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1. The low-energy theorems, playing an important
rolein the understanding of the vacuum state properties
in quantum field theory, were discovered amost at the
same time as quantum field methods were being
applied to particle physics (see, for example, Low the-
orems [1]). In QCD, they were obtained in the early
eighties [2]. The QCD low-energy theorems, being
derived from the very general symmetry considerations
and independent of the details of the confinement
mechanism, sometimes give information which is not
easy to obtain in other ways. Also, they can be used as
“physically sensible” restrictions in the constructing of
effective theories. Recently, they were generalized to
the finite temperature and chemical potential case [3,
4]. These theorems were used for the investigation of a
QCD vacuum phase structure in amagnetic field [5] at
finite temperature [6].

The investigation of the vacuum state behavior
under the influence of various external factorsisknown
to be one of the centra problems of quantum field the-
ory. Intherealm of strong interactions (QCD), themain
factors are the temperature and the baryon density. At
low temperatures, T < T, (T is the temperature of the
“hadron-quark—gluon” phase transition), the dynamics
of QCD isessentially nonperturbative and is character-
ized by confinement and spontaneous breaking of
chirad symmetry (SBCS). In the hadronic phase, the
partition function of the system is dominated by the
contribution of the lightest particles in the physica
spectrum. It iswell known that, due to the smallness of
pion mass as compared to the typical scale of strong
interactions, the pion plays a special role among other
strongly interacting particles. Therefore, for many
problems of QCD at zero temperature, the chiral limit,
M, — O, is an appropriate one. On the other hand, a

L This article was submitted by the author in English.

new mass scale emerges in the physics of QCD phase
trangitions, namely, the critical transition temperature
T.. Numerically, thecritical transition temperatureturns
out to be close to the pion mass, T, = M,T.2 However,
hadron states heavier than those of pions have masses
several times larger than T, and, therefore, their contri-
bution to the thermodynamic quantities is damped by
the Boltzmann factor ~exp{—M,/T}. Thus, the ther-
modynamics of the low-temperature hadronic phase,
T = M,, is described basically in terms of the thermal
excitations of relativistic massive pions.

In this paper, the low temperature relation for the
trace of the energy—momentum tensor in QCD with two
light quarks is obtained based on the genera dimen-
siona and renormalization-group properties of the
QCD partition function and on the dominating role of
the pion thermal excitationsin the hadronic phase. The
physical consequences of this relation, as well as the
possibilitiesto useit in thelattice studies of the QCD at
finite temperature are discussed.

2. For nonzero quark mass (m, # 0), the scaleinvari-
anceis broken already at the classical level. Therefore,
the pion thermal excitations would change, even in the
ideal gas approximation, the val ue of the gluon conden-
sate with increasing temperature.3 To determine this
dependence, use will be made of the general renormal-
ization and scale properties of the QCD partition func-
tion.

2 The deconfini ng phase-transition temperature is the one obtained
in lattice calculations; To(N; = 2) = 173 MeV and Ty(N; = 3) =
154 MeV [7].

3 At zero quark mass, the gas of massless noninteracting pions is
obviously scale-invariant and, therefore, does not contribute to
the trace of the energy—momentum tensor and, correspondingly,

2
to the gluon condensate E(Gﬁv) O
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The QCD Euclidean partition function with two
guark flavors has the following form (3 = 1/T)

B
2 = [10A] ] [Pdl[Dd expchm d xﬁBD. )

q=u,d

Here, the QCD Lagrangian is

= ——(Guv) + Z q[yp% )\ZA%-F qui|qv (2)

g=u,d

where the gauge-fixing and ghost terms are omitted.
Thefree-energy density isgiven by therelation BVF (T,
My, Myy) = —InZ. Equation (1) yields the following

expression for the gluon condensate ([G?(= E(GﬁV)ZD):

_ oF

The system described by the partition function (1) is
characterized by the set of dimensionful parameters M,

T, mpy(M), the and dimensionless charge gg (M), where
M is the ultraviolet cutoff. On the other hand, one can
consider the renormalized free energy Fg and, by using
the dimensiona and renormalization-group properties
of Fg, recast Eg. (3) in the form containing derivatives
with respect to the physical parameter T and renormal-
ized masses m,

[GT, Moy,

The phenomenon of dimensional transmutation
results in the appearance of a nonperturbative dimen-
sionful parameter

D

S)D (4)

N = MexpDJ’ B(O‘

where ag = g§/4n, and B(ay = da(M)/dInM is the
Gell-Mann—Low function. Furthermore, as it is well
known, the quark mass has an anomalous dimension
and depends on the scale M. The renormalization-group
equation for my(M), the running mass, isdinmy/dIinM =

~Vr» and we usethe MS scheme, for which f and y;, are
independent of the quark mass [4, 8]. Upon integration,
the renormalization-group invariant massis given by

s(M)
m, = ma(M)es | ys((aj)d g, )

wheretheindefiniteintegral isevaluated at a(M). Next
we note that, since free energy is a renormalization-
group invariant quantity, its anomalous dimension is
zero. Thus, Fg hasonly anormal (canonical) dimension
equal to four. Making use of the renorm-invariance of

AGASIAN

N\, one can write in the most general form

T My My

N A AD ©)
where f is some function. From Egs. (4), (5), and (6)
one gets

Fr = A*f

OFx _ 0Fs oA , < OFs_om, -
o(lgy)  9Na(ligy) 4 9Mad(L/go)
m, GS
amq2 :—4na§mqy J ). (8)
3(1/gp) B(as)

With account taken of Eq. (3), the gluon condensate is
given by

[G’(T, my, my)

_16maid 0 o O (9)
" Bao o Tar 2 Y Mig e
q

It is convenient to choose so large a scale so that one
can take the lowest order expressions, B(ay) —

~ba?/2m where b = (1IN, — 2N,)/3and 1 + vy, — 1.
Thus, we have the following equations for condensates

[GT)
3210 0 o0 . (10)
= —T% Ta_T_ mquFR——DFR,
oF,
@oT) = =—. (11)
om,

3. Inthe hadronic phase, the effective pressure, from
which one can extract the condensates [fgJ(T) and
[G?[(T) using the general relations (10) and (11), has
the form

Pet(T) = —€yac + Pn(T), (12)

where €, = %Buuﬂis the nonperturbative vacuum

energy density at T=0and
®, D———EGZD+ m, g0 13
p— q:zlm , [0 (13)

isthe trace of the energy—momentum tensor. In Eq. (12),
P,(T) isthe pressure of thermal hadrons. The quark and
gluon condensates are given by the equations

aP
m(T) = ——=, (14)
[GT) = f>Peﬁ, (15)
JETP LETTERS Vol. 74 No. 7 2001



LOW TEMPERATURE RELATION FOR THE TRACE

where the operator D is defined by the relation (10)

. 0
b = 3205, T—

o U
b O Zma_D

(16)
Consider the T = 0 case. One can use the low-energy

theorem for the derivative of the gluon condensate with
respect to the quark mass[2],

9 = Id“x [G*(0)gq(x)0

om,
- —96—"2 o0+ O(my),

(17)

where O(m) stands for the terms linear in light-quark
masses. Then one arrives at the following relation

0€ya b 0
= ——— — [GT+7 quD
om 6m
" 1281'[2 (18)
= - EﬂqD+ EﬁqD = [go!

