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High-energy particles traversing the Universe through cosmic microwave background radiation can, in princi-
ple, emit Cherenkov radiation. It is shown that the energy threshold for this radiation is extremely high and its
intensity would be too low due to the low density of the “relic photons gas’ and very weak interaction of two

photons. © 2002 MAIK “ Nauka/lInterperiodica” .
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Recently, particles with energies exceeding 10%° eV
were observed in cosmic ray studies. Their sources
have not yet been identified, but they most likely origi-
nate outside of our galaxy. One could hope that some
knowledge about the distance from these sourceswould
be possibleto obtain, in principle, from studies of Cher-
enkov radiation by such particles, since its intensity is
proportional to the distance covered by a particle.

Let us consider Cherenkov radiation by a high-
energy particle traversing the “gas’ of relic photons
with atemperature of 2.73 K. Even though the density
v of such photons is very low in the Universe v =
500 photons/cm?, the particle path could be rather
large, up to tens Mpc (1 Mpc = 3 x 10%* ¢cm), and one
could hope to register its Cherenkov radiation because
the intensity is proportional to the path length.

The necessary conditionsfor Cherenkov radiation to
be observed are the excess of the index of refraction n
over 1;i.e,

An=n-1>0 D
and the real emission angle, given by the formula
cosb = 1/Bn, 2

whereB = vic= J1-m’/E* (m, E arethe particle mass
and energy). For small values of n/E and An, one gets
8= J2An—m’/E’, 3

From this, the condition for the energy threshold E,, is
written as

E>E, = m/./2An. 4

Itiseasily seen that the threshold can become very high
for small An.

L This article was submitted by the author in English.

The number of Cherenkov photons emitted by a par-
ticlewith the electric chargeeintheinterval of frequen-
cies dw from the path length dl is given by the common
expression [1]

dN/dwdl = 2aAn, 5)

where the fine-structure constant o = €2 = 1/137. Thus,
al physical characteristics of the process are deter-
mined by thevalue An. Theintensity of theradiation (5)
decreases with the threshold energy (4) increase:

2
dN/dwdl = 2T (6)

2
=

Surely, it is possible to use the notion of the medium
(and, consequently, the macroscopic approach) only in
the case of extremely long-wavel ength radiation for the
very diluted gas of relic photons. At the sametime, it is
well known that in usua media the value of An is
uniquely related to the polarization operator of the
medium. If thisrelation is also valid in the case treated
here, one must consider the polarization operator of the
light-ight scattering or the real part of the forward
elastic light-ight scattering amplitude ReF(w, 0°). For
the index of refraction dlightly different from unity2,
this relationship is given in the quantum scattering the-
ory by the common formula[2, 3]:

_ 21y
An = —(SZ—RGF(O-), 00)1 (7)

where the eastic scattering amplitude of the two
gammarray quanta F(w) has been normalized to the

2The more general formula of Lorentz—Lorentz (see [2], p. 693)
can be applied without this restriction.
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total cross section o, (w) according to the optical
theorem

W
ImF(w, 09 = 270®). (8)

Using these formulas, one easily gets
An = vo,,p/2w, ©

where p = ReF(w, 0°)/ImF(w, 0°). From this and from
Eqg. (5), it follows that

dN/d(Inw)dl = ava,,p, (10)
and
Epn, = mJw/. Vo,p; (11)

i.e., theradiation threshold increases with the energy of
the registered quanta.

The impressive strong limit is imposed on the
energy threshold for Cherenkov radiation in the gas of
relic photons. In electrodynamical processes, the total
cross section o, reaches its maximum value of about
1.6 pb at the total energy of the two photons in their
center-of-mass system w, = 3m, where the electron
mass ism, = 0.5 MeV (see[4, 5]). At lower energies,
below the threshold for the creation of the electron—
positron pair (in particular, for a visible light), only
elastic scattering isimportant, thereal part of the ampli-
tude dominates, and the cross section decreases at

w — O proportionally to (.oﬁ (seethediscussion at the

end of the paper). At high energies, as seen from
Eq. (9), the value of An tendsto zero at w — o, and,
therefore, the decline from the linear dispersion law
w = k can become noticeable only in the region near the
maximum of the cross section .

The CM energy of the two-photon system varies
from O (when photons move in the same direction inthe
laboratory system) to its maximum value

W, = 2,/0W, (12
when the relic photon with energy w, movesin the lab-
oratory system in the opposite direction to the emitted
guantum with energy w. For therelic photonsw, = 2.4 x
10 eV. Thus, the energy w, = 3m, can only be achieved
if the particle emits quanta with the energy

W = /b, =2x10" eV. (13)

First, let us consider the high-energy quanta which
can create the electron—positron pairs in the cosmic
microwave background radiation. In this case of very
energetic radiation quanta, An < 10 if one inserts
high-energy values of p ~0.1. Then, for the proton with
mass m =1 GeV one gets an estimate

E,, > 10% eV. (14)

DREMIN

The particles with such high energy have not yet been
observed anywhere. Such alow index of refraction and,
correspondingly, a high value of the energy threshold
are determined by the low density of relic photons in
the Universe and by the small total cross section of the
photon—photon interaction.

The estimate of the upper limit of theintensity of the
high-energy Cherenkov radiation at the path length L

(15

is obtained from Eqg. (10), if one takesinto account that
Aw/w< 1 and p < 1. If the path, from which the radia-
tion is collected, isequal to L ~ 1 Mpc ~ 3 x 10%* ¢cm
and the maximum value of o, is about 1.6 pb (see [4,
5]), then for v = 500 photons/cm? the following upper
l[imit on the number of emitted quanta is imposed
according to Eq. (15):

N < avony

N<3x10°. (16)

Thus, the intensity of the high-energy Cherenkov
radiation in the gas of relic photons is too low to be
observable even if aproton passes through the Universe
along hundreds of Mpc. For a primary nucleus, one
should insert itstotal chargeinto Eg. (5), and, therefore,
the intensity of radiation increases in proportion to the
nucleus charge squared. However, the total threshold
energy increases proportionally to its mass number, so
that the threshold is much higher for nuclei compared
to protons. At the same time, |et us note that, according
to Eq. (4), the threshold energy per nucleon of anucleus
isonly determined by the value of An and, therefore, it
isthe samefor al nuclei.

Some contribution to the polarization operator of
the lightight scattering is, in principle, provided by
the hadronic component of the photon structure func-
tion as well. It can be accounted for in the framework
of the vector dominance model when the quanta are
transformed into virtual p mesons which interact reso-
nantly. The real part of the scattering amplitude is nec-
essarily positive in one of the halves of the resonance
peak, as clearly follows from the Breit-Wigner for-
mula. The cross section o,, slightly increases. Never-
theless, this does not lead elther to adiminished thresh-
old value in Eg. (14) or to an increased intensity of
Cherenkov radiation because of theincrease of wdueto
W, increasing up to the values of the order of the
p-meson mass. The hadronic contribution to the ratio
p = ReF/ImF can also be positive at higher energies, as
iswell known from experimentsin all studied hadronic
reactions, in complete accordance with predictions of
dispersion relations. However, the threshold of the radi-
ation again increases in this case due to the further
increase of the required values of ..

The estimates have shown that the above conclu-
sionsare“ protected” by several orders of magnitude, as
isalready seen from Egs. (14) and (16), and, therefore,
they are robust.
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Let us estimate the absorption of Cherenkov radia-
tion at cosmic distances. For a plane wave €V, it is
given by the factor

exp[-wLImn(w)] = exp[-vao,,L/2], a7
from which the absorption length L. is estimated as
Las = 2/V0,,>2x 107 cm. (18)

The absorption length of the gamma-ray quantumin the
relic radiation gas depends on the energy of the gamma-
ray quantum only due to the cross section energy
dependence, and it is so large that the damping of Cher-
enkov radiation can be neglected for the distances
shorter than thousands of Mpc. Correspondingly, the
energy losses, which determine the redshift, are very
small at such “short” distancesL < Lo

vo,,L
fe 1-expEYonlo. <1 (19)

O o2 07

Thus, the final conclusion is that the high-energy
Cherenkov radiation by particles traversing the gas of
relic photons is impossible to observe, first of al,
because until now have been detected no particles with
such high energies in nature exceeding the required
energy threshold. Even if such particles were regis-
tered, the intensity of the high-energy Cherenkov radi-
ation would, possibly, be too low to detect it.

The principa possibility of Cherenkov radiation by
acharged particleinintergalactic spaceis, however, not
excluded if there exists “an intergal actic medium com-
ponent” with ahigher density and alarger cross section
of interaction with photons.

Another possibility is related to studies of quanta
with energies lower than the threshold for creation of
the electron—positron pair; i.e., for w < 10'° eV. Even
though the cross section decreases, the ratio p becomes
very large. To estimate the index of refraction for such
guanta, the classical consideration with Maxwell equa-
tions and dispersion relations [6] or the effective
lagrangian with 4-photon interaction [ 7], describing the
deviation from the classical theory by quantum effects,
has been used. More optimistic estimates of An ~ 10
follow, e.g., from Fig. 2 of [6], where, in our notation,
the variables k and z read

k = my/16TCa’vw, = 8 x 10%; 20
z = miww = 4m/w.

Thisincrease of An is due to the much larger values of
p. This would lead to a lower threshold Ey, > 10%° eV.
Nevertheless, this value of the threshold energy is still
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very high. The intensity of radiation could, however,
become quite noticeable N ~ 10. In [7], the value of An
at low energies was estimated at 4.7 x 10, Let us
remember that the notion of the medium in the classical
approach can be used when the wavelength of the
impinging photon islarger than typical distancesinside
the medium.

At the same time, An increases [ 7] with the temper-
ature T in equilibrium as T4 Therefore, at the early
stage of the Universe, when the cosmic microwave
background radiation separated from matter at a tem-
perature of about 3000 K, the index of refraction was
An ~ 1073 i.e., the threshold energy was E,, ~ 10% eV.
This estimate is closer to realistic but still rather high
energies.

Thus, thefinal conclusion about the extremely high-
energy threshold for Cherenkov radiation in the cosmic
microwave background radiation is left intact.

In laboratory, Cherenkov radiation by a particle tra-
versing the “ photon medium” can be observed for high-
energy electron beams colliding with optical laser
bunches. The corresponding estimates are An ~ 6.2 x
102, Ey, = VM, ~ 14 GeV, and 6, ~ Vi ~ 3.5 x 10°5.
It can be used for beam energy measurements, for tests
of laser bunch parameters, and for an understanding of
the* photon medium” properties (see hep-ph/0202060).

| am grateful to L.G. Tkatchev, who pointed out this
problem to me, and to I.V. Andreev, B.M. Bolotovsky,
A.D. Erlykin, E.L. Feinberg, I.F. Ginzburg, V.L. Gin-
Zburg, and V.A. Maisheev for discussions and com-
ments.
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The method of laser isotope separation based on selective excited-atom “burning” in a flow with buffer and
reagent gases was implemented experimentally for zinc and rubidium. Selective excitation of isotopes was
accomplished by the one-photon method using weak absorption lines and at the edge of the Doppler contour of
atomic absorption with small isotope shift. © 2002 MAIK “ Nauka/Interperiodica” .
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The traditional methods of laser isotope separation
[1] encounter considerable difficulties for many ele-
ments. First, their isotopic splitting is masked by the
Doppler contour of spectra lines. In such a situation,
the photoexcitation selectivity is enhanced by the tradi-
tiona methods of absorption line narrowing: the
atomic-beam method and the method of two-photon
excitation in a standing light wave. For some atoms,
these methods are inefficient. On the one hand, they are
poorly accommodated even at cooled surfaces, as a
result of which a well-collimated atomic beam is hard
to obtain [2]. On the other hand, two-photon excitation
requires the presence of two high-power tunable UV
sources [3]. This renders the laser isotope-separation
setup too complex and expensive. Second, even for a
good selectivity and efficient excitation of low-lying
working states, one does not always succeed in choos-
ing the appropriate pathway for the ionization or trans-
fer of arequired isotope to the next excited levels.

In this work, a different method of isotope separa-
tion (two different examples of excitation) is demon-
strated experimentally for the zinc and rubidium atoms
and, presumably, for many other elements. The method
is based on the following principles.

1. A mixture with natural-abundance isotopesin an
atomic flow with inert buffer gas is excited. The drift
time acrosstheregion of interaction with laser radiation
is1s, and the number of collisions with the atoms of
buffer gasisashigh as 10’. Thelargetimeof interaction
with laser radiation and the large number of collisions
allow the use of weak absorption lines and weak hyper-
fine-structure components (the populations have time
to mix during the drift time) of odd isotopes to accom-
plish the 100% excitation of the required isotope during
the drift.

2. A fast chemical reaction between the excited
atoms and the molecules of reagent gas is necessary.

The products of this reaction must deposit (“burn”) on
the walls in the separating chamber. For the burning to
be efficient, the conditions

kiht>1, knt <1, (1)

should be met, where k* and k are the reaction rate con-
stantsfor the excited and unexcited atoms, respectively;
n is the concentration of the reagent gas; and 1 is the
excited-state lifetime.

3. Single-photon isotope excitation. The transitions
with small oscillator strengths are preferable. In this
case, the excited-state lifetimeis large and, hence, con-
dition (1) can easily befulfilled. In addition, for the ele-
ments with Doppler-masked isotope shifts, narrow-
band laser radiation can be used to provide velocity-
selective excitation of the inhomogeneously broadened
absorption contours [4]. In this case, only those atoms
interact with the light field which have a certain veloc-
ity projection v onto the wave propagation direction:

[Vo—V +vov/c <y, Av, 2

where v, isthe central frequency of the absorption line;
v and Av are the frequency and the width of the emis-
sion line, respectively; and y is the homogeneous width
of the absorption line. If the Doppler broadening is
much larger than the homogeneous width, the fre-
guency dependence of the absorption coefficient a has
theform [4]

o = a,exp[—4In2((v —v,)/Avy)T, 3)

where q,, is the absorption coefficient at the line center
and Avy isthe Doppler width.

For a mixture of atoms and their isotopes, the
absorption contour represents the sum of coefficients
(3) with corresponding v,'s and weights proportional to
the isotope percentages. If the laser frequency is tuned
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to the isotope absorption edge, the contribution from
other isotopes becomes small. In this case, the overal
absorption coefficient drops materially, but the long
interaction time between the laser radiation and atoms
provides 100% excitation efficiency for the desired iso-
tope, if the experimental parameters are properly cho-
sen.

In the experiments, Zn was separated in a quartz
tube 60 cm in length and 3 cm in diameter and Rb was
separated in a glass tube, which were heated by an
external furnace and through which agasflow of atoms
with argon and reagent-gas molecules was passed. The
mixture pumping rate was =0.5 I/s, the argon pressure
was (1-2) torr, and the concentration of reagent gaswas
=10'® cm3. Theisotopes of interest entered the separa-
tion region from a reservoir heated by a separate fur-
nace to the temperature ensuring the desired atomic
concentration in the separation region. For Zn, the iso-
topic composition was analyzed either using probe
radiation or by mass spectrometry of atoms deposited
in a collector chamber, which was maintained at room
temperature and into which the mixture flow was
admitted. To analyze the isotopic composition of Rb,
semiconducting laser probing in the region of the Rb
5S,,,-5P3, transition (D, line; Av = 80 MHz and A =
780 nm) was performed in the direction perpendicular
to the atomic flow at the end of the separation region.

The Zn atoms were excited by the pumping laser
along theflow in the separation region viatheintercom-

bination transition 4s?1S4psP) (A = 307 nm), and the
Rb atoms were excited to the Rydberg state 11P5, (A =
311 nm) by a source of narrow-band tunable pulsed
radiation described in [5]. The average laser output was
~2 W, and the beam diameter was ~1 cm at arepetition
rate f = 12 kHz, apulse duration of 10 nm, and aradia-
tion linewidth Av = 45 MHz. In this excitation scheme,
the lifetimes of the upper excited states are compara-
tively long: T = 10.5 psfor Zn, and 1 = 0.55 psfor Rb.
These values were obtained under real experimental
conditions by measuring the luminescence decay times
for the excited level sin the absence of reagent gasinthe
separation region.

In Fig. 1, the experimental absorption spectrum in

theregion of the Zn 4s?1S, —~ 4p3P? transition at tem-

perature T = 350°C is shown together with the calcu-
lated spectra(3) of the major Zn isotopes and the calcu-
lated overall absorption contour. One can seefrom Fig. 1
that the isotopic shifts are much smaller than the Dop-
pler width. If the frequency of a monochromatic radia-
tion with Av < Avy isdetuned from the center of the Zn
Doppler absorption contour, the absorption coefficients
for different isotopeswill be different. One may choose
aradiation frequency so that only one of the isotopesis
preferably excited. Figure 2 shows the spectra of Rb
5S,,—11P5, absorption in the separation chamber
recorded from the radiation absorption and lumines-
cence signal. Both spectra were identical. The spectra
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Fig. 1. Absorption spectrum in the region of the Zn
45215y — 4pP} transition (\ = 307 nm) in a gas flow:
(1) experimental spectrum at 350°C; (2) spectrum calcu-
lated by Eq. (3) for the same temperature; and (3, 4, 5) spec-

tracalcul ated, respectively, for the®zn, 86zn, and 8zniso-
topes separately.
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Fig. 2. Absorption spectrum in the region of the Rb
5S;, — 11Pg, transition (A = 311 nm) in a gas flow:
(1) experimental spectrum at 120°C; (2) spectrum calcu-
lated for the sametemperature; and (3, 4) spectracal cul ated,

respectively, for the 8°Rb and 8’Rb isotopes separately.

behavior did not change up to an Ar pressure of ~5 torr
and a Rb concentration of ~10* cm3. One can see that
the calculated and experimental absorption spectra (3)
agree well for the operating temperature of 120°C. The
calculated absorption spectra for the individua hfs
components of the Rb and ®Rb isotopes are also
given in Fig. 2. The excitation from these hfs compo-
nents(F=1—F=0,1,2for®RbandF=2 — F =
1, 2, 3for #Rb) provides agood selectivity for achosen
isotope.
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Fig. 3. Absorption of the probe laser radiation by the Zn
atomsin the collector chamber in the region of 45?1, —

4p8 Pg (A =307 nm): (1) absorption spectrum without laser
pumping in the separation region; (2) spectrum in the pres-
ence of laser pumping at a frequency detuned by (-)2 GHz
from the absorption line center (scaled by a factor of 8);
(3) pump frequency is detuned to (+)2 GHz from the line
center (scaled by afactor of 20).
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Fig. 4. Absorption of the resonance radiation in the region
of the Rb 5S;,-5P5, transition (A = 780 nm) at the end of

the separation region: (1) without pumping laser radiation
in the separation region; (2) in the presence of pumping
radiation tuned to the transition frequency of the 8’Rb hfs
components.

