that system that one-electromreating quantum obijects, tt{@01) surface is unique, since
effects are present in this new class of nanostructuféss  only on it have compact three-dimensional dislocation-free
method of making artificial “atoms” has come to be called islands with a size of 10—100 niirig. 1) been observed.
“self-organization,” since it was necessary to explain theThe appearance of such islands is observed after the forma-
observed formation of an array of nanoclusters of a rathetion of a continuous Ge film, superstructural domains of
uniform size. which are easily discerned between islands.

Ge nanoclusters in Si are of interest for a number of  The ordering process causes the islands appearing in the
reasons: Lprogress in the development of the technology ofsystem to have preferred values of their characteristics: their

obtaining arrays of Ge nanoclusters of rather uniform sizesize and shapes, the distance between them, and their mutual

1063-777X/2004/30(11)/8/$26.00 877 © 2004 American Institute of Physics
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6—8. For the example of a heterosystem of germanium on
silicon the transition from layer-by-layer film growth to the
formation of three-dimension&BD) islands has been inves-
tigated in detail. It has been shown that at relatively low
synthesis temperatures<600 °C) the interdiffusion of the
island and substrate materials can be neglettesuch is-
lands do not contain misfit dislocations even after they have
substantially exceeded the critical thicknesses, as was first
shown in Ref. 6. Besides the difference of the internal and
surface energies, lattice parameters, and elastic strains, for
FIG. 1. Direct-resolution TEM image of a “hut” cluster of Ge in a Si host. epitaxial flms and 3D islands of Ge on Si, the key factors
influencing the initial stage of heteroepitaxy are the energy
arrangement. This is a result of minimization of the total freef)]c the film—substrate interfac.e. and the factors that detgr_mine
‘ it—the structure and composition of the surface of the silicon
energy of the system. T_he presence of the p_referred chara%[J bstrate.
teristics should be manifested in the scattering spectra an These factors not only provide morphological stability of

electron and x-ray diffraction upon interaction with the sur- . .
o . a continuous pseudomorphiwvetting) layer of Ge, on the
face containing the nanostructures and also in the electron

and optical spectra. The size distribution of Ge islands ha urfact_e of fWh'Ch Im dthfei later staar?esstof quw}'ih tr;e self-
received a great deal of attention in the literature, since thi ormrz]i 'on o bar: t'ﬁ an | m ﬁccur teh r;ms I—rras ar:jov
parameter of a system of quantum dots is extremely impor’-nec anism but they also influence the shape, size, and spa-

tant for practical applications. According to the data of Ref.tial d.istribution of nanoclusters of ggrmanium in the first
4, narrower distributions are observed for islands of the2tomic layers, the coalescence of which leads to the forma-
“dome” type with average sizes of 50—100 nm. The nar-ton of th(_':' wetting layer. . ,
rower distribution for “dome” clusters is explained by the ~ DeSPite a very large number of experimental studies and
fact that the growth of the elastic strain in the substrate andet@iled analytical surveys, until _receﬁﬂyhere_ were no in-
in the base of the cluster with increasing cluster size causesdications that it would be possible to obtain a system of
slowing of its growth(unlike the development of clusters by Ordered nanoclusters in the process of formation of the
the mechanism of Ostwald ripeningeor “hut” clusters ob- ~ PSeudomorphic wetting layer. In the case of homoepitaxy,
tained by molecular beam epitakylBE) an analogous regu- When the stresses in the flln_1 are minimal, on a clean enough
larity is observed: the growth rate of “hut” clusters of Ge Surface the formation of 3D islands does not occur for hardly
decreases with increasing sigthis effect is investigated in @ny semiconductors, and the film growth takes place either
detail in Ref. 5. With the advent of quantum nanostructuresthrough the motion of stepgstep—layer growthor by the
(especially structures containing quantum gioke conven- formation and growth of two-dimensional islands or nano-
tional and technologically well-developed but indirect-gapclusters. In the very initial stages of heteroepitaxy, in the
semiconductors Si and Ge have now become prospective ofevelopment of 2D islands, the stresses, as in the case of
tical materials. This can explain the steady growth of interesfomoepitaxy, do not play an important role. A more impor-
in quantum structures based on these substances. The phy&int factor is the state of the substrate surface. For this reason
cal effects observed in such structures in recent years willhe morphological features of the growth of the first mono-
become the basis for creating a new set of basic elements féyers on atomically clean surfaces are similar for homo- and
microwave electronics in the gigahertz and terahertz range§gteroepitaxy. Thus one can conclude that the self-formation
optoelectronic devices, and quantum computational techProcess of nano-islands of extremely small sizes can be ob-
nique. In this connection the search for ways of obtainingserved in the initial stage of growth of the pseudomorphic
nanostructures with ultrasmal( nm) Ge quantum dots in Wetting layer of germanium by a 2D island mechanism. The
Si has taken on a special urgency. shape and distribution of those islands can be controlled by
The manifestation of an ordering effect in arrays of is-varying the structural state of the silicon surface layer.
lands of nanometer sizes in Ge-Si heterosystems enables Experimental confirmation of this conclusion was ob-
one to obtain defect-free quantum dots of relatively smalltained in Refs. 10-12, where the influence of the superstruc-
sizes(10-100 nm with a density of 16°-~10'* cm 2 and  tural rearrangement of the Si(111X7 surface on the for-
have led to a clearer manifestation of atom-like characterismation of Ge nanoclusters having sizes smaller than 5 nm
tics in the electron and optical spectra of these objects. It wagas demonstrate(Fig. 2). It is found that the formation of
in this system that arrays of nanoclusters were first used tgermanium nuclei occurs predominantly within the half of
reveal one-electron effectsFor progress in the application the 7x7 unit cell that is found in the positions of a stacking
of structures with germanium and silicon nanoclusters it isfault. Such clusters have considerably temperature stability.
very important to look for ways of decreasing their size andEven after annealing at 350 °C for 2 hours relatively large
increasing their packing density and degree of ordering ofragments of nanoclusters remain on the silicon surface be-
the surface. tween the germanium islands. To control the character of the
Analyses of the current conceptual state as to the mechardering of a system of nanoclusters it appears possible to
nisms of the initial stage of self-formation and ordering of use impurity superstructures having different sizes and struc-
ensembles of nanoclusters in the heteroepitaxy of Ge on 3ure of the unit cells. Such superstructures on the silicon
have been given in a large number of revidase, e.g., Refs. surface are formed by metal us, in particular. These prereg-
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reflection in the case of growth on a clean surface, the ex-
tinction of this reflection, and the appearance of a 3D reflec-
tion at thicknesses of the germanium film greater than four
monolayers indicates the layer-by-layer growth of a wetting
layer with the subsequent formation of 3D islands. In the
case of the Ge film growth on the oxidized surface the inten-
sity of these reflections changes after the deposition of just
one monolayer, and oscillations of the intensity of the specu-
lar reflection are not observed. This attests to the absence of
such a growth stage as the formation of a wetting layer.

At the time of the deposition of the first monolayer on
the SiQ surface an adsorption layer of germanium forms,
which after the second monolayer transforms into 3D is-
lands. Thus, unlike the Stranski—Krastanov growth mecha-
nism, which is realized on the clean silicon surface, the
FIG. 2. STM image of Ge nanoclusters on the Si(124y7surface. growth of a germanium film on the oxidized silicon surface

occurs by the Volmer—Weber mechanism. From analysis of

the deformations of the germanium lattice we measured the
uisites do not yet have a satisfactory experimental confirmaﬁhange of the 2D unit cell parametay. For this we regis-
tion and are stimulating further detailed research on thgered the change in the distance between reflections of the
mechanisms of ordering of ensembles of semiconductogifraction pattern, which corresponds to the paramater
nanoclusters by modification of the surface superstructuresgrowth is accompanied by a substantial change in the sur-

The minimum sizes of the germanium islands self-face cell of the Ge lattice relative to that parameter for Si,
forming during growth on a clean surface of silicon after\yhich remains constant. This change reaches 7%, as is ob-
formation of the wetting layer is 15 nm. To decrease this siz&gryed in the case of growth on the cleanl80) surfacet®
and increase the density one can grow the germanium on gRjtially growth of elastically stressed islands occurs, and
atomically clean oxidized surface prepared directly in theihen the value ofy, decreases to the value for bulk germa-
MBE unit. The possibility of creating an oxide layer on the pjym, attesting to the complete plastic relaxation of the is-
silicon surface under conditions of ultrahigh vacuum haSgnds. The character of the change in the paramatds
been known for quite some time. It was first demonstrated i’hlthough to that which is observed in the process of het-
Ref. 13 that, depending on the oxygen pressure and the temroepitaxy of germanium on the clean(X0) surface, but
perature, one could select the regimes of etching and growtfhe existence region of the stressed Ge islands is significantly
of oxide films. The growth of germanium islands on the pre-smgjler, and the 3D islands that appear after the deposition of
liminarily oxidized silicon surface permits a substantial de'only one monolayer of germanium already have the maxi-
crease in the size and an increase in the density of the isyum value of the 2D surface cell parameter. Depending on
lands. In Refs. 14 and 15 it was shown that in the case ofye thickness of the deposited germanium the islands have
island growth on the oxidized @il1) surface the lateral size gifferent sizes and densities. At a film thickness of up to five
of the islands does not exceed 10 nm, and the density ig,onolayers the islands have a base size of less than 10 nm
greater than 1 cm™ 2. The authors of Ref. 14 assumed that gnq a density of more than10'2 cm 2. Figure 3 shows a
local etching of the silicon oxide by the germaniuthe scanning tunneling microscog&TM) image of an array of
disproportionation reactigroccurs, accompanied by desorp- Ge islands on an oxidized silicon surface, obtained after
tion of germanium monoxide. At those places germaniumyenosition of three monolayers of germanium at a substrate
nano-islands, coherently matched with the silicon, are ”UC|eremperature of 650 °C. Increasing the effective thickness of
ated. However, there are practically no data on the deformape deposited germanium leads to the formation of islands
tion of the islands and its relaxation in the germanium—yith sizes an order of magnitude larger and with a much
silicon oxide heterosystem. lower density in addition to the small islands. Such a bimo-

In our study the oxidation was done in the MBE unit g5 gistribution of islands in respect to their sizes and densi-
with oxygen admitted to 10* Pa and a substrate temperatureties is observed on the oxidized(800) surface at germa-

of 400-500 °C-° Then the oxygen was pumped out and thenjym film thicknesses greater than 1 nm, as is also confirmed
germanium was deposited. The growth of the Ge film wag,y electron microscope studies.

monitored from the high-energy electron diffraction pattern
by registering both the qualitative changes in the structure
and morphology of the growing surface of the film and quan-, ELECTRICAL PROPERTIES
titative information about the elastic deformation of the sur-
face unit cell. For analysis of the initial stage of germanium
film growth on the oxidized silicon surface we registered the  The structure to be investigated is in the form of two
change in intensity of specular and 3D diffraction reflectionsparallel electrodes (a heavily boron-doped layer of
These quantities are very sensitive to the change in the su6e, 5Siy;), between which across a tunnel barri@n Si
face roughness, and the appearance of a 3D reflection indspacey a layer of Ge nanocrystals is inserféd’he length of
cates the presence of 3D objects on the surface. the base of a quantum dot is 15 nm, and the height is 1.5 nm.
The presence of oscillations of the intensity of specularThe density of islands in the array is<30' cm™2. When

2.1. Electron tunneling spectroscopy
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FIG. 4. Capacitance—voltage characteristics of structures with different
thicknesses of the Ge layer.

2.2. Capacitive tunneling spectroscopy

Capacitive spectroscopy of quantum dots is based on the
; fact that the charge in zero-dimensional systems can vary
| ST S ST S T T only in a discrete manner by an amoui@=eN, wheree is
20 40 60 80 nm the charge of the electron aidis the number of dots in the
FIG. 3. STM image of Ge island on SJOT.=650°C, dg,=3 ML, N samplet® The sfcructures consisted of the following sequence
=2% 102 cm 2. of layers, starting from the substrate; 4 p*-Si substrate
with the (100 orientation, which served as the lower electri-
cal contact; 2 a layer of Sj¢Ge,, with a thickness ofL
=10 nm, providing a sharp heterointerface for the next Si
the Fermi level in the emitter coincides with an allowed leveltunneling barrier; 3 a tunnel-thin Si barrier withp=7
of the carrier in the quantum dot, a resonant increase in th& 10'® cm™ 2 andL =7 nm; 4 a layer of Ge nanocrystals) 5
tunneling current should be observed. This method of spea silicon blocking layerp=7x10* cm 3, L=50 nm; 6 an
troscopy was first applied to arrays of self-organizing quanAl electrode, forming at a Schottky barrier at the boundary
tum dots in Ref. 3. The voltage dependence of the differenwith the silicon, for controlling the occupation of the islands;
tial conductance exhibits clear oscillations of the tunnelingthe area of the aluminum pad was8x 10 2 cn?, accord-
conductance of the structures, which attest to the existence ofg to the size of which a cylindrical mesostructure was
a well-resolved discrete spectrum in the Ge islands. The ostched to a depth of the order ofn. In the investigated
cillations near zero bias are accompanied by the appearans&uctures with a Schottky barrier the thickness of the grown
of a region of negative differential conductance, which is aGe layer, which was measured in monolay@é. ) was var-
characteristic feature of resonance tunneling. In the case ofiad, which in the case of island formation corresponds to an
symmetric configuration of barriers the conductance oscillaeffective layer thicknesdgs (Ref. 20.
tions are almost symmetric about zero and have a character- The external voltag¥ on the control electrode, shifting
istic period of ~150 mV, which permits estimation of the the potential in the islands relative to the Fermi level in the
distance between size quantization levels in the islands antact, which was separated from the island layer by a
~150/2=75 mV. In an asymmetric structure in the region of tunnel-thin barrier, stimulated either the trapping of carriers
negative bias a splitting of the conductance peaks into a sérom the contact to levels of the quantum dot or the emptying
ries of oscillations with a smaller period occurs. With such aof these levels, depending on the polarity\gf. When the
polarity of the voltage, in view of the strong difference of the Fermi level in the contact coincides with the energy of a
transmission coefficients of the left and right barriers, accubound state in the quantum dot, the differential capacitance
mulation of holes occurs in the islands, and processes d€(Vy)=dQ/dV, should have a peak indicating the presence
Coulomb correlation of carriers due to their interaction be-of the discrete energy level. The total capacitance of the
come substantial. The correlation interaction lifts the degenstructure is the sum of two contributions: the first is due to
eracy of the one-particle levels of the size quantization, sincéhe presence of a space-charge region in the material sur-
a hole must overcome the energy of electrostatic repulsion abunding the islandén this case the silicopand the second
the carriers already found in the quantum dot. A similar ef-contributionCqp, is due to the charging of the quantum dots.
fect observed previously in tunnel junction across metallicSince the value ofCqp is proportional to the density of
granules in the form of stepped I-V characteristics wasstates in the quantum dotCop=e(du/dVy)(dN/du),
given the name “Coulomb ladder*® From the distance be- whereu is the chemical potential, one can recover the value
tween peak of the conductance one can estimate the correlaf dN/du from the |-C characteristic. The I-C characteris-
tion energy of the holes in the islandsz~36 meV in the tics of structures without a Ge layer had the usual form for a
ground state ané=18 meV in the first excited state. p-type Si depletion laye(Fig. 4). In the casal.4=2 ML a
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plateau appears on the characteristics, typical for a 2D carrier 1.6
gas. In the region of effective thicknesses of the Ge layer
8 ML=d <13 ML the C-V curves exhibited peaks, the
distance between them, their width, and their position on the
voltage(energy scale all depending od.: with increasing
det the peaks become narrower and the energy gap between
them decreases. The energy distance between levels corre-
sponding to two capacitance peaks is found from the relation
AE=AVgy,/L (Ref. 21, whereAVy is the distance between
peaks on theC—V characteristicp is the distance between
the quantum well and the lower electrode, dnds the dis-
tance between the upper and lower electrodes. Calculations \ ;
give AE=87 meV (for 8 ML), 36 meV (10 ML), and 32 25 -20 -15 -10 -5 0 5
meV (13 ML).%° The valueAE=36 meV for a sample with Gate voltage, V
10 ML Ge agrees with the value found for the charging en-
ergy EC of the quantum dot in the ground state in the experi_FlG. 5. Relative change of the conductance of the channel of a field-effect
ments on the resonance tunneling. Therefore the nature of i nsistor containing foquantum dots, as a function of the gate voltage at
splitting of the peak has been explained by an electrostatic erent temperatures.
Coulomb interaction.

We attribute the appearance of capacitance oscillations ) o N
to the formation of an array of Ge nanocrystals of rathe®® maximum, and the activation energy of the transitions
uniform size, in which the density of hole states i8 func- should be determined by the electrostatic interaction energy
tion of energy. For a large amount of deposited (@@ ML) of a given hole with all the charges in the nanostructures.
a relaxation of the elastic stresses occurs, and large island¥hen the level is completely filled a carrier in the process of
with dislocations form. This is manifested in the vanishing oftunneling must make a transition to excited states of the next
the capacitance peaks on tBe'V characteristics. With the Shell. In that case the activation energy increases by an
appearance of threading dislocations and the punchthroughmount equal to the size quantization energy, and the con-
of the space-charge region, apparently due to the strong i@uctange d_ecreases. Upon.further filling qf the excited state
crease in capacitance, accompanied by a sharp increase in ff¢ activation energy required for a carrier to locate at a
active part of the conductance at thicknesses greater than given level in the other dots decreases, and again the
ML. The area under each peak on tBeV characteristic, electron—electron interaction begins to govern; this leads to
divided by the charge of an electron, is to good accuracg@rowth of the hopping conductance, and so on. _
equal to the surface density of Ge islandsn¢g~6 Thus the value of the hopping conductange at a fixed
X 101 cm2). This means that, first, all of the Ge islands aretemperature and also the average of the activation energy for
involved in the charge-exchange process in the system anggnduction should oscillate as the gate voltage is varied,
Second, the energy degeneracy is lifted by the Coulomb inthereby reﬂeCting the structure of the spectrum of states.
teraction. Experimental confirmation of the Coulomb natureSuch oscillations are characteristic only of zero-dimensional
of the splitting was obtained in measurements of @i/ Systems, in which the electronic spectrum is of a discrete
characteristics with two layers of Ge islands of the samdatom-like character. In the low-temperature regioi (

size?? In that case the splitting between peaks due to the<9 K) the curves of the channel conductance versus gate
Coulomb interaction increased. voltage exhibited oscillations corresponding to the filling of

the ground and excited states in the quantum \&lj. 5).
The values obtained for the degeneracy of the stéeer
the ground state and 4 for the excited statgree with the
Oscillations of the hopping conductance under condi+tesults obtained by the methods of tunneling and capacitive
tions of the field effect have been observed in MIS transistorspectroscopy. The main energy characteristics found in the
with an effective Ge thickness of more than 6 ML and con-analysis of the oscillation perio@the correlation energy in
taining up to 16 Ge island$® The substrate was a high- the ground stateE.=28 meV, in the excited stat€.
resistancen-type Si wafer. The change in conductance of~11 meV, the size quantization energy86 meV—all
MIS transistors in which the conducting channel includes ahese values are given foi,z=10 ML) also agree with the
layer of Ge nanocrystals turns out to be rather informativaesults obtained by other methods. In an MIS transistor with
for studying effects of electron correlations and sizea layer of quantum dots formed on a silicon-on-insulator
quantizatiorf> The successive filling of the islands by carri- (SIMOX) structure one can minimize the leakage currents
ers is brought about by applying a potential to the gate of théhrough the lower Si layer, as a result of which the conduc-
transistor. At the densities of Ge islands used the tunnelingance oscillations are observed all the way up to temperatures
transitions between states localized in different islands be--150 K. The temperature dependence of the conductance
comes substantial. The probability of “hops” of a hole be- turns out to be activational, which indicates that the oscilla-
tween quantum dots is determined by:thie overlap of the tions occurring are distinct from resonance tunneling and
wave functions of the occupied and unoccupied states, pnd argues in favor of a hopping mechanism of charge transport
the degree of filling of a given hole shell. If the correspond-along the quantum dots. In the general case the temperature
ing level is exactly half filled, then the conductance shoulddependence of the hopping conductance is described by the

2.3. Field effect
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expressionG(T) = Gyexf —(T,/T)*]. Approximation of the T,K

experimental data by this formula for all the peaks observed 103, 90 8,5 8,0 :
gave a valuex=~1/2, which indicates that the activation en- F
ergy for the hopping conduction in an array of quantum dots [
is determined by the Coulomb interaction between thém. 1074}
this caseT,=6.2e%/¢/ (Ref. 25, wheree is the dielectric i
constant and” is the radius of localization of the carriers in 5[
the quantum dots. From the experimental values of the pa- 10 °F
rameterT, we found the characteristic size of the wave func- [
tions of the holes in the quantum dot§=~15—20 nm. The sl
value of the activation energy/=0.5k(T,T)¥?>~11 meV in 10
the region of relatively high temperatures {00 K), when

the “hops” of the holes occur via nearest neighbors, is a 10—7' y ! | E, meV
measure of the contribution of the interaction between dots 11.0 115 120 125 13.0 135
to the total correlation energic (21 me\). The remaining T-1103/K

part (=10 meV) is due to the interaction of holes inside the

guantum dots. FIG. 6. Temperature dependence of the emission tims of holes from an
excited state in the quantum dots. The inset shows the dependence of the
trapping cross section to levels in the quantum dots as a function of the

2.4. Conductance spectroscopy energy level depths.

1,5

180 220 260 300

Measurements of the complex conductance of silicon
Schottky barriers with a buried layer of Ge quantum dots, 4 7,=0.39+0.01, andr,=0.29*+0.01. From the tem-

yielded additional information about the structure of the en- erature dependence of the emission time one can determine
ergy spectrum of the quantum dots and the parameters of tl'fﬁe activation energythe energy level depth, meVE,
hole state$® The response from the quantum dots in the _ 551+ 7 E,=228+7, E;=267+12, E,=288+10, and

given case is represented as the response from a 1088y, the trapping cross sectiéfig. 6). The distance between
c_apacno? anql IS chara}cterlzed by a time cons’_[aﬁt levels 28:16 meV (the charging energy of the quantum
=RqpCqp. With increasing reverse bias the depletion re-yoi4 orrelates well with the data obtained by other meth-

gion penetrates into the interior of the Si, leading to the,ys The values obtained for the trapping cross section of

emptying of the hole levels in the quantum dot. Suppose thal, jers to the quantum dots increase with increasing level

th(? b.'as Is such that an energy Ieve+| n the quantum doEiepth and are many orders of magnitude greater than the
coincides the Fermi level in the lower™-Si contact. Then

i known values for deep levels in Si. A possible explanation
the ac component of the voltage applied to the samiplg)( for this is that the carrier trapping process initially occurs to

should stimulate the emission of holes into the valence ban hallow levels in the thin continuous Ge layeretting layej

and the trapping of them back to bound states in the islandgy, \yhich the Ge islands are found and which has dimensions
giving rise to an ac conductance. If the frequency of the aqomnaraple to the size of the structure. Later their successive

voltage (w=2T) is high enough 7>1), then the occu- oqaction to deep levels of the quantum dot occurs, accom-
pation of the levels will not be able to follow the variation of panied by the emission of phonons.

the voltage, and the quantum dot will not contribute to the
measured capacitanc€{;) and conductanceG¢) of the
structure. In the opposite case {<1) the effective capaci-
tance contains a contribution from the holes accumulated in Interest in the study of the optical properties of quantum
the island layer and is independent of the frequency. Sincelots is motivated by their pronounced practical directionality
this contribution is purely of an electrostatic character, theand by a number of advantages such objects have in com-
low-frequency ac conductance is small. It is clear that theparison with two-dimensional quantum wells. Quantum dots
conductance should have a maximum when the effective ratikave the following features: first, the spectral band of the
of emission7; * from a given leveli coincides with the photoresponse can be controlled by a preliminary filling of
frequency of the ac voltage ¢ r;=1). This makes it pos- discrete states with the required transition energies; second,
sible to determine the emission time, activation energy, anthe present of lateral quantization in zero-dimensional sys-
trapping cross section to the corresponding levels in thgems lifts the forbiddenness of of optical transitions polarized
quantum welf® The curve of the active part of the conduc- in the plane of the photodetector, and that means that it be-
tance normalized to the frequency of the ac signal versus theomes possible to effect absorption of light at normal inci-
bias voltage has two peaks, at 0.1 and 0.6 V. The amplitudéence of the photons; third, in quantum dots one expects a
of these peaks is independent of the frequency in the rangstrong increase in the lifetime of photoexcited carriers owing
10-100 kHz, and the peaks are apparently due to chargee the so-called phonon bottleneck effétt.

exchange with the wetting layer. In the sample containin )

guantum dots, four additional peaks are observed, the pre 1. IR absorption
ence of which has been attributed to charge exchange of the The absorption of photons in the IR region of the spec-
fourfold degenerate first excited state in the Getrum in multilayer Ge/Si heterostructures with self-
nanocrystal$® The emission time at a temperature of 90 K organizing quantum dots was investigated in Refs. 29 and
was found to have the valugss]: 7;,=5.1+0.1, 7,=3.0  30. The dimensions of the islands in the two cases were

3. OPTICAL PROPERTIES



Low Temp. Phys. 30 (11), November 2004 Dvurechensky et al. 883

Wavelength, um damental absorption edge in silicor-{.12 eV), at wave-

4;0 3;5 3-10 2;5 2;0 1;5 lengths of 1.7 and 2.9um. The intensity of both maxima
dependences strongly on the value of the reverse bias, and
15 300K . these dependences are correlated with each other. When the

bias is increased to 1.4 V the response in the mid-IR vanishes

(at 2.9 um, line T;) and a signal appears in the near{d

1.7 um, line T,). The value of the energy at the, maxi-

mum (430 meVj corresponds to the energy depth of the

ground state of the hole in the quantum gfbTherefore pro-

cessT; was identified as a transition of a hole from the

ground state localized in the Ge quantum dot to an extended

state of the valence band. When the reverse bias is increased,

the hole levels in the quantum dots are filled with electrons.