Note that three fourths of the quark condensate stem
from the gluon part of the nonperturbative vacuum
energy density. Along the same lines, one arrives at the
expression for the gluon condensate

-De,, = [GT (19)

In order to get the dependence of the quark and
gluon condensates upon T, use is made of the Gell-

Mann—-Oakes-Renner (GMOR) relation (= = |l =
| fddd)
F2M2 = —%(mu +my) [hu+ddd = (m, +my)Z. (20)

Then we can find the following relations

0 > 0
— = =—, 21
om,  F2Mm> @)
0 _ Z 0 _ 2o
%mq(a_rnq - (mu+md)FiaM121 - M]‘[aMi’ (22)
_ 321’ 19 20D (23)

. .
b oT GM;[E

Within the framework described above, one can
derive the thermodynamic relation for the quantum
anomaly in the energy—momentum tensor of QCD. At
low temperature, the main contribution to the pressure
comes from the thermal excitations of massive pions.
The genera expression for the pressure reads

P. = T'o(MJT), (24)
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where ¢ isafunction of theratio M,/T. Then thefollow-
ing relation isvalid
2 aPn

9
%_Tﬁ "amZ

With account taken of Egs. (14), (15), (18), (22), and
(25), one gets

Ao = —Z%T, AGT = 3—2T[2M26P

q b aMn
where A (o = [} — o0 and AG?(= [G*F —

(G20 In view of Eq. (22), one can recast Eq. (26) in the
form

nv;tﬂ n- (25)

(26)

3217

AEGD———Z myA [ 27)

Let us divide both sides of Eq. (27) by AT and take the
limit AT — 0. Thisyields

oG _ 321 d oo
aT b 2™ T (28)
q
This can be rewritten as
o8y _ 908,00 29)

oT oT '
where

®,0= z m, (o0 and

g=u,d
0%,0= @ (y)/16mc’) [GT

are, correspondingly, the quark and gluon contributions
to the trace of the energy—momentum tensor. Note that
in deriving this result use was made of the low-energy
GMOR relation, and, therefore, the thermodynamic
relations (28) and (29) are valid in the light quark the-
ory. Thus, in the low-temperature region, where the
excitations of massive hadrons and interactions of
pions can be neglected, Eq. (29) becomes a rigorous
QCD theorem.

As was mentioned above, the pion plays an excep-
tiona role in the thermodynamics of QCD due to the
fact that its massis numerically close to the phase-tran-
sition temperature, while the masses of heavier hadrons
are several times larger than T.. This was the reason
why the role of massive states in the low-temperature
phase was not considered in this paper. This question
was discussed in detail in [9]. It was shown there that,
at low temperatures, the contribution to Qg gener-
ated by the massive states is very small and less than
5% if Tisbelow 100 MeV. At T = 150 MeV, this con-
tribution is on the order of 10%. The influence of ther-
mal excitations of massive hadrons on the properties of
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the gluon and quark condensates was also studied in
detail in [10], within the framework of the conformal
nonlinear ¢ model.

4. 1t was shown that the temperature derivatives of
the anomal ous and normal (quark massive term) contri-
butions to the trace of the energy—momentum tensor in
QCD with light quarks are equal to each other in the
low-temperature region.

Let us consider some physical consequences and
possible applications of this relation. To this end, we
introduce the function

0

0y(T) = 3T ®,, — 6,0
As was stated above, the function dy(T) at low temper-
aturesis close to zero with good accuracy. In the vicin-
ity of and at the phase-transition point, i.e., intheregion
of nonperturbative vacuum reconstruction, this func-
tion changes drastically. To see it, let us first consider
pure gluodynamics. It was shown in [11], using the
effective dilaton Lagrangian, that gluon condensate
decreases very weakly with an increase in temperature
up to the phase-transition point. This result is physi-
cally transparent and is the consequence of Boltzmann
suppression of thermal glueball excitations in the con-
fining phase.

Further, in works [12] the dynamical picture of
deconfinement was suggested on the basis of the recon-
struction of the nonperturbative gluonic vacuum.
Namely, confining and deconfining phases, according
to [12], differ, first of dl, in the vacuum fields, i.e., in
the value of the gluon condensate and in the gluonic
field correlators. It was argued in [12] that color-mag-
netic (CM) correlators and their contribution to the con-
densate are kept intact across the temperature phase
transition, while the confining color-electric (CE) part
abruptly disappears above T.. Furthermore, there exist
numerical | attice measurements of field correlators near
the critical transition temperature T, made by the Pisa
group [13], where both CE and CM correlators are
found with good accuracy. These data clearly demon-
strate the strong suppression of the CE component
above T, and the persistence of CM components. Thus,

the function &g(T)gp =0 EBﬁpDIOT can be presented asa
o function smeared around the critical point T, with the

width ~AT, which defines the fluctuation region of
phase transition.

A similar but more complicated and interesting sit-
uation takes place in the theory with quarks. The func-

(30)
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tion &y(T) contains the quark term proportional to the

chiral phase-transition order parameter [gg(T). So, it
isinteresting to check the relation (29) and to study the
behavior of the function & (T) in the lattice QCD at
finite temperature. It will allow oneto test both the non-
perturbative QCD vacuum at low temperatures in the
confining phase and to extract additional information
on the thermal phase transitionsin QCD.

| am grateful to A.B. Kaidalov, V.A. Novikov,
Yu.A. Simonov, and A.V. Smilgafor useful discussions
and comments. This work was supported by the Rus-
sian Foundation for Basic Research (project no. 00-02-
17836) and INTAS (grant no. 110).
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The propagation of a soliton pattern through one-dimensional medium with weakly disordered dispersion is
considered. Solitons, perturbed by thisdisorder, radiate. The emergence of along-rangeinteraction between the
solitons, mediated by the radiation, isreported. Basic soliton patterns are analyzed. Theinteraction istriple and
is extremely sensitive to the phase mismatch and relative spatial separations within the pattern. This phenome-
non isageneric feature of any problem explaining adiabatic evolution of solitonsthrough amedium with frozen

disorder. © 2001 MAIK “ Nauka/lInterperiodica” .
PACS numbers: 42.65.Tg; 42.81.Dp

We consider long-range soliton interaction medi-
ated by radiation in nonlinear 1d system with frozen
disorder. The problem is of agreat importance for non-
linear fiber optics of the next generation (see, e.g., [1,
2]), and it isalso of general relevancefor any of thetra-
ditional fields, like plasma physics, where propagation
of solitary wavesis possible. Our aim here isto answer
the following sets of fundamental questions:

What statistics describe the radiation emitted due to
disorder by a single soliton or a pattern of solitons?
How far do the radiation wings extend from the peak of
the soliton(s)? What is the structure of the wings?

How strong is the radiation mediating interaction
between the solitons? How is the interaction modified
if we vary the soliton positions and phases within a pat-
tern of solitons?

