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By using fundamental unitsc, #, G as conversion factors, one can easily transform the dimensions of all observ-
ables. In particular, one can make them all “geometrical,” or dimensionless. However, this has no impact on the
fact that there are three fundamental units, G being one of them. Only experiment can tell us whether G is basi-
cally fundamental. © 2002 MAIK “ Nauka/Interperiodica” .
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Itiswell known [1] that to each mass M there corre-
sponds a characteristic length rg, the so-called gravita-
tional radius (a body with radius r = r, forms a black
hole):

ry = 2GM/c?,
where G is gravitational constant

G = 6.673(10) x 10 m%/kg s°,

while c is velacity of light. Thus, in all physical equa-
tions, M can be replaced by lg SO that mass can be
“exorcised” from definitions of all physical observ-
ables. As aresult, everything can be measured in “ geo-
metrical” units of length L and time T instead of stan-
dard L, T, M units.

One can use M' = GM instead of M in order to
reduce al measurementsin physics to measurements of
space and time intervals and exorcise G from all equa-
tions of physics, thus reducing the number of funda
mental dimensional constants. We would like to make a
few rather trivial remarks concerning this proposal.

First, it is obvious that, in defining M, one can use
GMg(L, T) instead of GM, where g isan arbitrary func-
tion of geometric units L, T, in particular, in the stan-
dard case of gravitational radius g = 2/c?.

Second, asiswell known (see, eg., [2]), ¢, #, G are
fundamental unitsin the sense that c represents rel ativ-
ity, 2 represents quantum mechanics, while Planck

mass m, = ./Ac/G is connected with the space-time
scales |, = Ailmsc and tp = I/c a which gravity must
become strong and of a quantum character. In contrast,
units based on M' have no fundamental character.

TThis article was submitted by the authors in English.

Third, by using any of three fundamental units as a
conversion factor, one does not reduce the number of
fundamental unitsand dimensions. E.g. when using c as
aunit of velocity, one obviously preservesit as afunda-
mental unit. At the same time, one can measure time in
units of length or length in units of time. However,
length remains length, while time remainstime. Similar
considerationsare valid for massM, G and gravitational
radius ry or any combination of the type GMg(L, T).

Of course, if G turns out to be only an “effective
constant,” as is the case in theories in which gravity is
modified at submillimeter distances (see, e.g. [3]), then
new physics will appear well below Planck mass,
maybe even at a few TeV, thus changing the value of
fundamental mass. In the case that G is only an effec-
tive constant, a new dimensionless parameter would

appear in low-energy physics: ma” /mg’. Thus, the
guestion posed in the title of this letter could be
answered by further study of the nature of gravity.
Another approach to fundamental units, including G,
onecanfindin[4].

This work was partly supported by the Russian
Foundation for Basic Research, project no. 00-15-
96562.
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A rotating spiral zone plate was used to implement and measure the rotational Doppler effect for plane-polar-
ized optical beams with helical wave front (optical vortices). The frequency shift was analyzed in terms of
energy exchange between the beams and moving optical elements. © 2002 MAIK “ Nauka/Interperiodica” .
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Optical beams with helical wave front possess a
number of fundamental properties, studies of which
allowed the revision of a broad class of phenomenain
both optics and wave physics as a whole. The related
wave-front singularities became the subject of a large
body of research [1-4]. An important point isthat such
beams are macroscopic objects, whose behavior picto-
rially manifests some specific properties of quantum
systems. In particular, these beams possess orbital
angular momentum [5, 6], leading to specific phase and
frequency transformations upon beam rotation.

We will consider these transformations by an exam-
ple of stable Laguerre-Gaussian (LG) laser resonator
modes, which traditionally serve as useful models for
studying wave-front singularities [1-3, 5, 7]. If the
beam axis is aligned with the z axis, the electric-field

distribution in the LGI mode can be represented as [§]
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X expD——b + |k— exp[l(kz+ lp— wt)],

Eo(r,2,1) DUD
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where k and w are thelight wave number and frequency,
respectively; p and | are the radial and azimuthal mode
indices; r istheradiusvector; r and @arethe polar coor-
dinatesin the beam cross section; and L“p‘ standsfor the
Laguerre polynomid. In Eq. (1), b is the e intensity
radius and R isthe front curvature radius for the lowest
mode (Gaussian beam, p =1 =0). Our interestismainly
focused on the last exponential termin Eq. (1), because
it accountsfor the helical wave-front form. Thistermis
responsible for the energy flux circulation in the beam,
i.e., for the optical vortex (OV) [1-3], whose measure
is determined by the orbital angular momentum equal
to |4 per photon [3, 5] and by the rotational Doppler
effect (RDE). The latter consists in the appearance of

the dependence of light frequency measured by a detec-
tor on the relative rotational motion of the beam and an
observer [7, 9-11]. In Eqg. (1), the beam rotation and
trandlational motions correspond to the coordinate
transformations

o— Q- Q, z—~z—vt (2

(positive direction of the angular Q and trandational v
velacities coincide with the direction of the z axis). As
aresult, the observed phase variation rate, i.e., the beam
frequency in Eq. (1), becomes w = w + Aw, where

Aw = kv +1Q; (©)]

i.e., apart from thetranglational Doppler effect (thefirst
term), the rotation-induced frequency shift may occur
(the second term). This frequency shift can aso be
explained in terms of energy exchange between the
beam electromagnetic field containing OV and optical
eements([7, 12, 13].

The RDE wasfirst observed for the beamswith spin
angular momentum caused by circular polarization [9,
12]. For the LG modes, it was predicted in [7, 10] and
measured in [14, 15] using electromagnetic waves in
the millimeter range.

In this work, the RDE is demonstrated for beams
with orbital angular momentum in purely optical exper-
iments, which have become possible due to the use of
rotating spiral zone plates (SZP).

SZP is a record of the interference pattern for the
coaxia LG beam and plane wave. About ten years ago,
the corresponding synthesized holograms were
intended for use for the transformation of beams with
smooth front into vortical beams [16], but they did not
find wide use, because different diffraction orders were
not spatially separated in this case. Asto the RDE, this
shortcoming transforms into an advantage, becauseitis
important for the interferometric observations of fre-
guency shifts that the beam propagation directions do
not change upon the rotation of optical el ement.
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Fig. 1. (@) Central area of the spiral zone plate and
(b) scheme of separation of the first-order diffracted beam:
(1) SZP, (2) point aperture, and (3) collimating lens; the sep-
arated beam is gray-shaded.

The central SZP fragment is depicted in Fig. la. It
represents a transparency with the spatially dependent

transmission
2
o7+ e

stmmz Dexp[lN[Q

T(r)O1+ sgn[cos
4

where misthetopological charge of the phase singular-
ity built in the plate (in Fig. 2a |m| = 1), f is the plate
focal parameter, and N is an integer (diffraction order).
When illuminating the SZP by the wave with plane
front, converging (for N > 0) and diverging (for N < Q)
spherical waves are formed (Fig. 1b), with the focal
plane for the N-order wave being positioned at the dis-
tance fy = f/N behind the plate.
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Fig. 2. (a) Transverse intensity distribution in the separated
first-order diffracted beam, (b) its interference pattern with
the reference beam, and (c) oscillogram of the detector sig-
nal upon the SZP rotation. Sinusoid corresponds to the fun-
damental beat frequency.

Immediately behind the plate, the light field of the
diffracted N-order beam isdescribed by the relationship

En(r,t) = u(r)exp(iNme—iowt), 5

where u(r) is a function determined by the complex
amplitude of the incident (initial) beam and by the
focusing power of the SZP for this order. In contrast to
the usual zone plate, this beam carries OV with topo-
logical charge | = mN which determines its orbital
angular momentum. Note that, according to Eq. (4),
only the odd orders can be observed.
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Fig. 3. Transformation of a beam with unit-charge OV into
avortex-free beam in the rotating SZP: () intensity distri-
bution in the first-order diffracted beam, (b) itsinterference
pattern with the reference beam, and (c) oscillogram of the
detector signal upon the SZP rotation.

In the experimental setup, SZP was obtained by
photographing the pattern calculated on a computer
with a high-resolution printout. The slide was installed
intheinner ring of arotating device, which madeit pos-
sible to rotate SZP by electric motor. Theinitial plane-
polarized Gaussian beam from a He-Ne laser (wave-
length 0.63 um) was formed in such away that its axis
coincided with the rotation axis and the waist (b =
0.7 mm) was situated in the SZP plane. The transverse
size (5 mm) of theimagein the dlide excluded theinflu-
ence of aperture effects caused by edge diffraction.

BASISTIY et al.

The desired (first) diffraction order with unit-charge
OV was separated using a point aperture placed in the
SZP focal plane corresponding to N = 1 (Fig. 1b); for
the SZP used, f; = f = 7.5 cm. The resulting beam was
collimated by alens, and its transverse intensity distri-
bution displayed a dip near the axis, typical of phase
singularity (Fig. 24). To study this beam, it was led to
the measuring arm of a Mach—Zehnder interferometer,
in which the reference wave was produced by splitting
off aportion of initial beam followed by its collimation.
The alignment of the output beam splitter provided
suitable scale of the interference pattern for the obser-
vation in the plane for analysis. The image of this pat-
tern contains afork typical of unit-charge OV (Fig. 2b),
confirming the presence of OV in the diffracted beam.
It also followed that the radiation passing through the
point aperture did not reveal any noticeable presence of
zero and other parasitic diffraction orders. The beam
was dlightly depolarized due to the birefringence in the
film material.

Therefore, the device depicted in Fig. 1b can be
regarded as a source of an optical beam with helical
wave front. If SZP is rotated with a constant angular
velocity Q about the system axis, all diffracted beams
will also rotate. The SZP rotation is equivalent to coor-
dinate transformation (2), as a result of which the N-
order beam behind the rotating plate is described by the
expression

En(r,t, Q) = u(r)exp(iNme—iNmQt —iwt)
= u(r)exp[INm@— (NmMQ + w)t]

instead of Eq. (5). Thissignifiesthat the observed beam
frequency changesby Aw=NmQ. Therein liesthe man-
ifestation of RDE in the system with rotating SZP (for
the particular experimental situation with Aw = Q).

Because of the frequency difference between the
diffracted and reference beams, the system of interfer-
ence fringes starts to move. This movement was
recorded by a photodetector equipped with an aperture
of size smaller than the period of the interference pat-
tern. The oscillogram of the photodetector signal pro-
portional to the light flux through the apertureis shown
in Fig. 2c (after filtration of the line-modulated laser
power). The period of the observed beats exactly corre-
sponded to the angular velocity of SZP rotation (3 s2).

To eliminate possible systematic errors, the analo-
gous experiment was carried out with the zero-order
beam. The latter was obtained using lens with a focal
length of 1 m placed immediately ahead of SZP; at dis-
tances larger than f; behind the SZP, all diffracted
beams diverged strongly, whereas the zero-order beam
converged at the lensfocus and, hence, can be separated
using adiaphragm. In this case, nor the fork neither the
fringe movement was observed in the interference pat-
tern upon SZP rotation.

If a SZP with topological charge m = 2 was used,
then, in compliance with Eqg. (6), the charge of OV in

(6)
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the first-order diffracted beam was 2, and the beat fre-
guency in the detector signal doubled upon the SZP
rotation.

Also of interest is the situation where the initial
beam contains the OV with acertain topological charge
n, so that its complex amplitude is proportiona to
exp(ing). In this case, one hasinstead of Eq. (6)

Ex(r, t, Q) = uy(r)exp[i(Nm+n)e—i(NmQ + w)t],

and it then turns out that the frequency shift upon the
rotation of abeamwith| = Nm+ nisequal to NmQ; i.e.,
the relation Aw = 1Q given by the second term on the
right-hand side of Eq. (3) isno longer valid. In particu-
lar, for n = —Nm the frequency shift can be observed
even in a vortex-free beam. We examined this case
(with N =m=-n = 1) experimentally. Although the spa-
tia intensity distribution in the diffracted beam has a
dip in the center (Fig. 3a), the interference pattern in
Fig. 3b shows no singularity, while the oscillogram of
the detector signal (Fig. 3c) unambiguously indicates
the presence of RDE.

The situation is understandable if the OV transfor-
mationsin SZP are taken into account. Theinitial beam
carries photons with orbital angular momentum n# to
the plate; behind the plate, the photon angular momen-
tum in the Nth order equals (Nm + n)%. Hence, each
photon acquires angular momentum N, so that a
recoil torque is applied to the plate. In the course of
rotation, the work against this torque changes the pho-
ton energy by Ae = NmaQ [7, 13]. Hence it follows
fromtherelation As = aAAwthat Aw= NmMQ, irrespective
of the OV charge in the diffracted beam.

Note in conclusion that the results obtained in this
work are important for information coding through the
control of the orbital angular momenta of optical beams

[17].
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The plasma parametersin hot spots of an X-pinch are determined by using time-resolved datafrom X-ray spec-
troscopy in experiments on the implosion of crossed Ti wires in the XP device with a current of 480 kA and
pulse duration of 100 ns. The electron densities and temperatures calculated from these data are in the ranges
(0.8-3) x 10 cm2 and 1-2.5 keV, respectively. An analysis performed shows that the plasma processes are
highly noneguilibrium. © 2002 MAIK “ Nauka/Interperiodica” .
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The measurements of the parameters of hot spots
(HSs) in X-pinches are dtill a rather difficult problem
that requires modern, high-precision apparatus. Recent
experiments [1-5] have shown that, near the point of
maximum compression, the plasma parameters vary on
picosecond temporal scales and micron spatial scales.
Theoretical estimates and numerical simulations pre-
dict plasma densities higher than solid-state densities
and temperatures in the keV range [2, 4, 5]. The only
source of information about plasmas with such param-
eters is X-ray spectroscopy. It is clear, however, that
methods based on recording time-integrated spectra
(even with high spatial resolution) can only provide
averaged or incorrect data. In this paper, the plasma
parameters are determined from time-resolved spectral
measurements by using a high-aperture, slitless scheme
with an X-ray streak camera and a spherically bent
focusing crystal (Fig. 1).

Experiments with 100-ns current pulses (with acur-
rent of up to 480 kA) were carried out in the XP device
at Cornell University (USA). X-pinches were produced
by the implosion of two to eight crossed wires made of
different metals[1, 4, 6]. The spectrum of X-ray plasma
emission was resolved with the help of a spherically
bent mica crystal with a radius of curvature of 150 or
186 mm. The emission was focused into a narrow strip
on the photocathode of a streak camera (Fig. 1). The
strip width (<30-50 pm) was determined by the quality
of the crystal and the size of the radiation source, whose
image was demagnified by five to seven times. Accord-
ing to our previous measurements, the source diameter
did not exceed several tens of microns, and the quality
of the crystal guaranteed focusing into a 10- to 20-um

strip. The electrostatic system of the streak camera
blurred the strip image on the output screen to
=120 um. The time resolution of the system was 7—
10 ps, which was close to the maximum resolution pro-
vided by the employed Kentech streak camera (see [4]
for details). The time-scanning image of the spectrum
was recorded on a 60-mm Kodak TWAX400 film
pressed against the fiber-optic faceplate of the camera.
Photographs were digitized with an AgfaArcus|1 scan-
ner and then were corrected for the distortion intro-
duced by the camera, the film sensitivity, and the scan-
ner transfer characteristic. In this paper, we present the
results from experiments with aseven-wireTi array, the
wire diameter being 17 pum.

Figure 2 shows the time dependences of the plasma
emission intensity in the wavelength ranges 2.615-
2.624, 2.629-2.638, 2.642-2.651, 2.489-2.498, and
2.500-2.509 A. These spectral ranges were chosen so
as to trace the intensities of the following lines: (i) the
He,, resonance line of helium-like Ti XXI ions, (ii) the
He,, intercombination line of Ti XXI ions, (iii) the k

and j satellites corresponding to the 1s2p??D-1s?2p?P
trangitions of Ti XX ions, (iv) the Ly, resonant line of
hydrogen-like Ti XXII ions, and (v) transitions in the
continuum. It can be seen in the figure that there are
three emission peaksin thetime interval 0—-600 ps. It is
reasonable to attribute these peaks to three HSs that
arise in the course of pinching. The first burst is the
shortest (=50 ps). The duration of the second burst in
the Ly, line is aso =50 ps; however, for the He,; »
lines, the emission timeis significantly longer (=80 ps).
The duration of the third burst in the He,; , lines is
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Fig. 1. Schematic of the experiment and the densitogram of the time-resolved emission spectrum of aTi X-pinch.

=110 ps, whereasthe durations of the emission burstsin
the Ly, line and in the k and j satellites is =50 ps as
before.

The above difference between the durations of the
emission bursts may be attributed to the specific fea-
tures of the excitation of the resonance and satellite
lines of hydrogen- and helium-like ions. The 2p and
1s2p levels of these ions can be populated from the 1s
and 1s? ground states by electron impact or by thetriple
or radiative recombination of stripped nuclei or hydro-
gen-like ions. The doubly excited 1s’p? states are pop-
ulated predominantly by dielectronic capture from the
ground 15 state of a helium-like ion. It is important
that, in this mechanism for reducing the ion charge
(unlikethe other recombination mechanisms), energy is
taken from free electrons, which requires that the
plasma temperature be sufficiently high. Plasma cool-
ing during the HS decay decreases the efficiency of
electron-impact excitation and dielectronic capture,
which are the main channels for the population of the
ion levelswhen energy istransferred from freeto bound
electrons. Infact, the captureisaunigque channel for the
generation of the k and j satellites; thus, the emission

JETP LETTERS  Vol. 76
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time of these lines determines the lifetime of a high-
temperature plasma. In this way, we can estimate the
HS lifetime, which appears to be =50 ps. In contrast,

180
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Fig. 2. Time dependences of the intensity of plasma emis-
sion from an X-pinch in the spectra ranges (1) 2.615—
2.624, (2) 2.629-2.638, (3) 2.642-2.651, (4) 2.489-2.498,
and (5) 2.500-2.509 A.
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Table
Burst number t (ps) T (keV) N, (cm™3)
1 32 1.25 3x10%
2 88 1.70 10%
95 1.75 8 x 10%
102 2.10 8 x 10%
109 2.10 6 x 10%
116 1.65 2 x 102
123 1.4 <10%
130 1.15 <10%
3 480 15 5 x 102
487 2 6 x 10%
494 2.4 10%
501 25 10%
508 2.4 9 x 10%

the resonance states of a cooling plasma can rather effi-
ciently be populated via both triple and radiative
recombination, because their probabilities increase
with decreasing temperature. Hence, if there are a suf-
ficient number of stripped nuclei (hydrogen-like ions)
inaplasma, then the duration of Ly, (Hey, ,) lineemis-
sion will exceed the duration of the high-temperature
phase. Seemingly, under our experimental conditions,
there were no stripped Ti nuclei in the plasma, and an
appreciable amount of hydrogen-like Ti XXII ionswas
produced only in the second and third HSs (Fig. 2,
curve 4). For this reason, there was no recombination
excitation of the Ly, line; hence, the emission time of
this line was also interpreted as the HS lifetime. In the
first HS, because of the lack of hydrogen-like Ti XXII
ions, this excitation mechanism was aso forbidden for

_ oot
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Fig. 3. Emission spectrum of an X-pinch plasmaat t =494 ps
and the results of calculations for Ny = 1022 cm™ and T, =
2.3 keV.
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the He,; , lines. However, in the second and third HSs,
thefraction of hydrogen-like Ti ions amounted to =30%
and =45%, respectively, and recombination excitation
prolonged the emission burstsin the He,; , linesby 30—
60 ps (Fig. 2; curves 1, 2). Note that a similar effect in
the spatial distribution of the emission intensity of
helium-like Mg X1 ions in an expanding laser plasma
was previously observed in [7].

The X-pinch emission spectra shown in Fig. 1
allowed us to determine the time behavior of the HS
plasma parameters. For this purpose, we used the con-
ventional quasi-steady radiative—collisional kinetic
model and calculated the emission spectrum of the
helium-like Ti XXI ionswith dielectronic satellites cor-
responding to transitions in lithium-like Ti XX ions.
For a sufficiently hot plasma, the model spectrum
depends only on the electron density N, and tempera-
ture T, which can be determined by fitting the model
spectrato observations. As was expected, the intensity
ratio of Hey; and He,, lines was most sensitive to the
plasmadensity, whereastheratio of thek and j satellites
was most sensitive to the plasma temperature. The
results obtained are presented in the table, and the qual-
ity of the model isdemonstrated by Fig. 3, which shows
the experimental spectrum measured at t = 494 ps and
the results of calculations for N, = 102 cm2 and T, =
2400 eV. It can be seen from the table that the plasma
temperature in the first HS does not exceed 1250 eV,
and the maximum electron density is 3 x 102 cm. In
the second HS, the plasmaiis heated to 2100 eV, and its
density is several timeslower (0.8 x 102 cm3). A max-
imum temperature of 2500 €V is achieved in the third
HS at adensity of 10%% cm S,

If the plasmawere in a quasi-steady ionization state,
the density ratio of hydrogen- and helium-like Ti ions
would be=0.07 in thefirst HS, =0.09 in the second HS,
and =2 in the third HS. For temperatures of =1 keV, the
excitation rate of the 2p?P level by electronimpact from
the ground state is nearly equal to that of the 1s2p'P,
level [8]. In this case, the relative intensities of the Ly,
and He,, lines should also be close to each other. Nev-
ertheless, as can be seen in Fig. 2, the intensity of the
Ly, line is significantly lower than its steady-state
value, and the plasmaemission in the Ly, lineis some-
what delayed with respect to the emission burst in the
Hey, , lines. As was shown in [5], this is because the
quasi-steady kinetic model isinapplicableto describing
the evolution of the ionization state of an X-pinch
plasma. Indeed, an analysis of the ionization—ecombi-
nation rates shows that atime of =20-50 psis required
for hydrogen-like Ti XXII ions to reach their steady-
state density at the plasma parameters given in the
table; however, this time is comparable with the HS
lifetime. In this case, the relative density of hydrogen-
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like ions should be determined from the time-depen-
dent kinetic equation

dNp/dt = =Ny(Wy - 2. + Wy _ e)
+ NpyeWhe .y + Nz.Wo, _

where Nz., Ny, and Ny, are the densities of the excited
ions and hydrogen- and helium-like ions, respectively,
and W, _ , are the probabilities of the ionization and
recombination processes. The solution to this equation
was used to construct the time behavior of the intensity
ratio I(H)/I(He) for the Ly, and He,, linesin the second
and third HSs. This ratio is presented in Fig. 4 along
with the experimental data. It can be seenin Fig. 4 that
the model adequately describes the observed depen-
dences, which confirms that the plasma parameters are
determined correctly.