At voltages around 1.4 V a complete discharging of holes

0 A e pm—m—pee =X 0.1V from the quantum dot occurs, and the transifignbecomes

300 400 500 600 700 800 900 “forbidden.” Starting at that value it becomes possible for
Photon energy, meV interband transitions of electrons from the valence band to

FIG. 7. Photocurrent spectrum of a silicpai-n diode with Ge quantum the conductu_)n band to occyprocessTy). Since the system

dots at different reverse biases. The dashed curve demonstrates the abseH&éjer study is a type-II heterostructure—the holes are local-

of photocurrent in a structure with a continuous layer of Ge. ized in the Ge regions, while for electrons the Ge region is a

potential barrief’ such an optical transition is indirect in
coordinate space and is accompanied by the ejection of an

~40-50 nm at the base and 2—4 nm in height. The densitglectron from Ge to Si. The transition energy should be de-

of islands was~10® cm 2. The authors of Ref. 29 used termined by the difference between the band gap L2

boron-underdoped Ge islands in order to fill the ground stateV) and the energy of the hole state in the Ge quantum dot

of the quantum dots with holes. In the absorption spectra ii0.43 eV}, i.e., equal to 700 meV, in agreement with the

the wavelength region 5—pgm a broad (~100 meV) line  experimental position of the lin€, (=730 meV).

was observed, with an amplitude that decreased strongly

when the light was polarized perpendicular to the plane of

the layers; this was explained by transitions between the two

lowest levels of the transverse quantization of the heavy

holes in the quantum dot. In Ref. 30 for activation of optical CONCLUSION

transitions within an undoped quantum dot an additional . o

light pump was used. The photoinduced absorption polarized ©ur studies of the fabrication of arrays of Ge nano-

parallel to the plane of the layers had an asymmetric maxil_slands in Si and measurement of their electrical and optical

mum in the 4.2um region and was attributed to a transition characteristics permit the conclusion that arrays of artificial
of the holes from the ground state of the quantum dot to@0ms” are formed, having a discrete energy spectrum
extended states of the valence band. The value of the absorghich is manifested all the way to room temperature. The

tion cross section determined in Ref. 30 was unusually highn@in factors that determine the spectrum of states are the
(2x 1071 cm?), which is at least an orders of magnitude S1Z€ guantization and Coulomb interaction of the carriers. A

greater than the known photoionization cross sections fof€W factor that arises in an array of quantum dots as opposed

local centers in S{Ref. 31 and three orders of magnitude to a single quantum dot is the presence of Coulomb correla-
greater than the analogous value for InAs/GaAs quanthtjons between islands. We have determined the rates of emis-

dots2 These data attest to the promise of the Ge/Si systeriion and the trapping cross section of holes as functions of
for IR detectors. the energy level depths. The values of the cross sections
exceed the known values in Si by several orders of magni-
tude. The electron transport along the layers of quantum dots
is effected by hopping conductance, the value of which os-
The detection of a photocurrent generated by photonsillates with changes in the degree of filling of the islands
with energies less than the band gap of silicon in Ge/Si hetwith holes, which may provide a basis for the creation of
erostructures with self-organizing quantum dots was first reelectronic data transmission circuits based on quantum dots.
ported in Refs. 33 and 34. The possibility of implementing aThe possibility of creating a Ge quantum-dot photodetector
guantum-dot photodetector tunable over the near- antlnable over the near- and mid-IR ranges is shown.
mid-IR ranges was demonstrated in Ref. 35. The photodetec- These studies were supported by the Russian Foundation
tor was a siliconp-i-n diode with a 2D array of Ge nano- for Basic ResearcliGrants 99-02-17019, 03-02-16506, 03-
clusters inserted in its base. The quantum dots had an aved2-16468, by the Ministry of Industry and Science, Grant
age lateral size of 15 nm and a height of 1.5 nm. The spectrdlSh-533-2003-2, Project Minpromnauk No. 37.029.11.0041,
of the photocurrent at different reverse biases are shown ithe Interbranch Science and Engineering Program for Phys-
Fig. 7. In a sample with a continuous Ge fil(6 ML) no ics of Solid State Nanostructue(&rant 98-1100 and the
photoresponse is seen. In the structure with the quantunmtercollegiate Science Program “Universities of Russia —
dots, two maxima are observed at energies less than the fuBasic Research(Grant 4103.
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3.2. Photoconductance
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The results of a study of the temperature dependences of the resistivity and its anisotropy
coefficient in the normal phase of single-crystal,NdCe CuQ,, 5 films with different degrees
of cerium dopingx and oxygen contenf are presented. Two types of films of identical
composition are considered, grown with the orientation ofdlexis of the crystal perpendicular
to and parallel to the plane of the substrate. The parameters found from an analysis of the
conductivity and Hall coefficient are presented for the 18 samples studie200@ American
Institute of Physics.[DOI: 10.1063/1.1820018

1. INTRODUCTION reliably established in the Y, La, Bi systerisand the Nd
systemt?
The anisotropy of the resistivity in the normal state of In Ref. 13 the optical conductivity and the resistivity
high-T, superconductingHTSC) cuprates has been a subject along thec axis were calculated in the-J model on the
of research interest since the advent of highsuperconduc- assumption that the interlayer hops are incoherent. The au-
tivity and remains a topical problem to this day. While therethors found that at low doping the semiconductor behavior of
is agreement thatp,,(T) exhibits metallic behavior pc(T) is due to the opening of a pseudogap in the density of
(dpap/dT>0),*the temperature dependencepg(T) can  states, while in the optimal doping regime one hgéT)
be of a metallic,”’ nonmetallic @p./dT<0),%8 or mixed  ~pan(T), i.e., the mechanism of carrier relaxation is com-
charactef:” Elucidation of the physical causes of the differ- mon for transport along the layers and in the transverse di-
ent behavior of,,(T) andp.(T) is an extremely important rection.
problem for the construction of a theory of high-temperature  In Ref. 14 a bipolar theory of the transport phenomena in
superconductivity. Several models for the conduction alongOPPer oxides was proposed, whergig, and p. are de-
the ¢ axis have been proposed, but the agreement amo@:ribed as functions of temperature and doping. At very low
them is not yet satisfactory. temperatures the author.s predict a freezing out_ of the bipo-
For example, in the band modit any level of doping, Igr_ons and temperature_ mdepender_]ce_of the an|sc_>tropy coef-
HTSC cuprates are anisotropic three-dimensional metals, tH¥'€NtK=pc/pap, and in a magnetic field—negative mag-
conductivity of which should be metallic both in theb ~ netoresistivity pe(B). These features have both been
plane and along the axis. The anomalougnonmetallig observed in LaSrCuO single crystals in magnetic fields up to

. : 61 T
behavior ofp.(T) observed in HTSC crystals attests to the .
unusual (non-band nature of the transport between GuO The authors of Ref. 16 proposed a model for the resis

layers. The combination of metallic character of the conduc:[ivity along thec axis in cuprates which includes interplanar
ayers. . . disorder. It was shown that this disorder stabilizes the metal-
tion along the Cu@ planesp,,(T) with the nonmetallic be-

. . . . lic state at low temperatures and in the dynamic limit leads to
havior of p.(T) in the ¢ direction (p.,~T~ ¢, where 6K« P y

, ) a temperature dependence of the derivatipg/d T which is
<2) was observed in Ref. 8 on crystals of the Y, La, Bi, and, o ative at low hole densities and positive at high. They also

Pr systems. o predicted correlations linking the nonlinear resistivity in the
Be5|des'band theory, the Anderson thel8ripy which the plane with the value of the negatiek,/dT.
current carriers along the axis are electrons formed as a It was shown in Ref. 17 that the anisotropy of the resis-

result of recombination of holons and spinons in the €uO tjyity in an anisotropic medium is the ratio of the phase
planes and which tunnel between planes, has been invoked #bherence lengths. In layered crystals, where the interlayer
Ref. 8. If a gap is opened in the spectrum of spin excitationsgransport is incoherent, the phase coherence length iic the
then the probability of spinon—holon recombination and alsaiirection is fixed and independent of temperature. This leads
the scattering of current carriers on spin fluctuations will beto temperature-dependent anisotropy of the resistivity and to
suppressed, and that will lead to a decrease in the conductithe existence of metallic conduction in the plane and nonme-
ity along thec axis and an increase in the conductivity in the tallic conduction in thec direction. This approach presup-
ab plane. The presence of a spin gg@seudogaphas been poses a description of the conduction alongdhexis in the

1063-777X/2004/30(11)/6/$26.00 885 © 2004 American Institute of Physics
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highly nonclassical regime that is characteristic for layeredket of practically isolated CuQconducting planes separated
cuprates. by a distance ©6 A and is highly anisotropicp./pap
The models mentioned above were developed before the 10°~ 10* (Refs. 8, 24, and 25
publication of Ref. 18, in which it was established from stud- The combination of such unique properties in this rela-
ies of the angular oscillations of the magnetoresistance in #ively simple compound affords the possibility of carrying
Tl,Ba,CuQ;.4 crystal that the electron gas is three- out detailed studies on it and making comparisons with the
dimensional. The Fermi surface has eight parts that corremore complex cuprates, such as YBaCuO and BiSrCaCuO.
spond to the absence of dispersion alongdhaxis. Such a The goal of the present study was to investigate the an-
topography of the Fermi surface can explain the large anisoisotropy of the resistivity in the normal phase and also the
ropy of the properties of the normal and superconductingemperature dependence of the resistivity of single-crystal
states in the framework of a standard three-dimensional pidNd,_,CeCuQ,. 5 films with different degrees of cerium
ture. In other words, the characteristics of the normal state oflopingx and different oxygen concentratio@s In contrast
HTSC cuprates is determined by the usual three-dimension&b our study of the anisotropy coefficient of the resistivity in
Fermi particles. nonsuperconducting bulk NdCeCuO crystais, the present
Models for the conduction along the axis in HTSC  study we investigate two types of single-crystal films of the
cuprates have been proposed by Kopéavthe XXXI Con-  same compositiox but with different orientations of the ¢
ference on Low Temperature Physié$ who treated the axis of the crystal with respect to the plane of the substrate:
crystals as natural superlattices, and by the present 1.withthec axis perpendicular to the plane of the sub-
authoré®?!  for  explaining the conduction in strate.
Ndz_XCQ(CUO4+5 Sing|e Crystajs, where the Crysta| was rep- 2. with thec axis parallel to the plane of the substrate
resented as a system of multiple quantum wells (Cla@ers ~ and directed along the sample.
~1.5 A) separated by selectively doped barrigdslO lay-

ers~4.5 A).
The results of a study of the influence of the dopéhan 2. SAMPLES
the temperature dependence pf,(T) and p (T) in Single-crystal films of Ngl_,CeCuQ,, s were synthe-

Bi,Sr,CaCuyOg s single crystals were reported in Ref. 22. A sized at the Moscow Engineering Physics Institute by the
model for the conduction along theaxis was proposed in pulsed laser evaporation on SrEi®ubstrates. Six series of
which the CuQ planes are separated by barriers of differentsamples~1200—2000 A thick were synthesized: three se-
height and width. This model successfully describes the temries (x=0.12, 0.15, 0.1)with the ¢ axis of the crystal ori-
perature dependenge(T) with the use of a small number of ented perpendicular to the plane of the subst(@@), and
parameters and is able to explain the majority of the featurethree series of the same compositions with thexis ori-
observed in it, e.g., crossover from semiconductor behaviognted parallel to the plane of the substrate @L1In each

at low doping to almost metallic behavior at a high degree okeries there were three samples with different oxygen content
doping on account of an effective decrease of the barriep. Altogether there were 18 samples studied.

height. To obtain samples with differend, films of the same
It is clear from the review given that the question of the composition were prepared under three different conditions.
mechanisms of conduction in HTSC cuprates is still topical.  “As-grown”"—the original ceramic target was evapo-

In the present paper we report the results of a study of theated by a focused laser beam and the evaporated target ma-
temperature dependence of the resistivitiggT) andp.(T) terial was deposited on a heated single-crystal subdiitate
and also of the Hall effect in single-crystal films of substrate material was SrTjQvith the (100 or (110 orien-
Nd,_,CeCuQy; 5. tation, with dimensions of 810X 1.5 mm; the substrate

In  the family of cuprate semiconductors, temperature was 800 °C; the pressure during deposition was
Nd,_,CeCuQ,,s has many unique characteristics that0.8 torr, the residual gas was air; the target was a sintered
make it a convenient object of study. It is a superconductoceramic tablet of Ngl,CeCuQ,, 5 of the given composi-
with n-type conductivity, it has only one Cy@lane per unit  tion).
cell, it does not have chairiike YBaCuO nor apical oxy- Annealing in oxygen—the as-grown film was addition-
gen atoms between adjacent Gu@anes, and for that reason ally annealed atT=500°C for 60 min at a pressure
has pronounced two-dimensior(@D) properties Many of ~ p= 760 torr.
the physical properties exhibit ordinary metallic behavior, ~ Annealing in vacuum (optimal annealing—the as-
unlike the anomalous properties of cuprates wittype con-  grown film was annealed for 60 min &t=780°C and
ductivity (YBaCuO, BiSrCaCuQ@ For example, in stoichio- p=10"2 torr.
metric N&,_,Ce CuQ,, s the temperature dependencepgf, According to x-ray structural data the type-l films,
is quadratic,p,,~ T2, indicating that the system is an ordi- grown on SrTiQ substrates with th¢100) orientation, are
nary Fermi-liquid metaf® The properties of the epitaxial, with the orientation of théD01) plane of the sur-
Nd,_,CeCuQ,, 5 System are extremely sensitive to the oxy-face and a degree of misorientation of the domains of less
gen concentration in it. For samples to manifest a supercorthan 1°, which attests to a high degree of structural perfec-
ducting phaseX=0.14-0.22) they must be annealed in antion.
oxygen-free medium to remove the nonstoichiometric oxy-  The type-Il films, grown on SrTi@substrates with the
gen &8, which is situated between Cu(lanes. At optimal (110 orientation, had the orientation of the surface plane
annealing §=0) the Ng_,CeCuQ, crystal consists of a (110). In some films the plane of the substrate and the plane
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0.5 6 perature is lowered i.e., in this temperature interval the
sample is a 2D metal, the resistance of which is determined
0.4r 1a by quantum interference corrections to the Drude conductiv-
c N ity. The behavior of this sample clearly demonstrates the
S03F ‘. 1 e . s c coexistence of weak localization of current carriers and su-
< tees 4a et 122 perconductivity, since the sample undergoes a complete su-
Q_fw’o.2—.-. 2 . . CL perconducting transition &t.= 3 K.
N L a® The resistivity of sample No. 1 at low temperatures
0.1} 3 40 (3 K=T=45 K) depends on temperature in an activational
S L L R manner,p,p(T) ~exp(T/Ty)Y2 which may be due to a hop-
0 5'0 160 1'50 260 2'50 360 ping mecham;m of conduct|or_1. For this sample the param-
T,K eterkg1=0.7, i.e., the sample is found on the insulator side
of the metal—insulator transition.
FIG. 1. Temperature dependence of the resistipifyof Nd,_,Ce,Cu0,. s For the Compositionx: 0.12 andx=0.17 we observed

samples x=0.15) annealed under different conditions: in oxygen(right-

hand scale as-grown(2), and in vacuun(3). similar behavior of the resistivity with temperature for the

samples annealed in the three different regimes, although the
sample withx=0.12 does not have a superconducting tran-

sition.
of the CuQ layer were misoriented by an angle of up to ~ The temperature dependence of the resistipity of the
0.2-0.6°. optimally annealed samples wii+=0.12, 0.15, and 0.17 in

A sample shape in the form of a “double cross” with a the interval 50-300 K is described well by the polynomial
central strip 1 mm wide and a distance between potentighap(T)=po+ AT+ BT?, where A=(0.7-2.1x10 % mQ
contacts of 3 mm was obtained by photolithography. After-cm/K and B=(1-2.2)<10"® mQ-cm/K?. The observed
etching, silver contact pads were deposited on the samplagiadratic temperature dependence of the resistivity can be
by laser evaporation in vacuum. Thus bpfiT) andp,,(T)  attributed to the electron—electror<e) interaction, which
have been measured by the four-probe method for the firdhcreases strongly because of the 2D nature of superconduct-

time in the present study. ing cuprates. The results correspond to the Fermi-liquid de-
scription of the normal state of electron-doped copper

3. EXPERIMENTAL RESULTS. DISCUSSION o>_<|de_s, where the term linear i co_rresponds to the con-
tribution of electron—phonon scatterifg.

Films with the c¢ axis perpendicular to the plane of the The Hall coefficient of all the samples witk=0.12

substrate x=0.15, andx=0.17 was measured &=77 K and the

Figure 1 shows the,,(T) curves obtained for samples main parameters of the samples were determined; they are
of Nd, g£Ce, 1£CUQ, ., 5 With different oxygen concentrations listed in Table I(the values of the resistivity are given at the
(annealed under different conditiondt is seen that with temperatures corresponding to the minimum of the resistivity
decreasing oxygen concentration from sample No. 1, anpm, for each sample The experimental values gf;, and
nealed in oxygen, to sample No. 3, annealed in vacuum, ththe Hall coefficientRy are used to find the conductivity per
resistivity p,, at temperature3 <100 K decreases by ap- CuQ, layer os=(pap/Co) > and the volume density
proximately 100 times. AT=300 K this ratio equals 25. n=(eR;) ! and surface densityni=nc,) of current carri-
Prior to the superconducting transition, the optimally an-ers (o,=6A). Using the expressiorkgl=(hcy)/pape?,
nealed sampléNo. 3 has a resistivityp,,=30 uQ-cm,  whereks=(27ng)*? (Ref. 26, we found the mean free path
T.=23 K, AT<1K, aratiopzo«/p7,=5, Which attests to of the electrons in the samples with different oxygen concen-
the high degree of structural perfection. This is one of thelrations.
best characteristics yet reported in the literature. It was found that the sign of the Hall coefficient is nega-

The p,p(T) curve for this sample aT=50 K is of a tive in all the samples. It can be seen from Table | that the
metallic characterdp/dT>0. The condition that must be Hall coefficients of samples Nos. 2 and»8<0.12) differ by
satisfied for good metallic conduction in a disordered 2Da factor of two and the resistivities by a factor of 5. This
system iskgl>1 (kg is the wave vector at the Fermi levél, means that the change in the oxygen concentration in these
is the mean free path between scatterefbe parametekg| samples due to the different annealing regimes leads mainly
is a measure of the disorder of the system and can be fourfd@ a change in the impurity scattering while having little
from the experimental value gf,,: kel =(hcy)/pape? (Ref.  effect on the current carrier density. At the same time, for
26), wherec, is the distance between layers,&6 A for ~ sample No. 1, which was annealed in oxygen, the Hall coef-
Nd,_,CeCuQ,), and e is the charge of an electron. For ficient differs sharply from those for the other samples of this
sample No. 3 the parametkgl =56 (T=50 K), which cor-  series, exceeding them by more than a factor of 10. This may
responds to a good metal. be due to the fact that the random impurity potential created

The as-grown sampléNo. 2), with kgl ~10 in the inter- by the excess oxygen in sample No. 1 is so large that it
val 140=T=<300 K, has a metallic trend of the conductivity localizes the current carriers.
with temperature. FOF <100 K its resistivity depends loga- In the optimally annealed samp(®lo. 3) with x=0.17
rithmically on temperaturep,,(T)~InT, which can be ex- the Hall coefficient, while remaining negative, is an order of
plained by a weak localization of current carriers as the temmagnitude smaller in absolute value than that for the opti-
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TABLE |. Main parameters of the samples studied.

Composition, Salr\l;ple P, 10° | o-10% k.l R,,-10% | n107%, n 107 | k107 LA H,
* o Q-cm o em K cm 3 em 2 cm™! cm?/(V-5)
1 1.4 0.4 1.1 -18 3.5 2.1 3.6 3.1 1.5
0.12 2 0.2 3.0 7.8 -17 3.7 2.2 3.7 21 8.5
3 0.12 6.0 15.6 -18 3.4 2.1 3.6 43 18.2
1 2.3 0.26 0.7 -63 1 0.6 1.9 3.5 2,7
0.15 2 0.15 4.0 10.4 -5.7 11 6.6 6.4 16.2 3.6
3 0.03 21.4 56 -2.9 22 13.2 9.15 61.5 10.2
1 48.0 0.01 0.03 - - - - — —
0.17 2 0.05 1.2 32 -1.55 - - — - -
3 0.01 5.3 138 -0.37 — - — - —
Note The values ofp,, are given for the temperatures corresponding g for each sample.
mally annealed sampl@o. 3) of the series withx=0.15 and For the optimally annealed and as-grown samples with

almost two orders of magnitude larger than for sample No. %=0.15 in the temperature interval 100—-300 K and for the
with x=0.12. Apparently when the cerium concentration issample annealed in oxygen, the resistivity in the region 200—
increased tax=0.17 the holes begin to play an important 300 K obeys a.(T)~ 1/T law, in agreement with the theory
role in the conduction, compensating the electron contribuef Ref. 10. At lower temperatures the resistivity of these
tion to a considerable degree. It is clear that in that case samples varies by a power lay;~T~ %2 Similar behavior
makes no sense to determine the density of current carries p.(T) is observed for the samples wik=0.12 and 0.17.
on the basis of a model with one type of carrier. It was found in all the series of samples that annealing in
A similar result indicating an increasing role of holes oxygen leads to growth of the resistivity, apparently because
with increasing doping of Nd ,Ceg,CuQ,, s was obtained in  of the appearance of nonstoichiometr&x0) oxygen atoms
Refs. 24 and 29. For example, in Ref. 29, where the depenn the lattice and a decrease of the anisotropy coefficient
dence of the Hall coefficient on the Ce concentration wagFig. 3). At temperatures <50 K the increase in the con-
investigated in thin films of Nd ,Ce CuGQy, 5, it was found  centration of oxygen defects in the samples leads to a sharper
that the Hall coefficient ak=0.15 is negative, but with in- growth of the resistivityp, with temperaturdFig. 2).
creasing Ce concentration it changes sign, and=a0.195 it The p.(T) curves for the samples annealed in oxygen
is positive at all temperatures below 300 K. In Ref. 24 themanifest the superconducting transition better than the
results of a study of the resistivity and Hall effect for four p,,(T) curves daFigs. 1 and 2, but the transition is incom-
Nd, ,CeCuQ,, s single crystals withx=0.15 were re- plete (p#0). This sort of feature was observed in our pre-
ported, and it was shown thR{;>0 atT<80 K for all four ~ vious study. It can be understood on the assumption that
crystals. Using a two-band model, the authors of Ref. 24mall superconducting fragments appear in the Cplanes
explained the main features of the behavior of the resistivityas the temperature is lowered; these have little effect on the
and Hall coefficient and conjectured that holes may be reeonductivity along the planes, but when current is passed
sponsible for the superconducting transition in NdCeCuO. along thec axis they can create superconducting “shorts”
that will partially shunt the large resistivity, .

Films with ¢ axis parallel to the plane of the substrate

The resistivity of films grown along the axis (p.) also
falls off with increasing oxygen concentration, but not by an
order of magnitude, as in the casemgt,, but by only a few
times, and even for the optimally annealed samples with
=0.12 andx=0.15, p. does not have a metallic temperature
trend, i.e.,dp./dT<0 (Fig. 2). This result disagrees with
band theory,which predicts a metallic trend @f,(T) at any
level of doping. In the overdoped samples witk 0.17 the
behavior of p.(T) is the same as that ob,,(T), i.e.,
dp./dT>0, which can be attributed to the turning on of
charge transport between Cu@lanes and a transition from ! . . \ . .
2D to 3D type of conduction with increasing dopant concen- 0 50 100 150 200 250 300
tration. Thus the overdoped Bld,Ce,CuQ,, 5 system be- T.K
comes an anlsotroplc_ 3D metal. Th|§ result agrees with OUEG. 2. Temperature dependence of the resistivityof Nd,_,Ce.CUO; 5
previous results obtained on bulk single crystaisd also samples x=0.15) annealed under different conditions: in oxyd&) as-
with the results of Ref. 30 on the LaSrCuO system. grown (2), in vacuum(3).