We focus on the dynamics of wave packets. The uni-
versal coarse-grained description of a wave packet
envelope is given by the nonlinear Schrédinger equa-
tion (NLS) [3-5]. We consider the 1d problem moti-
vated mainly by applications to fiber optics [6]

10,y +d(z)07y +2/y|’y = 0. )

The medium (fiber) is imperfect; i.e., various macro-
scopic characteristics of the fiber fluctuate in space.
Fluctuations of the dispersion coefficient, d, are
believed to be one of the major sources of disorder
present in real fibers[7]. This disorder isfrozen; i.e., d
is arandom function of z. We assume that d fluctuates
on short spatial scalesand that thefiber ishomogeneous
on larger scales. The averaged value of d is a constant,
which can be rescaled to unity by changing the units

L This article was submitted by the authorsin English.

of t. Oneobtainsd = 1 + &(2), where [§[0= 0. According
to the Central Limit Theorem [8], ¢ at scaleslarger than
the correlation length can be treated as a homogeneous
Gaussian random process with zero mean and

described by the quantity D = Idz[.f(z)&(z‘)[l whichis
the noise intensity. The pair correlation function of € is

[(£(z))&(z)0 = D(z,-2). )

We assume that the disorder isweak; i.e., D < 1.

At z = 0, a sequence of well-separated solitons is
launched. In an ideal medium (§ = 0), each of the soli-
tonsis preserved dynamically gaining, according to the
exact single-soliton solution of Eq. (1), only amultipli-
cative phase factor. Because the medium is imperfect,
the solitons, perturbed by impurities, shed radiation.
The first problem is to describe the radiation. The soli-
ton looses energy shedding radiation. Another problem
is to describe the degradation of a single soliton. The
tails of different solitons interfere with each other,
forming acollective background. This fluctuating back-
ground affectsall solitons. It resultsin the emergence of
along-range effective intersoliton interaction, which is
the final (but not the least) problem to be addressed.
The long-range interaction dominates the direct inter-
action due to overlapping of soliton tails, as this direct
interaction decays exponentially with separation [9,
10]. The emergence of the long-range interaction
between the imperfect solitonsin the pure (§ = 0) NLS,
mediated by the emitted radiation, was noted in [11].
The description of the calculation details, only briefly
explained here, will be published el sawhere.

To examine the effects, one should separate the
degrees of freedom explaining solitons themselves and

0021-3640/01/7407-0357$21.00 © 2001 MAIK “Nauka/Interperiodica’



358

their continuous spectrum (radiation). For asingle soli-
ton, this can be done as follows

exp[la +ipt-y)l ,
D cosh[n(t-y)]

g = nexpﬂjn dz] VE’ 3)

where the four variables n(2), a(2), y(2), B(2) are the
amplitude, phase, position, and the phase velocity of
the soliton, respectively, and v(t; 2) stands for the con-
tinuous spectrum. The function v can be expanded in a
complete set of delocalized eigenfunctions of the
unperturbed (§ = 0) NLS Eq. (1) linearized on the back-
ground of the perfect soliton [12, 13]. The continuous
spectrum is separated by a gap in frequency from the
four zero modes, associated with variations of n, a, vy,
. The zero modes are localized in t. If D is finite but
small, the four parameters vary dowly with z, in con-
trast to thefast fluctuations of v, which arealso small in
amplitude. The separation of the slow and fast variables
is the heart of the adiabatic approximation [12-16],
which we explore here.

For a single soliton, the parameters y and 3, which
are assumed to be zero initially, cannot change due to
thet — —t symmetry of Eq. (1). Thus, only two out of
four soliton variables, n and a, evolve. The phase a is
influenced by the noise & directly, d,a = —, whereasn
is affected by the noiseindirectly, through the radiation
shed by the soliton. Substituting Eq. (3) into Eg. (1) and
keeping terms only linear in v and §, one arrives at an
inhomogeneous equation for v with a source term pro-
portional to &. The source is localized on the soliton.
Solving the equation and averaging the result over the
statistics of &, one deduces the expression

Eﬂvlzl} el In[zn} (%)

valid for zn > t > 1. Eq. (4) describes the extended
radiation tails shed by the soliton due to medium imper-
fectness. One observes a very slow decay of the radia-
tion intensity in t. Equation (4) applies at any large z
(the soliton is always well distinguishable from the
radiation). To disclose the z dependence of ), one can

use the conservation of the integral I dtjyl®, 2n +
J’dtr]2|v|2 = 2. It shows that variations of n emergein

the second order in v. At z> 1, the quantity Idtlvlz is

self-averaged. Therefore, |v [ in the integral relation
can bereplaced by itsaverage value, whichisafunction
of n, according to Eq. (4). The result is a closed equa-
tion for n, and, finally, the solution

n(z) = (1+8Dz3)™". (5)

One concludes that the shedding soliton amplitude, n,
remains unchanged until z, reaches the scale z, = 1/D.

CHERTKOV et al.

Let us proceed to the multisoliton case. A qualita-
tively new effect, associated with interaction of the
shedding solitons through their radiation, emerges here
(the effect can be compared with the van der Waals
interaction, although the later is mediated by virtual
photons whereas the intersoliton interaction is due to
real radiation). The soliton positions are the first among
other soliton parameters to be affected by the interac-
tion. An essential changein the positions takes place at
scales much shorter than z,, where the soliton ampli-
tudes are unchanged (still z > 1). This enables us to
seek a solution of Eq. (1) in the form

explidy + iBm(t—ym)] .
cosh[t —y,] VE’ ©)

where each term in the sum corresponds to a soliton,
and v describes the continuous spectrum. One can
derive equations for the soliton parameters, o, B Vi
making use of the adiabatic approximation. The contin-
uous spectrum is to be studied by substituting Eg. (6)
into Eg. (1), and its subsequent linearization with
respect to v and &. Equations for the soliton parameters
are derived from Eq. (1) in the second order in v. Fur-

O
g = eXIO(IZ)E%

thermore, as in the single-soliton case, [dt|v|® is self-

averaged, and therefore can be replaced by its noise
average, which is a function of the soliton parameters.
The resulting equations describing the slow dynamics
of B,andy,, are

0Ym = 2Bm, OB = Fi (7)

D _

Fr = 35 3 COS(0; =) (Y +Yo=2yw) ", (®)
Ln

where the j = n = m contribution has to be excluded
from the sum. It is assumed in Eq. (8) that all thetriple
combinations, |y, + Y, — 2yy|, arelarge. The phase veloc-
ities, B, which are zero initialy, remain small, ~Dz < 1,
and their effects on the continuous spectrum can be
neglected. In spite of this smallness, the 3 termsin the
equation for y give the major, O(Dz), contribution
(dominating the one proportional to |v |2 ~ O(D), omit-
ted in Eq. (7) for ). The direct contributions from the
noise to the absolute phase, which is O(§), cancd out
from the phase differencesin Eq. (8). Other changesin
the phases are not essential for z < 1/D.

The two-soliton version of Egs. (7), (8) reads
2, - TD
0,X = 18X(l + 4cosa), 9

where a = a,; — 0, is the phase mismatch between the
solitons and x = y, — y; stands for their relative separa-
tion. Eq. (9) describes the long-range interaction
between the solitons. The a dependencein Eq. (9) orig-
inates from the interference of the radiated waves with
the same wavelengths, moving in opposite directions

JETP LETTERS  Vol. 74
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(in other words, joint radiation of the system of two
solitonsis not just a sum of the two single-soliton con-
tributions). Notice that similar interference leads to the
Anderson localization in 1d random media [17]. The
sign of the interaction is controlled by the phase mis-
match a: solitons repel each other if 0 < Ja| < o, =
1.823, while o, < |a| < 1t corresponds to the solitons
attraction. The picture is opposite here to the one
explaining the direct interaction of solitons, where the
attraction at a = 0 changesto repulsion at a = 11[9, 10].
The solution to Eq. (9) with the condition d,x(0) =0 is
given by

X(0)Erfi{ /In[x/x(0)]} = z./(1+ 4cos(a))D/9, (10)

where Erfi is the imaginary error function. One finds
that X changes on the order of itsinitial valueat z~ z,; =

x//D. Therefore, the scale separation, z, < z,,
assumed in the derivation of Egs. (7)—(10), isjustified.