What are the characteristic features of plasma
dynamics in this state? A great body of information
obtained in previous experiments [1-5] allows us to
distinguish slow and fast hydrodynamic phasesin the
X-pinch compression. In both phases, the substance
moves with the ion acoustic velocity ¢, = (ZT/m)Y?,
but the characteristic time (the ratio of the radius a to
C) in the fast phase is shorter than the energy-
exchange time between electrons and ions 14 =

m T2 /2(m,)Y2e*AZN,.. Hence, in the course of accel-

erated magnetic implosion, electrons have no time to
transfer the excess heat to ions. The remainder is spent
on other processes, including the ionization and excita-
tion of ions; later, plasma compression isintensified by
radiation. Therefore, the temperature-relaxation timein
the transition from the first to the second phaseis 14 =
alcg further, thistime can be used as an upper estimate
for the duration of the fast phase. In the experimental
pictures, the transient phase is characterized by the
existence of a constriction nearly 10 um in diameter.
The plasma parameters at the periphery (N, = 10°—
10?2 cm2 and T, = 100-200 eV) are still insufficiently
high for the thermal excitation of lines in the observed
spectral region; however, these parameters are close to
those required for the condition a = ¢, to be satisfied
(where ¢, = (4-6) x 10° cm/s and 14 = 40-90 ps). Then,
the constriction as a whole slowly evolves, and small-
scale fast instability develops against this background
evolution. The instability gives rise to next-order con-
strictions, in which, in turn, new narrower constrictions
areformed, etc.; i.e., we are dealing with acascade pro-
cess [9]. We can assume that the continuum at the
beginning of the X-ray burst in Fig. 1 refersjust to the
end of this cascade process. This is aways associated
with the minimum constriction diameter, whose mea-
surement, however, is still beyond the capability of
experimental techniques. In any case, itis<1-2 um[5,
6] (in X-ray images, minimum diameters of 34 um can
only be resolved). The radiation temperature is not too
high: estimates by the foil technique give<1 keV for a
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Fig. 4. Observed and calculated time dependences of the
intensity ratio I (H)/I(He) of the Ly, and Hey4 lines.

Ti X-pinch and 600-800 eV for heavier metals. In the
spectrum of a Mo X-pinch, the lines of multicharged
ions are absent during the first several picoseconds[5].
In the spectrum of aTi X-pinch under study, the contin-
uum arisesin the first X-ray burst (Fig. 1); in this case,
the continuum intensity is comparable with the line-
emissionintensity of multicharged Ti ions, and thetotal
energy issubstantially higher than the energy emittedin
lines.

Using the plasma parameters determined in this
study, we find that the thermalization timeis 14 = 3 ps
inthefirst HS and =25 psin the other two HSs. Assum-
ing ¢, = 10’ cm/s, we estimate the corresponding HS
dimensions at =0.4 and =0.6 um. Note that the radiative
plasma compression comes in to play when the radius
becomes comparable to the average Plank’s photon
mean free path. In this case, since the right-hand side of
the inequality a < cJl is the ratio of the electron heat
diffusivity to ¢, and the distribution of T, is uniform
across the formed constriction throughout the entire
rapid compression phase, radiation becomes the main
cooling mechanism. This mainly concerns the first HS
(because its plasma is compressed to a larger extent
than is heated); however, the amount of hydrogen-like
Ti ionsinthisHSissmall as compared to the other two
HSs. Therefore, we can only say about a tendency of
radiative plasma compression in our experiment with a
Ti X-pinch.
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All the experimental data and theoretical estimates
indicate that the physical phenomenon known in the
integral measurements as a “hot spot” is actually asso-
ciated with a sequence of rapidly changed plasma
states. If we restrict ourselves to the phases in which
X-ray emission is not too hard (<10 keV), then two
types of plasma can be distinguished. The parameters
of thefirst type of HS with a short-lived, relatively cold
and dense plasma are still poorly known and can only
be estimated. With some degree of certainty, we can
determine the upper bound of the lifetime, which turns
out to be 10-15 ps. As was mentioned above, the tem-
perature T, does not exceed 1 keV and, according to
energy estimates, N, can exceed the solid-state density
by one to two orders of magnitude. The second type of
HS, which is the main subject of this study, is charac-
terized by moderate parameters (the lifetime is 20—
50 ps, the temperature is 1.2-2.5 keV, and the density is
=10% cmr3). The study of the formation of the first state
and its transition to the second state calls for specia
experiments.

This work was supported by the grants of the US
Department of Energy, nos. DE-FG03-98DP00217 and
DE-FO2-98ER54496.
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We consider a mechamism of exchange coupling based on interaction between electrons in a nonmagnetic
layer. Depending on the ratio of inverse time of diffusion of electrons between ferromagnetic layers and ferro-
magnetic splitting of conducting e ectrons, this mechanism describes the transition from ferromagnetic to non-
collinear ordering of magnetizations of ferromagnetic layers. © 2002 MAIK “ Nauka/Interperiodica” .
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1. Introduction and main results. In the metallic
ferromagnet—onferromagnet—ferromagnet multilayers
(see figure), magnetic structure oscillates between fer-
romagnetic and antiferromagnetic orientations of the
ferromagnet magnetizations as a function of thickness
of nonmagnetic metal L with a period on order of the
Fermi wavelength [1-6]. The explanation of this phe-
nomenon is based on the fact that the interlayer cou-
pling is due to the Ruderman—Kittel interaction
between electron spinsin different ferromagnets.

Further investigations discovered structures with
perpendicular orientations of the ferromagnetic magne-
tizations (seefor rev. [7]). Often, the phenomenol ogical
coupling between the magnetizations of ferromagnetic
layers in such structures can be represented as the sum
of bilinear and biquadratic contributions

Q(¢) = J,cosd + J2c032¢. (D)

Here, ¢ isthe angle between the directions of magneti-
zations of ferromagnetic films. The bilinear constant J;
oscillates as a function of the interlayer distance L. In
the case of the large positive biquadratic constant J,, the
minimum of Q(¢) correspondsto ¢ = 172. Asexplained
by Slonczewskii, the large positive biquadratic cou-
pling might be the result of spatial fluctuations of the
bilinear coupling J; due to the ferromagnet—nonferro-
magnet surface roughness [7].

In a disordered system, where L is larger than the
electron mean free pain |, RKKY interaction [J,[] aver-
aged over the realizations of scattering potential, expo-
nentially decreases [8]. At the same time, fluctuations
of local exchange become much larger than [J,00[9],
giving rise to biquadratic contribution J, > |3, [10].

Here, we propose a mechanism of coupling in the
disordered multilayers based on interaction between
electronsin the nonmagnetic layer. Spin fluctuationsin

TThis article was submitted by the author in English.

the system of interacting electrons give rise to the con-
tribution to thermodynamic potentia [11], which
depends on magnetic field or, in our case, ontherelative
orientation of the magnetizations in ferromagnetic lay-
ers. Here, we show that, in the magnetic multilayer, this
mechanism describes transition between the ferromag-
netic and noncolinear ordering with increasing distance
between ferromagnetic layers or increasing vaue of
ferromagnetic splitting of conducting electrons.

We assume that the magnetic multilayer can be
described by the Hamiltonian

H = H,

2
+ €ex dl’ W;(I’)n(Z)O'anJB(I’) + Hint- ( )
F

Here, Hy isthe Hamiltonian of free electronsin random
field. The second term describes the exchange field in

/\/y/\/
AN/ N/

Figure.
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ferromagnetic layers. e, is ferromagnetic splitting of
the conducting electrons; n(z) is unit vector of the
direction of magnetization of ferromagnetic layers;
N2 =n,atz<-L/2andn(z) =n,atz>L/2, asisshown

in the figure; W(r) and We(r) are creation and annihi-
lation operators; and o,z are Pauli matrixes. Integration
in the second term is over the ferromagnetic layers. The
last term H;,; describes Coulomb interaction between
electrons in the nonmagnetic layer. We assume that the
interaction in the ferromagnetic layers is taken into
account self-consistently in eg,.

Thedetails of calculation are given in thelast part of
the paper. Here, we present the main results. Character-
istic energiesin the problem are ferromagnetic splitting
of conducting electrons €., and Thouless energy E, =
D/L2. D is the diffusion constant of conduction elec-
trons. We assumethat it is the same in nonmagnetic and
ferromagnetic layers.

In the case of small thickness, when E; > ¢, the
coupling between ferromagnetic layers has a bilinear
form, and the coupling energy per unit areais

2
Q) = - = cosf. &)

8(4mL)’Ec

Here, F isacharacteristic constant of interaction in the
diffusion channel [11]. It is positive for the Coulomb
repulsion between electrons. Let us note that, in this
regime, coupling (3) does not depend on L. The mini-
mum of (3) corresponds to ferromagnetic orientation of
the magnetizations in multilayer ¢ = 0. Note that the
resultisobtained inthelimit whenL > 1 or e, issmaller

than the inverse mean free time D/I2.

At thelarger distance L, when E; < €, the coupling
has biquadratic form, and the coupling energy per unit
areais

Eccoszq). 4

o0) = (4mL)?

This quantity decreases as L™ with increasing distance.
The minimum of coupling energy corresponds to the
noncollinear state ¢ = 172.

Both expressions are given for the case of infinite
thickness of the ferromagnetic layers. Calculation

shows that, in the case d > ,/D/e,, the coupling
weakly depends on d.

Results (3) and (4) are valid at low temperature T,
when L < J/D/T. At larger temperature, coupling
energy decreases exponentially as exp(—./(8TT/D) L).

Let us compare results (3) and (4) with biquadratic
contribution due to the mesoscopic fluctuations of

ZYUZIN

. . . 1E
RKKY interaction [10], whichisJ, ~ L_ZA_EJI at E, < ey
and
3
1 €«
_ > .
»0555E 4 E>en

Here, A is an intralayer ferromagnetic stiffness and

thicknessd > ,/D/e,.

The quantity J, decreases with L much faster than
(4). Also, for e,/Ad < 1, F = 1, the coupling energy
given by expressions (3) and (4) is larger than the
biquadratic contribution due to the mesoscopic fluctua-
tions of RKKY in the whole range of distance. In this
case, with increasing distance L > |, the system under-
goes the transition between the ferromagnetic and non-
collinear ¢ = T1/2 ordering. Such transition was
observed in[12].

2. Results. The correction to thermodynamic poten-
tial which depends on €, n(2) is given by the expression
[11]

oW =T Y

|07 <1; a,B

d’q

x I dzDgs(z z, g, ).

|2 <L/2

©)

Here, constant F describes the screened Coulomb inter-
actionindiffusion channel, wy, = 2rmT isMatsubarafre-
guency, T is the electron mean free time. The diffusion
ladder satisfies the equation

2
0pd 2 (o8
D_DdZZ + Dq + |("on||]Dﬁn
; yB ap 6)
+i€gN(2) (04 Dy — Dy Oyn) SONW,

= 8(2= 7).

It isconvenient to present the solution of equation (6) at
|z| < L/2 inthe form

Dﬁﬁ = Aﬂﬁexp(—Qz) + U;ycﬁsuynexp(Qz)

_Olz—7 (7)
+ eXp(zglé |)6Gl36llﬂ'

Here, we introduce Q = /g + |w,|/D; U is the matrix
of the relative rotation of the magnetizations of ferro-
magnetic layers. In the case when the direction of the
magnetization in the ferromagnetic layer z < —L/2 is
directed along thezaxesn(z) = (0,0,1) and at z> L/2
directionisn(2) = (sin¢, 0, cos¢), it isthe matrix of the

rotation along the y axes U = exp(i$a,/2).
For ssimplicity, we consider the limit of the semi-in-
finite ferromagnetic layers. More detailed consider-
JETP LETTERS  Vol. 76
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ation shows that at d > ,/D/e,,, the results weakly

depend on the thickness of the ferromagnetic layers. It
is convenient to introduce the boundary conditions for
the diffusion ladder at ferromagnet—nonferromagnet
interfaces taking into account the fact that, according to
equation (6), in the coordinate system where spins are
directed along the magnetization, components of the
ladder with antiparallel spins decrease as exp(—Q4]z)

and exp(-Qi |z)) a |z| > L/2, whee Q; =

qu +(Ww+iey)/D. The components of the ladder
with parallel spins decrease as exp(—Q|z|) a |z| > L/2.
Atz=-1/2, wheren(2) = (0, 0, 1), the boundary condi-
tions are

o) = 5T 5 [

|oonT| <1

2 2 4 1 .2 1 2 1,2 1, 2 2
[(I/\I —(ReAN) )cos¢+%/\| —Z(Re/\) Dcosq)—Z(Re/\) +Re/\%[—2|/\| —2|/\| cos ¢

X

497
%—Q%P DJyPyn

= %j— QfgpumePvn =0, ®
%PavaP;n -

Here, we introduce projectors of the spins on z axes
P,=(1+0g)y)/2

The same kind of boundary conditions can be intro-
duced for the rotated diffusion ladder U, D'CU;, at z=

ay = Hy ~'yn
L/2. Solving the system of Egs. (6), (8), we abtain

2

L
2m)?DQ
gsnhoLy @
e

[1—(ReN)? +2(|AI> = (ReA)?) cosd + (JA]* = (ReA)?) cos’ 0]

Here, A =[(Q, —Q)/(Q; + Q)]exp(-QL). Expression (9)
contains the divergent terms, which do not depend on ¢
and must be subtracted.

In the limit of large exchange splitting, when |Q,| >
Q, the parameter A = exp(—QL) isreal. In this case, the
energy isafunction of cos’p. Subtracting in expression
(9) terms which do no depend on the angle, we obtain

oW =5T 5 |of
|0,T <1; a,B
L%I.— SlnhQLD (10)
0 A’cos’
I(Zn) DQ (1-A%cos’)

The main contribution in expression (10) is from the
region where A < 1. The denominator therefore gives
only a small correction. Neglecting it, we obtain the
expression (4).

In the opposite limit of the small exchange splitting

ReA ~ €2, |A| ~ o and, to the order €2 , the coupling
energy is proportional to cos¢

__F d'g LIAZ
) = 5T 3 lelfo g st (1
|0nT|<1; a,B
JETP LETTERS Vol. 76 No. 8 2002

Calculating (11) at zero temperature, we obtain (3). The
transition between the limits (10) and (11) occurs at
o ~ DILZ.
Thiswork was supported by the Russian Foundation
for Basic Research, project no. 01-02-17794.
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We analyze a discrete phenomenol ogical model accounting for phase transitions and structures of polar Smec-
tic-C* liquid-crystalline phases. The model predicts a sequence of phases observed in experiment: antiferro-

electric SmC} —ferrielectric SmCF, ; —antiferroelectric SmCF,, (three- and four-layer periodic, respectively)—

incommensurate SMC} —SmA. Wefind that, in the three-layer SmCF,; structure, both the phase and the mod-

ule of the order parameter (tilt angle) differ in smectic layers. This modulation of the tilt angle (and therefore
of the layer spacing d) must lead to X-ray diffraction at the wave vectors Qg = 2ns/d (s = n = 1/3) even for the
nonresonant scattering. © 2002 MAIK “ Nauka/l nterperiodica” .

PACS numbers: 61.30.Eb; 64.70.Md; 61.10.Eq

In recent years, the existence of avariety of dipolar
Smectic C (SmC)-like phases in liquid crystals was
established [1, 2]. Besides conventional ferroelectric
SmC* [3] and antiferroelectric SmC} [1, 2] phases, at
least three smectic subphases with polar ordering of
layerswereidentified in liquid crystals[2], namely, the
ferridlectric SmCY,,, antiferroelectric SmCf,,, and

short-pitch incommensurate SmC; phases. Due to

their unusual physical properties and structures, these
subphases have attracted much attention of researchers.
They have regained more attention after the pioneering
work by Mach et al. [4] established that the subphases
possess structures nontrivial for liquid crystals, which
result from frustration.

In al types of SmC phases, the long molecular axes
aretilted with respect to the layer normal z by an angle
0. Intheferroelectric SmC* phase, the azimuthal orien-
tation of molecules, described by an angle ¢, is practi-
cally the same in neighboring ith and i + 1th layers
(synclinic ordering, A = ¢, — ¢; = 0). The direction
of polarization is perpendicular to the tilt plane. In the
antiferroelectric SmMC, phase, the directions of molec-

ular tilt in adjacent layers are nearly opposite (anticlinic
ordering, A¢ = ). Orientational ordering in tilted
smectic structures can be described by a two-dimen-
sional vector &, which is the projection of the nematic
director n onto the layer plane. The angles © and ¢ may
be referred to as the modulus and the phase of the two-
component order parameter. Resonant X-ray scattering

TThis article was submitted by the authorsin English.

measurements showed that the SmCf,; and SmC{,,

phases possess periodic structures with a three-layer
and afour-layer unit cell, respectively [4—6]. The short-

pitch modulation of the SmC;; phase, which, in differ-

ent compounds, ranges from 5 to about 30 smectic lay-
ers, is incommensurate with the layer ordering. This
amost unambiguoudly indicates that the interlayer
structure represents a short-pitch helix. A complete and
unifying description of azimuthal ordering in the

SmCY,; andthe SmC},, phasesisnot yet available. In
X-ray experiments, the appearance of resonant peaks at
Q. = Qy(n + MV3) inthe SMCF,; and Q, = Qo(n + MV4)

inthe SmCf,, (n and mare integers, Q, = 21vd, where

d is the layer spacing) and the polarization scattering
character are associated with the nonplanar structure of
these phases, i.e.,, with a change in phase of order
parameter in adjacent layers. Molecular arrangement is
represented by distorted planar structure [7—9] with the
out-of-plane molecular distortion angle in the region
from about 5° to 28°.

Several models have been proposed for the struc-
tures of the subphases [2, 10-14]. Recently, the most
widely used was the so-called ANNNIXY model [14—
20] (also called the “clock” model [18, 19]). In this
Landau-like approach, smectic phases are modeled asa
stack of layers with the two-component order parame-
ter &, which is uniform within the plane (XY) of each
layer. Frustrating antiferroelectric (A) interaction (1) is
introduced between the next-nearest neighbor (NNN)
layers. The model predicts the formation of the short-

0021-3640/02/7608-0498%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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pitch (SmC;; ) phase, three-layer, and four-layer struc-
tures.

However, in spite of substantial progress in experi-
mental and theoretical investigations, a fundamental
understanding of the most striking features of the sub-
phases is still lacking. X-ray data obtained up to the
present time do not alow one to unambiguously
describe the azimuthal molecular ordering. In particu-
lar, the conclusion about the orientation of the tilt
planes in cells was made only on the basis of optical
data [7-9]. The theory predicts a principal possibility
for subphase formation but not their exact structure and
sequence. At least in part thisis dueto the fact that most
of the previous cal cul ations were conducted under very
simplifying assumptions (like 8 =const in different lay-
ers).

We go one step further in thiswork and provide pre-
cise and detailed description of subphase structuresand
phase diagrams. In the framework of the ANNNIXY
model, we obtained a temperature sequence of sub-
phases which is actually observed in experiment. We
find that, in the three-layer structure, not only the phase
¢ but also the module 6 of the order parameter is non-
uniform in aunit cell. This leads in particular to a dif-
ferent layer thickness in a cell. We believe we are the
first to suggest a different layer thickness. This issue,
surprisingly, does not appear to have been examined in
any generality before. Our conclusion about the varia-
tion of 8 and d in aunit cell is based on the minimiza-
tion of the free energy in different layers over both the
phase and the module of the order parameter. Nonuni-
formity of 8 and d in the three-layer structure should
lead to nonresonant X-ray diffraction peaks which are
related neither to the order parameter phase depen-
dence on z nor to the tensorial character of the struc-
tural factor, and this prediction is the main message of
our publication.

The free energy of our version of the ANNNIXY
model can be written as an expansion over the structure
order parameter &;. Taking into account nearest-neigh-
bor (NN) and NNN interactions [16—-18], we come to

Fo = Fi+F+F;, (D
where

F, = Z [%aoguz + %boé’;f + %azgigi +2} ()

Fo=byy B8 1§+ &), ©)
and |
o= 5y & @
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InEq. (2), ag=0a(T—-T*) and by are Landau coefficients
describing the SmA to SmC transition in isolated lay-
ers, and F, and F5 describe the coupling between the
neighboring layers. Thelast term in Eq. (2) can lead to
frustration of synclinic and anticlinic homogeneous
ordering inthe system, sinceat a, > Qit favorsanticlinic
orientation in the next-nearest layers, which is incom-
patible with the homogenous structures. Large a,
results in the formation of compromise-commensurate

(SmCf,; and SmCf,) or incommensurate (SmC})
structures releasing frustrations.

In our calculations, we also introduced one new
term in the free-energy expansion

Fo=asy [§%&.a", (5)

providing a certain energetic barrier for azimuthal
reorientation of molecules between synclinic and anti-
clinic structures.

Sincethe subphases are observed in compoundswith

chiral molecules, we should account for chiral interac-
tions, which can be presented in the free energy by

Fs = fZ[gixng]z (6)

(so-called Lifshits term).

Now we are in a position to determine all possible
stable or metastable phases (and phase transitions
between them) performing the free-energy (1)—(6) min-
imi zation with respect to the phase and to the modul e of
the order parameter. A more detailed description of the
minimization procedure will be given elsewhere [21].

Further, we will set by = 1, thus measuring a in units
VK, keeping all other coefficients dimensionless. The
value of a was chosento give6 at T = 10 K lower the
phase transition from SmA to the tilted phase a typical
for liquid crystals value about 0.35 rad (20°). The coef-
ficient a, was taken positive, as subphases appear in the
presence of frustration, i.e., at a, > 0. The other terms
in the free energy will be introduced successively to
show more clearly which effects are caused by each of
the terms.

The starting of our calculationsisthefirst two terms
in the free-energy expansion (1)—<6), i.e, F=F; + F,,
which is the simplest form describing SmC} and the
SmC or the SmC, phases. Inthe following we shall also
beinterestedin SmCF,|; and SmCY,, subphasesemerg-
ing above the antiferroelectric SmC} phase, thus the
sign of b, was taken positive. Figure 1 shows the phase
diagram in coordinates T and b,/a,. The temperature
was counted from the transition from SmA to the tilted
phase (closed diamonds, straight line). The diagram
was calculated for different values of frustration, i.e.,
parameter a,. Closed squaresin thefigure correspond to
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Fig. 1. Phase diagram plotted as T — T versus by/a,. Ty is
the transition temperature from SmA to tilted phases (closed
diamonds, straight line). Closed squares represent the phase
diagram for the free energy F = F; + F,, closed and open

circles, for F = F; + F, + F4. Crosses (x, +) and a star (*)
show the transition temperatures at by/a, for F = F; + Fo +
F3 + F4 (see text). The set of model parameters is a =

0.01K™, by = 0.04, a; = -0.006, a, = 0.02, a5 = 0.02.

the diagram for the free energy F = F, + F,. Theregion
between the two linesis occupied by the SmC} phase.
Thus, in this case, we get the following phase sequence
SmC,—SmC} —-SmA. Increase of frustration leads to

broadening of the SmC; phase temperature interval.
Addition of F, term to the free energy leads to suppres-
sion of the short-pitch helix and to formation of com-
mensurate 3-layer and 4-layer periodic structures.
Closed and open circlesrepresent the phase diagram for
the free energy F = F; + F, + F,. The temperature
sequence of phases is SmC,—SMC;—SMC,—SmA.
Transition temperatures SmC,—SmCy,;; and SmCr,—
SMmCg,, are represented in the diagram by closed and
open circles.