P.,Q-cm
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FIG. 3. Temperature dependence of the anisotropy coefficient of the stabiFIG. 4. Temperature dependence of the anisotropy coefficient of the resis-
ity for Nd,_,Ce,CuQ,, s samples x=0.15) annealed under different con- tivity for optimally annealed Nsl_,CeCuQ,, s samples with different com-
ditions: in oxygen(1), as-grown(2), in vacuum(3). positionsx: 0.12(1), 0.15(2), 0.17(3).

In the optimally annealed sampled< 0) the anisotropy efficient p./p,p, is maximum at low temperatures and tends
coefficient increases with decreasing temperature, and for theward unity as the temperature is increased to 300Fi.
sample withx=0.15 it reachesp./p,p,=120 atT=22 K  4).

(Fig. 3), while in the sample with excess oxygea>0) The authors thank G. M. Minkov, G. |. Harus, and N. G.
pc!pap<10 and is almost independent of temperature. ThisShelushinina for helpful discussions.
value is much less than for the bulk crystals, where the an-  This study was supported by the Russian Foundation for
isotropy coefficient for the optimally annealed samplesBasic ResearcliRFBR)—Ural Grant 04-02-96084, Govern-
reaches values of $610 * (Refs. 8, 24, and 25This dif-  ment Contract No. 40.012.1.1.1148greement 12/04 and
ference may be due to a slight misorientatitess than 0.6°) RFBR Grant 02-02-16942.
between th€110) planes of the SrTiQand the CuQ planes
in the type-Il films, since in that case there is a component of
the conductivity along theab plane that is many times
greater than along the axis. Nevertheless, the general trend
of the resistivityp.(T) with temperature in the samples with | .
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Possible applications of ZnSe:Cr in optoelectronics are discussed. It is showrtthat P+
photo-ionization of chromium results in efficient pumping of Ciintrashell emission

and in energy up-conversion from green to blue. A distinct difference in efficiency of the energy
up-conversion is observed between chromium- and iron-doped ZnSe samples. This

difference we relate to a very efficient Auger mechanism of photoluminescence quenching in Fe-
doped samples. We further demonstrate an anticorrelation of the intensities of mid-infrared

Cr emission and up-converted blue emission of ZnSe2@4 American Institute of Physics.
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1. INTRODUCTION for Cr'* and Fé" electron spin resonan¢&SR) signals in

Despite concentrated efforts there are difficulties in_ZnSe. Two complementary Cr ionization transitions were

achieving efficient short-wavelength emission from identified in this ESR study as:

semiconductor-based light emitting devices. As a conser Cr** +photon to Ct* +hole in the valence bangband II
quence, several alternative approaches have been tested, i Fig. 1),

which green, blue, or violet color emission is obtained due to

energ); upl-conversiongi.e., under olptica}I] pumping with pho- i+ 4+ photon to C#* + electron in the conduction band
tons of a lower energylonger wavelengy (direct photo-ionization in Fig. )2

ZnSe is an attractive candidate for the short wavelength ith Cr2* being th d ch tate of chromium i
energy up-conversion material, since the “edde&., close \ng189 €ing the ground charge state of chromium in
to the band gap energyphotoluminescencéPL) of ZnSe is ) . . . o
observed in the blue-violet spectral region. Unfortunately, as _The cr stlgnal (;ould falzso be g)ilcl'?edlz.by |I|umC;n?t|on
we have found, two-photon excitation is an inefficient pro- |on|Szn.1lg:; acgepbortﬁen%etrs §+ nfmtan_ . mt' |g.t]) an_t_, orf
cess in the case of undoped ZnSe. The quantum efficiency € ek; L IY Fe' 1% P ok;)_lﬁvclz? lon .tfans' lon o
the process is very low, about 19 i.e., far too low for any € |or;s( anl n F1g. h, E "ea’ Yy Ob ra33|f|oznssgen_|(_ar:-
practical application. A very different situation was observeg®tNd ree electrons in the conduction band of znse. These
in the case of chromium-doped samplésRelatively effi- electrons can be retrapped by chromium resulting # @

. o + charge exchange.
cient blue up-converted emission was observed under gree]n : . o .
color optical pumping. That identity of the ESR excitation and quenching bands

In the following Section we will discuss the mechanism was proved in our previous ESR experimefitsWe found

of energy up-conversion in Cr doped ZnSe, and then we wilt:at th? 2"'/1; eger%y Ievilgf é:ér_:]ies at ablout 2 teV aiove
discuss the possibility of tuning of the pumping energy by € valence band edge of zhsa.ne complementary
doping ZnSe with iron or by using alloys of wide—band-gap_’2+ photo-neutralization transition was also identified, as

. . o .__shown in Fig. 2.
I1-VI semiconductors. Finally, we will discuss the pro ertiesS . .
of infrared emission in ZnSey'Cr prop Our previous ESR studies of Cr-doped Zn®ef. 4 and

ZnS (Ref. 5 and iron-doped ZnSERef. 6 and ZnS(Ref. 7)
indicated high efficiency of these ionization transitions in
2. ZnSe:Cr—MECHANISM OF ENERGY UP-CONVERSION Wide-band-gap I1-VI semiconductors. Moreover, we ob-
served that two-step ionization transitions of Cr and Fe ions
In Figs. 1 and 2 we show photo-ionizati¢Rig. 1) and  result in a population of both shallow donors and shallow
photo-neutralization(quenching, Fig. R spectra measured and deep acceptofs.

1063-777X/2004/30(11)/6/$26.00 891 © 2004 American Institute of Physics
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In the 2+ —1+ chromium photo-ionization transition
free holes are photo-generated in the valence {&ij. In
the subsequent#— 2+ photo-neutralization transition free
electrons are created in the conduction b&@B). These free
carriers, if not retrapped by chromiufiron), can then par-
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FIG. 3. “Edge” part of the PL in ZnSe, ZnSe:Cr and ZnSe:Fe measured at
liguid helium temperature under the green color excitatfonZnSe:Cr and
ZnSe:F¢ or above-band-gap excitati¢gdnSe undoped(after V. Yu. lvanov

et al, Acta Phys. Pol. ALO3 695 (2003).

plained by efficient photo-generation of free electrons and
free holes in two complementary photo-ionization transitions
via a deep chromium-related center.

3. ZnSe:Fe — OPTIMIZATION OF OPTICAL PUMPING
ENERGY

The blue up-converted emission of ZnSe:Cr is excited by
the 2+—1+ photo-ionization transition of chromium,
which occurs for photon energies larger than about 2 eV,
with maximum at about 2.4 e¥/Considering possible prac-
tical devices, the use of efficient red color GaAs-based laser
diodes for optical pumping is preferential. Only in this case
can compact devices be constructed, as required for memory
storage applications, for example.

Regarding energy up-conversion efficiency, light powers
of several mW are required for energy storage applications.
Considering that 1 W optical pumping is available, the light
conversion efficiency should be not less than few times
1073,

For ZnSe:Cr the up-conversion efficiency was about 5

ticipate in the PL recombination transitions, resulting, e.g., inx 103 at liguid helium temperature, but only for green color
the appearance of the energy up-converted emission. Not suptical pumping. For red pumping the up-conversion effi-
prisingly, we found that the photoconductivity and photo-ciency was about 10 times lower, i.e., too low for practical

ionization (due to 2+ to 1+ Cr ftransition spectra of
ZnSe:Cr both correlate with the excitation spectrum of up-

applications.
A photo-ESR investigatior{Fig. 1) indicated that red

converted emissioh. Thus, energy up-conversion is ex- color pumping is optimized for 2 to 3+ photo-ionization

-1
, S

1+

Quenching rate of ESR Cr

FIG. 2. Low-temperature photo-quenching spectrum of thé &SR signal

in ZnSe:Cr, measured as the spectral dependence of the decay time of
ESR signal under illumination with photons of a given energy. Thk" Cr
ESR signal was first photo-excited with green color illumination.
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of iron in ZnSe. We thus turned our attention to this system.
In Fig. 3 we show the energy up-converted PL spectra in
chromium- and iron-doped ZnSe, as compared to the “edge”
PL of undoped ZnSe. The origin of the observed PL emis-
sions in ZnSe and ZnSe:Cr is discussed elsewha&veak

and broad blue color energy up-converted emission is ob-
served in ZnSe:Fe. Its efficiency is far too low to be of any
practical interest. The quantum efficiency of energy up-
conversion in ZnSe:Fe we estimated to be two orders of
magnitude smaller than that for chromium-doped ZnSe.

Our present investigations indicate that two mechanisms
are responsible for the low efficiency of the energy up-
conversion process in ZnSe:Fe. First, the photo-ESR inves-
tigations indicate that the photo-excited®Fecharge state of
Lron decays fast even at low temperatures. The mid-gap level
of Fe is not metastably occupied, as is often observed in the
case of chromium-doped ZnSe. This relates to the high effi-
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FIG. 4. Decay of Cr* (a) and Fé" (b) ESR signals observed at 40 K after

the photo-excitation is turned off. Two-exponential decay is observed, with . . . .
the characteristic times given in the figure. where:n¢, andNg, are the concentration of the chromium in

the 1+ charge state and the total concentration of Cr in the
sample, respectively§, andNp are the total concentrations
of acceptorgA) and donorgD) in the samplen, andnp are

) . . . the concentrations of populatédeutra) acceptors and do-
ciency of carrier trapping processes in iron-doped ZnS andl, -1y andp are the concentrations of free electrons in the

9-11
ZnSe!™* The photo-generated ¥e state has t0o large @ oy ction band and free holes in the valence batg; and
cross section for retrapping of free eIe(_:trons from the con-aov are the optical ionization rates for the two complemen-
duction band to be metastably occupied after the photo,fary ionization transitions of Ccg , ¢, c&,, andc?, denote

generation. The latter we concluded from detailed studies Qghe capture rates of electrons)(by ionized donors, holes

the kinetics of quenching of photo-excited ESR signals. Ex-(h) by ionized acceptors, and electrons by chromiurA*Cr
amples of relevant ESR results are shown in Figs. 4 and 5 foermd holes by Gr'; Bpap describes the average rate of re-

. + .
ZnSe:Fe, Cr. Both the € and Fé* ESR signals decayed . mpination of the DA pair§DAPS), Bac, Crt* describes

rapidly to sofrpe r:netastable pc:cpulatl(?n arf]ter th.e exCItat'Or}icceptor tunneling; and,stands for the light intensity of the
was turned off. The decay was faster for the Fe ions. In bOt%hoto-excitation. In the equations given above we have omit-

cases the decay was characterized by the same activaligfyy torms related to Auger processes, which will be discussed
energy, equal to the ionization energy of shallow donors Nater on

Zn_Se. The Iz_;\tter was surprising in case o_f*tlcentgrs, for Detailed analysis of the observed efficiency of photo-
which _the signal was observed to rise in ZnSe.Cr_bu_t Waxcitation for bands I and 11l in Fig. 1 and rates of signal
decay in ZnSe:Fe, Cr once electrons were thermally |on|zedn-Se and decay indicated that:
The reason for this difference we will discuss later on. '

We solved simple kinetic equations to explain the evo-  cg, Np o'grv
lution of ESR signals under photo-excitation and after the C_e> N_A_Uéc'
D

light is turned off:
Assuming that our samples are compensated, i.e., Nat

~N,, and that:
T,K U—?V>i
80 40 20 Ooc 25
100~ o FeS 0.1
L 14 1+ as we concluded from the separate study, and also(ﬁgat
= =Cr " is of the same order asS., we derive that:
'I_U) 1("~' .\~\\ . 1 Ng Cr
? P S Jov_ 1
vo— M | . < Eact=8mev g O,éc/ 10
€ 4l n >
=1 ‘\ 10 § and, finally, thatcg,=2cg . This estimation indicates that Cr
N o centers efficiently retrap photo-generated free electrons from
0.1 o ' 100 the conduction band. Thus, we must select appropriate rela-
T 2 3 4 5 6 7 8 tive concentrations of donor and acceptor centers versus
1T, 102K ! chromium concentration to avoid PL deactivation and to

achieve efficient energy up-conversion.

FIG. 5. Temperature dependence of decay of the @nd Fé" ESR sig- For ZnSe:Fe,Cr carrier retrapping is far more efficient
nals observed after the photo-excitation is turned off. Two decay compo- T )

nents(see Fig. 4 are characterized by the same temperature dependenc@ased on the phOtO-ESR data, from the observed efficiency
with an activation energy of 8 meV. of band-I processe§-ig. 19, we estimate that:
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These estimates indicate that Fe deactivétgsefficient The pumping energy of the up-conversion process can

retrapping of free carriers of both typeall competing re-  be tuned by introducing chromium into solid alloys of
combination transitions in ZnSe, even in the case of a relaznCdSe and zZnSSe. Also in these alloys chromium intro-
tively low Fe concentration. This in fact we observed experi-duces the excited charge state within the band gap, so the
mentally, as is shown in Figs. 3 and 6. alloys turned out to be suitable materials for energy up-

The second mechanism responsible for a low efficiencytonversion. The relevant results are shown in Fig. 7, in
of energy up-conversion in ZnSe:Fe relates to very efficienfvhich we show the conduction and valence band shifts esti-
Auger-type nonradiative recombination processes observesiated by us versus the energy level positions of three
in Fe doped wide-band-gap 1I-VI compoun@see Ref. 2  transition-metal-related charge state levétsckel, cobalt
and references therginin the Auger process an excited do- and chromium in ZnCdSe and ZnSSeafter Ref. 13.
nor acceptor pair decays nonradiatively by energy transfer tgvhereas for alloys with common anion Cr ionization energy
a nearby iron center, which is ionized. DAP PL is thus deacchanges only a little, it can be changed considerably in alloys
tivated. of ZnSSe(increasesor ZnCdS(decreases; not shown in Fig.

In the case of Fe doped ZnS and ZnSe this procesg). These are important observations, since energy up-
turned out to be efficient, which results in efficient quench-conversion in Cr-doped ZnCdS and ZnSSe turned out to be
ing of energy up-converted blue color DAP emission and inequally efficient as in the case of ZnSe:Cr.
shortening of the DAP PL decay time, as we observed for
ZnSe:F€ “Edge” DAP emission in ZnSe decays much
faster than the relevant DAP emissions in undoped ZnSe a
in ZnSe:Cr. This is evidence of very efficient and competing
channel of nonradiative recombination in ZnSe:Fe. There is an additional important consequence of using

Auger-type energy transfer must also take place in chroehromium-doped II-VI alloys. Not only can the excitation
mium doped ZnSe, since in this case also there is an enerdgnd the energy of up-converted emissibe tuned, but the
overlap between DAP emission and Cr ionization transitionstemperature dependence of the process can also be varied.
Such overlaps are required for efficient DAP-to-Cr energyThis is important, since in the case of ZnSe quantum effi-
transfer. We performed optically detected magnetic resoeiency of the up-conversion process is reduced to about 1%
nance(ODMR) investigations to evaluate the Auger recom-at room temperature.
bination rate in ZnSe:Cf The ODMR study indicated a The photo-ESR investigations indicate that a relatively
fairly low rate of the DAP-to-Cr energy transfer process.high quantum efficiency of the energy up-conversion process
This transfer process is rather inefficient in quenching DAFn ZnSe:Cr(few times 103) is related to a metastable popu-
transitions of ZnSe:Cr. lation of the Ct" state, observed at low temperatures. Two-

TEMPERATURE DEPENDENCE OF UP-CONVERSION
OCESS
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FIG. 8. Photo-quenching of the energy up-conversion process in ZnSe:Cr, Photon energy, eV
observed in the two-color experiment with the OPO system and green color
excitation. FIG. 9. Two infrared intra-shell emissions of chromiunt 2n ZnSe shown

together with the blue energy up-converted DAP emission.

color experiments were performééig. 8 to confirm the

role of metastability of the photo-excited Crstate. In the  plue DAP emission dominates, but at increased temperatures

two-color experiments, two light sources were simulta-the infrared emissions become more pronounced and domi-

neously applied to excite or quench the energy up-convertedlate at room temperature.

emission. The Cr photo-ionization band is characterized by large
First photon, with energy larger than the ZnSe band gapscillator strength, i.e., the resulting photo-excitation can be

energy, or from the energy range of the Ct 2o 1+ ion-  more efficient in excitation of infrared emissions than the

ization transition, excites the blue DAP emission. direct intra-shell excitation. Thus, such excitation can result
The second photon, selected from the range of ionizatiom more efficient optical pumping of Cr- intra-shell emis-

transitions of ZnSe acceptors. These ionization transitionsions. This fact is important considering intensive studies on

were first identified from photo-ESR study shown in Fig. 2.|aser action on Cr 2 intra-shell transitions.

The second illumination was obtained from either the OPO

system or the free-electron lag@EL) mid-infrared system. 7 coNCLUSIONS AND SUMMARY

We studied the influence of this second illumination on the o ) ]

intensity of the energy up-converted emission. _ In|t|al_ |_nterest in ZnSe started _from the observat_lon_ of
For the 2.34 eV illumination and with the second photonfairly efficient energy up-conversion. Blue PL emission

within the range of ionization transitions of ZnSe acceptorsCould be observed under optical pumping with green light.

ilumination quenches the DAP intensit{Fig. 8. Photo- Detailed studies indicated that the process is efficient only gt

ionization of shallow acceptors reduces also the populatiofPWV temperatures. Also the pumping energy was not opti-

of the CE* charge state. This is observed as a rapid photom'zed for excitation with red color laser diodes. Both the
induced quenching of the €F signal in the photo-ESR temperature stability of the process and the pumping energy
study (see Fig. 2 can be improved/tuned if we use I1-VI solid alloys, such as

The up-conversion process is also deactivated whegNCdS or ZnSSe. Meanwhile it turned out that the system is

shallow acceptors are thermally ionized. Use of host materiaiuitable for tunable mid-infrared emission, using intra-shell
with larger acceptor ionization energies is thus profitable. |fransitions of chromium 2. Mid-infrared emission with
fact, we observed better temperature stability of energy upPower above 1 W has already been achieved, making the
converted DAP emission in ZnCdS:Cr and ZnSSe:Cr than iiFyStém very attractive for practical applications.

ZnSe:Cr. This is due to the fact that acceptors are deeper in 1hiS work was partly supported by the RFBR-Ural
these two alloys than those in ZnSe lattice. (Grant 04-02-96096

6. INFRARED INTRA-SHELL EMISSION OF CHROMIUM 2 + *E-mail: godlew@ifpan.edu.pl
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A generalized formulation of the Friedel approach is given and a theoretical description of the
effects of resonance scattering of conduction electrons by donor impurities in
semiconductors is developed. The stabilization of the electron density when the Fermi energy
reaches the resonance level and the temperature and concentration dependences of the
electron mobility and magnetic susceptibility of the localized resonance states are considered in
detail. The limits of applicability of the results are discussed2@4 American Institute

of Physics. [DOI: 10.1063/1.1820020

INTRODUCTION electronic state$3 The main problem here is to discover the
effects due to resonance scattering of conduction electrons
~ In the study of the energy levels of electrons at donoty,y gonor impurities in the concentration dependence and
impurities in semiconductors attention is usually devoteo&emloerature dependence of the electron density, mobility,
mainly to just one of the possible situations, when those,,y magnetic susceptibility. It was shown in Refs. 2 and 3
levels lie in the band gap of the host crystal. Then at & oWyt resonance scattering leads to stabilization the electron
impurity concentration the electronic states are bound, Sﬂensity with increasing number of donors, a concentration

that the energy values are discrete, and the wave functiongyimum of the mobility, and characteristic temperature de-

are localized at the impurity. In another, more complex sitUhengence of the mobility and magnetic susceptibility. Effects

ation, but one that has also been studied in detail, when thgs his kind have been observed in experiments on mercury
energies of the electrons on the ionic core of substitutionalgienide containing iron impurities, and the behavior of the
impurities fall in the energy band of the valence electrons of,qncentration maximum of the mobility has been discussed
the crystal, states of hybridization arise, corresponding 1@, yetajl and is reflected in review articl&&1n searching for

collectivization of the electrons on the valence orbitals. Ay, explanation for these facts the authors, relying upon argu-

third possible variant of the position of the energies of the,ants that are now seen to be unjustified, considered it pos-

impurity electrons has qttrapted less attention in the.egistingiue to neglect the hybridization of impurity and conducting
theoretlc_:al treatments: it arises when t.hose .Ievels lie in thgiates despite the low-temperature character of the observed
conduction band of the crystal, and the impurity states can bggacts. Our experimental data obtained on the same object
hybridized with conducting states. The inadequate developyere presented in Refs. 2 and 3 and were given a quantitative
ment of the theory for this variant has led to a situalion;yierpretation based on the theoretical concepts of resonance
where the experimental data obtained under such conditiong aitering theory; it was shown that this interpretation enjoys
are interpreted using concepts pertaining to the case Whely, antages over the previously proposed explanations of the
the levels lie in the band gap, i.e., the first of the situationg,ncentration maximum of the mobility. In the present article
mentioned. If the impurities retain their donor character in, lay out the theoretical principles of that approdtie

the low-temperature limit such an approach is inconsistent,eqjts pertaining to the electron mobility have also been

since it presupposes the appearance of conduction electrogfasented in Ref.)6and discuss questions of its justification
owing to thermal ionization of impurities with bound elec- ;4 applicability.

trons. For a consistent treatment one must start from the fact

that the electronic states on the impurities, which are donors

in the ground state, are in essence hybridized with states GYESONANCE SCATTERING OF ELECTRONS AND

the conduction band. In this case the donor energy levels af@ENERALIZED FRIEDEL SUM RULE

not discrete energy eigenvalues of the bound electrons but Let us start by giving the known results from the
resonance energies, according to the terminology of scatteguantum-mechanical theory of the scattering of an electron
ing theory. The wave functions of electrons with such eneron a static central potential. The asymptotics of the wave
gies have both a part that is localized on the impurity and dunction (r) far from the center is described by the expres-
part describing free motion; this corresponds to hybridizatiorsion
of the impurity and conducting states. A way of describing ke j
the hybridization using the concepts of resonance scattering p(r)e T+ fer, @
theory is well known in the theory of metals and forms thewhere the scattering amplitudedepends on the direction of
basis for the approach developed by Friedel in the series dhe wave vectok and the energy =#%2%k?/2m. The wave
papers whose results are set forth in Ref. 1. We have usddnction (1) is the sum of the asymptotiag(r) correspond-
such an approach for describing the manifestations of donang to definite values of the orbital moment:

1063-777X/2004/30(11)/7/$26.00 897 © 2004 American Institute of Physics
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electronic states; accordingly;=2(21+1) is the degen-
; 2 eracy multiplicity of the state with the given
The inhomogeneous part of the electron density, local-
which are expressed in terms of the scattering phases ized around the scattering centers, and its contribution to Eq.
which depend on the energy A resonance in the scattering (5) arise in the resonance scattering. In the absence of reso-
is manifested in a characteristic dependence of the derivativeances the electron wave function upon scattering is un-
with respect to energy of some phase shiffe) of the set changed in respect to the character of the spatial distribution,
S remaining a plane wave, and so in that case the scattering
does not affect the average electron density. Therefore, when
déi(e) _ A 3) there are no resonances one shouldzée} =0, thereby ex-
de (8—&)°+A% pressing the condition of conservation of the number of elec-
tronic states during scattering. According to form(6g this
condition reduces to a definite sum rule for the scattering
phases which is obeyed by the scattering potentials of the
ir‘apurities in the solid. In resonance scattering, on the other

electronic state has almost the same properties as a bou . .
. ) . and, a part of the electron density becomes localized at the
state, but the form of the asymptoti¢y), which contains a . . . .
- . : impurity, and therefore in the scattered wave the fraction
contribution from the free motion, remains fundamental. The

. ; : corresponding to free motion is different from that in the
bound-state wave functios,(r) has exponentially decaying .. . . .
asymptotics: incident wave. Accordingly, in the average electron density

there is a localized fraction in addition to the free-motion
Pp(r)ocexp(— yr), (4)  fraction, and S(z_(s) is nonzero.