The intersoliton interaction, described by Egs. (7),
(8), is triple. One may expect that a new physics,
missed in the consideration of a soliton pair, would
show itself in the more complex three-soliton case. A
special, extremely long-range, resonant interaction is
indeed emerging hereif thetriple combination, y =y, +
Y3 —2Y,, isO(1), in spite of the fact that all the pair sep-
arations, X, = Yy —Y;, inthetriad arelarge, || > 1. The
resonant contribution to the intersoliton force (8), act-
ing on the soliton positioned at v,, is given by

]

D, s e
18 J’coshZ(T[q/Z)Sinh(T[Q)’

0

F

(11)

where the ordering, y; <Y, < Vs, is assumed. At X5 >
y ~ 1, the resonant term, which is O(1), dominates the
nonresonant one, which is O(1/x). The dependence of
the resonant force on y for different values of the phase
mismatch a = a; — ag is shown in the figure. One
observesthat the middle soliton (positioned at y,) is sta-
ble [F'(y) is negative at the node position y,, given by
F(yy) = Q] if |a| < 172, and unstable otherwise. The sta-
bility implies dynamical oscillations of the middle soli-
ton around the stable node y,, with a period in z esti-

mated by z,,. ~ 1/./D . The period of the oscillations is

still much shorter than z,, ~ X,3/ /D , Where the size of
the triad (X;5) changes on the order of itsinitial value.
At z~ z,, the triad extends (or contracts, depending on
the phases) as a whole under the action of the ~1/x;5
interaction, still keeping the relative positions of the
solitons within the triad intact. The unstable case,
which takes place if /2 < |a| < 1, corresponds to the
uncertainty of the relative positions of solitons within
the triad at z ~ z,,.. The figure aso shows that the posi-
tion of the node y, depends on the phase mismatch a.

In the multisoliton case, the dynamics of the pattern
is controlled by Egs. (7) and (8), provided all denomi-
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nators are large. However, resonant configurations are
possible here as well. Each of the configurations corre-
sponds to a set of three solitons positioned according to
Y1 +Y;— 2y, = O(1). The other solitons displayed inside
the resonant pattern (in between y, and y;) do affect the
resonant interaction; i.e., it changes the force acting on
the soliton positioned at v,. If the difference between
the number of solitons in between vy;, y,, and V,, Vs,
respectively, isn, theexpression (11) ismodified viathe
multiplier, [(q +i)/(q—i)]?", inserted into the integrand.

Let us summarize the fundamental features of the
interaction between the solitons through their radiation
induced by disorder. First of all, the weakness of disor-
der, D < 1, alows usto reduce the original field prob-
lem, given by Eq. (1), to the N-body one, described by
Egs. (7) and (8). Also, in spite of the stochastic nature
of the origina problem, the N-body problem is deter-
ministic. This is a consequence of the self-averaging
nature of the radiation intensity, |v [>. Second, the inter-
action between the solitons through their radiation is
not pairwise. It is seen, in particular, through the triple
character of the force F,, driving the (3, change in
Eq. (7) [each term in Eq. (8) corresponds to a contribu-
tion from a triad of solitong]. Third, the interaction in
Eqg. (8) for x> 1 is generically algebraic, i.e., long-
range. Fourth, not all the triple configurations contrib-
ute O(D/x) into F,,,; contribution from a resonant triad
withy =y; +y,—2y,,~ 1isO(D). Findly, theinteraction
isvery senditive to the soliton phases.

From the point of view of fiber optics applications,
the effect of the mutual interactions of the shedding
solitons mediated by their radiation isreally strong and
potentially destructive (the major requirement hereisto
preserve relative separations between solitons, which
are bits of information, and not to allow the solitons to
leave their alocated time slots). However, there exists
another side of the analysis which may actually help to
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cure the problem. The dynamicsis very sensitive to the
values of the relative phases and positionsin the soliton
sequence, and there is certainly a great potential for
reducing the intersoliton forces by calibrating the posi-
tions (within the allocated slots) and phases of the soli-
tons.

Another, radical (pattern-independent) way to
improve characteristics of propagation through noisy
lines, caled the pinning method, was suggested
recently in [18]. The ideais to pin the integral disper-

sion, fdz&, to zero by inserting periodically short

spans of fiber with carefully controlled dispersion. Let
us now briefly explain how the pinning affects the phe-
nomenon introduced in this paper. The pinning is effec-
tive if the pinning period, I, is shorter than all other
scales; i.e., if | < 1. Then, onthelarger scales, the effec-
tive noise, &, is described by

2
Epn(2)En(2)1 = 38"z -2).  (12)
Pinning of the noise leads to modification of the soliton
degradation law (5), Ny, = (1 + 64DI?2/315)°, The
interaction of solitons is reduced by pinning. It is dis-
played through renormalization of D, D — DI?n%3in
Eq. (4), and D —= DI#3in Egs. (7) and (10).

Let us emphasize that the phenomenon described in
this paper is generic. Regardless of whether it is addi-
tive or multiplicative frozen (t-independent), noise
stimulates the shedding of radiation by solitons, which,
in turn, mediates a long-ranged interaction between
solitons. This long-ranged triple, and nonrandom char-
acter of theinteraction, aong with the sensitivity of the
phenomenon to phases are generic features of any prob-
lem explaining the adiabatic evolution of solitonsin the
presence of induced radiation. However, if spatiotem-
poral (short-correlated both in t and z) noise is consid-
ered, the radiation effect, equivalent to the one consid-
ered in the letter, ismasked by ajitter in relative soliton

positions, dy? ~ D 22 [19-21], where D measures the
intensity of the noise. Different solitons jitter indepen-
dently; i.e., fluctuations of intersoliton separations are
described by the same dy. This spatiotemporal jitter is

effective at the scales, ~D°, where the long-range
interaction of solitons mediated by radiation (a phe-
nomenon equivalent to the one considered in this paper)
is till not essential.

The algebraic, ~1/x, character of the interaction is
closely related to the reflectivel essfeature of the contin-
uous radiation scattering on the soliton. However, the
scattering becomes reflective in some nonintegrable
generalizations of Eq. (1) that are of physical impor-
tance. The reflectivity leads to essentia changesin the
properties of the radiation and of the intersoliton inter-
action. The reported stochastic phenomena (along with
others of the kind caused by random birefreingence of

CHERTKOV et al.

the fiber [22] and multichannel interaction)2 plays an
important role in fiber communications.