The reagent gas was chosen after testing various
molecules. The reactions of many excited atoms with
various hydrocarbons were examined earlier, eg., in
[6-8]. However, the products of those reactions were
unstable and decomposed within hundreds of microsec-
onds [6]. For our purposes, we have chosen complex
oxygen-containing molecules: diethyl ether (C,Hs),O
and metanol CH3OH. In this case, the reactions of

BOKHAN et al.

excited-state atoms with reagent-gas molecules yield
the stable ZnO compound, which is deposited on the
walls of the separation chamber; i.e., the reaction pro-
ceeds according to the scheme

AD+M—~ AO+R. 4

The rate constants for reactions with reagent gas
were determined from the luminescence time decay at
different pressures of reagent gas to give k* = 1.61 x

107 cm¥s for the reaction of Zn(4p®PY) with diethyl
ether (k < 10 cm¥/s) and k* = 1.47 x 10° and 8.4 x
1071° cmd¥/sfor the reactions of Rb(11P5,) with, respec-

tively, metanol and diethyl ether. For Rb, the value of k
is more than three orders of magnitude smaller than k*.

If the frequency of the pumping laser istuned to the
center of the Zn Doppler contour, virtually 100% of the
atoms are burned in the collector chamber. This fact is
evidence of the efficient excitation of Zn atoms in the
separation chamber and the efficiency of the chemical
reaction. As the laser frequency is detuned from the
center of the Doppler contour, the absorption linein the
collector chamber deforms. The corresponding experi-
mental results obtained for an atomic concentration of
=10" cm2 in the separation region are presented in
Fig. 3. For adetuning of (-)2 GHz, the Doppler maxi-
mum shiftsto the right. Thisis caused by the preferred
excitation of #Zn and its subsequent burning (see
Fig. 1). Thereverse situation occursif the radiation fre-
guency is detuned by (+)2 GHz. It also follows from
Fig. 3 that the number of burned atoms detected in the
collector chamber exceeds the number of excited atoms
in the separation chamber. Thisislikely due to the sec-
ondary reactions between the radical products and the
unexcited atoms. A comparison of the experimental and
calculated shifts of the Doppler maximum showed that
more than 95% of the %Zn isotope is burned in the sep-
aration chamber. The same results were obtained by the
mass spectrometric analysis of Zn deposited on the col-
lector chamber walls. The maximum product yield was
~1 g of a substance for an exposure of 3 h.

The Rb 5S,;,,-5P,, absorption spectra recorded at
the end of the separation chamber are shown in Fig. 4
for aRb concentration of =10'? cm3. These spectracan
be used to judge the isotopic composition of Rb atoms.
Experimental results show (Fig. 4) that, as the fre-
guency of exciting radiation is tuned to the fourth
absorption peak (F=1— F =0, 1, 2) of the®Rbiso-
tope (Fig. 2), its content at the end of the separation
chamber decreases to a level of less than ~10% of its
initial value.

In summary, a new method of isotope separation
based on selective excited-atom “burning” in aflow of
argon atoms and reagent gas has been demonstrated
experimentally. Its main advantage over the previous
methods consists in the one-photon excitation and the
high concentration of separated isotopes in the separa-
tion chamber.
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We examine the spatial evolution of lightwaves in a nonlinear photonic crystal with a quadratic nonlinearity,
when a second harmonic and asum-frequency generation are simultaneously quasi-phase-matched. Wefind the
conditions for atransition to Hamiltonian chaos for different amplitudes of lightwaves at the crystal bound-

ary. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers: 42.65.5f; 42.70.Mp; 42.65.Ky; 42.65.HwW

Wave mixing in nonlinear optical materialsisabasis
of modern optical sciences and technologies. Cascad-
ing several wave-mixing processesin the same low-loss
material, one can, in principle, achieve ahigh efficiency
using a large value of the lowest order optical nonlin-
earity. The theoretical investigations of cascading of
several scalar optical three-wave-mixing processes in
bulk materials with x@nonlinearity has a long history
[1]. In particular, Akhmanov and coworkers found the
efficiency of third harmonic generation (THG) via cas-
cading of a second harmonic generation (SHG) and a
sum-frequency mixing (SFM) in a quadratic medium
[2], while Komissarova and Sukhorukov described an
efficient parametric amplification at a high-frequency
pump in the same system [3]. Obvioudly, the observa-
tion of these nonlinear effects demands the simulta-
neous fulfillment of phase-matching conditionsfor sev-
eral parametric processes as perfectly as possible. On
the other hand, it was shown later that the systems for
which several wave-mixing processes can be simulta-
neously phase-matched are in general nonintegrable;
therefore, the competition of two (or more) parametric
processes can often result in the chaotic spatial evolu-
tion of lightwaves 4, 5]. However, until recently, it was
unclear as to how one can achieve phase-matching for
several processesin ahomogeneous mediumemploying
traditional techniques, such as the use of birefringence
in ferroelectric crystals.

The solution of this problem has been found rather
recently [6-8]; it consists in the introduction of differ-
ent types of artificial periodicity of a nonlinear
medium, which resultsin the formation of nonlinear 1D
and 2D superstructures termed optical superlattices[9]
or nonlinear photonic crystals (NPCs) [10]. In NPCs,

L This article was submitted by the authorsin English.

thereisaperiodic (or quasiperiodic) spatial variation of
the nonlinear susceptibility tensor, while the linear sus-
ceptibility tensor is constant.

In these engineered nonlinear materials, a phase
mismatch between the interacting lightwaves could be
compensated by the Bragg vector of NPC. The idea of
this kind of gquasi-phase-matching (QPM) was intro-
duced by Bloembergen and coworkers many years ago
[11]. However, only recently, the rapid progress in the
fabrication of high-quality ferroelectric crystals with a
periodic domain inversion has made the QPM method
very popular [9, 12]. We should stress that the condi-
tionsfor QPM may befulfilled for several wave-mixing
processes simultaneously; the QPM also has an advan-
tage of using the largest nonlinear coefficient.

Nowadays, there are severa experiments on the
observation of third and fourth harmonics in different
periodically or quasiperiodically poled ferroelectric
crystals with X®@ nonlinearity [7, 13, 14], which clearly
demonstrate the importance of multiple mixing in
NPCs for potential applications. Modern theoretical
activities on the nonlinear lightwaves interactions in
NPCs are mainly focused on the studies of strong
energy interchange between the waves [12] (this is a
development of the earlier activities [2, 3]), aswell as
on the formation of spatial optical solitons[15].

In this work, we describe the effect of Hamiltonian
optical chaos novel for the physics of NPCs. Namely,
we show that spatial evolution of three light waves par-
ticipating ssimultaneously in SHG and SFM under the
conditions of QPM is chaotic for many values of the
complex amplitude of the waves at the boundary of x?-
NPC. There also exists an integrable limit, where the
evolution of waves is aways regular regardless of the
absolute values of their complex amplitudes. The inte-
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grable limit corresponds to the particular values of two
combinations of wave phases at the boundary of nonlin-
ear medium. In particular, the problem of THG belongs
to the integrable limit; therefore, under the conditions
of recent experiments [7, 13, 14], nonlinear light
dynamics should always be regular. However, even a
rather small change in amplitudes and phases of waves
at the boundary of crystal, with respect to those consid-
eredin[7, 13, 14], should result in atransition to chaos.

We consider aspatial evolution of three copropagat-
ing plane waves

3
1 - .
E = EZ Ajexplj(int—k;z)] +cc, ki = k(jw)
j=1
in a periodically poled crystal under the conditions
where SHG, w + w — 2w, and SFM, w + 200 — 3w
take place simultaneously. Equations of motion for the
slowly varying complex amplitudesA (1 =1, 2, 3) of the
waves are[9, 12]

dA . o —Bkgz . « —iBk,z
d_zl = -iBgDAA e T —iB0(2AATE T,
dA ) -ifksz iAk,z
T = -i2BagAATe - B A, ()
dA . iAkyz
d_23 = —i3B309(9 A Ae T,

where g(2) is afunction equal to +1 (or —1) in asingle
positive (negative) polarization domain of the ferro-
electric crystal. In thiswork, for the sake of simplicity,
we consider only a periodic alternative domain super-
lattice with a spatial period A. However, g(2) can be a
quasiperiodic function in the case of nonlinear quasic-
rystals [8, 9]. Note that we consider atypical situation
A < A\, where A isawavelength [9, 12, 14].

The coupling constants between waves 3, and 3; are
defined as

Bo3 = Wdg/Cny 3,

where dg = 2mx®@ and n, = njw) (j = 1, 2, 3) are the
refractive indices for the different waves. Of course,
N, # n, # Ny because of light dispersion. However, it can
be shown that An/n = A/A < 1 under the conditions of
QPM; therefore, in what followswe will take 3, = B; =
B. Finally, the phase mismatches involved in Egs. (1)
are Ak, = k, — 2k; and Ak = k; —k, — k;. Let both these
mismatches be compensated by areciprocal lattice vec-
tor of NPC, that is

Ak, = 2y /A, Aks = 2imy/A, )

wherem = +1, £2, £5, ... . The methods of achieving
QPM for several parametric processesin asingle NPC
wererecently discussedin[6, 8, 10] (theory) and[7, 13,
14] (experiment).
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The dynamical system (1) together with the initial
conditions, which in our case are the values of complex
amplitudes at the boundary of NPC, A(z = 0), com-
pletely determine the nonlinear spatial evolution of
waves. Before specification of these initial conditions,
we can further simplify the equations of motion. First,

we introduce new scaled amplitudes a = A/ A,,
wherel = 1, 2, 3 and Ay = max(JA1(0)], [Ax(0)], |As(0)]).
Second, we make the Fourier series expansion of the
function g(2)
< 4 . [2TinZ]

whereindex ntakes only odd values. Now we substitute
thisexpansion into Egs. (1), take into account the QPM
conditions (2), and make an averaging of the resulting

equations of motion over the short characteristic spatial
scale 217/\. We have the following basic equations

a, = —apay —&asay,
. 3
a, = 058 —fasal, )
ag = &a,a,,

where & = ,/3m,/m; (m are the quasi-phase matching
orders, see Eq. (2); we assume that m; = m,). The over-
dot in Egs. (3) means the derivative with respect to Z/l ,
with a characteristic nonlinear length |, defined as
mm, 1
ly = —==—. 4
| ZﬁBAO ( )

In the derivation of equations of motion (3), we
removed al rapidly varying terms in performing the
averaging over 21/A. It can be shown that such aproce-
dureiscorrect if |, > A [16].

Equations (3) can be represented in the canonical
form with the Hamiltonian function

H = [—i %a’l‘ aa;+ %a’{ zazg} +C.C.,
H i
da*’
In addition to the energy of wave interaction E = H
(Eq. (5)), the dynamical system (3) has the integral of
motion

©®)

ia =

lay|® +2]a,|* + 3|ay® = 1 (6)

corresponding to the conservation of energy of nonin-
teracting waves. Inthe general case, the system (3) does
not have other global integrals of motion; thus, itisnon-
integrable and should demonstrate chaotic dynamics
for many initial conditions a(0) [17, 18]. However, for
some values of & and some specific initial conditions,
an additional local integral of maotion can arise. Let us



176

0.25

0.20

0.15

kmax

0.10

0.05

Fig. 1. Dependence of the value of the maximal Lyapunov
exponent on the amplitude of the first wave at the boundary
of optical superlattice a and for different phases: ¢ = —172
(solid line), @ = —0.1 (dotted line), and ¢ = —0.01 (dashed
line). The first-order QPMs (problem 1, set I).
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Fig. 2. Regular (upper) and chactic (lower) spatia evolu-
tions of scaled intensities of lightwaves at the first-order
QPMs. For the upper subplot, a = 1 and ¢ =0, while for the
lower subplot, ¢ =0.95 and @ = 172.

list these cases, because they include physically impor-
tant situations.

First, if one of the parametric processes, either SHG
or SFM, is dominant (§ < 1 or & > 1), then an addi-
tional integral of motion arises, whichis of the Manley—
Rowe type [12]. Second, the nonlinear dynamics
strongly depends on the initial values of the two “reso-
nant phases’ Y,(0) and Y5(0), where

g, = 20,-6,, Y3 =06,+6,-6;, (7)

ALEKSEEV, PONOMAREV

and 6, (j = 1, 2, 3) are the lightwave phases; i.e., a =
|2y |exp(—6;). We found that, for ,(0) = Y5(0) = O,
the dynamics is always regular. Moreover, using
approaches [3, 19], it is possible to show that an addi-
tional local integral of motion existsinthiscase[20]. In
particular, the problem of THG (a,(0) = 1, a,(0) =
a;(0) = 0) belongs to this class of initial conditions.
Therefore, the spatial dynamics of lightwaves at THG
isregular (cf. [21], where an analytic solution has been
found).

We performed an intensive search of chaotic tragjec-
tories solving the equations of motion (3) numerically
for two characteristic values of control parameter & that
correspond to the experimental situations described in
[7] and [13], correspondingly:

Set |: The QPMs of first order for both processes,
m=my=18=.3=173;

Set 11 The QPM s of the 9th and 33rd orders, m; = 9,
m, =33, & =3,/3/11= 0472,

We consider severa types of initia conditions,
which cover practically al physically interesting cases
[note that all these initial conditions satisfy the restric-
tion arising from the integral of motion (6)]:

Problem 1: a(0) = a, a(0) = [1 — a?¥? x
2 2exp(-i@), az(0) = 0, where the real parameters @
and a vary intheranges—t<s @< mand0< a < 1, cor-
respondingly. Obvioudly, here |,(0)] = |5(0)| = |@|

Problem 2: a,(0) = [1 — 3a7Y? x 3Y2exp(-i0,),
a(0) = [1 -3 V> x 372exp(-i6,), a5(0) = a exp(-i6y),
where <9 <m(j=123) ad0<sa<3¥=
0.57735.

Problem 3: a,(0) = a exp(—i8,), a,(0) = 0, a3(0) =
[1-a?]¥2 x 3 2exp(-iB;), -t< B, < 11 (j = 1, 3) and
O<acsl

We start our analysiswith problem 1. This set of ini-
tial conditions describes, in particular, the THG at a =
1 (¢ = 0) and the parametric amplification with a low-
frequency pump at o < 1[12]. In order to increase the
efficiency of energy transformation from a basic wave
of frequency w to a wave of frequency 3w, it was sug-
gested recently that some nonzero signal at the fre-
quency 2w be mixed with a basic beam [22]. This kind
of initial condition correspondstoa — 1 (but a # 1)
with different values of phase @.

To distinguish between regular and chaotic dynam-
ics, we compute the maximal Lyapunov exponent A,
for different values of initial lightwave amplitudes, a,
and phases, @. For chaos A, > 0, in contrast A5 =0
for aregular motion [18]. The dependence of A, on o
for thefirst-order QPMs (set 1) isdepicted in Fig. 1. For
@ = 0, the initial values of resonant phases, ,(0) and
YP5(0), are zero, corresponding to the integrable limit
with A, = 0 independently on the value of a (not
shownin Fig. 1). However, even asmall deviation from
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the integrable limit, |U,(0)| = |Us(0)| = |@|= 0.01,
results in chaotic motion for a quite wide range of ini-
tial conditions (dashed line). A further increase in the
value of |¢|makes chaos more strong (dotted line, |@|=
0.1); the strongest chaos arises for |@|= 172 (solid line),
corresponding to the initial values of resonant phases
| W,, 3(0) | that are most distant from the integrable limit.

The motion is aways regular for the standard THG
(a =1), aswell asfor somerange of a in the vicinity of
o =1 (seetheright sideof Fig. 1). A regular spatial evo-
lution of lightwavesfor a = 1 isshown in the upper sub-
plotin Fig. 2. However, for |@|= 172, strong chaos exists
aready for a = 0.95, i.e., for a;(0) = 0.95, a,(0) = 0.22i,
and a5(0) = 0; seelower subplot in Fig. 2. Thus, the pos-
sibility of transition to chaos must be taken into account
in the application of an additional pump of frequency
2w in order to increase the efficiency of THG [22].

We now consider the situation corresponding to the
left side of Fig. 1 with a < 1. This is the parametric
amplification with a low-frequency pump [12]. In this
case, our analysis demonstrates that the evolution of
waves is weakly chaotic for [y, 3(0)| distant from the
integrable limit. In this regime, the Lyapunov exponent
has some very small yet positive value; therefore, it is
very difficult to distinguish between weak chaos and
regular mation. In practical terms, it means that one
needs to have avery long sample to see the differences
between regular and weakly chaotic spatial evolutions
of light waves.

We now turn to the consideration of nonlinear
dynamics using the second set of QPM parameters but
the same set of initial conditions (set 1I, problem 1).
The main results on the transition to chaos are depicted
inFig. 3. Again, asin Fig. 1, |U,(0)| = |ys(0) | = |@|=0
resultsin a regular motion, while motion is chaotic for
many initial conditionsif |@|> 0. However, the absolute
values of the Lyapunov exponent are small: really,
Amax = 0.1inFig. 1, but A, = 0.01inFig. 3. Therefore,
we conclude that the multiple interaction of waves
employing high-order QPMs is more stable against a
transition to chaos in comparison with the case of first-
order QPMs.