Including the F; term into the free energy (i.e., we
aretreating now thefreeenergy F=F, + F, + F; + F))
leads to formation of short-pitch helix ordering near the
SmA phase. For theratio b,/a, = 2, the phase-transition
temperatures are denoted by crossesand astar (x, +, ).

The phase sequence is SMC,—SMCg;—SMCp—

SmC; —SmA. A schematic representation of structures
is given in the lower part of Fig. 1. The temperature
dependence of the cell parameter is presented in Fig. 2.
The width of subphases and the value and temperature
dependence of the SmC} pitch (increase or decrease
with temperature) depend on the value of a;. Moreover,
in a certain region of parameters, SmC structure may
appear in the temperature window between the SmCf|,
and SmA phases. Neglecting chiral contributions

SmCyf,; and SmC{,, structures would be planar. Lif-
shits term (6) leads to two effects. the molecular tilt
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Fig. 2. Cell parameters versus temperature: SmCj,

SmC{,;, SMCE,,, SmCY (incommensurate), SmA. A
schematic representation of tilt orientationsin different sub-
phases (view along the z axis) is given in the upper part of
the figure. Numbers (1, 2, 3, ...) denote subsequent layers.
The set of model parametersisasin Fig. 1.

directions become nonplanar (distortion angle &), and
cells mutually rotate relative to each other (angle (),
Fig. 2). Thisrotation of the cells around the z direction
may also be regarded as a manifestation of along-pitch
helix structure or a small difference of cell parameters
from 3 and 4 layer spacings. The magnitudes of & and
) depend on the chirality coefficient. Upon introducing
even arelatively small chirality, when the pitch of mac-
roscopic helix is more than 100 layer spacings, the dis-
tortion angle may be fairly large (about 35° in the

SmCY, ;). This non-trivial behavior isrelated to a very
peculiar “interference” phenomenon between frustra-
tion and chirality actions leading to an enhancement of
the chiral contribution effect and inducing an opposite
molecular rotation for adjacent synclinic and anticlinic
pairs. On the phase diagram presented in Fig. 1 along
the temperature path, three subphases appear in the
exact sequence observed in aclassical antiferroelectric
liquid crystat MHPOBC in samples with high optical
purity [22].

One more substantial result which emergesfrom our
calculations is a difference in values of 6; in different

layers of the 3-layer SmCF,, subphase cell. We found
that the order-parameter module 6; islarger in the layer
which has anticlinic orientation with both nearest
neighbors (the layer denoted as 3 in Figs. 2, 3). The dif-
ference AB = 6; — 6, , is about 13-15% for the planar
structure. Chirality (and the distortion induced by it)
decreases this difference (for 6 = 35°, AB may change
from about 14% to 12%). Thus, in this 3-layer cell
structure, the layers differ not only by the phase ¢ but
also by the module 6 of the order parameter. It isworth
noting that, in spite of the fact that this possibility stems

JETP LETTERS  Vol. 76
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Fig. 3. Relative intensities of the satellite peaks calculated
from Eq. (7). The insertion shows schematic representation

of athree-layer cell of the SmC,; structure. 6; is the tilt
angle, d;, the thickness of theith layer.

directly from the symmetry of the SmCZ,; unit cell, it
was overlooked in previous studies. In any case, the dif-
ference in 6, should lead to the modulation of the layer
thickness (Fig. 3). Using the relation d, = d,cos6;, we
found that, depending on the absolute value of 8,, the
modulation d;, may be from 0.3% to 1.2%. This modu-
lation of d; along z should result in one-third satellites
to the main diffraction peaks even for non-resonant dif-
fraction (i.e., far from any absorption edges).

In the model with sinusoidal electron density of
smectic layers, the ratio of the satellite Fourier har-
monic of electron density with Q;=sQ; (s=n* 1/3) to

the main harmonic with Q; = 2rvd isfound to be

esinxcos(sx)dx, @)

—Tt

where d = (2d,, + d;)/3 is the average layer spacing,
Ad =d;,—d;, e =2xif =< x <1, and e = —x + 3mif <
x < 511 The calculated square of the ratio which charac-
terizes the relative intensities of the satellite reflections
is shown in Fig. 3 (notice the large value of two satel-
lites of the main reflection). The observation of the one-
third satellite peaks, not related to the tensorial charac-
ter of the scattering structure factor, would be a direct
signature of the modulation of d;.

To conclude, we established that our phenomeno-
logical model (without invoking additional mecha
nisms) can reproduce the sequence of the subphases
observed in experiment. Additionally, we found that
molecular orientationsin adjacent layersinthe SmCF,;
and SmCy,, structures essentialy differ. While in the

SmCf,,, only the phase of the order parameter
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501

changes, in the three-layer SmCY,; subphase, both the
phase and the modul e of the order parameter are varied
from layer to layer. Thelatter must lead to non-resonant
X-ray diffraction at multiples s =n + 1/3 of the wave

vector Q; = 2r/d. We anticipate that the effects we
found will be observable and that understanding of the
underlying mechanismswill be essential to gain further
insight into the nature of polar chiral smectic liquid
crystals.

This study was supported by the Russian Founda-
tion for Basic Research, project no. 01-02-16507.
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We show that spin diffusion of an inhomogeneous spin-density distribution in an asymmetric zinc-blende semi-
conductor quantum well is anisotropic in coordinate space, if the D’ yakonov—Perel’ spin-relaxation mechanism
is dominant. This anisotropy depends on the relation between the Dressel haus and Rashba contributions to the
spin splitting and reaches its maximum when both contributions are equal in magnitude. Under this condition,
the temporal behavior of spin density strongly depends on the relation between the initial spatial extent of the
spin packet and spin diffusion length. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers: 73.21.Fg; 75.40.Gb

Thetemporal and spatial evolution of an inhomoge-
neous spin polarization in semiconductor quantum well
(QW) and heterostructures has attracted much attention
in recent years in connection with the possible use of
the spin degrees of freedom in spintronics [1]. It is
known that, in A;Bs semiconductors, even for the
homogeneous spin polarization, there are correlations
between the motion of electrons in the coordinate and
Spin spaces[2—4]. These correlations are aconsequence
of thelinear (in 2D structures) dependence of the spin—
orbit interaction (SOI) on the electron momentum K.
The SOl is aso an essential ingredient of the
D’yakonov—Perel’ (DP) spin-relaxation mechanism
[5], which is dominant in most A;B5 bulk semiconduc-
tors and heterostructures.

Itiswell known that in azinc-blende semiconductor
QW, there are two contributions to the SOI. Thefirst of
them arises due to the bulk inversion asymmetry of the
materia (Vg ) and induces the Dresselhaus spin split-
ting [6, 7], while the second is caused by the structure
inversion asymmetry of the QW itself (Vq,) and leads
to the Rashba spin splitting [8]. Vg, is fixed by the
choice of material of which the QW is made, but Vga
can be modified by the application of a gate voltage.

In this paper, we point to a new phenomenon, which
is due to the interference of Vg, and Vg,. First, we
show that in the case when the DP spin-relaxation
mechanism is dominant, the interference of Vg, and
Vg, leads to an anisotropy (in the coordinate space) of
the inhomo-geneous spin distribution in the QW plane.
Second, we show that the simultaneous presence of Vg
and Vg, leads to a non-exponential relaxation of the
spin density. To this end, we solve the diffusion equa-

TThis article was submitted by the author in English.

tion for the spin density M (r, t) assuming that theinitial
spin distribution is created by a short laser pulse,
focused to a spot with a diameter much less than the
spin diffusion length L. This condition can be satisfied
in the case of an n-doped semiconductor in which the
electron spin-relaxation times are relatively long and
the spin diffusion rates are relatively high [9, 10].

We want to emphasize that, in the case of homoge-
neous spin polarization and in the absence of the mag-
netic field, Vg 5 and Vg, give additive contributions to
the DP relaxation rate 1/t of the spin polarization ini-
tially oriented perpendicularly to the QW [3]; that is,
1/1. is not sensitive to the relation between Vg, and
Vga. In the external magnetic field B, the contributions
of Vg4 and Vg, to the spin relaxation become non-addi-
tive [11, 12], but the relaxation still remains exponen-
tial.

Note that spin diffusion in a semiconductor QW
provided that the DP spin relaxation mechanism is
dominant has been considered theoretically in [13].
However, only the Vg, contribution to the SOI was
taken into account in the calculation of the spin distri-
bution, which is inevitably isotropic in the coordinate
space in that case, if B = 0. The goa of our consider-
ation isdifferent. We want to demonstrate that the inter-
play between Vg, and Vg, leads to a dependence of the
spin density M(r, t) on the direction of r even in the
absence of the external magnetic field.

The spin—orbit part of the electron Hamiltonian Vg,
has the form

fi
Voo = Vgiat Vga = EQ(k)Gv (1

where k is the electron wave vector in the QW plane,
o ={o,, 0, 0;} arethe Pauli matrices, and Q(k) can be

0021-3640/02/7608-0502$22.00 © 2002 MAIK “Nauka/Interperiodica’



ANISOTROPIC SPIN DIFFUSION IN A SEMICONDUCTOR QUANTUM WELL

regarded as a k-dependent effective magnetic field. In
the following, we will consider (001) grown QW. In
this case, the anisotropy of the spin diffusion is more
pronounced and, at the sametime, allows the most sim-
ple theoretical consideration. For a sufficiently narrow
QW, one can neglect cubic in k termsin Q(k) [7]. The
vector Q(K) lies in the QW plane and its components
are given by

Q(k) = [(agky+aky), —(ak, +azk)],  (2)

where the coefficients a, and a, correspond to Vg, and
Vg, respectively.

The diffusion equation for the spin density M(r, t)
has been presented in[13, 14]. Hereweonly discussthe
applicability of the diffusion approximation to our
problem. The diffusion approximation is applicable if
Tv;/a, 1Q < 1, where T isthe mean scattering time, ais
the size of the spin packet, and v; isthe Fermi velocity.
These inequalities mean that the motionsin the coordi-
nate and spin spaces, consequently, are diffusive. To
give amore quantitative insight into the applicability of
the diffusive approximation for a GaAs-based QW, we
take a typical value of the Fermi wave vector k; =

1076 cm?, which corresponds to the sheet electron den-
sity N = k& /21t = 2 x 101 cm2, and the Fermi velocity
v = fiki/m = 10° cm/s, where m = 0.067m, is the elec-
tron effective mass. As was recently clarified in [15],
when considering the DP spin-relaxation mechanism,
the mean scattering time T must be calculated taking
into account electron—electron collisions. For this rea
son, in the case of an n-doped semiconductor, T can be
approximately estimated as an optical dephasing time,
measured in time-resolved four-wave-mixing experi-
ments [16] in the spectral range of the interband transi-
tions. Thistimeison the order of 0.1 ps, and thereisno
essential difference between the times in 2D and 3D
systems [17]. If we take the lower bound for the spot
size a = 1 um (the spot size can not be made smaller
than the laser wavelength) and the upper bound for the
spin splitting #Q = 1 meV [18], we obtain Tv;/a~ 1073
and 1Q ~ 10 Thus, the diffusion approximation can
be applied to our problem without any essential restric-
tions.

In an n-doped semiconductor, the excess of photo-
excited electrons and holes rapidly disappears due to
the recombination of holes with background electrons.
In other words, only the spin packet but not the charge
packet is present in the semiconductor [19]. Thisallows
one to neglect the coupling between charge and spin
degrees of freedom. Then, for the degenerate electron
gas, the diffusion equation takes the form [13]

OM(r, t) 2, -
T—[DDr+r]M(r,t) 3

—[b(0;) + Q] xM(r,t) = I(r, 1),
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where D = va/2 is the diffusion constant, Q, =
gugB/7 is the electron spin resonance frequency in a

magnetic field B, T is the tensor of the DP spin relax-
ationrates, and I (r,t) = [0, O, 1 (r, t)] isasource of spin-
polarized electrons. The operator b = tk; v; Q(,) mixes
different components of the inhomogeneous spin polar-
ization M(r, t). In accordance with the typical experi-
mental conditions, we assume that the magneticfieldis
paralel to the QW planeand 1Q, < 1.

Following [13], we perform the Fourier transform of
the spin density M (r, t) in Eq. (3). The algebraic equa-
tion for M(q, w) takesthe form

(miw+Dg’ + )M
+[ib(@) + Q] xM = I(q, w).

Since rather short (~100 fs) laser pulses are used
now in experimental investigations of the spin dynam-
ics, itisjustified to take the delta-function-type approx-
imation for the time dependence of the source term
I(r,t) in EQ. (3). However, the same is hot always true
about the spatial dependence of the source term, since
the diameter a of the laser spot and the spin diffusion
length Lg may be comparable in magnitude. Moreover,
it is interesting to trace the evolution of the main fea-
tures of the spin diffusion when the ratio a/L varies
from <1 to >1. For this reason, we take the Gaussian
distribution for theinitial spin density:

(4)

Mo  Or
I (r, 1) = — exp—70(1), (5)
ma® O ad
0 a’qq
1,(0, w) = MoeXpD_TD- (6)

Before solving Egs. (3) and (4), we discuss their
symmetry properties. First of all, we note that these
equations are not invariant under the spatial inversion;
thatis, M(r, B, t) # M (—, B, t), However, since the laser
source term possesses the symmetry 1(r, t) = I(-r, t),
the solution of Eqg. (3) obeys the exact relation

MJr, B,t) = M,(—r,-B, t). (7)

Thisrelation is a special feature of an inhomogeneous
spin distribution which varies with time under the DP
spin relaxation mechanism.

Next we note that the tensor I and the vector Q, do
not depend on g and are unable to create the anisotropy
in the coordinate space if b(q) = 0. Hence, the only
source of the anisotropy isthe vector b(q), which enters
Eq. (4) through the quantity h =ib(q) + Q,. In turn, the
vector h forms two independent invariants, namely, h?
and hjh;, which depend on the direction of q and
determine the anisotropy of M,(r, t). In the considered
case of the DP spin-rel axation mechanism, theseinvari-
ants have common microscopic origin. If only one con-
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tribution to the SOI is nonzero (a,a, = 0), these invari-

antsare equivalent, sincethetensor I isisotropicinthe
QW plane [11]. In this case, the anisotropy of the spin
diffusion is entirely due to the external magnetic field,
since [b(q)| does not depend on the direction of g. This
situation has been analyzed in [13].

Here we want to analyze the intrinsic anisotropy of
the spin diffusion which is due to the simultaneous
presence of Vg, and Vg, and exists in the absence of
the external magnetic field. To make the following con-
sideration more transparent, we transform the in-plane
coordinate system xy to a new coordinate system xy',
where the X' and y* axes are oriented along [110] and

[110] directions, respectively. From Eq. (2) wefind the
components of the vector Q(k) in the new coordinate
system:

Q, = (a—ay)ky, 8
Qy' = _(a2+al)kx" (9)

If Vga O Vg, €quals zero (0,0, = 0), the spin splitting
is isotropic and, as a consequence, the diffusion isiso-
tropic too. This case has been analyzed in [13]. In the
opposite case of strong anisotropy (o, = *a,), the vec-

tor Q(K) isoriented along the[11 0] or [110] directions,
respectively.

Only numerical solution of Eq. (3) is possible in
case of arbitrary relation, between o, and a,. Since our

prime interest is in the anisotropy of the spin distribu-
tion, we consider the ultimate case a; = da, when

Q(k) ]][110] and the anisotropy becomes as large as
possible. Fortunately, in this case, Eq. (3) hasasimple
analytical solution.

To solve Egs. (3) and (4), we also need to know the

components of the tensor [ . As shown in [11], when

both Vg, and Vg, are nonzero, the tensor [ has one
normal to the QW plane eigenvector with correspond-

ing relaxation rate 1/t = Tk?(af + af) and two in-
plane eigenvectors oriented along the directions [110]
and [110], with the relaxation rates 1/1, = Tk} (0, +

a,)%2, respectively. Consequently, the anisotropy of
the spin relaxation in the QW plane depends on the
relation between Vg 5,and Vg .. Note that the spin relax-
ation anisotropy manifestsitself only if the spin density
M is not orthogonal to the QW plane. Hence, it is not
obvious that this in-plane anisotropy of the spin relax-
ation must necessarily lead to the anisotropy of the spin
diffusion if theinitially created spin density M(r, t = 0)
is orthogonal to the QW plane.

Since we are interested in the intrinsic anisotropy of
the spin distribution rather than one due to the external
magnetic field, we consider only the special case when

the magnetic field B || [110], that is, directed along

GRIDNEV

Q(k). In this case M, = 0, since both B and Q(k) are

directed along y* and unable to create My, if the initial

spin polarization is oriented along z. Solving Eq. (4) for

M q, w) and performing the inverse Fourier transform,
we obtain

— dq —Aq(a)t MDYy igr
M,(r,t) = 1(q)(e +e e, (10
A, 1) I(ZT[)Z (a)( ) (10)

where A, , = iw, , are the eigenvalues of Eq. (4)

L
MAQ) = DG+ 2 £25G, 510,
S

S

(11)

wherelL= /D1, isthe spin diffusion length. Inserting
the expression (6) for 1,(q) into theintegrand of Eq. (10)
and performing the integration, we get

nr_tap
UrF t,FU

x cos%llt'—sllz X — QL%,
S

where F = 4Dt + a2. From this equation, we notice that
the spin-density distribution M(r, t) isanisotropic. The
isotropic exponential decrease of MJ(r, t) with r? is
accompanied by the spatial oscillations of the spin den-
sity along the X' axis.

A distinctive feature of Eq. (12) is the very simple
dependence of M(r, t) on the magnetic field. The spin
density oscillates (in addition to the diffusive relax-
ation) with the frequency Q, at any point r and thereis
no threshold value Q, ~ 1/t (see, e.g., [13]) for the fre-
guency of these oscillations. Of course, this peculiarity

is a consequence of the special choice B || (k) ||[110]
we take in our consideration. If these restrictions relax,
the evolution of the spin density will become much
more complicated. We will not go into details of the
influence of the magnetic field on the anisotropy of the
spin diffusion. It seems likely that the transverse mag-
netic field is not especially useful when studying the
anisotropy of the inhomogeneous spin distribution,
since thisfield itself is a source of the anisotropy. This
topic requires an additional analysis and is outside the
scope of this paper.

The general case, Eq. (12), of arbitrary relation
between the spot size a and the spin diffusion length L
is rather complicated. To give a more physical insight
into the spin diffusion, let us consider two limiting
cases of the small and large laser spot size a as com-
pared with the spin diffusion length L. If a > L then
F = a? and Eq. (12) gives the well known [9] decaying
oscillations of the homogeneous spin density

M,(r,t) = %’exp
(12)

Mo 0O to
M.(t) = — exp=—=cos(Q, t). 13
A0 = —ZeprTeos(Qu) (13)
JETP LETTERS Vol. 76 No. 8 2002



ANISOTROPIC SPIN DIFFUSION IN A SEMICONDUCTOR QUANTUM WELL

In order to understand better the oppositelimit of strong
inhomogeneity a < L, we formaly set a = 0 in
Eq. (12). Then F = 4Dt and we get from Eq. (12)

M(r. 1 ~4DteXpD 4DtD -0

Thetemporal behavior of the spin density, given by this
equation, is distinctly different from that of the isotro-
pic spin distribution [13] (in zero magnetic field), since
the combination t/t, does not enter Eq. (14) at al.
Instead, at every point r much slower diffusive relax-
ation occurs, in particular, at the center of the laser spot
M,(c01/t). To obtain the physicaly meaningful spin
density M,(r, t), we must substitutein Eq. (12) small but
finite a = A, where A is the laser wavelength. A more
careful analysis of Eq. (12) shows that the exponential
decrease with time of the spin density at r = 0 till per-
sistsat small timest < 14a/Ly) < 14 and only then the
spin density decreases as 1/t. Thus, Eq. (14) isvalid at
al but small timest < 1.

The spin relaxation time 14 enters Eq. (14) only
through the spin diffusion length L, which determines
in this case the scale of the anisotropy variation. It is
seen from this equation that the pronounced ani sotropy
of the spin distribution appears at the distancesr = L,
from the laser spot.

The evolution of the inhomogeneous spin density is
aresult of the spin precession in the angular space and
the spin diffusion in the coordinate space. When the
anisotropy of the spin splitting is strong, the interplay
between the gradient of the spin density and the spin
precession (see the term with the operator b in Eq. (3))
leads to the unusual temporal behavior of the spin den-
sity given by Eq. (14). It isinstructive to see the tempo-
ral evolution of the total spin polarization of the QW.
Integrating Eqg. (14) over the QW plane, we obtain
immediately

cos (14

J’Mz(r ,0)dr OM expD cos(QLt) (a5)

Thus, the total spin polarization undergoes exponen-
tially decaying oscillations as in the homogeneous case
irrespective of the relationship between a and L. This
clearly demonstrates that the unusual temporal behav-
ior of EQ. (14) is a consequence of the spatial redistri-
bution of the spin density, which, in turn, arises due to
the anisotropy of the spin diffusion.

In conclusion, we have shown that in the (001)
grown zinc-blende semiconductor QW, the anisotropy
of the spin splitting, resulting from the simultaneous
presence of the bulk and structure inversion asymme-
tries, leads to the anisotropic in the QW plane spin dif-
fusion. This anisotropy manifestsitself most strongly if
the Dresselhaus and Rashba spin splittings are compa-
rable in magnitude and if the initial size of the spin
packet is much less as compared to the spin diffusion
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length. Though our calculationsrefer to the special case
of equal Dresselhaus and Rashba spin splittings, they
point to the trend of how the spin distribution changes
when the anisotropy of the spin splitting appears. To
observe the predicted behavior of the spin density given
by Eq. (14), it is advantageous to use an experimental
technique similar to that in [20], where the time-
resolved Faraday rotation in an n-doped GaAs/AlGaAs
QW was measured while applying a bias to the gate
electrode. Among other things, the gate voltage can be
used to modify the Rashba spin splitting, thereby creat-
ing the interference between Vg, and Vg, We believe
that experimental observations of the anisotropic spin
diffusion can give an additional information ontherela-
tion between Vg, and Vg,. In addition, we have shown
that the interference affects not only the anisotropy of
the spin-density distribution but also the temporal evo-
lution of the spin density at r = 0, measured at the over-
lapping pump and probe laser spots. Hence, the decay
of the spin density with time (in time resolved experi-
ments) can deviate from a purely exponential form
when the spin-relaxation rate is slow and, as a conse-
guence, the spin diffusion length is large. This should
be kept in mind when extracting the spin-relaxation
times from experimental data. We would like to draw
attention to the symmetry relation given by Eq. (7),
which is also accessible to experimental verification.
This relation is not connected with the interference of
Vgia @nd Vg, but is an inherent characteristic of the DP
spin-relaxation mechanism. Hence, it can help in the
discrimination between different spin-relaxation mech-
anisms. Asthe symmetry relation Eq. (7) is characteris-
tic for DP spin relaxation, the violation of thisrelation
would imply that DP spin relaxation is not dominant.