We conclude this paper by brief discussion of real
world parameters which would lead to the practical
observation and system impact of the predicted effects
in fiber optics communication. It was reported in [7]
that fluctuations of the dispersion coefficient in a sam-
ple of the “dispersion shifted” fiber are on the order of
its average value, i.e., ~1 ps/nm km, while the typical
scale of the variations in dispersion is estimated from
above by 1 km (the actual correlation scaleis, probably,
defined by linear dimensions of the devices used in the
fiber production; i.e., it is somehow shorter, ~100 m).
Therefore, for the pulse width of ~7 ps (that corre-
sponds to a 28 Gh/s single-channel transmission rate)
and the pulse period of ~50 km, D isestimated by 1073—
102 Then, the soliton interaction is seen at z,,, ~ (2000—
5000) kmif solitons are separated by five soliton width.
Notice, however, that a decrease in the pulse width by a
factor of g (correspondent to the factor q increase of the
transmission rate) leads to the g decrease in z.
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An evolutionary theoretical model is developed that describes dust ion-acoustic shock waves in dusty plasma
consisting of ions (treated in the hydrodynamic approximation), Boltzmann electrons, and variable-charge dust
grains. Account is taken not only of ionization, absorption, momentum loss by electrons and ionsin collisions
with dust grains, and gas-kinetic pressure effects but also of the processes peculiar to laboratory plasmas. It is
shown that the model is capable of describing all the main experimental results on dust ion-acoustic shock
waves[Q.-Z. Luo et al., Phys. Plasmas 6, 3455 (1999); Y. Nakamura et al., Phys. Rev. Lett., 83, 1602 (1999)].
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The problem of shock waves occupies an important
place in present-day physics of dusty plasmas. Shock
waves in adusty plasma have specific features that dis-
tinguish them from ordinary collisional and collision-
less shock waves and are attributed, in particular, to the
anomalous dissipation originating from dust grain
charging. In dusty plasma, anomalous dissipation sug-
geststhe possihility of existence of anew kind of shock
waves, which are collisionlessin the sense that they are
insignificantly affected by electron-ion collisions.
However, in contrast to classical collisionless shock
waves, the anomal ous dissipation due to dust charging
involves interaction of the electrons and ions with dust
grainsin the form of microscopic electron and ion cur-
rentsto the grain surfaces. That dust ion-acoustic shock
waves assaciated with anomal ous dissipation can actu-
ally exist was proved analytically in [1]. The dust ion-
acoustic mode in a dusty plasma is analogous to the
ion-acoustic mode in a conventional two-component
electron—on plasma The difference in their dispersion
proprietiesisexplained as being dueto the effects pecu-
liar to dusty plasmas (processes at the grain surfaces,
fluctuations of the grain charge, recombination of elec-
trons and ions, etc.). Dust ion-acoustic shock waves
were observed for the first time in laboratory experi-
ments at the University of lowa (USA) [2] and at the
Institute of Space and Astronautical Science (Japan)
[3]. Experiments on shock waves in dusty plasmas are
being conducted in anumber of major research labora-
tories throughout the world. There are also plans to
carry out such experiments during the mission of the
International Space Station. In this context, one of the
most urgent tasks is to develop theoretical models that
will adequately describe the relevant experiments.
Here, we construct a theoretical model for describing

dust ion-acoustic shock waves and compare theoretical
conclusions with the experimental data.

Let us briefly formulate the main experimental
results. The experiments carried out by Luo et al. [2]
with the Q-machine showed that:

(i) Dust ion-acoustic shock waves are generated at
sufficiently high dust densities (under the experimental
conditions of [2], at dust densities such that eZ,, =
NgoZqo/Nip 2 0.75, where gy = —Z e isthe grain charge, —e
isthe electron charge, nyisthe dust density, n; istheion
density, and the subscript O stands for the unperturbed
plasma parameters). In [2], the conclusion about the
formation of a shock wave was drawn from the fact that
the perturbation front steepens as time elapses. At suf-
ficiently low dust densities, the perturbation front does
not steepen but instead widens.

(if) When the shock wave structure has formed, the
shock front width A is described by the following the-
oretical estimate, which is based on the model devel-
opedin[1]:

A& OMcyvy, (@)
where Mc; is the speed of the shock-wave structure, M
is the Mach number, ¢, = ./T./m is the ion acoustic
speed, v, = Wy a(L + 2y + T/T)//2mv+, is the grain
charging rate, wy,; = m istheion plasmafre-

guency, m is the mass of anion, ais the grain radius,
z= Z4aT,, Ty, is the electron (ion) temperature, and

v5 = J/T;//m istheion thermal velocity.

(iii) The velocity of the dust ion-acoustic waves
increases considerably with increasing eZy,.

0021-3640/01/7407-0362$21.00 © 2001 MAIK “Nauka/Interperiodica’
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(iv) In experiments with a double plasma device,
Nakamura et al. [3] revealed that the most important
feature of ion acoustic waves in a dusty plasmais the
following. In the absence of dust, the effect of the elec-
tron and ion charge separation gives rise to oscillations
in the shock wave profile in the vicinity of the shock
front, while the presence of dust suppresses these oscil-
lations.

Hence, in order for a theoretica model to ade-
quately describe shock-wave structures in dusty plas-
mas, it should be capable of explaining the above main
properties of shock waves under the conditions of the
relevant experiments. For this purpose, we modify the
so-called ionization source model [4, 5] in the follow-
ing way. In [4, 5], the ionization source term was cho-
sen to correspond to conventional electron impact ion-
ization of neutrals (asistraditionally donein describing
dusty plasmas) and, accordingly, was proportional to
the electron density. However, in the laboratory experi-
ments of [2], a hot (~2000-2500 K) plate installed in
the end region of the machine was irradiated with a
beam of cesium atoms, so that cesium ions in the
plasma were produced through ionization of cesium
atoms at the plate surface. In the experiments of [3], the
electron mean free paths were so long that the neutrals
were ionized presumably in collisions with the wall.
Thus, under the experimental conditions of [3] [the par-
tial pressure of aneutra gas (argon) is (3-6) x 10 torr
and the electron temperature is T, = 0.1 eV], the elec-
tron mean free path with respect to electron—neutral
collisions is on the order of 10* cm, which is much
larger than the length of the device (90 cm) and its
diameter (40 cm) [6]. Consequently, under the experi-
mental conditions of [2, 3], the ionization source term
in the evolutionary eguation for the ion density should
be independent of the electron density. Additionally, in
contrast to the model of [4, 5], we take into account the
effect of the gas-kineticion pressure on the evolution of
the dusty plasma.

Hence, in planar geometry, the evol ution of apertur-
bation and its transformation to a nonlinear wave struc-
ture are described by a set of nonlinear equations that
differs somewhat from the set presented in [4, 5] and
consists of the following equations:

(&) The evolutionary eguations for the ions,

0 +0,(Niv;) =V +§, 2
a,(n; v-) +0,(nv?)
= ——6X¢ —Vng v, )
and a Boltzmann distribution for the electrons,
Ne = Neo€XP 5”;"’5 @
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Here, v, istheion velacity, n, is the electron density,
S istheionization source intensity (its valueis chosen
so that it exactly cancels the term describing the
absorption of ions by dust grains in an unperturbed
dusty plasma), ¢ is the electrostatic potential, the rate
V¢ a which theions are absorbed by the dust grainsis
equal to

_ Zgod (Ti/Te+ 2p)
Vo SV d (L Tt z) O

d = ng/ny, the rate v at which the ions lose their
momentum as a result of their absorption on the grain
surfaces and their Coulomb collisions with the grains
has the form

Z4od
YT+ Zad) 21+ T T+ 29)

vV =
(6)
4T, ZZOT
3T, 3T 3T, /\D

=In(Api/max{a, b}) isthe Coulomb logarithm, Ap; is
theion Debye radius, and b = Z,€?/T,. Expressions (5)

and (6) arevalid in therange v;/c;< 1;
(b) Poisson’s equation for the el ectrostatic potential,

05d = 4Te(ne + Zgng—ny); (7)

(c) The evolutionary equation for the dust grain
charge,

0:dq = le(dg) + 1i(da). (8)

Here, the electron and ion microscopic currents to the
grain surface, 1.(qy) and I-(qd) are represented as

2 BT Cfdd]
l,=—ma e meD n eXanT il 9
T > O v2O
I; = [a Vvyen, 2expE}——D
2 0 2vi0
viO v? 2eq0 O v, O (9
+A/2n7_‘[1+—2— suerf3 a1,
0 vi amvi0 0/2v(0

where m, is the mass of an electron and erf(x) is the
error function.