We now consider a nonlinear dynamics in the case
when some portion of the energy ispresentedat z=0in
each of the interacting waves (Problem 2). We present
our findings in Fig. 4. Strong chaos arises as soon as
one of the resonant phases becomes different from the
integrable limit |, 5(0)| = 0 (|(0)| = Trand [Y;(0) | =
102 for asolid line, [,(0)| = 172 and |Y5(0)| = O for a
dashed line). We should note that for the parameters
corresponding to the solid curvein Fig. 4 strong chaos
existsfor aimost al values of initial wave amplitudesa.
Chaos is sufficiently weaker for the high-order QPMs
in comparison with the case of first-order QPMs: cf a
dashed line with a dashed and dotted line that corre-
spond to the same values of phases 6, but to the differ-
ent sets of QPM parameters.
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Fig. 3. The same asin Fig. 1 but for the high-order QPMs
(problem 1, set 11): @ = —1v/2 (solid line), @ = 0.1 (dashed
line), and @ =-0.01 (dotted line).
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Fig. 4. Dependence of the value of the maximal Lyapunov
exponent on the amplitude of the third wave at the boundary
of optical superlattice a and for different phases and QPM
orders (problem 2, sets1 and 11): 8, = 12,6, =0, 83=T1,
first order QPMs (solid line); 61 = 8, = 83 = -T2, first order
QPMs (dashed line); 8, = 172, 6, = 0, 63 = 11, high order
QPMs (dashed and dotted line).

Finaly, we analyze the set of initial conditions
termed as Problem 3. In particular, it includes the down
conversion [3, 12] or, in other words, the fractional con-
version w — (2/3)w[19] inthe caseof a < 1. For this
set of initial conditions, we did not find visible regions
of chaotic dynamics.

In order to reliably distinguish between regular and
chaotic spatial evolutions of lightwavesin conditions of
an experiment, one needs to have many characteristic
nonlinear lengths, I, on the tota length of the crystal
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L: L/l = 10 [4, 5]. Importantly, it appears possible to
meet this conditioninthetypical NPCs. In actuality, for
a periodically poled lithium niobate with a period A =
30 um, a crystal length L = 1 cm, a nonlinear coeffi-

cient dg = 34 pm/V [7, 13], and alight intensity Az =
0.76 GW/cm? (A = 1.064 um) [23], we have L/I,; = 100.

Moreover, chaos should be more easily observable in
the GaAs optical superlattice with d;, = 90 pm/V [24].

In summary, we have shown that simultaneous mul-
tiwavelength generation in typical nonlinear photonic
crystalsis often chaotic. Thisfact must be taken into an
account for the realization of compact laser multicolor
sources for printers, scanners, and color displays based
on quasi-phase-matched harmonics generation.

We should distinguish our results from a recent
paper [25], where nonlinear spatial field dynamics and
chaos were studied in aquadratic mediawith aperiodic
Bragg grating.
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GaAg/AlAs superlattices grown simultaneously on GaAs substrates with the (311)A and (311)B orientations
have been studied by photoluminescence and high-resol ution transmission electron microscopy with a Fourier
analysis of images. A periodic interface corrugation is observed for (311)B superlattices. A comparison of the
structure of (311)A and (311)B superlattices indicates that the corrugation occurs in both cases and its period

along the [011] direction is equal to 3.2 nm. The corrugation is less pronounced in (311)B superlattices,
wherein it exhibits an additional modulation (long-wavelength disorder) with the characteristic lateral size
exceeding 10 nm. The vertical correlation of regionsrich in GaAs and AlAs, which iswell observed in (311)A
superlattices, is weak in (311)B superlattices due to the occurrence of long-wavelength disorder. The optical
properties of (311)B superlattices are similar to those of (100) ones and differ radically from those of (311)A
superlattices. As distinct from (311)B, strong photoluminescence polarization anisotropy is observed for
(311)A superlattices. It isshown that it istheinterface corrugation rather than the crystall ographic (311) surface
orientation that determines the optical properties of (311)A corrugated superlattices with thin GaAs and AlAs

layers. © 2002 MAIK “ Nauka/Interperiodica” .
PACS numbers: 78.55.Cr; 68.65.Cd

In recent years, studying the corrugation of the gal-
lium arsenide surface in the case of heteroepitaxy on
(311)A-oriented substrates has received much atten-
tion. This effect was discovered in 1991 [1]. It is based
on the self-organi zation phenomenon, when the faceted
(311)A GaAssurface under certain conditionsisrecon-
structed to a periodic array of microfacets (micro-

grooves) directed along the crystallographic [233]

direction with aperiod of 3.2 nm along the[011] direc-
tion [1, 2]. The height of the microgroovesis 1.02 nm
in one of the models [1] and 0.34 nm in the other [2].
Thisis the determining parameter for the possibility of
obtaining corrugated superlattices (CSLs), which rep-
resent quasi-one-dimensional systems with a strong
effect of the size quantization of charge carriers. This
last-mentioned fact is important in studying quantum
phenomena at room temperature and in developing
instruments working on intersubband transitions at
high temperatures. The optical properties of (311)A
GaAg/AlAs CSLs were studied comprehensively in [1,
3]. However, these studies were restricted to a compar-
ison of (311)A- and (100)-oriented superlattices (SLs)
[1, 3]. Recently, the phenomenon of photolumines-
cence (PL) polarization anisotropy was observed in
such structures [3, 4]. It was found that the nature of

polarization anisotropy differs for GaAs layers differing
in thickness [4]. When the thickness exceeds ~3.5 nm,
the nature of polarization is mainly explained by the
orientation anisotropy of the (311) surface, whereasthe
interface corrugation is the predominant factor when
the thicknessislessthan ~ 3.5 nm [4]. The polarization
anisotropy of PL observed in[4] isin agood agreement
with the data of high-resolution transmission electron
microscopy (HRTEM) [1, 3, 5], where it was shown
that both the GaAgAlAs and AIAS/GaAs interfaces are
corrugated in samples grown on the (311)A surface
with alateral period of 3.2 nmand aheight of 1 nm. The
optical properties of type Il GaAs/AlAs SLs grown on
the (311) surface are determined by the surface polarity.
The interface structure and photoluminescence proper-
tiesof SLsgrown on the (311)B GaAs surface have not
been studied so far. Thiswork isdevoted to studying the
structure of heterointerfacesin (311)B SLsin compari-
son with the structure of (311)A samples. The differ-
encesinthe PL propertiesof SLsgrown on (311)A- and
(311)B-oriented surfaces are analyzed.

The GaAg/AlAs SLs under study were grown by
molecular-beam epitaxy on GaAs substrates with the
(311)A, (311)B, and (100) orientations. The A and B
directions were determined by the anisotropy of chem-
ical etching. The period in the SLs under study was
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4 nm, and the mean thickness of the GaAs and AlAs
layerswas similar and equaled 2 nm. The sampleswere
examined by PL spectroscopy in the temperature range
from 77 to 300 K. The PL excitation source was an Ar
laser (488 nm) with a typical pump power of 10—
20 mW (the power density was 5-10 W/cm?). The PL
spectra were recorded using a SDL-1 double mono-
chromator with aresolution of 0.4 nm and a photomul-
tiplier with an S-20 cathode. A Glan biprism was used
as the polarization analyzer of the light emitted by the
samples. A depolarizing wedge was arranged at the
monochromator entrance dlit. The SL structure was
studied by high-resolution transmission electron
microscopy with an appropriate image eval uation tech-
nigue to enhance the contrast due to the difference in
the electron extinction coefficient for AlIAs and GaAs.
A Philips Model CM200 FEG/ST microscope was
used.

An HRTEM image of the structure of (311)B super-
lattice heterointerfaces is given in Fig. 1. The [311]

direction is oriented upward, and the [011] directionis
oriented to the right. The dark and light layers corre-
spond to GaAs and AlAs, respectively. The image dis-
plays an indistinct corrugation with a lateral period of
3.2nm. The lateral period of 3.2 nmisstrongly blurred
by long-wavelength (with acharacteristic lateral size of
more than 10 nm) disorder. The presence of the long-
wavelength disorder leadsto aweak vertical correlation
of regionsrich in GaAs and AlAs. As distinct from the
(311)A SLs, where the elevated regions are located
above the elevated ones and depressions are arranged
above depressions, acorrelation of thiskind isvirtualy
lacking in (311)B SLs. With the aim of performing a
more in-depth analysis of the differences in the
arrangement of heterointerfaces in the (311)A and
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(311)B SLs, we obtained the Fourier transforms of pro-
cessed HRTEM images. These are shown in Figs. 2a
and 2b for (311)A and (311)B SLs. In order to distin-
guish the lateral periodicity more clearly, the long-
wavelength component was subtracted in images in
Figs. 2a and 2b. The Fourier transforms of images for
the same (311)A and (311)B SLs but without subtract-
ing are given in Figs. 2c and 2d. It is evident that both
the (311)A and (311)B SLs exhibit a lateral period of
3.2nm. This period is manifested in (311)B SLs much
weaker and is strongly blurred by the long-wavelength
component; however, there is still an intensity maxi-
mum. The occurrence of the lateral period for the
(311)B SL correlates with the recent studies carried out
by scanning tunneling microscopy [6], where periodic
faceting (cleavage) of the (311)B GaAs surface was
observed with asimilar period. We emphasize that it is
the periodic faceting of the (311)B GaAs surface that
was observed in [6], whereas we observed a periodic
corrugation of heterointerfaces. Finding a periodic
cleavage of the surface might not signify that the alter-
nating GaAs and AlAs layers grown on it will also be
height-modul ated. Note that the lateral periodicity with
aperiod of 3.2 nmfound for the (311)B SL isnot asdis-
tinct asthat in the (311)A SL, so it can be observed suf-
ficiently well only after excluding the long-wavelength
component. A very distinct corrugation with aheight of
1 nm and a period of 3.2 nm was found in the (311)A
SL in full correspondence with the model [1].

The essentia differences in the arrangement of het-
erointerfaces in the (311)A- and (311)B-oriented SLs
found here lead to a strong difference in their photolu-
minescence properties. Consider the PL spectra of
GaAs(2 nm)/AIAS(2 nm) SLs grown on the (311)A,
(311)B, and (100) surfaces in the same growth cycle

Fig. 1. Electron microscopy image of the structure of heterointerfacesin (311)B SLs. The[311] and [011] directions are oriented
upward and rightward, respectively. Dark and light layers correspond to GaAs and AlAs, respectively. Indistinct corrugation with a
lateral period of 3.2 nm and long-wavelength disorder with a characteristic lateral size of more than 10 nm can be seen in thefigure.
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and, hence, under the same conditions (see Fig. 3). The
spectraare given for different temperatures. A compar-
ison of the spectra of the (311)B and (100) SLs shows
that these spectra are very similar in appearance and
radically differ from the spectra of the (311)A SL. As
distinct from the (311)A SL, the spectra of the (311)B
and (100) SL sexhibit one maximum each, whoseinten-
sity grows with decreasing temperature. The similarity
of the photoluminescence of the (311)B and (100) SLs
means that corrugation produces no significant modifi-
cation of electronic optical propertiesfor the (311)B SL
in contrast to the (311)A SL. A weaker corrugation and
the occurrence of disorder in the (311)B SL do not
allow thisto happen. On the other hand, the additional
size quantization of charge carriers due to distinct cor-
rugation in the (311)A CSL leadsto a significant mod-
ification of its electronic optical and quantum proper-
ties. As aresult, the I' and X conduction band minima
mix togetherl; consequently the PL spectrum of the
(311)A CSL exhibits two minimafrom both the transi-
tions involving the X conduction band minimum and
the transitions from the mixed I and X states. Note that
this giant mixing is due to the distinct corrugation of
heterointerfaces with aperiod of 3.2 nm and aheight of

1 The essence of the mixing phenomenon was described in [3].
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Fig. 2. Fourier transforms of HRTEM images obtained for (a) (311)A and (b) (311)B SLs with subtracting the long-wavelength
component. Fourier transforms of the same SL s but without subtracting are shown in (c) and (d). A lateral period of 3.2 nm can be
seenin all cases. It is manifested much weaker in the (311)B SL and is strongly blurred by the long-wavelength component; how-
ever, an intensity maximum is still evident.

1 nminthe (311)A CSL under study. Thus, avery clear
connection can be traced between the corrugation char-
acter and the optical properties of the CSL.
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Fig. 3. Photoluminescence spectra recorded at different
temperatures for GaAs(2 nm)/AlAs(2 nm) SLs grown on
the (311)A, (311)B, and (100) surfaces simultaneously in
one growth cycle. The polarization of light was not ana-
lyzed. The spectra of the (311)B and (100) superlattices
contain one maximum each and are very similar to one
another, whereas two maxima are observed in the spectra of
the (311)A superlattice, which radically distinguish these
spectra from the spectra of (311)B and (100) superlattices.
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Fig. 4. Photoluminescence spectra recorded at room tem-
perature for GaAs(2 nm)/AlIAs(2 nm) SLs grown on the
(311)A- and (311)B-oriented surfaces in one growth cycle.
The light excited photoluminescence was polarized at an
angle of 45° to the direction of the corrugation grooves, and
the polarization of the light emitted by samples was ana-
lyzed along (line, S component) and across (dashed line, P
component) the grooves. The intensity of spectra for the
(311)B superlattice was magnified 50-fold.
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Fig. 5. Photoluminescence spectra recorded at room tem-
perature for GaAs/AlAs SLs grown in one growth cycle on
GaAssubstrateswith the (311)A (maximum at 2.02 eV) and
(100) (maximum at 1.87 eV) orientations. The amount of
deposited GaAs corresponded to a layer 1 nm thick for the
(100) surface. Under these conditions, flat layersareformed
on the (100) surface, whereas an array of quantum wiresis
formed on the (311)A surface. The maximum of photolumi-
nescence from the superlattice containing quantum wires
lies at significantly higher energy values. The increase in
energy is explained by the occurrence of additional size
quantization of charge carriersin quantum wires.

Figure 4 demonstratesthe PL spectraof (311)A- and
(311)B-oriented SLs measured at room temperature for
various polarization geometries. The PL-exciting light
was polarized at an angle of 45° to the direction of cor-
rugation grooves, and the polarization of the sample-
emitted light was analyzed in two geometries. along
(line, S component) and across (dashed line, P compo-
nent) the grooves. The (311)A and (311)B SLs were
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grown simultaneously in one growth cycle. It isevident
that the GaAg/AlAs SL grown on the (311)A surface
exhibits efficient PL at room temperature. A red glow
from this SL was visible to the naked eye, and the PL
intensity was more than 50 times higher than in the case
of the (311)B SL (the spectra of the latter are shown in
50-fold magnification in Fig. 4). The difference is
explained by the formation of well-structured corru-
gated layers of gallium arsenide in the (311)A SL,
whose occurrence in the given sample was confirmed
by direct electron microscopy investigations. The lat-
eral localization of electrons in CSLs (preferentialy,
the motion of electronsin CSLsis alowed only along
the corrugation grooves) decreases radiationless
recombination at the surface. That was the reason for
the high PL intensity at room temperature. As expected,
strong polarization anisotropy was observed in the PL
spectra of the (311)A CSL. The degree of polarization
(S—P)/(S+ P) for the peak with an energy of 1.69 eV
was more than 60%, and that for the peak with an
energy of 1.84 eV was morethan 22% (see Fig. 4). Itis
evident in the same figure that the PL anisotropy was
considerably smaller inthe case of the (311)B SL (max-
imum at 1.71 eV), and its degree was about 10%. The
decrease in the polarization anisotropy for the (311)B
SL isreadily explicable and is associated with the fact
that the corrugation in this SL (see Fig. 1) isnot asdis-
tinct asin the (311)A SL. No variation of the polariza-
tion anisotropy was found under variations of tempera-
ture. Thus, the corrugation effect was small in the case
of the (311)B SL, and the nature of polarization is
mainly explained by the valence band anisotropy.

The following data are aso in a good agreement
with the corrugation model proposed in[1, 5]. Figure 5
displays PL spectra measured at room temperature for
GaAg/AlAs SLs grown simultaneously on GaAs sub-
strates with the (311)A and (100) orientations. In this
case, the amount of GaAs deposited in one growth
cycle corresponded to alayer 1 nm thick for the (100)
surface. Under these conditions, flat layers are formed
on the (100) surface, and quantum wires (QW) or, more
exactly, wirelike clusters are formed on the (311)A sur-
face [7]. The mean thickness of AlAs layers was larger
than the corrugation height (1 nmin the model [5]); that
is, it was sufficient for new AlAs facets to be formed.
The maximum of PL from the SL containing flat GaAs
layerslies at 1.87 eV. In the case of the SL containing
QWs, the maximum is located at 2.02 eV. Hence, the
maximum of PL from the SL containing QWs is dis-
placed by 150 meV toward larger energy values as
compared to the SL containing flat layers. Such asig-
nificant increasein energy is explained by the changein
the dimensionality of the system in going from two-
dimensional flat layers to one-dimensiona QWSs. The
line half-width in the spectrum of PL from the (311)A
SL is smaller than that for the (100) SL. The decrease
in dimensionality results in a decrease in the width of
subbands, which leads to narrower optical spectra. In
the case of the (311)A SL, the line can be additionally
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broadened because the wirelike clusters can differ in
length (because the motion of carriersis confined in the
direction parallel to the QW). Note that the PL intensity
for the (311)A SL is approximately five times higher
than that for the (100) SL. Scattering by optical
phononsisstrongly suppressed in one-dimensional sys-
tems. This results in a decrease in radiationless recom-
bination and, as a consequence, in an increase in radia
tive recombination, which isthe reason for the increase
in intensity observed in QWSs in our case. A certain
additional increase in intensity can arise from the
increasein the density of statesin the case of (311)-ori-
ented systems.

