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We present a novel nonlinear mechanism for exciting a gravitational radiation pulse (or a gravitational wave)
by dust magnetohydrodynamic (DMHD) waves in dusty astrophysical plasmas. We derive the relevant equa-
tions governing the dynamics of nonlinearly coupled DMHD waves and agravitational wave (GW). The system
of equations is used to investigate the generation of a GW by compressional Alfvén wavesin atype |l super-
nova. The growth rate of our nonlinear processis estimated, and the results are discussed in the context of the
gravitational radiation accompanying supernova explosions. © 2005 Pleiades Publishing, Inc.

PACS numbers: 04.30.Db, 97.60.Bw, 98.62.En

It is well known that there exist numerous mecha-
nisms for the conversion between gravitational waves
(GWs) and electromagnetic waves [1-19]. For exam-
ple, the propagation of GWs across an external mag-
netic field givesrise to alinear coupling to the electro-
magnetic field [1], which may lead to the gravitational
wave excitation of ordinary electromagnetic waves in
vacuum, or of magnetohydrodynamic (MHD) wavesin
a plasma [2—4]. Furthermore, various nonlinear cou-
pling mechanisms give rise to three-wave couplings
between GWs and electromagnetic waves in matters.
We al so note that four-wave processes may cause grav-
iton—photon conversion even in the absence of external
matters or fields [5]. Moreover, GWs can couple to
other types of waves, e.g., sound waves, also in neutral
media[6]. There are numerous motives for considering
wave couplings involving GWs. In some cases, the
emphasisis on the basic theory [5-10]. In other works,
the focus is on GW detectors [11-13], on cosmology
[14-16], or on astrophysical applications such asbinary
mergers [17], gammarray bursts [18], or pulsars [19].
Here, supernovae and neutron star formation, giving
rise to GWSs as considered in, e.g., [20, 21], will be of
specia interest, since the possibility of dust formation
in supernova remnantsis of current astrophysical inter-
est [22, 23]. Many of the previous works have concen-
trated on the conversion from GWSs to electromagnetic
waves, which can be analyzed within a test matter
approach, which neglects the back reaction on the grav-
itational field. We note that such an approach can be
justified if the background energy density islow.

TThis article was submitted by the authorsin English.

In this letter, we consider the three-wave coupling
between two dust magnetohydrodynamic (DMHD)
waves and a GW, including the effects of dust particles
[24] in a dense medium such as the supernova where
electrons, protons, and charged dust macroparticles are
abundant. For this purpose, we derive the dust Hall
MHD equations[24], i.e., equations describing the dust
MHD waves, including the effect of a GW. We empha-
sizethat, for alow-beta plasma, the system of equations
has a structure, which can describe both a dust-domi-
nated plasma, aswell asan ordinary Hall-MHD plasma
(if we replace the dust mass density by the ion mass
density). Using the normal mode approach [25], the
three-wave coupling equations are derived, including
the back reaction on aGW from the Einstein equations.
The system is shown to fulfill the Manley—Rowe rela-
tions[25] (which meansthat the interaction process can
be viewed quantum-mechanically) and to be energy-
conserving. The three-wave equations are then used to
analyze the generation of a GW by the compressional
Alfvén waves in the iron core of the type Il supernova
[26, 27]. It turns out that the characteristic timescalefor
the Alfvén—-GW conversion can be less than a millisec-
ond, which implies that the mechanism is potentially
relevant for the high-frequency part (>1 MHz) of the
supernova GW spectrum.

The plasma dynamics, dueto the responseto agrav-
itational wave

ds’ = —dt’+ (1 +h,)dx°

) , 1
+(1-h,)dy" + 2h,dxdy + dz
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can be formulated according to
o.ng+ (nyvg) = 0O, (2
and
mgng(0; + v L)V
= —0pstang(E +v xB) + minyg,

©)

where we have introduced the tetrad e, = 9, &, = (1 —
h,/2)0, —h,/20,, &, = (1 + h,/2)d, — h,/20,, &; = 0,, and
0 = (e, &, ;). Moreover,

Os = _%(1_ Vsz)(vsxath+ + VsyathX)el
1
- é(l - Vsz)(vsxathx - Vsyath+)e2 (4)

1
—5[(va=v5)ah. +2vav ahle,

represents the gravitational acceleration of the particle
speciessdueto the GWs. We have assumed that 0, = —0,
holds for the GWSs.

The electromagnetic field is determined through the
gravity-modified Maxwell’s equations. Using the same
notation as above, they take the form

atE = DXB_qunsvs_jE’ (5)

0B = -OXE—-jg, (6)

with the constraintsl] - E = gsqsns and 0 -B =0.
1

Here, the effects of the GWs (1) are represented by the
effective currents

. 1
Je = _é[(Ex -B,)o.h, + (E, + B,)d:h] e

. M
—5[-(Ey+Byoh. - (Ex—B,)dh.] e,

and

: 1
jo = —5[(E,+B)oh.~(E,~B,)oh]e

1 ®)
~S1(E-BaN. + (E,+ Boh e,

With the general setting established above, we will
from now on focus on the case of a three-component
dusty plasma, for which we have the equation of state
ps = kg Tohs. Thus, the plasma is composed of electrons
(e), ions (i), and dust particles (d). The mass m, of the
dust particles is assumed to be much larger than the
electron and ion masses, viz. m, and m, respectively.
We will assume that the plasma is approximately
quasineutral, i.e., g;n; = en,— gqng. Moreover, the waves
under consideration are supposed to propagate with
phase velacities much smaller than the speed of light c.
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Thus, we may neglect the displacement current in
Ampere'slaw (5), i.e.,

UxB = ZanSVS+jE' (9)
s

Due to the constraint m,, m < my, the momentum con-
servation equation (3) for the inertialess electrons and
ions becomes

0 = —kgT.On,—en,(E +v % B) + mn.g., (10)

and

= —kgT;On; + gni(E +v; xB) + mng;, (11)

respectively. Adding Egs. (10) and (11), using the
quasineutrality condition, assuming that the number
densities of the electrons and ions are not much larger
than the number density of the dust, and using the
heavy dust approximation, the dust momentum equa-
tion takes the form

Pa(0; + vy vy = _kBE)rd - %TPD Ny

+(0%xB)xB—jgxB+py0q

(12)

where py = myng. In EQ. (12), we have aso used the
approximation [T, + (&/q) Ti]ne < [Ty — (A/h) Ti] N

Again, using Egs. (10) and (11) to eliminate the
electric field, Faraday’s law (6) becomes

0B = Ox(vy4xB)

m | (13)
—a;dD x[@ (+ Vg M)Vy—0dg] —Js»

where we have used the dust momentum equation (12).

Thus, Egs. (12) and (13), together with the dust con-
tinuity equation

0pg+ O gvg) = O, (14)

constitute the dust MHD equations in the presence of a
GW. For alow-beta plasma, the pressuretermin (12) is
negligible, which means that the structure of equations
(12)—(14) is the same as in an ordinary Hall-MHD
plasma without dust. Henceforth, we will consider a
low-beta plasma, drop theindex d on all quantities, and,
thus, let g/m be either the ion charge-to-mass ratio or
the considerably smaller charge-to-mass ratio of the
dust particles. As a result, our mathematical analysis
below will then apply either to a dust Hal-MHD
plasma, or to an ordinary Hall-MHD plasma without
dust.

To simplify the problem, we consider the case when
the dust-acoustic speed ¢, = kgT/mismuch smaller than

the dust Alfvén velocity C, = (BS Iuop)Y? such that the

pressure term in (12) can be neglected. As a prerequi-
sitefor the nonlinear calculations, wefirst study thelin-
ear modes of the system (12)—(14) omitting the gravita-
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tional contributions. Letting B=By2 + By, p =g + P1,

where the index 1 denotes the perturbation of the equi-

librium part, and linearizing Egs. (12)—(14) and Fourier

analyzing, we readily obtain the dispersion relation

Wk k’Ca
2

(W —K2Co) (W —K°CR) — =0, (15

C

where w, = gBy/misthe gyrofrequency. For frequencies
much smaller than the gyrofrequency, we note that the
modes separate into the shear Alfvén wave, w? —

k>C% = 0, and the compressional Alfvén wave, w? —

kZCi = 0. Below, we will consider the more genera

case described by (15), however. For later applications,
it isconvenient to use the linear equationsto expressall
guantitiesin terms of asingle variable. Thus, we let the
wavevector of the dust MHD wavesliein the x—z-plane,
and write

_ .  KCh
y ~ '6’ 7 2.2 V%
(W —k;Ch) (16)
k,v
V=0, by = s,
wk,
BX = _BO—Z—-—Z Vx) (17)
A
2
W K,
B, = —iBy,— Vi (18)
bW -KC)
wk,
Bz = Bokz—civx. (19)

Next, we consider asystem of three weakly interact-
ing waves. Two dust MHD waves with frequencies and
wavenumbers (wy, k;) and (w,, k), respectively, and an
arbitrarily polarized gravitational wave propagating
along the z-direction with the frequency and wavenum-
ber (wy, ky2). Noting that the gravitational dispersion
relation reads wy = k¢ and that C, < c, the frequency
and wavenumber matchings (energy and momentum
conservation) can be approximated:

kg = ky+k,0 0=k, +k,. (20)

We will thus use k; = -k, below, and we define k;, =
—ko =k aswell ask;, =k, =k, (letting k, = O for con-
venience). All quantities are now assumed to be super-
positions of two dust MHD waves whose amplitudes
are weakly varying functions of time, i.e., p = pg +

fzjzz 1P (Dexplik; - r —wt)] + c.c., where c.c. stands
0

r the complex conjugate. In principle, the gravita
tional wave should also contribute, but we note that,
within a fluid model, the gravitational wave contribu-
tion to al plasma perturbations (velocity, magnetic

Wy = Wy + Wy,
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field, and density) are second-order in the gravitational
wave amplitudes, provided that the GW propagates par-
alel to By, as we have assumed. Thus, the only linear
perturbations due to the gravitational wave are those of
the metric as described by Eq. (1).

Next, in order to simplify the algebra, we introduce
the normal mode g defined by
212 ~2
a = gvxj_l Q)sz]CA
2 2 ~2
Ky (00 — k3 CRKy

Vi

21,2 ~2 2
wijjCA Ca

wi(w —k5C3) Bo

(21)

+i(wf-kfci)w§-kfciwf k., B
kaooj (‘)ckijO Y
Returning to Egs. (12)—(14) and including the nonlinear
terms,t we can, by keeping the part varying as
expli(ky - r —uyt)], derive

aal - 001 * *

?aT - _2kX(V2xh+ + V2yh><)

—ij (DikiCZA( V;th - V.;yh+)
203,(w; —K;CR)K,

W k,

— — * —
2k2 kXBO(BZXh+

5h.) (22)
4 ikl (@1 —KCl) o} —K'Crwi]

K, 0.k, B,

x (B;xhx - gyh+)1

and we obtain a similar result for da,/0t by letting

1 2. After some algebra, using Egs. (16)—(19) and
(21), wefind that Eqg. (22) reducesto

dvxl — powl *

i W, vio(V.h,+V,h,), (23)
and similarly, for mode 2,
d;txz = p\jv‘*:zvjl(v+h++vxhx), 24)

L when including the nonlinear GW-coupling, it is, in principle,
important to separate the coordinate components (indices x, Y, 2)
from the tetrad components (indices 1, 2, 3), since the difference
isfirst order in hy, h,. However, for notational convenience, we
let indices x, y, zdenote tetrad components 1, 2, 3 in equation (22)
and henceforth.
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where

2
K1 2Ca
2 (25)
2 4
Wy oKy, ZCA Eﬂ. (Diz %}
(*)g((*)iz zl 2CA) O ki'zCiD
[, K2CAK® — w,w’K:
Vx:{ LA 2t 1-—2],  (26)
w(w; —k;;Ch)k
and
_ [ 00, KCA(KCA + wyw,)
Ve=ia1l+ 2 2 22 2 22
W, (W —k;Cp)(w;—k;Ch)
(27)
2
+0~)1j*)22kz}
k'Cy

Next, using the Einstein equations, linearized in h,, h,,
keeping only the resonantly varying part of T*, we
obtain for the x- and +-polarization, respectively,

. dh, B,.B
105t = K[ponlvyz"'——xﬁoyl} (28)
and
. dh,
Iwgﬁ
B.,B B,,B (29)
K —_—
= ‘[po(Vxlvxz—Vy1Vy2)+ e i ove
2 Ho
which isreduced to
dh, _  Powy,
dt - = Wg vaxlvxzv (30)
and
dh, PoW,
H = - \(/)V gV+V><1V><21 (31)

g

where W, = ooé/ZK. The total wave energy is W, =
Wylvial* + Wl * + Wy(Ihe P + [, ), and it is easily
verified from (23), (24) together with (30), (31) that
W, is conserved. Furthermore, the appearance of the
same coupling coefficients V,, V., in Egs. (23), (24) as
well asin (30), (31) assuresthat the Manley—Rowerela
tions are fulfilled, which implies that each mode
changes energy in direct proportion to its frequency,
i.e., (dW,/dt)/(dW,/dt) = wy/w,, etc. The system of (23),
(24) together with (30), (31) describing the energy con-
version between DMHD waves and GWs is one of the
main results of the present letter. A more elaborate cal-
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culation scheme, including effects such as inhomoge-
neity and background curvature, is a project for future
research.

We now apply our results to the gravitational radia-
tion arising from the iron core of atype Il supernova
where the densities can be of the order 10'7 kg/m3 [27].
The large neutrino outflow (which can reach powers of
10* W/cm?; see, e.g., [26]) can generate MHD waves
described by (15). From the flux conservation, we
expect the iron core to be strongly magnetized (compa-
rable to pulsars), and for magnetic field strengths B, ~
108 T, the gyrofrequency will be much larger than all
other frequencies of the problem. The dispersion rela-
tion then separate into the shear Alfvén waves w? —

k’C% = 0 and the compressional Alfvén waves ? —
k2C5 = 0. Assuming that the pump MHD wave is a

compressional mode with a frequency 5 MHz, the
matching conditions (20) can be fulfilled for aGW with
atypical frequency 3 MHz and a shear Alfvén wave
with the frequency 2 M Hz.2 For the assumed geometry,
the MHD waves couple only to the h,-polarization (to a
good approximation), and by combining (24) and (30),
we obtain

d’h, _ | @|Vo*16mG
dt? Wy Wa ¢

(32)

0| Vxll .

Thus, noting that the factor w2|V PloogW, is negatlve2
and has amagnitude of order unity® for the given param-
eters, the growth rateis

y 0. /oGP, 2,

which, for a weakly relativistic pump quiver speed,
|V,alic ~ /10, impliesy ~ 10 kHz. Thus, we deduce that
excitation of aGW by MHD wavesis areasonably fast
process in a dense mediums such as the supernovairon
core. It would be of interest to quantitatively estimate
the energy that can be converted to GWs through this
process. Clearly, the growth rate is fast enough, such
that the time available for conversion is not a limiting
factor. However, eventually the MHD wave source will
be depleted, which give an upper limit for the energy
available through this mechanism. How large fraction

(33)

2 Note that, from the Manl ey—Rowe relations, the pump wave must
have the highest frequency for the growth rates to become rea
and positive. Thus, using the matching condition (20), we see that
the shear Alfvén mode formally has a negative frequency. Fur-
thermore, we note that the dispersion relations, together with the
matching conditions, means that the pump mode cannot propa-
gate purely along the magnetic field. Specifically, the wavevector
matching implies k,Cp = 4.6 MHz, where C, = 300 m/s for the
given parameters.

3 This can be seen by taking the limit W, — o Of the expression,

noting that (wg - kfzc/z_\) scales as 1/(»5 from the dispersion

relation (15).
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of the MHD wave source that can be converted to GWs
depend on the influence from competing processes, for
example, excitation of other MHD waves by the MHD
pump wave and/or wave particle interaction. Thus, fur-
ther research is necessary before a definite estimate of
the GW energy level sdueto the present mechanism can
be given. However, we emphasize that the present pro-
cess can give rise to GWSs of higher frequencies than
many of the previously considered excitation mecha-
nisms (see, e.g., [20, 21, 28]). Thus, our model contrib-
utes to the understanding of gravitational radiation
emissions accompanying supernova explosions [29].
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New experimental data are presented for the inclusive cross sections both for the production and for the yield of
stable and unstable isotopes with charge numbers from one to eight in 1Op collisions at 3.25 A GeV/c. © 2005

Pleiades Publishing, Inc.
PACS numbers: 25.10.+s

The identification of mechanisms of the fragmenta-
tion of nuclel interacting with hadrons and nuclei is a
fundamental problem of high energy physics. Accord-
ing to experimental data, nuclear fragments make the
basic contribution to the multiplicity of secondary par-
ticlesin hadron—nucleus collisions at several GeV's per
nucleon. Although this phenomenon has been studied
inanumber of experimental works, thereisno informa-
tion about such important characteristics of nuclear
fragmentation processes as cross sections for the yield
of al nuclear fragments, particularly unstable,
observed in experiments.

The aim of this work is to determine the inclusive
cross sections for the production of stable and unstable
nucle with charge numbers Z; = 1-3 and cross sections
for the yield of stable and unstable nuclei with charge
numbers Z; = 4-8in %0p collisions at 3.25 A GeV/c.

We use the experimental data consisting of 13 479
160p events detected on a 1-m bubble chamber (Labo-
ratory of High Energies, Joint Institute for Nuclear
Research) irradiated by 60 nuclel with amomentum of
3.25 A GeV/c at the Dubna synchrophasotron. Proce-
dure problems concerning the reconstruction of the
kinematic characteristics of secondary particles and
fragments, as well as their identification according to
charge and mass, were previously discussed in [1-3].

Stable isotopes, fragments with the charge Z;, were
separated as in [1] by analyzing the distributions over
the variable x = 1/p, where p is the laboratory momen-
tum of afragment. We selected fragmentswith the mea-
sured length L= 35cmfor Zz=1and2and L > 40 cm
for Z; = 3-8.

The procedure for determining the production cross
sections for stable isotopes with the charge number Z
consists of the following stages.

(i) The x spectrum of fragments with the charge
number Z; is approximated by the following sum of
Gaussians:

n

f2,(%) = 5 aexp(~(x—1/Ap,)207).

i=1

Here, n is the tota number of the experimentally
observed isotopes with the charge number Z;, A is the
mass number of the ith isotope, x, is the x value at the
kth experimental point, p, = 3.25 GeV/c is the initia
momentum per nucleon, and a, and o; are the approxi-
mation parameters that make it possible to determine
the contribution from each isotope to the x spectrum of
fragments.

(i) Thefraction q; of theith isotope with the charge
number Z; is determined astheratio

Yy aexp(~(x%—~1/Ap,)7207)

k=1
m n !

Y > aexp(~(%-1/Ap,)/207)

k=1i=1

ai(Z) =

where m is the number of experimental points in the
x spectrum of fragments with the charge number Z;.

0021-3640/05/8104-0140$26.00 © 2005 Pleiades Publishing, Inc.
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(iii) The production cross section for the ith isotope
with the charge number Z; is calculated as

0,(Z;) = a;(Z;) (Z) ;,(*°Op),

where the average multiplicity [M(Z;)Cof fragments
with the charge number Z; for Z; = 2 istaken from [4],
the average multiplicity of single-charged fragmentsis
determined as the ratio of the total number of positive
single-charged particles with momenta above
1.75 GeV/c to the total number of inelastic °Op events,
and 0;,(**0Op) istheinelastic cross section for **Op col-
lisions[5], which is equal to 334 + 6 mb for a momen-
tum of 3.25 A GeV/c.

By definition, o;(Z;) istheinclusive cross section for
the production of the ith isotope with the charge num-
ber Z;. However, since no event with two or more iso-
topes with Z; = 4 has been observed in the experiment,
the cross section obtained for such i sotopes can be con-
sidered astheir yield cross sections.

The production cross section for unstableSLi; nuclei
was determined [6] by analyzing the effective-mass
spectra of the a particle and proton, as well as by ana-
lyzing the angles between the proton momentum and
the momenta of the a particles produced in *Op colli-
sionsat 3.25 A GeV/c. Both values turned out to be the
same within the statistical errors: o(°Liz) = 8.4 +
0.5 mb. Aswe showed in [3], the cross sections for the
production of light mirror nuclei *H, and *He,, as well
as 'Li; and "Be,, coincide with each other within the
statistical errors. For this reason, the cross sections for
the production of the mirror nuclel *He, and 5Li; are
expected to be identical.

Using the phenomenologica model of isotropic
phase space and analyzing the experimental spectrum
of effective masses, we obtained a value of o(*?C*) =
(9.8 £ 0.9) mb for the cross sections for the production
of excited ?C* nuclei in the channel of the production
of three o particlesin 1Op collisions at 3.25 GeV/c[7].
The direct decay channel **C* —~ 3a and the channel
12C* —~8Bg, + a — 3a provide 40 and 60% of this
Cross section, respectively.

Anayzing azimuthal correlations in the channels of
the production of three and four a particlesin 1Op col-
lisonsat 3.25 GeV/c in the framework of the phenom-
enological model of isotropic phase space [8], we
determined the contributions W(®Be,) = (22.0 + 1.1)%
and W(°B;) = (19.0 + 1.0)% of the unstable nuclei ®Be,
and °B; to these channels. Using the total cross section
(21.68 £ 0.87) mb for the production of three and four
a particles, we obtain o(®Be,) = (4.80 + 0.31) mb and
0(°Bs) = (4.12 + 0.27) mb for the cross sections for the
yield of these unstable nuclei. In the framework of a
similar model, analyzing the scattering angle 8,
between a pair of a particlesin the channel of the pro-
No. 4
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Cross sections for the production of stable and unstable iso-
topes in 1%Op collisions at 3.25 A GeV/c

z A cxlAo,mb || Z A o+ Ao, mb

1 |*H; |5090+57 || 5 |°Bf | 570+0.29
H,  [1169+13 B; | 106+ 04
H, | 418:04 UB; | 109+04

2 |°He, | 407+19 || 6 [¥Bs | 0.51+0.42
“He, [164.0%1.9 c, | 177+08

°Hel | 8.40+0.50 1Cs | 9.18+0.76
SHe, | 1.03+0.23 2c, | 263+08

3 | °Lit | 840050 cr | 9.80£0.80

SLi; | 19.0+08 3C; | 9.48+0.76

Li; | 106+08 YC, | 3.68+0.76

®Li; | 480%076 | 7 |®N; | 9.40+0.79
4 |"Be; | 103+05 UN, | 261+08
®Bef | 7.63+0.37 5N; | 30.3+08
%Be, | 615052 8 |¥0g | 285+07
%Be, | 0.89+0.52 50g | 311+07
60g | 13.0%0.7

* Unstable or excited states.

duction of two a particles in the same collisions, we
determined the contributions W(eBe,) = (9.7 £ 0.5)%
and W(°B;) = (5.4 + 0.3)% of the unstable nuclei ®Be,
and °Bg to this channel. Using the cross section
(29.17 £ 1.51) mb for the channel of the production of
two a particles, we obtain a(®Be,) = (2.83 £ 0.20) mb
and 0(°Bs) = (1.58 + 0.11) mb for the cross sections for
the yield of these unstable nuclei.

Thus, the total cross sections for the yields of the
unstable nuclei ®Be, and °Bs in %Op collisions at
3.25 GeV/c are equal to o(®Be,) = (7.63+ 0.37) mb and
0(°Bs) = (5.70 £ 0.29) mb, respectively.

The results of the above procedures, along with the
data on cross sections for the production of unstable
nuclei, are given in the table. The table shows that

(i) a particles are produced with the largest inclu-
sive cross section among multicharged fragments,

(i) cross sectionsfor the production of mirror nuclei
with mass numbers differing by AA = 1 from the main
mass number defined as A = 2Z coincide with each
other within statistical errors. Note that cross sections
for the yield of the unstable isotope °B and the stable
mirror isotope °Be also coincide with each other within
statistical errors. It isremarkabl e that thisrule aso con-
cerns the mirror nuclei N and *°0 formed due to the
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loss of one nucleon by theinitial nucleus 0 in periph-

erd

1

3.

collisions with atarget proton.
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We introduce the notion of aminimal number of negative links on the lattice for agiven original configuration
of U(2) fields. Negative links correspond to a large potential, not necessarily to large action. The ideais that
the minimal number of negative linksisagauge invariant notion. To verify this hypothesis, we measure the cor-
relator of two negative links, averaged over al the directions, as a function of the distance between the links.
Theinverse correlation length coincides within the error bars with the lightest glueball mass. © 2005 Pleiades

Publishing, Inc.
PACS numbers: 11.15.—q, 11.15.Ha, 12.38.Gc

A traditional way to study spectrum of excitationsis
to measure correlators of various sources. For example,
the correlator,!