Let us consider the energy dependence &ir the case
wherey is a positive real quantity, and the difference of thisin which each impurity has one resonance level of energy
asymptotic behavior fronil) can be substantial. e,. It is not hard to understand that the functiofe) de-

Applying these results to the scattering of electrons onscribing the occupation of the resonance level has the func-
substitutional impurities in solids, we reckon the energy fromtional form characteristic for resonance only in a restricted
the edge of the conduction band, so that the bound-state efhterval around the energy,, i.e., fore,—I'<e<e, +T,
ergy lies in the energy gap of the crystal. Resonance scattef*<¢ . Setting aside for now the justification for this asser-
ing arises if the impurity potential has an energy level in thetion and the definition of the parametEr which we shall
conduction band and the impurity is a donor in the groundgive below, we note that off resonance on the low-energy

state, i.e., it gives up an electron without thermal excitationsjde (<eg,—T') there is no localized contribution, since
A resonance donor state is described by form(as(3) and  z(s)=0, and consequently

corresponds to a hybridized state of an electron at an impu- .

rity and in the conduction band. = 5(e)=0 <e—T 7
For description of the energy spectrum of the electrons 772 ma(e)=0, e<e—l. )

and the scattering potential of the impurities we adopt simpl

isotropic models. Let the impurity density; be small . ; Lo
P punty Wi part of the electron density gives a contribution ri¢e)

enough that at a distance= (3/47n;)*3, equal to the radius Uhich corr nds to the total tfion of the resonan
of a sphere representing the volume per impurity, the elec- ch corresponds o the total occupation of the resonance

tron wave function is described by the asymptotits (2). level. Thenz(e) is equal to the degenerasy of the given

l

1
l//|(r)°<Fexp(i 5|)sin( kr— 3 +65

Formula(3) is valid for energiess close to the resonance
energye, ; hereA is the width of the resonance level, which
is much less thar, . In the limit of smallA the resonant

eOn the other hand, at high energies{e, +1I") the localized

Then Friedel’s expressioris valid for the volume-averaged level:

number densityn(e) of electrons occupying states with en- 1

ergies from 0O to the given value z(e)= ;El vo(e)=v,, e>eg+I. ()
n(e)=ne(e)+niz(e). ©) Equations(7) and(8) are the Friedel sum rules for the scat-

in this expressiom,(e)=k3(s)/372 is the density of free tering phases. They reflect the fact mentioned above, that the
e

electrons obtained by averaging the contribution from thepumber of states for the motion with nonresonance scattering

first term in the asymptotic expressida): the boundary is equal to the numb_er of states for free motiqn, since the
wave vectork(s) is determined by the relationn®s/#2 character of the motion does not change during nonreso-

=K2(s). The second term is the contributionniée) of the nance scattering. We emphasize that the application of Egs.

inhomogeneous part of the electron density localized nea(r7) and (8) together with(5) is the basis of the proposed

impurity centers because of scattering. The relative fractio@PProach for treating just the resonance scattering effects.

z(&) of this contribution per scattering center is expressed inThe contributions of the bound states in such a system of

terms of the scattering phas® that appears in asymptotic equations could be described formally by phases that are
expression2): multiples of = and would not lead to any nontrivial energy

dependence.
1 1 The dependence afon energy in the resonance interval
2(e)= ;Z ndi(e)= ;Z 2(21+1)6(e). (®) indicated above is determined by the behavior of the reso-

nance scattering phase. Let us consider(Bgand separate
Here we are summing the partial contributions z¢x), out from the sum on the right-hand side the contribution of
which are proportional to the scattering phases, from all thehe resonance phase, writing
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1 1 1, electron density cannot be considered to exist to some degree

;Z noi(e)=—vidi(e)+ ;Z v 6i(&). (9 atall values of energy, but it appears and disappears abruptly

at the boundaries of an interval of width'2As to the non-

The prime on the summation sign means to exclude theesonance scattering phases, according to what we have said,
contribution mentioned. According to resonance scatteringelation(9) implies the equation
theory, the resonance phadds) can be represented as the

; C . 1.,

sum of a sharply varying part, which is obtained from ex- = 1,8,(e)=0, (14)
pression(3), and a termd,(e) that is slowly varying in the ™
resonance interval. We choose the following form for writing hich is the general Friedel sum rule for all energy values. It

such a sum: must be taken into consideration jointly with the definition

o e—¢, (9) and the expression for the resonance phase, which in our
Si(e)=75+ arctarﬁ T) + Osnl€), (100 approximation looks like
where 8¢(g,)=0. We then have(e)=(1/7)v,5,(¢), and 35 (&)= 3+ iarctarﬁe_s’)
the satisfaction of Eqs(7) and (8) is ensured by suitable m 2w A
behavior of the functiord,(&). The resonance contribution - r
(the first two terms in (10) describe the behavior of the E_arctarﬁx (e—g,)
function 6,(&) for e—¢,: + _ (15)
al’
T Ee—&
Sle)=75+—(x— (11) Such a statement of the Friedel sum rule allows one to

use it efficiently in studying the influence of resonance scat-
If expressior‘(ll) is treated as a linear approximation of the tering on the Fermi energy and Conductivity_
function &, (¢) in the resonance interval, then one should set  |n substituting into formulg5) the expression obtained
2I'=mA; then the resonance dependei8eis modeled by  for z(¢), we should take into account that the functinye)
a rectangular peak, and th&.(e) term is not taken into reflecting the contribution of the free motion to the electron
account. For a more exact description of the behavior ofjensity varies slowly in the resonance interval and is there-
o¢(e) one must take the teridi,(e) into account. Since the fore close to the valuay=n.(z,). In the linear approxima-
scale of variation of the functiof(¢) is large compared to tign
I', it can be approximated by the first terms of a Taylor series

. . S . e—¢
expansion around, . The linear approximation fofg(¢) is Ne(8)~ng| 1+ al g,—T<g<g +T, (16)
given by the expression Ae
e—eg, where A,=ng[dn.(g,)/de, ]~ L. In this approximation, ac-
Ssm(e) =3 (12 cording to formulas(5) and (12), the functionn(e) in the
sm

resonance interval has the following form:
in which the constanA g, is significantly greater thaa and

I'. Equations(7) and (8) hold in such an approximation, n(e)=ng+ng E+£arctar68_8r) +( Nd +E)
since we adopt the following equation for determinifig 2w A TAsm A
ar F X(S_Sr), (17)
— —arctan— o ) )
112 Al A 13 where ng=n;v, is is the density of donor electrons. This
Agm r r2 formula provides a basis for studying the influence of reso-

nance scattering on the concentration dependence and tem-
perature dependence of the electronic thermodynamic and

kinetic parameters. Another basic formula relates the electron

mean free path with the resonance scattering phase.

It follows from Eg. (13) that the width of the resonance
interval satisfies the inequalitie8<I"<I'g,,. The param-
etersAg,, €,, andA characterize the resonance for scatter-
ing on a given impurity potential. In the framework of ap-
proximation(12) the boundaries of the resonance interval are
modeled by jumps of the derivative of the functiafe)  MEAN FREE PATH

from zero to values of the order of A/, which are small In the calculations that follow we use the known expres-

compared to the resonance values. Thus we have obtainggh, for the inverse mean free path (&) in terms of the
justification for the sharp boundaries of the resonance interécattering phase, which can be written in the form

val of change in the level occupatiaie) and have deter-

mined the parametdr. It can be seen that this justification A Ye)=2ns [+ 1)SiFT S (e)— &

involves assumptions about the behavior of the function (€) ' O(S)Z ( ) [ae)=dirale)],
Ssm€)—that it goes to zero foe =¢, (this is equivalent to (18

the assumption that the functiafe) is symmetrig and that  \yheres,(¢) is a coefficient that is not related to the scatter-

the constantis, is positive. The validity of these assump- g e separate from the sum oven the above expression
tions can in turn be linked to the properties of the potentiakna terms containing the resonance phase:

leading to the resonance scattering. The sharp character of
the boundaries of the resonance energy interval to which

, 1 :
they lead has a simple meaning: resonance localization of the (2r+1)| sif 5, - 5sin 25, sin 2 |. (19

2
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Here, assuming that the nonresonance pha@sgs~r) are . L lep—e (ep—e)?

small, we neglect terms containing factors of?sinand in- A™H(e)=ngsg| a+sir? T ~NySo| @+ T2

troduce the notation b b (25
sin2¢=(1+c,)sin25,,41+(1—c,)sin25,_1, (20 The expression obtained for the energy dependence describes

the transition of the mean free path at the boundary to the

wherec,=1/(2r+1) and, as in Eq(19), we have dropped nonresonance value.

the argument. We now add the term sip(1—2sir? 8,) in
the parentheses in expressid®). We compensate the non-
resonance part by a suitable addition to Bdp), and the part ELECTRON DENSITY AND FERMI ENERGY

with the resonance phase i? of the same or.der of magnitude On the basis of the results presented let us first of all
as the terms that we are ignoring. Then it turns out tha
expression19) can be replaced by ¢2+1)sirf(6,—¢), and
formula (18) can be written in the approximation we have
adopted as

tonsider the electron density and Fermi energy in the ground
state. We take into account that the total electron density
n(e) is specified by the condition of electrical neutrality or
simply by the number of electrons available in the system
A Y e)=ngso(e)[al(e)+SI(S,()— ¢(e))]. (21)  Per unit volume. In our system we should include in this
number resonance donor the electrons stugédensityn,)
This formula contains the small quantitiege) and ¢(e),  and the conduction electrons originating from the other do-
which characterize the nonresonance phases. The functiongrs and from the hogbf densitynye). In metals, for which
a(e) describes the contribution of all the phases off resothe Friedel theory was developéthe density of conduction
nance, andp(e) reflects the difference between the transportelectrons varies little with variation afy, while for a semi-
part and the total scattering cross section. conductor the situation of interest is one in which the number
In the analysis of the energy dependence of the meapf electrons is almost completely determined by the reso-
free path we first separate out a neighborhood of the resgrance donors under consideration. In both cases the follow-

nance in whicHe —|<T . In this region thed,(¢) termin  ing equation is valid for the ground state:
the resonance phase can be neglected, since ther€l@q. B
takes the form N(er) =Nyt Noe, (26)

which serves as the equation for determining the Fermi en-

cotsi(e)=(er—e)/A. (22) ergy er as a function of the donor density . Under condi-

Then, taking into account the smallness¢g) in compari- tions of resonance scattering of electrons the Fermi energy is

son with &,(¢) in the region under consideration we have found in a certain above-resonance interval, and expression
(17) for n(eg) should be substituted into E€R6). It is easy

1+ (sr—s)2> 1] (2 O see that if the Fermi energy is close to the resonance

A2 : energy (eg—&,|<T) or significantly larger than it, then the

) ) contribution of the energy dependence of the electron density

where so=So(e), a=a(e,). Outside the resonance inter- , () in n(e;) is unessential. For studying the dependence
val, according to Eq(21), the mean free path is equal t0 on ny, of the value ofng(er) itself we must substitute the
(ngsoa) ~*. Formula(23) describes the resonance drop in expression found for the Fermi energy into form(d#). In
A(e) to a value of the order ofiyso) ~* ase approaches . considering the concentration dependence of the other quan-
This is manifested in concentration dependence and tempergses we can assume that after the resonance is reached the
ture dependence of the conductivity, which we shall discusgndquction electron density is equaltig. In this case the
below. A necessary condition for the existence of resonancgifferencen,— ny, appears in Eq(26), and from now on we

effects is that the parameterbe small compared to unity.  gnaji refer to it as1,. Thus Eq.(26) for the Fermi energy is
Another characteristic energy region is found near theyitten in the form

boundary of the resonance interval. We will be interested in
the neighborhood of the upper boundasys ¢, +1". In this

region the applicability condition for expressig@2) does
not hold, and the contributiod,,(¢) must be taken into
account in the resonance phase. From forniliy we can

obtain the following expression for smal} + ' —&:

a+

A_l(S):ndSO

Zen =1 @7
T’ F nd.

Under the conditioner—e¢,|<T", from this equation and
formula (22) we have

ep—g,=A cot(mng/ny). (28)

(24)  The resonance value of the Fermi energy correspondas to
=2ny. With increasing densityny the Fermi energy in-

whereT'y=A,,/2=T2/2A. After expression24) is substi- creases slowly while remaining inside the resonance interval.

tuted into formula(21) we assume thaF}, is significantly ~ Using formula(24), we obtain an expression fer near the

smaller than the characteristic scales for variation of thdoundary of the intervad =&, +1I'

functionsa(e) and ¢(g), and these functions can be consid- No

ered constant in the region under consideration. Then the er=¢,+I'—al',—. (29

contribution fromg in the combinationeI’, we include in Nd

the boundary energy, +I', denoting it bye,. Then formula  Thus in the limit of high densities of donor impurities the

(21) for the given case takes the following form: Fermi energy and the conduction electron density go to the

e+l —¢

1
;5r(8)=l_ 77].—‘b ’
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valuese,+ 1" andng(e,+T'), which are practically equal to comes prevalent, which again leads to a drop of mobility

the exact resonance values. In this lies the well-known “seizwith increasing density of scatterers and ultimately to the

ing” of the Fermi energy, a description of which is obtained appearance of a maximum of the mobility.

here on the basis of the resonance scattering theory. The concentration maximum is reflected in the tempera-
ture dependence of the electron mobility. Let us consider the
ratio of the mobility «(T) to its value afT =0. We write an

ELECTRON MOBILITY initial expression for this ratio in the form

T af\ A
Let us consider the dependence of the electron mobility M=f ds( ) (&)

on the density of donor impurities in the resonance interval. M de | Aler)
This interval is bounded below by the value closenty so E \]"YA(E)
that the rationg /ng with increasingny changes from unity to = f dE[4xT COSH(m) A0) (32

small values. Let us write formulas for the mobility in the
characteristic regions discussed above for which formulawheref is the Fermi functionE=¢—eg, and « is Boltz-

(28) and(29) pertain. In the first of them the density takes mann’s constant. The integration in this expression is over

on values close to the resonance valug, 2nd above it the resonance energy interval. As we are interested in the
under the condition cot{ny/ng)<I'/A. Using formulas(23) concentration anomalies of the temperature dependence, let
and(28) we obtain the following expression for the mobility us first discuss the comparatively simple limiting case of

w in the given region: high impurity concentrations, when the ratig/ny is small
_ . and formulag24) and(29) are valid. For this case expression
= po(No/Ng)[ a+sir?(mng/ng) 11, (30 (32 takes the form
where uq is the mobility at a mean free path bfsSy). The p(T)

oIT
-2 2
resonance effect consists primarily in a drop of the value of ~ = f_m dx(2 costix/2)]"“(1+v%)

the mobility from the nonresonance valug(ng/ng)/a to
values of the order of.,. However the contribution of the
resonance phase &fmn,/ny)~1—%/2(1/2—ny/ng)? near
resonance varies slowly, and therefore the minimum of the ] ]
mobility at ng~2n, can be called strongly smeared. With awhere0=l“b\/.5/v';<. The formula obtained describes a de-
subsequent rise in the density the mobility grows because Pendence which in the limit of low temperatures goes to a
the contribution of the resonance phase decreases until §onstant value and which falls off above a certain threshold
reaches values of the order @f Since after that, the drop in temperatu_re that |s_n0t always clearly defined. The scale of
mobility because of nonresonance scattering begins, the coff1€ falloff is determined by the temperatuf@and decreases
centration maximum of the mobility occurs at such values ofVith increasing impurity density. The threshold temperature
ng. This maximum quite pronounced by virtue of the small-1S défined approximately as the largest of the valueg afid
ness ofw. It is described particularly clearly by the formulas v, and therefore with increasing concentration, initially it is

obtained from expressiof80) under the condition that the C€l0S€ to# and then to thes-independent temperatured.
ratio ng/ny is small: Here it is clear that at concentrations less than a certain

boundary value the threshold is smeaiélte scale of the

-1

Tx 2 )
x| ——1] +2| | (33)

0

No no\2] 1 LoV falloff and the threshold temperature are of the same order of
K=oy a+(n—) :ﬁ’ (3D magnitude and with increasing concentration it becomes
d d mya(l+vs) more and more pronounced. The boundary for the appear-

ance of the threshold is the valwe= 1, which corresponds to
the concentration maximum of the mobility.
Similar relationships are described by expressions for

condition of the initial formulag23) and (28) might not be the temperature-dependent mobility of electrons at impurity_
satisfied. However, it turns out that the expression for the0nce ntratlor'1§ close to the resonance vajue. Under th? appli-
mobility obtained on the basis of formulég4) and (29) at cability co_ndltlons of f_ormulas{23) and (_28) one can write
small ny/ny agrees with Eq(31). Thus it can be assumed the foIIov_vmg ef'x_p_ressm.n for the functiod (E)/A(0) that
that formula(30) describes the concentration dependence ofiPpears in definitiori32):
the electron mobility in the whole resonance interval. A(E) 1 _[mng

The maximum in the concentration dependence of the W=[1+ Zsm2< ng )
electron mobility is one of the main effects of resonance
scattering by donor impurities. Its origin is essentially due to 1/(E mNg
the stabilization of the electron density as the concentration 1- Z{(Kﬂm(n_d
of donor impurities is increased in the resonance interval. In
the course of the filling of the localized states the effective (34
charge of each impurity decreases, and, as a result of this, tiéde temperature dependences obtained with the use of this
scattering of electrons weakens and the mobility increaseslefinition have been used for describing experimental data in
The growth continues until the nonresonance scatteringRef. 2, where examples of curves demonstrating the influ-
which is characteristic for practically neutral impurities, be-ence of the concentration maximum of the mobility on the

wherev=nga/(mny). The maximum av=1 corresponds
to values ofng that are inversely proportional to the value of
a. Therefore for its description at small the applicability

X
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threshold values of the temperatures are presented. We stress <S§> =(S%)— (S§> =S(S+1)—S,(S,+1). (40)
that these kinds of relationships are in essence due to the

stabilization of the electron density in the resonance intervall? More-complex situations when the proposed method of
which was discussed above. determining the effective moment is inapplicable, the effec-

tive moment will remain a phenomenological parameter.

The character of the dependence wfon temperature
and impurity concentration depends on the value of the en-
Let us now consider the magnetic susceptibility of a sys-ergy «T compared ta\ and ofer compared ta4. We shall
tem of electrons scattering on by impurities. According toassume that all of the electrons originate from the donors
what we have said above, under resonance conditions thewsder discussion and in that case their density is such that the

exists a localized electron density around each impurity. Like=ermi energy exceedsy. Then upon further growth in the
electrons in an atom, such a system possesses a spin mapnor concentration the Fermi energy varies little, and the
netic moment. The set of such localized moments of resoeonduction electron density.(eg) remains close to the
nance states gives a separate contribution to the magneti@luen,. Calculating the value of for low and high tem-
susceptibility. For calculating it we take as the initial formula peratures, we easily obtain the following simple formulas for
the well-known form of the expression for the electron spinthe susceptibility:

susceptibility taking into account on a simplified level the

MAGNETIC SUSCEPTIBILITY

w?n; sirf(arng/n;)

influence of the electron—electron interaction: = < —
) Xr= R T gmsit(mngin) ' Tk 4D
Xr ="l (1+¢m). (35 )
. . . p=(Nj—no) A
The termy, is to be added to the magnetic susceptibility of szm, T> o (42
i— o

the conduction electrons, which we shall not discuss, as we
are interested only in the contribution of the resonance statewthereA;=mwA/2. The main qualitative feature of these for-
The value ofz is expressed in terms of the resonance partmulas consists in unusual concentration dependences that re-
g,(e)=n;z' (&) of the electron density of statege), given flect the fact that the electron density is stabilized in reso-

by formula(5): nance scattering on donor impurities. It is manifested in the
dn(e)  dng(e) terms containing the limiting density, both in the suscep-
g(e)= g & _ de—8+niz’(s), (36) tibility without allowance for the interaction and in the pa-
&

rameters characterizing the exchange interaction in localized

states. The theoretical confirmation that the susceptibility of
=2niJ’ de z'(¢) resonance donor states at high temperatures obeys the
-1

df(e)

77=—2niJ’ de Z'(¢) de
Curie—Weiss law is quite important. This susceptibiltyis
e—¢€f a constituent of the total magnetic susceptibility of the crys-
T ) (37 tal, which, in addition to the contribution of the electrons,
contains a contribution from the localized moments of ion-

Heref(e) is the Fermi function without temperature depen-ized impurities, which also obeys the Curie law, and the
dence of the chemical potential, the latter being assumed t@eakly temperature-dependent susceptibility of the host.
be only unessentially different fromg in the region under
consideration. The parametgrdescribes the exchange inter-
action of electrons in states localized at impurities, arfd ~RESULTS AND CONCLUSIONS
includes factors that reflect the role of the interaction be- In this article we have described in detail the effects of
tween electrons in localized and conducting states, and the,sonance scattering of electrons by donor impurities on the
difference of the effective spin of a localized state from they,qjs of the application of a certain generalization of the
spin of the free electron. If an ionized donor is spinleSs ( grieqel approach. It is shown that the given theory predicts

X| 4T costf

= i i 2 i
=0) then the following simple formula for.” is valid: stabilization of the electron density, a concentration maxi-
s 2(32) mum of the electron mobility, the Curie law for the magnetic

p= po(1+ ded) = Aug—3— (14 ed), (38)  susceptibility of resonance donor states, and other features of

the conductivity and magnetic susceptibility. Such effects
where ug is the Bohr magnetonye is the coupling con-  haye been observed in mercury selenide containing iron im-
stant, (s*) =s(s+1)=23/4. For the more pertinent case of pyrities, and in Refs. 2 @3 a consistent quantitative inter-
nonzero ion spirS, we generalize the second expression inpretation of the experimental data was given on the basis of

Eq. (38), introducing the spirs, of the localized state: the theoretical results presented here. Moreover, it should be
<S§> noted that the many experimental studies done on mercury
“224“37(“ Yeq), S>0. (39 selenide containing iron impurities have for many years pro-

vided material that has been used in developing theoretical
The value of<s§> is the parameter of the completely filled concepts of a completely different kind, based on the as-
localized state, which for an impurity is on the whole closesumption that it is possible to neglect the hybridization of
to the state of the un-ionized donor. Here if, together with theelectronic states on impurities and in the conduction band
spin S of the ionized impurity, one also knows the si@pof  when their energies coincide. Without dwelling on the de-
the un-ionized donor, then one can deternmgpdy employ- tailed analysis and a comparison of the theories, which
ing a certain sum rule. For example, &< S we set would require voluminous discussion, we shall give only an
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argument that bears directly on the present study. We ar® the study of the various phenomena in the mercury se-
talking about the basis for the idea that hybridization doedenide and in other objects; this could be a subject for further
not need to be taken into account. In essence it reduces giudy.

two assertions. First, that resonance scattering leads to a drop This study was supported by the Russian Foundation for
in mobility and cannot lead to its growth. This statement isBasic Research, Grant No. 03-02-16246.

refuted by the results of the present paper. Second, that the

matrix element that determines the width of the resonancePkulov@imp.uran.ru

level in perturbation theory is very small, practically equal to

zero. This assertion ig based on a misunderstanding. It isJ_ Friedel, Nuovo Cimento, Sup2, 287 (1958.

assumed that this matrix element is calculated between wave, | Okulov, L. D. Sabirzyanova, K. S. Sazonova, and S. Yu. Paranchich,
functions belonging to a single site. But that kind of matrix Fiz. Nizk. Temp.30, 441 (2004 [Low Temp. Phys30, 328 (2004].
element should be calculated between wave functions of dif-"V. I. Okulov, G. A. Alshanskii, V. L. Konstantinov, A. V. Korolev, E. A.
ferent sites, as is well known in the theorysstl hybridiza- Ezm,{"?ztﬂy.krzm igof\lgggI(déOE);DD[LSV?/b'I[reZ%?(IJDVf?)}SZ%? 451'7\8653{?””'“"
tion, so that there are no serious grounds for speaking of an|, u. Tsidirkovskir, Usp. Fiz. Nauk35, 85 (1992 [Sov. Phys. Uspa5, 85
extremely small width of the resonance level. Consequently, (1992].

these statements and others like them based on similar line&- Wilamowski, Acta Phys. Pol. A7, 133(1990.

of argumentation are essentially unsound. It seems likely that - - Okulov: http:/iocx lanl.goviarchive/cond-may0401174.

there is every reason to apply the resonance scattering theadranslated by Steve Torstveit
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A comprehensive study of the electrophysical properties of the semimagnetic ternary solid
solution Hg _,Mn,Te, an alternative material to Kg,Cd,Te, is reported. The charge-carrier
scattering, optical, photoelectric, and magnetic properties of the material are investigated.
Values are obtained for the effective masses of electrons and holes, the ionization energy of the
acceptor level, and thg factor of the charge carriers as functions of the manganese

telluride concentration and the densities of electrons and holes at temperatures of 300 and 77 K.
It is shown that the methods of radio spectroscopy can be used for diagnostics of the
semimagnetic material. Photodiode structures having characteristics close to the values for
working in the background-limited regime are obtained by the use of Schottky barriers, diffusion
in mercury vapor, and implantation of'Bions intop-Hg,; _,Mn,Te samples. €2004