Thiswork was supported by the Russian Foundation
for Basic Research and by programs of the Russian
Ministry of Science.
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Normal-metal hot-el ectron bolometer with capacitive coupling (CCNHEB) isafurther devel opment of the con-
cept of a normal-metal hot-electron bolometer with Andreev mirrors (ANHEB). It was proposed to eliminate
the frequency and energy restrictions inherent in ANHEB, in which Andreev mirrors act efficiently only with
relatively long absorbers and at energies below the superconducting gap. An important advantage of the CCN-
HEB is its simple topology, in which the same tunnel junctions provide thermal decoupling, noise protection,
temperature measurement, and it can be used for electron cooling. The temperature response of the bolometer
was measured at temperatures down to 260 mK. The observed response dv/dT = 1.7 mV/K correspondsto the
sensitivity S= 0.4 x 10° V/W. The measured noise a the amplifier outeut with this sample was found to be V5
= 4 nV/HZY2, which corresponds to a noise-equivalent power of 102 W/HzY2, To measure optical response,
black-body radiation was used as a source of signal inside the cryostat. The source was a thin NiCr film sput-
tered on athin sapphire substrate and suspended by nylon threads. Optical measurements proved to be in good

agreement with the dc measurements. © 2002 MAIK “ Nauka/lInterperiodica” .

PACS numbers: 07.57.Kp

1. Topology of the samples and their fabrication.
The concept of a normal-metal hot-electron bolometer
with capacitive coupling (CCNHEB) was suggested in
[1]. The key idea of the design is that the capacitive
decoupling replaces Andreev mirrors, which are used
for the thermal insulation of an absorber from elec-
trodes in a normal-metal hot-electron bolometer with
Andreev mirrors (ANHEB). This allows one to avoid
the frequency restriction inherent in the Andreev mir-
rors, which arisesif electrons are superheated above the
energy gap. Matching of the absorber impedance at the
signa frequency is accomplished through the same
capacitors that provide a high potential barrier for hot
electrons. For a planar complementary antenna on the
silicon substrate, the impedance can be estimated by
the formula Z,,, = 377[2(1 + €)]¥2 = 80 Q. The bolom-
eter impedance is the sum of capacitive, inductive, and
resistive components connected in series.

2 .
Z,, = — +iwL +R. 1
bol = TG W 1

For the planar antenna with real impedance, the induc-
tance of the absorber stripe can be counterbalanced by
the tunnel junction capacitance. For an absorber length
of 10 um, Z, =20 Q at 300 GHz, therequired capacitive
impedance is 30 fF, which can easily be abtained with
tunnel junctions of size 1 x 0.5 um?. As a result, an
additional band-pass filter forms, which additionally
reduces the undesirable action of the thermal back-

ground radiation. Simultaneously, the same tunnel
junctions act as temperature sensors and provide elec-
tron cooling, similar to the Peltier effect in semiconduc-
tors.

Samples were prepared on silicon substrates of size
7 x 7 mm with 16 contact pads. Each chip included six
CCNHEB structures, of which one was integrated with
a log-periodic antenna, four integrated with double
dipole antennas for central frequencies of 300 and
600 GHz, and one test structure with two additional
tunnel junctions was designed for measuring tempera-
ture along the absorber stripe (cf. microphotograph in
Fig. 1). The contact pads and antennas were fabricated
by UV lithography and sequential thermal evaporation
of 10-nm Cr, 40-nm Au, and 10-nm Pd layers. The
structure of bolometer was formed in a single vacuum
cycle by direct electron-beam lithography and shaded
evaporation at different angles through a double mask
made from PMMA and COPOLY MER photoresists. In
so doing, 60 nm Al was evaporated, oxidized for 2 min
in oxygen at apressure of 10! mbar, after which adou-
ble-layer Cr/Al film was evaporated at adifferent angle.
The normal metal film in the bolometer was 8 um long,
0.2 um wide, and 80 nm in thickness. The resistance of
the bolometers with double-layer films consisting of
50 nm Cr and 10 nm Al was about 100 Q, which was
close to the optimal resistance of both log-periodic and
double dipole antennas. The results of measuring with
a sample containing 50% chromium and 50% alumi-
num are also presented for comparison. The capaci-

0021-3640/02/7608-0507$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Microphotograph of a bolometer chip with 16 con-
tact pads and six CCNHEB structures. Log-periodic
antennaiis at the center; two double dipole antennas for the
central frequency 300 GHz are on the right and two anten-
nas for 600 GHz are on the left and at the bottom.

tance of tunnel junctionswas about 3 fF, so that, for two
capacitors connected in series, 100 Q of bolometer, and
intrinsic inductance, the resonance frequency was
about 250 GHz.

2. Experimental results. The samples were placed
on aflat surface of a hyperhemispheric sapphire lens
that was mounted on the He3 evaporator of a closed-
cycle absorptive cryo cooler (see [2]). The cryo cooler
was mounted on the cold plate of a helium cryostat
(Infrared Labs [3]) with optical window. Liquid helium
vapor was pumped until a temperature of 1.7 K was
reached. The minimal temperature in the system was

4or T=1500 mK
%g 20} 352
- L 7
5 0 260 MK
=
O 20
—40
| | 1 | ! | 1 |
04 02 0 02 04

Voltage (mV)

Fig. 2. Current-voltage characteristics of bolometer, as
measured at temperatures from 260 mK to 1.5 K.
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260 mK. Figure 2 presentsthe |V curvesfor one of the
samples. These dependences can be used to obtain the
temperature dependence of voltage and the sensitivity
dVv/dT at different temperaturesand dc currents (Fig. 3).

To determine the bolometer sensitivity and noise for
areal microwave signal, a black-body radiation source
with modulated temperature (Haller-Beeman Assoc.
Inc.; see[4] for detail) was used asasignal source. The
source was athin NiCr film sputtered on athin sapphire
substrate suspended by thin nylon threads. On passing
current through the film, it is heated and starts to radi-
ate. The source was mounted on the cold plate of acry-
ostat at the base temperature of 1.7 K, and its output
horn was directed toward the lens with CCNHEB
placed at a distance of several centimeters from the
source. After applying a power of several milliwatt
from the power supply, aradiation with equivalent tem-
perature of up to 100 K arises. The source is capable of
producing modulated signals over a wide frequency
range. The dependences of the bolometer response on
the bias voltage, as measured in the temperature varia-
tion regime (Fig. 4, curve DVT) and for the built-in
radiation source (curve DV 249 mV), demonstrate a
reasonable agreement with the theoretical estimates.

To estimate the NEP, low-freguency noise was mea-
sured at the bolometer output. The frequency depen-
dence was measured for the voltage fluctuation spectral
density, and the noise dependence on bias voltage was
measured at severa frequencies. In the sample with
50 nm chromium and 10 nm aluminum, the noise of
bolometer and amplifier at the operating point with
maximal response was 4 nV/Hz"2. The dependence of
noise spectral density on biasvoltage in the white-noise
region is shown in Fig. 5 for the sample with 30 nm
chromium and 30 nm aluminum. It follows from these
measurements that the noise spectral density in ampli-
fier can be put equal to 3 nV/HzY2, which corresponds
to the specifications of an OP27 operational ampli-

0.4 20 nA
dVidT = 0.65 mV/K
L 15nA

S 03k 10 nA
£
© L
%D SnA
2 0.2F 1.2

I 1.7

0.1_ | 1 | 1 | L 1 I | I
260 280 300 320 340 360
T (mK)

Fig. 3. Temperature dependences of the voltage on bolome-
ter for various bias currents.
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100F

L —o— DV 249 mVv
—~V= DVT

Voltage (uV)

-0.2 0 0.2 0.4
Bias voltage (mV)

Fig. 4. CCNHEB voltage response (curve DV T) to achange
in temperature and (curve DV 249 mV) to the black-body
radiation.

fier—bolometer with an amplifier at the operation point
of 200 pV at alevel of 6.5 nV/HZY? for 3 kHz and
higher, and 8.5 nV/Hz¥2 for 1 kHz.

High response for the samples with double-layer
absorber filmsisdifferent from the value predicted by a
simple theory for SIN (superconductor—insulator—nor-
mal metal) gauge and may be due to the influence of
electron cooling.

3. Discussion of results and estimate of the
CCNHEB sensitivity. The theoretical values of
response for the SIN junction can be obtained using the
simple analytic expression

k 1.76Tq . . reV
A /11TTCexpE—7dasnhEi—TE, )

which gives a good agreement with experimental data
for the SIN junction with a purely chromium absorber.
Thisexpression can be used to determine maximal tem-
perature response for the SIN junction at various ambi-
ent temperatures. For our base temperature of 270 mK,
a single junction should have a response of about
0.5 mV/K; to increase it twofold (to 1 mV/K), electron
temperature should be 163 mK. The experimentally
observed high values of response can be explained by
the combined action of two mechanisms: electron cool-
ing and increase of the junction nonlinearity due to the
proximity effect, so that it should be considered as an
SINS structure, which approaches the SIS* (supercon-
ductor—insulator—superconductor with reduced gap)
structure in the zero-temperature limit.

The noise in a structure consisting of two tunnel
junctions connected in series can be calculated using
JETP LETTERS  Vol. 76
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Fig. 5. Dependence of the noise in the range 1-10 kHz on
the bias voltage on a bolometer with 30 nm chromium and
30 nm aluminum. At biases higher than 500 uV, noise is
restricted by the amplifier.

the following simple expression for the current fluctua-
tion spectral density in asingle junction:

R [DKTLY

To obtain voltage fluctuations, one should multiply
this expression by the dynamic resistance of junctions.
It can be found from Eqg. (2). The calculated depen-
dences of the dynamic resistance and noise on the bias
voltage proved to be close to the measured depen-
dences.

In our first experiments [5], the values of the limit-
ing CCNHEB parameters (NEP = 2.5 x 1071 W/HZY?)
were far from the theoretical estimates, because we
used non-optimal samples leading to a high noise level
in the subsequent signal amplifier. In this work, the
slopedV/dT = 1.7 mV/K was obtained for the M F46p6-
16 sample at 260 mK. When estimating the voltage
response S = dV/dP = (1/G)dV/dT, we used the values
for the heat conduction G = dP/dT = 3ZvT#, character-
istic constant of material £ =2.5x 10°W m—= K= (mea-
sured in a separate experiment with ANHEB samples
calibrated against the dissipated power of a dc power
supply in a copper film; for the samples with double-
layer absorber films, an additional detailed study is
needed for the temperature dependence of the charac-
teristic constant of material), and sample volume n =
8 x 1072 m3, which gives G =5 x 25 x 10° x 8 x
10720(0.256)* = 4.3 x 102 W/K and S= 1.7 x 10%(4.3 x
107%) = 0.4 x 10° V/W. For the output noise of bolom-
eter and amplifier, V., = 4 nV/HZY?, the NEPis V,/S=
6 x 1018 W/HZzY2. An example of the measured NEP is
presented in Fig. 6. In the absorber film consisting of
normal and superconducting layers, all hot electrons
are concentrated in the normal metal film because of the
Andreev reflection. Thisreduces effectively the volume

sV) = 2&Y coth2EVD 3)
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Fig. 6. Noise-equivalent power measured for the sample
with 30 nm Cr and 30 nm Al in the absorber film.

and, correspondingly, enhances the volt—watt sensitiv-
ity. The gain is caused by the effective decrease in the
volume of norma metal, the proximity effect, the
Andreev reflection, and the electron cooling. Animpor-
tant advantage of a high response is that the require-
ments to the subsequent amplifier become less strin-
gent.

The electrical NEP presented above should be com-
pared with the optical NEP measured using black-body
radiation. For the MF46p6-16 sample with a log-peri-
odic antenna, the radiation linewidth was found to be 5°
inthe E plane and 30° in the H plane. A decrease in the
source radiation temperature was n = (3/46)(3/7.7) =
1/40. Moreover, one should take into account the reflec-
tion loss at the vacuum/insulator interface, the imped-
ance mismatch, the degree of blackness of the black-
body source, the mismatch in the direction of antenna
major lobe, and the side lobe | oss, which altogether add

TARASOV et al.

no less than 10 dB additional loss. As aresult, the radi-
ation weakens more than 400 fold. The received radia-
tion power AP = nkAT Af = 10® W and a response
slope of 0.4 x 10°V/W should provide avalue of 40 uVv
for the voltage response. The value of 20 uV measured
for the voltage response to the black-body radiation is
in a good agreement with the measured value.

4. Conclusions. Normal-metal hot-electron bolom-
eter with capacitive thermal insulation integrated with
planar submillimeter wave antennas have been
designed, fabricated, and experimentally investigated.
The electrical sensitivity was as high as 1.7 mV/K, the
response S = 0.4 x 10° V/W, and the noise-equivalent
power was 10~ W/HzY2, The measured response to the
black-body radiation is in good agreement with the
noise-equivalent electrical power measured at various
temperatures. The results obtained give evidence for
the efficient operation of the bolometer with capacitive
thermal insulation.

This work was supported by the STINT, KVA, VR,
and INTAS (grant nos. 01-686, 00-384).
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The inelastic light scattering technique is used to study the spectra of intraband excitations of the quasi-two-
dimensiona electron system in GaAS/AlGaAs double quantum wells. A new collective mode, namely, the
acoustic plasmon, is discovered and investigated. The dispersion law of the acoustic mode and its dependence
on the electron density are measured. It is shown that, in a perpendicular magnetic field, a hybridization of the
acoustic plasmon with the cyclotron mode takes place. The properties of the hybrid acoustic magnetoplasma
collective excitations are studied. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers: 73.21.Fg; 73.20.Mf; 78.66.Fd

The development of semiconductor heterostructure
technology has made it possible to fabricate samples
with parallel 2D electron channelslocated closeto each
other. An example of such structures are the double
guantum wells (DQWS), in which two interacting elec-
tron—electron or electron—holelayers are separated by a
barrier of width d. It has been predicted that the inter-
layer electron—electron interaction strongly affects the
electron energy spectrum in the integer and fractional
guantum Hall effect [1, 2], gives rise to fractions with
even denominators|[3], and increases the stability of the
Wigner crystal state [4]. Accordingly, the collective
excitation spectrum of a DQW ismaodified as compared
to the collective excitation spectrum of a single quan-
tum well (SQW).

The collective excitation spectrum of a DQW con-
tains two plasma modes associated with the in-phase
(an optical plasmon, OP, with the square-root disper-
sion law) and antiphase (an acoustic plasmon, AP, with
alinear dispersion law) oscillations of charge density in
the DQW layers. The properties of the AP and OP were
studied in many theoretical publications [5-7]. For
example, the Coulomb interaction determines the dis-
persion of the AP mode [8], and both types of excita-
tions, AP and OP, are essential for the interpretation of
the Coulomb drag effectsin double-layer structures[9].
It is expected that, unlike the plasma oscillations of a
2D electron gasin asingle quantum well, the low-lying
AP ismore sensitive to the Landau damping [8, 9], i.e.,
to the energy transfer from the plasmon (the coherent
mode) to asingle-particle excitation (SPE). In addition,
in such a structure, the acoustic plasmon may be
involved in the mechanism of high-temperature super-
conductivity [10].

Theinelastic light scattering spectroscopy (ILS) isa
powerful instrument for studying the energy spectra of

low-dimensional systems. In contrast to the transport
measurements, which imply averaging over all wave
vectors[11], the IL S technique provides the determina-
tion of the plasmon energy in a DQW as a function of
the wave vector. However, since the practical imple-
mentation of thistechniqueinvolves certain difficulties,
the number of experiments devoted to studying the APs
in two-component semiconductor systems is fairly
small [12, 13].

This paper reports on the ILS study of the intraband
excitation mode, namely, the acoustic plasmon, in dou-
ble electron systemswith aspatial charge separation. In
addition, the behavior of this mode was investigated in
an external magnetic field oriented normally to the well
plane, the magnetic field giving riseto ahybrid acoustic
magnetoplasmon collective excitation. The purpose of
the study was to identify the AP line in the collective
excitation spectrum of the electron system, to measure
the dispersion of this excitation, and to reveal theinflu-
ence of such parameters as the electron density in the
wells, the distance between the quantum wells, and the
magnetic field.

Experimental. The experimentswere performed on
three high-quality samples grown by molecular—beam
epitaxy (MBE) so that each sample represented two
GaAs quantum wells separated by an Al ;Ga, ;AS bar-
rier. The barrier width was different in different sam-
ples, and the wells were symmetrically doped with a Si
o-layer. Structure (A) isa DQW (see the upper inset in
Fig. 2) with the 260 and 300 A wide wells and a50 A
wide barrier (260/50/300). Structures (B) and (C) are
DQWs with the parameters 250/180/250 and
200/25/200, respectively. The electron mobility
exceeded 10° cm?/V sin all structures. The photoexci-
tation of the system was performed by a tunable Ti/Sp
laser, which had the photon energy within 1.545—

0021-3640/02/7608-0511$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Photoluminescence spectra measured for the
200/25/200 DQW in zero magnetic field with (a) equal and
(b) unequal electron concentrations in the two wells. Plots
(c) and (d) represent the “fans’ of Landau levels for cases
(@) and (b), respectively. The arrows indicate the Fermi
energy and the position of the bottom of the ground subband

of dimensional quantization Eg; in case (a), Eé = Eg ==

and, in case (b), Eg # E5.

1.570 eV and the characteristic power density W= 0.1—
1W/cm?, and by aHe-Nelaser with a photon energy of
1.958 eV (W= 0-0.01 W/cm?). The high quality of the
samples was indirectly confirmed by the fact that the
widths of the spectral lines obtained from the inelastic
light scattering spectra and from the photolumines-
cence spectra reached 0.15 meV. The spectral instru-
ment was a T64000 triple monochromator, which, in
combination with a CCD camera, provided a spectra
resolution of 0.02 meV. The measurements were car-
ried out at temperatures within 1.54.2 K, in magnetic
fields from O to 10 T, in the Faraday geometry. Part of
the polarization measurements were performed in an
optical cryostat. For the measurements, a two-wave-
guide scheme was used [14]. One waveguide served for
photoexcitation, and the other, for the detection of the
ILS and photoluminescence signals. In recording the
ILS spectra, the positions of the waveguides with
respect to the sample surface determined the quasi-
momentum transferred to the system. The concentra-
tion of 2D electrons (n) in each of the two wells was
measured by the standard method, from the lumines-
cence spectrain a perpendicular magnetic field [15]. It
was found that, in the case of the intrawell illumination
(without He—-Ne), the el ectron concentrationsin thetwo
wells coincided and thetotal concentration wasequal to
6.2, 3.8, and 7.2 x 10'* cm for samples (A), (B), and
(C), respectively. In addition, it was found that, in sam-
ple (C), the 2D electron concentration could be con-
trolled by varying the conditions of continuous photo-
excitation. Namely, the sample illumination with light
whose photon energy exceeded the width of the
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Fig. 2. AP dispersion measured for the 260/50/300 DQW

with acarrier concentration of 3.1 x 101 cm™in each well:
the empty circles represent the experiment and the dashed
line illustrates the theory. The upper inset is a schematic
representation of the DQW. The lower inset shows the
inelastic light scattering spectra measured with two polar-
izer configurations for different quasi-momenta k in zero
magnetic field.

AlGaAs band gap (the barrier-type photoexcitation)
reduced the quasi-equilibrium concentration of 2D
electrons in the channel the stronger the greater the
light power density was. The mechanism of this effect
issimilar to that discovered and investigated previously
for single heterojunctions [16]. The interval of the con-
centration variation in the 2D channel was mainly
determined by the doping impurity concentration in the
barrier (in our case, it wasthe Si d-layer). The source of
the control illumination was the He-Ne laser whose
power density on the sample was varied from 0 to
0.01 W/cm?, and the corresponding variation of the
total carrier concentration in sample (C) was between
7.2 and 2.3 x 10" cm. The concentration variations
were different in the two channels of the DQW (owing
to thefinite depth of light penetration). However, aswas
mentioned above, we could measure these concentra-
tions independently. It should also be noted that, for all
three samples, a stationary photoexcitation by the
pumping Ti/Sp laser, whose photon energy was less
2002
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than the AlGaAs band gap width but greater than the
GaAs band gap width, did not noticeably affect the
electron concentration in the whole range of power
densities used in the experiment.

Figure 1 shows the spectra of the recombination
radiation of 2D electrons and photoexcited holes. The
spectrawere measured for the 200/25/200 DQW at the
temperature T = 4.2 K in zero magnetic field. The pho-
toexcitation was performed by the Ti/Sp laser aone
(Fig. 18) and by the Ti/Sp and He-Ne lasers simulta-
neousy (Fig. 1b). The first case corresponds to equal
concentrationsin the two wells, and the second case, to
different concentrations (their values are indicated in
the plot). Figures 1c and 1d present the “fans’ of Lan-
dau levels obtained for these two cases as a result of
processing a series of photoluminescence spectrain a
perpendicular magnetic field. It should be noted that the
photoluminescence and ILS spectra were recorded
sequentialy in the same experimental setup, without
changing any external parameters. This guaranteed the
one-to-one correspondence between the collective
excitation energies of the 2D electron system, which
were measured from the ILS spectra, and the 2D elec-
tron concentrations obtained from the photolumines-
cence spectra.

The lower inset in Fig. 2 presents the spectra of
inelastic scattering of light that were measured for the
260/50/300 DQW. In the spectral range shown in this
inset, one can see a dominant line denoted as AP in
Fig. 2. To separate the ILS signal and the signal of hot
luminescence (from the quantum well or from the
GaAs substrate of the sample), which may occur inthis
spectral range, the ILS spectra were recorded for a
series of different values of the pumping photon energy.
In these records, the spectral position of the hot lumi-
nescence lines should remain unchanged while the
position of the ILS lines should vary with varying
pumping photon energy (the Raman shift RS = const).
This property together with the dependence of the posi-
tion of the line on the quasi-momentum transferred to
the 2D system (this dependence must be absent for the
hot luminescence lines but is evident in the inset)
allowsauniqueidentification of theAPline observed in
the spectrum as the line of inelastic light scattering by
the excitation of the 2D electron system. To determine
the nature of the AP line, we performed polarization
measurements to revea its degree of polarization.
Between the sampl e and the waveguides, we placed two
linear polarizers, so that they could be either crossed or
parallel. According to the selection rules, the mode that
can be observed in the ILS spectrum with parallel
polarizers and cannot be seen with crossed polarizers
represents a charge excitation of the system; in the
opposite case, the mode corresponds to the spin excita-
tion [17]. In the lower inset of Fig. 2, the spectra mea-
sured with parallel polarizers are shown by the solid
lines and the spectra measured with crossed polarizers,
by the dashed lines. As one can see, the line under
investigation is present only in the spectrum obtained
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with parallel polarizers and is completely absent in the
crossed polarizer configuration. Thus, we can conclude
that this line is associated with the charge excitation of
the electron system. The empty circlesin Fig. 2 present
the dependence of the Raman shift of the AP lineonthe
guasi-momentum transferred to the system in the pro-
cess of the inelastic scattering of light. One can see that
this dependence is close to linear. An acoustic plasmon
in the DQW is characterized by alinear dispersion law
in the region of small quasi-momentak < 1/d [18]. In
zero magnetic field, its energy as a function of carrier
concentration, quasi-momentum, and distance between
the wellsis described by the expression

2
2 ek
w = n,+n
P 2€€0m|:|( 11+ Ny)
- D
11 nn, _2kd
X[Z 24/1 (n1+n2)(1 © )}

where e is the electron charge, Kk is the quasi-momen-
tum in the quantum well plane, m* = 0.067m, is the
effective mass of 2D electrons, e is the dielectric con-
stant of the medium, n, and n, are the charge densities
in the first and second wells, and d is the effective dis-
tance between the layers. In the case of small quasi-
momenta, when n; = n,, this formula takes the form

Wap = (€2K2dn,)/(2eeom*) ~ K2 From Eq. (1) with the
parametersd = 330 A (the distance between the centers
of thewells) and n, = n, = 3.1 x 10 cm (the concen-
trations determined from magnetoluminescence mea-
surements), we can calculate the theoretical depen-
dence of the AP energy on the quasi-momentum for the

260/50/300 DQW. The result of this calculation is
shown in Fig. 2 by the dashed line.