Dy (r) = O(Gh,(r))", (Gap(0))°I00) )

where G}, isthe gluonic field strength tensor, is sensi-
tive to the glueball mass my at large (Euclidean) dis-
tancesr:

limDg(r) = const + (const)'exp(—myr). (2

On the other hand, one can also study gauge dependent
correlators, such as

D3 (r) = MAL(r), AX(0)[oC) 3)

where Aﬁ is the gauge field. Such correlators are not

unitary, generally speaking, and are not controlled by
glueball masses. In particular, gluon propagator (3)
could even grow at large r. More redisticaly, i.e, as
indicated by the lattice measurements, the gluon prop-
agator fals off at large r but exhibits some spurious
mass scales; for areview, see, e.g., [1, 2]. For us, itis
important that these spurious mass scales are, asarule,
lower than the lightest glueball mass.

In this note, we introduce a hew type of correlators
that, we hypothesize, might be unitary although they
are not explicitly gauge invariant (like (1)) and check
our hypothesis through lattice simulations of SU(2)
gluodynamics.

To explain the basic idea behind our measurements,
it is useful first to remind to the reader of how one can
introduce a gauge invariant condensate of dimension

T This article was submitted by the authorsin English.
1 For simplicity of notations, we do not take into account the anom-
alous dimension.

two in gauge theories [3]. One starts with the vacuum
expectation value EﬂAﬁ )?[] which is obviously gauge

dependent. One can, however, minimize this vacuum
expectation value on the gauge orbits, and the results

EﬂAﬁ)zmﬂn are gauge invariant by construction. To

ensure that the minimum exists, a Euclidean signature
is used.?

We generalize thisideato the case of aZ(2) projec-
tion of the original SU(2) fields. In this projection, the
link variables take values +1 (for a review, see, e.g.,
[5]). Upon the Z(2) projection, aZ(2) gauge invariance
remains. We fix this gauge freedom by minimizing the
number of negative links over the whole lattice. We
speculate, furthermore, that the density of these nega-
tive links might well be gauge invariant, by analogy

with AL )2,

Moreover, we expect that the correlator of the nega
tive links is unitary, like (1). This speculation goes,
apparently, beyond the ideas discussed so far. Indeed,
the negative links in the continuum limit correspond to

singular potentials, Aﬁ ~ 1/a, where a is the lattice

spacing. One could naively argue that the correlator of
such strong fields dies off in distances of order a. In par-
ticular, thisistrue for pure perturbative fluctuations.

This argument might not work, but only if there
exist fine tuned vacuum fluctuations that are sensitive
both to the lattice spacing and Aqcp. Although the idea
of the existence of fine tuned fluctuations may look too
exotic at first sight, such fluctuations do exist. In partic-
ular, the so-called P-vortices are closed surfaces whose
total area scalesin the physical units; for areview, see,
e.g., [5]. On the other hand, the P-vortices are defined

2 A modification stitable for the Minkowski space isto work in the
Hamiltonian formalism [4].

0021-3640/05/8104-0143%$26.00 © 2005 Pleiades Publishing, Inc.
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asaunification of al the negative plaguettesin the Z(2)
projection. One can expect, therefore, that they are
associated with an action density that is ultraviolet
divergent. And, indeed, the fact that the P-vortices are
associated with the ultraviolet divergent non-Abelian
action was revealed directly through lattice measure-
ments [6]. It is by analogy with these observations that

POLIKARPOV et al.

we expect the “ propagator of negative links’ to scalein
physical units aswell. Thisis, of course, a daring pos-
sibility that cannot be proven a priori but can be only
supported or rejected by measurements.

We perform measurements in greater detail both in
direct and indirect maximal center projections (DMCPs
and IMCPs). The details of these calculations are given
in the Appendix. As aresult of SU(2) — Z(2) projec-
tion, the original SU(2) field configurations are pro-
jected into the closest configuration of Z(2) gauge
fields. The remaining Z(2) gauge freedom is then fixed
by maximizing the functional

F(2) = 3 2, @
X 1

with respect to Z(2) gauge transformations (Z, , —~
szx, uzx+ﬁ v 4= il)-
After gaugefixing, only the positions of the negative

linksarerelevant and it isreasonable to change the vari-
ables:

Zyy =11, it Z,,=-1;, 0if Z,,=0}. (5

Moreover, to imitate a scalar correlator on the discrete
variables, we consider here the isotropic correlator
defined as

1 A A
Guv(r) = W z [ZOMZX, W (6)

r<\><\<r+%l
where the summationisover dl links Z, |, for xlying in
the spherical layer r < |x| <r + g and N, is the total

number of linksin thislayer.
Correlator (6) tends to a nonvanishing constant

G(0) = [Zx v asr —» oo ([Zy O isthe average den-
sity of the negative links), and we fit the data by the
expression (see (2)):

G(r) = G(w) + Cexp{—mr} . ()

We thus get mass parameter mfor various values of lat-
tice spacing a. Logarithmic plots for the isotropic corr-
elator G(r) are presented in Fig. 1 for IMCPs, while the
corresponding values of mass m are depicted in Fig. 2
for IMCPs and DMCPs.

As is seen from Figs. 1 and 2, the correlator G,(r)
scales in physical units (within the error bars) and the
mass parameter is close to the scalar 0** glueball mass
(m(0**) = 1.65 + 0.05 GeV [7]). Thus, our measure-
ments support the idea that correlator (6) is in fact
gauge invariant and unitary. Of course, the results are
not analytical but pure numerical and, in principle, the
picture can change at smaller values of the lattice spac-
ing. The nontriviality of this observation is that it is a
correlator of potentials that are not explicitly gauge
invariant. Moreover, in the continuum limit, the nega-
No. 4
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tive links correspond to singular potentials. The scaling
of the correlation length observed here gives further
support to the existence of fine-tuned vacuum fluctua-
tions.

We would like to thank V.G. Bornyakov and
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M.1.P. and S.N.S. was supported in part by the Russian
Foundation for Basic Research (RFBR, project nos. 02-
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Research and Development Foundation for the Inde-
pendent States of the Former Soviet Union (grant
no. RPI-2364-MO-02). The work of V.I.Z. was sup-
ported in part by the INTAS (grant no. 00-00111).

APPENDIX

We perform our calculations both in direct [8] and
the indirect [9] maximal center projections (DMCPs
and IMCPs). The DMCP in SU(2) lattice gauge theory
is defined by the maximization of the functional

Fi(U) = 5 (TrU,)° (8)
X, M

with respect to gauge transformations; U, ,, isthelattice
gauge field. Maximization of (8) fixes the gauge up to
Z(2) gauge transformations, and the corresponding Z(2)
gauge field is defined as Z, |, = sgnTrU, .. To get the
IMCP, we first fix the maximally Abelian gauge maxi-
mizing the functional

FZ(U) = ZTr(Ux,pGBU;poS)v (9)
X |

with respect to gauge transformations. We project
gauge degrees of freedom U(1) — Z(2) by a proce-
dure completely analogous to the DMCP case, that is,
we maximize F;(U) (8) with respect to U(1) gauge
transformations.

To fix the maximally Abelian and direct maximal
center gauge, we create 20 randomly gauge trans-
formed copies of the gauge field configuration and
apply a smulated annealing agorithm to fix the
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Parameters of configurations
B Size Nimcp Nomce
2.35 164 20 20
2.40 244 50 20
2.45 244 20 20
2.50 244 50 20
2.55 284 37 17
2.60 284 50 20

gauges. In the calculations, we used that copy that cor-
responded to the maximal value of the gauge fixing
functional. To fix the indirect maximal center gauge
from a configuration fixed to a maximally Abelian
gauge and to fix Z(2) degrees of freedom, one gauge
copy is enough to work with our accuracy. We work at
various lattice spacings to check the existence of the
continuum limit. The parameters of our gauge field
configurations are listed in the table. To fix the physical

scale, we use string tension in lattice units [10], /o =
440 MeV.
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An asymptotic theory of the screening of the dust-particle charge in aplasmawith an external ionization source
has been devel oped. It has been shown analytically that the screening of the charge of adust particle adsorbing
the charge of charged plasma particlesthat fall on it isnot generally described by the Debye theory. The screen-
ing radiusis determined by the relation between the coefficients 34 and B, = 41ek; (k; istheion mobility) of the
electron—ion and Langevin recombinations, respectively. When 3, > (34, the screening radius is much larger
than the electron Debye radius. It has been shown that the contribution of the ion component of an isothermal
plasmato screening is equal to the electron contribution if the coefficient of the electron—ion recombination is
twice or more larger than the Langevin coefficient of the ion recombination, B4 = 23, . © 2005 Pleiades Pub-

lishing, Inc.
PACS numbers: 52.27.Lw

INTRODUCTION

Dusty-plasma physics is a rapidly developing field
of science. The problem of the interaction force
between dust particlesis an important and complicated
problem in dusty-plasma physics. This problem is
closely connected with the problem of the screening
character for a dust-particle charge, which is incom-
pletely solved in the physics of an ordinary low-temper-
ature plasma[1]. The Debye character of screening the
dust-particle chargeisassumed in almost all the current
modelsthat have been devel oped in dusty-plasmaphys-
ics (see, e.g., reviews [2, 3]). There is no commonly
accepted point of view on therole of theion component
in field screening. The screening radius is an important
parameter determining the conditions of the crystalliza-
tion of the Debye plasma[2], ion drag force (see[4] and
the further discussion in [5, 6]), the spectrum of the
dusty plasmawaves[2], etc.

In this work, the formation and screening of the
charge of an isolated dust particle in a plasma with an
external source of gas ionization are considered in the
hydrodynamic regime of the transport of electrons and
ions. Investigation of the dusty plasma at high pres-
sures, where the gas is ionized by the external source
and the ionization by plasma electrons is negligibly
small, attracts great interest (see [2, 7-12]). For this
reason, we analyze here dusty plasma with a constant
rate of gas ionization by an external source such as a
beam of fast electrons or protons in non-self-sustained
discharges or laser radiation in aphotoresonant plasma.

ASYMPTOTIC SCREENING THEORY

Let a dust particle be located at the origin of the
coordinate system and the ionization compensating for
the loss of the plasma due to the absorption of plasma
particles by the dust particle be uniform and constant in
time and space. In the drift—diffusion approximation,
the steady state of the plasma is described by the equa-
tions

Dro = Qion_Beinenh 0 =¢g i (1)
Here
Lesn 0
T, = 2@ +D,0ng], 2
v, ¢ TP @

where v, is the collision frequency; D, is the diffusion
coefficient; @ is the self-consistent field potential; e, =
eand —e, where eisthe elementary charge, for o =i and
e, respectively; Q,,, is the intensity of the bulk ioniza-
tion by the external source; and 34 isthe recombination
coefficient. We are interested in the asymptotic behav-
ior of the effective potential for r > awhen al the coef-
ficientsin Egs. (1) and (2) can be considered as being
independent of coordinates and the self ionization of
atoms by plasma electrons is assumed to be negligibly
small compared to Q,,,. Note that the charge and, cor-
respondingly, the electric field of the dust particle are
formed by electrons. Therefore, according to thermo-
dynamic concepts, the field of the dust particle cannot
heat the electron component and lead to a noticeable
change in the coefficients of the transport, ionization,

0021-3640/05/8104-0146%$26.00 © 2005 Pleiades Publishing, Inc.
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and recombination of electrons[8]. This meansthat the
self ionization of the plasma is possible only in an
external electric field whose magnitude in discharges
with the external ionization source isinsufficient for an
noticeabl e ionization of the gas.

Since the effective potential decreases with increas-
ing distance, Egs. (1) and (2) can be linearized begin-
ning with acertainradius R, . Assuming that ;= 0in
the absence of any dust particle, we obtain

= W Qion/Bei . (3)

After linearization, Egs. (1) take the form

r]Oe, i

ecnO

A(p_ DGA6n0 = _Bei no(6ne+ 6ni)a (4)

agvao

where ny = Ny, ; and dn, = dNn,(r) isthe deviation of the
density of the ath type of particles dueto the absorption
of the plasma by the dust particle.

In terms of these quantities, the Poisson equation
has the form

AQ = —4Tdp = —4T[Z e,0N,. (5)

Dividing Eg. (4) by Dy, summing over the types of par-
ticles, and taking into account Eg. (5) and the Einstein
relations D, = T,/myv,, wearrive at thefollowing equa

tion for the total density Zaéno =0n,:
Adn, —kZdn, = k2.3n,, (6)

where K = 5 Bag/Do, ki = Ko — ke, Koo =
4me’ ny/T,, and dn_ = 3n, — 3N,

Dividing Eq. (4) by D, multiplying by e;, and sum-
ming over the types of particles, we obtain

2 _ .2
Adn_—kpdn_ = kZon,, (7
where ki = kpe + Kb, k2 = kg — ke, and K&, =

B&ny/Dg. For a nonisothermal plasma, from Egs. (6)
and (7) we abtain

(D-K5)(D-k3)dn_ = 0, (8)

where
K, = l[(k2 +IA £ [(1E -k + 4k <] @
1,2 — 2 D s/ — D S D s |
Since dng j(«0) = 0, it follows from Eq. (8) that

A «kr B —kr
on_ = Fe ' +Fe 2

(10)

where A and B are arbitrary constants that are not deter-
mined in the framework of this approach. The integra-
JETP LETTERS  Vol. 81
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tion of Poisson equation (5) after the substitution of
Eq. (10) into it yields

é_le—klr + ?}e—kzr,
r r

(11)

where A, = —4meA/K? and B, = —4meB/k’ . According to
Eq. (11), the potential created by the dust particlein the
case under consideration is described, in contrast to the
Debye theory, by the superposition of two exponentials
with different screening constants k; and k. It follows
from Eq. (11) that

A « B .
=—?1(1+klr)eklr—Fz-l(1+k2r)ek2r. (12)

At large distances, screening is determined by the
smaller constant k, corresponding to the minus signin
Eq. (9). Inthe plasma, D, isalways much larger than D;.
Therefore,

@-Pal B e a9
Di L

where B, = 41k is the Langevin ion recombination
coefficient. Since 3, > [3 for most ions at atmospheric

pressure, k2 < k3. In this case for T, > T, it follows

form Eqg. (9) that the screening radius in the nonisother-
mal plasmais given by the expression

_ B
}\2 - )\De/\/g;-

This means that, when 3, > [, the screening radiusis
much larger than the electron Debye radius, which was
noted in our previous works [7-11] devoted to numeri-
cal simulations. In [9], where the character of the
screening of a dust-particle charge was studied for a
constant-density plasma, it was shown that the screen-
ing was exponential and the screening radius decreased
with increasing the electron—ion recombination coeffi-
cient, which was in complete agreement with Eq. (14).
Note that, if the three-particle recombination of elec-
trons and ions with an electron as the third body must
be taken into account in the processes of electron
losses, the sum B + 2350, rather than B4 entersinto all
the expressions and Eqg. (14) takes the form

(14)

/ BL
A = Ape | 15
? PN 2(Bei + 2B3Noe) (15)
Expression (14) can be represented in the form
)\2 = ~ DaTrec- (16)

According to this relation, the screening radius up to a
constant factor is determined by the characteristic
length of the ambipolar diffusion of ionswith the coef-
ficient D, = D;(1 + TJT,) for the characteristic recombi-
nation time T,,. = (2B4Ne) L. Up to a constant factor,
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expression (16) coincides with the estimate [11] of the
size of the region of plasma perturbation by the dust
particle.

Then, we analyze the case of isothermal plasma,
T.= T, In this case, k2. = 0 and the relation between

on, and dn_ through Eq. (6) disappears. In this case, it
follows from Eq. (6) that

A e

on, = -

17)
When the sink of electrons and ionsis absent (e.g., the
dust particle does not adsorb electrons and ions), the
densities of electrons and ions have Boltzmann distri-
butions and dn, = 0 in the isothermal case. Therefore,
A = 0 and only Debye terms remain in the below
expressions. However, in the nonisothermal plasma,
where charged particles are generated by the method
under consideration, currents exist even for the nonab-
sorbing dust particle (Boltzmann distributions for elec-
tronsand ionsresult from the condition that currents (2)
vanish; expanding these distributions at large distances
and substituting the corresponding expansions into Eq.
(4), we see that the right-hand side of Eq. (4) does not
vanishnwhen T,# T)).

The solution of Eq. (7) for ky # ks has the form

k2
on = —s B Beer
T K-KET reo
The differences of the densities of ions and electrons
from the equilibrium values are expressed as

(18)

1k§+k§,—k§A Ko 1B ko
=-——=—"e " +z-e

Vgl o et W
K-k —k3a }
Ne = 1o % 0 —— PAgt _1Bgter, (20)
2 (K-k2) T 2r
Under the condition
K = K2+K2, (21)
which is equivalent to the equality
Bei = Bu. (22)
it follows from Eq. (19) that
on, =0 (23)

at distancesr > kE,l, although according to Eq. (20), the
perturbation of the electron density in this region
decreases exponentially:

A —Kr

dn, = e (24)
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For the nonisothermal plasma, approximate equality
(23) at large distancesis valid only under the condition

Ko+ k2. = ke+KZ, (25)
from which Eq. (22) again follows. Using Eq. (18),
from the Poisson equation we obtain
A «r B, -
_ _ 22 l_e ksl’__ze kDI’,
(ks—kp) ' r

¢ = (26)

where A, = 4TeAk? /kZ and B, = 41eB/kp, . It follows

from Eq. (26) that, at distancesr > kv, , where K, =
max{ Kk, kp}, the asymptotic formulas for the potential
and electric field have the form

r 1+K,r —Kpminf
_2m|n e , (27)

o0 Lo ;. H

r r
where K., = min{k, kp}. For ks = kp, i.e., in the reso-
nance case, the solution of Eq. (7) has the form

0 KZA ;
6n_ = [+ S +i%e ksr'

T (28)
In this case, from the Poisson equation we obtain
= Dé% ég — i|1D K
(p I:ka |: ki BZ rDe ’
(29)

A 1+Kkygr —kr
E—Eﬁz+[—2—82} rzsge .

It is seen that the asymptotic formulas for k, = ky have
the form of a simple exponential with the Debye
screening radius:

o0 e moe". (30)

As was mentioned above, B, > 34 for most ions at

atmospheric pressure and, therefore, k> < k3. Hence,

the screening radius in the isothermal plasmais given
by the expression

A=k = AJE:
el

which differs dightly from Eq. (14). Using Egs. (14)
and (31), one can conclude that, under the condition
B. > B4, ions are not involved in the screening of the
dust particle field in both isothermal and nonisothermal
plasmas. Under the opposite condition 3, <34, ahump
appears in the ion distribution (see Fig. 1). Conse-
guently, the diffusion component of the ion current
turns against the drift component. For this reason, the
ion distribution becomes close to equilibrium and the
ion component is involved in screening. Therefore, the
screening radius, which is equal to the electron Debye

(31)
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Fig. 1. Distributions of ions and electrons near the dust par-
ticle: calculations for (0) electrons and (A) ions, (solid
lines) Boltzmann distributions for electrons, (dashed lines)
densities of electronsand ionsin the unperturbed plasmafor

the argon atomic density N = (1) 2.8 x 10%°, (2) 1.12 x 10%,

and (3) 4.5 x 1020 cm™3. Lines 2 and 3 are shifted upward
for a convenient representation.

radius at B, = By (ks = ky/+/2), becomes equal to the
classical Debyeradiusat 3, < %Ba- (ks < kp).

COMPARISON OF THE ASYMPTOTIC
SCREENING THEORY WITH THE NUMERICAL
CALCULATION RESULTS

Figure 1 shows the distributions of ions and elec-
trons near the dust particle for various relations
between the coefficients of the electron-on and Lan-
gevin recombinations as obtained by numerically solv-
ing the time-dependent continuity equations

ong/ot +divl; = Qjon— BeiNe; (32
and the Poisson equation with the boundary conditions
ne,i\rzr0 = 01 E\rzr0 = eqint/rgi

ne,i\r:oo =Ny = /\/Qion/Beif q)\r:oo = 01

where g, = 4mtr o[ || - o] dt. The calculation proce-

dure was described in more detail in [8]. In test calcu-
lations with zero sources of the production and loss of
electrons in the calculation cell, the solution with
unscreened charge was obtained, which was discussed
in detail in [9]. Note that such conditions are possibly
realized in a so-called Q machine [13], where the ion-
ization of cesium atoms occurs on the heated walls of a
working chamber and the recombination of electrons
and atomic ionsin volume occurswith anegligibly low
rate. Under the same boundary conditionswith nonzero
parameters Q,,, and By, the quasi-neutrality of the cal-
culation cell isreconstructed. In this case, the dust-par-
ticle charge and distributions of the plasmaand electric

(33)
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Fig. 2. Distribution of &n, near the dust particle: points are
calculations and solid lines correspond to distribution (17)
for B = (1) 4Bei: (2) 2Beir (3) Bais (4) 1/2Bg;, and (5) /4B
and N = (1) 2.8 x 1019, (2) 5.6 x 10%°, (3) 1.12 x 10%,
(4) 2.24 x 10%°, and (5) 4.48 x 10%° cm™3.

field are independent of the form of the boundary con-
dition for the field through the accumulated charge in
the above boundary condition or in the form of zero
field at the outer boundary. The calculations were per-
formed for argon, ionization rate Q,,, = 10'® cm=3 s,
and various pressures with the constant recombination
coefficient B4 = 0.85 x 10° cm3/s for the parameters
Te= T, =300 K, rg = 10 pm, ng = nNg = ny = 1.087 x
10 cmr3, Ape = 3.63 um, and Ap = 2.56 um. The Lan-
gevin recombination coefficient was varied by varying
pressure.

Asisseen in Fig. 1, under condition (22), the ion
density remains constant ailmost to the dust particle
when the absorption of ions by the dust particleis man-
ifested. The ion density is constant, because a decrease
intheionlossratein the process of electron—ion recom-
bination with decreasing the electron density is exactly
compensated for by an increase in the Langevin recom-
bination rate. This problem, as well as the condition of
the appearance of apeak in the ion distribution and the
formation of the ambipolar-diffusion region, was dis-
cussed in [8]. This condition coincides with Eq. (22)
and is strictly justified here.

Figure 2 shows distribution (17) in comparison with
the distribution calculated for dn,. It is seen that the cal-
culation results are in an excellent agreement with the
asymptotic theory devel oped above. Figure 3 showsthe
distribution of the reduced field. It is seen that, begin-
ning with a certain distance, the functions =(r)
approach the asymptotic curves paralé to the abscissa
axis, as can be expected according to Egs. (27) and (30).

Figure 4 shows the screening radii obtained in our
works[10, 11] (approximating the cal culation potential
by the standard exponentia divided by the radius) in
comparison with the values calculated from Eq. (15). It
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Fig. 3. Distribution of the reduced field (1-3, 5) = =
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Erg exp(keninh) (1 + ki)™ and (4) = = Erg exp(kin o) (L +
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Fig. 4. Screening radius divided by the electron Debye
radius (line 1) as calculated from relation (15) in compari-
son with data published in [11] for the photoresonant
plasmafor thedust particleradiusrg=(2) 1, (3) 2, (4) 5, and
(5) 10 pum.

is seen that the calculations agree well with the asymp-
totic theory. A discrepancy at small times appears
because the electron density in the photoresonant
plasma at the initial time is still low and the screening
radius is very large. For this reason, to correctly deter-
mine it, calculations would have to be performed with
a much larger radius of the calculation cell than that
usedin[10, 11].

CONCLUSIONS

In thiswork, using the perturbation method, we have
devel oped the asymptotic theory of the screening of the
charge of an isolated dust particle in a plasma with an
external source of the ionization of a gasin the hydro-
dynamic regime of the transport of electrons and ions.

FILIPPOV et al.

It has been shown that the screening of the charge of the
dust particle adsorbing the charged particles of the
plasmais not generally described by the Debye theory.
The screening radius is determined by the relation
between the coefficients of the dissipative and Lan-
gevin recombinations. When the latter coefficient is
small, the screening radius is much larger even than the
electron Debye radius. Thus, the appreciable excess of
the screening radius over the Debye radius, which was
repeatedly observed in hydrodynamic numerical calcu-
lations[7-11], aswell asthe correlation noted in [9, 11]
between the screening radius and theion recombination
coefficient, has been strictly justified.

Thiswork was supported by the Russian Foundation
for Basic Research (project nos. 04-02-16883a, 04-02-
16775a, 4-02-080850fi_a), the Council of the President
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The formation of the space-time structure of the intensity distribution for whistlers, as well as the content of
the energetic electrons in the radiation belts of Jupiter, has been considered. Parametric nonlinear processesin
a plasma magnetospheric maser have been analyzed. It has been shown that, owing to the azimuthal inhomo-
geneity of amagnetic trap in combination with the fast rotation of the planet, a component that is characterized
by the periodic modulation and is independent of the azimuth coordinate is formed in the Q factor of the mag-
netospheric resonator. This modulation is manifested as an external force that ensures the synchronization of
oscillations in the level of whistlersin individual magnetic field tubes under the global-resonance conditions.