American Institute of Physics[DOI: 10.1063/1.1820041

The main material now used for optoelectronic elementsnelts. The as-grown samples hpetype conductivity, hole
in the IR region of the spectrum are the ternary solid soluconcentrations of the order of ¥0cm™ 3, and hole mobili-
tions Hg _,Cd,Te (MCT). However, experimental and theo- ties u,=(2-5)X 107 cn?/(V -s) at 77 K. To reduce the hole
retical studies have shown that the presence of Cd in thdensity and obtain materials with-type conductivity the
MCT lattice lowers the ionicity of the Hg—Te bond, causing grown films were subjected to a prolonged annealing in mer-
a strong decrease of the activation energy for the formatiogury vapor. As a result we obtained samples with a hole
and diffusion of defects; this leads to significant temperaturelensity of not more than 8- 10 cm 2 and samples with
and temporal instability of the electrophysical properties ofn-type conductivity with an electron density of the order of
the material and of the optoelectronic photoelements baset0'® cm 2 or even less and an electron mobility,
on it. One of the alternative materials to MCT is the semi-=10"-1® cn?/(V-s) at 77 K.
magnetic solid solution Hg ,Mn,Te (MMT); the presence To elucidate the main mechanisms of electron and hole
of the Mn ions strengthens the Hg—Te bond, permitting thescattering in MMT solid solutions we studied the dependence
production of a material with stable properties and a moreof the mobility of the charge carriers on their density and the
perfect crystal structure:? temperature. Figure 1 shows a plot of the electron mobility
The electrophysical properties of MMT have not beenu, as a function of the electron density for two groups of
adequately studied. It is necessary to investigate the prasamples with Mn concentrations 08%<0.075 (dot9 and
cesses of charge-carrier scattering and to refine some of tle09<x<0.095 (crosseys at liquid nitrogen temperature.
parameters of the band structure. The presence of the M@Bommon to both plots are a slight increase of the electron
ions in MMT permits studying the magnetic properties of themobility in the region of densitiesi=(2—-3)x10'° cm™3
material, providing additional diagnostic possibilities. and a decrease in,, at high electron densities. Theoretical
At low magnetic fields and high temperaturés40 K calculations of the electron mobility at 77 K were done with
the main electrophysical properties of MMT are determinedallowance for the scattering on polar optical phonons, ion-
by the energy structure near thé point of the Brillouin  ized centers, and microscopic fluctuations of the composi-
zone; in calculations it is necessary to take into account aion. An analysis of the temperature dependence of the elec-
least three close-lying zoneBg, I';, andI'g. The strongly tron and hole mobilities in MMT withx~ 0.1 showed that in
localizedd level of the Mrf* ions lies 3 eV below the top of the high-temperature region the mechanism of scattering on
the valence band and has practically no influence on the elepolar optical phonons is dominant, while at low temperatures
trophysical properties of MMT. the dominant mechanism is scattering on ionized acceptor
We have investigated the electrical, optical, magneticand donor centers. An analogous situation takes place in
and photoelectric properties of- and p-type MMT with MCT solid solutions. It has been shown that battype and
x=0.09-0.19 at temperatures of 77—-300 K. Studies wer@-type samples are compensated, the total densities of accep-
done on samples obtained by recrystallization from a twotor and donor centers being equal in order of magnitude with
phase mixture with replenishment of the melt and on epitaxa value~10'® cm™3.
ial films of MMT obtained by LPE from tellurium fluxed The optical properties of the samples were investigated

1063-777X/2004/30(11)/4/$26.00 904 © 2004 American Institute of Physics
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FIG. 1. Dependence of the electron mobility on the electron density at 77 K T
for two groups ofn-type MMT samples with 0.0Zx<0.075(1) and 0.09 i
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on the basis of their absorption and reflection spectra in the A, um

region 3—40um. It was shown that the MMT samples are
more homogeneous in composition as compared to the MCTsdlﬁzémfAEZ?gg:Joa(f)pgrfggooé( 2"’)‘{“‘;Hzgog':("”gﬁ:neenstgmgfcg‘l’m;;‘r‘r
solid solutlon_. Growth of the apsorpnon on the short-_g_am:%c+ G Con - vrvz 300K, 4—02# e (300 K o
wavelength side of the spectrum is due to interband transiz_ opt ttion (80 K), 6—ary1y, (300 K).
tions of the charge carriers at the Brillouin zone center. The
absorption edge shifts to longer wavelengths with decreasing
temperature and to shorter wavelengths with increaging tion in the spectral region 8—-2@m can be explained by
The temperature coefficients of the band gk, /dT were  transitions of the charge carriers between subbands of light
determined as functions of composition. The temperature ccand heavy holes in the valence bane{,,). At T=80 K
efficient of E is positive and decreases linearly with increas-the main contribution to the absorption of free charge carri-
ing x according to the law ers is from scattering on ionized impurities, amg and aqp
are small.

dEy/dT=(4.19-18.66x) X 10 4 eVIK. In the p-type materials with a Kane band structure the

The absorption beyond the main band edge is due to thabsorption on the long-wavelength side of the main band
interaction of radiation with free charge carriers—scatteringedge fiv<E,) is due mainly to transitions of holes between
of free charge carriers on acoustic and optical phonons ansubbands of the valence band. It is shown in the monograph
ion ionized impurities. In the-type material this absorption cited as Ref. 4 that for InAs, InSb, and CdHgTe this absorp-
is an order of magnitude larger than in theype samples; tion plays a significant role. The theoretical processing of the
this is due to transitions of holes between subbands of thexperimental spectra permits determination of the dispersion
valence band. As was shown in Ref. 4, in semiconductorselation and the effective masses of both heavy and light
with a Kane band structure this absorption can also be obholes. The samples chosen for study wprIMT with X
served imn-type materials, since the real crystals are partially>0.12, since for such compositions the absorption at transi-
compensated. The absorption coefficianin n-type single tions of the charge carriers between the heavy- and light-hole
crystals on the long-wavelength side of the main band insubbands &,,y,) does not mask the fundamental band—
creases with increasing free electron densitgnd with in-  band absorption edge. Figure 3 shows the absorption spectra
creasing temperatur@-ig. 2). Three scattering mechanisms of a sample withk=0.186. It is seen in Fig. 3 that additional
were taken into account in the calculations: on acousti@bsorption is observed in the region of absorption by free
phonons &,g, optical phonons ¢,), and ionized impuri-  carriers §¢>4 um). With decreasing temperature the ab-
ties (ajon) - All three scattering mechanisms can be assumedorption increases and develops a more complex structure.
independent and the value ofy; calculated as the sum: This is often due to the fact that the degree of ionization of
Qo= Aact Agpit Ajon - the acceptor level decreases with decreasing temperature,

It was assumed in the calculations that the ionized im-and the role of impurity absorption increases both in the
purities have unit charg@re singly ionizegland that the free conduction band and in the valence bands. We have calcu-
charge carrier density is equal to the density of ionized imdated the absorption coefficient due to transitions of charge
purities. The values of the band parameters needed in thzarriers between the heavy-hole V1 and light-hole V2 sub-
calculation were taken from Refs. 1 and 5. The calculatedands,ayy, . The calculations were done according to the
spectra are presented in Fig. 2. Itis found that forrttgpe ~ Kane theory Eg<<A) with allowance for the nonparabolicity
MMT at 300 K the main contribution to the absorption be- of the light-hole band and the corrections to the dispersion
yond the edge of the main band is due to the scattering afelations of the holes in bands V1 and V2 for the influence of
electrons on optical phonons; the scattering on acoustithe more remote bands lying above the conduction band and
phonons and ionized impurities is small. Additional absorp-below the valence band. The effects of higher and lower
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FIG. 3. Absorption spectra of @-type Hg_,Mn,Te sample withx

=0.186: experimentl,2); calculation with(3,4) and without(5) the higher 7 _3 _ .. _ )
bands taken into accourT—300 K (1,3,5 and 80 K(2,4. >10' cm™ 2 the characteristic plasma minima,;, were ob

served, and from their positions the effective masses of the
electrons were calculated. The experimental and calculated

bands were estimated using second-order perturbatio}ﬁalues of the effective masses of the electrons are given in
able II.

theory. The best agreement of the theory with experimen . . . .
was obtained with the use of the band parameters reported in Studies of the magnetic properties of MMT single crys-
Ref. 6 (curves3 and4 in Fig. 3. The values of the effective tals were dong by the ESR method on a Varian E-12 radio
masses of the heavyny) and light (m,) holes were calcu- spectrometer in the frequency range®.5 and 37 GHz at
lated. The results of the calculations in the vicinity of ihe sample tenjperatu'res of 300 and 77.K' The samples were
point for concentrationsx=0.119, 0.135, and 0.186 at carefully oriented in the resonant cavity tq redyce the non-
T=300 and 80 K are given in Table I. Analysis of the low- resonant energy losses, as could be done in this case because

temperature spectra permitted estimation of the ionizatior\"i/‘\llI ofbtthe_ EdSI;Ssgectratobsetrved V\{[ere praitlcal]ly 'S(I)ltr(ﬁ'ﬁ'
energyE, of the acceptor level as a function of the manga- ¢ obtaine spectra at foom temperature for aft of the
nese telluride concentratidisee Table L n- and p-type MMT samples studied with manganese ion

The reflection spectra of thetype MCT samples were concentrations in _ the solid solution in the range
studied in order to determine the effective masses of thf/‘z 0.074-0.135. Figure 5 ShO.WS the I.ESR spectrum of a
electrons as functions of the electron density and the mang IMT sample. Hg Mno ;Te, which consists of only one,
nese telluride concentration. Measurements were made hqther.broad line dug to the manganese ions. The absence of
300 K on an IKS-21 spectrometer in the spectral region yperfine structure in the spectrum may attest to a strong

20-45 um. The samples studied had uncompensated don#pteractlon between magnetic ions or to a large scatter of the

densitiesn=(6—60)x 101 cm~® and were grown by LPE ocal crystalline fields in the MMT solid solution. Lowering_
from a tellurium flux. The reflection spectrum of several of the temperature of the measgrements fo 77 K and rec_ordmg
the samples are presented in Fig. 4. For samples with the ESR spectra at frequen(:le; of 37 GHz at 300 K did not
lead to resolution of the hyperfine structure.
Analysis of the spectra showed that the value of ghe

TABLE |. Band parameters of ternary solid solutiqndHg, _,Mn, Te (mg is factor and the ESR absorption linewidth depend on the com-

the mass of a free electrpn position of the samples. With increasirghe value of they
Composition factor decreases from 1.93 to 1.86, while the linewidth
« | K [ m/my | my/my | E,eV | E, eV changes from 300 to 500 Oe. Such an increase in the absorp-
300 0.0286 | 0.217
0.119 0.27 . . .
TABLE IlI. Electrical parameters and effective masses of electrons in the
80 0.0261 0.175 0.062 solid solutions Hg_,Mn,Te (300 K).
300 0.0320 | 0.253 . 17 -4
0.135 0.97 Comp;)smon 010770 107, A ‘. m, /my|m, /my
cm™ cmz/(V.s) Lim exp. calc.
80 0.0304 | 0.228 0.073
009 | 06 8.0 - 13.68 | — |0.0194
300 0.0446 | 0.387
0.186 0.27 0.06 | 1.5 5.0 40.5 | 13.68 | 0.0162 | 0.0190
80 0.0435 | 0.376 0.128 1.00 | 5.5 1.3 31.0 | 13.10 | 0.0360 | 0.0345
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FIG. 5. Room-temperature ESR spectrum of g §dn,,;Te sample at a
frequency of 9.5 GHz. FIG. 6. Spectral distribution of the sensitivi§ . Of photodiode struc-

tures based on Hg,Mn, Te solid solutions obtained by ion implantatitfv

tion linewidth in the ESR spectra from the manganese iond) x=0-16(1), 0.11(2), 0.10(3).

attests to growth of distortions in the crystal lattice of MMT

with increasing concentration of Mn ions. The detecting power of the photodiodes was close to the
The MMT epitaxial films were used to prepare photodi- value in the background-limited regime.

ode structures by the Schottky-barrier method, by diffusion  The recombination processes in single crystals and epi-

in mercury vapor, and by implantation of boron ions into ataxial films of MMT have been investigated in a number of

p-type samples. The ion-implantation experiments were carstudies(see, e.g., Ref.)71t was shown that they have much

ried out in the vacuum chamber of the ILU-3 ion-beam ac-in common with the well-studied photoelectric properties of

celerator. As the dopant impurity we used singly chargedMICT. Thus one can hope to obtain photoelements based on

boron ions B with an energy of 40 keV. The dose of im- MMT with parameters like those that are now achievable in

planted ions was varied over the range % MCT.

X 10'° ions/cnf. The samples were not subjected to post-  In summary, we have done a comprehensive study of the

implantation thermal annealing. electrophysical properties of the promising semimagnetic
The photosensitive elements were made in the form o&olid solution manganese—mercury telluride, an alternative

mesa structures by a photolithographic method on the sumaterial to the widely used cadmium—mercury telluride solid

face of MMT wafers (which had hole densities of 2 solution but with better stability of the electrophysical pa-

X 10°-10 cm 2 at 77 K in the initial materialthat had  rameters.

been subjected to ion implantation. Experiments were done

on p-MMT samples with compositions corresponing to the “E-mail: eugene@mi.ru

spectral regions 3-5 and 8-12m. Photosensitive diode

structures were obtained at all implantation doses. The main

electrophysical parameters characterizing the photodiode%- gogéllslgi, lnf;afdePhs(/jﬁllé 1173(129% £y AL Fia

structure were investigated: the product of the resistance aty" Khjzilg/’a " E"’T\LraKho(;?ina" Neo?g?omatéﬁ,'53258\390'. - rhatov,

zero bias times the area of the sensitive elemBp&, the  3a wal, c. Caprile, A. Franciosi, R. Reifenberg, and U. Debska, J. Vac.

voltage sensitivityS, . and the detecting powed; ... Sci. Technol 4, 818(1986.

We obtained the spectral dependence of the photosensitivitfl'- M. Nesmelova,Optical Properties of Narrow-Gap Semiconduct¢is

. . . . Russian, Nauka(Siberian Division, Novosibirsk(1992.
of the p-n ]unCtlonS(Flg' 6. The diode structures had the SP. I. Baranskii, O. P. Gorodnichii, and N. V. Shevchenko, Infrared Phys.

following parameters: 30, 259(1990.
—RyA=130 Q-cn?, S, na=1300 V/W (for the spectral  °I. I. Lyapilin and I. M. Tsidilkovskii, Usp. Fiz. Naukl46, 35 (1985.
region 3—5 um); ’N. S. BaryshevProperties and Application of Narrow-Gap Semiconduc-

—RA=1.7 Q‘sz’ S)\,max: 40 VIW (for the spectral tors [in Russian, Unipress, Kazan(2000.

region 8—12 um). Translated by Steve Torstveit
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The impedance of single-crystal samples of RIGE and Ph_,Geg Te(Ga) (0=x=<0.095) is
investigated in the frequency range fron?16 1P Hz and temperature range 4.2—300 K. The
temperature dependence of the capacitance of all the,Blg Te(Ga) samples studied

exhibited two types of features. These are a pronounced peak at a tempgraflise caused by

a dielectric anomaly at the ferroelectric phase transition, and a characteristic strong frequency
dependence of the rise in capacitance in the temperature régid®0 K. The amplitude of the
low-temperature effect decreases monotonically with increasing frequenagd for f

>10° Hz the effect practically vanishes. This behavior of the capacitance at such low frequencies
may be associated with charge exchange processes in the impurity subsystem. The experimentally
determined value of , is substantially higher than the characteristic temperatures for the
appearance of long-term relaxation processes, in particular, the delayed photoconductivity.
Consequently, the change of the charge states in the impurity subsystem is not accompanied by
dielectric anomalies of the crystal lattice as a whole, and the possible restructuring of the

lattice is of a local character. @004 American Institute of Physic§DOI: 10.1063/1.1820022

INTRODUCTION Direct experimental information about the behavior of
the permittivity and the presence of a phase transition can be
By doping lead telluride with gallium one can obtain obtained in a study of the temperature dependence of the
crystals and epitaxial films in which the density of chargeactive and reactive components of the total impedance. Since
carriers is close to its values in pure bulk samples at lowhe samples of gallium-doped solid solutions of lead telluride
temperatures. This possibility is due to the stabilization ofare quite highly resistive, measurements of the reactive com-
the position of the Fermi levelFL) within the forbidden ponent of the impedance can be carried out directly on uni-
band (approximately 70 meV below the bottom of the con- formly doped crystals without a specially preparpen
duction bandl All of the known solid solutions based on lead junction_ As objects of study we chose Sing|e-crysta| Samp|es
telluride in which the FL stabilization effect has been SUucC-of PbeXGeXTe(Ga), the e|ectr0physica| and photoe|ectric
cessfully observed upon doping with gallium are also semicharacteristics of which have been studied in dét&ilThe
insulating. The majority of the theoretical concepts that haVQJhase transition temperature in undoped oiREQ(Te is
been proposed for explaining the set of properties of galliumye|l known?:8
doped PbTe crystals presuppose the presence of an electron—
lattice correlation that appears thanks to a local rearrang
ment of the nearest-neighbor crystalline environment of th
impurity center upon a change of its charge state. Correlation  Single-crystal samples of Pb,GeTe(Ga) (0<x
processes cause a variable valence of gallium in the PbT€0.095) were obtained by sublimation from the vapor
host, the formation of a system of impurity levels lying both phase. An impurity of 1.5 mol. % GaTe was introduced di-
inside the gafgthe ground stateand in the conduction band rectly into the growing stock. The composition of the
(metastable impurity stateand the presence of long-term samples was determined by the x-ray diffraction method. The
relaxation processes, in particular delayed photoconductivityalues of the lattice constant are presented in Table I. The
at temperature3 <T-~80 K. Together with the notions of samples intended for impedance measurements were in the
local rearrangement of the crystal lattice, the idea of a ferroform of rectangular slabs with an area 6f4xX4 mm and
electric phase transition &t=T. has been considered for thickness~1 mm. The surface of the slabs was coated by a
explaining these propertiés. 95%In+4%Ag+1%Au alloy. For the measurements the

ZS-AMPLES AND EXPERIMENTAL TECHNIQUE
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TABLE I. Characteristics of the samples studfed.
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N a, A

T, K
P
(lit)

T,K
P
(exp.)

Eg(Tp),

meV

E,

meV

T

cap’

K

x=0.095

1 | 6.4642
2 | 6.4426
2 | 6.4260

4 | 6.4196

0
0.046
0.080

0.095

136
196

224

140
165
190

190 (T - 0)
265
297
313

55
75
140
150

70
90
100

PbTe(Ga)

*The lattice constant a [A]=6.4642-0.4701&, the band

Eq4(Tp) [mMeV]=190+0.55T, (Refs. 7 and B

gap

v
v,
Ty

p, Q-cm

samples were placed in a chamber that shielded them from
stray light. The measurements were made with E7-12 and
MIT 9216A ac current bridges at frequenciegrom 10’ to

10° Hz in the temperature interval 4.2—300 K. The tempera-

ture dependence of the resistivilywas measured in dc on 10
samples X 1X5 mm in size under conditions of shielding

and under illumination by IR radiation sources.

EXPERIMENTAL RESULTS

The typical shape of the temperature curves of the resis-
tivity p for Pb,_,Ge Te(Ga) samples measured in dc under
conditions of shielding and under illumination by a light-
emitting diode at wavelength=1 um is shown in Fig. 1 for
samples withx=0.046 and 0.08. Similar curves had been
observed previously for solid solutions of various
compositiong~® The characteristic feature distinguishing the
p(T) curve for Ph_,Ge Te(Ga) from that for PbT&a) is
the presence of a maximum and a region of decline with
decreasing temperature even under conditions of shielding.
In lead telluride containing galliunp(T) increases mono-
tonically with decreasing temperature all the way down the
lowest temperatures of the experiment. Delayed photocon- 0
ductivity is observed aft <T-~80 K, whereT is indepen-
dent of the compositior of the solid solution. In Refs. 2 and
48 a conelaton was noted between the the compostion £ T e ek s o il
:Jf the sol|d_ solution and the temperatuT_g, correspondmg_ ing (2) anz for a PhoGe, oTe(Ga) sample on Coo’”ngme) and on Subse-

o the maximum on the(T) curves obtained under condi- guent heatingpoints (b).
tions of shielding. This suggested that the maximum is due to
a phase transitiofy;® the temperature of which is shifted by

50

150 200 250 300

T.K

100

approximately 80 K downward on the temperature scale be-
cause of the presence of the dopant. However, the possibility
of such a substantial change in phase transition temperature
for such an insignificant impurity concentration has raised
valid objections*®

Figure 2 shows the temperature dependence of the resis-
tivity p measured in dc for Rbh,GeTe(Ga) samples in-
tended for impedance measurements, i.e., having a configu-
ration for capacitance measurements: a large area of the slabs
and a comparatively small distance between them. As can be
seen in Fig. 2a, no explicit correlation betwe€p and the
sample compositiox is observed. Moreover, in a heating-
and-cooling cycle in the region of the maximum one ob-
serves instabilities and irreproducibility of the data at low
temperaturegFig. 2b.

In the high-temperature region thgT) curves for all
the samples studied exhibited a segment corresponding to an
activational character of the conductivity. The activation en-

x=0.046

B E-N-B-8- - —a——]

Qo)

A
LAppA—AA-A-

0 05 1.0

20 25

15
100/T, K

3.0

FIG. 1. Temperature dependence of the resistivity of RBeTe(Ga)
samples, measured under conditions of shieldiagl) and under illumi-
nation by an LED at wavelength=1 um (A, OJ).
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FIG. 3. Typical form of the temperature dependence of the capaci@oée  FIG. 4. Temperature dependence of the relative capacitaficg (C, is the
Pb,_,GegTe(Ga) samples, measured at different frequenties geometric capacitantef Pb,_,Ge Te(Ga) samples of different composi-
tion at a frequency =10° Hz.

ergies E, calculated from the relatiomocexpEx/KT) are . . . .
. . f PbTeG I tal tically ind dent of both
given in Table I. It should be noted that the values of theO 4Ga) single crystals is practically independent of bo

activation energy obtained previousl§ are practically equal temperature and the frequenty Figure 4 shows the tem-
erature dependence of the ra@6C, for Pb, _,GeTe(Ga
to the data of the present study and do not depend on t ! P 0 bixGeTe(Ga)

h d si tth | amples of various compositio§ is the geometric capaci-
shapé and siz€ of thé sample. . tance, defined as the ratio of the area of the contacts on the
At frequencies below TOHz the real part of the imped-

70 icall | tw. At a f f 10K sample to the distance between theihit is assumed that
ancezs 13 prafc_lca y equal tp. At a frequency o Z the sample is a flat capacitor, then the valueCo€, corre-
the value ofZ’ in the peak region is somewhat lower.

An example of the typical temperature dependence o ponds to the permittivitg. For all the P, Ge,Te(Ga)
. I tudi find~1 in the t t int I
the capacitance for all of the Ph_.GeTe(Ga) &=0) amples studied we fing~ 1300 in the temperature interva

. ) , ap<1<Tp, for all f and in the interval 4.2 KT<T, for
samples studied for measurements at different frequenC|es+ 10° Hz

shown in Fig. 3 for the sample witk=0.095. Since the
crystals studied were not completely isolated, especially ir}n
the high-temperature region, in the processing of the exper
mental data the capacitance of the crystals was calculat
from the values of the rea’ and imaginaryZ” parts of the
impedance in the approximation of an equivalent circuit in
the form of a paralleR-C chain. As is seen in Fig. 3, for

The additional contribution to the capacitance observed
Pb,_,GgTe(Ga) in the low-frequency range for<T,,
Eannot be attributed to processes due to polarization or reso-

nce effects of the crystal lattice itself. The characteristic
frequencies of such effects are many orders of magnitude
higher than 16 Hz. The most probable cause of the increase
i ) ... in capacitance may be processes involving charge exchange
T=Ty the C(T) curves clearly exhibit a peak with a position betwsen impurity Zente?s. An analogous Sﬁect i?] the samge

that is practically .|ndependent of frequency. L frequency range has been observed previously in the hetero-
Table | also gives the values of the phase transition tem-

. junctions of germanium-silicon diodes and was explained as
perature for undpped E)bXGe‘T? crystals, accordmg to pub- being the contribution to the capacitance of the heterojunc-
lished data T, lit.) and according to the experllmental data tion from charge exchange between boundary sfates.
of the present studyT(,). The temperature at which the peak
is observed on th€(T) curve is somewhat lower than the
temperature of the transition from the cubic to the rhomboCONCLUSION
hedral phase for the undoped alloy of the same composition In this study we have established experimentally that the
but is substantially higher than the temperature of the maxiphase transition temperatufe, in Pb,_,GeTe(Ga) is sub-
mum on thep(T) curves. It should be noted that the lower- stantially higher than the characteristic temperatures for the
ing of the phase transition temperature by an amount that igppearance of delayed photoconductiviff-( 80 K), the
quite comparable with the data of the present study has alsemperatures of the inflection points on #r) curves, and
been observed upon doping of PhGegTe alloys with  the temperatures at which the low-frequency anomalies ap-
indium? Importantly, the peak on th€(T) curves is rather pear on the temperature curves of the capacitafigg)( The
sharp, indicating good homogeneity of the samples in respeefata show that processes involving charge exchange between
to composition. impurities are characterized by only a local restructuring of

In the temperature regioN<T,, (Tcap IS the tempera-  the lattice, unaccompanied by the frequency-independent di-
ture at which low-frequency anomalies appeaustrong fre-  electric anomalies observed at transitions to the ferrophase.
guency dependence of the capacitance is observed. At low
frequencies {~10% Hz) one observes a sharp, practically ~ This study was supported in part by Grants Nos. 04-02-
jumplike increase in the capacitance by almost an order 06397 and 02-02-17057 from the Russian Foundation for
magnitude. With increasing the amplitude of the jump de- Basic Research and by INTAS Grant No. 2001-0184.
creases, and dt=10° Hz the C(T) curve becomes rather
smooth. In the temperature regidn< 70 K the capacitance "E-mail: khokhlov@mig.phys.msu.ru
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Ultrasonic experiments on ZnSe and ZnSe:Ni crystals with impurity concentrations of 5.5

X 10 cm~2 have revealed precursor phenomena at temperatures much higher than the
temperature of the structural transition.& 14.5 K). It is found that the elastic constant

C,,4 softens whileC,; and C,, become stiffer asl; is approached from above; the strains
associated with the order parameter are transverse deformations©f thyge. A brief

symmetry analysis of the possibilities of formation of a tetragonal phase is given. The Jahn—Teller
effect and displacement of the charge density on the chemical bonds are discussed as

probable causes of the low-temperature phase transitio20@ American Institute of Physics.