As was mentioned above, for the 200/25/200 DQW
sample, it was possibleto vary the carrier concentration
in both wells by a wesak illumination from the He-Ne
laser. This allowed us to measure the dependence of the
energy of the AP mode under investigation on the total
carrier concentration in the two layers and to compare
it with the theoretical calculation by Eq. (1). The inset
in Fig. 3 presents the IL S spectra measured in the par-
ale polarizer configuration at k = 1.17 x 10° cm™.
Case (@) corresponds to the minimal carrier concentra-
tion, and case (c), to the maximal one. From this plot,
one can see that an increase in the electron concentra-
tion shifts the line toward higher energies. The experi-

mental points and the dependence of the energy on ./n
(n=n; +n,isthetotal 2D electron concentration intwo
layers) calculated by Eq. (1) are shown in Fig. 3. The
dashed line represents the theoretical curve calculated
for equal carrier concentrations in the two wells (n, =
n,), and the solid line showsthe curve calculated for the
concentration values that were obtained from magne-
toluminescence measurements (n; # n,). The close
agreement of the experimental dependences of the AP
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Fig. 3. Dependence of the AP energy on ./n, wherenisthe
total electron concentration in two wells. The dependenceis
measured for the 200/25/200 DQW at afixed quasi-momen-

tum value k = 1.17 x 10° cm™L. The theoretical curves are
shown by the dashed line (for n; = ny) and by the solid line

(for ny and n, obtained from the experiment). The inset pre-
sents the inelastic light scattering spectra for () ny = 7 x
10 cm? and n, = 1.6 x 10 cm?; (b) ny = 1.8 x 10M cm™
andn, = 25x 10" cm™; and () n; = n, = 3.6 x 10 cm ™.

energy on k and on ./n with thetheory allows usto con-
clude that the AP line observed in the experiment cor-
responds to the inelastic light scattering by an acoustic
plasmon in the two-layer electron system. An optical
plasmon in such asystemin the small quasi-momentum
region must have a square-root dispersion law. A line
with the corresponding properties was al so observed by
usinthe ILS spectra. This line occurs in another spec-
tral range (a Raman shift of about 6-10 meV), and its
study is the subject of another paper [19].

The next step in the determination of the properties
of the acoustic plasmon was the study of the behavior
of the AP mode in the external magnetic field oriented
normally to the well plane. In these conditions, the col-
lective excitation spectrum of the system should be
noticeably modified. In particular, the AP mode should

TOVSTONOG et al.

AMP (b) AMP

Raman shift (meV)

B (T)

Fig. 4. Dependence of the energy of the hybridized acoustic
magnetoplasma mode on the perpendicular magnetic field
(empty circles) measured for the 200/25/200 DQW at k =

1.17 x 10 cm™ (8) ny = ny = 3.6 x 10 cm™; (b) ny =
1.4 x 10 cm™ and n, = 2.2 x 101 cm™. The solid lines

show the dependences of the cyclotron electron energy E =
Nho, on magnetic field for N = 1, 2, and the dashed lines

show the results of the calculation by Eq. (2).

be transformed into a hybridized acoustic—magneto-
plasma (AMP) mode as aresult of theinteraction of the
AP mode with the cyclotron mode. Asisshownin[19],
in a perpendicular magnetic field, the energy of such a
modein aDQW with different typesof carriers (m, zm,
and n; # n,) is described by the following expression
obtained in the framework of classical electrodynam-
ics:

2 2 2 2
wpl + (*)pz + (")cl + U)cz

2 _
Wap = > ,
2 + wz + w2 + (1)2 2 ( )
_/\/g’opl p22 cl c% +w21w%2e_2kd1
where w5, = (€nK)/(2cegm) and  wh, =

(enk)/(2ee,my,) are the energies of 2D plasmons with
the electron concentrations n, and n, in the individual
layers in zero magnetic field, and w, and w,, are the
cyclotron frequencies. Since, in the case under study,
both wells contain carriers of the same type, namely,
electrons (m; = m, = m*), we have wy = Wy, = eB/m*.

We measured series of ILS spectrain a perpendicu-
lar magnetic field for all three samples and for different
values of the quasi-momentum transferred to the sys-
tem. For sample (C), we also measured the spectra for
different concentrations of 2D electrons. The empty cir-
clesin Fig. 4 show the dependences of the energy of the
AMP mode on magnetic field that were obtained from
the ILS spectrafor sample (C) in the case of equal car-
rier concentrations in the two wells (n; = n,, the sym-
metric case, Fig. 4a) and in the case of unequal concen-
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trations (n, £ n,, the asymmetric case, Fig. 4b). Theval-
ues of these concentrations and the value of the
transferred quasi-momentum are specified in the figure
caption. The solid lines represent the dependences of
the cyclotron electron energy E = Nhow, (for N =1, 2)
on magnetic field. From Fig. 4a, one can see that the
energy of the acoustic magnetoplasmon (Eayp) a small
fields B is equal to the AP energy at B = 0. Asthe mag-
netic field grows, Eaypincreases and, at large values of
B, reaches the cyclotron energy (hw,). In the second
case (n, # n,, Fig. 4b), in zero magnetic field, Eapyp iS
shifted to lower energies, and with increasing B,
increases and tendsto hw,, asin the case of n; =n,. The
dashed lines in Figs. 4a and 4b show the results of
numerical calculations for the dependence of the
energy of the AMP mode on magnetic field by Eq. (2)
with the use of the parameter values taken from our
experiment. The only fitting parameter was the effec-
tive distance between the layers d. The closest agree-
ment was obtained for d = 25 A, which exactly coin-
cides with the distance between the well centersin the
200/25/200 DQW.

Thus, using the inelastic light scattering technique,
we measured the dispersion law for the acoustic plas-
mon in double quantum wells and determined the mod-
ification of this spectrum with varying electron concen-
trations in the wells. In addition, we investigated the
hybridization of the cyclotron and plasma modes in a
perpendicular magnetic field and established that the
magnetic-field dependence of the AMP energy is ade-
quately described by expression (2) obtained in the
framework of classical electrodynamics.

Thiswork was supported by the Russian Foundation

for Basic Research and by the Program “Physics of
Solid-State Nanostructures.”
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A system of spatially separated interacting excitons and electrons is considered. The formation of a spatially
indirect trion in this system is investigated. The asymptotic behavior of the binding energy of this charged
many-particle complex is determined in the limits of large and small layer separations. The variation of the
binding energy due to screening by the 2D electron gasis calculated. The bound state of the spatially separated
exciton and electron is shown to disappear from the collective excitation spectrum at a certain threshold con-
centration of 2D electrons. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers; 73.20.Mf; 71.10.Ca

Charged quasiparticles in a semiconductor, i.e.,
electrons and holes, can form different bound com-
plexes, neutral or charged, which also represent ele-
mentary excitations in the semiconductor [1-6]. In
recent years, the interest in these problems has quick-
ened in connection with the studies of charged collec-
tive excitationsin atwo-dimensional (2D) electron gas.
For example, a negatively charged complex of three
guasiparticles called a trion (X°) in a single quantum
well (QW) has been the object of many theoretical and
experimental studies [6-13]. The problems concerned
with such objects are more complicated than in the case
of two-particle neutral complexes—excitons. This
occurs because of the lack of the possibility to com-
pletely separate the motion of the center of mass from
the relative motion in the Schrodinger equation. There-
fore, a special formalism was developed for solving
three-particle problems [6-11], which made it possible
to some extent to elucidate the properties of charged
complexes. The appearance of high-quality structures
with double quantum wells gave rise to a new set of
problems related to the properties of complexes of spa
tially separated particles: a spatially indirect exciton, a
trion, etc. Indirect trions had already been studied ear-
lier [14, 15]. It has been shown that, at sufficiently low
temperatures and small layer separations, the formation
of abound state of an exciton with an electron is possi-
ble. However, the presence of an electron (or hole)
channel in the structure leads to screening of the Cou-
lomb interaction. In this connection, the present paper
investigates the binding energy and the behavior of a
bound trion complex in the presence of the 2D electron
gas.

To study the formation of a spatially indirect trion,
we follow the formalism used earlier for describing a
spatialy direct trion and employ the methods of evalu-
ating the electron—exciton polarization interaction at
large distances. We consider asystem of two layers sep-
arated by a distance D along the z axis. One layer con-
tains a two-dimensiona exciton with a characteristic
size ag = eh?/2u€?, and the other contains the electron
gas. Ignoring the tunneling, we investigate the behavior
of this system of spatially separated electron and exci-
ton for the case of asmall layer separation (D < ag) and
for a large one (D > ag). We caculate the binding
energy of the trion as afunction of D and consider the
disappearance of the bound state as a result of the
screening by the 2D electron gas.

First, we consider the case of a large layer separa-
tion D > ag (the upper inset in Fig. 1a). Inthe adiabatic
approximation, when the binding energy of a direct
exciton is much greater than the energy of the interac-
tion of this exciton with an electron from the other
layer, the Hamiltonian of this system can be repre-
sented in the form

- 72 72

H=—oml oM

A+U(ry, 1, D) +E(X), (1)

where E(X) is the energy of the relative motion of the
exciton;

2
U(ry, 15, D) = Y vy=2£

((ri—rp)?*+D)” 2¢
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is the polarization interaction of an isolated electron
with an isolated exciton when the exciton radius is
much smaller than the distance D between the layers,
and a isthe polarizahility of atwo-dimensional exciton

in the ground state: o = 21a3/16 (see, eg., [16]).
Hence, the parameter y involved in the expression for

the effective interaction energy in the electron—exciton
system is expressed as

Y=
Here, € isthe dielectric constant of the medium; M, =
(m, + m,) is the total exciton mass; and m, = 0.067m,

and m, = 0.26m, are the effective electron mass and the
effective hole mass in the plane.!

Changing to the coordinates of the relative motion
and of the trion center of mass, we represent the Hamil-
tonian in the form

— 3 TEX), (3

where M, = Mg, + m, and py, = MgimJ/(Mg, + mg). The
binding energy of the trion (X°) is determined from the
Schrodinger equation

HaW(r, D) = Eg(X)W(r, D), (4)

2
where Ay = —J— A — 2y
2l (r + DZ)

of the relative motion of the trion.

is the Hamiltonian

2

We first consider the asymptotic behavior of the
solution for large values of D (D —» ). For this pur-
pose, we represent the exciton—electron interaction asa
sum of two components:

2yr2
u(r, D) = Y Y 2y (5)
[r+ D2]2 D* D°

Now, the problem is reduced to an oscillatory solution.
Asaresult, we obtain

E = —-gz+ﬁ(o(n+ 1), (6)

where w = D% /LDZ . The complete solution to prob-
M

lem (4) requiresanumerical calculation. Therefore, for

Lin this paper, we use the values of al parameters for
GaAg/AlGaAs-based QW, ag = 63.8 A and e = 12.86.
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Fig. 1. (8) Binding energy Eg of atrion formed by the spa-

tially separated electron and exciton in a GaAsAlGaAs-
based double-layer system as afunction of the layer separa-
tion. The solid linerefersto the case D > ag, and the dashed

line, to D < ag. The upper and lower insets schematically
represent the system in the cases D > ag and D < ag,
respectively. (b) The dependence of the trion binding energy
on the layer separation for large D > ag — Eg = yID*.
The dependence is obtained by the numerical calculation
(the solid line) and analytically by Eq. (6) (the empty
sguares).

this differential equation, we use the finite-difference
scheme

1 Ar 2.0 O
Wi = i+ ——(Ar)" fe-W¥,_0O,
| 1+ED I% rl [ 1 D
fi
2U,Y 2u,a5 (7)
= St Ee(X),
hag(ri +d°) h
r
n=—, d= 2,
ag ag
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Fig. 2. (a) Trion binding energy Eg(X") asafunction of the
concentration Ng of the 2D electron gas for the layer sepa-

ration D = 200 A. (b) The critical parameter rg =

1/ag, /21N, a which the bound state of the spatially sep-

arated exciton and electron (the trion X7) disappears from
the spectrum, as a function of the layer separation D. The
screening effects are taken into account in the random phase
approximation.

with the initial and boundary conditions (since
oW le_wo
or| -o Ar

=0,wehave W, =¥,=1)

Y,=1, ¥, =1, Y ,=0. (8)
The result of the numerical calculation of the trion
binding energy as a function of the layer separation is
shownin Fig. 1a(the solid line). The asymptotic behav-
ior of the X~ binding energy obtained from Eq. (6) is
shown in Fig. 1b (the empty squares). One can see that
this result agrees well with that obtained from the
numerical solution of Eq. (7) (the solid linein Fig. 1b)
and confirms that the asymptotic behavior of this

dependence has the form of 1/D* for D — . Using

KULAKOVSKII, LOZOVIK

the known relation [HH/AN = E/OA, where ) is a
parameter, we arrive at the inequalities dE5(X")/0D < 0
and 9%Eg(X")/0D? > 0 for D > ag. This means that the

trion binding energy is a decreasing concave function
of D, which isclearly demonstrated in Fig. 1.

In amany-particle system of excitons and electrons,
the bare interaction U(r, D) should be replaced by the
effective one U(r, D) (the screened interaction). For a
two-component system of interacting particles, the
effective interaction in the momentum representation
has the form

Ueff(q! D)
_ U(q, D) C)
1+ M,V + MRV, + 1M,(V,V, - U(g, D)%)

Here, V; is the energy of interaction between the parti-
cles of the ith kind, U(g, D) = -y(t/D)K,(gD) is the
Fourier transform of the interaction between an elec-
tron and an exciton (K;(2) isthe Macdonald function of
thefirst kind), and N, isthe pol arization operator for the
particles of theith kind (i = 1, 2). In our case, i = 1 cor-
responds to excitons and i = 2, to electrons. When the

exciton density islow, i.e., Nlaé < 1, the contribution
of electrons to the effective interaction predominates,
which allows us to take into account only this interac-
tionin Eqg. (9):

Ugi(g, D) = J@.D)

1+M,V,’ (10)

where M, = (M3 1 - ©(q — 2k) 1 - (2ke) /0]
is the polarization operator in the random phase
approximation at T = 0 [17, 18] (k- = /2TIN, is the
Fermi wave vector) and V, = 21e?/eq. Once the expres-
sion for the screened potential is determined, we return
to Eq. (7). The result of its solution for the screened
electron—exciton interaction (10) is the dependence of
the trion binding energy on the concentration of the 2D
electron gas for the layer separation D = 200 A
(Fig. 28). One can clearly see that Eg(X) varies in a
threshold manner and, for the concentrations of the 2D
electron gas N, ~ 10'° cm2, the bound state of the spa-
tially separated electron and exciton disappears from
the spectrum.?

2 Note that the calculation performed for a specific D does not
restrict the generality of the result. For any D satisfying the con-
dition D > ag, the results will be similar to those reported here
with the only difference that, asthe layer separation increases, the
2D electron concentration at which the trion collapses also
increases because of the decrease in the efficiency of the screen-
ing of this bound state by the electron gas (see, e.g., [19]).
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Now, let us consider the case D < ag (see the lower
inset in Fig. 1b). The interaction in the system has the
form

e? e?
U(ry, ry ¢,D) = -

€ 2y D2

) ’ (11)
N e

eJrf +r5+D*=2r,,/r5+ D’cos

where the first two terms determine the interaction of
electrons with the hole and the | ast term determines the
interaction of electrons with each other. We consider
this system by analogy with an H- atom, in the Born—
Oppenheimer approximation. As the zero approxima-
tion, we use the Hamiltonian of two noninteracting
excitons:

2 2 2 2
|:|o=—;L— rl—i—g— m——. (1)
W e AT

The solution for a direct exciton is a hydrogen-like
spectrum and the corresponding wave functions.
Hence, for the ground state (1S), we have

1 (+iap) _ 2ué’
—38 vee , ElS =53
IT[aB h'e

We transform the interaction in an indirect exciton by
using the small parameter D/ag:

e’ _ e’
E/Vr§+D2 er, |1+ EEDZ
U ES (14)
e’D?

2 2 2

€ D°| _ &€
D?[l——z} T
2 2r, 2

P,gry) = (13)

2€rg

Thus, in this case, we can apply perturbation theory. In
the zero approximation, we have a hydrogen-like spec-
trum, asin the case of Eq. (11). To calculate the correc-
tions to the 1S state, it is necessary to perform the pro-
cedure of writing the adequate functions of the zero
approximation, because al states starting fromn =2 are
degenerate with respect to the total orbital moment
[20]. For the states 2S and 2P, we obtain the following
adequate functions of the zero approximation:

W, = CrPos+ Cogp, (15)
Py = C1Past CoPgp (16)
with the energy eigenvalues
1
Eaw) = Eas+ Q[Wzs 25+ Wop 5p £ AW], 17)
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where
O W. W. W. gljz
— 25 2P 2525~ YWop 2p
C, = 1+ }D , 18
' S2|W232P|[ AW 0 (18)
0 W. W W o1
— 2P, 2S —_ 2528 2P, 2P
C, = % 17 0. o
? %2|W232P| AW 5 (19)
AW = «/(Wzszs—sz,zp)z"'4|W232P|2, (20)
_ 2me’D? 1
Wi = = J'LUi(f)rgtIJj(f)fdr, (21)
and, specifically,
e’D?

Wisis = —

L2 — 2aEi (1, 2a/a;)e "™ e

4
aag

e’D?
8e

a, —2aFi(1, 2a/a P P
x B B

4
aag

Wog 25 =

e’D?
8./12¢
(a/ag) _ 1/2] e

2S2P T

(-a/ag)

N [Ei(1, 2a/ag)e
an ’
W _ 92D2 e(—a/aB)
2P, 2P —
96€ aé

Here, a= 1.37D istheradius beyond which our approx-
imation is effective, this radius being obtained from the
comparison of the perturbation €2D?%/2er® with the ini-

—Xt
tial potential |—e*/er2+ D, and Ei(m, X) = [: et—mdt

is the exponentia integral [21]. As an example, we
present the values of the above matrix elements for the
layer separation D = 20 A: Wyg 15= 11.54 peV, Whg o5 =
1.24 peV, Wy 5p = 0.32 peV, and W 5o = 0.18 peV.
Restricting our consideration to the corrections from
the nearest two levels Y, and ), which in the given
conditions is a fair approximation,® we obtain the fol-

3 Such a consideration is possible, because the higher states appear
with the weighting factors satisfying the condition
Wig ofAE;g 4 > Wig n/AEg  for n = 3 and, hence, introduce
corrections of a higher order of smallness.
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lowing expressions for the wave function and energy of
the indirect exciton:

i WlSa WlS.b
= + +
qJ l‘IJlS AElsal‘IJa AElequN

(22)

E = EjstWig s (23)

Here, AE; o) = Eay — Eus [see Egs. (11), (15), (18),
and (19)]. Thus, for a spatialy indirect trion, as the
zero-approximation function belonging to the energy

Eis+ é, we take

W, 1) = War)(ry). (24)

To the first order of the perturbation theory, the energy
level of a perturbed system is determined by the for-
mula

0)

E(X) = E;s+ E+ WU, JwdO
where

(25)
2me’

D-IJ'ErO)|Ue—e|qJ§rO)D= —

W) P|B(r )| r 11 0 o,

) .
-rjr§+ r3+D?-2r,,/r} + Dcos(9)

As aresult, for the trion binding energy at D < ag, we
obtain the expression

4
E00) = 255 ~Wisse= 071U, 070

€

which yields the dependence shown in Fig. la (the
dashed line). When D — 0, the value of Eg(X") tends
to the binding energy of a two-dimensional trion [22,
23]. Inthe region 60 A > D > 120 A, sewing together
with the solution obtained for D > ag requires numeri-
ca modeling with the initial potential given by
Eq. (11). This calculation is rather cumbersome and of
no interest in the framework of this paper. Therefore, it
may be described in another publication.

Thelast issue that will be considered in this paper is
the screening of the electron-hole and electron—elec-
tron interactions in a many-particle electron system for
small values of the layer separation. Sinceinthisregion
we considered the system as two weskly interacting
excitons, the renormalization of potentials primarily
refers to the exciton-forming interactions. Thus, the
object of our interest isthe screening of adirect exciton
by the 2D electron gas|located in the other layer, aswell
as the screening of a spatially indirect exciton. Both
these problems were considered in [24] where the
dependences of the dimensionless critical parameters

re onthelayer separation were determined. Combining

the results obtained for different values of D, we can
construct a unified picture (Fig. 2b) for the critica
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parameter r¢, which corresponds to the disappearance

of the bound state of the spatially separated exciton and
electron from the spectrum of collective excitations. In
Fig. 2b, one can see a decrease followed by an increase
in the threshold concentration of the 2D electron gas.
This behavior, asin [24], is related to the competition
between two mechanisms. Namely, an increase in the
layer separation is accompanied by a decrease in the
initial electron-hole interaction and by a simultaneous
decreasein the efficiency of the screening of the hole by
spatially separated electrons.

Thus, in this paper, we solved the problem on the
bound state of the spatially separated exciton and elec-
tron, i.e., atrion X~. We studied the behavior of thissys-
tem in two limiting cases. D > ag and D < ag. In the
first case, the problem was solved by analogy with the
bound state of H- in the Born—Oppenheimer approxi-
mation. In the second case, we considered the exciton—
electron interaction as the interaction of an electron
with a dipole, which is a fair approximation when the
exciton size is much smaller than the exciton—electron
distance. We determined the trion binding energy for
different layer separations. We also considered the
screening of the bound state under investigation by the
2D electron gas. As aresult, we constructed the depen-

dence of the critical parameter rg, which corresponds

to the disappearance of the bound state of the spatialy
separated exciton and el ectron from the collective exci-
tation spectrum, on the layer separation D. Summariz-
ing the results of this study, we anticipate that, at low
temperatures (T < Eg(XY)), this bound state can be stud-
ied experimentally. For example, in transport measure-
ments, the presence of aspatially indirect trionwill lead
to adecrease in the mobility of the electron subsystem,
because the mass of thetrion center of massin the plane
is much greater than the mass of afree electron.