Thus, direct high-resolution electron microscopy
investigations of (311)A and (311)B SLs revealed the
occurrence of corrugation in both cases with a lateral
period of 3.2 nm. In the case of (311)B SLs, the inter-
face corrugation has been observed for thefirst time. In
addition, a very distinct corrugation 1 nm in height is
observed for (311)A SLs in full correspondence with
the model [1]. On the other hand, corrugation in the
(311)B SLs grown simultaneously with (311)A SLsis
significantly less pronounced and is characterized by
considerable long-wavel ength disorder. The occurrence
of long-wavelength disorder in (311)B SLs weakens
thevertical correlation of GaAs- and AlAs-richregions,
which is clearly observed in the case of (311)A SLs.
The character of interface corrugation found for (311)B
SLsissuch that the optical properties of these SLs can-
not become similar to those of (311)A SLs, whose cor-
rugation fully fits the model [1]. As distinct from
(311)B SLs, strong photoluminescence polarization
anisotropy is observed for (311)A SLs, when the light
polarized in the direction along the heterointerface cor-
rugation groovesissignificantly higher in intensity than
that polarized across the grooves. Polarization anisot-
ropy in the PL spectra of (311)B SLs is significantly
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weaker. Thus, these results confirm the conclusion
made in [4] that the nature of polarization for (311)A
CSLswith thin GaAs and AlAs layersis mainly deter-
mined by the interface corrugation. It is found that
(311)B SLs are similar in their optical properties to
conventional (100) SLs and radically differ from
(311)A CSLs. It is stated that the electronic optical
properties of (311)B CSLs, as distinct from (311)A
CSLs, are not markedly modified by corrugation. It is
shown that it isthe interface corrugation rather than the
difference in crystallographic orientation between the
(311) and (100) surfaces that determines the optical
properties of (311)A CSLs with thin GaAs and AlAs
layers.

G.A. Lyubas is grateful to the K.I. Zamaraev Inter-
national Charitable Scientific Foundation.
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The results of ab initio calculations are presented for the specific energy, pressure, and elastic constants of an
aluminum fcc single crystal with subnormal densitiesat T = 0. Kinksin the elastic constant vs. density curves
are revealed which are caused by the electronic topological transitions. An analysis of the mechanical stability
of aluminum fcc crystal at negative pressures suggests that the polymorphic transition to a noncubic structure
is possible. A method is suggested for taking into account the thermal nuclear excitation and the influence of
zero-point vibrations on the pressure dependence of crystal density. © 2002 MAIK “ Nauka/Interperiodica” .
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In recent experiments [1-3] with a pulsed nanosec-
ond shock load in metals, one succeeded in producing
exceedingly high tensions with negative pressures (ten-
sile stresses) attaining 150 kbar and more. This opens
up possibilities of studying polymorphic phase trans-
formations and other solid-state phenomenain the new
exotic field of state parameters. In studies of this kind,
the question inevitably arises of the equation of statefor
the tensions as high as those mentioned above. The
known theoretical and semiempirical model equations
of state are aimed at describing the compression states
for which the results of many measurements are known,
while the tension states are cal culated by extrapolating
these data [1-3] to the negative pressures. However,
inasmuch as the isotherms and i sentropes of condensed
media have minima, thereis still room for doubt about
the accuracy and range of applicability of this extrapo-
lation. It islikely that an ab initio calculation is now the
only way of making an unbiased estimate of the equa-
tion of state for a substance at high negative pressures.

In this work, we report and analyze the results of
abinitio calculations of the specific energy, pressure,
and elastic properties of aluminum single crystals with
thefcc structureat T = 0intheregion of subnormal den-
sities. The calculations of specific energy were carried
out for fixed nuclei by the full-potential linear muffin-
tin orbitals (FP-LMTO) method [4] within the frame-
work of the density functional theory with generalized
gradient corrections [5-7]. The accuracy of the calcu-
lated specific energy was 0.1 mRy/atom over the entire
range of specific volumes studied.

0021-3640/02/7504-0184$22.00 © 2002 MAIK “

The ab initio specific energies were approximated
by the Rose et al. [8] formulathat was slightly modified
by supplementing it with two additional parameters:

Eoe(V) = E.—AE(L+y+ay +By’)exp(-y), (1)

where

i
A

v is the specific volume, and v is the specific volume
atP=0and T=0. Formula(1) isnot asuniversa asthe
formula given in [8], but our experience suggests that
Eqg. (1) allows a higher accuracy to be obtained when
approximating the ab initio results for the specific
energy of various metal crystal structures over a wide
range of densities, for which only the outer electron
shells are involved in interatomic interactions. The
quantities vy, |, AE, E,,, a, and 3 in Eq. (1) were consid-
ered asfitting parameters. The following expression for
the pressure follows from Eq. (1):

Poe(V) = 3Byx(x—1)

(©)
%" + (o - fB)ga"' By Dexp( -y),

where
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B
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Fig. 1. Dependence of C' = (Cq; — C42)/2 on the specific
volume a T = 0. V, = 0.3705 cm®/g is the experimental
value of specific volumeat T=300K and P =1 atm.

The fitting procedure yielded the following results for
the fcc aluminum:

v, = 0.3664047 cm®/g, | = 0.1459307 cmig™”,
AE = E,, = 44.874894 kJ/q, (4)
o = 0.1945598, B = 0.2324356.

The maximum error in approximating the calculated
values of specific energy by Eq. (1) with parameters (4)
is within the error of our calculations and does not
exceed 1 Jg=0.02 mRy/atom. The pressure curve given
by Eqg. (3) reaches its minimum P,;,, = —116.749 kbar
at Vpin = 0.5508 cm®/g.

The elastic constants of the strained lattice were
determined after calculating its specific energy as a
function of the degree of deformation for several defor-
mation types. The elastic constants C' = (C;; — C;,)/2
and C,, and the pressure are displayed in Figs. 1 and 2
asfunctions of specific volume. The appearance of neg-
ative elastic constants in the negative pressure region is
noteworthy. This occurs because aterm proportiona to
the pressure with a minus sign makes a contribution to
the strain-induced energy increment. The presence of
well-defined kinks in the curves at v/v, = 1.125 is

another intriguing feature in the behavior of aluminum
elastic constants at high tensile strains. These kinks are
due to the electronic topological transition [9] occur-
ring at this value of v/v . It will be shown below that

they are responsible for the kink in the volume depen-
dence of the Debye temperature and, as a result, for a
discontinuity in the pressure curve allowing for the
zero-point vibrations. Moreover, if the zero-point
vibrations are not taken into account, one of the condi-
tions for mechanical stability of cubic structures [10],
namely,

Cu>P 5)
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Fig. 2. Dependence of C,,4 and pressure on the specific vol-
ume at T = 0. The dashed line corresponds to the pressure
without zero-point vibrations. ¥, = 0.3705 cm3/g is the

experimental value of specific volumeat T=300K and P =
1 atm.

is violated before the structure becomes absolutely
unstable upon crystal dilation. According to the calcu-
lations, this corresponds to the polymorphic phase tran-
sition of aluminum to the noncubic structure at negative
pressures. Such a behavior of elastic constants may be
responsible for the destruction of an ideal crystal sub-
jected to tensile stresses at specific volumes smaller
than it would occur in the absence of the anomaly or
may stimulate the onset of melting.

The éastic constants determined for different spe-
cific volumes were used to calculate the mean sound
velocity ¢(v) and Debye temperature O(v) as func-
tions of specific volume with the aim of estimating the
influence of zero-point vibrations on the pressure
curve. The mean sound velocity was determined by
averaging the actual sound vel ocity c(n) over thedirec-
tionsof unit vectorsn and branchess=1, 2, 3 according
to the formula[11]

1_1cdQ 1
DN s ©

According to [12], the true sound vel ocity can be found
from the solution to the problem for eigenvalues of the
matrix L;(n), which is completely specified by the ten-
sor components C;;q of elastic constants and by the
pressure:

Li(n) = zcijklnjnl_Péik- (7)
il

The corresponding equations have the form

Det[ Ly (n) —pc’(n)5,] = O, 8)
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Fig. 3. Debye temperature as a function of specific volume.
vy =0.3705 cm3/g is the experimental specific volume at
T=300K and P=1am.

where p isthe crystal density. The Debye temperature
is related to the mean sound velocity as

i@T[ZNADm
kel vA U

where kg is the Boltzmann constant, N, is Avogadro’s
number, and A isthe atomic weight. The Debye temper-
aturescalculated inthisway are presentedin Fig. 3. The
volume dependence of the Debye temperature can be
used for estimating the contribution of zero-point vibra-
tionsto the energy and pressure at T = 0 and for the cal-
culation of the contribution to the thermodynamic func-
tions from the nuclear thermal excitations. Unfortu-
nately, the contribution of zero-point vibrations to the
elastic constants cannot be estimated in such a simple
way. One can see from Fig. 2 that the above-mentioned
approximate inclusion of zero-point vibrations
increases the minimum pressure and shifts the mini-
mum to smaller specific volumes. Nevertheless, consid-
ering the model character of taking zero-point vibra-
tions into account, the computational results may be
thought of as indicating the possible polymorphic tran-
sition of the aluminum fcc crystal to the noncubic struc-
ture at negative pressures. Of course, such a transition

o) =

Ac(v),

SIN’KO, SMIRNOV

ispossibleif the aluminum crystal has not already been
destroyed or does not melt because of the anomaliesin
elastic properties caused by the electronic topological
transition. It would be of interest to explore this situa-
tion experimentally.

We are grateful to G.I. Kand’ for drawing our atten-
tion to the studies of materials under hugh tensile
strains, to D.Yu. Savrasov and S.Yu. Savrasov for pre-
senting the possibility of using the authors’ version of
the program implementing the FP-LMTO method [4],
and to D.Yu. Savrasov and E.G. Maksimov for the dis-
cussion of the details of this method. This work was
supported by the Russian Foundation for Basic
Research, project nos. 01-02-18044 and 01-02-16108.
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A phenomenological scheme of the observed properties of superfluid *He in aerogel is proposed in the spirit of
the Ginzburg-L andau theory. The effect of the aerogel on the order parameter is described by the random tensor
field n(r). The tensor field exerts a considerable disorienting effect on the order parameter in the A phase of

3He, but virtually unaffects the orientation of the order parameter in the B phase in zero magnetic field. The
changein thetexture of the order parameter emerging in the B phasein aerogel inamagnetic field is considered.
It isshown that the mean square of the angle between the magnetic field direction and the anisotropy axis of the
B phaseis proportional to the third power of the magnetic field strength. The fluctuations of the direction of the
magnetic anisotropy axis of 3He-B are correlated over the familiar “ healing length”, which isinversely propor-
tional to the field strength and has a macroscopic scale. © 2002 MAIK “ Nauka/|nterperiodica” .

PACS numbers; 67.57.-z

1. Aerogelsare material swith extremely high poros-
ity. Therigid “skeleton” formed by fibers with adiam-
eter of =30 A occupies|essthan 2% of the volume. The
remaining volume can be filled with a substance under
investigation. At the present time, this is the only way
of introducing impurities in liquid *He in the tempera-
ture range where it becomes superfluid [1]. Aerogel
does not suppress superfluidity completely; it only
decreases the superconducting transition temperature
T., which isin accordance with the concept of suppres-
sion of abnormal superconductivity and superfluidity
by nonmagnetic impurities [2] on account of the fact
that the estimated mean free path of quasiparticles| ~
1500-1800 A is large compared to &, = 160 A (under
the solidification pressure). The microscopic theory in
the spirit of superconducting alloys [3], which takes
into account the effect of impurities through an addi-
tional parameter, i.e., the transport mean free path, pro-
vides qualitatively correct description for the observed
decreasein T, and the tendency in the variation of prop-
erties of superfluid phases of 3He, but does not offer a
guantitative agreement with the experimental data (see
the review and references in [4]). In order to obtain a
more detailed description of the observed properties of
superfluid °He in aerogel, a phenomenological
approach should be used; i.e., the effect of the aerogel
should be described by a certain set of parameters
which are assumed to be preset. The number and choice
of parameters are determined by the symmetry of the
problem. Although this approach was discussed in [4],
it has not been devel oped sufficiently for obtaining spe-
cific results. In particular, theimportant aspect concern-

ing the correct choice of parameters characterizing the
aerogel remains unclear. In the present work, a method
for the phenomenological description of superfluid *He
in aerogel is proposed and a practicaly important
example of application of this approach is considered.

2. A macroscopic description is possible only for
long-wave phenomenafor which the characteristic spa-
tial scale exceedsthe correlation length &, in superfluid
3He. In the vicinity of T, the additional contribution to
energy density can be presented in the form

fr = g ALAIN; I, (1

where the complex 3 x 3 matrix A isthe order param-
eter of superfluid ®He, itsfirst and second indices |abel-
ing the spin and momentum components, respectively.
The random rank-two tensor n;(r) is determined by the
properties of the aerogel. The aerogel fibers consist of
nonmagnetic Si0?, and the interaction of helium with it
is due to scattering of quasiparticles at the fibers; for
this reason, tensor n;(r) in formula (1) is convoluted
with the momentum indices. It is also clear that n;(r)
can be regarded as real-valued and symmetric. We will
assume that the isotropic component of the tensor
No(r)9; is included in the superconducting transition
temperature T, which thus becomes a position func-
tion, the trace nj;; being equa to zero. It is natura to
assume that the aerogel is, on average, isotropic; i.e.,
[ ;(r)CF= 0. Here and below, the angle bracketsindicate
averaging over the ensemble of aerogels. It is conve-
nient to assume that the common factor g, is equal to
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the product of the density of states N(0) and the volume
concentration of the aerogel; in this case, tensor n; is
dimensionless and its elements are on the order of
unity. Under the assumptions made above, nontrivial
information on the properties of an aerogel is contained
in the correlation function

Kjimn(r, 1) = (1N ma(r)0 )

At a large distance from the wall, the aerogdl is
homogeneous and, hence, the correlator is determined
by thedifferencer —r'. Wewill beinterested in the Fou-
rier transform of the correlator for this difference:
Kiim(K). Definition (2) leads to the symmetry proper-
ties Kjlmn(k) = KIj mn(k) = Kjlnm_(k) = Kmnjl(_k) aswell as
Kijmn(K) = Kjimm(k) = 0. Taking these properties into
account, we can write the correlator in the form of a
combination of independent tensors composed from the

unit tensor &, and the unit vector components RJ- :

Kiima(K) = 3®(K)[K;Km(3;, — kikn)
+ kikm(3; — kikn) + Kikn(3)m — kikm)
+ Kikn(Bjm— Kikm) ] + 30 (K) [ 6k;Kikmkn ©)
—2(kikiByy + kmkn3;)) + 8,81 + 8;nOym]
+ (k) (3kiki — ;1) (3kmkn — 81ny),

where ®y(k), D,(K), and P,(k) are rea functions of the
absolute value of k. In the description of long-wave
phenomena, only the values of these functions for k =
0 are significant. It is these three numbers that deter-
mine the orienting effect of the aerogel on the order
parameter of superfluid 3He. Interaction (1) is weak as
compared to the terms in the free energy of superfluid
3He, which determine the form of the order parameter
in view of the smallness of the aerogel concentration.
Thus, it is natura to assume that the same superfluid
phases A and B are redlized in aerogel as in pure *He.
Substitution of the order parameter of the A phase into
formula (1) givesf, ~ —1mlnl, Wherel isthe direction
of the orbital quantization axis in the A phase. It was
proved in [5] that the random effect of aerogel on the
orientation of vector | must lead to the disappearance of
the long-range orientation order in this phase. A differ-
ent situation is observed in the B phase, wherethe order
parameter has the form

— i
Ay = AeTRy;, (@]

where R ; is an orthogona matrix such that R;R, = .
By virtue of this relation, the substitution of the order
parameter (4) into formula (1) gives zero. A nonzero
contribution to energy can be obtained by taking into
account either the surface dipol e interaction or the pres-
ence of amagnetic field. The dipole interaction gives a
negligibly small effect; for thisreason, we will consider

FOMIN

below only the interaction induced by the magnetic
field.

