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There are two major aternatives for violating the (usual) Lorentz invariance at large (Planckian) energies or
momenta—either not all inertial frames (in the Planck regime) are equivalent (e.g., there is an effectively pre-
ferred frame) or the transformations from one frame to another are (nonlinearly) deformed (“doubly special rel-
ativity”). We demonstrate that the natural (and reasonable) assumption of an energy-dependent speed of light
in the latter method goes along with violations of locality/separability (and even trandational invariance) on
macroscopic scales. © 2003 MAIK “ Nauka/Interperiodica” .
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1. Introduction. The observation that there is no
invariant energy (or length, etc.) scalein special relativ-
ity, on the one hand, and the expected physical signifi-
cance of the Planck scale, on the other hand, has moti-
vated the suggestion that the (usual) Lorentz invariance
might be broken at large (Planckian) energies [1-7]. It
has also been suggested [1-10] that several yet unex-
plained observations, such as the indications for ultra-
high energy cosmic rays (UHECR) with energies above
the Greisen—Zatsepin—Kuzmin (GZK) cutoff [11, 12]
of order O(10* eV) induced by the interaction with the
cosmic microwave background, could be interpreted as
empirical evidence for deviations from the Lorentz
invariance at high energies. Furthermore, variable
speed-of-light (VSL) cosmologies[13, 14], which also
require bresking the local Poincaré symmetry, have
been considered as alternative solutions of the cosmo-
logical problems, which lead to the idea of inflation.
In particular, in the first case, one needs to explain
the apparent large gap between the energy range of
those phenomena 0(10%°eV) and the Planck scale
0(10% eV), but we are not going to discuss these phe-
nomenological issues here (for phenomenological con-
straints on Lorentz violation, see, e.g., [15, 16] and ref-
erences therein, cf. [17]).

There are two major alternatives for breaking the
Lorentz invariance: either not all inertial frames (in the
Planck regime) are equivalent (e.g., there is an effec-
tively preferred frame) or the transformations from one
frame to another are different (deformed). In the fol-
lowing paper, we shall consider the second possibility
in more detail and discuss some consegquences which
arise thereof. For the sake of simplicity (and since the
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masses of all known “elementary” particles are small
compared to Planck scale), we shal only consider
massless particles, such as photons. In addition, we
shall work in 1 + 1 dimensions (unless otherwise
noted).

The main idea of doubly specia relativity (DSR;
see, e.q., [1-7, 18]) istoreplacethe usual linear Lorentz
transformation & by the following nonlinear represen-
tationF o £ o F1 ie,
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Note that the group structure of the deformed transfor-
mations in Eq. (1) is the same as that of the ordinary
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Lorentz group. This appears quite reasonable as the
only suitable six-parameter extension (cf. [6, 7, 18]) of
the group SO(3) of spatial rotations, which we want to
retain, seems to be the Lorentz group itself, especially
since we want to reproduce the usual Lorentz transfor-
mations at small energies. It should also be mentioned
here that this approach relies on the particle picture—
there is no unique and well-defined field-theoretic for-
mulation at this stage.

2. Fidd-theoretic example. Unfortunately, there
has so far been no unique prescription for translating
the behavior in momentum space (E, p) into position
space (t, X), which is required for formulating a corre-
sponding field theory. There is not even consistency in
the literature regarding the velocity of propagation of
Planckian particles: in [19], it is argued that the speed
of light does not depend on the energy (i.e., that al
massless particles have the same velocity ¢) inal DSR
theories. Work [20], on the other hand, arrives at the
(natural) result that the propagation speed is given by
the group velocity vy, = dE/dp. In [6], however, the
phase velocity v, = E/p is used instead (in some limit).
This depends on whether (and how) one modifies the
commutators such as [x, p] = if and, hence, the identi-
ficationsip ~——— A0/0x, €etc., or not (see, e.q., [21, 22]).

However, let us consider one possible examplefor a
field-theoretic formulation motivated by an analogy to
condensed matter systems. The propagation of sound
wavesisgoverned by adispersion relation, whichislin-
ear at low energies and shows deviations (sub- or super-
sonic) at high energies (cf. aso [23-25]). Although
there certainly existsapreferred framein such systems,
one might (formally) perform the same steps as
described in the previous section and parameterize the
nonlinear dispersion relation E(p) with a nonunique
function F asin Eq. (2) by €2 = ¢2p? (although here c
denotes the speed of sound). In this somewhat artificial
way, the usual linear Lorentz transformation & in the
(€, p)-space can be used to define transformations
from one frame to another. In order to conduct a
Lorentz transform of the field @t, X) (e.g., a wave
packet), one first does a Fourier transform % assuming
ip —— h0/0x, etc., then applies the nonlinear Lorentz
transformation, and finally transforms back:

o(t, X) — O(E, p) = Fo,
®(E, p) — @(E', p), 4)
@(t,x) = F o(E', p).

Since the function F and its inverse F1, as well as the
dispersion relation E(p), are nonpolynomial in general,
the above procedure is clearly nonlocal in position
space (t, X) (see also Sections 4 and 5 below).

3. Energy of composite systems. As mentioned in
the Introduction, one of the main motivations for
deforming the usual Lorentz boostsisto requirethat not
only the speed of light (at low energies) but also the
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Planck scale is invariant® under the modified transfor-
mations, hence the notion “doubly specia relativity”.
Since the usual linear Lorentz boosts & do not possess
any fixed points (in E, p) except zero and infinity, and
Eq. (3) connectsE=p=0to & = p =0, the Planck scale
must be mapped by the function F to infinity in order
to beinvariant. Aswe shall see below, this property has
rather dramatic consequences for composite systems.

Demanding that energy-momentum conservation in
one frame has to be equivalent to energy-momentum
conservation in all framesimpliesthefollowing nonlin-
ear composition law

1l
B Etotal 0= F(N)|:2 F—l i| (5)
0 ptotal 0 O pl

i.e., one hasto add €; and p; (see, e.g., [7, 18]). The
subscript (N) indicates that the function F, could be
modified, i.e., differ from F.

Let us first discuss the implications of using the
same [18] function as in the one-particle case F, = F:
since F maps infinity to the Planck scale, the total
energy can never exceed the Planck energy, which isa
weird result and rai ses serious questions concerning the
physical significance of such an energy concept (see,
e.g., [7]). Moreover, a Galilei-type argument points out
another contradiction if the velocity of propagation
depends on energy (see also the next section): if two or
more particles have equal energies E and, hence, veloc-
ities v, then the speed of the composite system obvi-
ously should be the same. However, according to
Eq. (5) with F) = F, the total energy Ey4 of the com-
posite system is closer to the limiting Planck energy
and, hence, the derived velocity would be different!

Alternatively, it has been suggested [ 7] that one con-
structs F, by replacing Mgz With NMpia in the
explicit expression for F. In that case, one has to know
how many elementary particlesthe system is composed
of, which seems to be rather artificial (see, e.g., [18]).
For example, in addition to the arguments presented in
[18], if merely one particle has the Planck energy (or
very nearly so), adding one photon with an arbitrarily
small energy to the system increasesthe total energy by
MpianekC? Which is also an odd feature of this construc-
tion.

In view of the above considerations, one might
guestion the physical significance of the quantities E
and p in comparison with & and p. The laws of energy-
momentum conservation assume a much simpler form
intermsof & and p [26]. Apparently, the only justifica-

1in this sense, the idea of DSR can be compared to the transition
from the Galilei transformations (no invariant velocity) to special
relat|V|ty (cf. [, 2)).
2The main argument is basically the same as for the usual linear
Lorentz transformations where (under certain assumptions, such
as commutativity) only alinear composition law is invariant (see,

eg., [18]).
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tion for considering E and p instead of & and p could
be that the former quantities, E and p, are related to the
spacetime behavior and determine the energy-depen-
dent velocity of propagation, etc., whereasthe latter, &
and p, are not.

4. Energy-dependent speed of light. Sincethe dis-
persion relation E(p) must assume the same form in al
frames, it can be derived from the usual invariant &2 =
c?p? (remember m = 0) of the linear Lorentz transfor-
mations &. Owing to the nonlinear function F, the dis-
persion relation can involve a rather complicated
dependence E(p) with a possibly changing speed of
light (cf. the VSL cosmologies). As indicated above, a
varying velocity of propagation seems to be the only
possible way for the quantities E and p to acquire more
physical significance than & and p.

Obviously, the particle picture, which the whole
approach is based on, and the concept of a velocity of
propagation derived therefrom do only make sense if
we are able to localize the particle under consideration
with a (space/time) uncertainty much smaller than the
length of the particle’sworld line. For example, we may
derive the velocity of a Planckian particle by determin-
ing its position within afew Planck lengths and follow-
ing its propagation over a macroscopic time duration
and distance. Here, macroscopic means much larger
than the Planck length/time (we want to retain the usual
spacetime translation symmetry and the concept of
internal maotion).

As motivated in the previous section, the inverse
function F diverges at the Planck scale and, hence,
cannot bewritten asapolynomial (polynomialsarereg-
ular everywhere). In general, one would expect E(p) to
be singular at the Planck scale as well, also displaying
a nonpolynomia behavior, and, therefore, nonlocal
effects to arise. At afirst glance, one might argue that
these nonlocalities occur in the Planck regime only and
are, therefore, not problematic. However, as we shall
now demonstrate, these nonlocal effects arise on amac-
roscopic scale, provided that the particles under consid-
eration can travel a distance much larger than the
Planck length (see the arguments above).

Let us consider the two limiting cases: for higher
and higher energies, the speed of light goes to zero
(subluminal dispersion) or toinfinity (superluminal). In
the first case, the particle basically stops moving and
just sits there. Now, if we can localize this highly
Planckian particle within a few Planck lengths for a
finite time duration (i.e., much longer than the Planck
time), this clearly singles out a preferred frame, since
we are supposed to know how Lorentz boosts act on
macroscopic (i.e., sub-Planckian) scales!

In order to further study this apparent contradiction,
let us consider a concrete example. Here, one encoun-
ters a problem, since, as mentioned in Section 2, the
velocity of propagation is not uniquely determined. In
the following, we assume that the speed of the particle
No. 7
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is given by the group velocity dE/dp (cf. Section 2 and
[20]) and choose adispersion relation whichislinear in
some interval p O [py, p.], though not with the usual
proportionality factor c, say,

0 O OgnD
Fo E  g=pf?p ©)
Op,spsp,0 O p 0O

If we assume avery small boost velocity v < ¢ (Gdlilel
limit), the Lorentz transformation in Eq. (1) acts as
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i.e.,, with v and ¢ being replaced by v/2 and c¢/2.

Since the dispersion relation E?> = ¢?p%4 arising
from Eq. (6) is linear (between p, and p,), the Lorentz
transformation in position space (t, X) ought to be the
same as in momentum space (E, p)—no matter whether
we consider aparticle with p; < p < p, or awave packet
(cf. Section 2) with support in the interval [p,, psg]. In
this way, the presence of the Planckian particle with
p.< p < p, traveling over a long distance enforces a
Lorentz boost with v/2 and c/2 instead of v and c—at
macroscopic (sub-Planckian) scales!

Evidently, the same phenomenon occursfor a super-
luminal (speed of light goesto infinity) dispersion rela-
tion. Any Planckian particlewith asub- or superluminal
velocity of propagation either introduces a preferred
frame or necessitates the modification of the Lorentz
transformation on its travel time and distance, i.e., on
macroscopic (sub-Planckian) scales, which demon-
strates the occurrence of large-scale nonlocality [27].

5. Lossof coincidence. Thefact that the presence of
aPlanckian particle affects the L orentz transformations
has further bizarre consequences. If we goto 3 + 1
dimensions, the position-space representation of the
deformed Lorentz transformation described in Eq. (4)
of Section 2 acts as

@t r) = IdE'd?’p'dt'd?’r‘(p(t‘, r')
< 1 ¢
(2m)”

= J'dt'd3r'@§(t, tr,r)e, ).

[tE'—r p'—t'E(E, p') +1' p(E, p")] (8)

The nonlinearity in E(E', p') and p(E', p') results in a
very strange behavior under spacetime translations. For
the sake of illustration, we again (asin the previous sec-
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tion) consider afunction F, whichislinear both for low
momenta and in someinterval p O [py, pJ]

1l 2 2 [l

FOEO = EEE/Z s’ 2%. 9
Op0 g PP pZD
O p O

Now, let us follow the evolution of two wave packets:
one @, (t, r) isdecomposed of sub-Planckian energies

p? < pi and the other one @p« (t, I) contains
momentain theinterval p O [py, po] only. In this situa-
tion, thetransformation in Eg. (8) can be calculated eas-
ily, and in the Gdlilei limit v < c, we obtain (cf.
Eq. (7))

(6 T) = Qo (t + 1 TV/CE 1+ vt),
Gon(t, 1) = Qo 2 ) 10)
Ok (: T) = Qe (T + 21" T/, 1" + vt'/2).

Note that the relativistic corrections to the time coordi-
nates in the first arguments on the right-hand side are
different due to the nonlinearity. Consequently, if we
change the origin of our spatial coordinate system, we
introduce a relative time shift

r'—=r'+a - At = alv/c’, (1)

between the two wave packets. Ergo, if the velocities of
the two wave packets and the boost direction v arelin-
early independent and the two wave packets hit each
other (i.e., coincide within their width at some space-
time region) in one coordinate system, they may miss
each other (one wave packet comestoo late) in another
coordinate representation!

Of course, this bresking of trandationa (i.e.,
Poincaré) invariance, again on large scales, has been
demonstrated using the special field-theoretic represen-
tation described in Section 2; and one could argue that
the above effect isan artifact of the special construction
in Section 2 and that in a different representation, this
problem can be avoided. However, in order to provethis
assertion, one has to provide another explicit field-the-
oretic example and to study its consequences. It seems
that one faces similar difficulties, breaking of transla-
tional invariance x, —= x, + a, (see, e.g., [28]) and
deviations from the usua behavior on large scales x, >
Lpiancks When introducing noncommuting coordinates
via

[x", x"] = A"Px (12)
(instead of [x*, x] = {g", for instance), asit is done,
for example, in[21, 22] in relation to DSR theories.

We would also like to stress that the counterargu-
ment presented in the previous section is independent
of any field-theoretic representation (and would, there-
fore, not go away).

p
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6. Summary. Apart from the weird properties of
composite systems discussed in Section 3, the theory of
“doubly special relativity” goes along with violations
of locality and separability if the speed of light depends
on energy, since the presence of asingle Planckian par-
ticle can modify the action of the Lorentz transforma-
tion at macroscopic scales’ (i.e., much larger than the
Planck length; see Sections4 and 5). On the other hand,
if the speed of light does not depend on the energy (e.g.,
the dispersion relation is E2 = ¢?p?), then thereisno dis-
cernible reason to assign E more physical significance
than € (see Section 3). Although one should bear in
mind that the whole approach purely relies on the par-
ticle picture (not afield theory), one would expect that
the energy, defined as the generator of the time-transla-
tion symmetry, is an additive quantity for independent
systems (which brings us back to the question of local-
ity and separability).

In search of aternatives, one could imagine that,
even though the (still to be found) underlying theory
(including quantum gravity) might not possess a pre-
ferred frame, the physical state of the system describing
the actual gravitational field, etc., indeed does intro-
duce an effectively preferred frame with respect to the
interaction with Planck-scale photons, for example,
that propagate within the gravitational field.
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After finishing the work on our manuscript, we
found that severa other authors (based on different
approaches and assumptions) have also pointed out
strange consegquences of DSR and/or concluded that
DSR iseither inconsistent with our present understand-
ing of physics or trivia (i.e., indistinguishable from
ordinary special relativity; see [29-32]).
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A theoretical investigation for the conductivity of single walled nanotube films is carried out with an effective
medium model in the Terahertz region. The results are compared with the recent experiment and a decrease of
the real conductivity with increasing frequency is predicted. Meanwhile, the off-diagonal components of the
dielectric function of single-walled carbon nanotube films based on the magnetooptical effects are also shown.
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Recently, terahertz (THZz) technology is becoming a
very attractive research field because its applications
have involved semiconductor, |abel-free genetic analy-
sis, cellular-level imaging, biological sensing, and so
on [1]. Its applications in nanotubes appear to be open-
ing up a new field, since the nanotubes have been rec-
ognized as afascinating material for their many unique
properties. Studies of T-ray interaction with nanotubes
will explore the potential application of T-ray in nano-
structures. It is possible to measure both the diagonal
and off-diagonal components of the complex conduc-
tivity tensor due to the current advances in THz spec-
troscopy [2, 3]. The electronic and optical properties of
nanotubes in low frequency have been reported by
some works[4—7] so far, but few studies are performed
in the THz region. In this paper, we report on a theoret-
ical analysis of the conductivities of the single-walled
carbon nanotube films in the THz region from 0.1 to
10 THz.