© 2005 Pleiades Publishing, Inc.
PACS numbers: 94.30.Hn, 95.55.Pe, 96.50.Ek

INTRODUCTION

In each magnetic field tube in the radiation belts of
Jupiter, an oscillation process may occur in the form of
alternating stages of the accumul ation of energetic elec-
trons and their precipitation into the ionosphere during
electromagnetic radiation pulses generated when
exceeding the cyclotron instability threshold. Thelocal
frequency Qgg of the corresponding oscillations
depends on the power of the source of particlesin the
local magnetic field tube. Analysis reveaed the global
resonance effect in the electron radiation belts of Jupi-
ter [1]. Calculations based on the data for the magneto-
sphere of Jupiter that were available at that time showed
that the corresponding local frequencies of the oscilla-
tion processin individual tubes of the radiation belts of
Jupiter were nearly identical, given by the expression

D|InR7?
Qgg = E%JE , 1

and close to the angular velocity Q; of the planet’srota-
tion. Here, cisthe speed of light, D isthe coefficient of
diffusion in the magnetic sheets (D, = DL#), thereflec-
tion coefficient R of waves from the ionosphere from
above will be discussed in detail below, and R, is the
radius of Jupiter.

It was argued in [2] that the coincidence of the fre-
guencies Qg and Q; is not accidental. They coincide
with each other, because the af orementioned oscillation
process determinesthe properties of theradial diffusion
of energetic electrons in the radiation belts and, there-

fore, the power of the source of particles. It is useful to
take into account that the efficiency of the interaction
between waves and particles depends on the back-
ground plasma density determined by the threshold of
the exchange instability [3].

Preliminary arguments that oscillationsin different
magnetic field tubes must be synchronous were given
in[1, 2]. Recently, this conclusion has become urgent.
Direct measurements of the intensity of electromag-
netic radiation [4, 5] were carried out simultaneously
on two spacecrafts (Galileo—Cassini/Huygens and
Cassini/Huygens-Ulysses) in different positions with
respect to Jupiter. Analyzing the results from the space-
crafts, Kaiser et al. [4] concluded that oscillations of the
level of whistlersinindividual magnetic field tubes are
synchronous. This means that the entire giant magneto-
sphere of Jupiter in whistlers flashes with a period of
10 h, which is equal to the rotation period, as a huge
lamp.

Those new experimental results have additionally
stimulated the return to this problem and new explana-
tion of the synchronization of oscillation processes in
different magnetic field tubes within the framework of
new, more advanced calculations. We consider the set
of magnetic field tubes adjacent to a certain magnetic
shell inthe middle part of the magnetosphere of Jupiter,
which is spaced by 2040 radii of Jupiter from its cen-
ter. The space-time dependence of the damping decre-
ment for whistlers is shown to be important for the
magnetosphere resonator. Moreover, it is shown that
the damping decrement has a component depending

0021-3640/05/8104-0151$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Equatorial section of the Jupiter magnetosphere.

only on time with the planet-rotation period, because
the decrement is determined both by the plasma param-
eters in the magnetic field tube and by the state of the
asymmetric ionosphere. According to calculations, this
component serves as an external force synchronizing
oscillations of the radiation belt parametersin different
magnetic field tubes.

SPATIAL DETECTION OF THE Q FACTOR
OF THE MAGNETOSPHERIC RESONATOR

It is well known that laboratory lasers are success-
fully controlled by modulation of the Q factor of the
resonator of electromagnetic waves. This property also
fully concerns the plasma magnetospheric maser,
where the conjugate ionospheric regions serve as mir-
rors. Inview of thiscircumstance, it isimportant to ana-
lyze the average damping decrement of electromag-
netic wavesin theradiation belts. The space-time struc-
ture of the system is illustrated in Fig. 1, where the
equatorial (in the ecliptic plane) section of the Jupiter
magnetosphere is schematically shown with the outgo-
ing head shock wave in the solar wind, magnetopause,
and equatorial section of an individual magnetic sheet.
Wetake anearly inertial reference framethat, aswell as
the planet, rotates around the Sun and where the mag-
netosphere boundary is at rest. In addition, we intro-
duce a noninertial comoving reference frame that
rotates along with Jupiter and whose position is deter-
mined by the polar coordinate system. The azimuth
angle ¢ is measured from the fixed axis directed from
the planet center against the solar-wind direction.

The average damping decrement for whistlersin an
individual tube can be written in the form [6]

v = 2[InRT;". 2

Here, the reflection coefficient R from the ends of the
magnetic trap depends primarily on the ionospheric

BESPALQV, SAVINA

state. Jupiter’s ionosphere rotating with the planet is
asymmetric (this property is indicated in Fig. 1 by the
close circle at the ionospheric altitude) due partially to
the considerable shift of the magnetic dipole with
respect to the planet center [7]. Therefore, 2|InR| =
f1(¢ — Qyt), where f; is a 2re-periodic function and ¢ is
the azimuth angle. The period T, of the group propaga-
tion of whistlers in the magnetospheric resonator isin
turn aperiodic function of the azimuth angle ¢, because
it is determined by the structure of the magnetosphere,
namely, by the degree of the magnetosphere oblateness
and the plasma density along the magnetic field tube.
Both these parameters depend primarily on the local

time. Therefore, Ty' = f(9), where f(9) is a 2re-peri-

odic function. Thus, the average damping decrement of
whistlers can be represented in the form

V(L) = f.(¢-Q,t) f5(9). ©)

The above periodic functions can be expanded in the
Fourier series

F1($-Q4t)

= kZO{alkSin[k(q) —Q,t)] @

+ ;12kcos[k(¢ -Q;t)]},

f2(9) = 5 [busin(ke) + byccos(kd)].
k=0

The substitution of Egs. (4) into Eq. (3) yields
V(t, 9) = W(t) +axnfy(d) + (L ¢), ©)

where

W(t) = 35 [(@ubui+ Baiba) c0S(KO1)
k=1

+ (A —ayba) sin(kQ;t) 1,
and the function ®(t, ¢) satisfies the relation

2n

J'¢(t,¢)d¢ = 0. (6)
0

According to Eq. (5), the expression for the damping
decrement of whistlersis represented as a sum of three
terms. The first term is time periodic with the Jupiter
rotation period T, and is independent of the azimuth
angle. The second term depends only on the azimuth
angle. The third term depends on time and the azimuth
angle, but its angle average is equal to zero.

Thus, spatial detection appears because the average
damping decrement of whistlers and, therefore, the Q
factor of the magnetospheric resonator of the plasma
maser in the radiation belts of Jupiter are determined,
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according to Eqg. (3), by the product of two quantities
depending on the time and azimuth angle. Below, we
will analyze the effect of the periodic time dependence
of the average damping decrement on the dynamics of
the plasma magnetospheric maser.

SPACE-TIME DYNAMICS OF THE CYCLOTRON
INSTABILITY OF RADIATION BELTS

In the simpl est balance approximation, the self-con-
sistent system of relativistic quasi-linear equations of
interaction between the wave and particles in the
plasma magnetospheric maser has the form [2, 6]

-0, = ~AOWN-E+1(.0). (73
"a"t" h(®)WN —v(t, )W +a. (7b)

System (7) has asimple physical meaning. The number
N(t, ¢) of particlesin the magnetic field tube with unit
cross section at the ionospheric level increases with
time according to the power I(t, ¢) of the source of par-
ticles. The motion of particles along the azimuthal
coordinate is caused by the drift of energetic particles
in the inhomogeneous curved magnetic field. The cor-
responding angular velocity Q4(d) is given by the for-
mulas presented, e.g., in [8]. The second term on the
right-hand side of Eq. (7a) presents losses of particles
from the magnetic field tube due to synchrotron radia-
tion (pair collisionsin the Jupiter magnetosphere are of
low importance). The first term on the right-hand side
of EQ. (7a) presents a decrease in the number of parti-
clesin the magnetic field tube due to their precipitation
into the ionosphere as aresult of interaction with whis-
tlers. This precipitation is faster for a higher energy
density W(t, ) of thewhistlers. In turn, the energy den-
sity of thewhistlersis determined by transport equation
(7b) averaged over the time of the whistler propagation
between the conjugate regions of theionosphere. Inthis
equation, the power of external wave sources (e.g.,
lightning discharges in the atmosphere) is represented
by the term a. The transverse angular anisotropy of the
momentum distribution function varies slightly. There-
fore, the double increment of the cyclotron instability
can be written in the form 2y(¢) = h(¢)N(¢). Note that
the explicit expressions for the functions d(¢) and h(¢)
can be obtained from formulas presented in [2], but
they are unnecessary here. First, we consider processes
in an individua magnetic field tube disregarding the
azimuthal drift and for afixed azimuth angle ¢. In this
case, the system of equations has a steady state corre-
sponding to the balance between the arrival of particles
from the source and their precipitation into the iono-
sphere. Let us analyze the oscillations near the steady
state. In the radiation belts, where the parameters 1/T,
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and a are small, for a constant damping decrement v,
relaxation oscillations occur with the parameters

1
Qe = (M), 2Vga = T,
o = Om _ v (8)
RB — ZVRB - %1
(hr)

where Qgg is the natural frequency of the oscillation
processin a given magnetic field tube and vgg and Qgg
are the damping decrement and Q factor of these oscil-
lations, respectively.

Upon the modulation of the damping decrement v
even in the space-time case, a resonance response is
naturally expected in the form of the deep modulation
of the parameters of the radiation belts and the level of
whistlers, particularly when Qgg > 1.

For simplified quantitative analysis of system (7), it
is natural to introduce the new dimensionless variables

1 dinhg
T = Qi r*—D + W ,m——,
J T, Yoo Q, o
_Qgg __hN __ 3 _ad’
(*)RB_QJ’ —b—J,S—QJW,a—QJ.

Inthe new variablesand inview of Eq. (5), system (7)
iswritten as

— ()2 + 0za(9),

0¢ - *(¢)
(10)
de

37 = EN-QIW(D) +axnf5(9) + ®(T, ¢)e +a.

Here, al functions of ¢ are 2reperiodic functions, Q =
Qre(Qrs/Q;) = Qg > 1, and the function ®(t1, ¢) sat-
isfies Eq. (6). Owing to the presence of the function
(1) in system (10), the time structure is formed in
oscillations of both the intensity of whistlers and the
content of energetic electrons and this structure is syn-
chronous over the entire magnetosphere. To corrobo-
rate this statement, we performed numerical calcula-
tions.

MODEL CALCULATIONS

In the numerical calculation illustrating the funda-
mental aspect of the problem, only lower spatial har-
monics are taken into account and the space-time
dependence of the damping decrement of whistlersis
written in the form

v/IQ; = Q,(1+A;cosd)(L+A,cos(d—1)). (11)

Here, thefactor A, > O reflects the fact that the length of
the magnetic field tube is minimal and maximal at ¢ =
0 and T, respectively; and the factor A, > 0 presentsthe
fact that, when t = 0O, the reflection coefficient is maxi-
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Fig. 2. Energy density € of whistlers as afunction of the azimuth angle ¢ and time T as shown by different grey tones.

Fig. 3. Same asin Fig. 2 but for the total number n of energetic electrons in the magnetic field tube.

mal a ¢ = O for the appropriate choice of the time
beginning point (seeFig. 1). Let usnumerically analyze
the properties of solutions of system (10). We take into

account the azimuth angle dependence of ooéB (¢) inthe
form

was(9) = Wi, (1+0,c08(0)),

where the coefficients on the right-hand side roughly
characterize the longitudinal inhomogeneity of the sys-
teminthe power of the source of energetic particlesand
other parameters.

Since the natural frequency of the oscillation pro-

cess in individual magnetic field tubes is close to the
angular velocity of the planet rotation, we take oo;Bo =
0.9in our model calculations. The depth of modulation
associated with the asymmetry of the ionosphere is
taken not too large, A, = 0.2. The Q factors of the oscil-

lation process at different longitudes may differ notice-

(12)

ably from each other. For this reason, wetake Q_ =20

and A, =0.75in our model calculations. The remaining
parameters that are comparatively small in the problem
under consideration are assumed to be constant: wy =
0.03, /1= 0.01, and a = 0.005. Note that the real

velocities of the azimuthal drift of energetic particlesin
the inhomogeneous curved magnetic field dlightly
affect the calculations. For this reason, we change the
corresponding function to constant. At the same time,
the test calculations show that, if the corresponding
velocity were higher, time processes in different mag-
netic field tubes would be additionally synchronized.
For definiteness, we take the initia conditions in the
form n(0, ¢) = 10 and (0, ¢) = 0.01.

System (10) was numerically solved with the chosen
model parameters. The energy density € of whistlers as
afunction of time 1 and the azimuth angle ¢ after the
transient process is shown by different grey tones in
Fig. 2. According to the calculations, the oscillation
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process occurs with different efficiencies at different
longitudes. However, maxima of the intensity of whis-
tlers are reached quite synchronously over the entire
magnetosphere. The space-time dependence of the
total number n of energetic electrons in the magnetic
field tube is shown by different grey tones in Fig. 3.
Note that the time dependence of the total number of
particles clearly exhibits the periodicity with a double
period of 47t which corresponds to a period of 20 hiin
the dimensional variables.

CONCLUSIONS

In the magnetosphere of Jupiter, interaction between
waves and particles in individual magnetic field tubes
clearly correlates with the global dynamics of electron
radiation belts. This interplay is manifested in the pro-
nounced periodicity of the intensity of whistlers and
fluxes of energetic electrons. The entire giant magneto-
sphere of Jupiter in whistlers flashes as a huge lamp.

The experimentally observed law islikely dueto sev-
era factors. First, it isimportant that each magneticfield
tube in the radiation belts of Jupiter is characterized by
the natural frequency that corresponds to interaction
between waves and particles and is close to the angular
velocity of Jupiter. This circumstance ensures the reso-
nance character of the process, and a comparatively
weak external action can thereby provide the degp mod-
ulation of the level of waves and particle fluxes.

Owing to the rotation of the planet with the asym-
metric ionosphere, the spatial detection of the Q factor
of the magnetospheric resonator occurs. The average
damping decrement of whistlersincludes aterm that is
independent of the azimuth angle and varies with time
strictly periodically with the period of the orbital rota-
tion of Jupiter. This periodic dependence is manifested
as a controlling factor. (The plasma magnetospheric
maser is subjected to severa external factors. The mod-
ulation of the Q factor of the magnetospheric resonator
most strongly affects its operation.) According to the
caculations, the modulation of the level of whistlersis
clearly synchronized at al longitudes. As can be shown
and was checked in numerical calculations, the trans-
port of particles and waves between individual mag-
netic field tubes improves the synchronization of pro-
cesses in different magnetic field tubes.

The significance of this effect is more generd. It
must be observed for other types of electromagnetic
radiation emitted due to the radiation belts of Jupiter,
which vary quite synchronously in various spectral
ranges of the magnetosphere. The synchronization of
emission processes from different magnetic field tubes
was noted in [5].

We emphasize that there is one more mechanism of
the effect of the azimuthal drift of particles, which is
taken into account in Eq. (7a), on the cyclotron instabil -
ity and interaction between waves and particles. The
drift of particles may create a polarization electric field
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and thereby a current system and a magnetic signal,
which changes the distribution function of energetic
electrons due, e.g., to the conservation of the adiabatic
invariants. However, estimates show that this mecha-
nismisinefficient in the el ectron radiation belts of Jupi-
ter. Indeed, the conductivity of the magnetospheric
plasma along the magnetic field is very high, and the
polarization field is short-circuited through the iono-
sphere, where the conductivity across the magnetic
fieldis high. Polarization electric fields should be taken
into account when analyzing the initial stage of the
space-time evolution of the distributions of particles
with sharp azimuthal gradients.

More complicated cases are possible when the ini-
tial oscillations are not relaxation oscillations but self-
sustained oscillationsin individual magnetic fields. The
possibility of existing of the latter oscillations was
shown in [9]. Under certain conditions, the synchroni-
zation of processes can be expected in the magneto-
sphere of pulsars. However, each of the mentioned
cases requires special investigation.

Note that the above effect is an interesting example
of the Huygens effect known in classical mechanics. In
this case, oscillation processes in different magnetic
field tubes (rough clock) are synchronized due to inter-
action with the strictly periodic orbital rotation of the
planet (accurate clock).
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The ballistic conductance of a point contact between a strong ferromagnet and a d-wave superconductor is
calculated for arbitrary spin-dependent transmission coefficients. The width of the localized Andreev state
level isdetermined. The possibility of identifying the d-type superconductor by the shape of the voltage depen-
dence of the conductance is analyzed for a point contact with a good metallic conduction. © 2005 Pleiades

Publishing, Inc.
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Studies of ballistic electron transport between ferro-
magnetic metals (Fs) and high-temperature supercon-
ductors (HTSCs) [1-3] areimportant for understanding
the electronic properties of these materials and for the
development of electronic devices using spin-polarized
currents [1, 4-6]. The main distinctive feature of
HTSCs, as compared to ordinary s-wave superconduc-
tors, is the anisotropy of the order parameter. It has
been established [7, 8] that the order parameter in

HTSCshasthe dxz_yz symmetry. Superconductors (Ss)

with a d-wave symmetry possess a momentum-depen-
dent internal phase, which strongly affects the transport
properties of the contacts between them and other
materias. In [9], it was shown that, when the angle a
between the a axis of an HTSC crystal and the vector
perpendicular to the surface of ahigh-resi stance contact
is equal to 174, quasiparticle bound states are formed at
the Fermi level near the high-resistance boundary. In
[10], it was found that these bound states giverise to a
sharp zero-voltage peak in the tunneling conductance
between HTSCs and normal metals (Ns). The experi-
mental observation of such a peak at low temperatures
is considered as evidence of the d-wave symmetry of
the order parameter. The observation of the splitting of
this peak is interpreted as a manifestation of the sur-
face-induced near-boundary order parameter with bro-
ken time-reversal symmetry [11-13]. Theoretical stud-
ies of the effect of Andreev bound states, which arise
due to the interference of the incident and Andreev-
reflected quasi particles, on the spin-polarized quasipar-
ticle transport in F/S contacts were carried out in [14—
17]. Those studies were based on the generalization of
the theory developed in [18] (the BTK theory) to F/S
structures. It was found that the properties of Andreev
reflection noticeably vary in the presence of exchange
interaction. The splitting of the zero-voltage peak of

conductance under the effect of exchange interaction
was otained in [16].

However, the authors of recent paper [19] arrived at
the conclusion that the works in which the BTK theory
was generalized to F/S structures disregarded important
physical aspects of Andreev reflection and did not cor-
rectly describe the transport through an F/S interface.
Thefact that these works did not reproduce the formula
obtained for the zero-temperature Andreev conduc-
tance from physical considerations was mentioned in
[20]. This supports the conclusion made in [19]. At the
same time, the number of experimental studies of the
electron transport through the F/S interface increases,
which regquires an adequate theoretical description of
this phenomenon.

The aims of this study are, (i) using the semiclassi-
cal theory of superconductivity for metals with a spin-
split conduction band [20], to obtain an anaytica
expression for the ballistic conductance of a point con-
tact between a strong ferromagnet and a d-wave super-
conductor at arbitrary values of spin-dependent trans-
mission coefficients; (ii) to determine the role of the
transparency of the F/Sinterfacein the formation of the
spectrum of Andreev bound states in the HTSC; and
(iii) to analyze the possihility of identifying the d-wave
superconductor by the shape of the derivative of the
current—voltage dependence characterizing its point
contact with the ferromagnet when this contact exhibits
agood metallic conduction.

DIFFERENTIAL CONDUCTANCE
OF AN F/HTSC POINT CONTACT

The general expression for the current through a
point contact between a normal metal and a supercon-

0021-3640/05/8104-0156%$26.00 © 2005 Pleiades Publishing, Inc.
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ductor was obtained in [18]. For the F/S contact, this
expression can be represented in the form

00

les = %J-d‘c-(fo(8 —eV) —f4(€))Ggs(€)- D

—00

Here, fy(€) is the Fermi equilibrium distribution func-
tion and G5 is the spectral density of the conductance
of the F/S point contact at zero voltage. Let the ferro-
magnet lie to the left of the boundary x = 0, and the
superconductor, to theright (intheregion of x> 0). The
x coordinate axis and the a—b crystallographic plane of
the HTSC crystal are perpendicular to the contact
plane. The expression for Ggg(€) in terms of matrix
semiclassical Green's functions was obtained in [20]:

AR_ AA

2
_ €A dp, _
GF/S(S) - 47TTrTZI(2T[)2[1 OsT.0s
_gg zgg+v§-[z?g_?§rz?§]'

In Eq. (2), (8s, Ys) and (§,, Ya) are retarded (super-
script R) and advanced (superscript A) semiclassical
Green's functions that are symmetric (subscript s) and
antisymmetric (subscript @) with respect to the projec-
tion of the momentum p taken at the Fermi surface
onto the x axis. All the Green’s functions refer to the
ferromagnet and are calculated at x = 0. To determine
these functions, for each of the metals, it is necessary to
solve the semiclassical superconductivity equations for
metals with a spin-split conduction band [20]:

)

01 0,0, .0 oA
SR 330+ SVigs (V9 +87.) + K. gl =
1 1
K = -0 (ig,T,+A-2) 0,2 ~i(p—TDT)/2, (3)

A=A(x pg), [ab]. = abzba.

Here, €, = (2n + 1)1T isthe Matsubara frequency, pris
the momentum at the Fermi surface, and T represents

the Pauli matrices. Thematrices §, A, and p, havethe
structures

0 P
~ _ [ Gaa for—cx O A (9 px>o
g - O+ r g = L e <O’
|:|f—orcx G—(X—GD M<  Px (4)
“ [l O [l [l
A=pg 0 A5 p =gPa 0 g
O-a* 00 00 Pyell

InEgs. (4), o = (1, t)isthespinindex and & isthe self-
energy part.
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Equations (3) should be solved with the boundary
conditions formulated in [20]:

(e = @ (Y2)a = (Ya)a,
(VR =R ) (Ya)y = s,
(VRa=/R)(Ya)a = ca(§o)n, (5)
—Y: = JRa(@)a+ o, (G0,

1

~Ys = (Ra) *(@s)a + A2(Ts)n,

where az(s) = 1/2[(3;3) * az(s)].Thefunctions \?i(s) are
determined in asimilar way. The explicit form of matri-

ces Ejf(F)] isgivenin [20]. The structure of the matrices
of transmission coefficients Dy and reflection coeffi-

cients Ry (R =1— Dq) isthe same asthe structure of
the matrix p, in Egs. (4). Subscripts d and n indicate
the diagonal and off-diagonal parts of the matrix,

respectively: Tam = U2[T + 1,T1,]. The coefficients
0; are determined as
. 1+, /R R, ¥.,/D,D,
12 ~ )
JR R

1- /RR, +,D,D,.

Knowing the functions gy, we use boundary condi-

U3a) =

tions (5) to derive the matrices \?i and (\?i ) TO deter-
mine the matrix (\?i)d, we find one more relationship
between the matrices a and V.

Multiply equation (4) from [20] by Gk (X, X) from

the left and its conjugate equation by Gin (X, X) from
the right. Subtracting one from the other, we obtain

-(-1)“56;((émk(x', X)7,Gin(% X)) = 0. (6)
From this equation, it follows that
Gri(X, X) 7,4 Gin(x, X') = 0, )

because Gn (X, X) isequal to zero at infinity. Changing

tothefunctions aa(c) in Eq. (7) withthe use of formulas
(5) from [20], we arrive at the expressions

aFRF aFRF = 2S”RS 2S8”RS S
OsYs+0aYa = —Ya, OsYs+0aYa = Ya,

AFsE  AFaf 5Sss ASas (8)
Ysgs Yaga = Ya, Y.sgs Yaga = Ya
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RF 2s
Eliminating the functions Ya and Ya from these rela-
tions, we obtain a set of boundary conditions for the

Green'sfunctions a :

Gab1 + D,Ga + Qabs + DaQa = D3 —ba,

S 9)
gabl + b2§a+ Qab3 + b4§a = bl—bz.
Matrices b; in Egs. (9) are expressed as
B1 = 9.;rEJs"'Yﬁsgs, b2 = és?;"'ngs, (10)

A+ R+ 2

bs = ngs + ngs-

A R+ay

b = Ysgs +Ysgs,

To determine (\Qf; )q @ppearing in Eq. (2), we use the
second row of Egs. (8):

(Ya)a = (b)a—(Ya)ua— Ya(Go)n.

Now, solving the first of Egs. (3) in combination with
boundary conditions (9), we determine the matrices

Os(a) - Then, withthese matrices, from Egs. (5) and (11),

(11)

we determine the matrices Y . Substituting all the
expressions determined aboveinto Eq. (2), wecalculate
the conductance. Then, we assume that the order
parameter is independent of the coordinate. This
assumption will allow us to obtain an analytical solu-
tion of the problem. A self-consistent calculation of the
order parameter does not change the qualitative conclu-
sions derived from such a solution [21]. For a spatially
homogeneous order parameter, the solution of the first
of Egs. (3) for each of the metals has the form [22]

g = e P 4 Co(pr).  (12)

Matrices Co(pg) represent the values of the Green's
function § far from the F/S interface:

E.A S(n ) _iA(pF)E

~ O f O 1A% (pe —€n

Cg(p,:) =4 g+ 0= [2 2 ' (13)
O f -9 O &t |A(pF)|

. €
¢h = Tzﬁ,
n

Here, 6° is the angle between the electron momentum
in the superconductor and the x axis. The Green’s func-

tion §" in Eq. (12) should tend to Co whenx — = —oo,

A(pr) = Dy(T)cos(26°-20).

and the Green’s function §°, to G5 (pg) when x —» .
Performing amatrix multiplicationin Eq. (12), we con-

VODOPYANOV

cludethat, to satisfy the above conditions, thefollowing
relations should be valid at x = O:

Co(pe)C (pr) = —san(p)C (pe), ”
Co(pr)Co(pr) = son(p)Co(py).
From these relations, it follows that
= XS+ X, X =(1+C5.)(Cos
o QJAF " A( 00)(Cos) (15)
0 = Co—Coflz, X = Xt + (X)n.