[DOI: 10.1063/1.1820023

INTRODUCTION dependence of the different components of the elastic con-
o ] ] stant tensor one can establish which of them undergo the

The growing interest in research on type Il-VI semicon-g e atest change in the transition region, determine the type of
ductors doped with 8 elements is due to the possible order- gyaing associated with the order parameter, and indicate the
ing of the magnetic moments of the impurities and to the Us@naracter of their coupling. The elastic constants can be mea-

of these materials in spintronic devices. Recently a oW rad in two types of experiments: static and dynamic. Ex-
temperature structural transition due to a nickel impurity WaSeriments of the first type presuppose a change in length of
observed in zinc selenide by neutron diffractometry supplege sample when static stresses are applied to it. The second
mented with ultrasonic studiésThe currently available data type of experiments is based on the propagation of acoustic

indicate that this is a second-order transition from a cubiGyaves in the ultrasonic range. The elastic constants thus
structure of the zinc blende type to a tetragonal structureqeasured are dynamic, i.e., they contain a frequency-
The nature of the transition observed is not completely Cleardependent, in general complex, contribution and they deter-

since it is due to impurities at an anomalously low densityine the phase velocity and absorptiof” of the ultrasonic
(5.5x 10" cm™3). wave:

In the description of phase transitions one considers
physical quantities that are derivatives of thermodynamic po-
tentials with respect to thermodynamic coordinates. The ex- —[Cuamy.p
perimentally obtained dependence of these derivatives on the Y (kim),p™ p
thermodynamic parameters yields useful information about
the type of transition and its kinetics and also serves as a
touchstone for both ph logical and mi i - __ @ m{Cam.p}

phenomenological and microscopic the T iy p=

oretical concepts. One such physical quantity is the tensor of 20 am).p RECaim).pt
elastic constants, which is the second derivative of the free
energyF (for an isothermal procegsr the internal energy = 3
(for an adiabatic procepsvith respect to the components of 2P0 (iam).p
the strain tensog; . (Here and below we use the Voigt nota-
tion.) At structural phase transitions the components of thevhere the index indicates the type of normal mode propa-
order parameter tens@; are associated with the strains  gating along the axigklm): in the case of the principal
in a definite way. In was shown in Ref. 2 that for the elasticcrystallographic axes one has-/ for a wave of longitudi-
constants in the region of a second-order structural transitional polarization an&l andS2 for the two transverse modes;
the temperature dependences described by different terms jnis the density of the materiaG,m),, is an effective elastic
the expansion of are qualitatively different, since those constantw is the angular frequency of the wave. The elastic-
terms reflect different characters of the coupling@fand  constant tensor of a cubic crystal has three independent com-
;. In the case of a transition from a cubic to a tetragonalponents. In a Cartesian coordinate system tied to the princi-
phase the order parameter is a sc@lar(c—a)/a, wherea  pal crystallographic axes, these &@¢;, C;,, andCy,.
and c are the parameters of the tetragonal unit cell. Thus In Ref. 1 longitudinal ultrasonic waves propagating
from the shape of the experimental curves of the temperaturalong the(110 axis were used. In that case the effective

IM{Ckimy,p}» 1)

1063-777X/2004/30(11)/4/$26.00 912 © 2004 American Institute of Physics
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elastic constant is a linear combination of all three indepen- -37
dent components defined in a coordinate system tied to the
principal crystallographic axes: -

1
C<110),/:§(C11+ C1212C4). 2 -38 o

The effective transverse elastic constants for this direction
are

AV/vgy  10°
L]
[ ]
[ ]
[ ]

1
C<110>,31:§(Cn_C12)10<110>,32:C44' (€

and therefore, in order to get a more complete picture of the . ¢
kinetics and the character of the phase transition in ZnSe:Ni, '\‘,,"

. . . . ®

in addition to the curves for longitudinal wavewe also | , N L .
investigate on the same samples the temperature dependence 5 10 15

of the absorption and of the velocity of transverse modes T,K
propagating along th&10) axis. 4

|
b
(e]
T

EXPERIMENT R

Measurements of the phase velocity and absorption of
ultrasound were made on an ultrasonic device operating on
the principle of a frequency-tunable ultrasonic bridgat
frequencied ~52 and 154 MHz in the temperature interval
T=4.2-160 K. The ZnSe:Ni samples were in the form of
parallelepipeds with sides of »67x15 mm. Ultrasonic
waves were excited and detected by LiNb@iezoelectric
transducers. In this method the relative change of the balance 0O
frequencyf of the bridge is related to the changes of the
phase velocity and the path lendthraversed by the wave as

Af Av AL 4 0 15 30
To vo Lo @ T.K

where Af=f(T)—fy, Av=v(T)—vg, AL=L(T)—Lg, FIG. 1. Temperature dependence of the velo¢i#yand absorptior(b) of
anduvg, fo, andL, are quantities defined at a certain tem- transverse ultrasonic waves in ZnSe:N®)—polarization along(100),
peratureT, (in our casel,=90 K). The measurement error (O)—(110. AV=0(T) ~v(90 K), AT=T(T) = T'(40 K).

Af/f, did not exceed 10°. Using the results of Ref. 4 for

the coefficient of linear thermal expansion determined at . L . )
=100 K (a=2.5x10"% K1), we found that above 60 K absorption peak is significantly higher and the change in the
the value ofAL/L, is negligible in comparison witth f/f,. ~ ultrasound velocity prior to the transition on the high-
Below 60 K the neutron-diffraction datandicate that the temperature side is considerably larger. Qualitative differ-
unit cell volume is unchangingwithin the accuracy of the €Nces are seen in the curves for the transverse ultrasonic
measuremenjsboth before and after the transition. Since Wave Of theS1 type(i.e., polarized along thel10) axis): the
there is no preferred direction in the sample, in the tetragondiPSOrption peak is absefgee Fig. 1pand the temperature

phase it should consist of regions having different directiong/€Pendence of the velocity is monotonic. _
of the ¢ axis. It is natural to suppose that these axes are Knowing the temperature dependence of all the effective

equiprobably oriented along the fourfold crystallographicelaSﬁC constants for thel10) direction, one can recover the

axes of the high-temperature cubic phase. Then it followdemperature dependence Gfy(T), Cix(T), and Cu(T).
from the condition of conservation of the unit cell volume OUr @pparatus also permits measurement of the absolute val-

that the linear dimensions of the sample remain constant/€S ©Of the ultrasound velocity, but to significantly lower ac-
Thus if Au/v,, is determined on the basis of relatioh), one curacy. Therefore in order to express our results on the ab-

may safely neglect the teriL /L, in the whole temperature solute scale we used the results of Ref. 5, in which the values
interval. of the elastic constants of the ZnSe crystal and their tempera-

ture dependenc€;;(T) in the interval 77—-300 K were mea-
sured to high accuracy. The temperature intervals of our
measurements and the measurements reported in Ref. 5 par-
The temperature dependence of the absorption and veially overlap. This made it possible to represent the tempera-
locity of transverse sound polarized along th€0 axis(in  ture dependence of the elastic constants of the impurity-free
accordance with formul&3) this is S2) measured by us in ZnSe crystal on the absolute scale over a wide temperature
the Ni-doped crystal is analogous to that for longitudinalinterval. Assuming that the curves for the pure and doped
waves. The differences are of a quantitative character: therystals coincide at high temperatures, we constructed the

AT dB/cm

RESULTS AND DISCUSSION
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) 519 9 FIG. 3. Temperature dependence of the difference of the elastic constants of
i V/ the doped C”') and pure C?j) crystals, AC;; =C{}“—Ci°j , in relative units:
(O)—AC,4, (®)—AC4;, (0)—AC;,. The vertical line corresponds to
T=T,.
In the quasiharmonic approximatfbﬁ:ij(T) is proportional
to — T for T—0 and to— T at moderately low temperatures.
4. Since nonmonotonic dependence is observed for the
doped crystal in the phase transition region onlyGgy, one
4.08 . . , . can associate a strain of thg type with the order parameter.
o 30 60 90 120 150 The general appearance of tﬁ@4(T) curve is similar to thg
T K dependence given in Ref. 2, which corresponds to a linear
’ relation between the order parameter and the strains.
FIG. 2. Temperature dependence of the elastic constants of Zn@:ind A symmetry analysis based on the neutron-diffraction
ZnSe(O) crystals. data shows that the transition to the tetragonal phase cannot

occur with a wave vectok=0. A tetragonal phase arises

only via transition channels of the Lifshitz stafkg} and
temperature dependence of the elastic constants for thé,q in the Kovalev notatiorf.The star{k,q} forms a tetrag-
doped crystalsee Fig. 2 We recall that below 14.5 K the onal phase upon a transition along one arm or any two arms,
ZnSe:Ni sample is no longer of cubic symmetry, that it has avhile the stafkg} does so for a certain set of arms, a list of
different set of elastic constants and, moreover, is nothich is given in the monograph cited as Ref. 8. For all the
monocrystalline. Therefore, in the temperature region corretransition channels a tetragonal phase is obtained by dis-
sponding to the new phase the data for the doped sampfgacements of the Se atoms except for one of the channels of
must be understood as being the result of a certain averaginthe star{kg}, which has the greatesa 16-fold increase in

In order to get a clearer picture of the differences of thethe unit cell volume. In this last transition channel a tetrag-

elastic constants of the doped and pure crystals, in Fig. 3 wenal phase can be obtained by a displacement of both the Se
have plotted on a relative scale the difference of the elastiand Zn atoms. What we have said above means that the
constants of each given typ&;'~C{, whereC] is the transition to the tetragonal phase should occur with the for-
elastic constant of the pure crystal aﬁﬁ' is the same for mation of superstructure. For confirmation of this conclusion

the Ni-doped crystal. it will be necessary to do further detailed neutron-diffraction
The main results obtained on the basis of the experimenstudies.
tal data given above can be stated as follows. In considering the probable causes of the phase transi-

1. The temperature dependence of the elastic constantion in the ZnSe crystal induced by such a low impurity
for the doped and pure crystals are different bete®00 K,  concentration, we turn our attention to the Jahn—Teller effect
indicating that precursor phenomena are observed over and to the change in the value and position of the maximum

wide interval range. of the charge density on the chemical bonds near the impu-
2. Doping leads to a softening of the elastic cons@qnt  rity.

and a linear hardenin@ith decreasing temperatyref the The Jahn—Teller effectsee the revieW consists in a

elastic constant€,; and C,, relative to the pure crystal. lifting of the degeneracy of the energy levels af 8lements

3. The temperature dependence®f; and C,, for the  found originally in a high-symmetry environment. The de-
pure ZnSe crystal is not monotonic: an indistinct maximumgeneracy is lifted on account of local deformations of the
is observed around 40 K. Such behavior can be considerectystal lattice which lower the symmetry. TheNiions sub-
anomalous, since a monotonic hardening of the elastic corstituting for Zn in the ZnSe crystal have an orbitally degen-
stants with decreasing temperature is normal for insulatorserate ground stat&T; in a tetrahedral environmetf.This
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state admits tetragonal distortions of the lattice owing to the  In ultrasonic experiments on ZnSe and ZnSe:Ni crystals
interaction of 3 electrons of the nickel with acoustic with an impurity concentration of 5:510'° cm™3, we have
phonons oE symmetry. Although the Jahn—Teller effect can observed precursor phenomena at temperatures below 100 K,
lead to local distortions of the lattice, it is unclear how thesei.e., almost an order of magnitude higher than the tempera-
distortions would propagate in the crystal, leading to theture of the structural transitio,.=14.5 K. We have estab-
phase transition. lished that the elastic consta@, softens andC;; andC;,

As a mechanism having longer range one might consideharden asT is approached from the high-temperature side;
the redistribution of the charge density between an impuritythe strains associated with the order parameter are transverse
center and the nearest-neighbor environment. This redistribwstrains of thes, type. A symmetry analysis permits the con-
tion is manifested in a change in the position and value of thelusion that the transition to the tetragonal phase should oc-
maximum of the charge density on the chemical bond, andur with the formation of a superstructure. The Jahn—Teller
this charge has a long-range influence in ionic—covaleneffect and the displacement of the charge density on the
crystals'! The redistribution of the charge on the bond canchemical bonds are likely candidates for the cause of the
be tracked in the series Ge, GaAs, ZnSe, and CuBr. Thedew-temperature phase transition.
substances have approximately equal bond lengths and, ex- This study was done with the financial support of the
cept for Ge, crystallize in a structure of the zinc blende typeRussian Foundation for Basic Reseaf¢rant No. 04-02-

In Ge the maximum of the charge density on the bond i96094-p2004 Urala).
largest and is equidistant from the ions, while in GaAs,
ZnSe, and CuBr the maximum of the charge density de*E-mail: gudkov@imp.uran.ru
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A comparative study is made of the influence of high press(ires50 GPaon the conductance

of the ammonium halides NEX (X =F, Cl, Br) at temperatures of 77 K and above. It is

found that the application of high pressure induces a phase transition which is manifested in a
sharp(jumplike) change in the resistance by seveérabre than threeorders of magnitude

and is accompanied by hysteresis typical of a first-order phase transition. The values of the pressure
P.1 correlate with the density of the material and are approximately 40, 27, and 15 GPa for

NH,4F, NH,CI, and NH,Br, respectively. The relaxation times of the resistance depend strongly on
the pressure: in the transition region the relaxation time is increased signifi¢atty

several hours to daysAt pressures much higher théh, it is several minutes. €004 American
Institute of Physics.[DOI: 10.1063/1.1820024

1. INTRODUCTION and the geometry of the anvil has been tested on a large

Ammonium halides are analogous to transition metal ha¥"ouP of materials over a wide range of temperatures and

lides, in which the structural transitions at high pressures an?ressures and is described in Refs. 3, 4, 13, and 14. The

the accompanying changes of their optical and electricae(:hr"qu.e u_sed allows one to study the same sample upon
; . : . successive increase and decrease of pressure and also to hold
properties, including the appearance of metal-like state

have been well studied* In ammonium halides the role of Stlwbe;asisgndplt)e uCn(;jmer :Z:gi;cr)lriﬁ It?]r;ghtim;f. r-lt—er;(;usrimczll(le Sh;;uglz(ij_’
the alkali metal is played by the (NM' ion. The phase y P gn-p

diagram of ammonium halides is a unique combination Ofameter of-0.2 mm and a thickness of 10—3(n. Measure-

the phases characterizing dynamic orientational disorderEnents were made in the linear part of the current-voltage

(phases | and Jland phases with different types of orienta- characteristic. The voltage across the samples was kept to 10
tional ordering of the ammonium ions—*antiferromagnetic” mV or less to avoid electric breakdown. Because the intrinsic

(phase 1) and “ferromagnetic”(phase I\J. The richness of resistance of the measurement circuit was around 100 M

) ! . we measured samples with resistances of D &4 less. The

the phase diagram and the series of features of the orlent?e—m erature of the high- " istered b
tional phase transitions and lattice dynamics have been P gh-pressure cefl was registered by a
stimulating interest in the study of these materialse, e.g., copper—Constantan thermocouple.
Ref. 5. Structural studies gf these materials have been dong GENERAL FEATURES OF THE BEHAVIOR OF THE
at pressures up Fo 9 GPa® Measurements of the' conducj RESISTANCE OF AMMONIUM HALIDES UNDER
tance together with the data of structural and optical studleﬁle‘H PRESSURES
yield information about the onset and dynamics of the phase
transitions and the changes in the electronic structure. A In all of the ammonium halides studied the resistance
study of transport phenomena can provide substantial inforexhibited hysteresis as a function of press(ifig. 1). At low
mation about critical phenomena at high presstf@sthe  pressures the resistance of the investigated samples exceeded
goal of the present work was to do a comparative study ofL0 MQ). At a certain critical pressur@., the resistance of the
the influence of high pressurés5—50 GP#aon the value and ammonium halides studied decreased shafpith a jump.
relaxation time of the conductance of the ammonium halide®uring a subsequent lowering of the pressure the return to a
NH,X (X=F, Cl, Br) at temperatures of 77 K and higher. state with high resistance is observed at a critical pressure
P.1<Pc. [An analogous sharjumplike) transition is ob-
served on the temperature dependence of the resisRwate
pressures close to the criticéFig. 2).] Hysteresis is also

The measurements were made in a high-pressure cebbserved on the temperature dependence of the resistance.
with diamond anvils of the “rounded cone-plane” type The size of the hysteresis loop of the resistance in pressure
made from synthetic polycrystalline carbonadblack) and temperature decreases with increasing number of
diamonds-t*2These anvils are good conductors of electricalcompression—decompression cycles and/or increasing dura-
current and can be used as electrical contacts to the sampt#n of the hold under pressure. This shows that a rather long
The resistance of the short-circuited anvils is 7-12and  high-pressure treatment of these ammonium halides is nec-
varies weakly with temperature. The method of estimatingessary in order for them to reach a stable state, and some-
the pressures with the use of data on the mechanical propeimes a static hold at a fixed pressure is insufficient, and
ties of the material being compressed and of the diamondeveral successive compression—decompression cycles are

2. EXPERIMENTAL TECHNIQUE

1063-777X/2004/30(11)/5/$26.00 916 © 2004 American Institute of Physics
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FIG. 2. Temperature dependence of the resistance QFNttia pressure of

o \ 50 GPa(a) and of NH,Cl at P=27 GPa(b).

o phase the temperature dependence and pressure dependence
10°F ° o of the resistance exhibit features indicative of the formation
- of intermediate states. All three ammonium halides at pres-
A L4 °g o sures aboveP., (after a preliminary hold under pressure
A 80000 pass into a state characterized by growth of the resistance
& An with temperature. Below we report the features of the behav-
A ior of the resistance in each of the three materials studied.

R,Q
®
o
o

4
10 | Ammonium fluoride

During the initial application of pressure at room tem-
AA perature the NgF samples pass into a state with a resistance
A AAMA# of less than 10Q only at P=P,~50 GPa, and a pro-
0 25 30 35 40 45 50 Ion_ged hoId(of tr_le order of a monthunder pressure is re-
P, GPa quired for this. Figure 2a show(T) for an NH,F sample at
a pressurd®=50 GPa on heating and cooling. It is seen that
FIG. 1. Pressure dependence of the resistance ofd\Nk) and NH,Br (b) for 77 K<T<270 K the resistance exceeds 3MMAs the
at room temperature: the circles are for the initial compression and decorr*t-}:"mperalture is increased, the resistance decreases in a jump
pression; the triangles are for after a long hold of the sample under pressure: ! ’ -
by at least three orders of magnitude. On subsequent cooling
the sample again passes into the high-resistance state but at
necessary. A correlation is observed between the duration gomewhat higher temperatures. An additional hold of the
the necessary preliminary pressure treatment and the densggample under a pressure of 50 GPa leads to further decrease
of the materialthe atomic weight of the halogens F, Cl, and of R (by tens of ohmp At pressures of-40 GPa the NiF
Br). The critical pressure of the transition between the insusamples undergo a transition to a state with megohm resis-
lator and low-resistance state in ammonium halides detance independently of the prehistory of the sample.
creases with increasing atomic weight of the halogen. The temperature dependence of the resistance offNH
It was found that the relaxation time of the electrical is characterized by the presence of hysteresis, which is due,
resistance of the samples upon a change in pressure deperadswill be shown, to the long relaxation times. On heating the
on the applied pressure. Near the pressures of the transitid®(T) curve has a metal-like character up to a certain critical
from the low-resistance to the high-resistancelQ0 MQ) temperaturel ., , after which the resistance remains practi-
state the relaxation time increases substantially. cally unchanged. The critical temperature on coolifig,, is
At pressuresP>P,,; (in the region of the conducting practically constant. A long holdfor several weeksunder
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pressure leads to vanishing of the hysteresis, and the conduc-
tion become metal-like in the entire temperature interval
studied(see Ref. &

Ammonium chloride

On the initial application of pressure, samples of JOH
undergo a transition to a state with a resistivity of less than
10" Q only after a hold of the order of a week under a 0.80 082 084 086 088 090 002
pressure of 50 GPa. In a hold at a lower pressde GPa P/ (0)
the time necessary for transition of the sample to a state of fe-alFe!/Te-a
high conductance increases to 17-20 days. It is because @G, 3. pependence of the critical pressure on the cation—anion distance.
the long time for relaxation to the steady-state conductance
of NH,CI (just as for NHF) that it has not been possible to
deter_mine precisely_ the cr_itical pressuPg, at which the A monium bromide
transition from the high-resistan¢above 16 Q) to the con- . . ) )
ducting state occurs. The return to the high-resistance state O ammonium bromide NBr, unlike the fluoride and
on decreasing pressure occursPai~25-27 GPa indepen- chloride, the resistance is already no higher than 1-<2 &
dently of the prehistory of the sample. pressure$~ 15 GPa. Figure 1b shows the results of a mea-

At pressures near the critical an analogous skiarp- surement ofR(P) in the first compression—decompressjon
like) transition is observed on thR(T) curve of NH,CI cycle (circles and after a long hold of the sample at high

samples(Fig. 2b). A jump in resistance by more than 3 or- pressure(triangles. It is seen that in the first cycle as the

ders of magnitude indicates the presence of a phase tran&l€Ssure is increased from 15 to 30 GPa the resistance de-
tion. The nonmonotonicitie§umps of the resistance near ¢'€ases by at least 2 orders of magnitude. Upon further in-

the transition are due to the nonuniformitgolycrystalline crease in pressure the resistance changes only slightly. After

structuré of the sample and are apparently due to processed [0ng hold under pressure tR¢P) curve displays a feature
of nonuniform compaction of the structure under pressure. & P~40 GPa, indicating the formation of a new state of the

Thus the observed transition of NEI (like that of sample. hat th . f i |
NH,F) from the high-resistance to a low-resistance state /€ note that the resistance of Mt is larger on de-

upon application of pressure is accompanied by hysteres@©aSing pressure than on increasing pressure, i.e., the effect

typical of a first-order phase transition. The size of the hys-IS opposite to that observed in A and NHCI. Al the

teresis loop depends on the duration of the hold at differeppressure curves of the resistance of /BHcharacteristically

pressures and is evidently due to the long relaxation times oth'b't a decrease in _the W'dt.h of the hysteresis loop for
>40 GPa and a noticeable increasePfat lower pres-

the conductance.
sures.

In the existence region of the conductin hase ther .
9 gp As to the pressure®.; and P, of the transition be-

exists a temperature hysteresis of the resistance that vanishtes the hiah-resist dl ist tates. it is cl
(as in the case of NF) after a long hold of the sample ween the high-resistance and low-resistance states, it is clear

that P, lies below the lower boundary of our measurements,

under pressure. In the first compression—decompressio .
cycles the temperature dependence of the resistance Ioo%’ GPa. The pressqnécz could ngt be. determined pecausg
of the sharp growth in the relaxation time of the resistance in

like activation. After a longtwo-month hold of the samples .

- . the pressure interval 15-22 GPa.
under pressure the temperature coefficient of the resistance

changes sign.

When the pressure is reduced to values close to 27 GPa
the form of theR(T) curves changes noticeably. A common
feature of those curves, independent of the duration of the 10 [ ] T
preliminary pressure treatment, is a minimumR(T) at a r
certain critical temperaturésee Figs. 3 and 4 of Ref. 15 9 g
Below that temperature the resistance obeys the law of acti- i "
vation, while at higher temperatures the temperature coeffi-
cient of the resistance is positive, i.e., one observes a
“semiconductor—metal” transition. 8

The charge carrier density in the state with the positive -
temperature coefficient of resistance, estimated from mea- =
surements of the thermopower, does not exceed mo?, 7 . . l -
which is two orders of magnitude lower than the electron 1 10 100 1000 10000
densities in metals. The sign of the thermopower remains t.s
unchanged in the region of metal-like conduction and indi-gi. 4. variation of the resistance of N8I with time after a lowering of
cates am-type conductivity. the pressure from 27 to 22 GPa.