Below, the agreement of the conclusions of the the-
ory developed here with the main experimental results
(i)—(iv) will be tested by comparing the theoretical pre-
dictions from Egs. (2)—(10) with the experimental data
of [2, 3]. Note that Nakamura et al. [3] attempted to
describe their experimental results on the basis of the
Korteweg—de Vries—Burgers (KdV B) equation with the
dissipative viscosity coefficient proportional to theion—
grain collision rate (seedso [3, 7]). However, in aclas-
sical approach to describing dusty plasmas (see, e.g.,
[8]) by Eg. (8) for dust grain charging, it is impossible
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Fig. 1. Time evolutions of the ion density (heavy curves) at
different distances from the grid for €Zyy = (a) 0 and

(b) 0.75. The remaining parameters of the plasmaand of the
perturbation are as follows: T, =T, = 0.2 eV, njg = 1.024 x
107 cm3, 2= 0.1 pm, Ax = 25 cm, and An;/njp = 2. Thelight
curves show the widening of the wave front (at €Zyq = 0)
and its steepening (at £Zyo = 0.75), which agrees with the
experimental data of [2].

to derive the general hydrodynamic equation that
describes the evolution of the ion momentum and con-
tains the viscosity term in conventional hydrodynamic
form (the KdVB equation used in [3, 7] was derived
precisely from this general equation).

Now, we test our theoretical model against the
experimenta results (i)—(iii), which were obtained in
[2]. To do this, we use Egs. (2)—(10) to trace the evolu-
tion of arectangular initial perturbation in the ion den-
sity profile under the conditions of those experiments.

POPEL et al.

In[2], the experiments were carried on a Q-machine
modified so that the dust component of the plasma
would be easier to produce. The parameters of the dusty
plasma were as follows: T, = T, = 0.2 eV, n,y ~ 105
10’ cm3, and a ~ 0.1-1 um. The parameter €Zy, =
NgoZao/ Nio ranged between 0 and 0.95. A study was made
of the evolution of arectangular perturbation in theini-
tial ion density profile. The perturbation was initiated
by agrid held at an electrostatic potential of about -6V
with respect to the potential of the hot plate. The width
of theinitial perturbation was about 25 cm.*

We have aready mentioned that, in the experiments
of [2], acesium vapor plasma (containing Cs' ions) was
created through surface ionization. In other words, a
cesium atom striking the hot plate becomes ionized.
The newly produced cesium ion flies away from the
plate at a certain directed velocity. Hence, we can
expect the ion flux to be generated in the immediate
vicinity of the plate. Theintensity of theion flux and its
density are strongly sensitive to the plate temperature.
In calculations, this dependence was modeled by
imposing the corresponding boundary condition at the
surface of the hot plate (anal ogousto the related bound-
ary condition in the surface evaporation problem [9])
under the following assumptions:

(a) at the plate surface, not only are the atoms ion-
ized, but also the inverse process takes place—surface
recombination of the ions that strike the plate;

(b) al theions striking the plate recombine;

(c) at theinitia instant (just before the perturbation
starts evolving), the ionization and recombination pro-
cesses arein dynamic equilibrium; i.e., theion gastem-
peratureis equal to the plate temperature and the inten-
sity of the flux of the ions that strike the plate and
recombine isthe same as the intensity of the flux of the
ions that fly away from the plate surface; and

(d) the ions flying away from the plate obey a Max-
wellian distribution function with a temperature T,
equal to the plate temperature, the directed ion velocity
is zero, and the ion density is always equal to theinitial
density of the ion gas.

During the evolution of the initial perturbation, the
ionsin the vicinity of the plate acquire adirected veloc-
ity v;, so that the ion density n, changes. The directed
ion velocity and ion density are calculated from the
conservation conditions for the ion flux from the plate
surface and ion momentum flux. Asat theinitial instant,
theions are assumed to obey aMaxwellian distribution
function, which now corresponds to a nonzero directed
ion velocity and an ion density different from the initial
ion density near the plate surface.

Our calculations were based on the computational
method developed in [5] in order to investigate the evo-
lution of theinitial perturbation in a dusty plasmawith
variable-charge dust grains. We used the following val-

1R.L. Merlino, private communication (2001).
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Fig. 2. Dependence of the perturbation front velocity (nor-
malized to its value in the absence of dust) on €Zyy. The

crosses refer to the experimental points obtained in [2] and
the calculated results are represented by the closed circles.

ues of the plasma parameters:. the electron and ion tem-
peratures were equal to one another, T, =T, = 0.2 &V,
the background ion density nj, = 1.024 x 10’ cm3 was
the same for all series of simulations; the grain radius
wasa = 0.1 um; the width of the rectangular initial per-
turbation was Ax = 25 cm; and the excess initia per-
turbed ion density above the background ion density in
the remaining unperturbed plasmawas An;/nj, = 2 (see
Fig. 2in[2]). The calculations were carried out for dif-
ferent values of the parameter £Z,.

InFig. 1 (whichisanalogousto Fig. 2 from [2]), we
illustrate the time evolution of the ion density at differ-
ent distances from the grid. The time evolutions (heavy
curves) were calculated for €Zy, = (a) 0 and (b) 0.75.
The light curves show the widening of the wave front
(at €24 = 0) and its steepening (at €Z;, = 0.75). This
agrees with the experimental datafrom [2]. Note that it
is the above boundary condition that allowed us to
numerically capture the effect of the widening of the
wave front in the absence of dust.

The extent to which the shock front widens was cal-
culated to be A&/Mc, ~ 0.3 ms (see Fig. 1b), which cor-
respondsto that observed experimentally (seeFig. 2bin
[2]) and also to estimate (1), obtained using the theoret-
ical model of [1].

Theinitial perturbation evolvesin such away that its
front velocity V, becomes nearly constant about 1 ms
after it starts propagating through the background
plasma. Figure 2 shows the dependence of the perturba-
tion front velocity (normalized to its value in the
absence of dust, € = 0) on the parameter €Z,,. For com-
parison, we also plot the experimental points (crosses)
taken from Fig. 5in [2]. The calculated results are rep-
2001
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Fig. 3. Time evolutions of the ion density at different dis-
tances from the grid for ngo = (@) 0 and (b) 1.46 x 10* cm™3,
The remaining plasma parameters are as follows: T, =T =
15 eV, njg =23 x 108 cm 3, and a = 4.4 um. Like in the
experiments of [3], the oscillationsin the shock wave profile

that are caused by the electron and ion charge separation are
suppressed by the dust.

resented by closed circles. The agreement between the-
ory and experiment is quite good.