Here, CS, s(a) representsthe symmetric and antisymmet-

ric combinations of the matrix Cs (pg) with respect to
the projection of the Fermi momentum onto the x axis:

Cg, s@ = 1/2[ Cg(px) + G5 (—p,)]; the matrix X has the
property (X)2= i, which is verified by a direct calcu-
|lation; and (X), isthe off-diagonal part of the matrix X .

Now, from &S and §- determined by Egs. (15), we
construct combinations g and, substituting them into
the set of boundary conditions (9), we determine
gz (x=0) and g, (x=0):

.S (1-JR R)(X)nt,
% = (1+ /R R)sgn(e,) + (1- /R R) X, a6
o - /D, D, (X)n,

(1+ /RR)sgn(e,) + (1- /R R)X

When solving the set of boundary equations (9), we
ignored the spin dependence of the phases of scattering

amplitudes. Now, knowing the Green’sfunctions gas and
g5, we determine the expression for the spectral density
of conductance, Ggs(€), in terms of the matrix X:

Ggis(e) = AJ.(;’D; [

+ (R = JR)XEXE —(JR, + JR)’

1
+3D,D TI(XF)n(X )n]} oy (17)
Z" =1+ /RR +(1-/RR)XE,
Z" =1+ /RR -(1-./RR)X,.
JETP LETTERS Vol. 81 No.4 2005
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Here, X° and X* are, respectively, the retarded and

advanced matrices obtained from the matrix X (g,)
given by Egs. (15) after the analytic continuation:

WR o EEHE)
R SR
E 0’ A>ES+A<ES_S(A>_A<) E (18)
Gr _ EATEC-ATE (AT —AT), O
’ ERER + 2 ALAY '

In Egs. (18), A, = Ay(T)cos(205 — 2a) and A, =
A4(T)cos(26% + 2a). The angle 6° varies from zero to
8, < /2. The angle 6, is determined from the condition
of mirror reflection of electrons from the boundary:
Py = P°Sin6®= pg, sing, =P, SiNG, . Here, pe;, Pr,, and p°
are the Fermi momenta of spin subbands of the ferro-
magnet and superconductor, respectively. The quantity

25 has the form

H—J —[0.°% > 1a,°
587 -¢

. 2R . . . ..

The quantity &< isdetermined inasimilar way. Formu-
las (1) and (17) allow one to calculate the dependence
of the conductance ogg(V) = digd/dV of an F/HTSC
point contact on the applied voltage at arbitrary spin-
dependent transmission coefficients and angles of ori-
entation of the HTSC crystal axes with respect to the
vector perpendicular to the contact plane. For the
anglesa =0and a =174, the expression for the conduc-
tance has asimple form:

&= () =
g2 <|n,.

ons(v) = S22 dp“zu [5-

(2)5

1 (D, +D,) +&(e—&")D, D,

2[E—eV[ Zy
O 217 O

1

zg+eVD
D 2T O

cosh

18|
(& 1 . 1
2T 2[€ + eV 2[€ — eV
COShDZTD osth_I_D

(19)

2
DDA
Zn

[ I | |
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Je(1- [RR)+E5@+ RR)% a =0
yA—
D %e(l-'-/\/RTRL)+ER(1_’\/RTR1)]2; o= g
%1+A/RT 1)’|As? 4% /RiRy; a = 0
z
’ ul JRIRL)|A)? + 462 /RTRI azg.

Here, the limits of integration with respect to angles
depend on the relative values of the Fermi momenta of
the spin subbands in the ferromagnet and in the super-
conductor. If these values satisfy the condition pg, <
pS < pg, , theintegration with respect to the anglesin the
region pg, < Py = pSsinBS = pg,sinB, should be per-
formed by settingD, =0and R, = 1.

In the case of a nonmagnetic metal (D, = D,), a
=0, formula (19) yields the expression obtained in
[22] for the conductance of an N/S point contact if |A|
is replaced by |Ay(T)cos(269|. For o = 174, from
Eq. (19) we obtain the expressions given in the review
[23] for the spectral density of conductance (Egs. (32)
and (33) in [23]). For tunneling contacts, from Egs. (1)
and (19), at both a = 0 and a = 174, one can obtain the
expressions for the current that were given in [24].

DISCUSSION

Formula (19) differs from the expressions obtained
earlier on the basis of the scattering theory [14-17] and
leads to anumber of qualitatively new results. From this
formula, it follows that finite values of the spin-depen-
dent reflection coefficients lead to a broadening of the
Andreev bound state, whose width I" is expressed as

- /\/(1—A/RT RD)IA(T)sin(209)° | 1
4,/R1 R 54

Here, 1, isthe quasiparticle phase breaking time, which
istaken into account in semiclassical Green'sfunctions
(13) by the substitution €, — (g, + isgn(e,)/1,). The
width associated with the finite transparency of the F/S
interface is the basic one at low temperatures. Hence,

the normalized conductance ox<(V)/ oG (Where of =

(20)

e(pz, + pg, )I8TE is the Sharvin conductance of the

ferromagnet and o = €(pg, + pg,)/2TE in the two-
dimensional case) cannot be greater than two; i.e., the

limits of its variation are the same as those of the con-
ductance at a = 0.

When the polarization & = pg,/pg, isequa to unity
and theinterface is characterized by alow transparency,
formula (20) transforms to the expression obtained in
[25, 26] for the width of the Andreev bound state in
nonmagnetic tunneling contacts.
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Fig. 1. Applied-voltage dependence of the normalized con-

ductance ogg(V)/ og calculated by formula (19) for differ-

ent values of the ferromagnet polarization & = pg, /pg, at
A(T)/2T =5.

From formula (19), it follows that, at a = 174, the
spin-dependent potential barrier, which directly enters
into the expression for the conductance in terms of the
parameter Z, ,(,;in[16] and istaken into account in the
determination of the spin-dependent transmission coef-
ficients D, (,; in thiswork, does not lead to the splitting
of the Andreev bound state if the effect of the induced
magnetization on the energy spectrum of the HTSC is
ignored. As the polarization of the ferromagnet
increases, the peak of the conductance at V = 0 is not
split but suppressed (in Figs. 1 and 2, thisisillustrated
for F/S contacts with agood metallic conduction). This
conclusion follows from the shape of the subgap con-
ductance line and from the contribution of the spin-
dependent transmission coefficientsto thetotal conduc-
tance at a = 1v4. The subgap conductance has the form
of a Lorentzian that does not broaden with an increase
in the polarization of the ferromagnet. The quasiparti-
cle part of the conductanceis proportional to the sum of

VODOPYANOV

2.0
- A (T2T=4 .
1.6F a=0 8
.6
- 4
12F 2
0.8
041
[=3 0 B
Q | ! | ) | ! | 1 |
g 20
L 1.0
o AT)2T =4 08
1.6 o=nm/4 0.6
0.4
0.2
1.2+ 5=0.1
0.8
041
0 -
| ) | ) | 1 | ) |
-1.0 —0.5 0 0.5 1.0
Vi2A,; (T)

Fig. 2. Applied-voltage dependence of the subgap (& < |A.])
conductance.

the transmission coefficients with different spins, D, +
D,, with weightsindependent of the energy variable, so
that the splitting of the total conductance because of the
spin-dependent barrier potentials is impossible for any
valuesof Z; ;.

The splitting in the absence of an external magnetic
field is possible only when the effect of the spin-polar-
ized current [27] or induced exchange field [28] on the
energy spectrum of the superconductor is taken into
account.

Let us analyze the possibility of identifying a
d-wave superconductor by the shape of the derivative of
the current—voltage dependence characterizing its point
contact with aferromagnet in the absence of apotential
barrier. For this purpose, we perform anumerical calcu-

lation using model expressions for the transmission
2005
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coefficients that correspond to a direct contact between  Russian Foundation for Basic Research, project no. 03-
02-17432.

metals (for pS, we use p° = (pg, + P, )/2):

—_ 4pXT pXS — 4pX1 pXS
T 2! . 2"
( pXT + pXS) ( le + pXS)

From Fig. 1, one can see that, as the ferromagnet
polarization & increases, the peak value of the conduc-
tance at a = 0 issuppressed, asin the case of an swave
superconductor [20, 29]. This can be explained by the
fact that the efficiency of Andreev reflection is deter-
mined by the number of conducting channels in the
subband with the smaller value of the Fermi momen-
tum (in the case under consideration, it is pg,), which
decreases with increasing polarization of the ferro-
magnet.

Only when the degree of polarization of the ferro-
magnet isvery high, 8 < 0.1, does the quasi particle part
of the conductance, together with the contribution from
the Lorentzian wings, exceed the peak value of the
Lorentzian. The peak in the conductance at V = 0 disap-
pears, and the dependence o5(V) becomes V-shaped.
This type of dependence was observed in the experi-
ment with an FIS structure
(Lay3Bay,sMnO4/DyBa,Cuz0;) in [1]. An increase in
the ferromagnet polarization, on the one hand,
increases the subgap contribution to the conductance
dueto thelocalized Andreev state through adecreasein
the localized state width (see Egs. (19)); on the other
hand, it reduces the number of Cooper pairs that are
formed at the F/S interface and use the aforementioned
state for the resonance penetration into the depth of the
HTSC. Thelevel itself makes a contribution to the con-
ductancethat decreases with increasing temperature for
all polarization values excluding é = 0. Thus, from the
dependence of the conductance og,5 on the applied volt-
age, it ispossible to identify the symmetry of the order

parameter (dxz_yz or sin the case under consideration)

if one of the electrodesis represented by a ferromagnet
with 0.5 > & > 0.1. Asthe strength of the potential bar-
rier increases, the upper limit of this inequality moves
toward unity.

Thus, in this paper, the ballistic conductance of an
F/HTCS point contact was cal culated for arbitrary spin-
dependent transmission coefficients and the width of
thelocalized Andreev state level was determined. It was
found that the presence of a spin-dependent potential
barrier cannot lead to the splitting of the localized
Andreev state without the inclusion of the effect of
induced magnetization on the energy spectrum of the
HTCS. The possibility of identifying a d-type super-
conductor by the shape of the voltage dependence of
the conductance characterizing its point contact with a
ferromagnet when the contact has a metallic conduc-
tion has been analyzed.
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The possibilities of spatially localizing spin-polarized electronsin two-dimensional and three-dimensional sys-
tems due to spin—orbit interaction are studied theoretically. Using simple one-dimensional potentials as exam-
ples, it is demonstrated that electrons with a definite helicity can be localized so that carrier separation by spin
is accomplished. The magnetic field effect is studied, and it is shown that the position of bound levels depends
substantially on this effect. © 2005 Pleiades Publishing, Inc.
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The recent years have been characterized by grow-
ing interest in the group of phenomena in low-dimen-
sional systems belonging to the field known as spin-
tronics. The main idea of the program of these investi-
gations can be expressed by the words: “ spin instead of
charge” That is, the ideais to search for various ways
of controlling the spin degree of freedom of mobile car-
riers. Hopes for the advent of new solid-state electronic
devices and new applications of such devices primarily
to quantum computing are pinned on this area of inves-
tigations. It is clear that, on this path, it is necessary to
learn how to induce spin polarization in an electron sys-
tem and directionally affect carrierswith adefinite spin
projection or, more precisely, with a given helicity. In
addition to the evident possibility of polarizing elec-
trons through the absorption of a circularly polarized
electromagnetic wave, spin polarization by a static
electric field (or direct current) through spin—orbit (SO)
interaction [1-3], the spin-galvanic effect [4], and spin-
dependent el ectron tunneling through abarrier [5] were
considered.

In this work, we examine the possibility of the
occurrence of a spatially localized state with only one
definite spin projection; more simply, we search for sit-
uations in which, for example, a spin-up electron is
bound and a spin-down electron isfree. There are many
such cases in atomic physics, where exchange interac-
tion is responsible for spin separation. The simplest
example is given by negative ions of alkalies and halo-
gens. the spin of the excessive electron must compen-
sate for the spin of the atomic electron shell. However,
wewill consider aone-particle problem, and the differ-
ent behaviors of electrons differing in helicity will be
caused by SO interaction. We will consider succes-
sively 2D and 3D cases and will also elucidate the mag-
netic field effect on localized and delocalized states.

1. Two-dimensional system. Rashba Hamilto-
nian. An electron gas in an oriented two-dimensional
system (the unit vectors n and —n perpendicular to the

system plane are not equivalent) is described by the
Rashba Hamiltonian [6, 7]

= p’/l2m+a(o[p xn]), 1)

where p = (Py, Py) is the 2D electron momentum
operator, o are the Pauli matrices, a isthe effective SO
coupling constant, and # = 1 is taken. Consider the sit-
uation when the system possesses a one-dimensional
potentia well of theform U(x) =-Uy8(x). Our task isto
find bound states. We will seek a solution of the

Schrédinger equation (H + U)W = EW in the form

Ip
_ Y llJ1(X) 0
W(xy) = T[ 50,00 D ()

Here, L is the normalization size of the system in the
y direction. The () , spinor components obey the sys-
tem of equations

LIJl 2 apPy oy, —Ugd(X)W, ,

= - pwal,z,

where the prime designates differentiation with respect
tox. A solution of system (3) isgiven by asuperposition
of exponentials vanishing at [X| —» oo

©)

+A, 2e " (x>0),

" (x<0),

b B
Py 2(X) = A€

Wy o(X) = Bl ze 4 B, 2e

(4)

where

= A/—(st +2k%) £ 2|kl J2me + K2+ p2.  (5)
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Heree =E - pf,/2mand k=ma. It iseasy to verify that
the real part of the exponents &, are positive for € <
—lp)kl/m at |p,| > |k| and for £ < «(k? + pi)/Zm at
Iyl < IKl.

The coefficients in Eq. (4) can be found from the

continuity condition for the wave function at the point
x = 0 and the condition for its derivative at this point

Py, 2(+0) = Y, ,(-0);
P 2(+0) — W} »(-0) + 2Uy, ,(0) = O,

where U = mU,. Thisyields asystem of eight equations

for the coefficients A; , and Bi ,. The spectrum of
localized states is determined from the condition that
the determinant of this system vanishes. The determi-
nant is given by the expression

(6)

D = 16(2me + py)([U° - (€, +E)U]
x (me + p; — /(me)® - pk®) + 2(2me + k> + p7) (7)
x \J(me)* = pgk®).

The function D(g) has a root € = —p§/2m, which
does not depend on the &-potential strength, and

another root £ =—(k2 + pj)/2mat [p,| > [k|. An andlysis
shows that these roots are spurious. If € = —p§/2m is

chosen, two of the eight constants A} , and B , intro-

duced above turn out to be zero. In this case, the num-
ber of matching conditions becomes greater than the
number of constants remaining free. In the case of the
second spurious root, roots of the characteristic equa-
tion are degenerate. Constructing a solution by the cor-
responding rule, we see that the resulting determinant
of the system of equations for the coefficients of lin-
early independent solutions does not equal zero at € =

—(k* + p§ )/2m. The roots under discussion can become
actual ones only under certain relations between the
parametersp,, U, and k of the problem. It may be shown
that the satisfaction of these relations simply corre-
spondsto an intersection of branches of the spectrum of

localized states and the parabolas —pZ/2m and - pZ +
2)/2m.

Figure 1 demonstrates the numerical results for the
subbands of localized states e, 4(py) = €.,(—0,) at various
values of the SO coupling parameter k. It isevident that
the upper branch of the spectrum terminates at certain
values of the momentum p, = +p.. Thisoccurswhen €,
reaches a value of —pk|[/m. In this case, §_isequal to
zero, and the corresponding wave function becomes
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Fig. 1. Behavior of localized states as functions of py for a =
(8 0.5Uq and (b) Uy,.

delocalized. It is easy to find the following explicit
expression for p.:

U+ 4K
Pe = K 8

For agiven U, p, reaches its minimum value equal to U
at k| = U/2.

Figure 2 presents dependences of €,, on k at afixed
momentum p,. Thus, the negative energy level of a
o-shaped 1D well in a spinless problem is split by the
SO interaction. This effect, as it must, depends essen-
tialy on the momentum p, of the free motion along the
y axisand vanishes at p, = 0. Thereisacritical momen-
tum p. such that only electrons of one definite helicity
remain bound in the well when [p, | > p..

2. Threedimensional system. Dresselhaus
Hamiltonian. In this section, we consider the electron
gasin abulk noncentrosymmetric 111-V semiconductor
with the SO interaction in the presence of aone-dimen-
siona o-function well -Uyd(2). Such a system is
described (in the coordinate system referenced to the
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Fig. 2. Energies of localized states vs. the SO coupling con-
stant for the momentum py, = (a) 0.5mUg and (b) 1.5mU.

Localized states are absent in the discontinuity region in
Fig. 2b.

principal crystal axes) by the Hamiltonian of the form
[7.8]

-~ _ Pl P 2
H = Elnl']-i-'zTZn-'-y[(o-ypy_oxpx)pz

+0,(P;— Py) P, + 0,04, — 0, P, Pr] — Uod(2),

where p;= (py, p)- The part of the Hamiltonian cubicin
the momentum correspondsto the SO interaction and is
characterized by the effective band parameter y. It
should be noted that the cubic termsin Eg. (9) are much
smaller than the quadratic ones. We seek a solution in
the form

(9)

P 0
JSOy,(9) 0
where Sis the normalization area of the system in the

(x,y) plane and r ;= (X, ). The Y, , functions obey the
system of equations

(10)

— Y3 o+ 2myp, Wy Fi2my(ps - powi

. (11)
£i2myp,p,P: Wy 1 —2MUd(2) Y , = 2MeY), 5,
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where now the prime designates differentiation with
respect to z, € = E— pji/2m, and p, = p, t ip,. The Y, ,
functions must obey conditions similar to (6)

Wy, 2(+0) = Yy »(-0);
W1, 2(+0) — W} »(-0) + 2U;, ,(0)
+2my p.[Y31(+0) — ;4 (-0)] = 0.
The characteristic equation for system (3) has the form

(12)

(A2 + 2me)” + 4m?y N3 (p2 - pi)2 —ppA’ 13
2.2 2

— papip; —4pipoA’] = 0.

Consider first the case p, = p, = py+/2. In this case,
Eq. (13) hastheroots

_ . |-4me+3p] _
Ao, = m—ifm

(14)
Agg =+ f_—;?ls:;)p” =+8 (15)

Here, 8 = 2myp, < 1, which corresponds to the small-
ness of the cubic term mentioned above. At € < 0 and

le]> pﬁ 0/4m, the roots of the characteristic equation
are real. Localized states should be sought similar to
Eq. (4). For the coefficients A; , and B, ,, we again
obtain a system of equations. The spectrum is deter-
mined from the condition that the determinant of this
system equals zero. The roots of the determinant are
found analytically, and we obtain

2(mU,)* + pj(5° ¥ 8)
4m(1 ¥ d)

for two subbands. The €_; subband for all p values cor-

responds to a localized state, whereas the €,, subband

describes localized states only when €., < —6pﬁ/2,

because otherwise ¢_ becomes imaginary. Thus, the

upper branch has a termination point, which is deter-
mined by the equation

ea(py) = (16)

4my2pﬁ—2ypﬁ+mU§ = 0. a7

Taking into account that & = 2myp),is small, we find the
following expression for the longitudinal momentum at
the termination point:

pf = (mUg/2y)™”. (18)

Note that the condition 2mpyy = (2mPyUg)?® < 1 must

be satisfied and pﬁ must obviously be much smaller
than the Brillouin momentum.

When the longitudinal momentum is directed along
a cube edge [e.g., p; = (p;, 0)], an analysis shows that
JETP LETTERS  Vol. 81
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the bound level in the d well isweakly split but the ter-
mination point is absent and delocalization does not
occur.

The 3D problem is solved quite simply if the
approximation proposed in [5] is used: p; < |p,|, where
p, istheimaginary momentum of the bound electron. In
this approximation, only the first termisretained in the
SO interaction in the Hamiltonian (9). The resulting
Hamiltonian is diagonalized by the spinors of the form

Hu(2 1 H1

= Xul )

Dwz( )D "0 e —"PDI
where u = £1 isthe hdicity, and ¢ is the polar angle of
the p,, vector. In this case, two independent 1D equa-
tions arise for the x,(2) functions

(19)

[-d*/dZ’ + 2mU(2)]X, = 2M,eX,, (20)
and two different effective masses correspond to the

two helicities

1 1

m, —(1+H9),
One may try to obtain spin separation in, for example,
the structure GaAl,_,As/A;B;/GaAl,_,As. Such a
“sandwich” is described in the band diagram by a non-
symmetrical rectangular well, which (as distinct from a
symmetric one) may have no bound state. Therefore, by
selecting band discontinuities that depend on the con-
centrationsx and y at agiveny, it is possible to achieve
the localization of particles of only definite helicity in
the inner part of the heterostructure. It is well known
that the first discrete level for an electron with mass m,
appearsin such awell under the condition

[— 0Yi-Un
2m a“U, > arctan U—D’

where U, , are the heights of the well walls (U; > U,)
and a is the well width. From Eq. (22), it may be con-
cluded that, if the inequalities

A/2ma2U2%L + %> arctan2 %ﬁ
> A/Zmazuzgl—%

are satisfied, only an electron with the helicity p =-1is
localized.

Consider another example of two o wells spaced at
a distance a from each other: U(2) = -U [d(2) + d(z -
a)]. Solving Eg. (20), we obtain the dispersion relation

(5 < 1). (21)

(22)

(23)

(Ky—mUp)? = (m,Ug)%e >, (24)
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where k, = ,/-2m,e. It follows from Eq. (24) that,
under the condition

mUj,a(1l-9)) <1l<mUya(l+9d)), (25)

two localized states exist for the helicity p = -1,
whereas only one localized state exists for the other
helicity value.

3. Magnetic field effect. As evident from the geom-
etry of the problems under consideration, it is reason-
able to investigate the case of B, that is, afield parallel
to the surface or to the plane z= 0 in the 3D problem.
In the case of B, particles are localized in the plane
even without an additional lateral potential (e.g., in the
representation of a given momentum). This case is
beyond the scope of this work.

In the 3D problem with the Dresselhaus Hamilto-
nian, the field B significantly changes the orbital
motion of electrons. Therefore, the Zeeman contribu-
tion can be disregarded (if the g factor issmall). On the
contrary, in the two-dimensional case, B, affects only
the Zeeman contribution to the system energy.

The general case (arbitrary fields and an arbitrary
longitudinal momentum) involves rather cumbersome
calculations. Being interested here only in the qualita-
tive aspects of the problem, we will again consider the
approximation [5] p, p,| < 1, wherel isthewavefunc-
tion localization length aong the z axis, and, in addi-
tion, we will consider not too strong magnetic fields

such that | < L, where L = ,/c/eB,, is the magnetic
length. Then, we arrive at the following system of equa-
tions for the spinor components Y, , (the vector poten-
tial gaugeis selected so that A, = Bz, A,= A, =0):

d2
iz BB v
(26)

d> _.1d
+2m[+
YIOdZ2

d
Zdz d5i| 2,1 — ZmSLIJl 21
where € = E — p;/2m. Owing to the assumptions made
above, the last term on the left-hand side of Eq. (26)
may be treated as a small perturbation. However, it is
convenient hereto include p,d?dz? into the main part of
the Hamiltonian so that the perturbation operator com-
prises only oneterm

g - Y5 dnodn

We again consider the model U(2) = -Uy0(2). The
unperturbed part of the Hamiltonian is diagonalized
using spinors given by Eq. (19). The functions x,(2)
now satisfy the equation

d 2
[_d_22+ %)V_LEZ% —U05(Z)}Xp = 2muex,. (28)
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Solutions of this equation are expressed in terms of the
parabolic cylinder functions un ((z- zo)ﬁ/Lu) and

Dq, (2 - 2)/2/L,), where g, = (e/wy) /m/m, w, =

eB”/mc, and L,= L./m/mll .At U,y =0, weimmediately
obtain the SO-split Landau spectrum

m
= v Lo, [ﬁ |
Taking U, into account, we obtain the dispersion rela-
tion
_Jm_
r (_qu)
For the ground level n = 0 [still disregarding perturba-

tion (27)], we obtain
E—J%(pyu%] (31)

m,[1 m,L U
Eop = wc,\/%l[é_%o

Here, we used the fact that m, differsonly slightly from
mand set g, = 0 for the ground state in the subscript of
the D(t) functions.