In the recent experiment, Jeon and his collaborators
[7] measured the absorption and index of refraction of
the SWNT films using an optoelectronic THz beam
system from 0.1 to 0.8 THz. The conductivity of the
film is thereby learned. The experiment indicates that
the real conductivity increases with increasing fre-
guency. The previous investigations have done some
research about the far-infrared characteristic of SWNT
films [8-10]; however, the results are not consistent
when considering the overlapping frequency region.

As we know, the optical properties of metal and
semiconductors usualy satisfy the simple Drude the-
ory. However, the SWNT film cannot be interpreted
within a simple Drude model because of its special
characters. In this work, we employ the effectivity

TThis article was submitted by the authorsin English.

medium approximation (EMA) method, which is aso
known as the Maxwell-Garnett (MG) model [11, 12],
to interpret the experimental results. The EMA is
denoted as the following:

21— g, +(1+2F)e, () .
e rA-Denw D

where thefilling factor f defines the volume fraction of
the insulator; € and €(w) are the host-medium dielec-
tric function and the metal dielectric function, respec-
tively. Usually, the EMA is used to describe the dielec-
tric constant of the structures that metal particlesarein
a continuous insulating matrix of and the insulators for
a continuous medium. Here, the SWNT films are con-
sidered as CNTs embedded in an effective dielectric
medium. In our calculation, f = 0.6 is given, and g; and
en(w) can be determined from the Drude-L orentzian
(DL) model. From the DL model, the dielectric func-
tion is given by

g(w) = ¢

2 2

W} A
— — , (2
w(w+il) JZ(ooz—oojz)+iFjoo @

e(w) = g~

where €, represents the frequency-independent optical
dielectric constant. The second term is a Drude term
which defines the delocalized charge component; w,
and I' are the plasma frequency and the relaxation rate
of the charge carries, respectively [10, 13]. The motion
of localized charge carriersis ascribed to the third term,
the Lorentz harmonic oscillators, where w,;, «y, and T
are the center frequency, spectral width, and oscillator
strength, respectively. The metallic particles €,(w) can
be defined by the Drude term, the host-medium €; can
be represented by a L orentz term adding €, with the rel-
evant parameters. Parameters for the model calculation
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Fig. 1. The power absorption [o(w)] () and thereal parts of
the conductivity [o1(w)] (b) of SWNT film are obtained by
a Kramers—Kronig analysis of the dielectric function. The
insets are below 1.0 THz.

aredefined by €, = 5.5, w,=0.03 eV, w,; =0.02eV, I =
0.0035eV, w =0.004 eV, and I'; = 0.02 eV, which based
on the analysis of Jeon’s experiment. A filling factor f =
0.6 isconsidered [14].

The best fits for Jeon’s experiment are presented in
Fig. 1. The dielectric function is calculated by the MG
approach, the power absorption and the real part of the
conductivity of SWNT films are obtained through a
Kramers—Kronig (KK) transformation. In the insets of
Fig. 1, as shown, the absorption and the conductivity
increase with increasing frequency within 0.1 to
1.0 THz, which agrees with the experimental results.
The conductivity displays a strong peak at about
1.0 THz, corresponding to a localized absorption.
When the frequency is greater than 1.0 THz, the fitting
curve gives a decrease with increasing frequency,
which isnot represented in Jeon’s experiment dueto the
limit of the device. However, this decline has been
reported by the experiments [7, 11]. In general, the
electronic structure of individual SWNT is specified by
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Fig. 2. Thereal part of optical conductivities [o4(w)] calcu-
lated with different filling factor f.

apair of integers (n, m). Hamadaet al. [15] pointed out
that armchair SWNTSs of nh = m are gapless and should
be metallic, while zigzag or chiral SWNTs of n # m
have a gap depending on the wrapping vector. These
gaps could be reasonable for the features of nanotubes.
In our calculations, the sample of the single walled nan-
otube film is a composite consisting of a random mix-
ture of tubes of different types, oriented rather ran-
domly at least within the plane of the film. Moreover,
we have performed an MG calculation with different
filling factors f, shown in Fig. 2, which assumed a dif-
ferent constituent of nanotube films, and found that a
peak still appeared. Therefore, we conclude that the gap
is essential to the sample constituent and also givesrise
to the optical conductivity peak at 1.0 THz [9].

We remark that, although the purified and pristine
samples, and al so different orientations are measured in
Jeon’s experiment [7], our interest is in the purified
sample. We find that the conductivity has the same ten-
dency for different orientations. The optical conductiv-
ity curves calculated for severa filling factors f are
given in Fig. 2. The different f stands for the volume
fraction and shapes of metallic tubes with €., and in
some degree we also consider that it reflects the effect
of orientations. In Fig. 2, the results of calculations
closely resemble the measurement conductivity as f
between 0.3 and 0.8. When the frequency is above
4.0 THz, the real part of the conductivity is essentialy
frequency-independent. Thisindicates a Drude conduc-
tivity with a pronounced scattering rate above 4.0 THz.

The measurements of optical reflection can be used
to determinethe diagonal elements of the dielectric ten-
sor. However, it is not permitted to obtain the off-diag-
onal components. Therefore, another method based on
the magnetooptical Kerr effect technique could be used
[2]. The magnetooptical properties of the films will
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offer more information about the off-diagonal compo-
nents when a static magnetic field is perpendicular to
the sample surface.

In order to find the change of the optical conductiv-
ity of the SWNT films when they are in an externa
magnetic field B, we present our model calculation
with the Drude theory [2, 17]. In a Cartesian coordinate

HAN et al.

frame, taking the z axis as normal to the sample surface
and considering B parald to the z direction, the non-
zero elements of the dielectric tensor in the Drude
model are given by the formulas

wi(w2+;rw) } @
(W +ilTw) —wo

€ = Eyy = sc[l—

L2
_ B 1€,00,W 0,
Exy = €y = 2 .C pz 2 2 (4)
(W +iTw) —ww,
2
w
€z = & 1_—-5——3— ’ (5)
(W +ilw)

where w, = eB/m* isthe cyclotron frequency, which can
be determined from measurements of the absorption or
reflection of circularly polarized electromagnetic
waves with frequency w. The absorption or reflection
increase strongly when w= ... Inour caculations, w, =
0.0018 eV is taken when supposing the magnetic field
of B=0.5T. The off-diagonal part of the dielectric ten-
sor €, which arises from interband and intraband tran-
sition, isreasonable for the magnetooptical effects[16].
The Kerr rotation ¢ and ellipticity ¢ can be calculated
from [17, 18]: 8 +ip=&,/[ /e, (L —€4)]. InFig. 3, the
curves show the real, imaginary part of the diagona
elements of the dielectric function, the Kerr rotation,
and dlipticity with the aforementioned parameters.
From Fig. 3, we found that at the plasma resonance
W, = 7.26 THz ¢, disappears, and &, isequal to 1.0 at
8.0 THz. In thisregion, the signals of the magnetoopti-
cal Kerr effect are enhanced. Thedispersioninthediag-
onal part of the dielectric tensor and the influence of the
plasma resonance may induce the strength of the mag-
netooptical Kerr effect. This phenomenon has also been
investigated in some other metallic materials [17]. The
off-diagonal elements of the conductivity tensor are
crucia to the material Hall effect and transport proper-
tiesin our investigation. The magnetooptical measure-
ment technique, especialy in the THz region, and an
effective theoretical interpretation are auseful resource
for studying the unknown properties of nanotubes.

In summary, we have theoretically interpreted the
optical characteristic of SWNT films based on Jeon’s
experiment, and predicted that the conductivity of the
similar sample will decrease with increasing frequency
when the frequency is above 1.0 THz. Moreover, we
discussed the dielectric function of single-walled nano-
tube films in an external magnetic field and found that
it exhibits a pronounced magnetooptical Kerr effect.
The results display a resonant enhancement of Kerr
rotation and elipticity due to magnetoplasma reso-
nancein thefilms. It isalso shown that the combination
of Maxwell-Garnett and Drude-Lorentz model is an
effective medium approach, and that it can describe

JETP LETTERS  Vol. 78

No. 7 2003



OPTICAL CONDUCTIVITY OF SINGLE WALLED NANOTUBE FILMS 439

more remarkable results in the THz region for the
research of optical properties of materials.

This project was supported by the Major Project of
Knowledge Innovation Program of the Chinese Acad-
emy of Sciences (project no. KJICX2-SW-N02).
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New niobium beryllide NbsBe with A15 structure and | attice parameter a = 0.5187 + 0.0007 nm, coexisting (3—
5%) with atetragonal phase, presumably, of an ordered solid solution with parameters a = 0.5414 + 0.0008 nm
and ¢ = 0.6378 + 0.0009 nm, was synthesized by thermal treatment (875-1100°C) of amorphous film coatings
containing 26.8-32.4 at. % Be and formed from short-period Nb and Be layers by magnetron sputtering. The
domain of existence of the Nb;Be phase and the critical superconducting transition temperature (10.0 K and a
transition width of 2.5 K) were determined and the X-ray structural data for structure identification were

obtained. © 2003 MAIK “ Nauka/Interperiodica” .
PACS numbers; 74.78.Db; 74.70.Ad

It was established in [1, 2] that film systems pre-
pared from short-period Nb—Sn, Nb-Al, and Nb-Pb
layers by the magnetron technigue include a-Nb-based
solid solutions, in which the concentrations of the sec-
ond metal corresponded to the domain of existence of
intermetallic phases. In turn, the obtained compositions
served as starting materialsfor the diffusionless synthe-
sis of intermetallic superconducting films with the A15
lattice at temperatures appreciably lower than the tem-
peratures used in other methods. The lattice parameters
a found for Nb;Sn and Nb;Al intermetallides prepared
by the above-mentioned method were in compliance
with the tabulated data, and their superconducting char-
acteristics were confirmed [1].

The lattice parameters determined for the Nb;Pb
intermetallide [2] were different from the literature
data. In [3], this intermetallide was assigned the value
a=0.5256 nm, and the critical superconducting transi-
tion temperature T, varied from 1.2 K [4] t0 9.6 K [5].
To our knowledge, works devoted to the simultaneous
determination of the structure and critical properties of
thisintermetallide are now lacking. Cryogenic studies of
the Nb;Pb film with structure A15 and a = 0.5952 nm,
synthesized by usin [2], showed that T, = 5.6 K and the
transition width was 0.2 K (see below).

It follows from the comparison of the T. values
known for a number of niobium p?>-metal intermetal-
lides with lattice parameters a that a and T, are related
to each other by asimple power law. Our measurement
of the parameters of the superconducting NbsPb inter-
metallide confirms the assumption made in [6] that the
T, temperature of the only as yet unsynthesized pure
Nb;Si intermetallide of this series with A15 lattice and
expected | attice parameter a=0.5210 nm can beashigh

as25K. Inturn, the lattice parameter of these intermet-
alides is determined by the atomic size of the second
metal; namely, T, increases with adecreasein thissize.
In this respect, of interest was to synthesize niobium-
based A15 intermetallides with light metals having
small atomic sizes. Since the Be atoms have the small-
est size (0.1246 nm), we undertook asuccessful attempt
to synthesize niobium beryllide of the formula Nb;Be,
determined its structure and critical temperature T, and
obtained the data for compound identification.

TheNb-Be systemisknowntoincludefiveinterme-
tallic compounds. Nb;Be,, NbBe,, NbBe;, Nb,Be;-,
and NbBe,,. The Nb;Be,, NbBe;, and Nb,Be;; com-
pounds melt congruently at >1700, >1650 + 50, and
1800 + 50°C, respectively. The NbBe, and NbBe,,
compounds are prepared through the peritectic reac-
tions at 1630 + 30 and 1672 + 5°C, respectively. No
compounds exist at Nb concentrations higher than
60 at. % [7].

In our experiments, Nb of 99.95 wt % purity and Be
of 99.99 wt % purity were used. Filmsformed from the
short-period nanosized layers of the components were
deposited onto polycore (a-Al,O;) substrates at tem-
peratures up to 150°C. The overall thickness of the lay-
ers in the films was 1000 nm. On assumption that the
expected NbsBe intermetallide has a homogeneity
region, samples with sub- and overstoichiometric com-
positions were prepared and used for the investigation
in the Be concentration range 22.8-32.4 at. %. In the
course of coating, the ratio of the deposited compo-
nents was monitored by the weight method from the
sputtered and deposited amount of each metal. The syn-
thesis of NbsBe in the resulting coatings was initiated

by heating at a pressure of 101-107? Pa. Thermal treat-
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ment of the primary compositions was accomplished
by cyclic heating of the samples at temperatures from
500 to 1100°C with a step of 25°C and phase-state con-
trol after each annealing procedure. The X-ray struc-
tural studies were carried out on a diffractometer with
cobalt radiation A, = 0.179021 nm and a graphite
monochromator. Thelattice parameters were calcul ated
as averages over al diffraction reflections used for a
given phase.

The coatings with beryllium contents of 22.8 and
23.8 at. % represented solid solutions with the a-Nb
structure and a = 0.3336 + 0.0004 and 0.3345 +
0.0002 nm, respectively. The coatings with 26.4, 28.8,
29.0, 29.1, and 32.4 at. % of Be were amorphous.

In accordance with the phase diagram [ 7], heating of
the film samples of solid solutionsto 600°C gaveriseto
the NbsBe, phase, which had the tabulated lattice
parameter and coexisted with a-Nb (a = 0.3311 +
0.0003 nm) in the coating. Further thermal treatment of
these samples did not reveal any changes in the film
phase composition over the entire temperature range
studied.

In the amorphous films with Be content ranging
from 26.4 to 32.4 at. %, the amorphous phase converted
at 500°C into a solid solution with the a-Nb structure
and a = 0.3280 £+ 0.0003 nm. Therise in the annealing
temperature to 650°C was accompanied by the isola-
tion of atetragonal phase with a = 0.5414 + 0.0008 nm,
¢ =0.6378 + 0.0009 nm, and an estimated content of 3—
5%, whose presence was presumably due to a partia
ordering of the solid solution. In addition to a-Nb (a =
0.3292 + 0.0003 nm) and the above-mentioned tetrago-
nal phase with its parameters, a cubic phase with the
A15 structure and a = 0.5187 + 0.0007 nm appeared at
875°C. After annealing at 950°C, the coating included
only the A15 and tetragonal phases, with an unchanged
amount and structure of the latter (Fig. 1). At atemper-
ature of 1050°C, the A15 phase started to convert into
o-niobium, and, after reaching 1100°C, the coatings
were mixtures of a-niobium (a = 0.3279 + 0.0004 nm),
thetetragonal phase (in an amount of 25-30%) with lat-
tice parameters a = 0.5376 + 0.0012 nm ¢ = 0.6474 +
0.0011 nm, and the traces of the A15 phase. The X-ray
data for the identification of niobium beryllide Nb;Be
are given in the table.

Therelativeintensitiesgivenin thetable do not fully
conform the standard distribution because of the pres-
ence of film texture.

The cryogenic electrical-resistance four-probe tests
of the sample annealed at 950°C with a starting Be con-
tent of 26.4 at. % showed that its critical superconduct-
ing transition temperature was 10.0 K and thetransition
widthwas 25K (Fig. 2).

Taking into account that the Nb-to-Be ratio in the
films was close to its stoichiometric value, that the lat-
tice structure of the prepared intermetallide was of the
A15 type, and that the coatings showed superconduct-
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Fig. 1. Temperature-induced phase transformations in the
Nb-Be sample with 29.13 at. % of Be: (a) 500, (b) 700, and
(c) 950°C. (*) Polycore; (o) solid solution of Be in Nb;
() tetragonal phase with a = 5.414 A and ¢ = 6.378 A
(ordered solid solution); and (v) NbsBe phase with the A15
structure.

ing properties, we concluded that the synthesi zed phase
corresponded to the Nb;Be compound.