Now, we test our theoretical model against the
experimental result (iv), which wasobtained in[3]. The
experiments described in that paper were carried out
with a double plasma device, which was modified so
that the dust component was present in the plasma. The
parameters of the dusty plasmawere asfollows: T,= 1—
15eV, T,<0.1eV, ng ~10°-10°cm3, and a= 4.4 um.
The unperturbed dust density ny, was varied from 0 to
about ~10° cm3, Dust ion-acoustic shock waves were
excited by applying a triangular voltage pulse with a
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peak amplitude of 2.0V and arise time of about 10 us
to the driver anode.

The calculations were carried out for different dust
densities and for the following parameter values: T, =
T,=15¢€V, n = 2.3 x 108 cm 3 (the ion background
density was the same for all series of simulations), and
a=4.4 um. The width of the perturbation (Ax = 20 cm)
and its shape were determined self-consistently, in
accordance with the method for exciting a shock wave.
It should be noted that Nakamura and Bailung [6] com-
pared the theoretical and experimental potential differ-
ences between the grains and the plasma under essen-
tially the same conditions as those prevailing in the
experiments of [3]. They found that, although the ion
temperature in those experiments was significantly
lower than the electron temperature (T, < T,), the exper-
imental results were best fitted by the curve calculated
for T, = T. They attributed this circumstance to the pos-
sible ion acceleration to energies comparable to the
electron energy. That is why, in our calculations, the
values of the electron (T and ion (T;) temperatures
were taken to be the same.

In Fig. 3 (whichisanalogousto Fig. 3from [3]), we
illustrate the time evolution of the ion density at differ-
ent distances from the grid. The time evolutions were
calculated for (a) ny = O (the electron density being
Neo = 2.3 x 108 cm®) and (b) nyp = 1.46 x 10* cm3 (the
electron density being ng = 4.6 x 108 cm2). We can see
that the electron and ion charge separation gives rise to
oscillations in the shock wave profile and that the dust
suppresses these oscillations, asisthe casein the exper-
iments of [3]. The theoretically calculated rise time of
the shock front is about 5 ps, which corresponds to the
experimental data.

Hence, the theoretical model developed here makes
it possible to describe all the main experimental results
on dust ion-acoustic shock waves. A further develop-

POPEL et al.

ment of the model and refinement of the resultsinvolve
an account of the effects of dust density nonuniformity
in experimental devices. Also, we plan to compare the-
oretical predictions from our model with the data from
laboratory experiments on ion acoustic solitons in a
dusty plasma that were carried out at the Institute of
Space and Astronautical Science (Japan) [10].

We are grateful to R.L. Merlino and Y. Nakamura
for fruitful discussions of this study. This work was
supported by INTAS (grant no. 97-2149) and INTAS-
RFBR (grant no. IR-97-775). S.I. Popel is grateful to
the Alexander von Humboldt Foundation for support.
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The appearance of asingularity in the velocity-field vorticity o at anisolated point irrespective of the symmetry
of initial distribution isdemonstrated numerically. The behavior of maximal vorticity |o | near the collapse point
iswell approximated by the dependence (t, —t)~, wheret, isthe collapse time. Thisis consistent with theinter-
pretation of collapse as the breaking of vortex lines. © 2001 MAIK “ Nauka/Interperiodica” .
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1. The problem of collapse in hydrodynamics, i.e.,
of a process of formation of a singularity in finite time
isthe key problem for the understanding of the physical
origin of developed turbulence. In spite of a certain
progressin devel oping the statistical theory of Kolmog-
orov spectra in the diagrammatic or functional
approaches (see [1] and references therein), the ques-
tion of whether the Kolmogorov spectrum [2] is a solu-
tion to the statistical equations is still open. There is
another unsolved important problem of intermittency,
which is dtatistically treated as the existence of a
strongly non-Gaussian distribution of turbulent veloc-
ity leading to the deviation of the indices of higher cor-
relation functions from the Kolmogorov value [3]. The
deviation from the Gaussian distribution gives rise to
the nonzero odd correl ation functions, which testifiesto
the strong correlations suggesting the presence of
coherent structuresin turbulence. Numerical and exper-
imental data indicate (see [3] and references therein)
that vorticity in the regime of developed turbulence
shows a strongly nonuniform distribution in space and
concentrates in quite small areas. What is the origin of
the high vorticity concentration? Can it be attributed to
collapse, i.e., to the appearance of singularities in vor-
ticity? If so, how can the Kolmogorov spectrum be
obtained from this fact? The latter question is not rhe-
torical, because it is well known that each singularity
givesrise to power tailsin the spectrum. Therefore, the
problem of collapse is a fundamenta one in hydrody-
namics.

The most popular object for studying collapse in
hydrodynamics is a system of two antiparallel vortex
tubes with continuously distributed vorticity [4] or, ina
more general formulation, flows with high symmetry
[5]. Asis known, two antiparallel vortex filaments are
subject to so-called Crow instability that leads to the
stretching of vortex filamentsin the direction normal to

the plane of the initial distribution of vortices and to a
decrease in the distances between them. Numerical
experiments [4] indicate that, at the nonlinear stage of
developing thisinstability, pointlike vorticity singulari-
ties are formed in the core of each vortex tube as |®|
increases near the collapse point following the (t, —t)™
law, where t; is the time of singularity formation (see
aso [6]).

2. In this paper, the results of numerical experiment
are presented which can be interpreted as the appear-
ance of asingularity in the o(r) field at single point in
three-dimensional ideal hydrodynamics with theinitial
data having no definite symmetry. Our approach is
based on the representation of the equation for vorticity
o(r, t) interms of vortex linesintroduced in [7]

o(r,t) = (oy(a) ,)R(a, t)/J. D
Here,
r = R(at) 2

is the mapping onto the curvilinear coordinate system
associated with to the vortex lines so that b = (w(a) -
Ux)R(a, t) is the vector tangent to the vortex line and
J =det ||dR/0al|| is the Jacobian of mapping (2). The
dynamics of the vector R(a, t) is governed by the
equation

R = MNv(R,1), ©)

wherev(r, t) isthe fluid velocity at the point r =R and

M isthe transverse projector to a given vortex line at
this point:

Mop = Oup—&aép: & = b/Ib.
Equations (1)—(3) are closed by the relations

o(r,t) = curlv(r,t), divv = 0. (4)

0021-3640/01/7407-0367$21.00 © 2001 MAIK “Nauka/Interperiodica’
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The set of Egs. (1)—(4) results from the partial inte-
gration of the forceless Euler equation

divv = 0. 5

The vector field my(a) (div,m(a) = 0)entering EQ. (1) is
aCauchy invariant characterizing the property of freez-
ing-in vortex linesinto the fluid; in particular,

oy(a) = o(r,0) for R(a,0) = a. (6)

Aswas mentioned in [7, 8], the Jacobian J can take
arbitrary values, because this is a mixed Lagrange—
Euler description. In particular, J can be zero at a cer-
tain point, which means, according to Eq. (1), the
appearance of avorticity singularity. The possibility of
such a singularity to appear was demonstrated in [8]
for the three-dimensional integrable hydrodynamic
equation that relates to the same type of eguations as
the Euler Eq. (5) but differsfrom it in the way of match-
ing the (generalized) vorticity and velocity: v =

curl (0H/dw), I = J'I(oldr .