(29)

= myL,UoDy (2/2/L,)Dg (~20+/2/L,).(30)

Finally, taking \7pert into account, in the first order,

we obtain
_ px m
EO,[J - %"'w /\/7“
3/4 _1/4
1 mym LU
[2 0y [ (pyL)ﬂ} (32)
2
—uvﬁ By
m2p,L°

for the two lowest subbands. It is evident from Eqg. (32)
that the SO interaction makes two contributions to the
splitting of the Landau subbands: one exponentially
depending on the momentum p, and the other one linear
in the longitudinal momentum p,

Thus, as should be expected, amagnetic field favors
the localization of a particle near a short-range defect,
which is represented in this case by a &-shaped well:
both the D, functions decrease as their arguments
increase. However, the localization radius and the par-

ticle energy depend essentially on the magnetic field,
and these dependences are different for electrons differ-

MAGARILL, CHAPLIK

ing in helicity. Hence, the corresponding occupation
numbers are also different. Using this fact, the spin
polarization in the system can be changed directionally.
The inclusion of the x-aligned magnetic field in the
2D system |leadsto a modification of thetermwith o, in
Eq. (1): ao.p, — a,(ap, — gugB/2) (g is the g factor
and |z is the Bohr magneton). Hence, it immediately
followsthat the spectrum of localized statesin the pres-
ence of the magnetic field is given by the equation

EP(pu p) = L, (py py-sBI20), (3

where €,(p,, p,) is determined by the solution of the
problem in the absence of the magnetic field.

The case of B ||y when the characteristic equation
for &, becomes a complete fourth-order equation
involves much more cumbersome calculations. We
leave this problem for a more comprehensive analysis
elsewhere.
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The pressure dependences of the thermoel ectric power Sof Ce samples were measured at pressures P from 0 to
20 GPain asynthetic diamond cell. The dependence of Son P was found to be nonmonotonic both in the region
of transitionsfrom the fcc (y) phase to the modified fcc (a) phase followed by the transition to the body-centered
monoclinic (a") and the tetragonal (€) phases at pressures of about 1, 5-6, and 12-15 GPa, respectively, and in
the stahility region of these phases. The thermoel ectric power sign was found to be positive for all high-pressure
Ce phases. The found SP) dependence was compared with the published computational data on the electronic
structure of the cerium phases. Cerium was taken as an example to demonstrate the advantage of the thermoel ec-
tric studies over other methods of investigation of phase transitions. © 2005 Pleiades Publishing, Inc.

PACS numbers: 05.70.Fh, 62.50.+p, 72.20.Pa, 81.40.Vw

In rare-earth metals, the formation of crystal struc-
tures dependscclearly either on the atomic number inthe
lanthanum series or on pressure [1-5]. Cerium is the
first metal in the lanthanum series and has only one f
electron in its electron shell. A change in the cerium
electronic structure upon pressure-induced phase tran-
sitions and, in particular, the behavior of the f band are
of great interest for understanding the general regulari-
ties in the formation of electronic structures of lan-
thanides and types of crystal lattices appearing in them
at norma and higher pressures. For this reason,
although the high-pressure phase transitions in cerium
have been studied in numerous works [1-16], they are
gtill being intensively studied both theoretically and
experimentally by various transition methods [4, 13,
14].

Under normal conditions, cerium crystallizes in the
fcc lattice (Fm3m) [3-5]. The isostructural y —= «
transition [1-5] that occursin cerium at room tempera-
ture and P = 0.8 GPa is accompanied by a noticeable
(16-17%) change in volume. It is not yet fully under-
stood and is one of the most intriguing phenomena. The
transition was detected from the jumps in the volume
and electrical resistance and from changesin thelattice
constant and elastic modulus [1-15]. At higher pres-
sures (5-7 GPa), further sequential phase transitions
occur in the body-centered monoclinic a" phase (C2/m)
or the uranium a phase (distorted variants of thefcc lat-
tice) and thereupon (at 12-17 GPa) in the body-cen-
tered tetragonal € phase (14/mmm) [3-5].

In theinitia fcc structure, the electronic configura-
tion of cerium is 4f15d'6s’. Models in which only the
charge or spin instability is taken into account cannot

account for the isostructura y — o transition in
cerium[4, 9, 13]. Inthefirst case, a4f* electronislocal-
ized in the initial phase and delocalized in the new
phase and, hence, isinvolved in the bond formation. In
the second model, the 4f' electron is assumed to be
localized in both phases, while the phase transition
occurs due to the spin-fluctuation energy [4, 9, 13].
Indeed, in contrast to the a phase, antiferromagnetism
was found in y-Ce, in agreement with the relativistic
band calculations showing that the f band in the initial
cerium phaseis split into two narrow bands with differ-
ent spin polarizations [15]. Recent synchrotron and
neutron studies have shown that the isostructural transi-
tion at 0.8 GPain cerium is caused by the appreciable
changes not only in the el ectronic and magnetic but also
in the phonon subsystems [4].

Various methods for studying phase transitions
detect changes in a certain (electron, phonon, or mag-
netic) subsystem. In cerium, strong changes in the first
two subsystems occur even before the isostructural
phase transition [1-4, 11, 13]. For instance, the com-
pressibility [1], neutron diffraction, and ultrasonic [11,
13] data suggest that the bulk modulus in cerium is
approximately halved prior to the phase transition,
which correlates with the observed softening of thelon-
gitudina phonon modes. An approximately twofold
increase is also observed for the thermoel ectric power
[8] that characterizes the structure of the electron
bands. A similar large change in the electrical resistiv-
ity of cerium (a decrease by half) occurs only upon the
y —= a phase transition, while, in the pressure range
from 0 to 0.8 GPa, where both the elastic modulus and
thermoelectric power change strongly, the resistivity

0021-3640/05/8104-0167$26.00 © 2005 Pleiades Publishing, Inc.



168

S (LV/K)

S 9

1
10 15 20
P (GPa)

Fig. 1. Pressure dependence of the thermoelectric power S
obtained for Ce sampleno. 3 a T = 293 K in three consec-
utive cycles of an increase in pressure. The arrows indicate
structural phase transitions, and the shaded regions corre-
spond to the pressure ranges where these transitions are
completed according to the data obtained in [1-15]. Inset:
the thermoelectric signal vs. the temperature difference for
the Ce samples: curves 1 and 3 are obtained at the beginning
of the first and second cycles, respectively (at P = 0 GPa),
and curves 2 and 4 are for the end of these cycles (at P =
20.1 and 21.6 GPa, respectively).
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Fig. 2. Pressure dependence of the electrical resistance R
obtained for aCe sampleat T = 293 K. Inset: the portion of
the R(P) curve obtained after subtracting the linear slope
(a x P), wherea =-0.596 Q/GPa.
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increases only by about 5% [2, 4, 6-8]; i.e., it only
dlightly reflects the behavior of the electronic and crys-
tal structures under pressure.

A method for studying phase transitionsin semicon-
ductors at high pressures up to 30 GPa was devel oped
in [17-19]. This method also proved to be quite effi-
cient for the detection of changes occurring in the elec-
tronic subsystems of metallic phases, in which the con-
ductivity is caused by the charge carriers from severa
bands (e.g., electrons and holes) [18, 19]. We used this
method to study phase transitions in the pressure range
from 0 to 20 GPafor cerium, in which f, d, and s elec-
trons can contribute to the conductivity [14]. Theaim of
thiswork was to perform thermoel ectric measurements
over a broad pressure range, where several structura
maodifications occur, so that one could compare the val-
ues of Sand the corresponding pressure coefficients for
each phase and gain qualitative information on the
change in the electronic structure.

Cerium of type“ EO” was studied. Structural certifi-
cation of the material was carried out using an IVV-2M
nuclear reactor by neutron diffraction analysis at the
wavelength A = 1.532 A (see, e.g., [20]). Thediffraction
spectracorresponded to the fcc structure with thelattice
constant a = 1.1534 + 0.0004 A [15].

The dependences S(P) and R(P) of the thermoelec-
tric power and electrical resistance, respectively, were
measured for microsamples (~0.2 x 0.2 x 0.05 mm) in
conducting high-pressure synthetic diamond cells [17—
19]. The dternative methods of studying thermoelectric
power in a chamber with a compressible capsule [21]
and in transparent diamond cells with implanted con-
tacts [22] are as yet restricted by a hydrostatic pressure
of 12 GPa. The pressure in the compressible spacer
made from lithographic stone was determined using
calibration graphs constructed by recording phase tran-
sitionsin reference materials, ZnSe, CdTe, etc., with an
error of about 10% [17-19]. To create the temperature
gradient, one of the anvilswas heated. The temperature
at fixed anvil pointswas measured using thermocouples
[17-19]. The procedure for measuring the quantities
SP) and R(P) was the same as in [17-19]. Measure-
ments were made using an automated setup that
allowed simultaneous recording of the pressure, tem-
perature differences, thermoelectric signal, sample
compression, and other parameters of the experiment
[18, 19]. The errors in determining the S(P) and R(P)
did not exceed 20 and 5%, respectively. The changein
the sample volume upon compression was disregarded.
The accuracy of determining the thermoel ectric power
was monitored by measurements performed for special
purity grade lead, whose thermoelectric power S =
-1.27 uV/K iscloseto zero [23, 24].

The pressure dependence of the thermoelectric
power of the Ce samples has a pronounced honmono-
tonic character (Fig. 1) and reflects the changes occur-
ring in their electronic structure. Intheinitial y phase, S
increases with P by a factor of 1.3-2 (Fig. 1). These
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results are in agreement with the results obtained at
hydrostatic pressures below 9 GPa[8]. The S(P) depen-
dence correlates with the behavior of the cerium elec-
trica resistance R(P) [1, 2, 4-8], but the thermoelectric
power changes upon much stronger phase transitions
(Figs. 1, 2, and [8]). Note that, in the majority of works
where the el ectrical resistance of Ce was measured, the
samples were preliminary deformed [1, 2, 4]. In the
pressure ranges 1-2 and 5-6 GPa, where, according to
the data from [3-5], the structural phase transitions
occur, the thermoelectric power decreases (upon the
first transition) or increases (upon the second transi-
tion) sharply (Fig. 1 and [8]). The transition at P =
6 GPa occurs presumably to the monoclinic body-cen-
tered phase a" [3, 4, 25]. In [4], the effect of elastic
stresses on the shift of phase-stability boundaries was
considered in the framework of the group theoretical
approach to demonstrate that the transition to the a ura-
nium phase is energetically favorable at high tempera-
tures in the samples without intrinsic elastic stresses,
whereasthe* cold” sample compression (asin our case)
initiates transition to the monoclinic body-centered
phase, which is confirmed by the experiment [4, 25].
Above 12 GPa, the sign of dSdP changes and the ther-
moelectric power decreases with increasing pressure,
whileat P = 15 GPa, wherethe R(P) curve also haskink
(Fig. 2), Sdependsdlightly on the pressure (Fig. 1). The
change in the sign of the pressure coefficient for S at
12 GPa can be attributed to the onset of the phase tran-
sition to the tetragonal phase that is completed above
15 GPa, in accordance with the data of the synchrotron
and x-ray studies[3, 5].

The general expressionsfor the el ectrical conductiv-
ity o and thermoelectric power Shave the form

= ~[o(E)(O1/0E)dE,
(1)
S = ~(ky/lé) [[E~Ed/k;T[0(E)/0] (9 /OE)dE.

Here, f is the distribution function, E¢ is the Fermi
energy, ky isthe Boltzmann constant, eis the electron
charge, T is the temperature, and E is the electron
energy. In the case of metallic conductivity, Eqg. (1)
transforms to the well-known formula S =

~(ky/&)(TB/)koTAIN(O(EVAE) ]| - . [23, 24, 26, 27].

In the low- and high-pressure cerium phases, s-, d-, and
f-band electrons contribute to the total conductivity a.
These contributions are determined by the type of the
el ectronic structure of the phaseswith different crystal
lattices and depend on the charge-carrier mobility and
the density of electronic states in the indicated bands
[23, 24, 26, 27]. For instance, in a two-band metal
with carriers from the s and d bands, S =
~(ko/€)(TE/3)ko T[3/2EF — (U/(N4(E))ONL(E)/OE)] | - ¢, »
where Ny(E) is the density of states in the d band [23,
24, 26]. The second term in the square brackets is due
to the electron scattering on the d-band carriers and
strongly influences the thermoelectric power magni-
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tude and sign [23, 24]. For a nearly empty d band, this
expression accounts for the positive sign of the thermo-
electric power [23, 24]. In cerium, thereisalso the near-
empty f band where the main compression-induced
changes occur [14], which manifested in the thermo-
electric power behavior. According to Eg. (1), the con-
ductivity is determined by the contribution from all the
electron bands and, hence, changes dlightly with pres-
sure. Note that the signs of the pressure coefficients for
the thermoel ectric power and conductivity are opposite
in the body-centered monoclinic structure above 6 GPa:
S increases (Fig. 1 and [8]) while R decreases with
increasing pressure [6-8].

The density of electronic states was calculated for
different high-pressure cerium phases in [14]. It was
found that the Fermi level inthe a phaselies at the side
of the van Hove peak in the density of states, while, in
the other phases, it lies in the pseudogap region, which
ordinarily correspondsto the higher structural stability.
The density of states calculated in [14] for different
bands near the Fermi level explains the strong pressure
dependence of the cerium thermoelectric power
(Fig. 1). In[14], the structural instability of cerium was
explained by the degeneracy of the hybridized pdf
states near the Fermi level and the transition was pre-
sumably attributed to the Peierls lattice distortion.

One can seefrom the data obtained in thiswork that,
both upon the phase transitions and in the phase-stabil -
ity regions, the cerium thermoelectric power, which is
determined by s, d, and f electrons, is much more sen-
sitive to achange in the electronic subsystem than elec-
trical resistance. Earlier [28-32], it was shown that the
thermoelectric power is highly sensitive to the pres-
sure-induced electronic transitions in semiconductors,
conducting ceramics, and other materials. This proves
that the thermoel ectric power method offers advantages
over other methods for studying the phase transitions
and electronic structure of high-pressure phases.

We are grateful to I.F. Berger and V.I. Voronin for
the neutron-diffraction certification of the samples and
to A.V. Mirmel’shtein for discussion of theresults. This
work was supported by the Russian Foundation for
Basic Research (project no. 04-02-16178) and INTAS
(grant no. 03-55-629).
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The anomalously wide energy range for the formation of long-lived negative molecular ions during electron
capture by fullerene moleculesis explained by the excitation of collective electron (plasma) oscillationsin these
molecules. A model for such excitations for fullerenes Cqyand Cyq is proposed on the basis of the Thomas—
Fermi model. Thismodel provides good correlation between the experimental curves of resonant electron cap-
ture and the theoretical energy dependences of the density of plasma oscillation modes. © 2005 Pleiades Pub-

lishing, Inc.
PACS numbers; 61.46.+w, 71.45.Gm

INTRODUCTION

In contrast to dissociative electron capture by poly-
atomic molecules, which is observed for the entire vari-
ety of organic compounds in the energy range 0-15 eV,
nondissociative attachment of electrons leading to the
formation of long-lived (mass-spectrometrically
detected) negative molecular ions (NMIs) may occur

either at thermal energies of electrons (SF; [1, 2] and
others) or at epithermal energies[3, 4] below 34 eV; at
these energies, NM1 peaks are observed simultaneously
for several resonances.

At the same time, the first experiments on electron
capture by Cg, and C,, fullerene molecules [5-7] have
already revealed an extremely wide electron energy
range (0-15 eV) in which NMIs are formed in the gas-
eous phase. In this case, a harrow “thermal” resonance
with a peak near 0 eV and a broad bell-shaped band
with a complex structure and several local peaks are
clearly observed (see, e.g., Fig. 1). Such a particular
interaction of electrons with fullerenes (and some of
their derivatives [8]) may be associated with the excita-
tion of collective electron oscillations in fullerene mol-
ecules[9]. Anincident excess electron spendsits entire
energy on exciting such plasma oscillations and, when
its energy becomes close to zero, is captured by a mol-
ecule. A similar mechanism of the formation of long-
lived NMIsfor moleculesisknown asthe Feshbach res-
onance with the electronic and/or vibrational excitation
of a target molecule under the condition of positive
electron affinity in the ground or electron-excited state
[2]. However, the absolute values of energies in these
two cases differ substantially: the energy of collective

electron excitations may be many times higher than the
energy of the electronic and vibrational transitions.

It should be noted that experiments on electron
impact [10-12] also revealed the excitation of collec-
tive electron oscillations, which is responsible for the
dissociative ionization and fragmentation of neutral
and charged fullerenes by high-energy (0.01-1 keV)
electrons. The plasmon contribution in the effective
cross section for the process was manifested in experi-
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Fig. 1. Experimental curves for the effective yield of reso-
nant electron capture (a) Cgg and (b) Cq fullerene mole-
cules, and (c) and (d) the respective distribution functions
for plasma oscillation modes.

0021-3640/05/8104-0171$26.00 © 2005 Pleiades Publishing, Inc.



172

ments in the form of a structurel ess resonance band in
the energy range 10-50 eV, whose position, shape, and
width weakly correlated with the charge state of the
fullerene ion and its mass [12]. At the same time, it is
well known that the intensity and localization of this
band must depend on the number of valence (collectiv-
ized) electrons in the fullerene molecule, while the
band shape may be determined by the predominance of
certain plasma modes manifested under various exper-
imental conditions of their excitation [13]. Such a pos-
sibility of separating plasmamodesin fullerenes can be
realized in negative ion mass spectrometry when the
excitation is executed by low-energy electrons through
the mechanism of resonant electron capture [5, 7],
which are “softer” than that in experiments on electron
impact, where the energy resolution isrelatively low.
This study is aimed at developing a quantitative
model of plasma oscillations in fullerene molecules
during electron capture that would take into account the
geometrical parameters of the fullerene skeleton and
the nonuniformity of the electron density distribution
over the surface of the molecule. As a result, it would
become possible to explain the experimental data on
the resonant capture of electrons by Cg and Cqy
fullerenes on the basis of theoretical calculations of the
distribution functions for plasma oscillation modes.

EXPERIMENT

The interaction of free fullerene molecules with
electronswas studied experimentally using alaboratory
negative ion mass spectrometer in the regime of reso-
nant capture of electrons [7]. The idea of the method
was described in detail in [2, 3] and, as applied to
fullerenes, is as follows. A collimated Cg, molecular
beam generated due to sample heating (to 600—700 K)
is fed to the ionization chamber where it perpendicu-
larly intersects an energy-controlled electron beam (0—
30 eV) whose energy distribution has an FWHM of no
worse than 0.4 eV. Negative ions formed as a result of
el ectron capture are mass selected by a static magnetic
analyzer. The method impliesthe recording of so-called
effective-yield curves, which describe the dependence
of theion current on the energy of ionizing electronsfor
all the negative ions formed in the process. The mass
spectrum itself is the complete set of such curves. In
contrast to the mass spectrum for other “ordinary”
polyatomic molecules, the full erene mass spectrum has
asingle peak of amolecular ion with the corresponding
set of isotopic peaks. Typical experimental curves for
the resonant capture of electrons by Cg and Cqq
fullerene molecules are shown in Figs. laand 1b.

MODEL

The ssimplest model applied to these objects is the
hydrodynamic model of surface plasmons [14]. In this
model, electrons are treated as a charged liquid on the
surface of afullerene molecule. If we consider that the
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electron concentration N on the surface of the fullerene
molecule does not change with increasing the number
of carbon atoms (in the first approximation, the sizes of
hexagons and pentagons can be regarded as constant),
while the radius of the fullerene molecule is propor-

tional to /N, the energy of surface plasmons in accor-
dance with this model must be proportional to N4,
The dependence of the energy range of the NMI forma-
tion on the number of atoms must be the same. Indeed,
for C, fullerene series, wheren =60, 70, 76, 78, 84, and
90, the peak of the high-energy resonance is shifted
towards lower energies with increasing the number of
atoms. However, the range of the formation of NMIsin
this case increases from ~13 eV for Cy, to ~20 eV for
Cqo- These differencesin the position of the distribution
peak and in the range of formation may be due to the
fact that the model does not take into account the geo-
metrical factors, which depend on the shape of the mol-
ecule aswell as on the electron distribution over its sur-
face (only the Cg, molecule can be treated as spherical).
Apparently, itisthedisregard of the geometrical factors
that complicates the application of the approaches [15,
16] for explaining the experimental data on the reso-
nant capture of electronseven for Cg,. Inthe model pro-
posed below for the excitation of plasmaoscillationsin
fullerene molecules, both the asphericity of the shape
and the nonuniformity of the distribution of electrons
over the surface are taken into account when describing
the motion of the electron liquid in the field of the pos-
itively charged ions of the fullerene skeleton.

Our consideration is based on microscopic quantum
hydrodynamics for fermions [17, 18]. It is known that
the solution of systems of equations in quantum hydro-
dynamics may form an infinite chain of unclosed equa-
tions. Following [17, 18], we introduce the Thomas—
Fermi model to close the systems of equations. In this
case, the continuity and momentum bal ance equations
take the form

Qf‘_(é%ﬂ +V(n(r,t)v(r,t)) = 0,
me%a—t-l-V(r,t)VEVa(ryt) (1)

+0%W(r,t) —ed(r, 1)) = 0.

Here, @(r, t) is the total potential of the field of elec-
trons and ions, v is an analogue of the velocity in clas-
sical hydrodynamics, and W(r, t) is the energy in the
Thomas—Fermi model. If we consider the surface elec-
tron density o(r, t) rather than the volume el ectron den-
sity n(r, t), W(r, t) can be represented (disregarding the
exchange and spin corrections) in the form

2

W(r,t) =

o(r, t). @)

4mim,
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In the stationary case (v = 0), system (1) istransformed
into the Thomas—Fermi equation

W(r)—ed(r) = 0. 3

Spherical fullerene Cg,. We treat the Cy, molecule

as a sphere with carbon ionsrigidly fixed on its surface

and having the coordinates 8,, ¢, = Q, (dQ = sinBdBdd).

For the surface distribution of electrons, n(r, t) = &(r —

R)a(r, t) and solution of Eg. (3) in the stationary case
has the form

00(Q) = 0y

1
+ Ezlz O Yim(Q),
where Y,(Q) is a Legendre spherical function and

N
4ATIR?

N
Op = = z Yin(Q4),
k=1
=)

g = [1+(2|+1)2—|;} ,

where ag is the Bohr radius. For nonstationary pro-
cesses, the solution for the surface electron distribution
density is sought in the form

0(Q 1) = 0p(Q) + S Oim(1) Yin(Q),
Im

Wyt

where 0),(t) = cr,mei . Solutions of system (1) give
the eigenfrequencies of plasma-type oscillations,

o1(1 + 1)

W = Wy AT, (@)

0]

where A,/ arethe eigenval ues of the matrix

AW

mm, — z YIm (Qk)Y (Qk)
for acertain | value. Expression (4) was derived under
the condition that &, ~ 1. This condition imposes a con-
straint inl < 2R/ag — /2 =L, ~ 11. For | > L5, we
obtain complex values for frequencies, which corre-
sponds to the damping of plasma oscillations.
Spheroidal fullerene C,,. Let us consider a C
moleculein aspheroid (confocal, ¢ = const isthefocus)

coordinate system x = c+/(n®—1)(1—v®) cosp, y =
e (M2 =1)(1=v?) sind, z= cpv. For p =, = /e, we

obtain € = 0.561 and R/c = 1.462; i.e., the C,, molecule
hasthe spheroid shape, i.e., a sphere extended a ong the
z axiswith eccentricity €. In the case of the surface dis-
tribution of electrons, the potentias of the fields of
electrons and ions for L = W, have the form

(Mo, Q) = 8TE CY(Ho)
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z o1+ 10(0)|m(Ho)@|m(Uo)le(Uo)Ym(Q),

Im

ion 8ne
CD (uov Q) =

x5 S 0 10) Orn(0) Q) Vi),
Im

respectively. Here, e isthe electron charge;

Ounlo) = , [  Pin(Ho).
Qunlbo) = 2 +1E|I :rr?q;!gK'm(“O)'

where P (Ho) and K;(Ho) are the associated Legendre
functions of the first and second kind, respectively;

12 V()
NITERE P THRY

@m(to) =

<m¢

G)I m(V) /\/_

solution of Eq. (3) hasthe form

Hin(@) = Q = @, ¢, The steady-state

0o(Q) = 3T Gn(Ho)Eim(Ho)Yin(Q),
c Im

where
E.Im(uo)
= [1+(2I +1)—s (La
81e"cg(Ho) ©im(Ho) Qim(Ho)

For nonstationary processes, we seek the surface distri-
bution of electronsin the form

0(Q, 1) = 0o(Q) + S Oim(Ho ) Yin(Q),
Im

Wyt

where 0(Ho, 1) = o|m(|10)ei . Undamped plasma-
type oscillations can be determined from the sol ution of

system (1) as
il
2
LD

2| + 1OIm(u0)le(u0) Alm(uo)

W = sn% {I(I F1)+
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Here,

1 Ylm(Qk)|

- |
Mo— NZ «/U—o—Vk

Expression (5) was derived under the condition that
&m(lo) ~ 1. Otherwise, solutions of system (1) are
damped.