Evidently, such synthesis is possible only if the
components are mixed at a temperature appreciably
lower than the activation threshold for the formation of
any phases in the system, as it occurred in our study.
Then the question arises of the conditions for the appli-
cability of phase diagrams obtained by the method of
mixing initial components through melting (melting-
type diagrams) to the prediction of phase distributions
using low-temperature mixing of components by the
magnetron technique.

In our opinion, when estimating the possibility of
using melting-type phase diagrams as a basis of phase-
equilibrium analysis of the systems obtained through

Interplanar spacing in the Nb;Be phase

ade | idiees | Peneindess| incliies
Jrig, MM T
14.12 0.3669 (110) 1.46
20.20 0.2592 (200) 7.28
22.70 0.2319 (210) 100
25.01 0.2117 (211) 3.62
20.24 0.1832 (220) 0.13
33.10 0.1639 (310) 0.21
36.70 0.1498 (222) 0.61
38.45 0.1439 (320) 154
40.20 0.1387 (321) 1.04
43,68 0.1296 (400) 231
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Fig. 2. Temperature dependences of electrical resistances of
the (1) NbgPb and (2) NbsBe coating samples.

the low-temperature mixing of components, one should
bear in mind that, in melting, the system components
mix at temperatures higher than the activation threshold
for the possible irreversible intermetallization reac-
tions. The second Hume—Rothery rule, according to
which the formation of stable intermediate compounds
narrows the region of the primary solid solutions, leads
to the same conclusion, although in different terms. It
follows that, when using the low-temperature mixing
technique followed by heating, the well-known melt-
ing-type phase diagrams can be supplemented by

TULEUSHEV et al.

phases which cannot be formed by the melting-type
mixing technology, as was demonstrated in this work.

Thus, new niobium beryllide Nb;Be with the A15
structure has been synthesized by thermal treatment of
the amorphous film system obtained by the magnetron
technique from short-period Nb-Be layers in the Be
concentration range 26.8-32.4 at. %; the temperature of
existence was found to range from 875 to 1100°C; the
critical superconducting transition temperature was
determined (10.0 K); and the X-ray structural data for
structure identification were obtained.
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It isdemonstrated, both analytically and numerically, that eigenfunction statisticsin chaotic billiards with spin—
orbit interaction fundamentally depend on the ratio of the squared spin—orbit interaction constant. If thisratio
is small, one of the eigenstate components is a random Gaussian field, whereas another is not universal and
depends on the billiard type. In the opposite case, the statistics of both componentsis described by the indepen-
dent random complex Gaussian fields with the same variances. In the intermediate case, both eigenfunction
components do not satisfy Gaussian statistics. © 2003 MAIK “ Nauka/Interperiodica” .

PACS numbers; 05.45.Mt; 73.21.La

In typical 111-V semiconductor heterostructures,
electrons form two-dimensional electron gas between
layers [1, 2]. At helium temperatures, the coherence
length is as high as several microns. By appropriately
choosing the shape of surface electrode, one can con-
fine electrons in an arbitrarily shaped quantum dot,
which will be caled a two-dimensional billiard. Such
heterostructures are characterized by the Rashba spin—
orbit interaction (SOI) [3], which modifies the Hamil-
tonian as

%2
2m*

H = —=0°+#K[oxp)], )

where m* is the electron effective mass. The SOI con-
stant K is proportional to the averaged interface electric
field [EC+ [3{1/e)(dE/d2) + E;[Jwhere E; isthe conduc-
tion band profile along the z axis perpendicular to the
interface plane and E; is the electric field between the
donor impurities and two-dimensional electron gas[4].
Typicaly, one hasfor #2K = (1-10) x 10" meV cm [5—
7]. Apart from the Rashba SOI, there is an additional
contribution caused by the inhomogeneous (confine-
ment) potential that forms a billiard [8, 9]. However, if
the confinement potential is approximated by hard
walls, this contribution to the SOI can beignored [9].

We use the billiard size R as the characteristic scale
to rewrite Eq. (1) in the dimensionless form
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where B = 2m*KR and all dimensionless coordinates
arenormalized to R. Then the Schrédinger equation for
the spinor components takes the form

-0%+BLX = €0,

~D%X +BLQ = e,
wherethe operator L = —0/0x + i(d/dy). Problem (3) was
studied in great detail for the systemswithout SOI (see,
e.g., Stéckmann’s monograph [10] or review [2]). His-
torically, McDonnel and Kaufmann [11] were the first
to discover numerically that the complex spatial struc-
ture of real Bunimovich billiard eigenfunctions is
described by the Gaussian distribution. The density
probability (square of eigenfunction) statistics obeys
the Porter—Thomas distribution [12]. These statistics

were repeatedly observed in microwave [10, 13] and
acoustic resonant [14] cavities.

In thiswork, we examine what happensto the statis-
tics of two-component eigenfunctions in the presence
of SOI. The energy-level statistics of arectangular bil-
liard, which becomes nonintegrable in the presence of
SO, was considered by Berggren and Ouchterlony in
[15]. In that work, the eigenfunction node statistics
were aso considered and it was shown that they coin-
cide with the statistics of nodal points of open chaotic
billiards. For the numerica solution, we will use the
boundary integral method [16]. A chaotic billiard was
modeled by a cardioid with the boundary determined
by the following equation in the Cartesian coordinate

system [17]:
OC+Y2AD)? = X2+ v+ 2Ax+ A2, (4)

The Bunimovich stadium was also considered. Since
all results obtained for the latter do not differ from the
cardioid, we present here only the cardioid results. The
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Fig. 1. Spatial structures of (a) thefirst |@|and (b) the second
[x| components of the spinor eigenfunction of a cardioid
with parameter A = 0.45 for e = 522.251 and 3 = 0.25. The
smallness parameter o = 0.005.

spinor components |p|and x| for the energy eigenvalue
€ =522.251 and 3 = 0.25 areshownin Fig. 1. Hereafter,
the cardioid parameter A is taken to be 0.45. The num-
ber of boundary elements was chosen to be 1000. Note
that, due to the Kramers theorem, all states of closed
billiards with SOI are doubly degenerate. For this rea-
son, the second degenerate state behaves exactly as
shownin Fig. 1, although |@]and [x| should be reversed.

Although both components show chaotic behavior,
thereisafundamenta differencein their spatial behav-
ior. Namely, one can see from Fig. 1 that the |x| compo-
nent is spatially nonuniform. This fact can be under-
stood if one considers the perturbative solutions to the
Schrodinger equation (3). For a free two-dimensional
electron gas, the smallness parameter for SOI is given

by [8]

a = Bkle = Bl e, (5)

where Kk is the wave number. We will use the same
parameter for a billiard. For small a, the solution to
Eqgs. (3) can be approximated by

® = Y+O0(a’),

X = B30+ )4y + Oy | ©

[(X=Xo) +i(y—Yo)lWs,

NI
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Fig. 2. Distributions of the real and imaginary parts of
spinor components (7) for e = 2509.7 and 3 = 0.25. The
smallness parameter a = 0.005. The dashed curves in (a)
and (b) correspond to Gaussian distribution (9). In panels
(c) and (d), the dashed curves correspond to distribution
(20) for xg=-0.3and yg = 0.4.

where ), isthe billiard eigenfunction in the absence of
SOI: 02, = €,y At first glance, the constant C can
be found from the normalization condition

d’x(|@? +[x|*) = 1. However, since the accuracy of

the componentsis proportional to the SOI constant, the
normalization condition includesonly ), that isalready
normalized. Because of this, the constant C (more pre-
cisely, the constants x, and y,) was determined by fitting
the statistics together (see below).

Solution (6) demonstrates that the second compo-
nent x(x, y) linearly increases in the billiard region, as
it is clearly seen from the numerical solution shown in
Fig. 1. It also follows from Eq. (6) that, if Y, isaran-
dom Gaussian field (RGF), the first component @isalso
an RGF, whereas the second component X isnot. Since,
in the presence of SOI, each component of the spinor
eigenfunction is a complex quantity, we can represent
the solution in the form

g [ = guiN+iving @
Ox(r)yd Ot(r)+iw(r) O

The distributions shown in Fig. 2 for al four functions
demonstrate that u and v are actually the RGF, whereas
the t and w statistics differ appreciably from the Gaus-
sian distributions.

To analytically derive the distributions for the sec-
ond component X, we write, according to Eqg. (6), its
real part ast(x, y) = (B/2)(x — xo)¥, and the imaginary
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part asw(X, y) = (B/2)(y — Yo)WU,. The distribution func-
tion for t iswritten as
F(t) = DB(t—t(x y)0= = [dumE™ g
’ 2n_[
. ~ )
S (t=t06 y)
= an'du AJ'dxdye ,
where Aisthebilliard area. Assume that the eigenfunc-

tion Y, of achaotic billiard isareal RGF u(x). Then, by
integrating Eq. (8) with the Gaussian distribution

_ [2m_ o @[
f(u) = ex , 9

one obtains from Eq. (6)

2t 0
0. (10

1 U
f(t) = =(dxdyexp1
Al 0 B*(x—xo)" [

A similar expression can be obtained for the distribu-
tion f(w) of the imaginary part. Hence, the distributions
for the second component x are not universal if the
Rashba SOI constant 3 is small, because they depend
on the particular shape of a chaotic hilliard. In Fig. 2,
distribution (10) obtained by the numerical integration
with 3 = 0.25 is shown by the dashed line. The con-
stants X, and y, were found by fitting analytic distribu-
tions (10) to their numerical values. The results pre-
sented in the caption to Fig. 2 coincide with the results
obtained for the constant C through the direct numeri-
cal solution of Eq. (2).

The numerically calculated matrix

Euﬁj [vO [t mm%

0 2 0
K = B0 OO vt cvwid

O 2 O
DDUD v O [t\M]D

2
O twud twvO ot '] O (11)

00292 0038 —0.024 0,015
_ 00038 0198 -0015 0.011 [J
H-0024 -0015 0005 0
0-0015 0011 0 0004 O

where (F= ﬁzl F(j) and N isthe number of points

inside the billiard (200 000 in these computations) indi-
cates that the second component is strongly correlated
with the first one. In the numerical computations, we
assumed that the eigenstate is normalized; i.e,

(oI + x(DP) =1.
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Fig. 3. Distributions of the rea parts of the cardioid eigen-
states for e = 2501.6 and 3 = 2. The SOI smallness parame-
terisa = 0.04. The solid curves correspond to Gaussian dis-
tribution (9). The dashed curves correspond to distribution
(20) for xg = —0.050.
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Fig. 4. Distributions of the real part of the cardioid eigen-
states for e = 2497.4, 3 = 10, and a = 0.2. The solid curves
correspond to Gaussian distribution (9).

The distributions of real components u and t of
spinor eigenstate (7) are shown in Fig. 3 for amoderate
value B = 2 of the SOI constant. These distributions
indicate that, with anincrease in small parameter a, the
statistics remains Gaussian for large wave-function
amplitudes and is added by nonuniversal statistics (10)
at small amplitudes. The statistics of the imaginary
parts v and w are exactly the same asfor thereal eigen-
state parts. For thisreason, they are not shownin Fig. 3
(or Fig. 4).

In the opposite case a > 1, one can ignore the
kinetic energy operatorsin Eq. (3). Then, surprising as
it may seem, Schrédiner equation (3) again reduces to
the Laplace equation for both components ¢ and x

. OO 0,0 0,0
L'Lg®o = -0?0%0 = g3’ 0P (1)
Oxd Ox 0O Ox O

with the sole difference that the eigenvalues are now
equal to 3%2. Hence, both components are equivalent in
that they are RGFs with identical variances. The
numerical solutions for 3 = 100 fully confirm this con-
clusion. However, at 3 = 10, all four functionsin eigen-
spinor (7) are, practically, RGFs, as it is seen from
Fig. 4.
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Correlation matrix (11) was calculated for € =
2499.2, 3 =10, and o = 0.2 to give

0 0.248 —0.042 0.047 0 O

_ [0-0.042 0243 0 0.04700
K =g 0
00047 0 0.2530021F

O 0 0.047 0.021 0.2550

(13)

This matrix shows that, at 3 = 10, al amplitudes
become amost mutually independent RGFs with the
same distributions.

We now estimate the small parameter a for the
guantum dots based on the semiconductor
GaSh/InAgGaSh heterostructure, for which the SOI
constant is the greatest among the known systems:
A?K =9 x 10" meV cm and m* = 0.055m [5]. Substi-
tuting these data into the SOI constant B = 2m*KR =
H?KIEGR and Ey = A%2m*R?, one finds that only the
guantum dots with sizes R ~ 10 um have 3 ~ 10, for
which, as shown in Fig. 4, all eigenspinor components
are described by the RGF. The electron Fermi energy in
the dot should not exceed 1 meV. Note that R~ 10 um
is the limiting attainable size for which the electron
motion can be assumed to be ballistic. For the quantum
dots of micron size or smaller, the eigenfunction statis-
ticsin spin—orbit problem (1) are described by nonuni-
versal distribution (10).

Thiswork was supported by the Russian Foundation
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Motivated by recent experiments, we analyze transport of Cooper pairs through a double-island Josephson
qubit. At low biasin acertain range of gate voltages, coherent superpositions of charge states play acrucial role.
Analysis of the evolution of the density matrix allows us to cover awide range of parameters, including situa-
tionswith degenerate level s, when dissipation strongly affectsthe coherent eigenstates. At high noiselevels, the
so-called Zeno effect can be observed, which slows down the transport. Our analysis explains certain features
of the I-V curves, in particular, the visibility and shape of resonant peaks and lines. © 2003 MAIK

“ Nauka/lInterperiodica” .
PACS numbers: 74.50.+r; 03.65.Xp; 85.25.Cp

Among various proposals for the redlization of
qubits, solid-state devices appear particularly promis-
ing, since they can be easily scaled up to large qubit
registers and integrated in electronic circuits [1].
Recent experiments have demonstrated quantum coher-
ent oscillations in Josephson-junction devices. How-
ever, in such devices, due to the host of microscopic
modes, decoherence processes are more difficult to
control, and understanding of the decoherence mecha-
nisms requires further analysis. Further, improvements
of the quantum measurement procedure are needed to
allow monitoring of the qubit’s state with little influ-
ence on the qubit’s dynamics before the readout. Here,
we analyze recent experiments [2, 3], in which the dis-
sipative dynamics of a Josephson charge qubit was
probed by Cooper-pair transport. This experiment pro-
vides data for understanding of the dissipation in typi-
cal superconducting charge devices, and its analysisis
similar to that for quantum charge detectors.

Wefocus on the analysis of Josephson circuitsinthe
charge limit, in which the typical electrostatic energy
needed to charge a superconducting island (~(2€)%/2Cs,
where Cs is the total capacitance) is higher than the
Josephson energy, which controls the charge tunneling.
If the system isbiased closeto apoint wheretwo charge
states with lowest energies are degenerate, at low tem-
peratures and operation frequencies one can neglect the
higher charge states, and the system reducesto two lev-
els (qubit). The matrix element between these levelsis
controlled by Josephson tunneling. In the simplest
design, a Cooper-pair box [4], the quantum state of this
qubit can be manipulated by voltage and current pulses

TThis article was submitted by the authorsin English.

[5]. The measurement of the quantum state can be per-
formed, for example, by coupling the qubit to asingle-
electron transistor (SET) and monitoring itscurrent [1].
Here, we study a circuit, which can be described as a
charge qubit inside a SET. Transport in this device
probestypical time scales of the qubit dynamics, and its
analysis may show new possibilities to perform the
readout. Our results explain experimentally observed
features of transport (the visibility and shape of reso-
nant lines and peaks) and predict new specific behavior
in a low-bias regime, in which coherent properties of
the double-island qubit are probed.