Thiswork was supported by the Russian Foundation
for Basic Research and the INTAS.
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The assembling rate of afullerene Cqy molecule has been theoretically studied as afunction of electron concen-
tration and temperature in partially ionized carbon vapor. For Cg, formation via one or two intermediate stages
of cluster collisions, it has been shown that thereis aregion of plasma parameters (the temperature and electron
concentration) in which fullerene Cgj isformed more efficiently. The Cg, formation rate versustemperature and
electron concentration relationships have been found to correlate with the trends in the collision cross-section
of carbon clusters as functions of these parameters. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers; 52.27.Lw; 52.20.Hv; 36.40.Gk

Numerous studies are known to concern fullerene
formation upon condensation of carbon vapor, but the
mechanism of formation isnot fully clear [1]. Fullerene
formationis, asarule, considered in electroneutra car-
bon vapor and not in carbon-containing plasma. There-
fore, the role of the carbon-cluster charge in cluster
joining was ignored, although it is known from experi-
ments that charged particles affect fullerene formation
[2]. Alekseev and Dyuzhev [3] considered the effect of
carbon-cluster charge on carbon-structure formation.
They inferred that plasma parameters affect the spatial
cluster-charge distribution in the plasma jet and the
conditionsfor plasma discharge. However, the effect of
the cluster charge on the fullerene formation rate has
not been touched in that study.

Our purpose in this work was to quantify the effect
of the carbon-cluster charge on the formation rate of
fullerene Cg, asafunction of the electron concentration
and temperature of carbon-helium plasma. We have
shown that the charge on carbon clusters (which sub-
stantially changesthe collision cross-section of clusters
and, in association, the fullerene formation rate) should
be included into the consideration of fullerene forma-
tion. The cluster charge is a function of electron con-
centration n, and temperature T in plasma. Then,and T
parameters were believed to be independent of each
other in the calculations of the carbon subsystem.
Although the plasma parameters should be calculated
self-consistently, doping the plasma with small
amounts of electron donors (acceptors) is an efficient
means for changing the electron concentration at a
given temperature; thus these parameters become in
fact independent of each other. Particular routes of Cg,
assembling and Cg, isomerization to yield fullerene
were beyond the scope of this study; these points have
been considered el sawhere.

One of the basic postulates that are employed in
most studies dealing with fullereneformationin plasma
arc isthat the plasmais considered as occurring in the
state of local thermodynamic equilibrium. If thisisthe
case, Saha's equations are applicable to determine clus-
ter-charge distribution in partially ionized carbon vapor
for different values of electron concentration n, and
temperature T. The calcul ations were applied to the car-
bon-helium plasma under atmospheric pressure (with
10? Pa partial carbon pressure) for the temperature
range 1500-5000 K; the range of fullerene formation
temperatures falls within this range [4]. We ignored a
reduction in the fullerene formation rate at lower tem-
peratures caused by decreases in the carbon evapora-
tion rate and the cluster-isomerization rate. Taking this
factor into account would have reduced the relationship
for the fullerene appearance rate at lower temperatures
of T<2000K (Figs. 2, 3).

We assumed that the fullerene Cq, yield is propor-
tional to the formation rate of fullerene molecules. This
assumption might be proven by the fact that fullerene
molecules are stable and have high bond energies, and
their transformation to other clusters (having another
mass) is inessential compared to their formation. To
find the cluster-callision frequency, the scattering
cross-sections derived from classica collision theory
were used. Classical theory is useful for finding the
scattering cross-sections due to the fact that carbon
clusters have large masses compared to the electron
mass. The ionization potentials and electron affinities
of carbon clusters were found from ab initio quantum-
chemical calculations.

A null activation barrier to the joining reaction of
any clusterswas assumed in the calculations; that is, the
collision of any two clusters C, and C,, resulted in the
appearance of cluster C,, . This assumption is based
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on the common chemical character of colliding clus-
ters, which leads to small variations in the activation
barrier. Another baseisthefact that, upon averaging the
colliding clusterswith respect to their shape and mutual
position, the barriers of joining reactions should tend to
a constant value. Any fixed barrier to joining for all
clusters cannot change the results of the calculation
apart from introducing a common normalizing factor.
For smplicity, this factor was ignored.

Only reactions between clusters containing an even
number of atomswereincluded into the calculations; in
experiments [5], the mass-spectrometric anaysis of
carbon clusters during fullerene formation showed that
even-atom clustersin plasmaare several orders of mag-
nitude more abundant than odd-atom clusters.

We considered the final process of Cy, assembling in
one and two reaction stages. In the one-stage process,
reactions between all possible pairs of carbon clusters
that result in molecule Cg, were considered. Clearly, the

sum of the masses of colliding clustersis equal to the
mass of molecule Cg:

Cy+C, —Cq,
k=24..,3; m=60-k.

In the two-stage process, in addition to all reactions
of Cg, formation from clusters C, and C,, all reactions
that yield these clusters C, and C,,, were considered.

For stage 1:

)

C+C,—Cy, i=2..,kK2 j=k-i @
C+C,—C,, =2 ... m2 n=m-lI;

For stage 2:
C+tC,—Cq, k=24,..,30; m=60-k.

Introduction of the cluster-size distribution function
was an important point of the calculations. Severa dis-
tribution functions were used. The basic distribution
used corresponded to the cluster-mass distribution from
[6]. The other two distributions were chosen from [7].
For all of the distributions used, the Cg, formation rate
versus electron concentration and versus temperature
relationships were the same. Therefore, the data
derived are applicable to an experiment in which the
cluster distribution function is not steady-state.

The focus of our approach is the calculation, from
gas theory [9], of the rate ROk G Of the collision
(that resultsin joining) of two clusters C, and C,, bear-
ing charges g, and g, respectively:

Rin(Go Am) = Nin(0m) Nk (i) V kmOken(Clicr i) - 3

Here, n(q,) and n(qy) are the concentrations of clus-
ters C, and C,, that bear charges g, and ¢, Vin =

/8kg T/TtiMm,, isthe mean rate of the relative movement
of these clusters, m,, = mim,/(m, + m,) is the normal-
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Fig. 1. Plots of (1) the ionization potential EE , (2) electron

affinity —EEl, and (3) electron affinity of the anion —E;z
for the carbon clusters used in the calculations.
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Fig. 2. Plots of (1) the fullerene Cgq formation rate in one
stage and (2) Cgq formation rate in one stage from neutral
clusters.

Fig. 3. Fullerene Cg formation rate in the two-stage pro-
cess.
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ized mass of the clusters, and 0,,(q,, ) isthe collision
cross-section of these particles.

From classical collision theory, the effective coalli-
sion cross-section of charged particles[10] isdefined as

2
Oam€
. 4
MemEkine )

O-km(qki qm) = OEm -

Here, o =Tir, isthe collision cross-section of neu-
tral clusters C, and C,,, Iy = I« + Iy iS the impact dis-
tance between two clusters, and 0,0 €/l «r€xin 1S the

ratio of the electrostatic and mean kinetic energies
€in = 3/2kgT of the relative cluster movement.

The effective radius ry of cluster C, was aways set
equal to r, = 1/2(d,d,d,)", a value equal to one-half
cube root of the product of the three maximal dimen-
sions d,, d,, and d, of the cluster. This distance was cal-
culated for the basis set of clusters of different sizesand
shapes: C, and C, are chains, C,yisaring, C,, and Cig
are planar clusters composed of hexagons, C,, isacup
shaped as a coranulene molecule, C;, is a cup com-
posed of pentagons and hexagons, C, is a cup,
fullerene, and fullerene with a heptagon, and Cg; is a
fullerene and a fullerene with a heptagon [7, 11]. The
clusters containing heptagons were included into the
calculation because of the important role they play in
fullerene formation [8]. For the other clusters C, with
k=2, ..., 60, radius r, was calculated using interpola-
tion of ther, of the basis set.

From the relationship above, it is clear that for
charges of opposite signs (9,0, < 0), there exists addi-
tional attraction between clusters: a,, > o, but for sim-
ilar charges (0,0, > 0) the collision cross-section is
smaller: 03, < 0, When the Coulombic repulsion of
two clusters surpasses the kinetic energy of both clus-
ters (00" r€xin > 1), no collision occurs; in this
case, 01, =0.

It isworth noting that, in view of the high C—C bond
energy (Ecc = 6.24 €V), the cluster-dissociation fre-
guency Vg is insignificant with respect to the cluster-
joining frequency v;qi,. The cluster-joining frequency in
our calculations is estimated at vy, = 10° s*. The dis-
sociation frequency can be estimated from vy =
Wip F(T)exp(—E/ksT) [12], where v, is the characteris-
tic vibrational frequency of the cluster (equal to 10! to
10%? s), E = NE¢ ¢ is the activation barrier to cluster
dissociation (N is the number of dissociating bonds),
and f(T) for molecules is 10>-10°. For example, given
two C—C bonds dissociate, the cluster dissociation fre-
quency isVgs= 102 s, Inview of the above data, clus-
ter dissociation was ignored in the calculations.

Thefull rate of cluster C, ., ,,formation from clusters
C, and C,, was determined as the sum of the reaction

CHURILOV et al.

rates between these clusters with al possible charges:

+1 +1

z ka(qmi qk) (5)

Om = _2qk =-2

Chargesof g, ={-2,-1, 0, 1} wereused for all of the
clusters considered; the calculations showed that, for
all clusters from the basis set, the affinity for the third
electron was negative and the second ionization poten-
tial was too high. For example, for ring cluster C,,
coranulene-type cluster C,, and fullerene Cg,, the sec-
ond ionization potential was 19.85, 19.60, and
17.06 eV, respectively. Therefore, the existence proba-
bility of clusters with charges higher than +1 or lower
than —2 in plasmadischarge is negligible.

Charge distributions p,(q) for each cluster C,, which
show the existence probability of cluster C, with charge
g, were defined from Saha's equations

ka =

p(q+1)n, Z" 4 Elg
—_— = 2a(T) —exXp=——, 6
3G) Moo ©

Here a(T) = (mKT/2m:2)%2, n, is the plasma electron
concentration, E;' is the ionization potentia of cluster
CE +m?»

Nmax

Z/(m) = > gnexp{ (e, —21)/ksT}

is the electron partition function for cluster C, with
charge g at temperature T, and g, is the degeneration
multiplicity of the electron level g, of cluster C,.

Imposing the normalization condition p(-2) +
p(—1) + p(0) + p(+1) = 1, the equilibrium concentra-
tions of clusters C, with different charges are

n(a) = nep(@, g9 =-2,-1,0,+L (7)

The mean charge on cluster C, in the plasma with
electron concentration n, and temperature T was
defined from

+1 +1
_1 _
=22 add = ) anda). )
q=-2 q=-2
With this, the overall formation rate R, (5) of cluster
Cy+m Upon joining of two other clusters C, and C,,, can
be expressed as the product of two values, one being a
function of cluster charges and the other being not:
Ren= R Py, Where RO =n.nV,mOv, iSthereaction
ratein the casewhereall clustersare electroneutral, and

+1 +1 2
_ €]
Pn = = . ©
km z z PrlO) PARW L — == (9)
Om = _2qk =-2
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The existing unknown values of ionization poten-
tials Ey, electron affinity—E,", and electron affinity
of the anion —E;Z for each cluster C, from C, to Cgq
were calculated using interpolation of energies E, for

the basis set of clusters (Fig. 1). Energies E, for clus-
ters C,pand Cgy, from the basis set were found by aver-
aging over their isomers.

The VASP program package [13, 14] was used to
calculate energies E;. In this ab initio package, in
terms of density functional theory (DFT), the plane-
wave expansion of wavefunctions and Vanderbilt's
pseudopotential [15] for each atom are used, which

abruptly speeds up the calculation of the full energy of
the system.

From the equations above, one can calculate the
assembling rate of afullerene Cy, molecule. The rate of
the one-stage process (1) of fullerene Cg, formation
was found by summation of rates (5) over al k and m:

30
sto = Z
k=2

The one-stage assembling rate of Cg, at different
electron densities and temperatures is imaged by sur-
face 1in Fig. 2. Surface 2 in the samefigurerefersto a
one-stage process with chargesignored. A fundamental
difference is seen to exist between the assembling rates
from neutral and charged clusters.

The two-stage assembling rate (process (2)) is
mapped in Fig. 3. In mapping, additional concentra-
tions of various clusters C, accumulated during the
period of timeT = 10-° s(chosen to be equal to the mean

collision time of carbon clusters with one another) were
took into account:

An, = RiT.
i +jz: k
Then, in the first order of An,, and with An_ An, terms

ignored, the overall two-stage Cg, assembling rate is
calculated as

(10)

Rk, 60 —k-

Rlelo = Riao

. (11)

+ Z (Anmnk + nmAnk)Vkmokakm-
m+k =60

From the similarity of relationships for the assem-
bling rates in one stage (Fig. 2, surface 1) and two
stages (Fig. 3), we believe that a similar relationship
holds for many (more than two) joining stages. There-
fore, the general relationship between the Cg, assem-
bling rate and the plasma parameters is expected to be
similar to Figs. 2 and 3.
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Fig. 4. Plots of the electron concentration vs. temperature
for pure carbon-helium plasma ng(T) and the envel ope plot

of the one-stage Cgp formation rate.

Figures 2 and 3 make it clear that, for different tem-
peratures, a peak in the Cg, formation rate is observed
at different electron concentrations. For example, at T ~
2000 K the peak is observed at n, ~10“ m3; to T ~

2500 K, n, ~ 10* m3 corresponds; and so on.

From the constraint of the self-consistency of the
electron concentration and carbon-cluster charges,
electron concentration ny(T) in carbon-helium plasma
was calculated for different temperatures (Fig. 4), that
is, in the absence of any other source of electrons or
ions other than carbon clusters.

In addition to the plot of self-consistent electron con-
centration, Fig. 4 shows equal-value lines for the one-
stage Cg, assembling rate (Fig. 2, surface 1). Figure 4
makesit clear that the peak Cg, assembling rate at some
temperature corresponds to the electron concentration
of pure carbon—helium plasma at this temperature.
From this correspondence, the following important
inference can be made: the maximal fullerene yield in
the arc-plasmadischargeis achievable precisely in pure
carbon-helium plasma free of any electron donors or
acceptors.

The existence of optimal plasma parameters for Cg,

synthesis can be explained by the strong dependence of
the mean carbon-cluster charge on temperature. This
dependenceisillustrated by Fig. 5.

+1
D=3 T o), (12)
2

m O =
where n,(q,,) isthe concentration of carbon clustersC,,
that carry charge q,,, which isafunction of n,and T.

For the temperature and electron concentration that
correspond to the maximal Cg, assembling rate, the
charges on clusters C, and Cg are high enough and

have opposite signs (for T ~ 2000 K and n, ~ 10" m=3,
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Fig. 5. Charges on clusters C, and Csg.

the chargesare—0.5 and +0.6, respectively). Asaresult,
the collision rate of these clusters is severa times
higher than in adjacent domains, and the Cg, assem-
bling rate increases in association.
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M agnetization-Induced Second Harmonic Generation
in Magnetophotonic Microcavities Based
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M agneti zation-induced second harmonic generation was observed in magnetophotonic microcavities consist-
ing of aferromagnetic yttrium—iron garnet layer surrounded by nonmagnetic photonic crystals (Bragg reflec-
tors). At resonance between the fundamental radiation and the microcavity modein the geometry of polar mag-
netooptical Kerr effect, the polarization rotation for the second harmonic was found to be (18.5 + 0.5)°/um for
the fundamental radiation with a wavelength of 825 nm. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers; 42.65.Ky; 42.70.Qs, 75.75.+a

Magnetization-induced second harmonic genera-
tion (MSHG) is one of the fundamental phenomenain
nonlinear magneto-optics. It is associated with the
involvement of the spin subsystem and the spin—orbit
interaction in the formation of the electronic quadratic
nonlinear optical response of magnets [1]. This phe-
nomenon was used to develop an efficient method of
studying magnetic surfaces and thin films[2]. The sen-
sitivity of thismethod is caused by the symmetry selec-
tion rule for MSHG in the bulk of centrosymmetric
media; many important magnetic materials belong to
such media Magnetization-induced changes in the
parameters of SH radiation such asitsamplitude (inten-
sity), polarization, and phase in typical experimental
situations prove to be several orders of magnitude
larger than in the magnetooptical Kerr effect and the
Faraday effect. Since the first observation of MSHG in
ferrite garnet films [3] and its theoretical prediction in
[4], the magnetization-induced SH was extensively
studied at metal surfaces and thin films [5— 8], as well
as in thin films of magnetic insulators, primarily, of
yttrium—iron garnets [9, 10]. In last years, much atten-
tion has been given to studying MSHG in magnetic
nanoparticles [2, 11, 12].

The methods developed in the last years for manu-
facturing structures with an artificial photonic band gap
{ photonic crystals and microcavities (MC) [13]} made
it possible to study nonlinear optical phenomenawhich
are associated with the specificity of light propagation
in such microstructures [14]. For example, in the case
of MC, the spatial localization of resonant electromag-

netic radiation in the vicinity of microcavity layer
strengthens the generation of optical harmonics, aswas
recently observed experimentaly for the second and
third harmonics in microcavities based on porous sili-
con [15, 16]. Of specia interest is the study of nonlin-
ear optical effects in magnetic microstructures with
photonic band gap because of the expected enhance-
ment of their magnetization-induced response. How-
ever, methods of growing such objects were devel oped
only recently [17, 18].

In this work, the enhancement of MSHG was stud-
ied experimentally in magnetic microcavities based on
photonic crystals. A high quality of the nonmagnetic
Bragg reflectors grown from silicon oxide and tantalum
oxide layers causes strong localization of electromag-
netic field in a ferromagnetic yttrium—iron garnet MC
layer and enhancesthe gain in MSHG, which manifests
itself in amany-fold amplification of the rotation of SH
polarization.

M agnetophotonic M C samples were composed of a
hal f-wave 190-nm-thick bismuth-doped polycrystalline
yttrium—iron garnet (Bi:Y1G) layer surrounded by two
Bragg reflectors consisting of five pairs of alternating
guarter-wave SiO, and Ta,O; layers 135 and 95 nm in
thickness, respectively. The expected spectral position
of the microcavity mode in the grown MC was about
850 nm at the normal incidence, and the center of the
photonic band gap and its width were about 780 and
200 nm, respectively. When manufacturing MC,
SiO,/Ta,0O5 photonic crystal was first grown on a fused
silica substrate by magnetron sputtering. Then a

0021-3640/02/7608-0527$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Electron microscope image of the magnetophaotonic
microcavity cleavage.

Fig. 2. Linear reflection coefficients measured for the s- and
p-polarized fundamental waves (light and dark circles,
respectively) at an angle of incidence of 30°. Arrows indi-
cate spectral positions of the MC mode for these polariza-
tions. Inset: scheme of experimental geometry, applied
magnetic field, and the MC frame of reference.

Bi:YIG film was deposited. After annealing at a tem-
perature of 725°C for 10 min, a polycrystalline ferro-
magnetic garnet layer was formed. At the fina stage,
the capping photonic crystal was deposited on the MC
garnet layer. The structure of the grown magnetophoto-
nic MC is seen in its electron microscope image

FEDYANIN et al.

(Fig. 1). It demonstrates a high homogeneity of the lay-
ers congtituting MC and well-defined interfaces
between the layers.

Experiments on MSHG spectroscopy were per-
formed using linearly polarized radiation from an opti-
cal parametric oscillator with a pulse duration of about
4 nsand a pulse energy of 5 mJ. The fundamental radi-
ation wavelength was tuned in the range from 750 to
950 nm. The polarization of fundamental radiation was
varied by a Fresnel rhomb and monitored by a Glan
prism. The polarization of the reflected SH radiation
was monitored by another Glan prism. The saturating
magnetic field on the order of 2 kOe was applied in the
geometry of polar magnetooptical Kerr effect using a
permanent magnet made from NdFeB. The SH radia-
tion was separated by a set of glass BG39 filters and
detected by aphotomultiplier. The angle of incidence of
the fundamental radiation on the sample was 30°.

The spectra of the coefficients R; and R, of linear
reflection from amagnetophotonic MC for the s- and p-
polarized radiation in the vicinity of the MC mode are
shown in Fig. 2. For wavelengths shorter than 900 nm,
both spectra demonstrate high reflectance correspond-
ing to the photonic band gap. A dip in the reflection
spectrumat A, = 823 nmand A, = 813 nmfor thesand
p polarization, respectively, indicates the spectral posi-
tion of the MC mode for the chosen polarization. The
fundamental radiation with these wavelengths effi-
ciently penetrates into the MC, whereit islocalized in
the vicinity of MC layer because of a multiple-beam
interference. The spectral splitting of the modeislikely
caused by the anisotropy of dielectric constant of the
Bi:YIG layer, because the p-polarized fundamental
radiation, contrary to the s-polarized radiation, is a
superposition of the tangential and normal electromag-
netic field components.

Figure 3 presentsthe intensity of the p-polarized SH
radiation generated by the fundamental radiation polar-
ized at an angle of 45° to the s- and p-polarized waves.
The spectrum shows two distinct peaks at A, = 862 nm
and A, = 810 nm, which are close to the positions of the
MC mode for the fundamental s and p components.
This resonant SH enhancement is caused by the alter-
nate localization of the fundamental s and p compo-
nents inside the MC layer. Negligible SH intensities at
the fundamental wavel engths near the edge of photonic
bandgap, where the phase-matching conditions are ful-
filled for the SH generation in photonic crystal mirrors,
indicate that Bragg reflectors do not make contribution
to the observed SH radiation signal. To within the
experimental accuracy, the intensity of s-polarized SH
radiation in the absence of an external magnetic field
was zero for any polarization of fundamental radiation.

Figure 3 also demonstrates the optical rotation
(upon changing the direction of the applied magnetic
field) 8, of the SH radiation generated by the p-polar-
ized fundamental radiation. The spectral range of 6,,,is
limited by a decrease in the SH intensity, because the
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fundamental radiation and the MC mode are then off
resonance. At the fundamental wavelength A, =
795 nm corresponding to the short-wavelength edge of
the MC mode for the p-polarized wave, the rotation
angle of SH wave polarizationisabout 2.8°. The tuning
of the fundamental wavelength to the long-wavelength
edge of the mode resultsin a monotonic increasein 6,
to ~7.0°. This corresponds to the Kerr rotation of
0,,/2 = 18.5°/um for A, = 825 nm.