3. Inamagneticfield, the order parameter (4), tensor
Nmn, @nd the magnetic field components H,, can be used
to compose the following nonzero scalar combination:

1
fn = éxgaHpHvajR\}Injl(r)l (5)

where x is the magnetic susceptibility of the normal
phase of *He, and g, is a temperature-dependent coeffi-
cient. Thisisthemain termin the expansion of the addi-
tional energy in puH/A, where 1 isthe magnetic moment
of the nucleus of 3He. The correction f, preserves its
form away from the temperature T, aswell. Matrix Rin
definition (4) is usualy regarded as the matrix of rota-
tion defined by the direction n of the rotation axis and
the rotationa angle 6. The volume dipole energy
defines 6 = arccos(—1/4) . Estimates similar to those
obtained in [5] show that perturbation (5) cannot lead to
a noticeable deviation of angle 6 from the equilibrium
value. Direction ninthe bulk isfixed by amuch weaker
interaction including both the magnetic field and the
dipole energy f,, = —=xa,(nH), and the situation is ot so
clear in this case. Let us consider in greater detail the
effect of the random field n(r) on the spatial distribu-
tion, or texture, of vector n. It should be noted that the
texture will aso be random. In order to find the texture,
we must minimize the total free energy, including the
sum of the energy densitiesf, and f,;, aswell asthegra-
dient energy f:

F:J'de‘r{fn+fH+fD}. (6)

In the course of minimization, it is convenient to
choosethe Euler anglesa, 3, y as parameters determin-
ing the matrix R ;, assuming that the zaxisis parallel to
H. We will assume that random deviations of the tex-
ture from equilibrium are small for fields of several
hundred oersted that are normally used (this is con-
firmed by the results). We will also consider He away
from thewalls and then n ||H in the absence of aeroge!;
i.e, =0, and a andy satisfy therelation 1 + 2cos(a +
y) = 0 following from the condition cosd = —1/4. For
small deviations from equilibrium, we have 3 < 1 and
the energy densities appearing in formula (6) can be
writtenintheformf, = (1/2)xH?g;hhin;, wherehisthe
direction transformed into the direction of the z axis
under the action of rotation R;: h = (-3cosy, Bsiny,
1 - B?%2). The second term f,, = (2/5)xa,H?B2. In order
to simplify the expression for gradient energy, we will
assume that the velocities of spin waves ¢; and cp,
appearing in it as coefficients, are identical. This leads
to an insignificant inaccuracy, but makes the obtained
relations much less cumbersome. Taking into account
this simplification, we obtain

fo = (x12y2)ciIBA( )+ (B )T. @
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It is natural to passto new variables: u = 3cosy and
v = siny. Asaresult, the free energy will bewrittenin
the form

F-xHJ’dr [(Du) +(Dv)]

(8)
+ gaH(U2 + VZ) + lgahjhlnjl Edsr-
5 2 d

We now have h = (—u, v, 1 — (u? — v?)/2). By varying
energy (8) inuand v, we abtain, respectively, the equa-
tion for u,

2

”Au + 4aH

Tau+g ol nd (9

ganjla EQ

and the eguation for v, which differs from Eqg. (9) only
in that u isreplaced by v everywhere. Equation (9) can
be solved by passing to the Fourier components:

_ _2P%no Dm.(k)
e = Hf BN, (10
where k? = 4aH(;oL /5c|| We can now find
2 _ [}259471 0
D = % 4;% au% i 3
(11)
(O hh J. dk Km,m(k)
aUEQ N (2-,-[) (k )

A similar expression can also be obtained for
[V2(r)[J Considering that [B200= W+ [W?Uand using
formula (3) for Kn(k), we can write

2 _ 3 POyt
B0 = Z—O—_F[K D_l—a—HD [20,+ 7P, + D).
The quantities @, @,, and @, are the values of the cor-
responding functions ®(k), ®,(k), and ®,(k) for k = 0
and have the same order of magnitude as the third
power of the correlation radiusr, of field n;(r). We can
expect that r, ~ 300-1000 A. The indetermi nacy in the
value of r, strongly affects the estimate of [B2C] In
accordance with formula(12), the value of [B2Cis deter-
mined by the product of two factors: (kr.)3(5g./4a,,)?,

wherek isthereciprocal “healing length” of thetexture
in a magnetic field, which is proportiona to the mag-

(12)

JETP LETTERS Vol. 75 No.4 2002

189

netic field. In the field of 300 Oe and not very close to
T, k=20 cm[6]. If weput r,=500 A, (kr)3= 102,
Estimation of the second factor gives=10°; i.e., we have
inall B2k 103, and the aerogel virtually unaffectsthe
texture under these conditions. The same formula
shows, however, that [B2+~ H® and (3%~ 1 for an order-
of-magnitude stronger magnetic field. Another impor-
tant characteristic of random texture is the characteris-
tic length over which the correlations of angle [3 decay.
The correlation function [B(r)B(r") can be expressed in
terms of Kjn(k) in the same way as was done while
evaluating [B2L] The expression obtained for the corre-
lator of anglesis cumbersome in view of the complex-
ity of the structure of Kjj,(k). It is only significant for
us that for large values of |r —r'|, the decay of correla
tions of angle 3 is determined by the factor exp[—|r —
r'[l; i.e., the correlation length is equal to 1/k. In the
field ~1 kOe, thislength is ~10 cm; i.e,, it is not very
small compared to the size of conventional experimen-
tal cells. Thus, the emerging random variation of tex-
ture is of the mesoscopic type. The properties deter-
mined by the texture may differ considerably in differ-
ent experiments. Therelationsfor the mean values must
be satisfied after averaging over a large number of
experiments.
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A gquantitative theory of the Josephson effect in SFIFS junctions (S denotes bulk superconductor, F is metallic
ferromagnet, and | isinsulating barrier) is presented in the dirty limit. A fully self-consistent numerical proce-
dureis employed to solve the Usadel equations for arbitrary values of the F-layer thicknesses, magnetizations,
and interface parameters. In the case of antiparallel ferromagnet magnetizations, the effect of critical current I,
enhancement by the exchange energy H is observed, while in the case of parallel magnetizations the junction
exhibitsatransition to the Ttstate. In thelimit of thin F layers, we study these peculiarities of the critical current
analytically and explain them qualitatively; the scenario of the O—rttransition in our case differsfrom those stud-
ied before. The effect of switching between 0 and 11 states by changing the mutual orientation of F layersis

demonstrated. © 2002 MAIK “ Nauka/lInterperiodica” .
PACS numbers: 74.50.+r; 74.80.Dm; 74.60.Jg; 75.30.Et

Josephson structures involving ferromagnets as
weak link material are presently a subject of intensive
study. The possibility of the so-called “tstate” (charac-
terized by the negative sign of the critical current I) in
SFS Josephson junctions was predicted theoretically
[1-8]. The first experimental observation of the cross-
over fromthe Otothel . state wasreported by Ryazanov
et al. [9] and explained in terms of temperature depen-
dent spatial oscillations of induced superconducting
ordering in the diffusive F layer.

More recently, a number of new phenomena were
predicted in junctions with more than one magnetically
ordered layer. First, the possibility of critical current
enhancement by the exchangefield in SFIFS Josephson
junctionswith thin F layers and antiparallel magnetiza-
tion directions was discussed in the regimes of small
S-layer thicknesses[10] and bulk S electrodes[11, 12].
Second, the crossover to the Tt state was predicted in
[11] for the paralel case even in the absence of the
order parameter oscillations in thin F layers. Still, the
physical explanation of these effects and accurate cal-
culation of their magnitude have not been given so far.
To make such estimates in the model with thin S elec-
trodes, one must consider KO-1 type solutions [13] and
take into account spatial variation of the superconduct-
ing statein the SF bilayers; at the sametime, in the bulk
S case an approximate method was used in [11] beyond
its applicability range [12]. This problem is of arather
general nature, since one may expect from previous

L This article was submitted by the authorsin English.

knowledge (see, e.g., review [14]) that the supercurrent
in ashort weak link is H independent.

The above intriguing scenario motivated usto attack
the problem of the Josephson effect in SFIFS junctions
by self-consistent solution of the Usadel equations for
arbitrary thicknesses of the F layers, barrier transparen-
cies, and exchange field orientations. Below, we show
that the O—tttransition in the case of parallel H orienta-
tion or enhancement of |, by H in the antiparallel case
with thin F layers occurswhen the effective energy shift
in the ferromagnets (due to the exchange field)
becomes equal to alocal value of the effective energy
gap induced into an F layer. Under this condition, a
peak in the local density of states (DoS) near the SF
interfaces is shifted to zero energy. In the models with
DoS of the BCS type, this leads to logarithmic diver-
gence of |, in the antiparallel case at zero temperature,
similarly to the well-known Riedel singularity of ac
supercurrent in SIStunnel junctions at voltage eV = 2A.
We al so describe the general numerical method to solve
the problem self-consistently and apply it for quantita-
tive description of the O—t transition and |, enhance-
ment in SFIFS junctions.

The model. We consider the structure of the SFIFS
type, where | is an insulating barrier of arbitrary
strength. We assume that the S layers are bulk and that
the dirty limit conditions are fulfilled in the S and F
metals. Although our method is applicable in the gen-
era situation of different ferromagnets and supercon-
ductors, for simplicity, below weillustrate our resultsin

0021-3640/02/7504-0190$22.00 © 2002 MAIK “Nauka/ I nterperiodica’
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the case where equivalent S and F materials are used on
both sides of the structure (although the directions of
the exchangefield in the two F layers may be different),
both F layers have the thickness dg, and the two SF
interfaces have the same transparency. At the same
time, we do not put any limitations on d- and the trans-
parency.

The Usadel functions G, F obey the normalization
condition Gi +F,F*, =1, which alowsthefollowing
parameterization in terms of the new function @:

w )
Fo=—— (@)

Ji + o o J&P + D 0%,

The quantity & = w + iH corresponds to the general
case where the exchange energy H is present. However,
in the Slayers, H = 0 and we have smply ® = .

We choose the x axis perpendicular to the plane of

theinterfaceswith the origin at the barrier 1. The Usadel
equations [15] in the S and F layers have the form

G, =

nT. 9 9

EéwGsax[Géa_cD ] ®s = A, )
. 0 0

E'zsz ax[ éa_xq)F}_cDF =0 3

where T, isthe critical temperature of the superconduc-
tors, Aisthe pair potential (whichisnonzero only inthe
Slayers), wisthe Matsubara frequency, and the coher-
ence lengths ¢ are related to the diffusion constants D

as &gr) = J/Dgr/2MT,. The pair potentia satisfies the
self-consistency equations

T

A —-Gghssgnw
Aln—=—+nT) ———————

= 0. 4
@ (4)
In this paper, we restrict ourselvesto the cases of paral-
lel and antiparallel orientations of the exchangefieldsH
in the ferromagnets.

The boundary conditions at the SF interfaces (x =
Fd;) have theform [16] (see[17] for detail)

Enga e GF 0
wox s Vo 6x¢F’ ©)
&eGr o _ L e Pg
tYs o ax GSDE_EEP (6)
with
g = Red/pe&r, ¥V = PLS/PeEr

where R; and « are the resistance and the area of the
SF interfaces, respectively; and pgp isthe resistivity of
the S (F) layer. At the | interface (x = 0), the boundary
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G|:1 0 _ GFZ 0
®, 0X 1 @, 0X ("
EFGFli _ |j1_)_F_2_cDF]l:| 6)
B, I (1)]_ aX F1 F2|:|’“‘ (,L)]_D’

with

YB,1 = RB,I&d/pFEF,
where theindices 1, 2 refer to the left and right side of
the | interface, respectively.

Inthe bulk of the S electrodes, we assume auniform
current-carrying superconducting state

DNpexp(i[F¢/2 +2mv X])
1+2Dm v + D)

where misthe electron mass, v isthe superfluid veloc-
ity, and ¢ isthe phase difference across the junction.

The supercurrent density is constant across the sys-
tem. Inthe F part, it is given by the expression

_ 'ZZI)ZG(‘*’)[m 9 pr _ o aacb } (10)

(x = Foo) = (©)

while an analogous formulafor the S part is obtained if
we substitute &0 — «a This expression, together with
the boundary condition (8) and the symmetry relation
F(—w, H) = F(w, —H), yields the formula for the super-
current acrossthe | interface:

= RBIZI [FRi(=HpFea(H)] (11)

(the functions F are related to @ via Eq. (1)).
Thelimit of small F-layer thickness: d- < min(&g,

JDe/2H). Under the condition yg/y > 1, we can

neglect the suppression of superconductivity in the
superconductors. We further assume that the transpar-
ency of thel barrier issmall, yg | > max(1, yg), and the
SF bilayers are decoupled (the exact criterion will be
given below). In this case, we can set v, =0 and expand
the solution of Eg. (3) in the F layers up to the second
order in small spatial gradients. Applying the boundary
condition (6), we obtain the solution in aform similar
to that in the SN bilayer [18, 17]:

W, /W .
= A 2
1+ ypyWy o/ TIT Gg 0SXP(F19/2).

®eypr = (12)

with
Yem = Yede/€r, Gs = wljw + AL,

Substituting Eq. (12) into the expression for the super-
current (11), we obtain I($) = I.sin¢.



192

For the parallel orientation of the exchange fields,
H, = H, =H, thecritical current is

21T
eRg | 2

Q>0

6262 1-a+Qygy0,;

(p) —
ICp - 2 2
Q" (1-a+Qygy0,)” +40g,

, (13)

where Q = /T, & = AYTT,, a = (hygy)?, h = H/TT,,
01 = 2G5+ YeuQ, and g, = (Gs + YauQ)>.

For the antiparallel orientation, H; = —H, = H, the
critical current is given by

|@ — 21T
¢ eRg |

2,2
y Zé(js 1 : .
& Q A/(l—a"'QVBMgl) +40a9,

At h = 1/y, and small Q, the expression in the sum in
Eq. (14) behaves as 1/Q; thus, at low T, the critical cur-
rent diverges logarithmically: 1 O In(TJ/T). This
effect was pointed out earlier in [10, 11].

The above results become physically transparent in
the real energy € representation. Making an analytical
continuation in Egs. (1) and (12) by the replacement
w — —ig, we obtain the expression for the DoS per
one spin projection (spin “up”) Ne(€) = ReGg(g) in the
F layers

(14)

€
NGRS

E = £+VBM(£_H) AS—EZ/T[TC,

Re

Ne(e) =

(15

which demonstrates the energy renormalization due to
the exchange field. Equation (15) yields Ng(0) =

Re(Yamh A/ (Yem h)2 —1), which showsthat at h = 1/yg,,
the singularity in the DoS is shifted to the Fermi level.

Exactly at this value of h the maximum of Iﬁa) is

achieved due to overlap at two €2 singularities. This
leads to logarithmic divergency of the critical current
(14) in the limit T — O, similarly to the well-known
Rieddl singularity of a nonstationary supercurrent in
SIS tunnel junctions at voltage eV = 24, where the
energy shift is due to the electric potential. At the same
value of the exchangefield h = 1/yg,,, thecritical current
changes its sign (i.e., the crossover from the 0 to the Tt
contact occurs) for parallel magnetizationsin the F lay-
ers[see Eq. (13)]. We emphasize that the scenario of the
O-mt transition in our case differs from those studied
before, where the Tt shift of the phase was either due to
spatial oscillations of the order parameter in F layersor
dueto the proximity-induced phaserotation in Slayers.
In our case, the phase does not change in either layer;
instead, it jumps at the SF interfaces. This scenario is
most clearly illustrated in the limit of large H where

GOLUBOV et al.

Egs. (1) and (12) yidld Fr O —iAsgnH , whereas Fg [
A; thus the phase jumps by 172 at each of the SF inter-
faces, providing the total Tt shift between Fg,(—H) and
Fro(H) [it is the phase difference between these two
functions that determines the supercurrent according to
Eq. (12)].

The considered effects take place only for suffi-
ciently low I-barrier transparency. Indeed, it follows

from Eq. (12) that G(Q) O 1/./Q for small Q under
the condition h = L/ygy. As aresult, the boundary con-
dition (8) resultsin that, at

. & YO
QsmlnD——,— ,
HjFYB,l YB,|D

the solutions (12) are not valid, since in this frequency
range the effective transparency of the | interface (the
parameter GriGrolyg, | [19]) increases and the spatial
gradientsin the F layersbecomelarge (thelimit of large
gradients is called “the KO-1 case” [13, 14]). In this
case, the nongradient term in Eq. (3) can be neglected
and the general solution of the Usadel equation inthe F
layers has the KO-1 form [13]:

@ _ C—iMarctan[M(Bx + Q)]
= = l—I’] ’

(16)

(17)

€

where M = /(n°-1)—C?, while C, B, Q, and n are
integration constants. From Egs. (1) and (17), it follows
that the Green’s functions G, F and hence the contribu-
tion to the critical current from these frequencies are H
independent. As a result, the barrier transparency
parameter yg ; provides the cutoff of the low-tempera-

ture logarithmic singularity of Iﬁa) a h = lygy [see
Eqg. (14)]. According to Eq. (16), thecritical current sat-
uratesat low temperature T* = T.min(&:/d:Yg 1, Ya/Vs, 1)-
We note that any asymmetry in the SFIFS junction will

aso lead to the cutoff of 1%® divergency [19]. The
above estimates are made for the case of low barrier
transparency, {/d-ys | < 1 and yg/ys, | < 1. The oppo-
sited regime of high transparency deserves separate
study.

The general case. For arbitrary F-layer thicknesses
and interface parameters, the boundary problem (1)—(9)
was solved numerically using the iterative procedure.
Starting from trial values of the complex pair potentials
A and the Green's functions Gg ¢, we solve the resulting
linear equations and boundary conditions for functions
®g . After this, we recalculate Gg  and A. Then, we
repeat the iterations until convergency is reached. The
self-consistency of calculations is checked by the con-
dition of conservation of the supercurrent (10) across
the junction. We emphasize that our method is fully
self-consistent; in particular, it includes the self-consis-
tency over the superfluid velocity v, which is essential
(contrary to the constriction case) in the quasi-one-

JETP LETTERS  Vol. 75

No. 4 2002



CRITICAL CURRENT IN SFIFS JUNCTIONS

I.RyemT,

2 04"06 08 1.0

0 0.5 1.0 L.5
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Fig. 1. Enhancement of the critical current (antiparallel
magnetizations, solid lines) and the Ot transition at which
I changesitssign (parallel magnetizations, dashed lines) in
the SFIFSjunction at T/T. = 0.05, ygy = 1, and y, = 0. Inset:
the same for large values of yy, (When dg < &, the results
depend only on this parameter).

dimensional geometry. The details of our numerical
method will be presented elsewhere [19].

Figure 1 shows | (H) dependences calculated at T =
0.05T, from the numerical solution of the boundary
problem (1)—9) for the fixed value of yg, = 1 and a set
of different F-layer thicknesses and SF interface param-
eters y. The normal junction resistance is Ry = Rg | +
2Rg + 2pde/sd. The curves de/€g = 0 are the limits of
the vanishing d-/&; ratio at fixed yg and are calculated
from Egs. (13) and (14). For thin F layers, the results
depend only on the combination yy = yd:/§ The
enhancement of |, and the crossover to the 1t state are
clearly seen for the antiparallel and paralel orienta-
tions, respectively. In accordance with the estimates
given above, these effects take place for the values of
the exchangefield H closeto rtT.. The enhancement dis-
appears with increasing gradients in the F layers, since
the solution to EqQ. (12) loses its validity. Thisisillus-
trated in Fig. 1 by increasing the thickness dq or yy. In
particular, in the case of large y,, the enhancement is
absent, in contrast to the statement in [11] (see[12]).

The influence of temperature and barrier transpar-
ency on thecritical current anomaly isshownin Fig. 2.
One can see that, in accordance with the above esti-

mate, the cutoff of the Iﬁa) singularity is provided by
finite temperature or barrier transparency; i.e., with the
decrease of the barrier strength parameter yg |, the peak
magnitude starts to drop when the ratio dryg /&r
becomes comparableto T/T.. With afurther decrease of
drys, 1 /€F the singularity disappears, while the transi-
tion to the Tt state shifts to large values of H.
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Fig. 2. Enhancement of the critical current (antiparallel
magnetizations, solid lines) and the O-t transition at which
I changesits sign (parallel magnetizations, dashed lines) in
the SFIFS junction: influence of temperature and barrier
transparency. The dotted line correspondsto T/T, = 0.01 and
&r/deyg, | = 0; the parameters for other curves are given in
thefigure.