The circuit and its description. Following the
experimental work [2, 3], we study the system shownin
Fig. 1. It consists of a Josephson junction, with arela-
tively strong coupling E;, connected to further super-

conducting leads via weaker junctions, with E; < E,.
The transport is controlled by a bias V between the
externa leads and gate voltages Vg, Vg, with gate

i

Fig. 1. The double-island system.
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capacitances much lower than those of the junctions,
Cy < C,. The transport of Cooper pairs through a simi-
lar system with a single island between the leads (a
superconducting SET) was studied, for instance, in [6—
9]. Transport at a finite bias implies dissipation, which
can be provided by various mechanisms. Here, we
focus on low voltages and temperatures, at which the
contribution of quasiparticles is negligible [3]. We
study the influence of the electromagnetic environment,
i.e., effective impedancesin the circuit. Since Cy <G,
the impedance of the transport voltage circuit is
expected to dominate dissipation (see Fig. 1).

In[7-9], the analysis was limited to the evol ution of
occupations of the eigenstates (the diagonal entries of
the density matrix in the eigenbasis of the nondissipa-
tive Hamiltonian). The dynamics were described in
terms of incoherent transitions between these states.
This approach is sufficient as long as fluctuations pro-
vide only aweak perturbation (the incoherent rates are
lower than the coherent level splittings). However, in a
system with amost degenerate eigenstates, this
approach may fail, since the system crosses over to the
so-called Zeno regime [10]. To illustrate this concept,
we consider a situation relevant for the analysis below:
often the charge transport may be described as a chain
of transitions between various charge configurations.
Under certain conditions, onelink inthischainisapair
of degenerate charge states, with the coupling &
between them, coupled by incoherent transitions, with
rate ~I", to further states. As long as & > I transport
within the pair is fast, and the current magnitude is set
by I'. However, if the coupling & becomes weaker than
I", the dynamics change dramatically: frequent “ obser-
vation” (fast dephasing) by the transitions destroys the
coherence and slows down the evolution. The systemiis
blocked for along timein one of the charge statesin the
pair, with the typical transition rate ~6%/I", which now
sets the current magnitude. The density matrix of the
two-state system quickly becomes diagonal in the
charge basis, while in the eigenbasis diagonal and off-
diagonal entries of the density matrix are strongly cou-
pled (cf. [1]). In order to describe the behavior of the
system in both limits, we analyze the system using the
master equation for the evolution of all entries of the
density matrix.

We describe the state of the system by the charges
en,, en, of the central islands and introduce the charge
emtransferred across the system of three junctions (see
below for a precise definition). In the Hamiltonian,

H = Hc+ H;+ Hy, 1
the charging part is given by

(en_+C,V, )’
4(3C,+Cy)

(en, + CyV,,)

H~ =
c 4(Cy+Cy)

—QinV, (2

SHNIRMAN, MAKHLIN

where
n,=n;tn, Vg =Vy+V
and
en_(2C;+ Cg) en,C,
Qn=30Gc,+Cy 2(C,+ cg) rem (3

isthe charge operator that couplesto the voltage source.
The Josephson part of the Hamiltonian is

H, = —E;(cos8, + cosh,) — E,cos(8, -8, + ¥,,), (4)

where 6,, 6, are the phase drops across the left and the
right junctions, respectively, and exp(iWV,): [mO— |[m +
200is the counting ladder operator. One can see from
Eq. (4) that tunneling of a Cooper pair across the cen-
tral junction changes m by 2.

Finally, the dissipative part of the Hamiltonian reads
(cf.[11, 12])

(th Q)

HdiS - 2C
int

Jo ﬁ(% )
Z{zc & 2L, } ©)

Here, ¢ is the phase drop across the impedance Z(w)
and C,; is the capacitance between itsleads. The linear
environment is presented here as a parallel connection
of LC-oscillators, with the constraint

ZHw) = § liLe(wz a,+i0)] ™,

where w, =1/,/L,C,.

We obtained a Hamiltonian description in terms of
the phases 8, 6,, @ and the conjugate charges en,, —en,,
and q, the latter being the total charge passed through
the voltage source relative to the equilibrium charge
CiiV on the plates of the capacitor C;,.. At the relevant
Iow frequencies, theinteraction with the bath reducesto

Hi: = —Qin®V, Where 8V = (q— m)/C;,, isthe fluctuating
part of the transport voltage. A dissipative Hamiltonian
of the form (5) provides for the proper high-frequency
regularization of the effective bosonic bath, with cutoff
frequency w, = (RC,)%, where R is the real part of
Z(w).

Qualitative analysis of the low-voltage reso-
nances. In this section, we provide qualitative analysis
of the transport properties and illustrate the discussion
by the results of a numerical simulation described
bel ow. We study resonances at transport voltages bel ow
the superconducting gap, eV < A, but assume that the
voltageis high enough so that the features related to the
supercurrent through the system are not relevant. The
discussion and figures correspond to apositive bias V >
0. To understand the origin of possible resonances, let
us first discuss the stability diagram for the charge
states (see Fig. 2), neglecting the Josephson couplings.

JETP LETTERS  Vol. 78

No. 7 2003



QUANTUM ZENO EFFECT IN COOPER-PAIR TRANSPORT

In the unbiased case, the stability conditions define
a honeycomb pattern in the gate-voltage plane. Inside
each hexagon, a certain charge state has the minimal
energy. At the vertices, three charge states are degener-
ate. When atransport voltage V is applied, these points
grow into triangles, within which the system isunstable
with respect to sequential tunneling of Cooper pairs: |0,
2, m— [0, 0, mO— |2, 0, mO— [0, 2, m+ 2[0....
(In the experimentally relevant limit of Josephson cou-
plings and temperatures below the charging energy, in
the vicinity of one vertex, only three charge states
[ny, n,Clare relevant: |2, OC1 |0, 20 and |0, OC) However,
this gives alow current since the incoherent tunneling

through the left and right junctions I~EJ isslow.

A much higher current can be achieved in resonant
situations. One can expect resonant points (peaks) and
linesin the Vg,-plane. At the peaks, defined by two con-
straints on Vg, three charge states are in resonance. On
the lines, only two charge states are degenerate. The
resonant conditions determine the positions of possible
peaks and lines. To evaluate the current at the resonant
peaks, we note that, for typical parameters, the bottle-
neck of transport is associated with the incoherent tran-
sitions between triples of resonant states; the rate of
these transitionsis given by the golden rule and defines
the current. However, the analysis of the shape of the
peaks/lines (the decay of current away from reso-
nances) is more subtle. It may require the analysis of
the Zeno regime and of the crossover to this regime.
Below, we develop a suitable master-equation
approach. We begin with a qualitative discussion of the
results.

Consider, for instance, the three-state resonance
shown in Fig. 3, which corresponds to the upper vertex
of the triangle in Fig. 2. In this case, the Cooper pairs
tunnel incoherently in the central junction only, and
coherently through two other junctions. The coherent

couplings E; exceed the rate of incoherent transitions,
which can be evaluated using the golden rule:

_4nR E
"= Ro2eV’ ©)
where R, = h/(2€)?, and we assumed T < 2€eV. Thisrate
defines the current magnitude at resonance, 2€rl’,.

Tuning the gates away from this resonance peak,
one may still keep two levels degenerate along a reso-
nant line. For instance, one may lift the state |0, 0, m[]
with respect to the degenerate |0, 2, mCand |2, 0, m{see
Fig. 3; if |0, O(descends, the system may get Coulomb-
blocked in this state). In this configuration, the trans-
port involves a second-order coherent tunneling (cotun-
neling) [0, 2, mO— |2, 0, mCand incoherent relaxation
[2, 0, m— |0, 2, m + 2[1 To estimate the current, we
evaluate the second-order coherent coupling between

10, 2, mCand |2, 0, mJand find & ~ E;/AE, where AE
denotes the distance to the |0, OEstate (see Fig. 3). As
JETP LETTERS  Vol. 78
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Fig. 2. The honeycomb stability diagram of charge states.
The solid dots and dashed lines denote the resonance peaks
and lines, respectively.

A
02 60 20
N (00)
eV AAE
v 02 00 20
(00)
AAE
E, E |92 X 20
* .“’4 k'.. " A
m-2 T m ) m+2

Fig. 3. Three chargelevelsat resonance. The (00) and dotted
arrows denote a passage along a resonant line.

discussed above, the current remains to be 2el”, aslong
asd>T .. However, for d <T,, the systemisinthe Zeno
regime, and the relaxation rate |2, 00— |0, 200defines
the current ~2ed/T,. Thus, along the resonant line, the
current stays at the peak level and then drops fast. The
deviation from the peak at which the current drops can
be estimated from the condition & ~ I',; further behavior
isgoverned by the Zeno physics. For thetypical param-
eters [2] (see below), this gives a very short line (it is
also very narrow, cf. below). Thismay explain why this
resonant line was not detected.

If the threefold degeneracy in Fig. 3islifted in other
ways (with two states still in resonance), the transport
involves higher-order incoherent processes and the cur-
rent is much weaker [3]. However, there exist other res-
onant peaks, which are located at two lower vertices of
the triangle: one can say that in Fig. 3 the voltage drops
at the central junction, but it can also drop at the
left/right junction. The respective rate of incoherent
Cooper-pair tunneling can be evaluated using Eq. (6)
with the substitution E; — Ej, i.e., the current at these

peaksis much lower. However, our analysis shows that
the resonance lines originating from these peaks are
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Fig. 4. Resonances with the double-island’s eigenstates.
The right panel showsthe peaks' positionsin the Vg.-plane.

A pesk emerges at V = Ey2e (the solid dot in the mlddle)

and splits asthe bias V increases. The dashed lines show the
cotunneling resonances.

much longer (and wider, cf. below) and may reach the
neighboring hexagons' vertices, as was indeed found
experimentally. The reason is that at these peaks the
incoherent rate is much lower, the coherent coupling
stronger, and only at a greater distance away from the
peak does the coherent coupling fall below the incoher-
ent rate (crossover to the Zeno regime). Thus, we find,
in agreement with the experimental data, that only
oblique (but not horizontal) resonant lines should be
visible and allow us to evaluate the shape of the reso-
nances.

The widths of the resonant lines were evaluated in a
similar way, with results in at least semi-quantitative
agreement with the experimental data. We remark that
the width is not set by the condition of resonance as
such (which requires acharge-level splitting lower than
the coupling and would define very narrow lines[3]). In
fact, during the separation of two resonant states, the
transport changes from coherent to incoherent. At this
crossover point, the incoherent rate is higher than the
respective I',. Only at a greater distance from the line
does it drop below I', and slow the transport. The
respective width scales linearly with V, similar to the
experiment [2].

So far, we analyzed transport at voltages V much
higher than the Josephson couplings and used the
charge basis. Now, we focus on transport at lower volt-
ages and find that, due to the coherent Josephson cou-
pling of the charge states, the triple resonance of Fig. 3
appears only at voltages above a certain threshold.

At lower 2eV ~ E,, it is convenient to work in the
eigenbasis of the double island. Near the triangle in
Fig. 2, the difference U in charging energies of the
states |2, 0, mCand |0, 2, m + 2[0s small, and one finds
the ground and excited eigenstates of the doubleisland,

|g, m+ 20= cosy|2, 0, m(k siny|0, 2, m+ 2[]
le, mO= —siny|2, 0, m(} cosy|0, 2, m+ 2[]
where tan2y = EyU.

SHNIRMAN, MAKHLIN

The respective resonance configuration is shown in
Fig. 4. Since the minimal energy splitting between the
ground and excited statesis E;, the resonant conditions
of Fig. 4 require 2eV = E;. At V = Ej2e, the peak is
located at the lower side of the triangle (see Fig. 4).
Above this threshold, the equation E, — E, = Eysin2y =
2€eV (0 <y < 172) hastwo solutions, and the peak splits:
the main peak with y > 174 enters the triangle, and the
other, secondary peak (y < 174) leavesit. At strong bias
2eV > E;, themain peak reaches the upper vertex of the
triangle, while the secondary becomes very narrow and
joins one of the oblique resonant lines. (Note that the
triangle itself dides and grows with the increase of V.)

Let us estimate the current magnitude at these reso-
nances. Therelaxation rate e, m— |g, m+ 200sgiven

by Eg. (6), and the matrix element between the states
|e mOand |g, mOJto |0 0, mdue to H; is Egypy =

(EJ/2)S| ny, of order E; for the main resonance e and
weaker, ~ EJ Ey(2eV), for the other one.

If E; > (RIRy)E,, the incoherent relaxation inside
the double-island is the bottleneck (the slowest stage)
of thetransport for both peaks, I'; < Egy, i.€., the peak
height is |, = 2€l",. However, the peaks' sizes are dif-
ferent due to different E,,, and can be found from an
analysis similar to that shown above. The external peak
o ismuch narrower at 2eV > E;.

For E; < (RIRy)E;, onefindsthat I, > E,, for the
secondary peak, and also for the main resonance at
voltages V close to Ey2e. The Zeno effect is expected
under these circumstances [10], the transport is slowed
down, and transitions in the outer junctions define the

CUrrent |y, ~ 2€Ecg I

Master equation and numerics. The dynamics
reduce to propagation along the chain of eigenstates
with decreasing energy and growing m. To evaluate the
current, we analyze the dynamics of the reduced den-
sity matrix G, retaining theindicesn,, n,, mand tracing
over the environment’s degrees of freedom. Using the
real-time Keldysh diagrammatic technique (cf. [13
14]), we find the master equation

t
d ~ o —_ 1 N\ Af+"
Gi0M —Loo(t) = J’dtZ(t—t)c(t), (7)
with the bare Liouville operator Lo =i[-, Ho], Hy=Hc +

H;. Inthefirst (Born) approximation, we obtain

(1) = OLin€ “Lin—ia" (OLiwe My, (8)
where a(t) = a'(t) + ia"(t) is given by

dw J(w)e
a(t) = (26)° BVOBV(O)D = [ % ©)
—e
JETP LETTERS Vol. 78 No.7 2003
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the low-frequency spectral density J(w) = 2MuR/R,,
and L = [+, Qi /2€], My« = 1]+, Qi/2€].. The last term
in Eqg. (8) violates the trandational symmetry m —
m+ 2. The invariance is restored after aregularization,

due to the counterterm QZ, /2C; in Eq. (5) (cf. [15]).

We label the entries of the self-energy matrix Z by
four triples v and v'*, where, e.g., v-= (n7, n,, nm).
Here, the sign ¥ refers to a Keldysh branch; the
(un)primed indicesrefer to thetimet' (t). Most of these
indices vary over finite ranges. Indeed, only the lowest
charge states n;, n, participate in the low-frequency
dynamics, and strongly off-diagonal entries, with large
nT —m" and m~—m'", are suppressed. The regularized
self-energy is trandationally invariant and does not
depend on the sum nT + m" + m~ + m™*. The Fourier
transform with respect to (nm + m* —m'——m™*)/2 gives
afinite matrix for each value of k.

We use the Laplace-transformed master equation:
sG (k, s) — G (K) = MN(s, k) 6 (k, 9) to find the current
| =2 M(s)d; . o, where IM(s)0 =0, Trd (k=0, s) =
iTr(s — M) M(s — M)*Go|, .,. Here, M(k, 5) =
Lo(k) + Z(k, ), and G, is the initial condition. The
numerical analysis can be simplified by taking the
needed derivatives analytically and working in the
eigenbasis of H,. We ascribe a counting index m to
eigenstates (rather than charge states) and organize
them into zones with fixed values of m [7, 8]. The
eigenstates of the total Hamiltonian (1) have only a
finite m-spread, and one can use M to evaluate the dc
current.

In our analysis, we used the following parameters:

C,;=08fF C,=8aF, E; =25mK, E;=05K,R=50Q
[3]. Figure 5 shows the shape of two peaks and reso-
nance lines for the bias V just above the threshold
Ey2e=21.5uV, in agreement with the estimates above.

Discussion. In our calculation, we neglected the
influence of the L/f noise due to background-charge
fluctuations. This very low frequency noise dominates
the pure dephasing (that leads to energy fluctuations
without transitions; its ohmic part is included in our
numerical analysis). Our estimates show that these
effects should not change the results substantially.

In conclusion, using the methods that allow one to
cover the (Zeno) dynamics of coherent systems under
strong dissipation, we analyzed the Cooper-pair trans-
port through a double-island structure. We found sepa-
rate peaks and resonant lines, whose visibility and
shapes match the experimental observations. We fur-
ther predict a double-peak structure near a threshold
transport voltage, observation of which would be a
probe of coherent properties of the double-island qubit.