Alm( HO) =

DISCUSSION

According to the model proposed above, the process
of electron capture by the fullerene molecule can be
described as follows. If the energy of the incident elec-
tron is equal or close to the energy of a certain plasma
mode, it excites this mode, loses its energy, and is then
captured with zero energy by the molecule. Each vibra-
tional mode hasits own energy distribution and the dis-
tribution functions may overlap. Consequently, the
electron with a fixed energy can excite one of severa
possible modes. Obvioudly, the larger the number of
different modes in a given energy range, the higher the
probability of the NMI formation and, hence, the higher
theintensity of asignal when recording the experimen-
tal curves of the effectiveion yield.

To compare the experimental datawith the results of
calculations, it is necessary to plot the frequency (or
energy) dependence g(w) of the vibrational mode den-
sity for plasmons. To thisend, it is necessary to numer-
ically solve the system of equations (1), to obtain a set
of eigenfrequencies wy,, of oscillations, to replace them
by Gaussians ™ with the standard deviation equal to the
width of the electron distribution, and to sum over the

entire energy range, g(w) = Z'm M (W—wy).

The results of numerical calculations of plasma
oscillation mode density are presented in Figs. 1c and
1d together with the corresponding experimental
curves for the resonant capture of electrons by mole-
cules of Cg, and Cy fullerenes. It is seen that these
curves correlate: the ranges of NMI formation for both
types of fullerenes, as well as the positions of the main
peaks and other local singularities, coincide with each
other. Some discrepancy between the experimental and
theoretical curve is observed only in the low-energy
range, especially for Cg, (Fig. 18). According to our cal-
culations, the lowest energy of the vibrational mode for
Ceoisapproximately equal to 2.55 eV. The cross section
for the NMI formation is a nonlinear function of the
electron energy: asthe energy decreases, thetime of the
interaction between the electron and molecule (and,
hence, the formation cross section) increases [1, 2],
which leads to arelative increase in the density of low-
energy plasma modes. The narrow peaks on the exper-
imental curve in the range of thermal energies (<2 eV)
are associated with the presence of the so-called single-
particle resonances [2] that do not belong to collective
excitations and, hence, areignored in our model.

TUKTAROV et al.

The above general approach to studying collective
vibrations of fullerenesisnot limited to the Cgy and Cog
molecules. Higher fullerene molecules with substantial
deviation from the spherical shape, as well as fluori-
nated and hydrogenated fullerenes, will be investigated
experimentally and theoretically in our future works.
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Possible acoustic modes in a superfluid 2D gas of hydrogen atoms adsorbed on the surface of liquid helium at
T = 0.1 K are considered depending on the oscillation frequency and times of energy and momentum transfers
both between 2D subsystems of hydrogen atoms and ripplons and into the bulk liquid or substrate. Analogues
of the usua and second sounds are realized in 2D hydrogen at high frequencies. In the case of weak coupling
with the bulk liquid and substrate, ripplons provide an addition to the normal hydrogen component, which leads
to achange in the speed of the second sound. In the most interesting range of low frequencies, an analogue of
the fourth sound is realized, when ripplons and the normal hydrogen component are immobile and only the
superfluid hydrogen component moves. In this case, when the rate of heat transfer into the bulk liquid is much
lower than the sound frequency, oscillations of the temperature of hydrogen can be observed in phase with den-
sity oscillations. Methods for exciting acoustic modes are discussed. © 2005 Pleiades Publishing, Inc.
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The two-dimensional superfluidity [1, 2] observed
in helium films with a thickness of several atomic lay-
ers [3] must also take place in a Bose gas. One of the
good examples of a 2D Bose gas with weak interaction
isthe gasof eectron and nuclear spin-aligned hydrogen
atoms that occupy the only bound state with an energy
of E, = -1.14 K in the absorption potential on the lig-
uid-helium surface (2D H!). A high phase-space den-
sity of 2D H1{ required for the observation of superflu-
idity can be reached, e.g., in aminiature magnetic trap
[4]. In this casg, it is, however, difficult to directly
detect 2D H!. Wide opportunities for observing and
studying the transport processes on the liquid-helium
surfaceinvolving 2D Hi [5] are opened by experiments
on the thermal compression of 2D hydrogen with direct
diagnostics by ESR spectroscopy [6, 7]. Thus, the ques-
tion of possible experimental manifestations of the
superfluidity of 2D hydrogen arises. This question is a
part of the more general problem of a 2D superfluid
Bose gas on the surface of a superfluid Bose liquid.

First of all, in asuperfluid gasit is natural to expect
the appearance of several typesof oscillationssimilar to
the first (usual), second, etc., sounds. Acoustic modes
on the helium surface involving 2D atomic hydrogen
can be analyzed using quantum surface hydrodynam-
ics. This approach ensures the transition from the
microscopic consideration of capillary waves to the
description in terms of the 2D gas of elementary exci-
tations, ripplons [8]. The features associated with the
superfluidity of 2D H! can be described in the frame-
work of two-fluid hydrodynamics similarly to the bulk
superfluid helium [9]. The difference is that normal

motion involves not only the normal hydrogen compo-
nent but also ripplons.

It is necessary to emphasize that the interaction of
hydrogen with ripplons leads to the formation of two
types of mixed elementary excitations [10], which are
combinations of ripplons with hydrogen quasi particles.
Therefore, strictly speaking, hydrogen and ripplons
should be treated as hydrogen-like and ripplon-like
excitations, respectively. The basic contribution to the
interaction comes from the process of the emission or
absorption of aripplon by a hydrogen atom, where the
atom in the initia or final state has zero momentum,
i.e., isin a quasi-condensate. In the surface Hamilto-
nian, terms quadratic in the creation (annihilation)
operators of ripplons and above-condensate hydrogen
quasiparticles correspond to this process. Terms of
third and higher orders describe the relaxation pro-
cesses responsible for the nonzero width of mixed
terms and their interaction. The elementary-excitation
spectra appreciably differ from the pure hydrogen and
pure ripplon spectra when the initial terms are suffi-
ciently closeto each other. For the case under consider-
ation, this condition corresponds to energies severa
times higher than therma energy, whereas hybridiza-
tion disappears in the long-wavelength limit. As a
result, the real effect of hybridization on the thermody-
namics and kinetics of the surface isinsignificant [10].

Key quantitiesfor the problems under consideration
are the characteristic times of the transfer of the longi-
tudinal momentum from the hydrogen system to rip-
plons (Tyg) and from ripplonsinto the substrate or bulk
liquid (tg). The 1,4 value was calculated in the Boltz-

0021-3640/05/8104-0175%$26.00 © 2005 Pleiades Publishing, Inc.
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mann limit by Zimmerman and Berlinsky [11]. It isnat-
ural to assume that the result for degenerate hydrogen
can be significantly different and requires individual
consideration. The rate of momentum transfer both
from ripplons to phonons of bulk helium and into the
substrate was measured by Mantz et al. [12] and calcu-
lated in [13].

The relation between T,z and T can be arbitrary,
because the temperature dependences of the quantities
differ from each other and 1 depends on the character
of the surface [13]. In particular, according to [11], Tyr
decreases from 6 x 10~ to 10 s when the temperature
increases from 40 to 150 mK. At the same time, T for
the film is nearly independent of the temperature for
T =150 mK [12] but depends strongly on the film thick-
ness[13, 14] and the substrate roughness scale [13].

The hydrodynamic description of oscillations is
obviously applicable only if the oscillation frequency is
much lower than the frequencies of quasiparticlesform-
ing the 2D gas. The validity of this condition can easily
be verified because the frequency Q; ~ T/# ~ 10'° s of
athermal ripplon, aswell asthe elementary excitations
in2D H1, issufficiently high.

Further, hydrodynamics is based on the assumption
of local thermodynamic equilibrium, which we supple-
ment with the assumption of the equilibrium of each of
the individual subsystems. In turn, this means that the
thermal equilibrium within a subsystem is established
much faster than energy and momentum exchange with
other subsystems and the thermostat (bulk liquid or
substrate). Such an assumption is quite justified for 2D
hydrogen. Indeed, in the free-particle limit, T > mc?,
where c is the speed of sound, the relaxation is deter-
mined by interatomic collisions. The frequency of elas-
tic collisions between hydrogen atoms is equa to

Ty =0 x 3.5 x 10 cm?/s [5], which is much higher

than T over the entire density range under consider-

ation. In the opposite, acoustic limit, T < mc?, equilib-
riumin 2D H! isestablished dueto interaction between
phonons. The relaxation time due to the spontaneous
decay of a phonon into two phonons, similar to the
decay of phonons in superfluid helium, is estimated as
11 ~7%k3 /mo [15]. For thedensity o = 2 x 10%3 cmr2 and
temperature T = 0.1 K, the wave vector of a thermal
phonon is equa to k; = T/ic = 3.2 x 106 cm?; thereby,
T~3x100sg

The thermal relaxation of ripplonsis likely caused
by the R = R + R process[16]. Inthe case of itsinef-
ficiency [17], it ismore correct to consider the interac-
tion of hydrogen with the thermostat through ripplons
and to determine the corresponding nonequilibrium
distribution of ripplons from the kinetic equation. Nev-
ertheless, the thermodynamic description of ripplons
remains meaningful when Tyr <€ T OF Tyr > T IN
these two important limiting cases, the distribution of
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ripplons remains thermal and their temperature and
velocity coincide with, respectively, the temperature
and velocity of the hydrogen or the substrate.

Inview of the above discussion, thelinearized trans-
port equations for the 2D system are written omitting
the dissipative terms responsible for longitudina heat
conduction, diffusion, and viscosity. The continuity
equation for hydrogen [18] has the form

py +divjy = 0. (1)

Here, as usual, the dot over the symbol stands for the
time derivative; j,; = pVv, + PV, is the hydrogen flux,
wherev, (Vo) and p, (py) arethe velocity and mass den-
sity of the normal (superfluid) components, respec-
tively, and p, = mo = p, + p;isthetotal density, where
m s the hydrogen atomic mass.

The equation of motion for the normal hydrogen
component has the form

DoV + Py + 22 (v, —vg) = 0, )

Thr
where Py is the 2D hydrogen pressure, includes the
momentum transfer from the hydrogen to ripplons in
the T approximation, and the last term on the left-hand
side should be treated as the formal definition of the
corresponding time constant Tyg.

The equation of motion for ripplons including the
momentum transfer into the substrateis similar:

PRrVR + DPR_&(Vn_VR) + s_RVR = 0. ©)

Thr R

The equation of mation for the superfluid hydrogen
component has the usual form

Vst [y = 0. (4)

The specific chemical potential p, = oU /m of hydro-
gen is determined primarily by H-H interaction,
because under the superfluidity conditions gA? = 7
[19, 20], and, therefore, the thermal contribution to

that is about Te™"" is exponentially small (here, A =

A2Tth%/mT isthe thermal wavelength of the hydrogen

atom and U is the mean-field parameter generaly
depending on the density [20]).

Heat transfer from hydrogen to ripplons [11] and
from ripplons to the film bulk [21] is described by the
following equations of energy conservation:

Th(Si+divSyv,) + Kuye(Ty=Te) =0, (5

TR(SR +div&ivg) —Kiyr(Ty—Tg)

+Kgre(Tr=To) = 0. ©
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Here, T, isthe temperature of theliquid in the film bulk
and Ky and Kgp = 5.3TY3 W cm? K203 [21] are the

heat conductivities of the hydrogen—ipplon and rip-
plon—phonon contacts, respectively.

Assuming that deviations of the thermodynamic
guantitiesfrom their steady values, aswell asv,, v, and
Vg, are small, excluding the velocities from Egs. (1)—
(6), and substituting the solution in the form of the
plane wave exp(iwt — ikr), we arrive at the system of
three equations for the amplitudes of the oscillations of
the hydrogen density py, and temperatures T,, and T.
The condition of the consistency of these three equa-
tions yields, as usual, the relation between the fre-
guency w and wave number k. However, this general
dispersion relation containing terms up to w® and ké is
very lengthy.

Theresultsturn out to be transparent in some limit-
ing cases. In particular, in the high-frequency limit,
when wT g > 1 and Wiz > 1 simultaneoudly, terms
describing the momentum transfer, i.e., containing T,
and tg, can be omitted. The hest transfer rate is usually
not higher than the momentum transfer rate. Corre-
spondingly, under this condition, the quantities Kgp/(0S;
etc., are aso smal [in particular, Kgg/S; = 1.6 %
10%(T/0.1 K)*¥?2 s]. Therefore, the hydrogen and rip-
plons are coupled neither with each other nor with the
substrate, and the system of Egs. (1)—<6) is split into
two independent systems. In this case, Egs. (3) and (6)
describe the propagation of the second surface sound
(i.e., aripplon density wave or, identically, a tempera-

ture wave) with avelocity of ug = Si/.//pr(0S:/0T) O

TH[22]. The remaining four equations describe two

different oscillation modes in 2D H!, which are 2D
analogues of the usual and second sounds. As usual,
excluding the velocities from these eguations and
expressing Ay and AP in terms of the increments of the
density and temperature of hydrogen [23], we arrive at
the following system of equations:

p—Cc’Ap—SAT = 0, 7
a Zp_s pn[ﬁsm
Bp-c pAp SQ)TDT 0. (8

Here, al quantities without subscripts refer to hydro-
gen, ¢ = (OP/dp)+ is the speed of the usual sound in 2D

_1_ PaPS7
Hi,andB=1 Sl

Substituting again the solution in the form of aplane
wave, we obtain the following equation for the oscilla-
tion propagation velocity u = w/k:

4 o 2 BS [Pg 2 s _
i e | B e = 0O
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Under these conditions, the fraction of the overconden-

sate hydrogen component approaches & = mU /41h2 =
0.14[20, 24]; i.e., it issufficiently low, and the elemen-
tary excitations are Bogoliubov quasiparticles, whose
energy fw, and wavenumber k are related by the known

relation iy, = (€2 + 20U €)2, where e, = 2k2/2m. For

low temperatures, in addition to the zeroth term o2 U 12,
long-wavelength excitations with the phonon-like dis-

persion relation, w, = ck, where ¢ = U /m, make the
basic contribution to the hydrogen energy. The expan-
sion of the hydrogen pressure P, = —F,, where F, isthe
free energy of the unit area, in powers of the ratio 6 =
T/mc? is

P, ~ %020[1 +2CE0%+£0(6%)], (10)

where C = (€" —1)™x%dx =~ 2.404. It is easy to esti-

mate that the second and subsequent termsin the square
brackets are appreciably smaller than the first term
under the superfluidity conditions. From Eg. (10), we
obtain the hydrogen entropy intheform §, = (0P,,/0T),, =
(0P, /0T), = 3CEC0?; therefore, B = 1 + p,/p. Note that
S, is comparable with the entropy of ripplons, S =
1.52 x 1072T#3 erg/cm? K73, Then, since (0P,/0p)s =
(0P/9p)+ = 3, the speed of thefirst and second sounds
in superfluid 2D hydrogen are expressed as[25]

uiy=c® = oU/m,

Y
PuP E%?H CE EEEG

respectively. It isinteresting that the speed of the usual
sound, as was expected, is determined only by interac-
tion and is independent of temperature. At the same

time, uﬁz is proportional to T¥2 and inversely propor-
tiona to density. In particular, for T — 0, the fraction

of the normal component tends to & and the ratio of the
speedsis equal to

qulqu = 1993/2 (13)

Then, let us analyze the case of weak coupling
between ripplons and the substrate, T,z << Tg. Such a
situation may be realized, e.g., on the surface of a bulk
liquid or macroscopically thick films, as well as for a
very smooth substrate; i.e., when the ripplon momen-
tum relaxation is mainly due to interaction with
phonons of the liquid in the absence of hydrogen. In
this case, the choice of the oscillation frequency can
ensure the condition Tyrw < 1 < Tgw, under which rip-
plons simply represent the contribution to the normal
density of hydrogen component similarly to the contri-
bution of a small *He impurity in superfluid helium to
the normal (phonon at low temperatures) density. In

(11)

(12)

UHz
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this case, the total entropy Sis conserved, the tempera-
tures of the hydrogen and ripplons coincide with each
other, and, instead of Eq. (9), we obtain
u*—u?(Ac’ + Bud) + (pJ/p)c’u; = 0. (14)
Here, u, differs from uy, by changing the entropy of
hydrogen and the normal density p,, to the total entropy

of the hydrogen—ripplon mixture and p, = p, + Pg

respectively. The factor A = 1 — (pr/pn)(P/P,) differs
dlightly from unity, because pg << py for the case under
consideration. Thus, the speed of the usual sound is
again approximately equal to ¢, and the speed of the
second sound, as expected, is given by the expression

Ur24R2 = Ez[@_l- (15)
pnp OTH
Finally, let us address the most interesting case of
extremely low frequencies, wtz < 1 and Wiz < 1. In
this case, the ripplons and the normal hydrogen compo-
nent are immobile, i.e., v, = vg =0, which issimilar to
the case of the propagation of the fourth sound [9]
involving only the superfluid hydrogen component. In
this case, continuity equation (1) takes the form
pn + pdivvg = 0. (16)
This equation, together with EqQ. (4) and the expression
for the chemical potential p, provides the wave equa-
tion
. pU
mo - 2= Ao, (17)
m

Thus, the speed of the fourth sound is given by the
expression

= —cC". (28

Thefast transfer of the longitudinal momentum into
the substrate does not imply that the heat transfer isalso
fast since there exist the elastic channel of the relax-
ation of the longitudina momentum of ripplons [13].
Therefore, for w > Kgp/S; = 1.6 x 105(T/0.1 K)1¥3 s,
the temperatures of the hydrogen and ripplons do not

remain congtant. According to the conditions, w < T;lR ~
Kur/Sy; i.€., the heat transfer between the hydrogen and
ripplons is sufficiently fast and, therefore, T, = Tg. In
this case, summing Egs. (5) and (6), we see that the
total entropy of the 2D systemis conserved; i.e.,

_ 95, 0 _
ds = —do+a—_|_(SH+SR)dT = 0.

Jdo (19)
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From this condition, we obtain the rel ation between the
amplitudes of oscillations of the hydrogen density and
temperature in the acoustic wave:

%0 _[2+ ol a@z}éj
o 3CeTUoTU| T

It isinteresting to note that the oscill ations of the hydro-
gen density and temperature are in-phase, because the
derivative (0S,/00); is negative. Finally, for extremely
low frequencies w < Kgp/Sy, the temperature remains
constant and equal to the substrate temperature.

In conclusion, note that the problem of amethod for
exciting and detecting oscillations is of particular
importance for experiments. At high frequencies, when
hydrogen (with or without ripplons) isisolated from the
substrate, the excitation of oscillations in 2D Hl by
modulating the temperature or velocity of the substrate
isimpossible. The efficient modul ation of the density of
hydrogen itself at a frequency w by means of ESR is
possible only for wT, < 1, because the induced recom-
bination of hydrogen atoms is due to transverse relax-
ation with atime constant T,. Indeed, in the absence of
transverse relaxation, the precession of spins is coher-
ent and any pair of atoms thereby remainsin the triplet
state, where recombination is impossible. The problem
of amechanism and transverse relaxation rate in quasi-
condensed (locally coherent) 2D hydrogen is closely
connected with the aforementioned problem of estab-
lishing thermal equilibrium. The classical estimate of
the rate of transverse relaxation due to dipole-dipole

interaction upon elastic atomic collisions yields T;l ~
o x 10 cm?/s [6, 26], which is comparable with the

momentum transfer rate r;,lR into ripplons. Therefore,

high-frequency oscillations can be excited by ESR
only when the coupling of ripplons with the substrate
isweak. Moreover, it isknown that the dissipation of a
2D superflow increases with both the oscillation fre-
guency and superfluid velocity [3]. According to the
above consideration, the fourth sound realized at low
frequencies is a most promising tool for experimental
observation of superfluidity in 2D H! . “Oscillations’
with w=0, i.e., asteady flow of the superfluid compo-
nent, present a specific kind of the fourth sound. In
particular, thismode must be substantial for the forma-
tion of the instability of the ESR spectrum of 2D
hydrogen [6].

| am grateful to L.A. Maksimov for stimulating dis-
cussionsand I.1. Lukashevich for support and attention
to the work. This work was supported by the Russian
Foundation for Basic Research and the Ministry of Sci-
ence and Education of the Russian Federation.
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The results of calculations of the spatially-resolved density of states (DOS) in an S(F/N) bilayer are presented
(Sisasuperconductor, Fisametallic ferromagnet, N isanormal metal) within quasiclassical theory inthedirty
limit. Analytical solutions are obtained in the case of thin F, N layers which demonstrate the peculiar features
of DOS in this system. The dependences of the minigap and the DOS peak positions on the exchange energy
and parameters of the layers are studied numerically. © 2005 Pleiades Publishing, Inc.

PACS numbers; 74.50.+r, 74.80.Dm, 75.30.Et

In the past few years, there was a noticeabl e interest
to the Josephson junctions with ferromagnetic barriers
due to possibility to realize the Tejunctions having the
phase difference 1tin the ground state. The Te-states in
SFSjunctionswerefirst predicted by [1-3] and realized
experimentally by Ryazanov et al. [4, 5] in
Nb/CuNi/Nb structures and later by other groups [6—
10] using different ferromagnetic barriers. These exper-
iments stimulated further theoretical activity (see [11]
for thereview). In particular, Josephson structures com-
posed from arrays of O- and 1-Josephson junctions
should exhibit extraordinary characteristics [12, 13].
Such arrays were recently realized in zigzag HTSILTS
structures [14].

The purpose of the present paper isto study spatially
resolved electronic density of states (DOS) in the struc-
ture of S(FN) type (Sis superconductors, Fisametallic
ferromagnet, N isanormal metal), consisting of a bulk
superconductor with ferromagnetic and normal layers
on the top of it, which is a generic system for O- and
T-junctions connected in paralel.

DOS in SF bilayers (a ferromagnet coupled to a
superconductor) was studied quite extensively before.
Two new features were predicted compared to SN sys-
tems: spin splitting and spatial oscillations of DOSina
ferromagnet [15-21]. The effect of spatial oscillations
was quite extensively discussed in the theoretical liter-
ature in different models [15-18] and observed experi-
mentally [22]. This effect is closely related to O—rttran-
sitions. The effect of splitting is relevant for thin ferro-
magnetic layers and was studied theoretically in [19,
20]. In the present work, we discuss an interplay

TThis article was submitted by the authorsin English.

between the oscillations and splitting in a more com-
plex S(F/N) structure.

The geometry of the structureisshownin Fig. 1. We
assume that the dirty limit conditions are fulfilled in al
metals, F is a weak monodomain ferromagnet with the
exchange energy H much smaller than the Fermi
energy, and the interfaces are not magnetically active.
In this case, spin-dependent correctionsto the resistivi-
ties can be neglected and the S(F/N) structure is
described by the following spin-independent suppres-
sion parameters:

Ver = Rerder/Pees Y = PLo/PEER (1
Ven = Renlen/Pnéns Yn = PsE/Prnéns (2

Ve = Rede/pnén, ¥V = Pe&e/Prén 3

Here, Rgr, Rgy, and Ry are the specific resistivities of the
SF, SN, and NF interfaces, respectively; ps ¢ n Ds F n»
and &g \ are the resistivities, the diffusion constants,
and the coherence lengths of the S, F, and N layer and
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Fig. 1. The geometry of the structure.
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the coherence lengths, where &g y = /Dg g n/2TTT,
and T, isthe critical temperature of the superconductor.

Under the above assumptions, the problem can be
solved in the framework of the Usadel equations [23].
To simplify it further, we assume that Sis abulk super-
conductor and vy < Yen: Y << Yee SO that the rigid
boundary conditions

A )

Fs = Gs = /(.02+A2

Jo? + A%

are valid for superconductor. Here, A is the magnitude
of the order parameter in S electrode, Fsand Gg are the
Green's functions, w = 1T(2n + 1) are the Matsubara
frequencies.

Let uschoosethex, y axesasshownin Fig. 1 and use
the © parametrization G = cosB, F = sin, then the
Usadel equations have the form

nT.06° o, O .
EIZZ,N?CE'B;ZGF,N-'—O_yZeF,I\E_S'neF,N =0, 4

where ® =w+iHinFand ® = winN.