Figure 3 demonstrates the DoS in the F layers for a
certain spin projection calculated numerically in the
limit of small I-barrier transparency. At H = 0, we
reproduce the well-known minigap existing in an SN
bilayer. At finite H, the gap shiftsin energy (asymmet-
rically) and the peak in the DoS reaches zero energy at
h = 1/ygy. One can see that, even for asmall valueyy, =
0.05, the peaks are rather broad; thisis the reason why

the singularity in 1 is suppressed by vy, very rapidly.

In the limit of finite F-layer thickness (see Fig. 4),
whichisof practical interest, the numerical calculations
show monotonic suppression of |, with an increase of

Ne(e)/N,

Fig. 3. Normalized density of states for spin “up” in the F
layer for various exchange fields.
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Fig. 4. Critical current in SF,F,Sjunction: switching effect.
T/T, = 0.5, the solid and dashed lines correspond to the anti-

parallel and parallel orientations of magnetizations, respec-
tively. Inset: thermally induced O—Ttcrossover in the parallel
case.

the exchange field H for antiparallel magnetizations of
the F layers and the Ot crossover for the parallel case.
One can see from Fig. 4 that, for given temperature and
thickness of the F layers, it is possible to find the value
of the exchange field at which switching between par-
alel and antiparallel orientations will lead to switching
of I, from near-zero to a finite value (or to switching
between 0 and 1t states). This effect may be used for
engineering cryoelectronic devices manipulating spin-
polarized electrons.

The case of paralel F-layer magnetizations in the
absence of the | barrier correspondsto the standard SFS
junction where the O—Tttransition is possible due to spa-
tial oscillations of induced superconducting ordering in
the F layer. The thermally induced O—rt crossover in an
SFS junction was observed in [9], where a simple the-
ory based on the linearized Usadel equations was also
presented. Here, we show such a crossover (see the
insetin Fig. 4) from the fully self-consistent solutionin
the range of the exchange fields corresponding to that
of [9]. Comparison with the experimental data and
more detailed results of our model will be given else-
where [19].

In conclusion, we have presented a general method
for solving Usadel equations in SFIFS junctions self-
consistently. Using our method, we have theoretically
investigated the Josephson current in SFIFS and SFS
junctions as a function of relative F-layer magnetiza-
tions, thicknesses, and parameters of the S/F and F/F
interfaces. We have identified the physical mechanisms
of the critical current enhancement and of the O—ttran-
sition in these junctions.
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The angular dependence of the upper critical magnetic field was investigated in a wide range of temperatures
in very high-quality Bi,Sr,CuOg .. 5 Single crystals with critical temperature T, (midpoint) = 9 K in magnetic
fieldsup to 28 T. Although the typical value of the normal state resistivity ratio pJ/p,p, = 10, the anisotropy ratio
Heojab/He2 mab Of the upper critical fields is much smaller and shows an unexpected temperature dependence.
A model based on strong anisotropy and small transparency between superconducting layers is proposed. ©

2002 MAIK “ Nauka/Interperiodica” .
PACS numbers. 74.25.Ha; 74.60.Ec; 74.72.Hs

One of the puzzling phenomena of high-T, super-
conductors (HT SC) isthe anomal ous positive curvature
of the temperature dependence of the upper critica
field Hg,, which was observed in some superconducting
oxides[1-4]. The magnitude of the critical field at zero
temperature was far in excess of the Werthamer—Hel-
fand—Hohenberg extrapolation [5], and no quadratic
saturation of H,, was found at temperatures in the mK
range for low-critical-temperature TI,Ba,CuOg single
crystals [1] and Bi,Sr,CuQq films [2]. In addition, it
was deduced from measurements in 61-T pulsed mag-
netic fields applied paralel to the ¢ axis that the shape
of Hy(T) inthe high-T. cuprates depends on the anisot-
ropy of the materials, becoming more conventional as
the normal state anisotropy gets smaller [6]. The
authors argued that the normal state anisotropy plays a
key role in determining the curvature of H(T) [6].
However, in different models [7-9], which have been
proposed to account for the upward curvaturein H,(T),
the effect of anisotropy is not important. This problem
of anisotropy in the superconducting properties is
related to the more general question for the understand-
ing of high-T, superconductivity on the basis of the nor-
mal-state properties.

In transport measurements on the low-T, phase
Bi,Sr,CuQ, (Bi2201), we obtained a much smaller

(nearly two orders of magnitude) anisotropy for the
superconducting critical field than for the normal-state

L This article was submitted by the authorsin English.

resistivity. To explain this contrasting behavior with
respect to the situation for Bi,Sr,CaCu,0Og (Bi2212)
where both measured anisotropies are comparable[10],
we analyzed the angular dependence of the upper criti-
cal fieldin amodel based on weakly coupled supercon-
ducting layers.

The anisotropy is usually expressed by theratioy =

Jm./m,, between the effective masses of the quasi par-
ticles along the c axis and the ab plane, which can be

related to the transport anisotropy with y = /p./Pab

using p = m/ne’t for the out-of-plane resistivity p. and
in-plane resistivity p,, [8, 10]. For the three-dimen-
siona (3D) limit with the superconducting coherence
length &, larger than theinterlayer distance s, the aniso-
tropic Ginzburg-Landau (AGL) relation H(8) =
Hezjan(COS™@ + y?sin?B)0° describes the angular depen-
dence of the upper critical field, withy=H | a/Heo an =

Jm./m,, for the applied field H || ab planeand H [ ab
plane [11]. Here, 6 is the angle between the magnetic
field and the ab-plane. For layered superconductors
with a high degree of anisotropy, such that {(T) <s, a
2D situation with decoupled layers arises. For such a
thin-film superconductor in the vicinity of a critical
temperature T, (in the GL approximation), Tinkham has
proposed a qualitative model with the angular depen-
dence [Hep(8)SIN6/H 1 ap| + [Hea(8)COSB/H ]2 = 1
[12]. Thethin-film model resultsinacusp at 6 = 0° with

0021-3640/02/7504-0195%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. In-plane resistive transitions of sample no. 1 as a
function of applied field for various field orientations rela-
tive to the ab plane of the crystal at 6.8 K. Angle 6 from
above is 90°, 72°, 54°, 36°, 27°, 18°, 9°, 4.5°, 2.7°, 1.8°,
0.9°, 0°. Theresistance has been normalized to extrapol ated
normal-state resistance R, at the highest fields. The inset
shows the temperature-dependent superconducting transi-
tion of the same sample.

HcZ(e) (T)

T (K)

Fig. 2. Temperature dependencies of the upper critical field
HZ,(T) for sample no. 1 at various angles HY, extracted

from the 80%-resistive transitions of the crystals. The inset
shows the magnetoresi stance curves for the same sample at
various temperatures with the field direction perpendicular
to the ab-plane of the crystal.

dH_,/d6 # O; this behaviour has been observed in super-
conducting multilayers [13]. An important feature is
that both models predict a temperature-independent
critical-field anisotropy He jan/Hez 0o

VEDENEEV, OVCHINNIKOV

For YBa,Cu;O; with a not too strong anisotropy
(typically y = 10-30), there are indications for adimen-
sional crossover from 3D to 2D with decreasing tem-
perature [14, 15]; for Bi2212 with y values up to 1000,
deviations from the AGL theory have been observed in
resistivity experiments in the vicinity of T, by Palstra
et al. [16], but without a clear indication of the dimen-
sional crossover. In similar experiments with a better
angular resolution, Marcon et al. [17] and Naughton
et al. [18] have found the 2D behavior in Bi2212 crys-
tals. Because of the high H,, values in these systems, a
direct determination of the H., anisotropy can only be
done close to T.. To extend the temperature region fur-
ther below T, the anisotropy of irreversibility has been
investigated.

The low T, of Bi2201 does not restrict the critical
field studies to temperatures close to T, while its struc-
ture and properties are closely related to HTSC. Single
crystals of the pure Bi2201-phase are difficult to grow,
because the crystals are nonstoichiometric and, as a
rule, not perfect. For this reason, most of the measure-
ments were carried out on single-phase La-doped
Bi2201 single crystals. The three, dlightly overdoped
crystals investigated in this study were grown without
doping by the KCL solution-melt method with the sto-
ichiometry Bi, . ,Sr,_ (x+y)CU; . Og. 5 and with excess
Bi in order to have good quality single crystals [19].
The zero-field critical temperatures defined by the 10%
and 90% points of the resistive transition equal to 8.1—
9.8,8.7-9.5,and 8.1-8.9K for samplesnos. 1, 2, and 3,
respectively. In the inset of Fig. 1, we have plotted the
temperature dependence of the resistive transition for
sample no. 1. In the four-probe resistance measure-
ments, the transport current was in the ab-plane of the
crystals and orthogonal to the field in all cases. The
angular resol ution was better than half adegree with the
0 = 0° orientation obtained from the highest value of

Hc2(0)c2 || abr

Figure 1 shows the in-plane resistive transitions for
sample no. 1 at 6.8 K as afunction of applied field for
various field orientations relative to the ab-plane of the
crystal. The resistance has been normalized to the
extrapolated high-field normal-state resistance R,. The
inset in Fig. 2 shows the magnetoresistance curves for
the same sample at various temperatures with the field
direction perpendicular to the ab-phase of the crystal.
In spite of the strong broadening of the magnetic tran-
sitions at high temperatures one can seein the inset that
the resistive transitions in the normal state are com-
pletedat H> 13T, evenat T =5.5K (the weak increase
of the normal-state resistance is due to a magnetoresis-
tance contribution in high magnetic fields).

The field-induced resistive transitions for samples
nos. 2 and 3 were similar to those shown in Fig. 1. The
influence of the flux-flow dissipation on the broadening
of the superconducting transition becomes less notice-
ablefor acritical field determination closeto R, [16, 20,

JETP LETTERS Vol. 75 No.4 2002
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6]. In support of this, we display in Fig. 2 the H},(T)

phase diagram for sample no. 1 at various angles 0
obtained from a 80% criterion of its normal-state value
R,. For the lowest 8 values, these temperature depen-
dencies are analogous to the dependence for conven-
tional type Il superconductors. The phase diagram
obtained from the R = 0.5R, criterion exhibited for al
field orientations a strong anomal ous concave upturn of

HZ(T) -

In Fig. 3, we show H%,(6) for sample no. 1 at 6.8

and 5.55 K. Theinset shows similar datafor sample no.
2 at 1.42 and 0.82 and for sample no. 3 at 4.2 K (data

points). For the angular dependence HX,(6) a good

agreement is found with the 3D AGL model with
anisotropy parameters y = He jja/Heo nan €qual 1o 9.8,
7.15,and 5.3 at 7.8, 6.8, and 5.55K,, respectively, (crys-
tal no. 1). This anisotropy is much lower than y =

JP/Pap found from resistivity which equals 140 at

6 K. Moreover, the obtained anisotropy parameter y
varies with temperature, which is unexpected for asim-
ilar temperature dependence of the critical fieldsin the
two field orientations. We conclude, therefore, that the
anisotropy parameter y of our Bi2201 single crystals
cannot be deduced from the angular dependence of
H(8) using the available models as has been done
before for Bi2212.

A temperature dependent critical-field anisotropy
was observed in layered low-T, 2H-TaS, [21] and
MoS, [22] single crystals intercalated with a variety of
organic molecules and akali metals. The data have
been analyzed using the theory of dimensional cross-
over developed by Klemm et at. [23]. Klemm et al.
have extended the Lawrence-Doniach model [24] and
found the conditions necessary for observing crossover
to a 2D behavior characterized by the temperature
dependent critical-field anisotropy and a strong upward

curvature in He ap VS T. In our case, the HE an(T)
phase diagram obtained from an 80% criterion of itsR,

does not show the upward curvature in Hg, |, and is

analogous to the dependence for conventional type Il
superconductors (Fig. 2 and [20]).

In the following, we propose a model for the
observed critical-field anisotropy based on a supercon-
ductor with a high degree of anisotropy consisting of
stacked two-dimensional superconducting planes with
an effective thickness d coupled by weak Josephson
coupling [24]. The upper critical field HE, | 4, is deter-
mined by the depairing currents in the ab-plane, and
will be finite even for pJp,, — . We neglect spin
effects so that He, |2 remains smaller than the para-
magnetic limit. In this model, the upper critical field at
an arbitrary orientation with respect to the crystal and
an arbitrary temperature is determined by lowest eigen-

JETP LETTERS  Vol. 75

No. 4 2002

197
50
- Y=00022 40 a N2 0.82K
45t B> A N°2 142
- 30 o N°3 4.2
40 _tl ‘\ T ~—~ r
AT 00020 1 ¥'=0.0022
3[R g7 B=20
iy \
30040 10+
) 25 | 0_| [ |O.O(|)2.1 |B._?O
% Q 0 20 40 60 80 100
T 20 6 (deg)
15
10+ N ,
R 7'=0.0022 B=50
51 @ 6.8K
0 | 1 | 'Y:I 000|20 |B: SP 1 | 1
0 20 40 60 80 100
6 (deg)

Fig. 3. Angular dependence of the upper critical field HY,

for sample no. 1 at 6.8 and 5.55 K. The inset shows similar
datafor the samplesnos. 2 and 3 at |ower temperatures. Full
lines are fits of Eq. (4) to the experimental data for sample
nos. 1, 2, and 3 (see also inset) with the indicated 3 and y
parameters. The long dashed lines show the result without
angular broadening (f — ).

values of the operator L =

%’L— - —2| eAD whereA

isthe vector potential. For the magnetlcfleld H oriented
at an angle 0 to the ab-plane (xy plane), the vector
potential A can be written as

A = (-HysinB + Hzcos8, 0, 0), (D)

where z lies in the range of —d/2 < z < d/2. Under the
assumption that the effective thicknessd islessthan the
correlation length in the ab-plane of the crystal, the
order parameter will be independent of x and z coordi-
nates. In a strongly layered anisotropic superconductor
for a magnetic field directed along one of the general
axes of the crystal, the vortex cross section has the
shape of an dlipse. At low transparency between layers,
the small half-axis of the vortex can belessthan d. The
effective mass approximation is no longer valid. Inthis
case, currents between the superconducting layers may
be neglected and we can consider one single isolated
layer with effective thicknessd. Asaresult, the operator

L isgiven by

L= —ﬁz—a——+——H ysin’e + 22
c?

H cos’0 ] (2)
ay ¢



198

where [Z°[F d%/12. From Eq. (2), we obtain the rel ation-
ship between the angular dependent critical field H(8)
and the upper critical field He, 1 4

H(0)sin® + yYHXB)cos’0 = Hyy 1 aps ©)

where y' = ed?/6. This expression is similar to the one
given above for thin-film superconductors proposed by
Tinkham [12] and Harper and Tinkham [25], but the
coefficient y isnow amaterial constant and hence tem-
perature-independent. This equation is valid over a
wide temperature region except for temperaturesin the
vicinity of T, (see below). From a rough estimation
from the experimental datain Fig. 3, we obtain the tem-

perature-independent value Y = Heppa/He jao =
0.0068 T-L.

For small 8, we do not observe the expected cusp-
like structure for the 2D model described by Eq. (3). In
practice, the CuO, layersin the crystal are dlightly mis-
oriented with respect to the distribution of c-axis orien-
tations. Moreover, defects may cause the enhancement
of alink between layers and thus increase the effective
thickness of the superconducting layers. Such crystal
imperfections have no influence for high angles 6. For
small 8, the expression for the angular dependence of
the upper critical field H.,(0) can be rewritten with a
Gaussian distribution of the c-axis orientations on a
sphere

* vl 2, 2

H.(0) = B rouue® Sny® +u
2
ve cos 6

(4)

' 2
x|:/\/l+4Hc2chyCOS e_1i|
s’ /6% + u°
where 3 > 1 determines the angular width in the mis-
alignment of the CuO, layers and the possible existence
of shorted layersin the crystal. The solid curves shown
in Fig. 3 arefitsto Eq. (4) to our experimental datafor
sample no. 1 using B as a temperature independent
parameter. The inset shows the same data for samples
nos. 2 and 3. With the dashed lines, we have shown the
cusp-like structure for 3 — co.

Using thisanalysis (at f — o) of the critical-field
data, we obtained the same parameter y = 0.0021 +
0.0001T for samples nos. 1, 2, and 3. Because the
angular within the misalignment of the CuO, layersin
the investigated crystals is much less than we obtained
from the parameter y (these crystals showed X-ray
rocking curves with a width of about 0.1°-0.3°), this
meansthat even asmall proportion of the shorted layers
is of first importance. From this value of y we evaluate
the effective thickness of the superconducting layers

d= ./6%icy'/e = 2.7 x 10”7, This value is close to the

lattice parameter along the c-axis (2.46 x 10~ cm),
which looks reasonable. The critical-field anisotropy

VEDENEEV, OVCHINNIKOV

Y=Hga/Hena Now depends on temperature.
Because the temperature dependence in Eq. (3) isonly
determined by the temperature dependence of He, o

(~1-TT for ,-T<T,), onegetsy~1/,/1-T/T,.
From measured valuesof HY, . ,, (T) dataand the value
of y, we determined the magnitude of Hg, | ay (T).
Using a linear extrapolation of Hg . (T) and
HE 5.0 (T) from T, to zero temperature, we found
H& jan(0) = 90 T and HE, ,,(0) = 16 T for sample
nos. 1and 2, yielding HY, | ./H& nap =5.6a T=0K.

The thin-film approximation (§, < s) holds for
He(8)mJ/m,, > 1. Near T.withH,, ~1-T/T,and at a
sufficiently large mass ratio my/my, thereisonly a nar-
row region near T, where this inequality does not hold,
and an effective mass approach with a diffusion tensor
becomes more adequate. In the studied crystalsat T =

6.8K, HY 1. =29T, pdpap =2 x 10% and y = 0.0021.
This condition only breaks down at 1 — T/T, = 0.002 a

limit which may not be reached in view of the broaden-
ing of the superconducting transitions.