We are grateful to E. Bibow, P. Lafarge, and L. Lévy
for providing their results and for numerous discus-
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Fig. 5. [(Vgy, Vg) for V=23 pVv and T = 50 mK.

sions. This work is part of a research network of the
Landesstiftung BW. Yu.M. was supported by the Hum-
boldt foundation, the BMBF, and the ZIP program of
the German government.

REFERENCES

1. Yu. Makhlin, G. Schon, and A. Shnirman, Rev. Mod.
Phys. 73, 357 (2001).

2. E. Bibow, P. Lafarge, and L. Lévy, Phys. Rev. Lett. 88,
017003 (2002).

3. E. Bibow, PhD Thesis (Univ. Joseph Fourier, Grenablel,
2001).

4. V.Bouchiat, D.Vion, P. Joyez, et al., Phys. Scr. T 76, 165
(1998).

5. A. Shnirman, G. Schon, and Z. Hermon, Phys. Rev. Lett.
79, 2371 (1997); Yu. Makhlin, G. Schdn, and A. Shnir-
man, Nature 386, 305 (1999).

6. D.V.Averin and V. Y. Aleshkin, Pis ma Zh. Eksp. Teor.
Fiz. 50, 331 (1989) [JETP Lett. 50, 367 (1989)].

7. A.Maassen, J. van den Brink, G. Schon, and L. J. Geer-
ligs, Phys. Rev. Lett. 67, 3030 (1991).

8. A. Maassen, J. van den Brink, A. A. Odintsov, et al., Z.
Phys. B 85, 459 (1991).

9. J Siewert and G. Schén, Phys. Rev. B 54, 7421 (1996).

10. R. Harris and L. Stodolsky, Phys. Lett. B 116, 464
(1982).

11. G.-L. Ingold and Yu. V. Nazarov, in Single Charge Tun-
neling: Coulomb Blockade Phenomena in Nanostruc-
tures, Ed. by H. Grabert and M. H. Devoret (Plenum,
New York, 1992), p. 21.

12. U. Weiss, Quantum Dissipative Systems, 2nd ed. (World
Sci., Singapore, 1999).

13. H. Schoeller and G. Schon, Phys. Rev. B 50, 18436
(1994).

14. Yu. Makhlin, G. Schdn, and A. Shnirman, in Exploring
the Quantum-Classical Frontier, Ed. by J. R. Friedman
and S. Han (Nova Sci., Commack, N.Y., 2002), p. 405.

15. A. O. Cddeiraand A. J. Leggett, Ann. Phys. (N.Y.) 149,
374 (1983).



JETP Letters, Vol. 78, No. 7, 2003, pp. 452-456. From Pis' ma v Zhurnal Eksperimental’ nor i Teoreticheskor Fiziki, Vol. 78, No. 7, 2003, pp. 921-925.

Original English Text Copyright © 2003 by Dickmann.

Spin Relaxation in the Quantized Hall Regime
in the Presence of Disorderf

S. Dickmann
Ingtitute for Solid-State Physics, Russian Academy of Sciences, Chernogolovka, Moscow region, 142432 Russia

Weizmann Institute of Science, 76100 Rehovot, Israel
Received August 5, 2003; in final form, September 4, 2003

We study the spin relaxation (SR) of atwo-dimensional electron gas in the quantized Hall regime and discuss
the role of spatial inhomogeneity effects on the relaxation. The results are obtained for small filling factors
(v < 1) or when thefilling factor is close to an integer. In either case, SR times are essentially determined by a
smooth random potential. For small v, we predict a “magneto-confinement” resonance manifested in the
enhancement of the SR rate when the Zeeman energy is close to the spacing of confinement sublevels in the
low-energy wing of the disorder-broadened Landau level. In the resonant region, the B-dependence of the SR
time has a peculiar nonmonotonic shape. If v = 2n + 1, the SR is going nonexponentially. Under typical con-
ditions, the calculated SR times range from 108 to 10° s, © 2003 MAIK “ Nauka/Interperiodica” .

PACS numbers: 72.25.Rb; 73.43.Cd

1. In order for the relaxation of electron spins to
occur, two conditions have to be met: thefirst oneisthe
presence of an interaction mixing different spin states
in the system studied; the second isthe availability of a
mechanism which makes the relaxation process irre-
versible. Both conditions can be realized in arich vari-
ety of ways, and even in the case of two-dimensional
(2D) electrons, onefinds awide scatter of experimental
data [1] and theoretical results [2—10] devoted to spin
relaxation (SR) problems. Besides, in the magnetic
field, the SR process is actualy the relaxation of the
Zeeman energy |gusBAS) (B || 2, AS,=S,— S isthe
spin deviation of the S, component from the equilib-
rium value ).

Theoretically, the relaxation problem of a flipped
spin in a semiconductor heterostructure in a high per-
pendicular magnetic field seems to have been first for-
mulated by Frenkel [4], who considered the relativistic
part of the phonon field acting directly on electron spin
as the interaction mixing the electron spin states. One
could estimate that, in the case of another mechanism
due precisely to the spin—orbit (SO) coupling reformu-
lated for the 2D case [ 2, 3], the relevant spin-flip transi-
tion matrix element is greater by at least one order of
magnitude. However, the work [4] caused some misun-
derstandings even almost a decade after its publication
(see[9] and references therein).

Any properties of a 2D electron gas (2DEG) in the
quantum Hall regime crucially depend on the filling

factor v = N/N,, where N and N, = L%/2tl; are the num-
bers of electrons and magnetic flux quanta, respectively

TThis article was submitted by the author in English.

(L x L isthe 2DEG areq, | is the magnetic length). In
this article, we consider the SR problem in two formu-
lations.

First, we solve the problem of one-electron spin flip
in the presence of a random potential, and in so doing
we study the SR in alateral quantum dot in ahigh mag-
netic field, where the effects of interplay between the
localization and the Zeeman coupling are essential. We
emphasi ze that we deal with aweak confinement in the
presence of strong B. Therefore, much smaller energies
are relevant (~1 K) than, e.g., in the case of the usua
interplay of Fock—Darwin states [11]. (The latter is
based on competition of confinement and cyclotron
energieswhich are =10 K.) The most striking manifes-
tation of the “magneto-confinement” effect occurs
when the single-electron Zeeman energy is closeto the
spacing of lowest-energy levelsin a quantum dot or in
a potential minimum. This results in strong enhance-
ment of the SR rate. The studied one-electron problem
is actual for small filling factors, v < 1, but, in strong
magnetic fields, it may also be extended in terms of the
Hartree—Fock approach to a vicinity of an even filling
factor, whenv = 2n.

Second, we report on the results for the SR in a
strongly correlated 2DEG when it presents a quantum
Hall ferromagnet (QHF), i.e., when the filling factor v
iscloseto an odd integer (v = 2n + 1). In this case, we
study anew mechanism of relaxation of thetotal 2DEG
spin, where the cause of irreversibility is neither elec-
tron—phonon interaction [6] nor inter-spin-wave scat-
tering [7] but adisorder. We will seethat, in real exper-
imental regimes, this disorder relaxation channel must
significantly prevail over the phonon one.

0021-3640/03/7807-0452$24.00 © 2003 MAIK “Nauka/Interperiodica’
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In both SR problems, the temperature is assumed to
be equal to zero which actually means that it is lower
than the single-electron Zeeman energy €, = |g|4gB.

2. We consider a smooth random potential (SRP) as
the disorder. The total single-electron Hamiltonian is

thereby as follows: ¥ = #2§°/2m¥ — €,6,/2 + u(r) +
Hgo + Ue pn, Where =0+ eA/candr = (x,y) are2D
vectors, u(r) is the SRP field, the Hgy and U, terms
respond to the SO and electron—phonon interactions
(see below). If the SRP is assumed to be Gaussian, then
it is defined by the correlator K(r) = Cu(r)u(0)d. We
choose aso [u(r)d = 0 which means that the SRP
energy is measured from the center of the Landau level.

In terms of the correlation length A and Landau level
width A, the correlator is

K(r) = A%exp(-r’IA?). (1)
Intherealistic case, A ~ 10 K, A ~ 30-50 nm; therefore,
A = #2/mi A2 We study the case A < Ay, (wy is the
cyclotron frequency) and A > |. In the SRP field, the
electron drifts quasi-classically along an equipotential
line. However, before the spin flip, it relaxesto an SRP
minimum. Estimates for this relaxation time (due to
phonon emission without any spin flip) yield values not
exceeding 1 ns.

For simplicity, we model the SRP in the vicinity of
a minimum by a parabolic confinement potential u =
m w?’r?/2, and to describe the electron states, we use
the symmetric gauge basis (A =r x B/2):

nl e—imtb—r2/4a2
In,m,c0= | -
(n+m)! 3. /21

x« B 0" 121052 161

D[aD

where L, isalLaguerre polynomial; note also that only
the states with n + m = 0 are considered in the follow-

ing. Regarding the length a, a = (A/2mZ Q)2 should be

substituted, where Q = ,/w’ + w3/4. The system thus
becomes equivalent to a lateral quantum dot [8, 10],
and we dea with the Fock—Darwin states [11] with
energies E,, ,, = A(2n + m+ 1)Q — A ,m/2. The appro-
priate quantity isalso thelevel spacing d=#(Q —w/2) =
fiw?/wy, concerning the m= 0 states which belong to the
same number n. We calculate the total rate of the tran-
sition of an electron initialy occupying the upper spin
sublevel to any final state of the lower spin sublevel. At
first sight, we should consider the spin-flipped state
|0, O, | Oastheinitial one. However, a correction of the
states due to the SO coupling has to be taken into
account. We use the SO Hamiltonian specified for the

(001) GaAsplane: Hgy = a(§ x 6),+ B(8, 6, — 0, 6y).

)
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Thisexpression isacombination of the Rashbaterm[2]
(with the coefficient a) and the crystalline anisotropy

term [3, 5-10] (6 ,,, are the Pauli matrices). Assum-
ing that a and B are small (a, B < zwlg), wefind, after
perturbative treatment, the spin-orbitally corrected
states before and after the spin flip:

i0= C,400,0, B+ C, 4]0, 1, 1 O
(©)

1,-1, 10
ﬁQfal

|f w0= Cy mlO, M, 1 B+ C, 0, m=1, 1 O

ﬁQ[all m-tL b (%)
BdoJ/m+1
#Q.J2a(d + €5)

where 0 £ m < €,/ (the Zeeman energy e, has been
neglected as compared to Aw). The coefficients C;

are defined as follows: let T = ad /2 /a%Q(e, — 8) and

Pn=241+T°m, thenC, ,= JU2+ 1P, andC, =

isgn(d—ey) /U2 -1/P,,. Here, the resonance mixing
of the “spin-up” and “spin-down” states (if €, = 8) has
been properly taken into account. Note that the behav-
ior of the states (3), (4) in the vicinity of the resonance

(namely, intheinterval AB/B < a /m /#°w, < 0.1) is
governed only by the Rashba SO mechanism.

In the resonance region, C; ; ~ |C, |, and [iJis
thereby a well-hybridized spin state. The |i— |[foU
transition then is not due to the SO coupling, and this
should lead to the SR enhancement. The final state |f,[]
isthe amost “pure’ spin-state. In fact, we may always
set C;, = 1and C, ,, = 0in the expression for [f,,L]
Indeed, though the spin hybridization of the [f,[stateis
significant, it plays a negligible role in the SR process
because of vanishing of the relevant phonon momen-
tum (e; — &)/c.. Then, we find the matrix element
O /U el i @nd, using the Fermi golden rule, obtain
the SR rate within a certain SRP minimum,

21 .
= OF | U e i0°8(FCek — €5).

m, k

+ 1, m+1,10)

1/t =
Here,

Uem(®) = (1) Uda, k)™,

where the index s labels phonon polarization, V is the

sample volume, and Us is the renormalized (in the 2D
layer) vertex, which includes the deformation and
piezoelectric fields created by the phonon [6, 12]. The
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Calculations of SR time T in a 2DEG are carried out for

a =P/3=10°K cmand cs = 3.37 x 10° cr/s (other mate-

rial parameters are given in the text). In the inset, the posi-
tion of the SR peak correspondsto the condition ez = &. The

evolution of B-dependences of the spin relaxation time T
with the parameter wy is shown in the main picture.

summation over sinvolves averaging over directions of
the polarization unit vector for both components of the
el ectron—phonon interaction, and this may be reduced

to |ZSUS|2 = ek pata(k), where Th = 15 +

5T, ps (2K + gz, )/K® (see [6]). The nominal times
for the deformation and piezoelectric interactions in
GaAsare 1y = 0.8 psand 1, = 35 ps[6, 12]. The nomi-
nal momentum is p, = 2.52 x 10% cm™ [12]. (We also
refer to [6, 12] for details concerning the meaning of
these quantities and their expressions in terms of the
GaAs material parameters.) Finaly, in the genera
expression for 1/t,, we perform the summation and,
after aroutine treatment, arrive at the result

® 0 0<m<e 5 (5)
b
(S + 58— 35878)e 5’%”5 ,
where
b = g2 bat,
" hes (apo)sz’
2 aby,
Ay = Eb mE —«/zbng|cz,1| + m,\/%%n(é_ez):

B hQa “6+egj
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The estimate for a and 3 depends on the effective layer
width[2, 3]. Therate /1, asafunctionof Bat w=5K
is shown in the inset of the figure for realistic parame-
tersindicated in the caption.

At w=0(i.e, inthe“clean” limit), the summation
in formula (5) is carried out over all numbersm=0, 1,
., %0, and expression (5) is reduced to

1
R
= = orrSY
w I

e¥¢2(5+ 58 -35¢%8),  (6)

where
3 2 2
a + [
V= €5( _ 253) OB, b= EZBD/\/E’
Apoh weciT, hes
2
s= —FZ g’
Tp(%CsPo)

The bold curvesin the inset and in the main picture of
the figure show the corresponding B-dependences.
Note that, if €, = 0, then, at any r,, the projection
P(ro) = OF |8(r —r)|i0] vanishes when calculated at a
finitewintheleading order in the SO constants. (It does
not occur for the “clean” states, i.e., if in Egs. (3) and
(4) we pass to the w — 0 limit before equating €, to
zero.) Such avanishing isamanifestation of the general
feature[8, 10]: at zero Zeeman energy, the effects of the
SO coupling intheleading order and of the orbital mag-
netic field are similar. In particular, in a quantum dot
(where d > €,!), thefirst-order SO approximation in the
€; — O limit results only in a small rotation of eigen-
statesin the spin space. With decreasing B, we get % [
B¥2 (if e, < d < w,) and obtain a sharper fal of the
relaxation rate as compared to the “clean” case (6).

In the presence of the SRP, we have to carry out
averaging U/t = o dwF(w)/1,,, wherethedistribution

function F(w) is the probability that the confinement
frequency will take a certain value w. One may prove
that, in the case of a Gaussian potential u(r), it should
be chosen in the form

20
Ty

(The value ¥ is proportional to the curvature [J°u, and
aroutine analysis yields wy, = 6V4A/m} )Y?/A\.) Calcu-
lating 1/14 with thisfunction, we obtain the final result
(seefigure). Asit hasto be, in comparison with 1, the
resonant behavior of 1/t is smoothed, but, at actual
values of wy, it results in nonmonotonic B-dependence
of 1. Beyond the resonance region, the behavior is as
follows: (i) at small magnetic fields (when e, <

hwhlw, < ), only one final state [f,Cparticipates in

F(w) = exp (—w'/40y).
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the SR, and we find that 14 O B™>; (ii) at high fields
(when e, > &), thereisalarge but finite number of pos-
sible states |[f,(Jinto which the confined spin-flipped
electrons could relax, and the SR timeis always longer
than Tty but approaches this with increasing magnetic
field. Note that, exactly in this high-field regime, the
one-electron model becomes relevant for fillings v =
2n. Then, the total 2DEG spin is determined only by a
small amount |[v — 2n|N,, of effectively “free” elec-
trong’holes belonging to the (n + 1)st/nth Landau level.