R, kQ

NH,4Br
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The R(T) curves of NHBr have a positive temperature
coefficient of resistance at 77-300 K. At pressures of 40—44 NH.,CI r
.. . " 7 4
GPa one observes features indicating the transition of the 10'k
sample to a different state. We note that both the temperature
dependence and pressure dependence of the conductance of
ammonium bromide differ substantially from those for the G

other ammonium halides. Similar features have been ob- ‘1106

served previously for other alkali metal bromides as Well. &
The foregoing results show that all the ammonium ha- I’ 4
lides studied exhibit a phase transition between states with ..-.~.—.-+~’\[ V.
high and low resistance. Figure 3 shows the dependence of 5 .
the critical pressur®,,; on the cation—anion distancg_, at 10450 1000 10000
the corresponding pressure. This distance was calculated LS

from the universal equation of state of Schlosser, I:errant(':?“-"IG. 5. Variation of the resistance of N8I with time after a lowering of
and Vinet[formula (2.44) in Ref. 1€, which gives the de- the pressure from 35 to 27.5 GPa.

pendence of the relative volumé/VVy on P. The cation—

anion distance._, is assumed equal to/(V,)*. The de-

pendence . ,(P.) turns out to be linear, which shows that 5. CONCLUSION

these are all transitions of the same type. The ammonium halides NjX (X=F, Cl, Br) have a
phase transition at high pressure. The transition is manifested
4. RELAXATION OF THE CONDUCTANCE IN AMMONIUM in a sharp(jumplike) change in resistance by sevetalore
HALIDES than threg orders of magnitude, and the resistance exhibits
The main difficulty in the the measurements of the resishysteresis typical qf a first-orde_r phase transitiqn. _The values
tance of ammonium halides as a function of pressure or tenf2l Pe1 correlate with the density of the materiatith the
perature is the presence of long relaxation times. Unless thigation—anion distangeand are 40, 25-27, and 15 GPa for
circumstance is taken into account the results of measurd¥HaF, NHiCl, and NHBr, respectively. An analogous jum-
ments can be strongly distorted. The long-term relaxation oP!ike transition is observed on the temperature dependence
the resistance is especially important near the critical presQf the resistance at pressures near the critical. The relaxation

sures.
The relaxation of the resistance near the transition from

the high-resistance to the low-resistance state is character- 500} a

ized, as a rule, by two times. Figure 4 shows the dynamics of NH,CI

the change in the resistance of an ¥ sample in the time 200k

following a lowering of the pressure from 27 to 22 GPa. Itis
seen that the change in resistance occurs with two markedly
different times. The short time amounts to a few seconds, 300

while the long time is a number of hougsr even days The ‘:

long time can vary depending on the duration of a prelimi- 2001

nary hold of the sample under pressure and the value of the A

applied pressuréon by how much the applied pressure ex- 100+ .

ceeds the critical pressyré\t pressures considerably higher <

than P, the relaxation time amounts to several minutes. 0 S S T VA O T ST SR ST T
At pressures much higher thdh,, the relaxation of the 26 28 30 32 34 36 38 40 42 44 46

conductance of NFCIl and NH,Br obeys an exponential law 10000 P,GPa

of the form
R(t)=Rs+Aexp —t/7),

whereR(t) is the resistance at time Ry is the steady-state 1000 E
value of the resistance,is the characteristic relaxation time, b
andA is a coefficient. -

When the critical pressure is approached, the relaxation
of the resistance becomes essentially nonexponential and
nonmonotonidFig. 5).

Figure 6 shows the pressure dependence of the relax-
ation time of the conductancefor NH,Cl and NH,Br. It is 10k 5 .
seen that at pressures néy the relaxation time increases 20 25 30 35 40 45 50
noticeably. Ther(P) curve for ammonium bromide also dis- P,GPa

plays a feature near 40 GPa, which correlates with the feaF'IG. 6. Pressure dependence of the relaxation time of the conductance to a

tures on the pressure dependence and temperature depgRady state after the pressure is lowered for samples ofCNK8) and
dence of the resistance. NH,Br (b).
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The statistical strained-tetrahedron model was developed to overcome two common assumptions
of previous models: )la rigid undistorted ion sublattice of regular tetrahedra throughout

all five configurations, and)2a random ion distribution. These simplifying assumptions restrict

the range of applicability of the models to a narrow subset of ternary alloys for which the
constituent binaries have equal or quasi-equal values of their lattice constants and standard molar
enthalpies of formationX{Hy). Beyond these limits the predictions of such models

become unreliable, in particular, when the ternary exhibits site occupation preferences. The
strained-tetrahedron model, free from rigidity and stochastic limitations, was developed to better
describe and understand the local structure of ternary zinc blende crystals, and interpret
experimental EXAFS and far-IR spectra. It considers five tetrahedron configurations with the
shape and size distortions characteristic of ternary zinc blende alloys, allows nonrandom
distributions and, hence, site occupation preferences, conserves coordination numbers, respects
stoichiometry, and assumes that next-neighbor values determine preferences beyond next-
neighbor. The configuration probabilities have three degrees of freedom. The nineteen inter-ion
crystal distances are constrained by tetrahedron structures; to avoid destructive stresses,

we assume that the average tetrahedron volumes of both sublattices relax to equal values. The
number of distance free-parametet§. Model estimates, compared to published EXAFS

results, validate the model. Knowing the configuration probabilities, one writes the dielectric
function for far-infrared absorption or reflection spectra. Constraining assumptions restrict

the number of degrees of freedom. Deconvolution of the experimental spectra yields values of
the site occupation preference coefficient and/or the specific oscillator strengths. Validation

again confirms the model. @004 American Institute of Physic§DOI: 10.1063/1.1820025

1. INTRODUCTION 2. THE STATISTICAL STRAINED-TETRAHEDRON MODEL

The abundance of articles in the literature devoted to  To create any model, one has tpdescribe as closely as
sphalerite(zinc blende ternary semiconductors is ample evi- possible the object under study, using proper parameters for
dence of the interest paid to them. In the hope of bettethat; 2 reduce the set of these parameters through motivated
understanding their local structure, we considered the intefeonstraints to determine the minimum number of degrees of
pretation of extended x-ray absorption fine structurefreedom/parameters;) heck the model-predicted values
(EXAFS) (see theoretical consideratidrfssince 1981 and  against experimental ones;) Zonsequently, discard the
vibrational spectra observed in the far-infrared regiBfR ~ model or retain it as valid depending on the reproducibility
spectra. thus obtained. With this in mind we recall our modeling.

EXAFS was applied soon aftet with, alas, no review he obi
paper covering the abundant literature devoted to it. For Iit-2'1' The object under study
erature on the FIR spectra, see, for instance, the review Zinc blende fcc structures are tetrahedrally coordinated,
articleS~" and bool€ With that aim we developed the statis- characterized by a central ion surrounded by four nearest-
tical strained-tetrahedron model, validating it on publishedneighbor(NN) ions(first shel) defining the four vertices of a
EXAFS zinc blende dafd® and, after an adaptation, on in- tetrahedron, and 12 next-nearest-neightdXN) ions (sec-
termetallide material$ The model was then extended to de- ond shel). Binary compounds AZwe use A, B, ... for cat-
scribe and interpret FIR spectfa. ions, and Z, Y, ... for anions have their successive shells

We propose to briefly recall here the model developedalternately fully filled by A then Z ions. All tetrahedra are
and its validation and then to dwell more on FIR-spectrumsymmetric, regular, and identical; thus, by simple trigonom-
interpretation, applicability, and limits. etry, equal interbond anglesa(A:Z:A) =a(B:Z:A)

1063-777X/2004/30(11)/9/$26.00 921 © 2004 American Institute of Physics
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TABLE la. NNN SOP-coefficients in terms of NN SOPs: All possible NNN distributions and resulting SOP-coefficients for termfrs. 0
{Witk=13=<4/Kk, while Wo=W,=1. Zinc blende A_,B,Z with a B or A ascentral ion®

. All 12 possible NNN B-ion fills Resulting B-weights Resulting A-weights
of the 4 tetrahedra Pl =z (M, W) o =2, (M, Wi
0 0000 w, W, =1
1 0001 GBW, +W,)/4 GBW, +W)) /4
2 0002/0011 (W, +2W, +W,) /8 (SW, +2W, +W,)/8
3 0003,0012/0111 (6W +AW,+ W +W ) /12 (6W, +4W +W,+ W) /12
4 0013/0022/0112/1111 (W HTW,3W 4 W,) /16 (SW, +TW +3W,+W,) /16
5 0023/0113/0122 (AW +3W 43W +2W,) /12 (4W, +3W +3W,+2W,) /12
6 0033,/0123/1113/0222/1122 (AW +6W ,46W +4W,) /20 (AW, +6W +6W,+4W,) /20
7 0133/0223/1123 QW +3W,+3W+4W,) /12 (W, +3W +3W,+4W,) /12
8 0233/1223/1133/2222 (W +3W,4TW +5W,) /16 (W 3W +TW #5W,) /16
9 0333/1233/2223 (W +W AW +6W,) /12 (Wt W +4W +6W,) /12
10 1333/2233 (W, 92W+5W,) /8 (W +2W,+5W,) /8
11 2333 (WH3W,) /4 (W,43W,) /4
12 3333 w,=1 W,
TABLE Ib. Intermetallides M(XX'); around X or X.!
{ka=2j=0,4 M 5V 06 {x.wk=zj=0,4 M W7 k=06
Xwo = /3 W1+% W, Yy = % Wo"’% Wi
Y= 1%5W1 +2%e WotYsWs X,w1= V; 36W0+2%6W1+%6W2
Xw2= 1%2W1+4%2W2+1%2W3+%2W4 wa2= 1%2W0+4%2W1+1372W2+%2W3
Y= S Wit Wt oWt YWy Yoy SasWot1 s W VoWt 40 Ws
wa %2W1+1%2W2+4%2W3+1%2W4 X’wf %2W0+1%2W1+%2W2+1%2W3
Yoy WiVt W Yog= HosW W YW
Ywg= WALAL Yog= W ABYAS
=109.47°, and the inter-ion distancééd] are defined in However, to assume a stochastic filling with ions A and
terms of the lattice constaat (known from x-ray diffraction B around Z means that the Z-ion preference for either is the
analysis: A?d=23Y2a/4, A d=%?d=a/2'. same. Thermodynamically this implies that the enthalpies of

For ternary A_,B,Z (or AY,Z;_,), in the binary com- formation of AZ and BZ pairs are identical. But we are aware
pound AZ, cations A are partially substituted by B ions. This,that in nature equality is the exception that confirms the rule
leads to five different elementary tetrahedifa}—o 4 where of inequality. Indeed, the standard molar enthalpies of forma-
the subscripk indicates the number of B ions at the verticestion of binaries AtHg, kd/mol, are generally different. That
of the tetrahedron, with (4k) A-ions [To(Z:*A), is why the stochastic approach is unable to describe the site
T1(Z:2A+1B), T,(Z:2A+2B), T4(Z:*A+3B), T4(Z:*B).] occupation preferencéSOPS$ reported experimentally!

Prior to ours, simulations had considered the fiTg},_o 4
tetrahedra as externally rigid with the central ion free to be - ) )
displaced. The ion distribution fillingsk(B-ions into a shell 22 Statistical strained-tetrahedron model assumptions

with N sites, from relative contents and 1—-x) were as- We build our model discarding both restrictions: de-
sumed stochastic and defined by the random Bernoulli binoviating from stochastic filling of ions, and)Zreeing the
mial polynomials tetrahedra of the unnatural constraint of rigidity.

The price for such a more general model is the number
Pl () =N1/Tk! (N= k)1 ]xK(1—x)N* with k=0,...N. of parameters needed to describe the crystal structure. But as

we shall demonstrate, realistic assumptidcisecked at the
Thus around a central Z ion the first shell four A/B ions end reduce the degrees of freedom to an acceptable value.
are described b)p{(“](x), while the second shell contains To quantify results departing from stochastic distribu-
twelve Z ions! On the other hand, around an A or B ion, thetion, we attribute to each Bernoulli binomial a SOP weight
first shell contains four Z ions, while the second-shell distri-coefficient. This leads to five NN terma&/, pL“](x), thirteen
bution of the twelve ions A/B is described Ipf*?(x). This  NNN terms*w, p[*?(x) (for central A ion3, and thirteen
allows approximate evaluations, avoiding analytical difficul-Bw, lez](x) terms(for central B ion$, a total of 31 param-
ties. eters! Fortunately it is the Z ion that determines the choices,
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and we claim thaall higher shell fillings are determined by

linear expressions of the five NN SOP coefficients i

{Wi}k=04. But binary tetrahedron configurationg,, T, S
haveno preferences. ThugV,=W,=1 (!) and we are left

with only {W,,W,,WS}.

The probabilities of finding B and A ions in a con-
figuration T, are proportional to{kWy—q4 and to regular distored regular
{4—kW, k=04, respectively(conservation of coordination _ _
numbers. As probabilities cannot be negative, we haveFIG' 1. Aspect of the five elementary tetrahedron cor_]flgura_t{d'r_u};kzm

of A;_,B,Z (or AY,Z,_,) ternary alloys Small open circles indicate the
O0<W,=<4/k. There are thus onlthreebounded free param- would-be ion positions as per the rigid tetrahedron hypothesis.
eters{W,W,,W}.

Expression$” W}y o,.12, {®Wik=o,12for the NNN shell,
are determined by combinatorial probabilities in terms of
those around the Z ions of the NN shell. This hypothesis
leads for the zinc blende structure, to the linear expressions {PIM(x)=Cypl () k=13 for terary Ty
of the NNN SOP coefficient8w, and Bw, as functions of . , , .
the threeW,’s given in Table 12 To illustrate that the as- gg?cé%;g\é\:‘;)}k:m’ corrective weight factors imposed by
sumption is general and applies to other crystal structures y
also, the expressions for intermetalides(M;_,X;), are 0<{Cy=min[W,,1,(4—kW)/(4—K)]}x=1s=1
given in Table Ib' '

A random integer ion distributionk(and 4-k) fully ~ Wi<1 enhances the binary AZ populations ang>1 that
respects stoichiometry. With SOP coefficiet#1 the  ©f binary BZ, i.e.
situation departs from stochastic equilibrium, with a conse-
guent attenuation of the ternary configuration population®[#(x)=plY(x)+ > {max0, 1- W,)pl*(x)}
caused by the observed scarcity of one of the two ion popu- k=13
lations for binary AZ configurationT,

Binary

TABLE II. Expressions of average pair coordinatig<CN(x)) and distance§'id(x)), as a function ok, for any two-ion pairi:j={AZ,
BZ, BB, BA, AA, ZAZ, ZBZ} of zinc blende A_,B,Z ternary’

Coordination numbers

Average for NN ion pairs AZ, BZ

<PLON@)> = | 5, L kW, pH (0}

<MIONG> = | 3, (G~ kW, (0} = 4- <PPONG)>

For NNN ion pairs BB, BA, AA
<BBCN(x)> = 2k=0‘12{k Bwk pm]k(x)}
<*BCN(x)> = Tk Awk pm]k(x)}

<MCN()> = | 12-<*BONG)> =3, {12 — &k Yw,) p12 ()}

{12 - k B pl' ()}

=0,12

<PACNG@)> = | 12-<PPeN()> =2, |,

<PPION()> = | 5, Bk W, pl ) =3 <PPCNG)>
<MIONG> = | 3, 43 (4 - kW) pl ()} = 3 <ATON(x)>
Average Distances
8 for NN ion pairs AZ, BZ
<Py - {ZpisthC 4, + 4 Max [0, (W, - 1) /(4 = )] B} p* ()}
/(Z, Lk C, +4Max [0, KW, - D/ -0 3 p @)
g (T, 05 (4= kR CY Md, +4Max [0,(1 - W] A%y p ()
................................................. /{ zk=0,3 {(4 _ k Ck) * 4 Max [0'(1 - Wk)] ) p[4]k(x))
For NNN ion pairs Z:A:Z or Z:B:Z
gy (T, (RC7Pd,  +4Max [0, KW, — 1)/(4 = 0] P2} pH (x))
/EE kG, +4Max [0, k(W, - 1) /(4= B)] y ot e
{3,051 4=k C) ™7%d, + 4 Max [0,(1-W))] A2q ) p ()
<ZAZd(x)> = '

/(%05 (4R CY) + 4 Max [0,(1-W,)] } (0}
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TABLE lll. GaAs,P;_, complete set: determined SOP coefficients, dis- Ion-pair and configuration populations am®w deter-
tances, angles and volumes for all five elementary configuration tetrahedr:ﬁ,]ined with due account of the SOPs. This allows us to in-
Eleven fit parameter¢bold) [3 SOP+ 8 distance(PGaP NNN data not re-
ported] to check VRC. Thirty-seven available experimental points from aterpret local crystal structures.

set of 16 measuremerts. We have five tetrahedra freed from any constraint, two
of which (T, andT,) are binary, regular, different sized, and
Configurations T, T, T, Ty T, well defined(as remarked aboyeand three T, T,, and
k 0 1 2 3 4 T;) ternary and distorte¢strained tetrahedyawith nineteen
W ) 093 | 145 | 1.07 . unequa! interionic distance pa}ramet@dsand, consequently,
k altered interbond angldgsee Fig. 1, taken from Ref)9The
B4 1A] - 242 | 243 | 2.44 | 2450 geometrical symmetry of each configuratidp yields three
ALy 2359 | 237 | 237 | 2.38 _ constraints each, which reduces the number of independent

distance parameters from nineteenea

BZB _ _ K . . .

d 3.90 | 3.90 | 4.001 Material strength considerations lead us, to avoid de-
ALAg 3.852 | 3.88 [ 3.98 - - structive intercrystal stresses, to impose the condition that
BZA, _ 391 | 390 | 3.99 _ the average tetrahedron volume of the four vertex tetrahedra

be equal to the central orfene constraint per configuratign
ZBzg - 395 | 3.97 | 3.98 | 4.001 . . T .
leaving us with only (16-3)=7 distance parameters, while
zgq 3.852 | 3.87 | 3.87 | 3.89 - for SOP extreme values, configurations disappear, and their
«(B:Z:B) [deg] _ — 11067 | 1069 | 109.47 distances become virtual, i.es7. _ _ _
Indeeds=, as for extreme SOP values configurations dis-
a(A:Z:A) 109.47 | 109.7 | 1143 | — -

appear, and their distances become virtual!
a(B:Z:A) — 109.3 | 107.36 | 112.0 - On the basis of the above probabilities, expressions for
the average pair coordinatiof/CN(x)) and distances

<Vol, . >[A%]} - 728 | 737 | 7.41 | 7.55 | . -
woentr ("1d(x)) as functions of x, for any two-ion pair
Vol centrea™ | 674 | 684 [ 686 1 691 | — i:j={AZ, BZ, BB, BA, AA, ZAZ, ZBZ} of zinc blende ter-
<Vol, o> | 674 | 695 | 742 | 7.29 | 7.55 nary alloys A _,B,Z are given in Table IP.
<Vol o 674 | 695 | 707 | 728 | 755 On the basis of these, deconvolving a given set of
Zcentred EXAFS data such as Gag, , (Ref. 13, one obtains the
Difference | [%] | 0.0 | 01 | 01 | 02 | 00 dimensions of all the elementary tetrahedra involved: the

inter-ion distances and anglésee Table ).
Having defined a 31 19 parameter model and identified
the relative constraint relations, we have reduced the prob-
PL41 %) = pl4](x) + max 0, k(Wi — 1)/(4—K X lem to 3+ 7 independent parameters. The model is ready for
4 (0=Pa"(X) k:ElB{ X0, k(W= 1)/( NP} confrontation of its estimations with experimental data.
for binary BZ configurationT,. (1)

In the random case, when{W,=1},_13, {Py(x) 2.3. Model verification

—Pr(X) k=04 To confirm the validity of the model and its assumptions,
Note, however, that even if the SOPs enhance the twave checked the quality of the model with its restricted free

binary populations with respect to corresponding populationparameters.

of the random case, it by no means leads to clustering, since 1. Comparing the experimental distance-EXAFS points

the spatial distribution remains perfectly stochastic. and error bars reported in the literature with model fit curves
GaAsP
<
8 a0 245
g0 8 3
33 2 2
S G
g o 2.40
_“_:-_‘ P 3 9 © ©
S 4 g
Sa ©
ga o 2.35
Z L 1 1 3gUl L L
0 0.5 1.0 0 0.5 1.0
As As

FIG. 2. Average inter-ion distances, A, as a function of relative conteiar GaAsP;_, (Ref. 13 comparison of model best fit curves versus reported
experimental data. Points afercles for As-related(top curves, (triangles for P-relatedbottom curvel and(diamond for mixed AsP ion distances. Linear
combination of weighted average distan€e€WAD) curves(thin dashed lingsand corresponding reference Vegard law lifién dotted are all reported

in Ref. 9.
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measurement0.98,1.07,1.08GaAsP; _ (Ref. 9 (a); {0.62, 1.67, ® ZnMn,Se,_, (Ref. 10 (b); {1.01, 0.86, 1.38Ni3(Al,_,Fe); (Ref. 1) (c)] versus
independently measured coordination number data.

[see Fig. 236 points with 10 free paramete@nd the curves

reported in Refs. 9-11
2. Comparing the “coordination number” curve predic- 9-11).

tions on the basis of SOP values obtained from distance-

EXAFS measurement analysis, against independently mea-
sured coordination number valuesee Fig. 3 and also Refs.

3. Checking for a correlation between the thermody-
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TABLE V. Standard molar enthalpies of formatiof;H®, kJ/mol, of materials and corresponding SOP coefficients. Col(§ngives the
origin and comments for reported SOP-coefficient values derived feertoordination number datad—distance data, 0—assumed
W;=0 value'®

Material components A,HO, kJ /mol SOP O
ABZ/ AZ+BZ/ BZ/
w w 114 W, w
AYZ AZ+AY Az AY 0 ! 2 3 4
ZnMnSe | ZnSe +MnSe -163.0¢ < -106.7° 1 067 1.67 0.04 1 ¢
1 0.62 1.70 0 1 d
GalnAs | GaAs +InAs -71.0° < -58.6 *° 1 058 025 1.05 1 d
GaAsP GaP +GaAs -88¢ < -71.0 »¢ 1 093 115  1.07 1 d
ZnMnS ZnS +MnS | —206.0°%, -205.98° > = -214.2%% -207.0° 1 1.78 0 0.01 1 d
ZnMnTe | ZnTe +MnTe | —92.7%°,-1205% < -94.7 ¢ 1 025 20 0.0 1 d
CdMnTe | CdTe +MnTe -102.5° < -94.7° 1 068 133 0 1 d+0°
namic standard molar enthalpies of formatiagH®, kJ/mol,  line half-width, and the oscillator strengll®S). Note that
of materials(Table IV)1° and the corresponding values ob- while {Zw, and'“I',} are prime values,“S,} are sums over
tained for the SOP coefficient. all the specific 0S$“w,} multiplied by the relative ion-pair
The validity of the model with its restrictive assumptions populations, taking into account ion-pair multiplicitie&q.
is thus confirmed. (4)], and by three SOP parameték&/, , W, , W}, which ex-

press the thermodynamics of the alloy considered. The intro-
3. FIR DIELECTRIC FUNCTION &(e,x) FOR TERNARY ZINC duction of SOPs links them to the OS of each ternary line.

BLENDE ALLOYS The sum
The dielectric function Sjwjzwrj
Im[e(w,x)]=j:21‘n (wz—wjz)z-l-wszZ @
S(w)=8m+jzln {Sjofl[(w?— o)) +iol|]} describes the total activity of all the oscillators over the fre-

guency range considered. In zinc blende ternary ,8,Z

(or AY,Z, _,) compounds, each vibrating ion dipole pair AZ
of the phonon spectra of solids can be extracted from experand BZ from each of the five elementary tetrahedron con-
mental reflectivity or transmission coefficients of a crystal,figurations{T,}«-¢ 4 contributes a phonon line to the spec-
fitting the measured spectra via the Kramers—Krofi{é()  trum (this idea was first presented by Verleur and Backer,
analysis. The KK output Ifiz(w)] directly yields the maxima who proposed a pioneering single-parameter model; the lim-
for each oscillator line, assumed Lorentzian, with its threeits of the model were later discussed by us in Rej. Thus
parametergo; , I';, andS;}, respectively, the frequency, the Im[e(w,X)] of the A, _,B,Z spectra can be written as

4AZSOAng AZFOw
IM[e(w,X)]= (wZ—Ang)2+AZFSw2 Po(x) binary AZ
kBZSkBZwi BZka (4_ k)AZSkAZwE AZka

+ 2

+
2 2 2 2
K13 (wZ_BZwk)2+BZka2 (wZ_AZwk)2+AZka2
. 4BZS4BZ(1)£21 BZF4L() 5
(wZ_BZwi)Z_'_ BZFiw2 4

P (x) ternary ABZ

(X) binary BZ (3

with the Py(x)’s defined in Egs(1). with the specificOS #?s,="%s and %s,=B%s proper to the
Thus, the O*S, of each mode can be expressed by two binary constituents, and {6s,}—o 3 and{®*s,}y1 4 Of
the three ternary configurations.
If all four specific OSs for a given iZ pair are equal and
BZ _Bz
S(x)="skP(x)  and independent ok, i.e.,

AZS, (X) =225 (4—K) Py(X), (4) {®*sibk-14="%s  and {Ms}y_g3="*s
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for a random distribution of A and B ions, the total OS of the crystal lattices are determined by the alloy compositidior
respective modes AZ and BZ of,A,B,Z alloys is reduced y for AY,Z, , compoundsand the three SOP coefficients

identically to two linear functions of,

{Wl 1W2 ’WB}'
To assess the credibility of the model FIR assumptions, a

best-fit test is carried out to “derive” the two binary OS

k; jz S(x)=4xB%s and

o S0=4(1-x"s, (5)

often referred to as the linear dependencexon

To treat FIR spectra we make two FIR assumptions.