In conclusion, the effective-mass approximation is
not suitable for layered superconductors with a very
low transparency between the superconducting layers.
In a magnetic field paralel to alayer, the vortex cross
section has an elliptical shape with the small half-axis
much less than the | attice parameter along the c-axis of
the crystal. For this high degree of anisotropy, the pro-
posed model of weakly coupled superconducting layers
allows oneto explain the observed angular dependence
of the upper critical field.
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Collective State of Interwell Excitonsin GaAsAlGaAs Double

Quantum Wellsunder Pulse Resonance Excitation
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The time evolution and kinetics of photoluminescence (PL) spectra of interwell excitons in double
GaAg/AlGaAs quantum wells (n-i—n structures) have been investigated under the pul se resonance excitation of
intrawell 1sHH excitons using a pulsed tunable laser. It is found that the collective exciton phase arises with a
time delay relative to the exciting pulse (severa nanoseconds), which is due to density and temperature relax-
ation to the equilibrium values. The origination of the collective phase of interwell excitons is accompanied by
astrong narrowing of the corresponding photoluminescenceline (thelinewidthisabout 1.1 meV), asuperlinear
risein itsintensity, along time in the change of the degree of circular polarization, a displacement of the PL
spectrum toward lower energies (about 1.5 meV) in accordance with the filling of the lowest state with the exci-
ton Bose condensate, and a significant increase in the radiative decay rate of the condensed phase. The collec-
tive exciton phase arises at temperatures T < 6 K and interwell exciton densitiesn = 3 x 10%° cm™. Coherent
properties of the collective phase of interwell excitons and experimental manifestations of this coherence are

discussed. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers: 78.67.De; 78.55.Cr; 71.35.Lk; 78.47.+p,

1. Inthelast decade, double quantum wells (DQWS),
p——, n-H-n heterostructures, superlattices, and other
tunnel-coupled quantum systems have been an object
of intensive experimental and theoretical studies [1—
10]. Interest in these systemsis due to the possibility of
separating (both in the real and momentum spaces)
electrons and holes in the neighboring quantum wells
followed by the formation of spatially indirect or inter-
well excitons (IEs) due to the Coulomb interaction. In
particular, it was shown in the recent article by Berman
and Lozovik [11] that, in spite of the dipole-dipole
repulsion of |Es, the condensed diel ectric phase of exci-
tons may become astable state in the el ectron—hole sys-
tem at certain critical parameters, such asthe |E dipole
moment, IE density, and temperature. As applied
already to real two-dimensional systems(see[12]), itis
important to have a confinement in the quantum-well
planein order to reach the required critical exciton den-
sities. Aswas already stated in a series of experimental
works by Butov [13, 14], stimulated exciton scattering
may serve as one of the manifestations of thisdielectric
exciton phase. This scattering manifests itself as a
strong risein the rate of exciton scattering to the lowest
energy state with increasing exciton density due to the
Bose nature of excitons.

Thiswork is devoted to studying the time evolution
of photoluminescence (PL) spectra and the degree of
circular polarization of interwell excitons under their
resonance excitation viaintrawell 1sHH excitons. Pre-
vioudly (see [15, 16]), we showed that interwell exci-

tons in n—H-n DQWSs with a thin (four monolayers)
AlAsbarrier at low temperatures (2 K) and high densi-
ties (of order n ~ 3 x 10'° cm) exhibit unusual proper-
ties, which, in our opinion, can be explained within the
framework of collective behavior caused by the Bose
nature of excitons. The results obtained can be summa-
rized by the following: with increasing density of the
optical excitation power, which increases the |E con-
centration, the intensity of the corresponding PL line
increases superlinearly, the line itself becomes strongly
narrowed and somewhat shifts toward the long-wave-
length, which is accompanied by the threshold appear-
ance and the superlinear growth of the degree of circu-
lar polarization. This phenomenon turned out to be very
sensitive to temperature. We did not observe a sharp
boundary in temperature, but all the events took place
a T <6 K. Theaim of thiswork was to further investi-
gate the previously discovered event with the time res-
olution of the origination and development of the col-
lective |E phase and the kinetics of its radiative decay.

2. An nH-n GaAgAlGaAs heterostructure with a
double GaAg/AIASGaAs quantum well (the width of
GaAswells =120 A, and the width of the AlAs barrier
=11 A) was studied. The structure was grown by molec-
ular-beam epitaxy on an n-type doped GaAs substrate
(the concentration of the doping Si impurity was
10%* cm®) with the (001) crystallographic orientation.
First, 2 0.5-um Si-doped (108 cm3) GaAs buffer layer
was grown on the substrate. Next, aninsulating AlGaAs
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(x = 0.33) layer 0.15 um thick was arranged. Next,
GaAg/AlIAS/GaAs DQWSs were grown. An insulating
AlGaAs layer 0.15 pm thick was arranged after the
DQWs. Then, a 0.1-uym Si—doped (10%*® cm3) GaAs
layer was located. The entire structure was closed with
a 100-A GaAs layer. Mesas 1 x 1 mm? in size were
made on the structure by the lithographic technique.
Metal contacts of an Au + Ge + Pt alloy were deposited
on the buffer layer and the doped layer on the upper part
of the mesa.

Time-resolved spectra and PL decay curves were
studied under conditions of pulse resonance excitation
of intrawell (direct) excitons on heavy holes using a
tunable femtosecond Ti-sapphire laser. To excite the
required narrow spectral range (the 1sHH exciton
state), the laser beam was previously passed through a
dispersive medium with positive dispersion (diffraction
grating), which resulted in its spectral narrowing and
changed itsduration (from 100 fsto 1 ps). With theaim
of optical orientation of the angular momentum in the
exciton, circular and linearly polarized resonance exci-
tation was used. The time evolution of spectra and the
kinetics of intensities were measured by a high-speed
photomultiplier and a time-correlated photon counting
system providing atime resolution of 400 ps.

3.1. Figure 1 demonstrates the time evolution of PL
spectra under pulse excitation measured with various
timedelaysrelativeto the exciting laser pulseat T= 2K
and the applied voltage U = +0.5 V. Time-resolved
spectra were detected under excitation by circularly
polarized light (c* component, full curves) in reso-
nance with the 1sHH exciton and were analyzed in the
o* and o~ circular polarizations. The excitation power
density was selected in such away that, on integrating
over al laser pulses, the PL line width was a minimum
at the highest degree of circular polarization. This con-
dition was fulfilled at the peak power density
~30 kW/cm?. An estimation of the |E concentration in
this case gives the value n ~ 3 x 10'° cm™. It is under
these conditions that, as was shown in [15], the collec-
tive properties of 1Es are most pronounced.

At zero delays, the |IE PL lineis strongly polarized
(more than 70%) on the high-energy side and has a
width of about 3 meV. Asthe time delay increases, the
line intensity increases superlinearly, and the line nar-
rows and somewhat displaces toward the long-wave-
length part of the spectrum. At delays of 5-6 ns, its
width isaminimum and comprises about 1.1 meV. The
maximum intensity of the IE PL line is reached at
delays of about 3 ns. Thistime is necessary for the for-
mation of |1E upon the resonance tunneling of electrons
and holes to the neighboring quantum wells and their
relaxation in energy to the equilibrium values of density
and temperature. Thisbehavior of the [E PL lineisalso
demonstrated by luminescence decay curves (see inset
in Fig. 1). It is evident in the figure that it takes about
2.5-3 ns after the arrival of alaser pulse to attain the
maximum intensity of the PL line. Inthis case, the max-
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Fig. 1. Time-delayed |E PL spectra (numbersto the right of
the spectra correspond to the time delay relative to the laser
pulse in ns) under the resonance excitation of the direct

1sHH exciton by circularly polarized light (a*, full curves)
integrated over 1 nsand recorded at an applied biasof +0.5V,

T=2K, and P = 30 kW/cm?. Theinset displays|E PL decay

curves (o, full curves, and o~, square symbols) for detec-
tion at the spectral position of 1.5365 eV. The dashed curve
(the scale on the right) gives the degree of circular polariza-
tion.

imum PL intensity in the other (0~) polarization isaddi-
tionally displaced with respect to the beginning of the
laser pulse action by approximately 1 ns. At the same
time, the maximum degree of circular polarization cor-
responds to the beginning of the laser pulse action.

The time evolution of the degree of circular polar-
ization reflects the process of |1E spin relaxation. It is
evident in Fig. 1 that this process is different along the
PL line contour. In the first nanosecond after the arrival
of alaser pulse, thelE PL lineisstrongly polarized only
on the high-energy side of the spectrum. Further, the
degree of polarization remains equal along the entire
line contour for approximately 3 ns. Then, only the
high-energy part of the spectrum remains polarized. We
recorded PL decay curves for different spectral posi-
tions along the line contour. The time of the change of
the degree of circular polarization (spin relaxation
time) at the PL line maximum and in itsred edge differs
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Fig. 2. (&) Temperature dependence of the |E PL line width
asafunction of time delay at an applied biasof +0.5V, T =

2K, and P = 30 kW/cm?. Dashed curves are given for con-
venience. (b) Temperature dependence of the degree of cir-
cular polarization of the |IE PL line under excitation by cir-

cularly polarized light (o) as a function of time delay for
the spectral position of 1.5365 eV. Dashed curves are given
for convenience.

by a factor of 1.5; that is, it equals 4.3 and 2.9 ns,
respectively. Temperature is an important factor that,
along with the excitation power density, affects all the
kinetic eventsin which the |E participates. Figure 2 dis-
plays the width of the PL line at its half-height and the
degree of circular polarization as functions of tempera-
ture. The high sensitivity of the PL line width to varia-
tions of temperatureiswell pronounced already from 2
to 4.5 K. Thereis no such strong narrowing of the line
with increasing delay in the time dependences at T =
4.5 K, and the dependence itself is not nonmonotonic,
asitisat T=2K.AtT=10K, the effect of line narrow-
ing isvirtually absent. Simultaneously, the behavior of
the degree of circular polarization also changes signifi-
cantly. Theinitial degree of circular polarization at T =
4.5 K isonly about 30% (more than 70% at T = 2 K); it
drops monotonically, and becomes equal to zero at
delays of more than 5 ns. At T = 10 K, the maximum

degree of circular polarization islessthan 20%, and the
line polarization vanishes after 3 ns.

2. We also measured the time evolution of IE PL
spectra under resonance excitation by linearly polar-
ized light followed by a time-resolved analysis of the
degree of circular polarization. The plane of laser polar-
ization coincided with the [110Ckrystallographic direc-
tion (see[16]).

Figure 3 illustrates time-delayed |IE PL spectra at
T = 2 K and the applied voltage U = +0.5 V. Asis the
case under excitation by circularly polarized light at
zero delays, the width of the IE PL line at the half-
height is ~3 meV, but this line is strongly polarized
(60%) along almost the entire line contour. Asthe delay
increases, it also increases superlinearly and displaces
toward lower energies (about 1 meV). After 4 ns, when
the equilibrium density and temperature are attained,
the IE PL line becomes as narrow as possible
(1.2meV), and the degree of circular polarization
reaches saturation at a value of about 25%. The time
evolution of the degree of circular polarization under
excitation by linearly polarized light is also very sensi-
tive to temperature (see Fig. 4). The degree of circular
polarization does not exceed 30% even at T =4.5K; it
drops monotonically, becoming negligibly small after
7 ns, and the PL lineitself is polarized preferentially on
the violet side. The events develop even faster at T =
6 K: the maximum degree of circular polarization is
about 15%, and it tends to zero at delays longer than
4 ns. Simultaneously, asthe time delay changes, the PL
line, whose initial width isabout 3 meV, narrowsat T =
45K by 75% (almost 2.5timesat T = 2 K) and by less
than 40% at T = 6 K. The shift toward the long-wave-
length part of the spectrum at T = 4.5 K comprises less
than 0.5 meV and isabsent at T = 6K.

Thus, as the time delay increases, the IE F line dis-
places toward the long-wavelength part of the spec-
trum, narrowing to the highest degree within 34 ns
after the laser pulse action. Its degree of circular polar-
ization (60—70%) gradually decreasesto zero in anon-
monotonic way under excitation by circularly polarized
light and reaches saturation (25%) under excitation by
linearly polarized light. The time evolution of the line
shift, width, and degree of circular polarization
observed experimentally is critical with respect to tem-
perature. With increasing temperature, the shift
strongly decreases, the line width exhibits no dramatic
change, theinitial degree of circular polarization mark-
edly decreases, and the spin relaxation time becomes
significantly shorter. All the eventsindicated above take
place in the temperature rangeup to T, < 6 K.

4. All the experimental results outlined above con-
firm the suggestion that we made previously (see [15])
about the collective nature of the event that occurs with
interwell excitons at low temperatures. Qualitatively,
the pattern of the origination of the collective exciton
phase can be described asfollows. At low temperatures
(T =< 2K), asthe density of the optical excitation power
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Fig. 3. Time-delayed |E PL spectra (numbersto the right of
the spectra correspond to the time delay relative to the laser
pulse in ns) under the resonance excitation of the direct
1sHH exciton by linearly polarized light integrated over
1 nsand recorded at an applied biasof +0.5V, T=2K, and

P =30 kW/cm?. Full curves correspond to o™ circular polar-

ization, and dotted curves correspond to o™ circular polar-
ization.

increases, 1Es fill the potentia relief in the quantum-
well plane, which arises from residual impurities,
defects, and other structural imperfections. Thisisman-
ifested asanarrowing of the PL linewith anincreasein
pumping, which ceasesto reflect the statistical distribu-
tion of fluctuation amplitudes of the random potential.
In our opinion, the sharp narrowing of the PL line and
the superlinear rise in itsintensity cannot be associated
with only the attainment of the percolation threshold by
|Es, because this event is very sensitive to temperature,
though it has no distinct temperature boundary. Berman
and Lozovik showed [11] that a sufficiently dense sys-
tem of |Es at certain values of the dipole moment of the
interwell exciton could condense into a diel ectric phase
in spite of the dipole repulsion among such excitons.
An essential amendment was made in [12], whose
authors indicated that such a condensation in real sys-
tems can most probably occur in regions with confine-
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Fig. 4. (a) Temperature dependence of the |E PL line width
under excitation by linearly polarized light as a function of
time delay at an applied biasof +0.5V, T=2K and P =

30 kwW/cm?. Dashed curves are given for convenience.
(b) Temperature dependence of the degree of circular polar-
ization of the |E PL line under excitation by linearly polar-
ized light as a function of time delay for the spectral posi-
tion of 1.5365 eV.

mentsin the quantum-well plane. In the structures stud-
ied using the technique of epitaxial growth interrupted
at heteroboundaries (in our case, the growth interrup-
tion time reached 2 min), large-scal e fluctuations of the
widths of quantum wells and barriers arise in the plane
of heteroboundaries (the geometrical size of fluctua-
tionsin the direction of epitaxial growth is of the order
of one monolayer). The characteristic linear scales of
such fluctuations in the quantum-well plane reach one
micrometer (see, for example, [17]). Because of such
fluctuations, lateral wells or domains arise in the quan-
tum wells themselves. As judged from the characteris-
tic doublet structure in the photoluminescence excita-
tion spectra of intrawell excitons measured in our sam-
ples, the depth of such domains reaches 1.5—2 meV.
IEs can accumulate in these domains, because the
boundaries of lateral domains prevent excitons from
spreading randomly in the quantum-well plane. We
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believe that it is in these domains where the density of
excitons and their temperature reach critical valuesthat
the |Es demonstrate a collective behavior. Thus, as the
exciton density increases, the random potential fluctua-
tions become shielded to a certain extent. With afurther
increasein density exceeding the percolation threshold,
the IEs become delocalized within macroscopically
large domains; however, their motion is spatially con-
fined by the dimensions of the domains in which exci-
tons are accumulated. IEs are composite bosons;
therefore, excitons must condense upon reaching the
critical concentration and temperature values (ana-
logue of Bose-Einstein condensation). Under condi-
tions of the confinement in the quantum-well plane, the
critical temperature at which this condensation takes
place can be determined using the equation T, =
2N /kmy IN(N,S) In (N,S), where N, is the exciton
concentration, m,, is the exciton mass, and S is the
domain area. If it is assumed that the exciton mass
My, = 0.25m, and the domain sizeis 0.5 pm?, we obtain
the critical temperature T, = 3 K for the densities N, =

5 x 10 cm2 used in our experiment. Thisisvery close
to the values observed experimentally. It should also be
noted that the measurements under our experimental
conditions are carried out simultaneously with severa
tens of domains with regard to the fact that the smallest
geometrical size of the excitation spot on asamplefrom
which luminescence spectra are detected is about
30 um. Considering the dispersion of thelateral sizes of
domains and the integration of spectra from domains
differing in lateral size, we are not surprised that we do
not observe a sharp threshold of critical behavior in
temperature in the experiments described above. For
the same reasons, the smallest observed luminescence
line width (about 1 meV) is inhomogeneous, because
domainsdiffering in size contributeto thelinewidth. At
the same time, the sharp narrowing of the interwell
exciton luminescence line observed experimentaly at
T < T, (T, ~ 6 K) and the long-wavelength shift of this
line (about 1.5 meV) in accordance with the filling of
the lowest energy statein the domain are clear manifes-
tations of Bose properties of excitons.

The condensed |IE phase must exhibit coherent
properties. This means that |Es must possess the same
phase on the scales of the de Broglie wavelength, which
is close to the linear domain sizes. In our opinion, this
phase coherence of excitons must, initsturn, affect the
radiative annihilation rate, and this rate must increase.
It is clearly evident from the kinetics of luminescence
spectrathat the lifetime of the collective exciton stateis
more than an order of magnitude shorter than the lumi-
nescence decay time of localized IEs. Thus, the
increasein theradiative decay rate of |Esand theresult-
ing increase in the degree of circular polarization of
luminescence are particular manifestations of the
coherence of the collective exciton state.

Note in conclusion that, experiments on measuring
luminescence spectrafrom single domains with the use

LARIONOV et al.

of near-field optics or scanning tunneling optical
microscopy for this purpose are of special interest inthe
context of the results discussed above. We expect that
more drastic spectral changes should be observed in
this case near the critical temperature and that the
homogeneous luminescence line width in the con-
densed phase must comprise no more than several tens
of microelectron volts. In the case of weak tunnel cou-
pling of two domains containing coherent exciton
phases, phenomena similar to the Josephson effect
must be observed: luminescence intensity beats and
rotation of the plane of polarization.