3. So, the problem has been solved when the total
2DEG spin iswell smaller than N,. Now, we study the
opposite case: in the ground QHF state, the spin num-
bers attain the maximum S= S, = N,/2. Thiscaseisalso
remarkable, since, to the first order in the ratio r, =
(elelg)lhw, the low-lying excitation is again known
exactly: these are 2D spin waves or spin excitons (SES).
The most adequate description of the SE states is real-
ized by spin-exciton creation

1

-ipa s _t
= — e a a
N Z ! + T %
® Pro TP=3

p

Q

and annihilation Q, = (Q;)T operators[13]. In this def-
inition, a5, stands for the Fermi annihilation operator

corresponding to the |n, p, 6= L26P(x + pl3 ) state
in the Landau gauge (¢,, is the nth harmonic oscillatory

function). So, the one-exciton state is Qg |OC) where |0
stands for the ground state. At small 2D momentum
(dlg < 1), the one-exciton state hasthe energy €, =€, +
(glg)?2M,, (now, we need only this small momenta
approximation; see aso general expressions for the 2D
magneto-excitons at integer filling factorsin [14]). M,
isthe SEmassat v =2n + 1, namely in ther, — o

limit: UM, = (6%gls) /U8, UM, = 7/4M,, ... Notethat
thesumS = §, 0 lowering the spin number S, by 1

(i labelsthe electrons), when considered to be projected
onto the nth Landau level, is simply proportional to the

“zerQ” exciton creation operator Qg . When the SO cou-
plingisignored, any state (S)N|OCisthe eigenstateinde-
pendently of the r, magnitude and of the presence of a
disorder.

The SO interaction Hgy and the SRP field u(r) may
be accounted perturbatively as usual. Meanwhile, now
the unperturbed part of the Hamiltonian involves the
Coulomb interaction. For present purposes, the approx-
imation in the context of the projection onto a single
Landau level is quite sufficient (cf. [6]). We note aso
that the QHF state |OLis resistant to the SRP disorder.
Such a stability is determined by the exchange energy
(~€?/klg), which is much larger than the amplitude A.
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There are two fundamentally different alternatives
that provide the initial perturbation of spins. The first
one is the perturbation of the spin system as a whole
when the Snumber is not changed: AS= 0, but AS, # 0.
This is a Goldstone mode, which presents a quantum
precession of the vector S around the B direction. In
terms of the SE representation, |AS,| = N2 - S, isthe
number of “zero” SEsexcitedina2DEG. Let |AS,|=N,;

the corresponding state is (S)N0OO (Q(T,)N [OC) and it
has the energy Ne,. (Note that “zero” SEs do not inter-
act among themselves; besides, the stability of the
(S)N|0oCstate with respect to the disorder isidentical to
that for the |OCktate because of u(r) and S. commuting.)
The second case of the perturbation isthe AS= AS, type
of the deviation. This does not change the symmetry
and involves the excitation of “nonzero” SEs, where
each SE changes the spin numbersby 1: S— S—-1,
S,— S,— 1. In contrast to zero SES, the nonzero ones
interact. This interaction [7] and/or the direct exciton—
phonon coupling [6] governs the nonzero SE annihila-
tion which should go faster than the nonzero SE annihi-
lation process.

The SRP inhomogeneity does not essentially affect
the SE energy and the nonzero annihilation. Indeed, the
exciton is neutral, and the interaction with the SRP

incorporates the energy U, _spp ~ qIéA//\ (the nonzero

SE possesses the dipole momentum elé[q x 2]; see

[14]). The latter may be negative but is always smaller
than the nonzero SE energy €. If the SE were to anni-
hilate, the energy conservation condition €, + U, szp =
0 would not be satisfied except for at negligible rare
points, where the gradient Ou is accidentally large.
Therefore, the SRP leads to only small corrections (on
the order of U, gxp/€) to the other mechanisms of the
nonzero SE relaxation [6, 7].

A distinctly different process contributes to the SR
in the case of thefirst type of the spin perturbation. This
is an effective interaction of zero SEs among them-
selvesarising dueto the SO coupling [6]. Such aninter-
action does not preserve the total number of excitons N:
at an elementary event, two zero excitons merge into
one nonzero (the spin momenta change following the
ruleS,— S,+1, S— S—1). In other words, the SO

coupling and the SRPfield mix theinitial |i (= (Q(T))N |00

and thefinal [f,C= Q! (Q5)" ~” |0Cstates. These * many-
exciton” states have to be normalized (see the normal-
ization factorsin [6, 13]). So, the SRP plays the same
role asthe phonon field studied previously [6]. Now, the
energy conservation condition takes the form 2e, = €,
where the interaction of nonzero SE with the SRP is
ignored as compared to other members of this equation.

If solving thisfor g, we obtainq=q, = ./2M, € /lg.
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The detailed calculation of the SR rate istruly simi-
lar to that performed in [6]. Indeed, the Fourier expan-

sonu(r)=} U0 e lookslike the phonon field cre-

ated by “frozen” (of zero frequency) phonons. Then,
this SRP field and the SO Hamiltonian are treated per-
turbatively. In so doing, it is convenient to present them
interms of the excitonic operators. We calculate the rel-
evant matrix element between the |i and [f,[normal-

ized states and obtain |M_fq|2 = NXa? +

B?)|qu(g)|? /(fiw)?N,,. Finally, again with the use of the
Fermi golden rule, we find after summation over al
states |f, [that the SR rate takes the same form asin the
case of the phonon mechanism [6], dS/dt =
(AS)%1szpN,, but incorporates a different time con-
stant:

L 161¢(a’ + BA)Mie,K(qp)
Torp = el

Here, K stands for the Fourier component of the cort-
elator [the equivalence K (g) = L2|u(q)|*/4m@ has been
employed]. The SR follows the law

AS/(0)
T+ AS0)[/TgN,’

AS(t) =

where Ty = Tpn + Terp, becausetherelaxations of both
types proceed in parallel. A natural questionis: What is
theratio of thetimes T, and Tszp? If T < AiC, (in fact,
thismeansthat T < 1 K) and B < 15, then the SR time
T, depends weakly on T and B. In particular, at v = 1,
we find that T, = 10 s [6, 7]. The ratio of interest is

determined only by the Fourier component K(q,):

To/Temp = 0.24mpp0A2/\2e_A 't Ih2c, (for K, we have
substituted the value calculated with help of Eq. (1)).
So, for the actual parameters T,,,/Tszp ~ 100-1000, i.e.,
exactly the “disorder” time (Tezp ~ 10810 s) governs
the breakdown of this Goldstone mode. In conclusion,
we underline that the relaxation is going nonexponen-

DICKMANN

tidly and the actual time is increased by a factor of
N,/AS/(0).
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We show that radiative heat transfer between two solid surfaces at short separation may increase by many orders
of magnitude when the surfaces are covered by adsorbates. In this case, the heat transfer is determined by res-
onant photon tunneling between adsorbate vibrational modes. We propose an experiment to check the theory.
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It is well known that for bodies separated by d >
dr = chlkgT, the radiative heat transfer between themis
described by the Stefan—Boltzmann law

<= K

607:°c”
where T, and T, are the temperatures of solids 1 and 2,
respectively. In this limiting case, the heat transfer is
connected with traveling electromagnetic waves radi-
ated by the bodies and does not depend on the separa-
tion d. For d < dy, the heat transfer increases by many
orders of magnitude due to the evanescent electromag-
netic waves that decay exponentially into the vacuum;
thisis often referred to as photon tunneling. At present,
there is an increasing number of investigations of heat
transfer due to evanescent waves in connection with
scanning probe microscopy under ultrahigh vacuum
conditions [1-7]. It is now possible to measure
extremely small amounts of heat transfer into small vol-
umes [8]. Scanning tunneling microscope (STM) can
be used for local heating of the surface, resulting in
local desorption or decomposition of molecular spe-
cies, and this offers further possibilities for the STM to
control local chemistry at the surface.

The efficiency of the radiative heat transfer depends
strongly on the dielectric properties of the media. In[3,
5, 6], it was shown the heat flux can be greatly
enhanced if conductivities of the material are chosen to
maximize the heat flow due to photon tunneling. At
room temperature, the heat flow is maximal at conduc-
tivities corresponding to semimetals. In fact, only athin
film (~10 A) of a high-resistivity material is needed to
maximize the heat flux [5]. Another enhancement
mechanism of the radiative heat transfer can be con-
nected with resonant photon tunneling between states

(T1—T3), (1)

TThis article was submitted by the authorsin English.

localized on the different surfaces. Recently, it wasdis-
covered that resonant photon tunneling between sur-
face plasmon modes give rise to extraordinary enhance-
ment of the optical transmission through subwave-
length hole arrays [9]. The same enhancement of
surface modes can be expected for the radiative heat
transfer (and the van der Waals friction [10Q]) if the fre-
guency of these maodes is sufficiently low to be excited
by thermal radiation. At room temperature, only the
modes with frequencies below ~10%3 s can be excited.
Recently, enhancement of the heat transfer due to reso-
nant photon tunneling between surface plasmon modes
localized on the surfaces of the semiconductors was
predicted [7]. Other surface modes, which can be
excited by thermal radiation, are adsorbate vibrational
modes.

In this paper, we study the radiative heat transfer
between small particles, e.g., adsorbed molecules, or
dust particles, considered as point dipoles, and situated
on the surfaces of different bodies. Using an electro-
magnetic approach, in the dipolar approximation, we
derive a general expression of the radiative heat power
exchanged between the particles. We show that if the
particles have resonance frequencies which are
matched, the heat transfer can be enhanced by many
orders of magnitude in comparison with the hesat trans-
fer between clean surfaces of good conductors.

Let us consider two particles with dipole polariz-
abilities a,(w) and a,(w) and with the fluctuating

dipole moments p{ and p; normal to the surfaces.

According to fluctuation—dissipation theorem [11], the
spectral density function for the fluctuating dipole
moment is given by

h
Tt

o/ piC, = %+ ni(oo)glmai(w)éi,— @)
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where the Bose-Einstein factor

1
ehw/kBTi 1 ©)

applies. Assume that the particles are situated opposite
each other on two different surfaces, at temperatures T;
and T,, respectively, and separated by the distance d.
The fluctuating electric field of a particle 1 does work
on particle 2. The rate of work is determined by

00

Py, = zIdw wimoa,(w) [E,Eql, (4)
0

n(w) =

where E,, isthe electricfield created by particle 1 at the
position of particle 2:
8pi/d°
Ep, = ——t—. (5)
1-a,0,(8/dY)

From Egs. (2)—(4), we get P,,, and the rate of cooling
of particle 2 can be obtained using the same formula by
reciprocity. Thus, the total heat exchange power
between the particlesis given by

P =Pp-—Py

- a2
= %J’dwwlmallmaszz(fyd )Z(nl(u))—nz(oo)). ©)
- (81d%) g0,

Let us firstly consider some general consequences
of EQ. (6). There are no congtraints on the particle
polarizability a(w) = a' + ia" other than that a" is pos-
itive, and a' and a" are connected by the Kramers—Kro-
nig relation. Therefore, assuming identical surfaces, we
are free to maximize the photon-tunneling transmission
coefficient

8a"/d%)’
t=8id) ™
11— (8a/d¥)]
This function is a maximum when
aZ+a? = (d¥/8)° (8)

so that t = /4. Substituting this result in (6) gives the
upper boundary for the heat transfer power between
two particles as

Tk
Proa = 3 (T1=T2)- 9

Thisresult isaparticular case of the more general state-
ment [3] which saysthat there is a maximum heat flow
inagiven channel. A simpleinterpretation can be given
for Eq. (9). The energy transfer between the particles
can be considered asaresult of the collisions. The max-
imal rate of energy transfer is of the order of magnitude
of the product of the characteristic thermal energy on
the frequency of the collision, equal to the maximal fre-
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guency of the vibration which can be thermally excited,
thus P, ~ kgTkgT/A. For adsorbed molecules at the

concentration n, = 10'° m, when one surface is at the

temperature of zero and the other is at room tempera-
ture, the maximal heat flux due to the adsorbates S, =
N,Pmax = 1012 W/m2, which is nearly ten orders of mag-
nitude larger than the heat flux due to black body radi-
ation, Sgg = 0T =4 x 102 W/m?.

We rewrite the denominator of the integrand in
Eqg. (6) intheform
11— (8a/d®?? = [(1-8a/d®)* + (8a"/d*)]]
x [(1+8a'ld%)’ + (8a"/d%)].

The conditions for resonant photon tunneling are deter-
mined by equation

o'(w,) = +d%8.

Close to resonance, we can write

(10)

(11)

(12 8a'/d%)* + (8a"/d%)’=

3,2 2 " 2 (12)
(8B./d") (= w)* + (a"/B.)7,

where

W= W

Assuming |a"/B,| < w,, we get the following contribu-
tion to the heat transfer:

P = 2(0"(0.)B) . (ny(@,) ~ny(2.))

(13)
+(+—)].
Close to apole, we can use the approximation
_ a
G~w——oq)—in’ (14

where a is a constant. Then, from the resonant condi-
tion (11), we get

0, = wy+8a/d’.
For the two-poles approximation to be valid, the differ-

ence Aw = |w, — w_| must be greater than the width n of
the resonance, so that 8a/d® > n).

For n < 8a/d®, from Eq. (6) we get
P = Dl (ny(@.) —na(w.)) + (+— ). (19)

Using Eg. (15), we can estimate the heat flux between
identical surfaces covered by adsorbates with concen-
tration n;; S = n,P. Interesting, the explicit d depen-
dence hasdropped out of Eq. (15). However, P may still
be d-dependent, through the d-dependence of w,. For
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hw, < kgT, the heat transfer will only be weakly dis-
tance independent.

For 8a/d® < n, we can neglect multiple scattering of
the photons between the particles, so that the denomi-
nator in the integrand in Eq. (6) equals unity. For d > |,
where | is the interparticle spacing, the heat flux
between two surfaces covered by adsorbates with con-
centration n,; and n,, can be obtained after integration
of the heat flux between two separated particles. We get

24Ain,.Nn
S = —212fdwwma,ima[ny(w) — ny(w)] . (16)

0

Assuming that a can be approximated by Eq. (14), for
Wy <€ N, Eq. (16) givesthe heat flux between two iden-
tical surfaces:

_ 12mhwea’n;
d*n

We note that Eq. (17) can be obtained directly from the

heat flux between two semi-infinite solids [3, 5, 6]. In

such approach, the contribution to the heat flux from

adsorbates can be taken into account by appropriate

modification of the Fresnel formulas for the reflection
factors[12].

For d > dy, the dipole field is determined by the
expression in the wave zone. The simplest way to
obtain contribution of adsorbates to heat flux in this
case is to use a macroscopic approach. However, with-
out calculation, itisclear that, in thisregion, the surface
contribution to the heat transfer due to adsorbates will
be negligibly small in comparison to the volume contri-
bution, because, in the limit of the large wavelength, the
reflection amplitudes of the electromagnetic waves are
reduced to classical Fresnel formulas, which do not
contain information about the surface region. For black
bodies, this volume contribution is determined by the
Stefan—Boltzmann law. The heat transfer between the
clean surfaces of good conductors was investigated in
detail in [13].

In the case of ionic adsorption, the dipole polariz-
ability is given by

S [N1(wg) — Ny(wy)] - (17)

e* /M

a= ——",
0 — 0% — 2i N

(18)
where €* is the ionic charge, M is the ionic mass, and
wy and n are the vibrational frequency and damping
constant, respectively. For the K/Cu(001) system, wy =
1.9 x 10%, and at low coverage, e = 0.88 [14], which
gives a = €%2Mwy, = 7 x 107" m¥s. For n = 102 st
and d < 10 A, when one surface has T = 300 K and the
other T =0 K, we get distance independent P = 10° W.
In this case, for n, = 10® m3, the heat flux S =
10° W/m?. With the same conditions, the heat flux
between two clean surfaces S, = 106 W/m?. Thus, the
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photon tunneling between the adsorbate vibrational
states can strongly enhance the radiative heat transfer
between the surfaces.

Let us describe the physical origin of the different
regimes in resonant photon tunneling between adsor-
bate vibrational modes. At sufficiently small separa
tion, when 8a/d® > ), the photons go back and forth sev-
eral timesin the vacuum gap, building up coherent con-
structive interference in the forward direction much as
would occur in resonant electron tunneling. In this case,
the vibrational modes on the isolated surfaces combine
to form collective vibrational modes (diatomic “mole-
cules’), where the adsorbates vibrate in phase or out of
phase. This will result in a very weak distance depen-
dence of the heat flux, because the transmission proba-
bility for a photon depends very weakly on d in this
case (see above). For large d, when 8a/d® < n, sequen-
tial tunneling is more likely to occur, where the photon
excited in an adsorbate vibrational mode tunnelsto the
adsorbate vibration at the other surface and then cou-
ples to the other excitations in the media and exits.