The boundary conditions at the SF (y =0, —0 < x <
0),SN(y=0,0<x<o),andFN (x=0,0<y<dg dy)
interfaces have the form [24]

0 .
yB(F,N)EF,Na_yeF,N = —sin(0s—06¢ ), Yy =10, (5

0 .
YBEF&GF = sin(By —6¢),
X =0, 0gy<dgdy, (6)

0 0
EN&GN = VEF&er X =0, 0sy<dgdy,

wheresinfs=A/ /o + A® and cosBs= W/ 4/w” + A® . At
the free interfaces, the boundary conditions are

0
éyeF,N =0, y=den, (7)
9

0x

We will consider the limit of thin F and N layers
dr n << &g - In this case, one can neglect both the deriv-

ative on x and nongradient items in Usadel equations (4)
and substitute the resulting solutions

B n(X Y) = B n(X)

BFYN = O, OsySdF, X"$°° (8)

d 2
-KE, N(X)%Y"' Ke, n(X) Y

EF,N 2El2:,N’
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O . » 0° 0
Ke n(X) = SiNBe y—&F N\—0F N,
F,N ET[TC F,N F,Naxz F, -

into boundary conditions (5). Then, the problem is
reduced to the one-dimensional equations for lateral
variations of By ¢ in the x-direction:

2

d .
ZZN,Fa—XzeN,F—sn(eN,F—eN,F(ioo)) =0, (9

where
T .SinBg
+ = aae—
Onp(E) = arctan oy + 1T, coso’ (19
the decay lengths ¢y and (- are
TCT .y cosBy ¢ (+o0
NE = ENF Y C) (11)

(Qy + 1T cosBg) '

and we have taken for simplicity equal barrier parame-
tersfor Fand N

d d- -~
yBNE_: = yBFE_'; =Y. (12)

The genera solution of Eq. (9) has the form
Bn e(X) = By p(£)
- 13
eN,F(O) BN'F(iOO)DeXpE]-T-LE}.( )

+ 4arctan| Han
{% 4 U770 G

The integration constants 6,(0) and 8(0) in (13) have
to be determined from the boundary conditions (6) at
x = 0 and can be found analytically in the limit of large
transparency of the FN interface when 8(x) is continu-
ousat x=0:

On(0) = 6:(0) = 6(0).
From (11), it follows that the effective decay length
innormal metal, {y, isarea quantity and equalsto {y =

En/y for small wand tendsto Zy = & /TTJw with o
increase. The effective decay length ¢ in ferromagnet
a low w < A, Hly is gven by ¢ =

EFJQIAll—?Z(H/nTC)z, i.e., it becomes complex for

sufficiently strong exchange field H > TiT/y .

Below, we consider several limiting cases.

Identical F and N metals. Assume for simplicity
that the F and N materials differ by the existence the
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g/A

Fig. 2. Thetotal DOSin an SF bilayer for various values of
y h asindicated in the figure.

exchangefiedin F (y=1, & = &y = &), then, from (6)
for 6(0), we have

sin—eN(oo) +Qsi

On(=)

o)

8(0) = 2arctan

cos + gcos

Be(—)’
= (14)

g= .
Identical F metals with antiparallel direction of
magnetization. Theresults can be easily generalized to
the case of an S(F/F) structure with two identical ferro-
magnetic films having opposite magnetization direc-

tions (antiferromagnetic configuration)
. OF (=)

*
g*sin—;

6k (=)
2

B¢ (~=0)
2

B (—)
2

+gsin

8(0) = 2arctan (15)

g* cos + gcos

Using the solutions obtained above, one can calcu-
late the spatialy resolved DOS in S(F/N) and S(F/F)
structures.

DOS in S(F/N) and S(F/F) proximity systems.
The DOS for each spin direction is given by

N
N(e) = EOReG(mH—ie+6),
where N, is the total DOS for both spins at the Fermi
surface in the normal state and G(g —i0) = cosB(e —id)
istheretarded Green'sfunction. Thetotal DOSisfound
by summing over both spin projections, i.e., N©@ =
N(H) + N(-H).
DOSin N and F metals far from the F/N inter-
face. In a norma metal far from the F/N interface
(x = ), the total DOS is given by

(16)

GOLUBOV et al.

Nu(e) = NoRe, Qy = & —2%son(e),
v an

En = e(1+y/0*—€ImT)).

[tiswell known (see[25, 26]) that DOSin aF/N bilayer
has aminigap at €, < A, which depends on the value of
vy, and Ny(€) hasthe peaksat € = ggande =A. Themini-
gap &, characterizes the strength of superconducting
correlations induced into N metal due to the proximity
effect.

In SF bilayers, modifications of DOS due to spin
splitting of energy levels were investigated in [19, 20].
The DOS per spin projectioninthe F layer hastheform

No., €
NFT,FL(E) = fReﬁ:
1, FlL

QFT,Fl = f\lglz:r,Fl —Azsgn(si H),
€k, = E+V(EFH)JA® =€,

which demonstrates the energy renormalization due to
the exchange field. In particular, it follows from (18)
that now there are two minigapsin the spectrum €, and
€y ANd €y S ;< Ey,.

The total DOS in a F/N bilayer Nii:(€) = Ng, (€) +
Ng; (€) isshown in Fig. 2. It is clearly seen that, at h =
H/TT, < 1/y, there are three peaks in DOS located at
€q.1 €qr» AN A, respectively. Ath= 1/y , the low-energy
singularity is shifted to the Fermi level, and for h> 1/y ,
the first peak disappears resulting in only two singular-
itiesinthe DOS at € = &;, and € = A. Note that the total
DOS at low energies depends nonmonotonously on H

even in athin F-layer, even though spatial oscillations
are absent across the layer. Equation (18) yields

Ne: k(e = 0) = (Ny2)Re(Y hsgn(h)/ J/§h*~1). For
yh <1, thetotal DOSN(0) = 0 dueto the minigap in F,
while for yh > 1, the total low-energy DOS increases
sharply, exceeds unity, and saturates at N(0) = N, for
yh>1.

DOSat theF/N interface. At x =0 and for identical

transport parameters on the F and N metals from (14),
(16), we obtain

(18)

No —iEn—i€r, F, + 2ErN
NFT,FL(S) = 5 Re ’

, (19)
2 Qpi p +Qyt+2 RN
where
. QuQr, ¢, —EnEr, £, =7
SFN:,\/ NA2Er Ry ;NSFI,FL ’ (20)

and Qy, €y and Qg, ¢, €¢, ¢, aredefined by (17) and
(18), respectively.
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Fig. 3. Spin-resolved DOS: comparison of FS, FN, and
S(FN) for yh=025.

It follows from Eqg. (19) that, similar to the case of
the SF bilayer considered above, the minigap exists if

y h < 1. With increasing exchange field, the total DOS
at £ = 0 becomes nonzero if yh > 1 isgiven by smple
expression

N(0) = Nov/y°h*=1/¥h. (21)
DOS at the F/F interface. At x = 0, we have
N(g)/N, = Re——2iut2eer
Qp, +Qp, +2,/0*—EF¢ 22)

=~ = 2
P — QFTQFI_‘SFTSFL_A
8':': - 2 .

It can be shown that DOS at the F/F interface given
by Eq. (22) coincides exactly with thetotal DOSfor the
F/N interface, N, (€) + Ng, (€), where N, (€) and Ng, (€)
are given by Eqg. (19). In particular, the minigap exists
if yh<1,andat yh> 1, the DOS at F/F is determined
by Eq. (21).

Theresults of calculationsfrom Eq. (19) at low tem-
peratures T < T areshownin Figs. 3and 4 for yh=0.5

and y h = 2, respectively, together with the DOS for SF
(X —= —o0) and SN (X — o) bilayers.

There are four characteristic energiesin the system:
€qi» Egr Egr» AN A, H_ere, &4, isthe minigap for the spin-
down subband SF bilayer at X — —o. It follows from
Eq. (19) that N, (€) = O at € < g, and becomes nonzero
ate>eggy,i.e, &, istheminigap for the spin-down sub-
band in S(FN) at x = 0. However, contrary to SF case,
Ng, (€) hasno peak € = g,, but grows continuously from
zero value.

For the spin-up subband, the minigap in Ng, (€) is
not equal to the gap &, in the spin-up subband in SF
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Fig. 4. Spin-resolved DOS: comparison of FS, FN, and
S(FN) for yh=2.

bilayer at x — —oo. Instead, N, (€) the gap value is
determined by €, the minigap in SN bilayer at X —» oo,
The formal reason is that, in the interval € > g;, Qy
becomes an imaginary number and both numerator and
denominator in Eq. (19) are complex, thus leading to
nonzero DOS in this energy range. Similar to the spin-
down case, there isno peak in N, (€) at the gap energy
€ = &4, Whilethe peak occursat € = g5, (seeFig. 3). With
further increase of energy, thereisasharp peak in DOS
at € = A followed by saturation at Ny/2 for € > A.

For hy > 1, the minigap at Ng, (€) vanishes and the
structure of DOS becomes different, as illustrated in
Fig. 4 for the case hy = 2. The main qualitative differ-
ence from the previous case is that the spin-down and
total DOS are gapless for hy < 1.

The total DOS at the F/N interface at x = O (which
coincides with the total DOS in the F/F case), is shown

g/A

Fig. 5. The total DOSin S(FN) for various values of yh as
indicated in the figure.
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in Fig. 5 for various values of hy . One can see that the

gapisclosed at hy = 1, and the broad zero-energy DOS
peak is formed with further increase of h until low-
energy states become continuously filled at hy > 1.

In conclusion, we have studied theoretically the spa-
tially-resolved DOS in the S(FN) structures and in
S(FF) structures with antiparallel magnetization direc-
tions. Analytical solutions were obtained in the case of
thin F, N layerswhich demonstrate the peculiar features
of DOS in this system. We have illustrated the results
numerically and have studied the dependences of the
minigap and the DOS peak positions on the exchange
energy and parameters of the layers.

This work was supported in part by Russian Minis-
try of Education and Science and by the Russian Foun-
dation for Basic Research (project no. 04-02-17397a).
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A new class of non-carbon nanotubes based on Group |11 and Group V elements (aluminum and phosphorus,
respectively) is considered. The equilibrium geometry, energy characteristics, and electronic structure of the
AIP nanotubes were calculated using the density functional theory. These calculations demonstrated that the
AIP nanotubes are energetically stable structures. It was found that a low strain energy (approximately 0.01—
0.07 eV) isrequired for rolling a two-dimensional hexagonal AlP structure into atube. The AIP nanotubes are
found to be wide-band-gap semiconductors with a band gap of 2.05-3.73 eV with direct (for the zigzag type)
or indirect (for the armchair type) transitions between the top of the valence band and the bottom of the con-
duction band. The band gap of these nanotubes increases with the tube diameter, approaching the band gap of
atwo-dimensional hexagonal AIP layer. © 2005 Pleiades Publishing, Inc.

PACS numbers; 61.48.+w, 73.20.At, 73.22—

The synthesis of carbon nanotubes in 1991 [1]
caused a burst of activity by both experimenters and
theorists. It was found [2, 3] that these structures
exhibit a set of properties useful for potential applica-
tions. More recently, it was found that carbon is not the
only element capable of forming nanotube structures.
In 1992, the first non-carbon nanotubes were synthe-
sized based on |ayered molybdenum disulfide and tung-
sten disulfide [4]. Thisdiscovery stimulated avariety of
theoretical studies and experiments (e.g., see reviews
[5-7]) on searching for and synthesizing new possible
non-carbon nanotube structures that are geometrically
similar to carbon nanotubes.

Among the whole variety of non-carbon materials,
[11-V semiconductors have attracted major attention
because of their potential applications. Boron-nitrogen
(BN) nanotubes were the first type of theoretically pre-
dicted non-carbon nanotubes geometrically similar to
carbon nanotubes [8, 9]. However, these nanotubes
were synthesized by an arc discharge only in 1995 [10].
Recently, avariety of non-carbon nanotubes, including
nanotubes based on Group |11 and Group V elements,
have been theoretically predicted [11-16] and synthe-
sized [17-20]. As a rule, the classification proposed
previously [21] for carbon nanotubes is used for
describing non-carbon nanotubes composed of hexa-
gons.

It iswell known that diamond-structured carbon and
a BN crystal with the zinc-blende structure are dielec-
tricswith nearly equal energy gaps (E, ~ 5.5 €V). How-
ever, the el ectronic properties of their quasi-one-dimen-
sional forms (nanotubes as the graphene plane rolled

into a cylinder) are essentially different. Thus, carbon
nanotubes can be either conducting or semiconducting
depending on their helicity [21, 22], whereas BN nano-
tubes are diel ectrics with an energy gap of about 5.5 eV,
which is nearly independent of the helicity of BN nan-
otubes [8]. It was found that the electronic structure of
other classes of non-carbon nanotubes based on Group
Il and Group V elements (GaN and AIN) [11, 12] is
aso different from the electronic structure of carbon
nanotubes.

In thiswork, using density functional theory (DFT),
we simulated the geometric structure and calculated the
electronic properties of anew class of non-carbon nan-
otubes based on auminum (Al) and phosphorus (P),
elements of Groups Il and V, respectively. It is well
known that an AIP crystal with the zinc-blende struc-
ture is a semiconductor with an energy gap of 2.45 eV
and an indirect transition between the valence band and
the conduction band. Therefore, it isof interest to deter-
minethe energetic stability of AIP nanotubesand to cal-
culate their electronic structure in order to estimate
their potential applications in nanotechnology.

The calculations were performed using DFT [23],
which is commonly applied to calculate the electronic
structures and geometric and energetic properties of
various materials. This theory has been successfully
used to study the properties of avariety of non-carbon
nanotube structures [8, 9, 11, 12, 14, 15]. The compu-
tations were performed using the ABINIT code [24]
involving a plane-wave basis and pseudopotentials.
This program is based on an efficient algorithm of fast
Fourier transforms (used for converting wave functions

0021-3640/05/8104-0185%$26.00 © 2005 Pleiades Publishing, Inc.



Fig. 1. Examples of AIP nanotubes: (a) zigzag (6,0) and
(b) armchair (4,4). Open and closed circles indicate alumi-
num and phosphorus atoms, respectively.

between the direct and reciprocal spaces) [25], the con-
jugate gradient method [26], and the potential-based
conjugate gradient algorithm for the determination of
the self-consistent potential [27] and total energy and
for the optimization of the geometric configuration of
the system.

The calculations were performed in the generalized
gradient approximation using the Perdew—Burke—Ern-
zerhof parameterization [28]. Norm-conserving nonlo-
cal pseudopotentials were used to describe electronsin
the atomic framework [29-31]. The required basis set
of plane waves was specified by the kinetic energy cut-
off parameter (so-called cutoff energy) equal to 60 Ry.
Test calculations demonstrated that the use of a higher
cutoff energy changed the total energy by less than
1 meV.

We performed the test calculations of the equilib-
rium geometry, unit-cell parameter, and phonon fre-
guenciesat thepoint g = I of thereciprocal space of an
AIP crystal with the zinc-blende structure. The results
of these calculations allowed us to conclude that the
pseudopotentials used are applicable to the subsequent
calculations. The calculated Al-P bond length of
2.34 A and the unit-cell parameter of 5.50 A are in
excellent agreement with the experimental values of
2.36 and 5.45 A, respectively [32]. The calculated fre-
guency of atransverse optical mode at the point I was
equal to 13.25 THz, which is also consistent with the
experimental value of 13.17 THz. Thus, these pseudo-
potentials are suitable for calculating new AlP struc-
tures. The atomic coordinates and unit-cell parameters
were optimized using the BFGS method [33] until the
forces acting on the atoms and the mechanical stresses
in the cell became lower than 2.5 x 103 eV/A and 3 x
1073 GPa, respectively. During the geometry optimiza-
tion of nanotubes, 6 k points in the Brillouin zone were
used. For each particular calculated structure, it was

LISENKOV et al.

found that a further increase in the number of k points
changed the total energy by less than 1 meV. The
Monkhorst—Pack method [34] was used for the genera-
tion of k points.

We began our study with the determination of the
equilibrium geometry of AlP nanotubes. The calculated
average length of the Al-P bond in the nanotubes
was 2.30 A, which is shorter than the experimental
bond length of 2.36 A [32] in acrystal of AIP with the
zinc-blende structure. Similarly to other types of nano-
tubes composed of Group Il and Group V elements
[35], AIP nanotubes exhibited distorted tubular struc-
tures in which aluminum and phosphorus atoms were
shifted inward to the axis and outward to the nanotubes,
respectively. Figure 1 showsthe optimized structures of
AIP nanotubes of the zigzag (6,0) and armchair (4,4)
types (Figs. laand 1b, respectively). Here, the notation
of nanotube types [armchair (n, n) and zigzag (n, 0)] is
equivalent to the notation for carbon nanotubes [21], as
well as to that used previously for the description of
non-carbon nanotubes [8]. It can be seen in Fig. 1 that
these nanotubes consist of two cylindrical layers, in
which the inner and outer cylinders are composed of
aluminum and phosphorus atoms, respectively.

Since a nanotube is a graphene layer rolled into a
cylinder, we simulated and calculated the cohesive
energy of a graphene-like layer composed of Al and P,
An AIP supercell containing 96 atoms in the atomic
plane was used for the geometry optimization of this
layer. In the cal culation of an equilibrium geometry, we
used 18 k points equivalent to a 6 x 6 x 1 mesh of
k points generated by the Monkhorst—Pack method
[34]. To evaluate the stability of this graphene-like AIP
layer, we calculated its cohesive energy E.. We com-
pared this energy with the value of E, calculated for an
AIP crystal. The cohesive energy of the AIP crystdl is
—-8.57 eV/atom, which is consistent with both the
experimenta value of —8.41 €V/atom and other ab initio
data [36]. The value of E, calculated for a two-dimen-
siona AIP graphene-like structure was —7.63 eV/atom,
which is higher than E; for the AIP crysta by
0.94 eV/atom. This difference between the cohesion
energies of the crystalline and two-dimensional forms
is also significant in comparison with analogous differ-
ences for GaN (0.36 eV/atom) [11] and AIN
(0.68 eV/atom) [12] structures. Thus, we can conclude
that the graphene-like AlP structureisless energetically
stable than the AIP crystal. The calculated AP bond
length in the two-dimensional structure was 2.30 A,
which is shorter than the corresponding val ue cal cul ated
for the crystal of AIP (2.34 A).

At the next stage, we determined the strain energies
E, required for the formation of nanotube structures
with different diameters from a corresponding flat pro-
totype. This energy Eg, can be calculated as the differ-
ence between the specific energies of AIP in a flat
atomic layer and ananotube. Figure 2 demonstrates the
dependence of the strain energy Eg, of AIP nanotubes
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on themean diameter D. It can be seenin Fig. 2 that the
energy Eg, decreases with increasing the diameter of
the nanotubes. The best power approximation of these
data was provided by Eg, ~10.71/D?3! (dashed line in
Fig. 2) for the armchair nanotubes and Eg, ~10.66/D*4¢
(solid linein Fig. 2) for the zigzag nanotubes. It can be
seen that these relationships deviate from a characteris-
tic law of 1/D?; however, the numerical coefficients are
nearly equal. This property indicates that the bending
moduli of two types of AIP nanotubes are nearly iden-
tical.

The table summarizes the main parameters (diame-
ter, AlI-P bond length, and strain energy) of several AlP
nanotubes. The tabulated results of the calculations
indicate that the zigzag-type nanotubes exhibited some-
what lower energies (by approximately 0.005—
0.01 eV/AIP) at equal nanotube diameters. This result
is consistent with conclusions drawn for BN and GaN
nanotubes[11, 35], in which the zigzag type is energet-
ically the most favorable. Thus, we can conclude that
the zigzag-type nanotubes composed of Group |1l and
Group V elements are energeticaly preferable. How-
ever, this energy difference for AIP nanotubesisinsig-
nificant (~0.01 eV/AIP).

It isalso of interest to compare the electronic struc-
ture of AlIP nanotubes (quasi-one-dimensional systems)
with the band structure of the AIP crystal. For this pur-
pose, we calculated the electronic structure of an AIP
crystal with the zinc-blende structure. The calculations
demonstrated that this crystal isasemiconductor with a
band gap equal to 1.54 eV and an indirect transition
between the top of the valence band and the bottom of
the conduction band. Thisvalueislower than the exper-
imental value of 2.45 eV by 0.91 eV. Thisis a well-
known problem of the DFT method, which underesti-
mates the energy gap E,. The gap can be corrected by
the addition of a quantity obtained by calculating an
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Fig. 2. Specific strain energy Eg, of AIP nanotubes vs. the
mean diameter D.

energy gap for known semiconductors to the calculated
value of E; and comparing this E, with the experimental
value [37]. Note that the value of E, obtained by this
method is an approximate value, which is close to the
truevalue. The use of thismethod allowed usto consid-
erably shorten the computation time, as compared with
the quasiparticle GW approximation, which is more
accurate but more resource-consuming [38]. In this
case, this addition is 0.91 eV. Figure 3 shows the elec-
tronic densities of states and the electronic band struc-
tures of the nanotubes (a) (6,0) and (b) (4,4). It is seen
in Fig. 3 that these structures are wide-band-gap
semiconductors with band gaps of 1.77 and 2.48 eV
(2.61 and 3.39 eV after corrections), respectively, with
direct [for the AIP nanotube (6,0)] and indirect [for the
AIP nanotube (4,4)] transitions between the top of the
valence band and the bottom of the conduction band.
The table also summarizes the energy gaps of AIP nan-
otubes depending on the nanotube diameters. Asisseen
in the table, the band gap of AlP nanotubes behaves

Main parameters (inner diameter D;,, outer diameter D, AI-P bond length, strain energy Eg;,, band gap Eg, and corrected

cor

band gap E;" ) of AlP nanotubes

Structure Din, A Dou A Al-Pbondlength, A|  Eg, eV/AIP Ey eV Eg . eV

dab - - 2.30 0.00 2.82 373
(4,0) 4.64 5.94 231 0.065 1.14 2.05
(6,0) 7.06 8.21 2.30 0.017 1.77 2.68
(7,0) 8.94 9.98 2.30 0.018 1.98 2.89
(8,0) 9.56 10.62 2.30 0.023 2.02 2.93
(10, 0) 12.08 13.00 2.29 0.034 211 3.02
(4, 4) 8.08 9.24 2.30 0.013 2.48 3.39
(5,5) 10.53 11.54 2.29 0.024 2.56 3.47
(6, 6) 12.11 13.52 2.29 0.044 2.63 3.54
(7,7 14.88 15.66 2.29 0.043 2.68 3.59
(8,8) 16.94 17.43 2.29 0.059 2.70 3.61
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Fig. 3. Electronic density of states (DOS) and electronic band structure of (a) zigzag (6,0) or (b) armchair (4,4) AlP nanotubes.

The Fermi level Ex was taken to be zero.

analogously to that of other nanotube structures.
Namely, the band gap increases with the tube diameter,
approaching the band gap of aflat layer. A detailed cal-
culation of the electronic structure of AIP nanotubes
demonstrated that they are wide-band-gap semiconduc-
tors and the zigzag and armchair types are character-
ized by direct and indirect transitions between the top
of the valence band and the bottom of the conduction
band, respectively. Note that this result is analogous to
the results obtained for GaN [11] and AIN [12] nano-
tubes.

Thus, according to the ab initio cal culations, we can
conclude that AIP nanotubes are stable structures and a
low strain energy Eg, (about 0.1 €V) isrequired for the
formation of these nanotubes. It is also evident that the
electronic properties of AlP nanotubes and carbon nan-
otubes [22] are essentialy different. For example, the
energy gap E, for the carbon nanotube (8,0) is about
0.8 eV, whereas E, is 2.93 eV for the AlIP nanotube
(8,0). The energy gap E, in AIP nanotubes is also
smaller than E; in BN nanotubes by approximately
2.2 eV. In other words, the AIP nanotubes proposed
above are new nanotube materialswith propertiesinter-
mediate between carbon and BN nanotubes. The geo-
metric structure of AIP nanotubes alowed us to con-

sider them as corrugated or composed of two sublat-
tices of aluminum and phosphorus atoms, respectively.
A structural deformation of these tubes can result inthe
appearance of an additional polarization of the entire
structure. All of the above factors may be favorable for
the use of AlIP nanotubes in nanoel ectronic devices.
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Center of Russiaand at the Computer Research Center,
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part by the Russian Foundation for Basic Research
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We propose a theory of low temperature thermal transport in nanowires in a regime in which competition
between a phonon and flexural modes governs the rel axation processes. Starting with the standard kinetic equa-
tionsfor two different types of quasiparticles, we derive ageneral expression for the coefficient of thermal con-
ductivity. The underlying physics of thermal conductanceis completely determined by the corresponding rel ax-
ation times, which can be calculated directly for any dispersion of quasiparticles, depending on the size of a
system. We show that, if the considered relaxation mechanism is dominant, then at small wire diameters the
temperature dependence of thermal conductivity experiences a crossover from T¥2 to T 3-dependence. Quanti-
tative analysis shows reasonable agreement with resent experimental results. © 2005 Pleiades Publishing, Inc.