Thiswork was supported by the Russian Foundation
for Basic Research, project no. 01-02-16471, and partly
by the Interagency program on “Nanostructures.”
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A microscopic model is developed for calculating electrostatic properties of nanotube devices. It is shown that
the quantum-mechanical approach yieldsthe same results asthe statistical calculation in the limit of athin tube
suspended over a conducting gate at a distance exceeding the nanotube radius. A closed analytic expression is
obtained for the atomistic capacitance of a straight nanotube and for a nanotube with a modest curvature. This
method allows the fast and exact calculation of device parameters for the nanotube el ectromechanical systems
and nanotube el ectronic devices. © 2002 MAIK “ Nauka/Interperiodica” .
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The high strength of carbon nanctubes, along with
low lateral bending stiffness, a size comparable with
the scale of modern nanotechnologies, and unique el ec-
tronic properties provide good prerequisites for their
use in nanotube electromechanical systems (NEMS).

The functioning of nanotweezers composed of two
multiwall nanotubeswith their spacing controlled by an
applied voltage was demonstrated experimentaly in
2001 [1]. In 2000, it was suggested that a memory cell
can be created on the basis of two crossing nanotubes
[2].

However, the available models and programs for
simulating device characteristics of micron-scale elec-
tromechanical systems cannot be used for the calcula-
tion of NEM S without substantial modification. At the
same time, ab initio cal cul ations of nanotube electronic
and electromechanical devices seem to be impossible.
Therefore, the development of an appropriate physical
model is quite topical. Continuum approximations are
most promising for modeling such devices, because
they provide a high accuracy and minimal computa-
tional expenses. In this work, a microscopic model is
suggested for the description of electrostatic properties
of NEMS, which, in conjunction with the parameteriza-
tion previously developed for the continuum elasticity
of nanotubes [3] and with the continuum theory of van
der Waals forces, allows the derivation of basic equa-
tions for the anaysis of the operation of nanotube
devices in nanoelectronics.

Inthiswork, wewill apply the electrostatic model to
the analysis of equilibrium charge-carrier distribution
over the nanotube surface, which is necessary for mod-
eling NEMS operation (Fig. 1). In NEMS, the nanotube
shapeis determined by the balance between the el ectro-
static and elastic forces acting on the tube. For weak
bending, typical of NEMS, the elastic forces can be

considered within the framework of a one-dimensional
continuum model [4]. To determine the electrostatic
forces, one should calculate the distribution of acharge
accumulated on the nanotube under the action of the
applied voltage; i.e., one should calculate the distrib-
uted capacitance. At present, the conducting nanotubes
are described using classical electrostatics of macro-
scopic conductors, while the quantum-size effects are
disregarded. This work fills this gap and gives an esti-
mate for the resulting corrections. The capacitance of a
weakly bent nanotube situated over a flat conducting
contact (gate) is expressed in terms of the capacitance
of ametallic cylinder of the same shape.

Theoretical model. First, weignoreall contact phe-
nomena occurring at the contact—nanotube boundary.t
Second, we ignore the transverse polarization of the
nanotube and assume that the charge density depends,
generally, only on the curvilinear coordinate| along the
nanotube axis.?

The key approximation consistsin the use of alocal
dtatistical relation between the acting potential and
charge density

=)

p(l) = eI v(E)dE, (1)

L1n our model, the difference AW = Wy — Wiyt in work functions
of an €electron in the contact material and the nanotube can be
taken into account. In doing so, the relation for Eq should be

replaced by Eq(l) = AW —eq®X(1).
2 The estimate of the relative contribution to the capacitance from
2
the transverse polarization gives R L

— = <1
An2i0g(2hR)
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Nanotube

Side contact

contact
(gate)

Fig. 1. Scheme of a nanotube electromechanical device.
The image charge in the bottom contact (gate) is shown by
dashes.

Fig. 2. Linear capacitance of astraight nanotube (in units of
Cw) VS. the distance (in nm) to the side contact. The results
of quantum-mechanical calculation (solid curve) are shifted
upward, because they coincide with the results of statistical
calculation (dot-and-dash curve) to within oscillations (see
text). The dashed curve is an approximation (10). The nan-
otube height is 5 nm, itsradiusis 0.67 nm, and itslength is
50 nm.

where Ey(I) =—eq@®(1) isthe electroneutrality level mea-

sured from the Fermi level of the side contact, @(1) is
the acting potential on the nanotube axis reckoned from
the potential of the side contact, v(E) is the density of
electronic (hole) states in the nanotube, the energy E is
measured from the electroneutrality level; and e > 0 is
the absolute value of electron charge. This model was
proposed by Odintsov and Tokura for considering the
Schottky barrier between the contact and the nanotube
[5]. Since the density of electron wave functionsin the
ring direction is constant if the transverse polarization
isignored, by the acting potential in all formulas should
be meant its value averaged over the nanotube cross
section.

BULASHEVICH, ROTKIN

For the conducting nanotubes, the density of states
near the electroneutrality level is constant and equals
vy = 8/3my,. Here, b=0.14 nmandy, = 2.7 eV arethe
bond length and the hopping integral, respectively.

Then, if the condition €] ¢*!| < gyo(b/R), where Risthe

nanotube radius, is met, the charge density linearly
depends on the acting potential

p(l) = - g™ (). )

The product of the density of states into the sguared
electron charge e?vy, = 3.2 is the dimensionless param-
eter of our problem.

Expression (1) is written in the zero-temperature
limit. However, since the density of states is constant,
Eqg. (2) dso holds for the temperatures at which carrier
thermal excitations to the next subband can be ignored.

To test the statistical model, we calculated the
charge distribution on a straight armchair nanotube of
finite length by solving the Poisson and Schrodinger
equations self-consistently. The Schrodinger equation
was solved in the tight-binding approximation [6]. The
resulting charge density and the corresponding value
calculated by the statistical model coincided to within
guantum beats due to finiteness of the nanotube length
(Fig. 2). Analogous beats were observed experimen-

taly in[7].

Semi-infinite straight nanotube over flat contact.
Let us consider a single-wall nanotube arranged paral -
lel to the flat contact at a height h (Fig. 1). The voltage
V is applied between the side and bottom contacts. We
will reckon the acting potential from the side contact.
Then, the potential of the bottom contact is—V and the
charge density on the nanotube is positive.

The Green's function G(r, r") in the region bounded
by two perpendicular planesisthe sum of the potentials
of aprobe unit charge and threeimage charges. The act-
ing potential can be written as

¢(r) = ¢™'(n +4ﬂIG(r, r)p(r)dr. ©)

Thefirst term in Eq. (3) is the potential created by two
contacts with the voltage V applied to them in the
absence of the nanotube. By integrating the Poisson
equation for two perpendicular contacts, one obtains
thisterm in the form

ext _ ext — 2 [ED
o) =0x2-= V= arctan 5, 4

The second term is the potential created by the nano-
tube charge and the image charges. Substituting Eq. (3)
into EqQ. (2) and taking into account that the nanotube
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charge density depends only on z, one obtains the inte-
gral egquation for the linear charge density

80 (Fe2p)dz = o) ©
with the one-dimensional Green's function
1
F(zz) = —
@2) AT
_— (6)

><J'J'4TrG((z, R, a), (Z, R, a'))dada’

asakernel, where a and a' are the angular coordinates
of the pointsr and r' in the nanotube-fixed cylindrical
system of coordinates. The quantity F(z, Z) is the
energy of screened Coulomb interaction between two
uniformly charged rings representing cross sections of
ananotube of radius R at distanceszand Z from the side
contact (Fig. 1). In Eq. (6), averaging is done over the
anglesa and o', because the acting potentia in Eq. (2)
means its average over the nanotube cross section.

If the distances z and Z to the side contact are much
larger than the height h, the contribution from theimage
charges in the side contact to the one-dimensiona
Green's function is on the order of 2h%(z + Z)® and,
hence, can be ignored in comparison with the influence
of the image charge in the bottom contact. Then, the
kernel depends only on the difference Az = |z— Z| and
behaves as

Fz 2) = =K 4R L
iz Uiadt fiaz)?+an?
RENPE:LLS <
DnRIOgEAzD’ Az < R,
oA "
~Ory R< Az < 2h,
053
020 Azs o,
Haz)

where K is the complete eliptic integral of the first
kind. Let us now determine the asymptotic value of the
charge density at z — . The right-hand side of
Eqg. (5) becomes equal to the applied voltage V, and the
charge density becomes

P = —@'C,, = VCI* (1 —cl¥/e’Vy,). )

In Eq. (8), ¢., = (1/€?v, + 1/c0® ) is the nanotube ato-
mistic capacitance and the notation

0 —1
™ = B(FAdAd = =—L — (9
® [J 0 2log(2h/R)
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isintroduced for the capacitance of a unit length of an
infinite metallic cylinder of radius R situated at a
height h parallel to the flat conducting contact. Thus,
the relative correction to the classical capacitance is

—c/e?v,,. For the typical valuesh =5 nm and R =

0.67 nm ([ 10, 10] armchair nanotube), this amounts to
8%. The correction to the capacitance is inversely pro-
portional to the nanotube density of states, so that it is
inversely proportional to the number of layersin multi-
layer nanotubes. The correction to capacitance weakly
(logarithmically) depends on the ratio of the nanotube
radius to the distance from the contact.

By analogy with [5], one can analytically calculate
the charge-density Fourier component for the straight
semi-infinite nanotube (see Appendix). However, for
the bent nanotube one fails to obtain a solution in the
closed form. Away from the side contact, the charge
density changes slowly compared to the one-dimen-
siona Green's function. For this reason, to find an
approximate expression for the charge density as a
function of the distance to the side contact, one may
factor charge density outside the integral sign in
Eq. (5). Asaresult, one arrives at the following approx-
imate expression describing the behavior of the charge
density as it approaches its asymptotic value p,, (see
Appendix):

P2 = —<.0™@. (10)

To make an estimate for engineering and calculating
the characteristics of nanotube electronic and electro-
mechanical devices, we suggest that the finite-length
nanotube be divided into three regions: (i) near-contact
region, where the screening effect of the image charge
in the side contact should be taken into account,
(ii) central region, where the charge density is deter-
mined by the screening effect of the image chargesin
the bottom contact (gate), and (iii) end region (only for
nanotubes with a free edge), where the charge density
is higher than in the central region.

For example, the charge density on the straight sin-
gle-wall nanotube behaves as follows: it increases lin-
early on the length of order h near the side contact,
asymptotically approaches the value p,, following the
hyperbolic law, and again then increases on the length
of order R near the nanotube end (Fig. 2). Correspond-
ingly, the electric field component along the nanotube
axis is equal to c,V/evyh in the near-contact region
and decreases rapidly as c,Vh%/e?v,hz> in the central
region. This approximation allows for the rapid calcu-
lation of the Coulomb forces when modeling NEMS.

Bent nanotube of finite length. Let the nanotube
axis form be specified by the function r (1). The specific
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charge density on the nanotube is determined by the
equation

0} +[FO.Dp()d = ™), (1D
AUV

where L isthe nanotube length and, similarly to Eqg. (6),
the one-dimensional Green’sfunction F(1, ") isequal to
the energy of a screened Coulomb interaction of two
uniformly charged rings representing cross sections of
the nanotube at distances| and I'.

By integrating with respect to dZ and introducing
thefunctionFy(z, 2) = F(I, 1) /1 + h'(z')2 ,whereh(2) is

the x coordinate of a small nanotube element at a dis-
tance z from the side contact, one obtains the equation
for the charge density in the form analogous to Eg. (5),

0@ IFl(z 2)p@)dz = ¢™(h@,2). (12)

vy

Let us now find the approximate solution to Eg. (12)
for a deformed nanotube. Let the nanotube be initialy
situated at a height h, parallel to the bottom contact and
bent under the action of electrostatic forces. The nano-
tube height over the bottom contact, the kernel of
Eg. (12), and the charge density can be written as

h=hy+8h, F,=F,+3F, p = p,+5p, (13)

where Fy and p, are, respectively, the kernel and the
charge density for the straight nanotube at a height h,,.
Note that oF < 0 for downbending, because the screen-
ing image chargesin the bottom contact become closer
to the nanotube in this case. Then, assuming that the
nanotube bending is small, one obtains the following
equation for the correction op:

op(z) IFO(Z 2)5p(2)dz
e \Y}
" (14)

[

ext
= ~[8F(z.2)po(2)dz - %(%]—6h.
0

As pointed out above, the charge density in the cen-
tral region of the straight nanotube increases very
slowly and tendsto p,,. One can then factor p, = p., out-
sidetheintegral sign on the right-hand side of Eq. (14)
for the central region of the nanotube because of afast
decreasein &F. Now, thefunction Fy(z, Z) intheintegral
on the left-hand side of Eq. (14) has a logarithmic sin-
gularity at z= Z and rapidly decreases at |z—Z| > 2h
[see Eq. (7)]. Since we assume that the bending is
small, while the capacitance logarithmically depends
on the height, the charge density is a smooth function
of the coordinate z. Then, the charge-density variation
can al so befactored outside theintegral sign on theleft-

BULASHEVICH, ROTKIN

hand side of Eq. (14). Introducing notation ES° =

—-0@Y/oh, one obtains the following expression for the
correction to the charge density:

[

3p(2) = -Vc, IéF(z, 7)dz + ¢, ,EX'5h. (15)
0

Therefore, the capacitance of the bent nanotubeis

[

o) = c.—ci[3F(z D)z + L. E25h.

J (16)

As the density of states v, tends to infinity, our
problem reduces to determining the specific capaci-
tance of a metallic cylinder shaped like a nanotube.
After the approximate solution of Eq. (12), for the bent
metallic cylinder one has

™) = ™™ J’BF(Z 7)dz
(17)
¥ \%co":e‘ E%5h.

Comparing Egs. (16) and (17) with the use of Eqg. (8)
for c,, and retaining only the leading term in the correc-
tion to the capacitance, one obtains the following rela-
tion between the capacitance of the bent nanotube and
the capacitance of a bent metallic cylinder:

c(2 =c™(2) Eﬂ. - %. (18)
e

vy U

Equation (18) generalizes Eq. (8).

Thus, we have found a simple relation between the
capacitance of aweakly bent nanotube and the capaci-
tance of ametallic cylinder of the same shape.

The results of our calculations allow one to formu-
late the following principles of modeling the electro-
static properties of electromechanical and electronic
nanodevices based on single- and multiwall carbon
nanotubes; (1) the equilibrium one-dimensiona spe-
cific charge density at the tube surface is linearly
related to the external potential, with the proportional -
ity coefficient designated below as the nanotube atom-
istic capacitance; (2) the nanotube atomistic capaci-
tance is determined not only by the intrinsic properties
of the nanotube material (density of states at the Fermi
level) but also by the geometry of adevice (in NEMS,
distance from the gate) because of the one-dimensional
character of charge screening in the system; (3) the nan-
otube atomistic capacitance can be expressed analyti-
cally through the classical capacitance of ametallic cyl-
inder of the same shape and through the density of
states in the nanotube; the corresponding expression
holds for asingle-wall nanotube in the voltage range of
afew volts and for modest deformations also having no
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effect on the electronic structure of the tube; and (4) the
resulting expressions can be used to avoid computa
tional difficulties in calculating the electrostatic forces
in NEM S with good accuracy. The further generaliza-
tion of the theory to the case of nonequilibrium charge
density will be helpful in deriving equations for the
analysis of the operation of nanotube electronic
devices.
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APPENDIX

Closed expression for the charge density on a
straight semi-infinite nanotube. Formally, the influ-
ence of the image charge in the side contact can be
taken into account as follows. Let us continue the
charge density p and the external potential ¢ to the
half-space z < 0 in an odd way. Then, Eq. (5) can be
rewritten as

N3+IF(zap@mz—-¢Wa, (19)

where the kernel F, does not contain terms correspond-
ing to the image charges in the side contact:

_ 2 .0 4R
2(2 Z) T[lZ an Dl —Z'lzj

1 (20)

Jz=2)2 +an*

Since the kernel F, for the infinite straight nanotube
depends only on the difference Az = z— Z, the Fourier
transform converts integral equation (19) into an alge-
braic equation. Then, the exact solution to Eq. (19) in
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the k space has the form

ext

O
1y, + 21F

Pk = (21)
where @ and F., are the Fourier components of the
external potential and kernel, respectively:

—|klh

ext _ €
¢, = _IWV’ (22)
Fa = %[(lo(kR)Ko(kR)—Ko(th)), (23)

where |, and K, are modified zero-order Bessel func-
tions [8]. The approximation in Eg. (10) is obtained
from Eq. (21) by the replacement of the kernel Fourier
component F, by its zero-wave vector value F,, =
(Umlog(2h/R). Inasmuch as the Fourier component

@ of the external potential rapidly decreases with an

increasein the wave vector, the resulting approximation
isS quite accurate.
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ERRATA

Erratum: “The Efficiency of Repeaters Based
on the Einstein—Podolsky—Rosen Effect
for Quantum Cryptography in aDamping Channel”

[JETP Letters 74, no. 10, 517 (2001)]

S. N. Molotkov
PACS numbers; 03.67.Dd; 03.65.Ud

Inthetitled article, | criticized thework of L. M. Duan  memory that was used in [4] and because of which the
et al. {Nature 414, 413 (2001), quant-ph/0105105; conclusion drawn in [4] about the polynomial increase
ref. [4]} and argued that, to create a through EPR pair  in resourcesis correct.
in the damping channel, an exponentially large number | make my apology.
of attemptsarerequired to generate the EPR pair, rather
than a polynomially large number, as was stated in [4].

My arguments disregarded the presence of the quantum Trandated by V. Sakun

0021-3640/02/7504-0210%$22.00 © 2002 MAIK “Nauka/Interperiodica’



	167_1.pdf
	170_1.pdf
	174_1.pdf
	179_1.pdf
	184_1.pdf
	187_1.pdf
	190_1.pdf
	195_1.pdf
	200_1.pdf
	205_1.pdf
	210_1.pdf