1. Specific OSs relative to a given ion pair is the same
for all configurations,

{**sdk=14="%s, {Msifk=03=""s. (6)

2. Analogously, we assume that for each of the two con-
stituent ion pair populations, the linewidthsof any given
composition spectrum are invariant:

{MTidi=0s="T  and {*T}y=1.4="T. ()

Thus to deconvolve a ternary spectrum with its 8 lines/
spectrum, we havehree SOP coefficients antivo OS coef-
ficients! As was shown, the true tetrahedron populations in

GaAs P _,

100

Reflectivity, %
o
S

| 1 L2 1 L
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b
g
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o

{*%s, BZs} values from the GaA®, _, spectraFig. 4 that

Legend * Experimental data
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y=0.15

350 400
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FIG. 5. Model best fit deconvolution of Gaf® _, Im[&(w,y)] spectrum for

SOP coefficient§W,;=0.98, W,=1.07, W3;=1.03. The four line bands

FIG. 4. GaAgP;_,: reflectivity [%] spectrd* (a); corresponding normal-
ized Infe(w,y)] Kramers—Kronig derived spectréb). Curves: y=0.01
(solid), 0.15(dasheq, 0.44(dash-dottel] 0.72(dash-dot-dottex] 0.94 (dot-
ted.

of {®¥w} =14 and of {¥Fw,},_o 3 are distinctly seen below and above
w=300 cni?,

respectively; experimental poinigircles, best fit (solid

lines), deconvolved linegvarious discontinuous lingsthe frequencies and
intensities obtained are given in Table V.
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TABLE V. Individual deconvolution of GaA®; _, spectra for each spectrum paramet&fw, , ' _ as px—0.4 and{®®%s,5¥%} taken as
free.{W;=0.975,W,=1.0715,W,;=1.034, as per Wet al. datg: table of best fit parameter values for the dipoles GAsl,4 and GaP
k=0,3. Amplitudes are given to two decimals.

Phonon dipole GaAs GaP
configuration = 4As%P 3as'p 2ps%P 1as’P OAs’p 1As’P 2as?P 3as'p
i k=4 3 2 1 0 1 2 3
yAs
o [em™'] 1% 257.8 261.9 264.3 268.4 i 3635 365.5 377.0 379.0
15% 259.6 261.6 263.6 271.2 3629 364.9 366.9 381.0
44% 265.1 269.2 271.2 273.2 i350.7 352.7 363.6 373.9
72% 269.7 271.7 273.7 279.6 i 3428 344.8 350.9 360.6
94% 269.5 271.5 2785 280.5 {3458 347.8 349.8 351.8
I fem™) 1% 8.64 i 4.06
15% 10.04 i 658
44% 10.74 io11.52
72% 6.00 P94
94% 3.99 11,50
A 1% 0.00 0.00 0.00 0.04 Poo1.84 0.05 0.00 0.00
(given 15% 0.02 0.01 0.08 0.17 i 1.05 0.55 0.09 0.01
to two 44% 0.13 0.21 0.28 0.12 Po026 0.57 0.42 0.11
decimals) 72% 0.52 0.46 0.18 0.02 Po0.02 0.13 0.31 0.26
94% 1.63 0.28 0.02 0.00 i 0.00 0.00 0.03 0.17

have a rich documentation in EXAFS, yielding SOP spectrd* (see Fig. 4 In spite of the restricted number of

values. parameters, the results show a good fit of the sp&Eira 5,
Table V); but most importantly, the best-fit values obtained
4. SUMMARY AND CONCLUSIONS for % and ©®%s overlap with publlshed values within the

) ) uncertainty bargTable VI).

The spectrum of any pure canonical, zinc blende ternary  gych a satisfactory reproduction validates the model as-
ABZ (or AYZ) material with its S tetrahedron configurations symptions and gives confidence the model is useful in giving
{T\ exhibits 8 phonon lines (4AZ4BZ). The number of 5 geeper understanding of the FIR results. Equations, tables
lines can be less than 8 when in pure defect-free materialg,q figures taken from our previous publicaticias refer-
extreme preferences prevent the formation of some configusnceg are documented there in greater detail.

ration; this is observéd!! with a transient element in B Part of the work was supported by the EU TARI Project
={Mn, Fe,..}: ZnMnSe lacks one, ZnMnS lacks two; hoW- ~ontract HPRI-CT-1999-00088.

ever, GaAIN also lacks one with another nearly evanestent.
Thus only 6, 4, 4 intense-2 weak phonon lines, respec-
tively. More than 8 lines are observed when point defects
occur (antisites, vacancies, etcwhich are responsible for
the extra lineqas reporteH’ for HgCdTe. Thus FIR admits
the detection of defects: vacancies, intersites, antisites,

H-loading deformations, quantifying amount of impurity

jons18 1P, A. Lee, P. H. Citrin, P. Eisenberger, and B. M. Kincaid, Rev. Mod. Phys.

_r - . . - 93, 769(1981).
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The capabilities and limitations of wavelet analysis are demonstrated for the illustrative case of
two practial applications: investigation of magneto-tunneling signals and the extended x-ray
absorption fine structureEXAFS) of uranium. A brief introduction to wavelet analysis is given.
The term “window size” of the mother wavelet function is defined; this concept underlies

one of the ideas for a criterion of optimal choice of the mother wavelet function. The capabilities
of a software package developed by the authors are demonstrated; this software was used for
all the calculations done in the course of this study.2@4 American Institute of Physics.
[DOI: 10.1063/1.1820026

INTRODUCTION spectra of uraniunflVV) are presented. In the final Section of

the paper we discuss topics connected with the properties of
The mathematical processing of the measured signals e wavelet transform itself.

an important step for interpreting the results of measure-
ments and explaining the physical processes taking place in
the samples under investigation. A new integral transform—A BRIEF INTRODUCTION TO WAVELET ANALYSIS

the wavelet transform—was developed theoretically in the If a function £ (1) | idered | ianal with
1990s and has since come to be used for solving a wide fi 'ta unc |ond (f') 'Z cbontsrl] €red as an anaiog sighai wi
range of scientific problemsin particular, for processing a finite energy defined by the norm

oscillating signals. o , 12
Here we present original results on two completely dif-  Ifl2= fﬁwf(t) dt} ,

ferent physical phenomena. Common to both is that the use

of wavelet analysis for processing experimental data proveéen the Fourier transform

to be essential for obtaining new physical results. ~ +oo

f(w)= |

First, we investigated tunneling processes in double- f(t)expiwt)dt (1)
barrier AIGaAs/GaAs/AlGaAs heterostructures in a magnetic
field perpendicular to the heterolayers in a wide range obf the function is the spectrum of that signal. Hesas the
energies of the tunneling electrons. As a result of the meafrequencyt is a measurable quantitshe time, voltage, etg.
surements and the subsequent careful analysis we were alt®wever, formula(l) is inconvenient for a certain class of
for the first time to detect and identify the two-dimensional signals, since it does not reflect the dynamics of the frequen-
magnetopolaron states associated with Landau levels of irgies of the spectrum in time. Figure 1 shows a signal con-
dicesN>3 and on up tdN=7. taining three frequency components, 1, 2, and 3 Hz, on a
Second, as a result of extended x-ray absorption fingiven time interval. Figure 2 shows the modulus of its Fou-
structure(EXAFS) studies of uraniunflV) we succeeded for rier transform, which has only two maxima, inadequately
the first time in characterizing the atomic structure of itsreflecting the reality of the situation. If instead of using infi-
complexes with the carboxyl groups of acetic, formic, andnite waves (simt, coswt) as the kernel of the integral equa-
glycolic acids. The problem of indentifying the scatteringtion (1) one uses waves having the property of locality, e.g.,
centers found in one coordination sphere has been solvesin wtexp(—(t%/20)), where o is some parameter, then it
only with the use of the wavelet transform, which has theshould be possible to analyze signals whose frequency com-
property of locality in both real space and reciprocal spaceponents are unstable in time. Such a method was proposed
This paper is organized as follows. In the first Sectionby Gabor in 1946. However, the window size by which the
we present the basic concepts of wavelet analysis. In the th@ave is bounded remains constant for all wavelengths gen-
second Section we describe the investigation of the magnet@ralized in the signal, and that is not very convenient, be-
tunneling spectra for purposes of studying the interaction otause for different wavelengths a different number of periods
electrons with longitudinal optical phonons in polaron semi-fall within the window. One would like to have a flexible
conductors, where the formation of magnetopolaron stateBequency—time window that would automatically contract in
can occur. Next the results of studies of the x-ray absorptiothe neighborhood of high-frequency centers and expand

— oo

1063-777X/2004/30(11)/7/$26.00 930 © 2004 American Institute of Physics
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0 05 1.0 15 20 25 3.0 FIG. 3. Dia_lgram iIIl_Jstrating the tunneling process, when electrong in a
t two-dimensional emitter occupy only one ground Landau level. The first is

elastic tunneling to the Landau levels in the quantum well with conservation

FIG. 1. An example of a signal containing three frequency components, 19f energy. The second is inelastic tunneling with the emission of optical
2, and 3 Hz, which are unstable in time. phonons.

around low-frequency centers. A transform that has the abil- f Y(t)dt=0.
ity to contract and expand in this way is the integral wavelet *

transform? This is the so-called admissibility condition. We note that the
same kernel, to within complex conjugation, is used for the
1 (= t—b ; .
W}”(a,b)= _J' f(t)y*| —|dt, (2) integral transformation&) and (3).
Vat-= a Thus the result of the wavelet transform is a frequency—

time spectrum of the signal, the analysis of which in some
cases helps one find a solution to a problem. Examples of
two such problems are discussed below.

wherea is the scaling parametds, is the translaiton param-
eter, ¢ is the basis wavelet function, and the asteriske-
notes the complex conjugate. We note tligt{t—b)/a) is
obtained from a single wavelet functigi(t) as a result of its
translation byb and scaling by a factor ai. In practice the  USING THE WAVELET TRANSFORM FOR ANALYSIS OF
function ¢ can be used as the basis wavelet only if thereMAGNETO-TUNNELING SPECTRA

exists an inverse transformation:
1 (= (= 1 [t-b
fo=c fmfxw}p(a,b);i//(T dadb. (3 form polarons, i.e., the “originalin neglect of the interac-
v tion with phonong electronic states become renormalized. In
Here a magnetic field perpendicular to the plane of a quantum well
. 5 (QW), the two-dimensional2D) continuous electronic states
Cw:J de_ split into discrete Landau leveld.Ls) with index N. Here
—w o the interaction of the electrons with optical phonons becomes
particularly efficient when the conditionfi v o=mMhw, is
met. Heren and m are integersfiw| o is the energy of a
longitudinal optical phonon, anflw,. is the cyclotron energy,
equal to the distance between discrete Landau levels. In this
case one speaks of the appearance of magnetopolaron states.
Tunneling spectroscopy enables one to determine the

In polaron semiconductors such as GaAs, electrons can
efficiently interact with longitudinal opticdLLO) phonons to

It follows that the function?ﬂ(w) [the Fourier transform of
the functioni(t)] goes to zero at the coordinate origin, or, in
other words

Frequency, Hz electron density of states in the QW. As is shown in Fig. 3, at
2000 1 2 3 4 5 6 a sufficiently high magnetic field, when the electrons in the
2 of 2D emitter occupy only the one ground Landau level, two
© _200[ tunneling processes can occur: elastic tunneling to the Lan-
%’, o " j j ) ! E dau levels in the quantum well, with conservation of energy,
Z 041 and inelastic tunneling, with the emission of optical phonons.
0.3f From the position of the peaks of the tunneling current as a
@ function of voltage(which is linearly related to the energy of
E 0.2f the electronic states in the quantum Wwelhd magnetic field
E. oAl (Fig. 4), one can recover the energy spectrum of the elec-
< 7 tronic states in the quantum well. Figure 4 shows the so-
called fan diagram that would be obtained in the absence of

0 1 2 3 4 S 6 electron—phonon coupling. It reflects the superposition of
Frequency, Hz . .

two unperturbed spectra of electronic states shifted by the

FIG. 2. Model transform of the Fourier signal shown in Fig. 1. energy of the optical phonon. However, as we have said,
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FIG. 4. Fan diagram in the absence of electron—phonon coupling.

under the conditiom? w, o= mMf w. a strong renormalization

of the electron spectrum occurs, right where the lines inter-
sect on the fan diagram. In the intersection regions one
should observe anticrossing. Typical signs of this phenom-
enon are exchanges of intensities and frequencies of the os-
cillations. In an experiment one measures the dependence of
the tunneling current on magnetic field at constant voltage,
i.e., the density of states in the well is scanned at a fixed
energy. By measuring the magneto-tunneling spectra at dif-
ferent bias voltages one can reconstruct the total picture of
the electronic states in the entire range of magnetic fields. A
typical magneto-tunneling spectrum obtained at a constant
bias voltage of 230 mV is presented in Fig. 5. The spectrum
has peaks which are periodic in the inverse magnetic field
and correspond to the two different oscillatioffég. 6). To
recover the spectrum of electronic states it is necessary to
identify each peak and associate it to an elastic tunneling
process to Landau levels in the quantum well or to inelastic
tunneling with the emission of an optical phonon. Figure 7
shows the results of a calculation of the wavelet transform
for bias voltages of 162, 175, and 187 mV. The result of the
calculation of the wavelet transform is a frequency—time
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map of the signal. The signal and its wavelet transform are
placed one above the other, and thexis in both cases is
the inverse magnetic field. Théaxis in the frequency—time
map corresponds to the frequency axis of the Fourier trans-
form. Equal-level lines are drawn on the map according to
the results of the calculation of the wavelet transform. Analy-
sis of the frequency—time map of the signal enables one to
draw a conclusion as to the nature of each oscillation of the
signal, i.e., to determine the spectral composition of each
oscillation individually. The arrows mark the dynamics of
the behavior of the frequency components of the local maxi-
mum of the signal found in the 0.1 region. It is seen that
along with the exchange of intensities an exchange of fre-
guencies also occurs.

As a result of such an analysis we succeeded in identi-
fying for the first time the magnetopolaron states associated

O = N W K

c
with Landau levels up ttN=7. A more detailed exposition %
of the physical properties of the investigated magnetopolaron 5 00k
states can be found in Ref. 2. 2 5L
S 10F c
WAVELET ANALYSIS OF THE EXAFS SPECTRA g 05 exp (k/n), n=5
The traditional first step in the interpretation of the > .0 | | |
EXAFS spectra is to use a Fourier transformation. The idea g 0 5 10 15 20
of using that method of analysis was first proposed and ex- & r, A
amined in detail in the papers by Stern, Lytle, and Sayets, E o5
where a model function describing the oscillations of the o0k
absorption coefficient of the central absorbing atom as a 15L
function of the energy of the exciting x rays was constructed. 10k ) d
This function has the form 5L Kk
n
N; Fi(k) 2R, 0
K)=S3(k) D>, — ——e p(—— 0
x(K)=S5002; 7 T exd —
X exp —2a7k?)sin(2kR + ). (4 3001

Here x is the measured spectrum normalized to the atomic 200'_
absorptionk is the electron wave vecta§ is the amplitude L
attenuation factom is the number of coordination spheres, 100+
N; is the number of atoms in thi¢h coordination spherey; X
is the average radius of thth coordination sphere, arf is 0 0 LI-S 1'0 1'5 20
the backscattering amplitude. The factor exR//\) de- r A

scribes the inelastic scattering of a photoelectron by the en-

vironment of the absorbing atom in traversing a distancd!G. 8. Example of a function describing the backscattering amplitude for
2R ; \ is the electron mean free path, addis the total phosphoruga). The results of multiplying the amplitude by various weight-
11 1

phase shift at the central and scattering atoms. The factor’ functions ofkc (b9
exp(— 20‘i2k2) is introduced in view of the necessary of taking
thermal vibrations of the scattering atoms into account. If the
phase shift is neglected, then the calculation of the FourieFourier transform. The idea is based on the fact that the
transform enables one to determine the number of nearefinction that describes the amplitude of the backscattering of
coordination spheres and their radii. The values of the backatoms of a given type has a local maximum in endrgsve-
scattering amplitude, total phase shift, and mean free path akectop space(Fig. 89. The position of the maxima depends
taken from a table in Ref. 7. For determination of the exacbn the type of atoms, i.e., if we consider not the frequency
values of the radii of the coordination spheres, the number afpectrum but the frequency—time spectrum of the measured
atoms in the coordination spheres, and the faataa fitting  signal, then we can separate the contributions from the dif-
procedure is used. Great difficulties in interpreting the specferent types of atoms if there is more than one kind of atom
tra arise in the case when the coordination sphere containe a given coordination sphere.
different types of atoms, i.e., when scattering processes on Let us explain this idea in more detail using as an ex-
different types of atoms are superposed in one peak of thample the following experiment, which was done on the
Fourier transform. ROBL beamline of the European Synchrotron Radiation Fa-
It was precisely for such cases that it was proposed se\cility in Grenoble, France. For measurement of the EXAFS
eral years agbto use the wavelet transform together with the spectra at room temperature we prepared three solutions
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FIG. 10. Real and imaginary parts of the Morlet functi®h The values of
the parameters arg=5 ando=1.

As a rule, this is a function of the fori®. Turning back to
Fig. 8, which shows the result of multiplicatoin of the func-
FIG. 9. Fragments of the frequency—time maps for different samplestjgn describing the backscattering amplitude by various
U-Acet—sample No. 1, U-Form—sample No. 2, U-Glyc—sample No. 3. aighting functions. After multiplication bik? the maximum
is shifted fran 4 A to 7 A, andafter multiplication byk® the
pattern is fundamentally altered. This means that if atoms of
phosphorus and of a heavier element having a local maxi-
of the following composition. Sample No. 1, based onmum of its backscattering amplitude lying 4 A to the right
acetic acid: [U(VI)]=0.025 mole/liter, [aceticacid  are located in one of the coordination spheres of the sample,
=0.5 mole/liter, pH=4.5. Sample No. 2, based on formic the frequency—time map of the signal when weighted by a

acid: [U(VI) ]=0.053 mole/liter, [formic acid  functionk® will no longer show two features. For this reason
=1.0 mole/liter, pH=4.5. Sample No. 3, based on glycolic the choice of the weighting function must be done correctly.
acid: [U(VI) ]=0.02 mole/liter, [glycolic acid  One must check that the properties of locality of the function

=0.25 mole/liter, pH=8. The EXAFS spectrum was mea- describing the backscattering amplitude are preserved.
sured at the energy of the U,Ledge. The spectra were
processed in accordance with the standard processing procg&sye PROPERTIES OF THE WAVELET TRANSFORM WITH
dure using the software packages EXAFSPAKnd THE USE OF THE MORLET EUNCTION
FEFF8° The following results were obtained: for sample
No. 2 a broad peak was observed in the region Ir_1 both of the problems elabo_rated a_bove the wavelet
=3.1-4.0 A in Fourier space; this peak could not be interfunction used was the Morlet function, which has the form
preted uniquely with the use of the fitting procedure. To re- 7 t2
fine the interpretation of the local maximum in Fourier space  (t)= ——| exp(i nt)—ex;{ - ) exr{ - 2).
for the given sample we calculated the wavelet transform for V2mo 2 20
all three samples. Figure 9 shows the parts of the frequency— ®)
time maps for all three samples in the range 3.2-4.0JA  The parameter specifies the number of oscillations under
Acet—sample No. 1, U-Form—sample No. 2, U-Glyc— the Gaussian envelope in the case whenl. The introduc-
sample No. R The spectrum of sample No. 1 is dominatedtion of the constant exp(—7%/2) guarantees that the admis-
by multiple scattering on the carbon atoms, while the specsibility condition will be satisfied. Figure 10 shows the real
trum of sample No. 3 reveals the pure U-U scattetiifhe  and imaginary parts of the Morlet function for=5 and o
result of the wavelet transform of sample No. 2 shows two=1. The main criterion for choosing the mother wavelet
distinct, separate maxima, i.e., two scattering events on function (as the wavelet function is still calleds that the
light element and a heavy element at approximately the samfeinctional dependence of the frequency components appear-
distance Ar=0.1A). Both types of scattering are ing in the signal be close to the form of the chosen wavelet
registered—multiple scattering on carbon and U-U scatterfunction.
ing. From the results of the wavelet analysis we can say that We begin our discussion of the resolution properties for
the two structure elements U5 U and U-Q,-C are both  the wavelet transform with the determination of the window
present and that the formation of multinuclear complexesize of the wavelet function. Suppose that the funciidgi)
does occut! and its Fourier transformg(w) are rather rapidly damped,

In closing we would like to call attention to the choice of j e, that they are window functioisThe center of the win-
weighting functions. By virtue of the fact that the amplitude dow for any functiony from L%(R) is defined as
of the vibrations falls off rapidly from the beginning to the
end of the spectrum, it is common practice to multiply by an = x _ i fw t|y(t)|2dt
additional weighting factor before calculating the spectrum. B

—o0
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FIG. 11. Model function calculated according to formg&.

6 7 8 9
kA
and the radius of the window is defined as ’
FIG. 12. Result of a calculation of the wavelet transform of the model
1 © . 9 12 function shown in Fig. 11. lllustration of the criterion for choosing the
A¢=W (t—t%) | ()| ~dt parameter of the Morlet function in accordance with the size of the
Pla [ J-= frequency—time window.

Thus the integral wavelet transform of the analog sig@al

localizes it in a time window[b+at*—aA,,b+at _ (k—Cy)? _

+aA,] having its center d+at* and a width of 24 . In f(k)=0.5sin2rk+&,)expg — ————| +sin(2rk

signal analysis this is called time localization. The frequency ,

indow i ified by the f I k—C

window is specified by the formula +52)ex;{ | ; 2) ) ®
w* 1 w* 1 » .
— DAy, —+ DAy The transition from the variables of formu(&@) to the
a a a a

variables used in formuléd) is simple:t=k; w=2r. The
following parameter values were used in the modeling:
=2.1A, 6,=6,=0,C,=6,C,=9. The result of the calcu-
lation of the wavelet transform for different values of the
Morlet wavelet parameter(=4.7, 2.4, and 2.0is presented
n Fig. 12. The calculation shows that the two centers of
Iocallzatlon of the wave processes cannot be resolved if the
lateral size of the frequency—time window is larger than the
distance between centers of localization. In the given ex-
g1 w* 1 ample the distancAC between localization centers is equal
X a EA;//' ?’L 5A§0 (6 to 3. In accordance with formul@), for the parameter value
n=4.7 the lateral size of the frequency—time window is
varies depending on the position of its center in frequency-equal to 3.35. The maxima cannot be resolved if the distance
time space. The window narrows at high-frequency centerbetween them is less than the lateral size of the frequency—
and expands at low-frequency centers. All the while the areéime window. According to formulé?), the lateral size of the
of the frequency—time window remains constant, equal tovindow is determined by the position of the center of the

The center of the window is located at the poisit/a and
the width of the window is 2 /a. A detailed analysis and
derivation of the formulas are given in Chui’s bobk.

The size of the frequency—time window we have |ntro
duced,

[b+at*—aA,,b+at*+al ]

AA A, window in frequency—time space and the parameters of the
The size of the frequency—time window for the Morlet Morlet wavelet function. By decreasing the paramejexe
wavelet in our calculations is arrive at the situation where the distance between localiza-

tion centers becomes larger than the lateral size of the
no no @ ® frequency—time window, and the maxima on the
t ﬁw’Hx/iw Vina’w+\/?na : (7)  frequency—time map become resolved.

Let us illustrate the use of the above formula for analysis of ONCLUSION

the resolution. The model calculations were carried outinthe We have carried out a detailed study of magneto-

course of solving the problem of interpretation of thetunneling processes in double-barrier AIGaAs/GaAsAlGaAs

EXAFS spectra, and for that reason the axis of measuremehgeterostructures. We have for the first time identified the

is the axis of wave vectork and the frequency axis is the two-dimensional magnetopolaron states associated with the

axis of interatomic distances Landau levels with indicefN>3 up to N=7. In addition,
Figure 11 shows the model function with the aid of EXAFS spectroscopy we have for the first
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time characterized the atomic environment of uraniiivh) 2M. V. Chukalina, Yu. V. Dubrovskii, V. A. Volkov, L. Eaves, D. Yu.

in complexes formed with the carboxyl groups of acetic, for- Ivanoy, E. E. Vdovin, J.-C. Portal, D. K. Maude, M. Henini, and G. Hill,

mic, and glycolic acids. Both problems could be solved only Proceedings of the Conference “Nanostructures: Physics and Technol-

thanks to the application of the wavelet transform, which has%gyé (égogr'spé:fgé A Stemn. Phys. Rev. L8 1204(1970

the property of locality in both real space and reciprocaI4E' A'Stein Phys Rev. BO 36272’157 4 ' '

space. The calculations were done using a software packagg: a stem, b. E. Sayers, and F. W. Lytle, Phys. Red(34836(1975.

developed by the present authors and which is available omE. w. Lytle, D. E. Sayers, and E. A. Stern, Phys. Re184825(1975.

the Internet? For those who have found this method of 7B. K. Teo, EXAFS: Basic Principles and Data AnalysBpringer, Berlin,

analysis useful for signal processing, we would recommend Heidelberg, New York, Toky@1986.

that they also become acquainted with Ref. 13. 8H. Funke and M. Chukalina, Reports No. 343, Forschungszentrum
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