The above discussion isfor aspecia case of match-
ing adsorbate vibrational frequencies (v, = W, = W),
but the picture still applies in the nonsymmetric case
(0, # wy,). Here, adsorbate vibrational modes on thetwo
surfaces have different frequencies and, instead of a
vibration mode for diatomic homopolar molecules, we
have a diatomic heteropolar molecule.

Finally, let us suggest an experiment to probe the
photon-tunneling heat transfer theory. Consider a solid
surface (substrate) at low temperature with alow con-
centration of weakly adsorbed atoms (e.g., noble gas
atoms) or molecules. The position of the atoms can be
mapped out relative to the substrate using an STM.
Next, the surface of another solid at higher temperature
(e.g., room temperature) is brought in the vicinity (sep-
aration d) of the substrate. The heat transfer (viaphoton
tunneling) to the substrate will result in a temperature
increase on the substrate surface. Thiswill result in the
diffusion of the weakly bound adsorbates. The (aver-
age) diffusion distance will be a function of the heat
transfer. If the two bodies are separated after a given
time period, and if the new position of the adsorbatesis
determined using the STM [15], it is possible to infer
the heat transfer from the hot to the cold surface as a
function of the separation d. This experiment is conve-
niently performed using as the second (warm) body an
atomic force microscope (AFM) with a wide flat tip,
such as the type recently produced and used for studies
of contact mechanics[16].

In summary, we have presented a detailed theoreti-
cal study of the heat transfer between surfaces covered
by adsorbates. We have shown that resonant photon
tunneling between adsorbate vibration modes can give
rise to extraordinary enhanced heat transfer, in compar-
ison with the heat transfer between clean surfaces of
good conductor. Thisresult can be used in the scanning
probe microscopy for local heating and modification of



460 VOLOKITIN, PERSSON

the surface. Finally, we have suggested an experiment
by which the radiative heat transfer due to photon tun-
neling can be measured.

A.1.V. acknowledges financial support from DFG.
B.N.J.P. acknowledges support from the European
Union Smart Quasicrystals project.
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The traditional approach to the devel opment of instability of aweakly charged helium surface needs correction.
It is shown that the well-known el ectrostatically “ equipotential” Frenkel—Tonks scenario should be transformed
to amore general sequence of events that would remain reasonable when the 2D charge density tends to zero.
Under these conditions, the priorities change and the instability development through nucleation (with the for-
mation of separate multicharged dimples) becomes preferable. The experiment qualitatively confirms the pre-
dictions of the theory. © 2003 MAIK “ Nauka/Interperiodica” .

PACS numbers: 67.55.-s

To date, the problem of instability and reconstruc-
tion of a charged helium surface has been well elabo-
rated. The original Frenkel—Tonks results [1-3] con-
cerning the surface oscillations and stability in a
charged metallic fluid were extended by Gor'kov and
Chernikovato the helium surface with 2D electrons [4,
5]. More recently, the same authors have devel oped the
theory of equipotential reconstruction of acharged fluid
surface (see [6]). They found that the flat state of a
charged fluid boundary transforms to the corrugated
state. The theory predicted the lattice type, the lattice
parameter, the corrugation amplitude as functions of
the degree of supercriticality (the excess of electricfield
over its critical value), etc. In this case, the perturbed
fluid surface remains electrically equipotential.

In the alternative reconstruction scenario, the
charged helium surface is divided into a system of iso-
lated many-electron dimples [7]. Each of them has a
charged nucleus, beyond which thefluid surface is neu-
tral. The interaction between dimples can alignthemin
various clusters and, in particular, cause their periodic
distribution along the surface.

Despite the long-standing “coexistence” of the
reconstruction variants, the priority of the equipotential
scenario has not been questioned so far. This was aso
aided by the paper of Mel'nikov and Meshkov [§],
where it was shown that the equipotential reconstruc-
tion changes to dimple reconstruction as the supercriti-
cality increases under conditions that the total number
of electronsis conserved.

The experiments performed mainly with the use of
charges near the helium surface show agood agreement
with predictions [ 1-5] about the stability boundaries of
a charged fluid surface (see [9]). Later on, the most
interesting (most sensitive to electron density) portion
of the surface oscillation dispersion curve has been
measured carefully to confirm all the expected details

[10]. Finally, the existence of periodic [11] and aperi-
odic [12] reconstruction variants was proved for afluid
conducting boundary.

Nevertheless, one cannot assert that all isright with
the scenario under discussion. First, the results of per-
turbative calculations of the eguipotential periodic
reconstruction on the assumption that the surface corru-
gation amplitude is smaller than the capillary length are
valid only for a weakly charged helium surface in the
so-called soft reconstruction regime (the perturbation
amplitude is much smaller than the capillary length
[6]). By the charging or the surface-filling factor one
implies the ratio v of the mean 2D-electron density ng

toitscritical value ng” (see Eq. (6)). At the sametime,

the periodic reconstruction over the entire accessible
helium surface can be experimentaly observed [11]
only in the vicinity of maximal valuesv < 1, where a
hard reconstruction regime occurs (the corrugation
amplitudeis scaled by the capillary length). Thisincon-
sistency, of course, would not be dramatic but that there
is a second fact. At small v < 1, the observed recon-
struction is not periodic. The helium surfaceis not cov-
ered here with a periodic corrugation effecting the
entireliquid mirror, asit would follow from the predic-
tions made in [6, 8]. By contrast, according to the
observations in [12], the charges are grouped into one
or more many-electron dimples occupying only asmall
portion of the helium surface. Evidently, the dimplelike
reconstruction is energetically more favorable in the
regionv < 1, and thisfact callsfor specia analysis.

Itisshown inthiswork that, for small filling factors,
the reconstruction process displays the properties of
first-order phase transition. For transformations of this
type, theintersection of chemical potentials of the com-
peting phases determines a binodal stability point
(line), near which the major phase nucleatesin afluctu-
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Schematic of acell with 2D electron system and the follow-
ing geometric notation: h isthe separation between metallic
electrodes and d is the thickness of helium film. 2D elec-
trons are situated at the fluid surface.

ative way. With helium, this process consists in the
nucleation of many-electron dimples on the back-
ground of a uniform near-critical charged surface state
of afluid. In addition, there is an absolute instability
point (line) (spinodal) that appears in the dynamic
equationsfor transition and manifestsitself without any
threshold expectations. For a charged liquid, spinodal
coincides with the Frenkel-Tonks dynamic instability
threshold. In the phase diagram, the binodal, as arule,
occupies a rather large phase volume, although the
nuclei appear after a certain activation time. The spin-
odal transition is stimulated by an abrupt jump of any
external parameter into the spinodal region in the dia-
gram, after which the time evolution of instability
should follow the characteristic exponential law. The
problem of the points of coexistence of binodal and
spinodal hasno general solution. Sometimesthey coex-
ist and sometimes not.

If the suggested pictureistrue, then all the presently
known experiments with the reconstruction of aweakly
charged helium surface were carried out in the binodal
region. In this case, only the separate dimples appear.
With an increase in v, dimples are grouped into com-
plexes (dimple clusters) with internal periodicity. Inthe
regionv —= 1, the cluster areatendsto thetotal area of
theliquid mirror (seefiguresin[12]). Asto the spinodal
instability mechanism, it has not yet been observed.

1. Before proceeding to the particular results, we
first write the existing solution [1-5] to the problem of
the electrically equipotential stability of a fluid bound-
ary. For the system shown in the figure, electric fields
E_ over and E, under the charged helium surface are

Vv d
_ E —4T[O'F], (1)

Vv h—-d
E+4T[O'T, 2

where o = en,and V isthe potential difference between
the cdll plates (figure).

SHIKIN

If the externa field over helium is completely
screened, i.e., if E_ =0 and, hence,

4mto = V/d, (3)
theelectricfield E, is
E, = V/d. 4

Conditions (3) and (4) arefulfilled inametalic fluid
with infinite conductivity (see [1-3]). In this case, the
field E_inside the medium is zero by definition, so that
the surface charge is determined by Eq. (3), as was
pointed out even in the original works[4, 5] devoted to
this problem. The distinguishing feature of the prob-
lems on the charged helium boundary is that the param-
eter n, can be varied, starting with its infinitesimal val-
ues, independently of V. In this case, the metallic limit
(3) and (4) is possible as a limiting case, although only
at large v values (for detail, see below).

Interms of E_and E,, the electrically equipotential
stability of a charged fluid is determined by the condi-
tion

(4men,)’ + (E, + E)* = 16mka, k° = pgla, (5)

where E_and E, are given by Eqgs. (1) and (2), respec-
tively; o and p are, respectively, the surface tension of
liquid helium and its density; g is the gravitational
acceleration; and k1 isthe capillary constant. In redlity,
the potential differenceV and the electron density n,are
the independent parameters of this praoblem. However,
since the phase diagram in the (n,, E_) coordinates is
rather pictorial, these variables are often chosen, some-
what artificially, as independent variables.

If E_= 0 (complete screening), then
E, = V/d=4men,,

and the maximal electron density n;~ over helium is
determined from Eq. (5),

02, = Ka/21m, (E™)° = 8mka. (6)
By introducing the filling factor
V = 0/0 (7)
one brings Eq. (5) to the form
Vit (e, +e) =2, € = EJATO,,. (8)

Ate_— 0, one has

v(e.— 0) —» 1. (8a)
In the opposite limitv — O,
e(Vv—0) = e,(v—=0) — 1/./2. (8b)

The positions of points (8a) and (8b) inthe (v, €_) plane
correspond to the limiting values of the function v(e_).
No. 7
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In actuality, limit (8b) makes no real sense for func-
tion (8), because the condition for electrical equipoten-
tiality of adistorted helium surface ceasesto befulfilled
asthislimit is approached. This requirement

¢ = const 9
should be replaced by a more general condition

M =ed+ = condt, (20)
where C is the chemical component of the 2D charges
over helium in general definition (10) of the electro-
chemical potentia L.

The structure of  in a system with finite electron
density ng is a separate problem, which now still calls
for a more distinct solution. Since we present below
only the qualitative conclusions and appeal only to the
low electron-density limit, we use the explicit expres-
sion for { inthe form

Z = —TIn[ny/n(x)], n; = mT/2TA,

(11)
n/n(x) > 1.
Here, T isthe electron temperature coinciding with the
temperature of the liquid substrate, misthe charge-car-
rier effective mass, and n(x) is the local eectron den-
sity.

In the problem on equilibrium of a charged helium
surface, the dominant part (including large logarithm
(11)) of condition (10) enters into the set of equations
determining the spatia equilibrium of an unperturbed
system “electrons + flat fluid boundary.” The corre-
sponding calculations [13, 14] provide information on
the distribution of quasi-free electrons over the charged
helium surface. As to the stability problem, only the
perturbation &{(x) caused by the deformation of fluid
boundary is significant in this case. As a result, defini-
tions (10) and (11) for the oscillating part of the prob-
lem are simplified,

eE_¢(x) +ed_(x) —Ton(x)/ng, = congt,
n(x) = ng+on(x),
eE &(x) +ep_(x) = eE,&(x) +ed.(x),
Ién(x)dx = 0.

(12)

By using linearized relations (12) and the Poisson equa:
tion, one can easily determine the electric potential
¢_(X) proportional to the small perturbation &(x) of the
fluid surface profile:

0_(x,2) = d_(q)e™e”,

z>0, (13)

0_(q)(1+2me’ndqT) = 2me’ny(1 + eE_/qT)E,,(13a)
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where &, is the Fourier component of the perturbation
&(x), with

IE(x)dx = 0.

The limits of electrically equipotential approxima-
tion (9) and (8) can be estimated from Eq. (13a). This
approximation isvalid if

2me’ndqT > 1, (14)
where q isthe characteristic wave number of the pertur-
bation &(X).

In the opposite limit, the chemical part of the condi-
tion (12) for equipotentiality becomes dominant, and
the dispersion law for small surface oscillations takes
the form

? = nEiaT.

pw’a = (k*-n*)g+q’, n (15)
One can readily see that dispersion law (15) transforms
at n? — 0 to the proper asymptotic form for w(q) in
the absence of Coulomb forces.

As in the Frenkel-Tonks problem, the oscillations
with dispersion law (15) lose stability. However, this
occursin a different region, namely, at

2 2

n°>k? E,=E_=Vih. (16)

The scale of characteristic density ng separating the
two limiting screening Situations is given by ng ~ 10%—

10° cm2 for the wave numbers on the order of capillary
length and the temperature on the order of one degree.

According to Eqg. (16), to make a weakly charged
helium surface unstable, the field should increase as

E, O n;"? with decreasing n,. This statement is quali-
tatively different from the “equipotential” predictions
(see asymptotic behavior (8b)). Consequently, the
behavior of the e_(v) spinodal at small v values termi-
nates not at the point (8b) but is extended, following the

root law, upto e_ — oo,

Itisworthwhileto notethat instability (16) isprima-
rily developed at small wave numbers (and not at the
capillary length, asin the case of (5)).

2. In the problem of a binodal in the reconstruction
process, the dimple energy competes with the electro-
static energy of a capacitor with 2D electronsfilling the
whole accessible fluid surface. Such a statement of this
problem is ambiguous, because, in the general case, the
charge of a fluctuatively appeared dimple is arbitrary.
The situation is relatively smple only in the limiting
case v < 1. The maximal energy gain corresponds to
the transition of all free electrons to a single dimple.
This happens in conditions where the Coulomb energy
V. of the electron subsystem occupying a circle with
radius L between the capacitor plates (figure) becomes
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comparabl e to the energy W of a many-electron dimple
with the same charge Q:

v, = =Dd 6= yen, (17)
L2h
W = QZK[sexpgiZDEi D—X—ZD—}}, (18)
200 20 x
s = 1/(2kR,), X = KR,
R: = J/ma/(eE%), E,=V/h,

where Ei(x) isthe integral exponential function and E
is the electric field pressing electrons down to the sur-
face at afinite electron density E; = E,. Thevalue of R
in Eq. (18) is found by minimizing the energy W (18)
with respect to R.

At L > h, the energy V. (17) is rather low, so that,
instead of the general (competing with V,) expression
(18) for W, one can use its expansion near the zero point

W(s, X)) = 0, s, = 105, X, = 0.72,
18
Wes 1) - Wis-s,). (189)

As aresult, by equating the competing energies

2(h—d)d _
L*h

one determines the value of s,,. Since the left-hand

part of EQ. (19) issmall, s, iscloseto s,.

The eectric field ET%, being related to S, by
Egs. (18), determines the abscissa on the (v, €_) plane
(in thisregion, E; = E, = E_ = V/h) where the binodal
terminates at ny— 0. Thisfield, of course, isindepen-
dent of ng (the quantity ng [0 Q drops out of definition
(19)). Consequently, the binodal goes “under” the
asymptotic curve (16) for the spinodal in the limit
n,— 0. In other words, the instability in this region
should develop in a dimplelike way, which is the
required result.

3. In summary, we can state that the reconstruction
process at small v valuesis mainly of dimple origin. In
thev — 0 limit, the instability, being stimulated by a
finite value of V/h, givesrise to an isolated dimple that
accumulates all surface electrons, rather than to the
periodic reconstruction. As v increases, the number of
dimples can increase to form eventually adimple crys-
tal, as observed experimentally in [12].

It is worth noting that the incomplete screening
effect (in our case, replacement of Eq. (9) by Eq. (10))
more than once attracted the attention of researchersin
the field of low-dimensional phenomena. This effect
proved to be essentia for the properties of quasi-one-

Q (19)

ow
a_so(smax - So) )
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dimensional degenerate conducting channels with a
parabolic confining potential [15-18]. Simultaneous
measurements of the Shubnikov—de Haas oscillations
and the dipolar plasma eigenfrequency in these chan-
nels give two essentially different values for the curva
tures of parabolic potentials determining the discrete
electronic levelsin the well and the dipolar plasmafre-
quency w; init: k, and k; > k.. It was found that o’ is
proportional to the bare curvature k;, while the quanti-
zation of one-electron motion in the parabolic well
depends on the degree of screening of the initial poten-
tia V(x) forming the channel. For the quasiclassical
channel width w > a,, where a, is the Bohr effective
radius, the equilibrium electron-density profile inside
the channel satisfies the requirement for electrostatic
equipotentiality (requirement of the form (9)). In this
case, the electron motion inside the channel isvirtualy
nonquantized, and, hence, it has no effect on the Shub-
nikov—de Haas oscillations. If, however, w = a, the
screening in the channel zone ceases to be purely cou-
lombic, and the effective parabolic potential with cur-
vature k, < k; appears to quantize (along with a mag-
netic field) the electron motion and affect the Shubni-
kov—de Haas oscillations.