The magnetization-induced rotation of SH wave
polarization is caused by the appearance of magnetic
componentsin the quadratic susceptibility of theferrite
garnet layer, resulting in the generation of s-polarized
SH component and its enhancement dueto thelocaliza-
tion of fundamental radiation in the MC layer. Another
mechanism of the rotation of SH wave polarization
amounts to the Kerr rotation of the fundamental wave
polarization and its enhancement due to the resonance
with the MC mode. The multiple-beam interference of
the resonant fundamental radiation inside the ferromag-
netic MC layer brings about additive increase in the
magnetization-induced rotation of fundamental wave
polarization and appearance of the s-polarized compo-
nent in the initially p-polarized fundamental field.

In the description of MSHG from the magnetopho-
tonic MC, it is assumed that the polycrystalline ferrite
garnet MC layer with in-plane isotropy is the only
source of the dipole SH radiation. The nature of qua-
dratic nonlinearity of ferrite garnet can be associated
with the inhomogeneous deformations arising in the
direction normal to the layer while annealing. Let us
denote by z the normal coordinate to the plane of MC
layer and by zx the plane of incidence. Then the set of
nonzero components of quadratic susceptibility of the
garnet layer iswritten as

Xizn Xsox = Xymp Xoox = Xony- (1)
In the absence of magnetic field, the SH radiation gen-
erated by the p-polarized fundamental field with the

amplitude E; ={E,, 0, E;} = E;){F{,0, F;} ina

film with in-plane isotropy is strictly p-polarized dueto
the symmetry properties of the quadratic susceptibility

tensor. The SH wave amplitude E5° = { E;”, 0, E>°} =
2 2 2 . .
E,°{F”,0, F.,"} isgiven by

2
E2 = G(E9) (F2(FY) X2

2
+FORF X+ FEFD) X, ?
where G is the proportionality coefficient equivalent to
the Green's function for a multilayer medium. It
accounts for the result of integration over the MC layer
and the geometric factors. In the polar geometry, the
applied magnetic field induces s-polarized SH field,

which is generated by the magnetic component X' "
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Fig. 3. Dark circles are for the angle 85, of magnetization-

induced, polarization rotation measured for the SH wave
generated by the p-polarized fundamental wave upon
changing the direction of the saturating magnetic field.
Light circles are for the intensity |, of the p-polarized SH
wave generated by the fundamental radiation with a mixed
polarization (in arbitrary units). Insets. schematically illus-
trated mechanisms of magnetization-induced rotation of the
SH wave. (1) Generation of magnetization-induced s-polar-

ized SH field ng caused by the magnetic component

xg,i)z M of quadratic susceptibility; (11) Kerr rotation E;’ of

the fundamental wave polarization; and (I11) Kerr rotation
2w
E

p Of the SH wave polarization plane.

of quadratic susceptibility. This component is honzero
for the isotropic layer in the geometry of polar Kerr
effect [19]. Additionally, the fundamental wave under-
goes Kerr rotation inside the MC layer, so that funda-
mental fields of both (s and p) polarizations coexist
inside it. Because of this, the s-polarized SH field can

be generated by the nonmagnetic component X\o, of
quadratic susceptibility. Finally, the polarization rota-
tion for theinitialy p-polarized SH field can be due to
the linear magnetooptical Kerr effect at the SH fre-
guency. Therefore, in the presence of magnetic field,
the amplitude of s-polarized SH wave of purely magne-
tization-induced nature is given by

E2(M) = G(E9) (FEFox M

w,,(2) 2w L (3)

+F; Xy2ySIN(0,/2)) + E,"sin(8,,/2),
where 6, and e;w are the angles of rotation (due to a
change in the magnetic-field direction) caused by the

magnetooptical Kerr effect for the fundamental and SH
radiations and M is the normal component of the mag-
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netization vector of the ferrite garnet MC layer. The
weak magnetic-field dependence of the G and F coeffi-
cientsisignored in Eqg. (3). Theintensity of the total SH
field is determined by the superposition of the p- and
s-polarized SH waves:

1,(6) = |E2exp(ig)cose + EX(M)sing|,  (4)

where 0 is the analyzer-axis rotation angle measured
from the p-polarization direction and ¢ is the phase
shift between the SH p and s components, which are,
generally, complex quantities. The experimental polar-
ization diagrams demonstrate that the SH wave is lin-
early polarized, so that one can set ¢ = 0 with a good
accuracy. Then the polarization rotation upon changing
the direction of magnetic field can be written for the SH
wave as

tan®,,, = 2E2°/ES°
. FoXpe " * Xy Sin(8,/2) -
F2oFD) (F2) XS+ FRFoX O+ F2Fox )
+2sin(85,/2),

where the second-order magnetization-induced contri-

bution to E,ZJ‘*’ isignored. Assume that the components

of nonmagnetic quadratic susceptibility are of the same
order and that the quantities in the numerator are real.

Then, for small Kerr rotation angles 8,,, 8,,, and 65,,
and small angles of incidence on the MC layer (Ff"’,

F® -~ 0and F>°, F® —» 1), thefollowing estimate
is obtained for 0,

x2M
B2 0722 +8,/2 + 05, (6)

XXZX
The spectral dependence of thefirst term in Eq. (6) can
be ignored, because the fundamental wavelength-tun-
ing range is small enough for the noticeable spectral
dependence to appear in the quadratic susceptibility

components. The quantity e;w can also be assumed to

be constant, because no resonance features are
observed at the SH wavelength in the linear reflection
spectrum of the magnetophotonic MC. For this reason,
the spectral dependence 8,,(A,,) is completely due to
the Kerr rotation of fundamental radiation occurring at
resonance with the MC mode. The maximum of mag-
netization-induced rotation of SH polarization corre-
sponds to the largest spectral overlap between the
modes for the s- and p-polarized fundamental waves.
For this reason, 6, increases monotonically upon tun-
ing the fundamenta wavelength from the p-mode max-
imum to the overlap of the p and s MC modes. At the
short-wavelength edge of the 6,,(A,) spectrum, where

FEDYANIN et al.

the propagation of the s-polarized fundamental wave is
forbidden in the MC, one has 6, = 0, and the nonzero
0., values are caused by the generation of s-polarized
magneti zation-induced SH by the magnetic component

X" of the quadratic susceptibility and by the linear

Kerr rotation of SH wave polarization. Independent

experimental measurements give Géw ~ 1°. Hence, the

experimental 8,,, values at the edges of the spectral

range can be used to estimate the ratio X'\n " /X ~

0.04 of the magnetic and nonmagnetic components of
guadratic susceptibility and the characteristic Kerr rota-
tion angle 6,/2 = 22.0°/um (A, = 825 nm) for the fun-
damental wave in the ferrite—garnet MC layer. Taking
into account that our model israther crude, the estimate

obtained for x{%: " /x\ax can be considered as being in

good agreement with the estimate 0.1 madein [12] for
ferrite garnet nanoparticles. The 6, values are approxi-
mately 50 times larger those obtained for ferrite garnet
films at the same wavelengths.

In summary, the magnetization-induced second har-
monic generation has been investigated in the magneto-
photonic bandgap  microstructures—microcavities
based on bismuth-doped yttrium iron garnet. At reso-
nance with the MC mode, the spatial localization of an
electromagnetic field inside the ferromagnetic MC
enhances magnetization-induced second harmonic.
Spectroscopic study of MSHG near the MC modeinthe
geometry of polar magnetooptical Kerr effect has dem-
onstrated a giant amplification, up to 18.5°/um, of the
rotation of SH wave polarization for the resonant fun-
damental radiation at the wavelength A, = 825 nm.

Thiswork was supported by the Russian Foundation
for Basic Research (project nos. 01-02-16746, 01-02-
17524, 01-02-04018, 00-02-16253).
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We show that a strongly correlated Fermi system with a fermion condensate which exhibits strong deviations
from Landau—Fermi liquid behavior is driven into the Landau—Fermi liquid by applying asmall magnetic field
B at temperature T = 0. Thisfield-induced L andau—Fermi liquid behavior provides constancy of the Kadowaki—
Woods ratio. A re-entrance into the strongly correlated regime is observed if the magnetic field B decreases to

zero; the effective mass M* then divergesas M* [ 1/./B . At finite temperatures, the strongly correlated regime
is restored at some temperature T* 0 ./B. This behavior is of a general form and takes place in both three-

dimensional and two-dimensional strongly correlated systems. We demonstrate that the observed 1/./B diver-
gence of the effective mass and other specific features of heavy-fermion metals are accounted for by our con-

sideration. © 2002 MAIK “ Nauka/Interperiodica” .
PACS numbers; 71.10.Hf; 71.27.+a

Recently, a peculiar critical point was observed in
heavy-fermion metal YbRh,Si, at low temperatures T
[1]. Thiscritical point isdriven by the magnetic field B,
which suppresses the antiferromagnetic order when it
reaches the critical value B = B, while the effective

mass M* divergesas M* [0 1/,/B — B, [1]. The study
of the magnetic field dependence of the coefficients A,
Yo, @nd X in the resistivity p(T) = py + Ap, with Ap =
A(B)T?, specific heat C/T = y,(B), and magnetic ac sus-
ceptibility, has revealed that Y bRh,Si, behaves asatrue
Landau—Fermi liquid (LFL) for B > By, and the well-
known Kadowaki—Woodsratio Aly, [2] ispreserved [1].
In contrast, for B = 0, YbRh,Si, demonstrates a non-
Fermi liquid (NFL) behavior, and the resistivity follows
a quasilinear temperature dependence Ap ~ T down to
80 mK, at which antiferromagnetic (AF) order takes
place. At lower temperatures, the resistivity in the AF-
ordered state is described by Ap ~ T2. A similar picture
is observed in heavy-fermion compounds CeMIng (M =
Ir, Co, and Rh), where the electronic specific heat C
shows more pronounced metallic behavior at suffi-
ciently high magnetic fields[3]. These observations are
consistent with the de Haas van Alphen (dHVA) studies
of Celrlng, which find that the effective mass decreases
with increasing B [3, 4].

It is pertinent to note that heavy fermion metals are
more likely three dimensiona (3D) than two dimen-
sional (2D). The origin of the NFL behavior observed

TThis article was submitted by the authorsin English.

in heavy fermion metalsis still a subject of controversy
[5]. Moreover, the observed constancy of the Kad-
owaki—Woods ratio when B — By, [1] leads to the
failure of the standard model of heavy-fermion metals,
when the mass renormalization is supposed to come
from the exchange by soft magnetic fluctuationsina 2D
spin fluid [6]. As a result, we are left with even more
complicated and challenging problemsin the physics of
strongly correlated electrons.

In this letter, we study the nature of the critical
behavior, assuming that the fermion condensation
phase transition (FCQPT) [7] plays therole of the crit-
ical point. Analyzing the appearance of the fermion
condensate (FC) which occurs beyond the point of
FCQPT in an electron Fermi liquid and induces the
NFL behavior, we show that the liquid is driven, by
applying a weak magnetic field, back into a specific
LFL state with effective mass M* 0 1/./B. The LFL
behavior induced by rather low magnetic fields pro-
vides constancy of the Kadowaki—Woods ratio. But the

strongly correlated regime is restored when the mag-
netic field B decreases to zero, while the effective mass

M* diverges as M* O 1/./B. Also, the strongly corre-
lated regime is restored at some finite temperature

T*(B) O ./B. Such abehavior is of ageneral form and
takes place in both three-dimensional and two-dimen-
sional strongly correlated systems. We demonstrate that
the observed crossover from NFL to LFL in certain
heavy-fermion metals is accounted for by our consi-
deration.

0021-3640/02/7608-0532$22.00 © 2002 MAIK “Nauka/Interperiodica’



TRANSITION FROM NON-FERMI LIQUID BEHAVIOR

For the reader’s convenience, we first outline the
NFL behavior of Fermi systems with FC and the main
properties of FCQPT using, as an example, a two-
dimensional electron liquid in the superconducting
state induced by FCQPT [7, 8]. At T = 0, the ground-
state energy EgK(p), n(p)] isafunctional of the super-
conducting order parameter K(p) and of the quasiparti-
cle occupation function n(p) and is determined by the
known equation of the weak-coupling theory of super-
conductivity (see, e.qg., [9])

Eqs = E[N(p)]

ld 2 1
* PraV(os PRI T dpydp @

2m)’
Here, E[n(p)] is the ground-state energy of normal

Fermi liquid, n(p) = v3(p), and K (p) = v(p) v/1 — vz(p) .
It is assumed that the pairing interaction A V(p,, Py) IS
weak. Minimizing Eg with respect to k(p), we obtain
the equation connecting the single-particle energy €(p)
to the superconducting gap A(p):

1-2v (p)
, 2

24(p) @
including the chemical potential . Here, the single-

particle energy €(p) is determined by the Landau equa-
tion [10]

&) —H = AP)— <

SE[n(p)]
5n(p) ®)

while the equation for the superconducting gap A(p)
takes the form

&(p) =

dp,
AP) = Mo VIP. pl)K(poﬁz. (@

If A, —= 0, then the maximum value of the supercon-

ducting gap A, — 0, and Eq. (2) reduces to that pro-
posed in [11]:

g(p)—p = 0, if k(p)#0 (0<n(p) <1)
for pOLgc: piSp<pse

At T =0, Eq. (5) defines a new state of Fermi liquid
with FC such that the modulus of the order parameter
|K(p) | hasfinite valuesin the FC range of momenta Lg:
pi < p < pr, while the superconducting gap can be infi-
nitely small, A, — 0, inthisrange[7, 11, 12]. Such a
state can be considered as superconducting, with an
infinitely small value of A;, so that the entropy of this
state is zero. This state, created by the quantum phase
transition, disappearsat T > 0. The FCQPT can be con-
sidered as a “pure’” quantum phase transition, because
it cannot take place at finite temperatures. Generally,
this quantum critical point should not represent the ter-
mination a T > 0 of a line of continuous transitions.
However, it corresponds to a certain critical value of

©)

JETP LETTERS Vol. 76 No.8 2002

533

density x = X (the critical point of FCQPT) which is
determined also by Eq. (5). Noticethat, at finite temper-
atures, the FCQPT continuesto have astrong impact on
the system properties up to a certain temperature T;
above which FC effects become insignificant [7, 13].
FCQPT doesnot violate rotational or translational sym-
metry of the order parameter k(p). It follows from
Eq. (5) that the quasiparticle system “splits’ into two
quasiparticle subsystems: one in the L range, occu-
pied by the quasi particles with enhanced effective mass

M. O 1/A,, and another with LFL effective mass M}
a p<p. If Ag #0, then A; becomesfinite, and the finite

value of the effective mass M. in Lgc can be obtained
from Eq. (2) as[7, §]

pf pl
20,

M = Pr (6)

while the effective mass M| is only weakly disturbed.
Here, pe is the Fermi momentum. It follows from
Eq. (6) that the quasiparticle dispersion can be pre-
sented by two straight lines characterized by the effec-
tive masses My and M|, respectively. These lines
intersect near the electron binding energy E, which
defines an intrinsic energy scale of the system

—P)Pe

(pf
= 2/,. ”
Méc ! (

Eo = &(py) —€(py) =

Let us assume that FC has just taken place, that is,
pi — Pr <— Py, thedeviation dn(p) from LFL occupa
tion function is small (though finite), and A, — O.
Expanding the functional E[n(p)] in EQ. (3) in aTaylor
series with respect to dn(p) and retaining the leading
terms, we have

_ dp,
AE = GZJ'Eo(pl’ g)on(p,, 0 (2T[)2 o
8

pldp2
(2m)*

where F| (p1, P2, 01, O,) = O°E/dn(py, 0,)0N(P,, O5) is
the Landau interaction and o denotes the spin states.
Varying both sides of Eq. (8) with respect to the func-
tions dn(p) and taking into account Eq. (5), one obtains
the FC equation

U = €(p, 0) = &(p, 0)

+ ZIFL(pl’ P2, 01, 02)0N(Py, G1)ON(P,, G,)

0,0,

dp, .
+ %IFL(D’ P1, 0, 01)ON(Py, 01)25;)‘2’ 9)

PispspsULlegc.
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Equation (9) acquires nontrivial solutions at the density
X = Xg¢ if the Landau amplitude F, (depending on den-
sity) is positive and sufficiently large, so that the poten-
tial energy integral on theright-hand side of Eq. (9) pre-
vails over the kinetic energy €,(p) [11]. Note that in
case of heavy fermion metals, this condition can be eas-
ily satisfied because of the huge effective mass. It is
also seen from Eq. (9) that the FC quasiparticlesform a
collective state, since their energies are defined by the
macroscopic number of quasiparticles within L and
vice versa. The shape of their spectrum is not affected
by the Landau interaction, which, generaly speaking,
depends on the system properties, including the collec-
tive states, impurities, etc. The only thing defined by the
interactionisthewidth p, — p; of L (provided it exists).
Thus, we can conclude that the spectrarelated to FC are
of universal form.

At temperatures T = T, when A; disappears, Eq. (6)

for the effective mass M. is replaced by [7, 8]
Pt — B

Pe2T

The energy scale separating the slowly dispersing low-

energy part, defined by the effective mass Mg, from

the faster dispersing relatively high-energy part,

defined by the effective mass M, , can be estimated as

Ey = pe(pr — p)/Mic [7, 8], so for the case of Eq. (10)
itis

E, = 4T. (11)

It follows from Eq. (10) that My depends on the tem-

perature, and the width y of the single-particle excita-
tions results in y ~ T, leading to a linear temperature
dependence Ap ~ T [13]. This contrasts with the well-
known LFL relationsy ~ T2 and Ap ~ T2

Now we consider the behavior of an electronic sys-
tem with FC in magnetic fields, supposing the coupling
constant Ay # 0 to be infinitely small. As we have seen
above, at T = 0, the superconducting order parameter
K(p) isfinitein the FC range, while the maximum value
of the superconducting gap A, [\ g isinfinitely small.
Therefore, any small magnetic field B # O will destroy
the coherence of k(p) and thus FC itself. Also, the exist-
ence of FC cannot be compatible with the evident Zee-
man splitting of quasiparticle energy bands €(p, o) =
£(p) — olB (see below for ). To define the type of
FC restructuring, simple energy considerations are
invoked. On the one hand, the energy gain AEg due to
the magnetic field B is AEg [0 B2 and tends to zero with
B — 0. On the other hand, occupying the finite range
L in the momentum space, FC deliversafinitegainin
the ground state energy [11]. Thus, a new state replac-
ing FC should be very close in its ground-state energy
to the former state. Such a state is given by the multi-

POGORELOV, SHAGINYAN

connected Fermi sphere, where the smooth quasi parti-
cle distribution function n(p) in the Ly range is
replaced by a multiconnected distribution v(p) [14]

v(p) = H 8P~ Pac-)(Pac—P), (12)
k=1
where the parameters p, < p, < p, < ... <py S ps &€
adjusted to obey the normalization conditions
Pok+3 q Pak+3 d
P _ p
v = n . 13
J (p)(2n3 J (|O)(2n)3 (13)

For the sake of definiteness, we consider the most inter-
esting case of a 3D system, while the consideration of a
2D system goes along the same line. We note that the
idea of amulticonnected Fermi sphere, with production
of new, interior segments of the Fermi surface, has been
considered aready [15, 16]. Let us assume that the
thickness of each interior block is approximately the
Same, Pa+ 1 — Pox = OP, and p isdefined by B. Then, the
single-particle energy in the region L. can be fitted by

5p[ PO }
g(p) - Up==| sinm—=+b(p) |. 14
(P) —H DTE| sin + b(p) (14)
The blocks are formed, since all the single-particle
states around the minimum values of the fast sine func-
tion are occupied, and those around its maximum val-
ues are empty, the average occupation being controlled
by a slow function b(p) = cogtm(p)]. It is seen from
Eq. (14) that the effective mass m* at each internal
Fermi surfaceis on the order of the bare mass m,, m* ~
my. Upon replacing n(p) in Eq. (8) by v(p), defined by
Egs. (12) and (13), and taking into account Simpson’s
rule, we find that the minimum loss in the ground-state
energy due to the formation of blocks is about (dp)*.
Thisresult can be understood if one bearsin mind that
the continuous FC function n(p) delivers the minimum
value to the energy functional, Eqg. (8), while the
approximation v(p) by steps of size dp produces the
minimum error on the order of (dp)*. On the other hand,
this loss must be compensated by the energy gain due
to the magnetic field. Thus, we arrive at

dp O ./B. (15)

With account taken of the Zeeman splitting in the dis-
persion law, Eq. (14), each of the blocks is polarized,
since its outer areas are occupied only by spin-up qua-
siparticles. The width of these areas in the momentum
space dp, is given by
POy

0 UBHgt,

where pg; ~ Hg IS the effective moment. We can con-
sider such a polarization without perturbing the previ-
ous estimates, since it is seen from Eg. (15) that

(16)
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TRANSITION FROM NON-FERMI LIQUID BEHAVIOR

dpo/dp << 1. The total polarization AP is obtained by
multiplying dp, by the number N of the blocks, which
is proportional to 1/dp, N ~ (p; — p)/op. Taking into
account Eqg. (15), we obtain

AP Dmﬂp%)‘ Biter U /B, (17)
and thus it prevails over ~B contribution from the LFL
part. On the other hand, this quantity can be expressed as

AP O MOB, (18)

where M* isthe “average” effective massrelated to the
finite density of states at the Fermi level,

MOONmOD =+
3p

(19)
We can a'so conclude that M* defines the specific heat.
Otherwise, EQ. (15) can be examined starting from a
different point surmising that a multiconnected Fermi
sphere can be approximated by a single block. Let us
put A, = 0. Then, the energy gain due to the magnetic
field AEg ~ B°M*. The energy loss AE because of the
restructuring of the FC state can be estimated by using
the Landau formula, which directly follows from
Egs. (8) and (9)

3

DEwc = [(e(P) - H3N(P) dp (20)

(2m*
As we have seen above, the region occupied by varia-
tion on(p) has the length dp, while (e(p) — 1) ~ (p —
Pe)P/M*. As aresult, we have AE.. = dp?/M*. Upon
equating AEg and AE.. and taking into account
Eqg. (19), we arrive at the following equation:
3 [ 5p° 11 B
V& dop O 30
which coincides with Eq. (15).
It follows from Egs. (17) and (18) that the effective
mass M* diverges as

(21)

1

MUO —.

JB

Equation (22) shows that, by applying a magnetic field

B, the system can be driven back into LFL, with the

effective mass M* (B) dependent on the magnetic field.