PACS numbers: 63.20.Kr, 63.22.+m, 65.40.—b

Low-dimension materias have attracted consider-
able attention in recent years, particularly in view of
their potential applications in electronic devices[1, 2].
Many theoretical and experimental studies of nanow-
ires and nanotubes are centered on the properties of
electronic transport. However, it isnow realized that the
thermal properties of nhanomaterials are also important
for applications [3-5]. It is of specia interest to
increase thermal conductance in micro- and nanode-
vices[1, 6, 7]. In this paper, we study thermal transport
in nonmetallic systems, in which heat is transported by
thermal excitations only. In addition to the practical
importance of such studies, thermal transport in nanow-
ires isinteresting from the fundamental point of view.
Recent theoretical [8] and experimental [9] findings
proved the existence of a quantum of thermal conduc-
tance in ballistic regime, which is similar to a quantum
of electronic conductance. The state of experimental
and theoretical understanding of thermal transport in
nanoscale systems is comprehensively discussed in
review [10]. Recently, D. Li et al. [11] reported an
accurate measurement of lattice thermal conductivity in
silicon nanowires for awide range of temperatures and
wire diameters. They demonstrated a significant influ-
ence of the system size not only on the magnitude of the
thermal conductivity coefficient, but also on itstemper-
ature dependence. It is well known that, for large
enough diameters of the wire and diffusive phonon—
boundary scattering, the thermal conductivity coeffi-
cient at low temperatures is proportional to T3. But for
small values of the wire diameters, experiment [11]
shows a clear crossover from cubic to near linear
dependence on the temperature. In the present paper,

TThis article was submitted by the authorsin English.

we consider one particular relaxation mechanism that
can explain the observed crossover.

Recently, Mingo [12] carried out an accurate numer-
ical study of the thermal conductance of silicon nanow-
ires to explain the decrease of the thermal conductivity
coefficient with wire diameter observed in the experi-
ment. He assumed that all the effects can be explained
by the reconstruction of the phonon dispersion, where
realistic phonon modes obtained from MD simulations
were applied to general expression of the thermal con-
ductivity coefficient. His numerical analysis shows
excellent quantitative agreement with experiment [11]
for large enough diameters at high temperatures. Asthe
system size becomes smaller, the approach fails to
describe a sharp decrease of thermal conductance as
well as qualitative change of its temperature depen-
dence. This is likely because Matheissen's rule has
been used for evaluation of the phonon lifetime, which
has rather restricted range of applicability (see, e.g.,
[13] and references therein).

Aswas noted in [14], a decrease of the temperature
increases the characteristic phonon wavelength and
reduces the scattering probability at the boundary sur-
face. This leads to a modification of the phonon spec-
trum. For ideal wires, this is represented by a set of
branches with energies proportional to a one-dimen-
siona (1D) momentum directed along the wire. Thus,
the standard theory of thermal conductance in dielec-
trics and semiconductors has to be modified to account
for low dimensionality effects as well as phonon spec-
trum modification at low temperatures. Thus, to under-
stand thoroughly the physical processes occurring
inside the nanowires with decreasing sizes, we need an
analytical theory to account for different mechanisms

0021-3640/05/8104-0190$26.00 © 2005 Pleiades Publishing, Inc.
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explicitly, such as dispersion reconstruction and
restricted geometry.

To approach the problem, we consider sufficiently
low temperatures in which the quasiparticle states of
“acoustic” branches are thermally populated (e — O
when p — 0). The corresponding acoustic branches
have the following dispersion relations [14, 15]:

€ = UPy, € = uzapi, (1

where €; stands for the energy of a quasiparticle, p; is
the corresponding momentum, a is the wire diameter,
and u, and u, are the characteristic velocities. The first
expression in Eq. (1) is the phonon dispersion, and the
second expression is the dispersion of the flexura
mode. The nature of flexural modes comesfrom the fact
they are analogous to the bending modes of classical
elasticity theory or to the antisymmetric Lamb waves of
afreeplate [16]. The appearance of such amodeisjust
adirect consequence of restricted geometry, and under
some conditions it can be considered as the only size
effect in thermal transport properties. Strictly speaking,
there are two modes for each type of dispersion, but we
do not account for them separately since their contribu-
tions are qualitatively the same. Consequently, we need
to solvethe kinetic problem for atwo-component gas of
quasiparticles. It iswell known [13, 17—20] that using a
simple Callaway formula to estimate the thermal con-
ductivity coefficient in two-component systems some-
times|eadsto serious confusions. Simple summation of
the relaxation rates, as is done in the majority of theo-
retical works, is questionable under many physical con-
ditions. The dependence of the kinetic coefficients on
different relaxation times is much more complicated in
reality. An accurate method for calculation of the diffu-
sion coefficient in a two-component gas of quasiparti-
cleswas proposed in [20]. Here, we extend thisformal-
ism to the thermal conductance problem. To start with,
we consider a system of two types of quasiparticles.
Their kineticsis described by equationsfor correspond-
ing distribution functions f;:

2

of, .
L= Zcij(fii f))+Cis(f), i =
=1

Vi 37 1,2, (2
where C; (f;, f;) isthe collision integral of thermal exci-
tations and Ci5(f)) isthe collision integral describing the
scattering processes between quasi particles and scatter-
ers, v; = de;/0p; isthe group velocity of the correspond-
ing thermal excitation. The main purpose of our theory
is to obtain analytic expressions of thermal conduc-
tance, which are applicable to quasiparticles with arbi-
trary dispersion relations. In other words, the explicit
dispersionrelationsin Eq. (1) are needed only at the last
stage when calculating corresponding relaxation times
and thermodynamic quantities. As usual, we seek a
pefturbative solution of system (2) in the form

f, = f0+5f, 3)
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where (9 is the local equilibrium Bose-function and
5f < ¥ representsasmall deviation from the equilib-
rium. The perturbation term can be conveniently cho-

sen to be o&f, = —g;0 fi(o) [0¢; with g; the new target func-

tions. After the standard linearization procedure,
Eq. (2) can be written in the following matrix form:

oT _ &
0% 3z €lgLC) (4)
where
lo0= | €2V1), jgo=| 9.
€V, 0,

The two-dimensional (2D) collision matrix % can be
decomposed into a sum of three terms, corresponding

to different relaxation mechanisms—cé = § + §P +

U —where $, with matrix elements Fi = Cyoy +
Cij(1-9y) (k#1), describes the relaxation due to inter-

action between quasiparticles of different types; &
(¢ = C;i9;) describes collisions between identical qua-

siparticles; and U (U;; = C;38;) describes al the other
relaxation mechanisms, including scattering on defects,
boundaries, umklapp processes, etc. Here, C;; represent
linearized collision operators [20].

Let us define the scalar product of two-dimensional
bra- and ket-vectors as follows [20]:

ofy
[l xU= z @ulxd) = = Z I@Xka_:kdrk, ©)

k=12 k=12

where (@ | and |x,) are the correspondent one-compo-
nent vectors and dI is the element of phase volume.

Under this condition, the collision operator 6 becomes
hermitian. System (4) is a system of nonuniform linear
integral equations. According to the general theory of
integral equations, the target solution |gld must be
orthogonal to the solution of corresponding uniform

equations 04 |@ L1t istherefore convenient to write the

formal solution of (4) so that the orthogonality condi-
tion ([gq,;0 is imposed explicitly in the solution. For

this purpose we define the projection operator %, onto
the subspace orthogonal to the vector |@,, 0] @’n =1-

@’c, @’C = | Q[ i]- As aresult, the formal solution of
system (4) can be written in the form

ey T
g0= Po(% )P ol FL ©)



192

The heat flux density due to thermal excitations of
different types is given by the expression Q =

Zk -1 ZIek vifidl,. Using relation (3) and the defini-

tion of scalar product (5), Q can be rewritten as Q =
[, |gL1On the other hand, the effective thermal conduc-
tivity coefficient is defined by the relation Q =
—K0T/0z. Comparing the above two expressionsfor Q
and using formal solution (6), we obtain

1 ~_
ket = S BIC Q0 ™

To derive an exact and analytical expression for thermal
conductivity coefficient (7), it is necessary to introduce
acomplete set of orthonormal 2D vectors|,[An=1, 2,
3, ...) belonging to an infinite-dimensional Hilbert
space with scalar product (5). In principle, the particu-
lar choice of the basis is not essentia, but for conve-
nience of calculationsit is useful to specify at least four
of them. It is convenient to chose the first of them as
corresponding to the total momentum of quasiparticles
and the second as orthogonal, but still linear in momen-
tum [20]:

W, 0= = P2P: > &)

—| P lW,0= L
«/F—) P2 NPP1P2 | —P1P2

where p; = (p;|py) is the normal density of the ith com-
ponent, p = p; + p,. The third and the fourth vectors
correspond to the energy flux,

_ W1 _1] 0
|l'|"'3[| NK]_ O >1 NJ4|:| NKZ K2>! (9)
where
1 ST
W = ﬁ% > 2 pH, (10)

and Ny, = /(W) isthe corresponding normaliza-

tion coefficient. The partial entropy of quasiparticle
subsystem § in Eq. (10) is given by the relation

1
Formally, the kinetic problem of a two-component
guasiparticles system can be solved in the above basis

set. Theinversion of the operator matrix 6 in Eq. (7) is
similar to the procedure described in [20]. The fina
result containsinfinite-dimensional nondiagonal matri-
ces. To obtain closed form expressions, we must use
some approximations, a correct T-approximation [19]
or Kihara approximation [20-23]. In some physical sit-
uations, we are able to obtain closed analytical expres-
sions. It isrigorously proved in [20] that, in the case of
quasi-equilibrium within each subsystem of quasi parti-

ZHUKOV et al.

cles, the corresponding transport coefficient can be
obtained in close analytical form. This is a reliable
approximation when the low temperature relaxation is
mainly governed by defect scattering processes. The
approximation formally implies that all the matrix ele-

ments of matrix & in Eq. (7) tend to infinity. The ther-
mal conductivity coefficient in this case can be obtained
intheform Ky = Kg + Kp. Here we separate the flux part
of thermal conductivity coefficient kg = T-ST/p with
S=§ + S,, which approaches infinity when the quasi-
particles do not interact with scatterers, and the diffu-
sive part Kp = 15(S,T/p; — S;T/p,)%P1p,/ Tp. The corre-
sponding relaxation times are given by

-1

0
%Tzs Tl3+T12+T2]D , (12)
O
and
Y S a4 aP
T = TDD'§T23+—S'T1§+T1;+T2E (13)

X (T30 + 13T + o) -
Relaxation times contained in formulas (12) and
(13) are defined by
- 1
Ty = =(pjICqlp). (14)
P«
We emphasize that these are not actual scattering times,
which are momentum dependent, but relaxation times
associated with the corresponding scattering mecha
nisms. Once we obtain the particular scattering rate
Vi (P from standard scattering theory, we can replace
the true collision operator C, with v,;(p,), so that the
corresponding relaxation time can be calculated by

) B 9fO
1 _ 1e 2 k
Ty = P« kavkj(pk)_aek dr (15)
As can be seen from the derived formulas, the coef-
ficient of thermal conductivity contains different relax-
ation times in a rather nontrivial combination. If one
component (say set S, =0, p, = 0) drops out, we recover

the usual resuilt, K( ) -113§ T/p,. For phononswith lin-

ear dispersion e = vp, K reduces to the well-known
result KE" = Cyv2114/3, where Cy, = 3S,, is the heat
capacity of phonon gas.

The main advantage of our approach isitsuniversal-
ity. In fact, up to this point we have not restricted our-
selvesto any particular dimensionality of the system or
any quasiparticles dispersion. All the necessary infor-
mation is contained in the corresponding relaxation
times and thermodynamic quantities. This formalism
allows us to analyze contributions from different relax-
ation mechanisms to the total thermal conductivity
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coefficient. Given the dispersion relations of quasipar-
ticles, we can easily calculate al the quantities con-
tained in (12) and (13).

With Egs. (12) and (13), we are able to address the
competition between relaxation processes of the flex-
ural and phonon modes. Glavin [14] noted that such a
competition can be essentia at extremely low tempera-
tures if the dominant relaxation mechanism is elastic
scattering on defects, where, he argued, the thermal
conductivity coefficient would scale as TY2. Our
approach allows us to study this competition compre-
hensively. In particular, we predict a strong dependence
of the temperature scaling exponent on the wire diame-
ter. The standard Fermi golden rule approach [14] gives
the momentum dependent scattering rates for different

172

- p _ 1
mod%\)]s - ngﬁa?/z y V23 - WZSW’ ) Whel'ewa are
the corresponding scattering amplitudes, which depend
on the physical properties of particular material. Using
Eq. (15), itiseasy to show that the corresponding relax-
ation times scale as

a0a¥ T, h a1 (16)

Different temperature dependences of relaxation
times lead to a strong competition between two physi-
caly different mechanisms of thermal conductivity—
flux and diffusive. The dominance of one over the other
strongly depends on the wire diameter at a given tem-
perature. To make some specific conclusions, let us
summarize the approximations done and specify the
range of validity of the proposed theory. We consider a
situation in which thermal excitationsare multiply scat-
tered elastically while being transferred through the
wire, so that other scattering mechanisms are strongly
suppressed by interaction with defects. Only for this
case were we able to drop relaxation within each sub-
system of identical quasiparticles to obtain closed
expressions (12) and (13). The influence of the bound-
ary is accounted for in the dispersion of the flexura
mode and in the dimensionality of the system. The
range of temperature is supposed to satisfy the relation
T < Ae, where Ae ~ 1/aisthe characteristic value of the
frequency gap between the adjacent phonon branches.
For alarger temperature, we cannot use acoustic modes
(2) only, but need to account for higher branches.

In Fig. 1, we compare our theoretical results with
the experimental data from [11]. We have chosen the
unknown parameters W3 = 1.2 x 1007 m° s and W3 =

0.9 x 10 m® s to fit data for a = 22 nm. Deviations
from the experimental datafor large diameters and tem-
peratures show the restriction of the applicability of our
initial approximations. They arise from the Debye
approximation and simplified dispersion expression.
Additionally, when the diameter of the wire increases,
the mechanism we consider becomes |ess dominant. To
be more precise, we need to include higher excitation
branches aswell as other relaxation mechanisms. How-
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Fig. 1. Thermal conductivity coefficient calculated from
Egs. (12) and (13) for different values of nanowire diameter.
Experimented data are from [11].
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Fig. 2. Comparative contribution from flux and diffusive
parts of thermal conductivity for a 2-nm wire.

ever, our approach allows us to understand the physics
of the processes in the region under consideration. Itis
clear that the observed crossover istheresult of compe-
tition between kg [0 TY2 and K, [ T2. For smaller diam-
eters, K is strongly dominant in a wide range of tem-
peratures as shown on Fig. 2 for wire diameter a =
2 nm. Figure 3 demonstrates acompl ete crossover from
TY2 to T° dependence for a nanowire of a = 30 nm. It
can be seen that the T dependence between 20 and 40 K
is nearly linear, which was observed in experiment
[11]. It should be noted that T dependence of K, cannot
be interpreted by simple analogy with the bulk case. It
comes not from a specific heat directly, but from differ-
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Fig. 3. Crossover from TY2- to T3-dependence of K for
a30-nm wire.

ent sources, including competition of the relaxation
timesin Egs. (12) and (13).

In summary, we derived the general analytical
expressions (12) and (13) to explicitly calculate the
contributions of different scattering mechanismsto the
total relaxation of the system. The simple expressions
clarify the essential effects leading to the observed
behavior of the thermal conductivity coefficient. It is
clear that the particular dispersion laws (and their
reconstruction) affect scattering rates and thermody-
namic quantities. Restricted geometry and low dimen-
siondlity lead to additional scattering mechanisms.
Note the information about dimensionality is naturally
included in the particular form of phase space element
dr;. Such aformalism helps to distinguish effects from
different scattering mechanisms. When applied to a
regime in which phonon modes compete with flexural
ones, our theory agrees favorably with the available
experimental data. Furthermore, we showed that the
thermal conductivity coefficient changes from approxi-
mately TV2-dependence to T3-dependence with increas-
ing temperature. In view of our theoretical results, it
will be useful to investigate smaller diameters or lower
temperatures with fixed diametersin experiment to bet-
ter reveal the crossover from T3- to TY2-dependence.
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We present a model to realise a probabilistic quantum teleportation of two-particle mode entangled state
through the four-photon quantum channel. Four modes of the two-photon mode entangled state are directly
transferred to other spatial four modes of the quantum channel with success probability of 50%. The quantum
protocol operates in space of photon number states. A Bell state measurement with four beam splitters and
four pairs of detectorsin the teleportation protocol is accomplished in the fourfold coincidence basis. © 2005

Pleiades Publishing, Inc.
PACS numbers: 03.65.Ud

Quantum teleportation, proposed by Bennett et al.
[1], isthe process that transmits an unknown two-state
particle from a sender (Alice) to areceiver (Bob) viaa
guantum channel with help of sending some classica
information to Bab. In original scheme [1], such a
guantum channel has been represented by a Bell maxi-
mally entangled state or Einstein—Podolsky-Rosen
(EPR) pair. Experimental realization of the quantum
teleportation protocol by a partial set of Bell measure-
ments has been performed in [2] with success probabil -
ity of 50%. The main difficulty with any optica
approach isthat nonlinear interactions between individ-
ual photons are required in order to implement the
guantum teleportation protocol that operates with
100% efficiency [3]. The Bell-state measurement being
inherently nonlinear isrequired for the 100% teleporta-
tion [4].

Quantum teleportation of a qubit occupying only
one optical mode via one-photonl quantum channel
was studied in [5]. Experimental redlisation of the
guantum teleportation of one mode qubit through the
one-photon quantum channel is reported in [6]. Prob-
lems of quantum teleportation by employing Green-
berger—Horne—Zeilinger (GHZ) guantum channel [7]
have been studied in [8]. More general questions of
quantum teleportation of two qubits involving noisy
guantum channels are involved in [9]. One should be
noted the work [10], in which quantum teleportation
protocol of N—particle entangled state viaN + 1—par-
ticle quantum channel has been devel oped.

As pointed out by Bennett et al. [1] in their original
proposal for quantum teleportation, entanglement can
be transferred through teleportation of two modes one
of the particles forming the entangled state. This

TThis article was submitted by the author in English.

method, known as entanglement swapping [11], pro-
vides only partial teleportation of entanglement. We
propose an alternative method in which the two-photon
mode entangled state is directly transferred from one
place to another. We use four-photon quantum channel
to perform the teleportation protocol for the two-pho-
ton mode entangled state unlike [8-10]. We make use
of the number state representation to perform the total
teleportation of the two-photon mode entangled state
(al four modes of the state are teleported). One should
be noted, it was recently recognised in [12] that spatial
encoding is easier, for example, to manipulate and con-
struct universal quantum gates unlike the standard
method for encoding qubitsin opticsin which polariza-
tion degrees of freedom of single photon are used. The
source of the mode entanglement may consist of two
non-collinear degenerated on frequency spontaneous
parametric down converterswith type-I phase matching
(SPDCI) [13]. Quantum teleportation utilizing such
four-photon quantum channdl is not required special
detectors distinguishing between one- and two-photon
number states. The teleportation scheme of the entan-
gled state through the four-photon quantum channel
may bereally performed in practice unliketeleportation
schemes based on the GHZ quantum channel [8-10].

We employ setup shown in figure for the teleporta-
tion of entanglement. As in the standard teleportation
scheme [1], our scheme (figure) consists of three dis-
tinct parts: the source station that generates a quantum
channel (itisnot showninfigure), Alice' s station where
a Bell state measurement is performed and its result is
sent away through the classical communication chan-
nel, and Bob's station where the signal from Alice is
read and a suitable unitary transformation with output

0021-3640/05/8104-0195%$26.00 © 2005 Pleiades Publishing, Inc.



196

. P T
8 8
6V 6!
8 g

The experimental scheme realizes quantum state teleporta-
tion of unknown two-photon qubit by the four-photon quan-
tum channel (1). White side of the beam splitter indicates
the surface from which a sign change in exiting mode
occurs upon reflection. The use of this beam splitter phase
convention is convenient but not essential. PS means
T-phase shifter in the output sixth mode. Bob’s modes are
shown at lower part.

state is performed. The four-photon mode entangled
State

|_(56785 678)

1
= L 111100005+ 00001111 ¥ ssras67s @)

2

is utilized as a quantum channel which is shared by
Alice (modes 5, 7, 5" and 7' in figure belong to Alice)
and Bob (modes6, 8, 6' and 8' infigure). Here, the num-
bersin the subscripts of the states (Eq. (1)) are referred
to the optical modes of 1 the photons[14]. For example,
the state [111100000ds,6567g iN EQ. (1) is atensor prod-
uct of one-photon number states where the modes 5, 6,
7, and 8 are occupied by four photonswhile other resid-
uary modes 5, 6, 7' and 8 have zero photons. An

unknown two-photon mode entangled state [W{%*" 0=
{a]1003+ B]00110} 1,5, With amplitudes a and 3 satisfy-
ing condition |af* + |BF = 1 must be teleported to Bob.
According to figure, the first, second, third, and fourth
modes of the teleported state |W{**** Oare mixed with

fifth, seventh, fifth prime, and seventh prime modes of
the quantum channel (figure). Then, the input tensor
product of six photonsis given by

|LP(1234) EIE(5678567 8

PODOSHVEDOV

(1257345'7)
{ =1 O

x { a|11000# B|00LLY g + [=52°7° D)
(1257345'7") (2a)
{ a[11003- B|0011 Y gegg + |=5 a
x { 0100110+ B|11000 gagg + [Z2 o ' [
{ 000113~ B|11000 geeg »

where we introduce the following four-photon mode
entangled states

|521257345' 7) 0
_ 1 (2b)
= 72{ 11112000003+ [00001111 0 1567357
|—(12573457)
_ 1 (2¢)
= 72{ 1111000003 [00001111 [ 15573457
|E(31257345' 7) 0
_1 (2d)
= 3_5{ 11100001103 [001111000 1573467
|_(12573457)
(2e)

= %2{ 11000011 [001111007 ps7s7-

The states in the modes 6, 8, 6' and 8' is the teleported
state while the states |="**"** )L (i = 1-4) of the ancil-
lary photons must be subjected to the Bell state mea-
surement to end up the teleportation protocol [1].
Straightforward cal cul ations based on the quantum the-
ory of the beam splitter yield the following outcomes of
the states (2b)—2e)

ST 2_1[2{ |22000000 3 [00220000C]

— |200200003- 0220000003+ (000022000 (3a)
+ [00000022 3 000020023 [0000022017} 12573457+

e L 6500000000+ (002200000

2.2
— |200200003- [02200000# 0000220001 (3b)
— |00000022 3+ [00002002 3+ [000002201} 15573457+

ST 2_1[2{ 110011003 [1100001100

+]001111000¢ [001100113-]100110010  (3c)
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— 1001011003 [01101001 - [0110011100} 1557557+

ST ——1—5 { 11001001 0+ |110001100]

2./2
+ 00111001 + |[0011011003-|1001110000  (3d)

— 100100113 [011011005- [011000110 15575457

We have four different outcomes that can be
grouped into two separate groups, namely, first group
involves the outcomes characterized by simultaneous
clicks in two different detectors (two bits of informa-

tion Egs. (3a), (3b)). The states [Z{****"'0 and

=575 first group) result in the outcomes differ-
ent only by sign from each other. Thus, theteleportation
protocol in figure fails when two detectors simulta-
neously register four photons as the outcomes of the
first group (Egs. (3a), (3b)) are not distinguishable from
each other. Unlike the outcomes of the first group, a

Bell state measurement of the states of the second

group [Z57°"* " 0and [=8%"** " Dprojects the states
on coincidence registration of four photons in four
detectors (four bits, Egs. (3c), (3d)). It is easy to check
the outcomes (3c), (3d) are distinguishable from each
other. Thus, when two pairs of detectors register a par-
ticular combination of four coincidences, Alice knows

which state (|=5%"* " Dor [2%"**"[) correspond to
it and, consequently, which state Bob has in his hands
and Alice must inform him about it using classical com-
munication [1].

To end up the teleportation protocol, one should
define what state is considered to be successfully tele-
ported. Let us consider the quantum teleportation per-
formance to be successful if the following state
{a|0011[H B|11000 e OCCUrs at Bob's station. If Bob
is informed about outcome corresponding to the state

=% he must do nothing. Other possible case
corresponds to the outcomes following from the input

state [=5°**70 To restore the teleported state in the

case, Bob must apply corresponding unitary transforma-
tionsin one of the output modes. In our case, it is suffi-
cient to make use of the T-phase shifter, for example, in
the mode 6 to restore the teleported state. Since the
states forming second group represents one second of
the entire initial photon state (24), the success probabil-
ity for the entanglement tel eportation using the quantum
channel (1) is50% also asin original proposal [1].

One should say some words about a possibility to
generate quantum channel (1) for the quantum telepor-
tation. From the “no cloning theorem” [15], we know
the conversion (a|00+ BI10 — (a|0O+ BJ1D(a]0C+
B|10) isforbidden while the following operation (a|OCH
BI1D — (|00 B[11D1is alowed. To construct the
guantum channel (1), we must make use of a quantum
encoder operating on the mode entangled states [13]
and whose output in a probabilistic way (o000 +
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B|110) — (a]|O000CH B|12110) will be given by the
state (1) in the case of quantum optics.

In conclusion, we have proposed amethod to realize
a probabilistic quantum teleportation of two-photon
mode entangled state through the four-photon quantum
channel (1). This method is based only on afew linear
optics elements, namely four balanced beam splitters,
eight photodetectors and postselection. The maximum
success probability of the teleportation protocol is50%.
To achieve the quantum tel eportation protocal, fourfold
coincidences are required to be performed that are fully
available with the present technol ogy.
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