Another series of publications have been devoted to
studying the screening properties of a degenerate 2D
system inthevicinity of metal—insulator transition (see,
e.g., [19, 20]). As expected, the requirement (9) for
purely electrostatic screening of the externa action
changes, with agradual decrease in electron density, to
the combined requirement of form (10), with the
exchange interaction playing the role of chemical addi-
tion {(ny in the degenerate systems, to give ¢(ny) [

Jns.

This work was supported in part by the Russian
Foundation for Basic Research, project no. 03-02-
16121.
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The effects caused by vapor inhomogeneity over liquid helium are considered. Both pure isotopes have surface
levels, whose population increases with temperature T. We separated their contribution to the temperature
dependence of surfacetension o5(T) and 0,(T) and compared our theoretical results with the results of Japanese

experimental works [1-3]. For liquid He?, one has o4(T) = 05(0) — a3 T2 at 02 K < T < 1 K and a4(T) =
05(0) - a3 T2exp(-Ay/T) a T < 0.2 K, with Az = 0.25 K. For liquid He?, a,(T) = 0,(0) — AT™® —

agTzexp(—A4/U a T < 2K, where A is the Atkins constant and A, = 4 K. The parameters ag, ag, and ag
depend on the fluid properties. © 2003 MAIK “ Nauka/Interperiodica” .

PACS numbers; 67.55.Cx; 68.03.Cd

1. In works [1-4], surface tension of pure helium
isotopes was studied experimentally in detail. For lig-
uid He?, the Atkinslaw [1, 5]

04(T) = 0,(0) —AT™? ()

wasfoundtobevalidat T <1 K.

For liquid He?, o4(T) depends quadratically on T at
0.16 K <T<0.9K [2]:

05(T) = 05(0) —a5T? )

According to the data presented in [3], o5(T) is inde-
pendent of T at low temperatures T < 0.16 K, and the
extrapolation of thelaw (2) for T = 0 has an accuracy of
3 x 1073, These experimental findings have been a puz-
Zle over 15 years. As the experimental accuracy was
improved, aweak maximumwas revedled at T= 0.1 K
in the temperature curve a5(T). This nonmonotonic fea

ture has the order of 3 x 10 [4].

In this work, the theory of surface tension of liquid
helium is devel oped on the basis of a physical principle
common to both isotopes over a wide temperature
range. It is assumed that the localized atomic states,
which will be called, by convention, thefog states, exist
at the liquid—vapor interface. Thisterm is conventiona
because fog can equally be related to fluid and vapor
[6]. The presence of fog is evident, at least, for liquid
Het. Indeed, the nonmonotonic temperature depen-
dence of surfacetension for the solutions of helium iso-
topes is explained by the contribution from the bound
atomic states of He®* at the surface of liquid Het
(Andreev impurity levels) [7]. This effect is caused by

the van der Waals attraction of He® atoms to the liquid
He*. Since the He* atom is 4/3 times heavier than the
He?® atom, He* should have a surface level if the latter
exists for the lighter He® atom. In this case, the atomic
statistics are immaterial, because, to afirst approxima-
tion, liquid helium is a quantum nondegenerate fluid,
and its surface does not distinguish between its own and
foreign atoms|[8, 9]. Note that, contrary to the situation
considered in [7], the energy of surface levelsis higher
than the chemical potential. For thisreason, the surface
levels are not occupied at T = 0. The existence of sur-
face levels is confirmed by the analysis of the experi-
mental data on electron mobility over liquid helium.
The experiment and theory are at variance in the tem-
perature range, where, as it may seem at first glance,
only the electron scattering by vapor atoms is signifi-
cant [10].

2. The wave function of the expected surface state
has the form

Wi(p, 2) = ¢(2)exp(ikp), ©)

where the coordinates p and z correspond, respectively,
to the atomic movement along and transverse to the
fluid surface. The boundary condition ¢(e0) = ¢(—o0) =
0 is the natural property of a localized surface state.
Function (3) corresponds to the spectrum

g(k) = €2+ k%/2M, (4)

where M is the effective atomic mass and €° is the
energy of localized level. For liquid He?, the contribu-

0021-3640/03/7807-0466$24.00 © 2003 MAIK “Nauka/Interperiodica’
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tion from states (3) to the surface tension o4(T) is deter-
mined by the thermodynamic potential Q4(u5, T) [6]:

03(T) = 05(0) + Q5(Hs, T),

3—&3(K 5
Qi(Ms T) = —2TIIn%L+ expgJ T8 ( )%(;[;)( )

where py(T) is the chemical potential of liquid He?.
From Egs. (4) and (5), one abtains the following
expression for Qs

T2 Ms xdx

Qs = ,rexp(x+A3/T) F1

(6)

where A5 isthe level energy measured from the chemi-
cal potential: A = €3 — Hs. The parameter A, in Eq. (6)
isto be determined by comparison between theory and
experiment. To a first approximation and ignoring the
temperature dependence of A;, one has from Eq. (6) at
T<;

M
05(T) = 05(0) - T expF TD o3 O = E?’T

It it clear from this expression why the surface tension
becomes temperature-independent at T < A; = 0.25 K,
as it was observed in [3]. Setting M; = M3, where M3
is the mass of He® atom, one obtains numerical value
ad = 27.2 mdyne/cn?.

At T > A, one getsfrom Eq. (6)

0y(T) = 05(0)~T'az; oF = a%{—‘; ®

()

Thenumerical value a3 = 22.4isin agreement with the

measured value a3 = 22.3 [2]. The qualitative o(T)

dependence explaining the experimental data reported
in[2, 3] hastheform

04(T) = 04(0) —as T exp(—Aq/T). (9)

The estimate AJ = 0.25K is obtained from the com-
parison of Eq. (7) with the experimental data [3], and
thevalue pi5(0) =—2.5K istheenergy €3 = i5(0) + AJ =
—2.25 K of the bound surface state.

In the next approximation, one should take into

account the dependence of parameter A = €3 — 15 on

T. The temperature dependence of chemical potential
M3 = H5(T) is determined using the exact equation [6]

u = F+P/n, (10)

where F isthe free energy per atom, P isthe pressure,
and n,_isthe fluid density. If the temperature is not too
JETP LETTERS Vol. 78
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high, then P = n,T, where n, isthe vapor density. Since
n, < ng, thesecond termin Eq. (10) issmall, so that the
T dependence of 3 can be found from the expression
[6]

T

1) = 40+ [T TJCS(T—l)dTl

(11)

where C4(T) is the heat capacity per one He® atom. We
first carry out the qualitative analysis of the effects
responsible for the temperature dependence Ag(T). At
low temperatures, C4(T) = T/Tg and one gets from
Eq. (11)

1T

Hs(T) = Hs(0) - (12)

where Tg is the He? degeneracy temperature Tg O
0.36 K [11]. According to the theory of nondegenerate
quantum liquids [8, 9], the temperature dependence of

F isdominated by the spin entropy S; = In2:
H3(T) = p3(0) = TIn2.

The temperature dependence of energy sg(T) can be
estimated by considering the fog nonideality in a first
virial approximation:

e3(T) = £3(0) + Vny(T), (14)

where V; is the phenomenological interaction potential
between He?® atoms, and the fog density ng(T) is given
by the expression

(13)

1
ny(T) = 2J’ 5 . (15)
(2mh)”  £3(K) — My
xpg— ntl
From Egs. (4) and (15), one obtains
_ M,T 0 Aq]
ny(T) = —n—ﬁ—zln[1+ expD—TD}. (16)

The equation for the parameter Ay(T) follows from
Egs. (11), (14), and (16):

Dy(T) = A3(T)+)\3Tln[1+ exp- 3?%} (17)
BY(T) = €0 -1, As = Ve

At high temperatures T > T, one obtainsfrom Egs. (13)
and (17)

A4(T) = A4(0) + TIn2

+ )\3Tln[1 + expD A3_E_T)E]

(18)
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Fig. 1. Comparison of (solid line) the temperature depen-
dence defined by Eq. (21) for the surface tension o3(T) of
liquid He3 with (points) the experimental datafrom[2, 3] at
low temperatures. The proposed theory accounts for the
deviation of the o3(T) dependence from the quadratic law at

T<Ag.
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Fig. 2. Comparison of the calculated T dependence of o3

with the experimental datafrom [2, 3] over a broad temper-
ature range.

With allowance for the smallness A;(0) = 0.25 K, it fol-
lowsfrom Eq. (18) that A(T) ~ T, irrespective of thesign
of interaction V5 at high T > T, and it is seen from
Egs. (5) and (6) that a5(T) —a5(0) ~ T2

Thus, allowance for the temperature dependence of
the parameter A; in EQ. (6) does not contradict the
experimental law (2) at high T > T Although the
parameter A;(0) isfound fromthe data[2, 3] with avery
high accuracy, their is an ambiguity in the definition of
Az in Eq. (17) and M3 in Eq. (6), because even the first
approximation A; = 0 and Mg = Mg is accurate to 3 x

1073, Next we restrict ourselves to the ideal fog model
(A3 =0) (17), while the temperature dependence pi5(T)

DYUGAEV, GRIGORIEV

will be determined exactly using Eq. (11) and experi-

mental data for C4(T) [11]. We present below the ana

Iytic expression for Ag(T) = Az(0) — ps(T), because the
datain [11] agreewell at T < 2 K with the formula

Cy(T) =0.2T) + 0.1052L T, = 021K (19)
T+T

>
0
The theoretical substantiation of Eq. (19) is given in
[9]. Equations (11) and (19) are used to determine the

dependence A; = Ag(T):
AS(T) = 0.25+0.2T% + 0.5TarctanTI
0
O T4 (20)
—0.053In[L+ L,
alre

where temperatureisin K.

Numerical integration using Eq. (11) and the data
[11] for C4(T) confirms expression (20) to an accuracy

of 102 at T < 1.5K, and the comparison of Egs. (5) and
(6) with the experimental datafor a4(T) [2, 3] yieldsthe
value M, = 2.25M3 for the effective mass in the ideal

fog model. With aprecision of 3 x 107, the dependence
05;=03(T) a T<0.4K hastheform (Fig. 1)

00

0yT) = 03(0) ~ogT [—2E— (2
0 exp% + ?% +1

where 050) = 1553 mdyne/em and a) =
61.2 mdyne/(cm K?).

In abroader temperaturerange T < 2 K, the temper-
ature dependence a4(T) given by Egs. (21) and (20) is
shown in Fig. 2, where the experimental data obtained
in[2, 3] areaso presented. To substantiate theideal fog
model, we take the value of density ny(T) given by
Eqg. (16) for T=1K: ng(1) = 1.44 x 10* cm™. Fully sat-
urated (close-packed) fog correspondsto (ng)?° = 6.5 x
10 cmr?, where ng; is the density of liquid He®. Since
ns(1) < (nge)?3, the A3 = 0 approximation in Eq. (17)
applies, at least, at low temperatures. The model of
interest given by Egs. (20) and (21) does not account
for the nonmonotonic o5(T) dependence at T=0.1 K,
i.e., for the effects on the order of =3 x 10 [4]. For this
reason, our model should be improved by introducing
Fermi-liquid corrections that were already considered
in [12-15]. However, the temperature dependence
o4(T) given by Eq. (2) for high T > T, where He? isa
guantum though nondegenerate liquid [8, 9], cannot be
explained within the framework of the Fermi-liquid
theory.

3. To determine the surface tension a,(T) of liquid
Het, the contribution og(T) from the surface layers

JETP LETTERS  Vol. 78
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should be separated on the background of ripplon con-
tribution ogx(T) =-ATRat T< 1K [5]:

04(T) = 04(0) + og(T) + 0g(T). (22)

Similar to Egs. (6) and (16), one can determine ag(T)
and ny(T) [6]:

00

M
O'S(T) — _-|-2_42 xdx

A A
oexp%ﬁ ?D_l

: (23)

M,T A
ny(T) = _Zéhzln[l—expg—?‘%},

where M, is the effective atomic mass of He* and A, is
the surface-level energy measured from the chemical
potential [, A, = €5 — . The Py = py(T) dependence
is given by expression (11) with the replacement
C; — C,. Contrary to C,(T), the spin contribution to
the heat capacity C,(T) is small, so that one can put
U(T =u(0) ==7.15K a T < T,. Intheideal fog model,

the parameters A, = 4 K and M, = 2.6 M3, where M} is

the He* atomic mass, are obtained from the comparison
of Egs. (22) and (23) with the experimental data of [1].
The temperature dependence o,(T) at T < T, has the
form (Fig. 3)

0,(T) = 04(0)—AT7’3—aiTZI
oexpe= +x5—1
pDT %

where 0,(0) = 354.4, the Atkins constantisA = 6.8, and
0(2 = 47. The corresponding surface-level energy is
€y =—3.15K.

xdx (28)

An intriguing possibility of determining the ripplon
contribution to o,(T) a T > T, follows from Egs. (23)
and (24) and the data [1] (Fig. 4):

—0g(T) = 0,4(0) —0,(T) + o4(T). (25)
Since the superfluid transition temperature T, is not
specified for a4T), Eq. (23) isvalid a T > T,. However,
asseenin Fig. 4, thetransition through the T = T,, point
is highly critical to og(T). At T > T,, ripplons are
strongly damped because of a high viscosity n of nor-

mal Het. The ripplon damping constant y can be esti-
mated from the relationship betweeny, n, and the fluid

density p [16]: y = 2nK:/p. The characteristic heat
pulse ky is found from the condition zw(ky) = T, where
JETP LETTERS Vol. 78
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Fig. 3. (Solid line) Temperature dependence of the surface
tension o, determined from Eq. (24) for liquid He* and
(dotted line) the ripplon contribution to a4(T). Pointsarethe
datafrom [1].
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Fig. 4. Ripplon contribution og(T) to the surface tension
0y4(T), as determined on the basis of Egs. (23) and (25) and
the experimental datafrom [1].

w(kp) = oki /p. The smallness y(k;) < w(ky) ispossible
if the inequality
2n(Mgr

523 Chpld

(26)

isfulfilled.
For He*, the following criterion follows from
Eqg. (26):

N(T) T x4x10"<1, (27)

wheren,ising/(cms). Since n,(T) > 2 x 10-° for nor-
mal He?, inequality (27) doesnot hold for He* at T> T,



470

For liquid He?, asimilar inequality has the form
Ns(T) T x10°< 1. (28)

According to the experimental data[17] and the theory
[9], thedependencen; =n(T) a T < 2K isgiven by the
expression

1/3

Ns(T) = EZT—‘;S +175+ 2% 10° glom9).  (29)

It is seen from Egs. (28) and (29) that the thermal rip-
plonsin liquid He® are strongly damped at all tempera-
tures, and not only at T < Tg, where ng(T) ~ /T2 (29).
For this reason, the surface thermodynamics of liquid
He? isfully governed by the contribution of surfacelev-
elsat T< 2K (Fig. 2). For liquid He*, the ripplon con-
tribution to 0,(T) dominates at T < 1 K and becomes
insignificant at T > 2.5 K (Fig. 4). Note that the expla-
nation of the fact that the o, = 0,(T) dependence does
not fit the Atkinslaw (1) at T > 1 K because of the pres-
ence of aroton minimum in the ripplon spectrum [17]
is inconsistent with our positions. One can see from
Fig. 4that og~ T3 foral T<T,.

In conclusion, we have suggested a qualitative the-
ory of surface phenomenain liquid helium. The theory
isin avery good agreement with the results of a series
of excellent works [1-3] carried out in Japan and
explains for the first time the observed temperature
dependence of the surface tension of pure isotopes of
liquid helium.
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