It was demonstrated that the constancy of the Kad-

owaki—Woods ratio is obeyed by systems in the

strongly correlated regime when the effective mass is

sufficiently large [17]. Therefore, we are led to the con-

clusion that, by applying magnetic fields, the system is

driven back into LFL, where the constancy of the Kad-

owaki-Woods ratio is obeyed. Since the resistivity
Ap O (M*)?[17], we obtain from Eq. (22)

1

(22)

(23)
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At finite temperatures, the system persists to be LFL,
but there is atemperature T* (B) at which the polarized
state is destroyed. To calculate the function T*(B), we
observe that the effective mass M* characterizing the
single-particle spectrum cannot be changed at T*(B). In
other words, at the crossover point, we haveto compare
the effective mass defined by T*, Eq. (10), and that

defined by the magnetic field B
1
M—DD T .J/B. (24)
Asaresult, we obtain
TOB) O /B. (25)

Attemperatures T = T*, the system comes back into the
state with M* defined by Eq. (10), and we observe the
NFL behavior. It followsfrom Eqg. (25) that aheavy fer-
mion system at some temperature T can be driven back
into LFL by applying strong enough magnetic field B >
B, O (T*)2 We can also conclude that, at finite temper-
ature T, the effective mass of a heavy-fermion systemis
relatively field-independent at magnetic fields B < B,
and shows a more pronounced metallic behavior at B =
B, since the effective mass is decreased; see Eq. (22).
The same behavior of the effective mass can be
observed in the dHVA measurements. We note that our
consideration isvalid up to temperatures T < T;.

Now we are in position to consider the nature of the
field-induced quantum critical point in YbRh,Si,. The
properties of this AF heavy-fermion meta with the
ordering Neédl temperature, Ty, = 70 mK were recently
investigated in[1, 18]. In the AF state, this metal shows
LFL behavior. As soon as the weak AF order is sup-
pressed either by a tiny volume expansion or by tem-
perature, pronounced deviationsfrom LFL behavior are
observed. The experimenta facts show that the spin
density wave picture fails when dealing with the
obtained data [1, 6, 18]. We assume that the electron
density in YbRh,SI, is close to the critical value (Xgc —
X)Xz << 1[19], so that this system can be easily driven
across FCQPT. Then, inthe AF state, the effective mass
is given by Eqg. (22), and the electron system of
YbRh,Si, possesses LFL behavior. When the AF state
is suppressed at T > Ty, the system comes back into
NFL. By tuning Ty — O at acritical field B = B, the
itinerant AF order is suppressed and replaced by spin
fluctuations [18]. Thus, we can expect absence of any
long-ranged magnetic order in this state, and the situa-
tion corresponds to a paramagnetic system with strong
correlation inthefield B = 0. Asaresult, the FC stateis
restored, and we can observe NFL behavior at any tem-
peratures in accordance with experimental facts[1]. As
soon as an excess magnetic field B > B, is applied, the
system is driven back into LFL. To describe the behav-
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ior of the effective mass, we can use Eq. (22), replacing
B withB—-By

1

/B=—B,

Equation (26) demonstratesthe 1/,/B — B, divergence

of the effective mass, and therefore the coefficients
Vo(B) and X,(B) should have the same behavior. Mean-
while, the coefficient A(B) divergesas 1/(B—By,), being
proportional to (M*)?[17] and thus preserving the Kad-
owaki—Woods ratio, in agreement with experimental
findings [1]. To construct the T — B phase diagram for
Y bRh,Si,, we use the same replacement B — B — B,

in Eq. (25)
THB) O ./B—Byg. (27)

The phase diagram given by Eq. (27) isin good quali-
tative agreement with the experimental data [1]. We
recall that our consideration is valid at temperatures
T < T;. The experimental phase diagram shows that the

behavior T* O ,/B — B, isobserved up to 150 mK [1]
and allows us to estimate the magnitude of T;, which
can reach at least 1 K in this system.

To conclude, we have demonstrated that a new type

of the quantum critical point observed in heavy-fer-
mion metal Y bRh,Si, can be identified as FCQPT.

This work was supported in part by the Russian
Foundation for Basic Research, project no. 01-02-
17189.
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A new system with dynamic chaos—2D lattice of single Sinai billiards coupled through quantum dots—is stud-
ied experimentally. Localization in such a system was found to be substantially suppressed, because the char-
acteristic size of the billiard for g < 1 (g is conductance measured in e,/h units) isthe localization length rather
than the de Broglie wavel ength of an electron, asin the usual 2D electron system. Lattice ballistic effects (com-
mensurate peaks in the magnetoresistance) for g < 1, as well as extremely large magnetoresistance caused by
the interference in chaotic electron trgjectories, were found. Thus, this system is shown to be characterized by
simultaneous existence of effectsthat are inherent in order (commensurate peaks of magnetoresi stance), disor-
der (percolation charge transport), and chaos (weak localization in chaotic electron trajectories). © 2002 MAIK

“ Nauka/Interperiodica” .
PACS numbers: 73.21.La; 73.23.Ad; 05.45.Mt

Investigations of classical and quantum transport in
systems with dynamic chaos began ten years ago and
are of great and topical interest in condensed-state
physics. This interest is stimulated primarily by
advances in semiconductor technology that provided
various experimental realizations of these systems and,
therefore, brought dynamic chaos physics beyond the
scope of pure theory. Experiments made it possible to
test and refine numerous theoretical predictions and
pose new problems for theory.

Various kinds of these systems have been studied to
date. In particular, electron billiards based on a 2D elec-
tron gas with high mobility in AIGaAs/GaAs hetero-
junction are examined most extensively. They can be
divided into two groups. Thefirst group involvessingle
regular or chaotic Bunimovich and Sinai billiards,
which are, in fact, quantum dots with alarge number of
electrons [1-5]. The second group involves macro-
scopic 2D (lattices of antidots) [6-10] and 1D Sinai bil-
liards [11]. These billiards exhibited a number of inter-
esting phenomena associated with both classical and
guantum chaotic dynamics of electrons such asthe for-
mation of dynamically stable outgoing electron trajec-
tories [10], mesoscopic conductance fluctuations [1,
12], and chaotic weak localization [2], which are dueto
the interference between chaotic electron trajectories.

This study is devoted to a new kind of electron bil-
liards—the lattice of electron billiards coupled through
quantum dots, which is described in [13]. On the one
hand, thislattice exhibitsthe properties of asingle Sinal
billiard. On the other hand, it is a macroscopic system,
wherethese billiardsform aregular lattice. This system
is unique, because it simultaneously exhibits phenom-
ena associated with order (commensurate peaks of

magnetoresistance), disorder (percolation charge trans-
port), and chaos (weak localization in chaotic electron
trajectories).

1. How can a lattice of coupled electron billiards
be realized? In the experiments, the original system
wasa2D gasin an AlGaAs heterojunction with alattice
of antidots. The 2D-gas parameters are as follows: the
2D electron density Ng = (2-3) x 10" cm, mobility
U= (3-8) x 10° cm?/V s, and mean free path |, = (2-
8) um. Two types of lattices were manufactured: a
square with period d = 0.6 and 0.7 um and hexagonal
with d = 0.6 um. The lithographic size of antidots was
equal to 0.2 umin al cases. Animportant feature of the
samples under consideration isthe presence of ametal-
lic Ni/Au or TiAu gate deposed on the upper part of the
structure. This gate was used to control the width of the
depletion layer around antidots and thereby their actual
size and distance between their boundaries. Thisadjust-
ment was used to change the regime of a 2D electron
gas with usual lattice of antidotes (scatterers) to the
regime of alattice of coupled electron billiards, where
antidots are reflecting walls of Sinai billiards. In the
first regime, (d —a) > a, where aisthe size of an antidot
and d isthe distance between the centers of neighboring
antidots. In the second regime, d = a, and (d —a) < a;
i.e, thisis alattice of close-packed antidots. Figure 1
illustrates these cases. If (d —a) ~ A (A isthedeBroglie
wavelength of an electron), we have a lattice of Sinai
billiards coupled through quantum dots. This case will
be considered below.

2. Commensur ate magnetor esistance peaks. Fig-
ure 2 shows typical magnetotransport measurement
results for square lattices in the magnetic-field range
from -0.1 to 2 T and temperature range 60 mK—-1.2 K

0021-3640/02/7608-0537$22.00 © 2002 MAIK “Nauka/ I nterperiodica’



Fig. 1. Lattices of antidots for (a) (d — a) > a (square),
(b) d = a(square), and (c) d = a (hexagonal).
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Fig. 2. Magnetic-field dependences of p,, in temperature

range T =60 mK—1.2 K (AG219 sample) for (a) py(0) > 1,

(b) pyx(0) > 1, and (C) py(0) < 1.
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for three gate voltages corresponding to the lattice
resistance per square py, < h/e?, p > h/e?, and p,, >
h/e?. The p,,(B) dependences are characterized by three
magnetic-field ranges. weak magnetic fields from 0 to
0.05 T, moderate magnetic fieldsfrom0.1t0 0.5 T, and
strong magnetic fields B > 1 T. In this section, we ana-
lyze only the ranges of moderate and strong magnetic
fields. The range of weak fields, where considerable
negative magnetoresistance (NMR) is observed, will be
examined €l sewhere. In moderatefields, so-called com-
mensurate magnetoresistance peaks indicated by
arrowsin Fig. 2 are observed. Peak 1 correspondsto the
condition 2R, = d (R; is the cyclotron radius). It is
observed in dl lattices of antidots, and is associated
with the formation of localized trajectories around one
antidot in this case (lattice of close-packed antidots). As
is seen, it does not disappear even for p,, > h/e?. The
second commensurate peak marked as 2 is observed in
the system state with the lowest resistance. This peak

correspondsto the condition 2R, = (/2 —1)d. It isasso-
ciated with the formation of a localized trgjectory
between antidots, and was observed in[13]. Thetrajec-
tories whose formation is responsible for the magne-
toresistance peaks under discussion are shown in the
insertin Fig. 2. Their positions provide definite conclu-
sion about the relation between d and a. In particular,
d=aand (d —a) < aforlinesin Fig. 2c. Indeed, the
ratio of magnetic fields B, to B, (positions of the first
and second peaks, respectively) must be equa to

B,/B, = ./2 — 1in this case, which is close to B,/B, =
0.39 observed in Fig. 2.

Shubnikov—de Haas oscillations are observed for
fieldsexceeding 1 T. They, aswell aspeak 1, do hot dis-
appear even for p,, > €/h. The above experimental data
indicate that the properties of the systemin question are
very unusual compared to an unmodulated 2D electron
system. As is known, as the latter system changes its
state from p,, < h/€? to p,, > h/€?, both ballistic effects
(manifested as commensurate peaks in the system in
hand) and Shubnikov—de Haas oscillations are impossi-
ble, because the system undergoes transition to a
dielectric state.

3. Lattice conductance. Dependence on the gate
voltage and temper ature. Figure 3a shows the typical
gate-voltage-dependence of the lattice conductance g
(measured in €/h units) for temperature T = 60 mK.

The solid lineisthe function g = 28.6(V, - Vg )', where

V, isthe gate voltage, V; is the cutoff voltage, and t =
1.26. This dependence is similar to the percolation
dependence in the well-known problem of transport in
sites of squarelattice [14], if the number of sitesispro-
portional to the gate voltage r = V. Then, g = (r —rJ)’,
where r is the critical number of sites. The critical
exponent t for thisproblemiswell known and liesinthe
ranget = 1-1.5[14]. Figure 3ademonstrates that exper-
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imental data are quite satisfactorily described in the
problem of sites, where saddle points connecting indi-
vidual billiards can serve as sites. The reason is as fol-
lows. The fluctuation potential is shielded most effi-
ciently at these points because of a low density of
charge carriers. Then, the fluctuations of this potential
can strongly affect the passage of an electron by alter-
nately creating a barrier and transmitting one or two
electron modes. The above property of saddle points
makes it possible to suggest that they may serve as
square-lattice sites, whose average number is con-
trolled by the gate voltage, thereby changing the num-
ber of transport paths through the lattice. Figure 3b
illustrates the above discussion.

Figure 4 shows the temperature dependence of con-
ductance g for two samples with different mobilities
u=(a) 7 x 10° and (b) 3 x 10° cm?V s of the origina
2D electron gas. The conductances are measured when
the system changes g > 1 to g < 1. We first analyze
Fig. 4a. Conductance depends only dlightly on temper-
ature when g > 1. At first glance, this behavior is natu-
ral, because 2D systems under these conditions usually
exhibit alogarithmic decrease in g, which is attributed
to weak localization. Since there is no effect associated
with spin relaxation in this system and interaction is
weak, the logarithmic correction to conductance is
given by the expression [15]

Dy = ~(UM)In(T/ITy), (1)

which is shown by the dashed linein Fig. 4. Asis seen,
even logarithmic dependence is noticeably stronger
than experimental dependence. Thus, localization
effects in the system in question are weaker than those
in other 2D and quasi-2D systems. Measurements for
g < 1 corroborate the above conclusion. It is seen that,
as g decreases, temperature dependence is enhanced
but remainsweak even for g << 1. Asawhole, all depen-
dences in Fig. 4 are well approximated by the power-
law function g(T) ~ T® with a < 1, in particular, a =
0.1-0.27 and 0.3-0.66 for the original 2D-gas samples
with higher and lower mobilities, respectively. There-
fore, the enhancement of the initial disorder leads to a
sharper drop in conductance with decreasing tempera-
ture. The above behavior of 2D lattice of Sinai billiards
differs considerably from that observed in all studied
2D electron systems with unmodulated potential begin-
ning with Si MOP transistors [16] and ending with
AlGaAgGaAs heterojunctions [17]. All these systems
exhibit different behaviors of conductance (from loga-
rithmic decrease to anomalousincrease [18]) for g > 1.
At the same time, they are in the strong localization
region characterized by exponential decrease in g with
decreasing temperature below 1 K. Nothing of thiskind
isobserved in the system under investigation: asis seen
in Fig. 4, conductance for g < 1 decreases with
decreasing temperature even more slowly thang ~ T.

4. Negative magnetor esistance. Weak localization
in chaotic electron traj ectories. Now, we analyze neg-
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Fig. 5. Magnetic-field dependence of the magnetoresi stance
of theAG219 samplewith d = 0.6 umfor various g and tem-
peratures.

ative magnetoresistance observed for weak magnetic
fields (Fig. 5). The behavior of this negative magnetore-
sistancefor g > 1 can be attributed to the weak localiza-
tion effectsin open electron billiards, which are caused
by the interference between chaotic electron tragjecto-
rieswithin one billiard. Similar magnetoresistance was
observed in [2], where the ensemble of singular bil-
liards of the circustype (aregular billiard) and stadium
type (a chaotic hilliard) with two open channels was
studied. All billiards were separated from each other by
amacroscopic 2D electron gas region whose resistance
was much lower than the resistance of one billiard. The
ensemble was used to average the mesoscopic fluctua-
tions of conductance. According to the theory devel-
oped for negative magnetoresistance in asingle billiard
in [19], negative magnetoresistance for a chaotic bil-
liard (all the Sinai billiards are chaotic) must be
described by the expression

Apo(B) = —Apy/[1+(B/By)7, )

where B, = ®y/2S (P, = hc/eis the magnetic flux quan-
tum and Sis the billiard area); i.e., it is given by the
L orentzian whose half-width is determined by the quan-
tization of the flux through the billiard area. Figure 6a

KVON

2 | | )
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" (b) —— Experimental curve
09k T Lorentzian (B, = 0.15T)

Lorentzian (B, = 0.10 T)

S 08
=t L d=0.6 um
= 07F
g |
Cf 0.6;
0.5r
04 I 1 1 1 1 1 1 1 1 1 1 1 1
-04 -02 0 0.2 0.4 0.6

B (T)

Fig. 6. Negative magnetoresistance measured and calcu-
lated for (a) square lattices with various periods and (b) hex-
agonal lattice. The inserts show single billiards forming the
sguare and hexagonal lattices and electron trajectories. The
suppression of these trgjectories by magnetic field is
responsible for negative magnetoresistance.

shows experimental curves Ap,(B) obtained for the
square lattices with two periods of 0.6 and 0.7 um, as
well as the results calculated by Eq. (2). It is seen that
experimental data are well approximated by Eq. (2),
wherethe area S= d?(1 —174) of asinglebilliard of our
square latticeis substituted. It is of interest that, sincea
hexagonal lattice corresponds to the maximum close
packing, the billiard area for the sgquare lattice is con-
siderably (by afactor of 5.2) larger than for the triangle

|attice [for which S= d2(./3/4 —1Y8)] with the same lat-
tice period. Therefore, the experimental negative mag-
netoresi stance curve shown in Fig. 6b for the hexagonal
lattice must be considerably wider than for the square
lattice. Figure 6b shows also the fitting curves. It is
clearly seen that the half-width of the curve Ag(B) for
the triangle lattice considerably exceeds the half-width
of the curves in Fig. 6a. We emphasize that Eq. (2) is
strictly valid only when g > 1 and Ag < g, which arethe
conditions realized in the experiment carried out in[2].
Asisseenin Fig. 6, Eqg. (2) in our case well approxi-
mates the observed negative magnetoresistance for
g<1 as well. In this case, Ag is comparable to J.
Therefore, we arrived at the unexpected results. Mag-
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netic-field dependences of negative magnetoresistance
arevirtually the samefor g > 1 and g < 1. However, its
magnitude for g < 1 ismuch higher and is comparable
with the total conductance for zero magnetic field.
Therefore, interference in chaotic trgectories inside a
billiard for the lattice of coupled Sinai billiards changes
the resistance of the entire system much more consider-
ably than for asingle billiard, where the same interfer-
ence changes the conductance of the system only by
several percent [2, 19].

Discussion. The lattice of coupled electron bil-
liardsis a system with suppressed localization. The
above results provide the following conclusions. First,
the gate-voltage dependence testifies to a percolation
lattice. Second, commensurate magnetoresistance
peaks indicate that this lattice has, nevertheless, the
properties of a periodic system over the entire range of
conductances under investigation, i.e., even for g < 1.
These peaks, as well as Shubnikov—de Haas oscilla-
tions, corroborate that single billiards forming lattice
are coupled through quantum dots in the saddle points
of the lattice rather than through tunneling barriers,
because the Fermi energy must exceed the barrier
height in both cases. Thus, the percolation pattern of
charge transport is as follows. For high conductance
(g > 1), al sites, which are saddle points, are open, and
the conductance of thelattice is approximately equal to
the conductance of one site gg, = 2ne?/h, where nisthe
number of modes passing through it. As the gate volt-
age decreases, the number of open sites decreases, and
transport occurs only through individual quasi-one-
dimensional percolation paths, which is manifested in
the dependence g ~ (r —r.)'. The results presented in
Section 3 indicate that the temperature dependence of
this conductance is very weak even for g < 1, in con-
trast to the ordinary 2D systems. The weakness of this
dependence cannot be explained by the percolation
transport, because the formation of quasi-one-dimen-
sional paths must enhance the localization effects and,
therefore, temperature dependence. As far as | know,
the linear, rather than exponential, temperature depen-
dence for g < 1 was observed only in the experiment
reported in[20], where thin In,O; films were examined.
This system was analyzed theoretically by Imry et al.
[21], who proposed a model implying that metallic
granules with high conductance, g > 1, are coupled
with each other through tunneling barriers so that the
conductance of a macroscopic system of granules is
low, g < 1. The conductance of this system was shown
to depend linearly on temperature over a wide temper-
ature range due to inelastic electron—electron scatter-
ing. However, this linear dependence must go over to
the exponential dependence for T < €/C (C is the
capacity of agranule). Our results are inconsistent with
the prediction made in [21]. First, our experiment
reveals temperature dependence noticeably weaker
than linear. Second, estimates indicate that the Cou-
lomb energy isequal to €/C = 15-25K inour case, and,
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thereby, exponential temperature dependence must be
observed in the temperature range 0.05-1 K under
investigation. It is easy to understand this inconsis-
tency, because hilliards of our system are separated by
guantum dotsrather than by tunneling barriers. For this
reason, the model proposed in [21] does not explain the
temperature dependence of conductance obtained in
our experiment and must be developed for the case,
where billiards are connected by ballistic rather than
tunneling electrons, the more so as the behavior of the
system in magnetic field is also anomalous. Asis seen
in Fig. 2, for magnetic fields exceeding the field corre-
sponding to the commensurate peak, conductance is
temperature-independent, remaining much higher than
h/e?. As is well known [17], an ordinary 2D system
under these conditions undergoes the insulator—Hall
liquid—insulator transition. To explain al these anoma-
lies, it is necessary to develop a consistent theory of
guantum transport in a 2D lattice of coupled Sinai bil-
liards, which isadifficult problem. Below, only aqual-
itative concept, rather than consistent quantitative
description of all observed effects, will be presented.

Thelocalization length & in ahomogeneous 2D sys-
tem is approximately estimated by the expression [15]

& =~ 1,exp(TU2)Kel,. 3)

which discriminates weak, kel, > 1, and strong, kel , = 1,
localization regimes. Since g = kel , inthe 2D case, con-
ductanceisthat measurable characteristic of the system
which indicates the transition from one mode to
another. It follows from Eq. (3) that § = Lk in the
strong localization mode. In this case, the characteristic
energy corresponding to the transition to the exponen-
tial temperature dependence for g < 1 isegual to E, =

#2KZ I = Ep = 15-30 K. It is reasonable to assume

that & =L, where L isthe characteristic size of abilliard.
Therefore, the characteristic energy is easily estimated
as E. = EZ/N, where N is the number of electronsin the
billiard and is easily determined in terms of the known
area of the hilliard. For the sguare lattice with period
d=0.6 and 0.7 um, N = 80-120 and 110-160, respec-
tively. Therefore, the exponential temperature depen-
dence of g for the system in question must begin with
temperatures T < 0.1 K; i.e., the characteristic tempera-
ture must strongly decrease. This circumstance can
explain, at least qualitatively, the absence of exponen-
tial localization in the system under investigation and is
corroborated by the results obtained in [22], where
short-period lattices (d = 0.2 and 0.3 um) were exam-
ined. The above argumentation is applicable if the
phase-coherence time 1, exceeds the electron lifetime
in the billiard 1., All the available experimental and
theoretical estimates give 1, = 10°-10 s for single
billiardsat T < 1 K [23]. FormulaTe,. = (SW) v [24] (W
is the width of the neck and v is the Fermi velacity)

yieldst.. =10 5 i.e., the above condition is satisfied.
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Thus, the conductance of the lattice of coupled elec-
tron billiardsis not described by the standard 2D local-
ization, and g is not a qualitative characteristic of the
system, in contrast to homogeneous 2D electron sys-
tems. The localization length and conductance of such
asystem is determined by the lattice period and classi-
cal percolation transport, respectively. Owing to both
indicated features, the 2D lattice of Sinai billiards cou-
pled through quantum dots can exhibit metallic and bal -
listic (commensurate magnetoresistance peaks and
weak localization in chaotic trgjectories, as well as
Shubnikov—de Haas oscillations) properties even for
g < 1. Their full description is an interesting problem
for the theory of guantum interference effects in sys-
tems, where the disorder effect, along with the interfer-
ence of chaotic electron trgjectories, must be taken into
account. In particular, only this theory will be capable
of explaining extremely high negative magnetoresis-
tance in the lattice. The results clearly demonstrate that
conductance, even being macroscopically homoge-
neous, cannot be a universal characteristic of any 2D
electron system. For this reason, scaling argumentation
must be carefully applied to localization in actual 2D
electron systems, where regions with alarge number of
electrons can be formed with high probability.

| am grateful to M.V. Budantsev and A.G. Pogosov
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dation for Basic Research, project no. 99-02-16756.
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