The appearance of a singularity in vorticity at J =0
impliesthat one vortex line touches another at a certain
point (collapse point). This process is nothing more
than the breaking of vortex lines. It is completely char-
acterized by mapping (2), and it is similar to the break-
ing of dust gas (in the absence of pressure).

3. We assume that collapse in the Euler hydrody-
namics arises dueto the breaking of vortex lines. Lett =

t (a) > Obeasolution to the equation J(a, t) = Oand t, =

min,t (). Inthis case, the Jacobian J near the minimum
point t =t, and a = a, can be expanded at the generic
point as (cf. [8])

J=a(ty—t) +y;Aada; + ..., @)

wherea > 0, yis apositively definite matrix, and Aa =
a—ay. Expansion (7) isvalidif Jisan analytic function,
which is natural to assume until the singularity arises.
In this case, the numerator (vector b) in Eg. (1) should
be nonzero because the condition J = O for the generic
point means that three vectors 0R/0g; (i = 1, 2, 3) are
coplanar but no one of them is zero (otherwise there
would be degeneration). At the same time, the equality
J = 0in the nondegenerate case implies that one (A,) of
the eigenvalues of the Jacobi matrix is zero, whereas
two other eigenvalues (A, 3 are nonzero. Therefore,
three directions arise in this problem: one soft direction
corresponding to A; and two hard directions corre-
sponding to A, 3 Asisseen from Eq. (7), the self-simi-

larity Aa ~ /T [where T = a(t, —t) in the auxiliary a
space is identical in al directions. However, as was
shownin[8], in the physical space (where the behavior
of @ near the breaking point isthe samefor theintegra-
ble hydrodynamics and the Euler equation), contraction
X, ~ 182 arises along the soft direction, while X ~ 12
along thetwo other (hard) directions. Asaresult, wnear

o0 = curl[v x w],

ZHELIGOVSKY et al.

the singularity concentratesin a strongly flattened pan-
cake-shaped region

© = T9(0,8), &= X1 o= Xr(®)
In this case, the vector @ liesin the pancake plane.

The above analysis is, in essence, based on the
behavior of the mapping near afold and, in this regard,
completely fits in the catastrophe theory [9]. In this
case, the use of vortex-line representation (1) allowsthe
description of the incompressible vector field o(r, t)
near the singular point.

4. According to the existing classification of col-
lapses [10], the breaking of vortex lines should be
assigned to superweak collapses rather than to weak
ones, because the contribution coming from the singu-

larity to enstrophy | = (|e|°dr and characterizing the

viscosity-induced dissipation rate is small (@ 2. In
this case, the contribution to the energy is proportional

to 132, At the same time, the integra [(Dw)’dr

divergesatt — t,. Therefore, in the presence of break-
ing, the solutionv =v(r, t) at t = t, cannot be continued
in the Sobolev space H?PR3) with norm

(quz (qu)zdr)ﬂz. According to the theorem
proved in [11], this is sufficient for the integra
C;’suprlmldt = oo to diverge. This criterion, being nec-

essary and sufficient for the collapse, is satisfied for Eq.
(8). Another restriction follows from the theorem [12]
on the vorticity sense. According to this theorem, the
collapseisabsent for all t [JO, tg] if

to

[suplE |dt < oo, (9)
0

where supremum is taken over a certain region A near
the maximum o value. The presence of collapse
implies that integral (9) diverges at T — 0. Accord-
ingly, the quantity |§| should behave at least as 12
Evidently, since 0§/0X,, = O, the derivative d¢/0X,, in
the pancake plane should either be nonsingular in the
direction of vector @ at distances on the order of 12
and larger or have asingularity weaker than T2 How-
ever, this does not exclude the presence of large gradi-
ents of the vector & outside the pancake region in the
soft direction, e.g., with the behavior sup|0&/0X,| ~ T,
where 1/2 < a < 3/2. Such a behavior seems to be natu-
ral, because the region near the breaking point contracts
appreciably when passing from the a space to the phys-
ical space. Therefore, one can conclude that at least
three scales—I, [t %2 |5 Ot Y2, and |, ~ 1@ with 1/2 <
a < 3/2—must exist in the presence of breaking. The
|atter scale must ensure the applicability of the theorem
[12].
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Fig. 1. Minimum (in space) of the | [ vs. timet asthe col-
lapse time is approached.

Fig. 2. The quantity || vs. the coordinates R; and R; at the
a, = const surface passing through the point of J minimum
asthe collapse is approached (t = 0.08055).

5. To verify the above hypothesis, a numerica
experiment was carried out on a 1282 grid for the set of
Egs. (1)—(4). Two indicative features of this set are
noteworthy.

First, in contrast to the Euler equation, which hasan
infinite number of the integrals of motion (Cauchy
invariants), the set of Egs. (1)—4), being a partialy
integrated Euler equation, involves the Cauchy invari-
ants in an explicit form. Therefore, this set can be
numerically integrated without taking care of their con-
servation, whereas the numerical integration of the
Euler equation itself requires control of the degree of
conservation of these invariants, particularly for the
collapse problem.

Second, this set alows one to separate the integra-
tion of Eq. (3) with respect to time from the integration
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Fig. 3. Contour maps of the function Ri(a, a9, i #j Z k,
specifying the surface mapping (2) the plane g = const and
passing through the point of J minimum; i = (a) 1, (b) 2,
(c) 3. [Collapse occurs at the point R(a, tg) with a= (71732
411732; 13178).]

of Eq. (4) with respect to spatial variables (inversion of
the curl operator). The set of Egs. (1)—<4) was analyzed
with periodic boundary conditions, and the curl opera-
tor was inverted by the standard fast Fourier transform
method. The most difficult stage in the numerical inte-
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gration of Egs. (1)—(4) was associated with the transi-
tion (direct and inverse) from the R to a variables. This
difficulty was bypassed by using two independent grids
for the R variables: one of them moves according to
Eg. (3) and the other is a stationary regular grid geo-
metrically identical with the grid of a variables. The
computation algorithm includes the following steps.
(i) new positions of the moving R grid points are deter-
mined by integrating Eqg. (3) with respect to time;
(i1) the @ values on the moving R grid are calculated
from Eq. (1) by the finite-difference technique; (iii) the
o values on the regular R grid are calculated by linear
interpolation from the nearest neighbors (for each point
of thisgrid, the corresponding tetrahedron with vertices
at the nearest points of themoving R grid is preliminar-
ily found); (iv) the velocity v on the regular R grid is
determined from Eq. (4); (v) the velocity v on the mov-
ing R grid is determined by linear interpolation (to do
this, it is convenient to treat an elementary cube of the
regular R grid as a combination of tetrahedrons with
vertices at vertices, face centers, and the center of the
elementary cube).

The initia vorticity distribution was taken in the
form of asolenoidal field with random Fourier harmon-
ics and an exponentially decaying spectrum cut off at a
wavenumber eight, with @, # 0 over the entire period-
icity cube. Thevorticity field thus specified initially had
no symmetry. The computation was carried out control-
ling the energy conservation; it was constant to 1% over
the entire integration interval. For these initial condi-
tions, the appearance of an || peak at a single point
was observed. At this point, the Jacobian J was minimal
(in space) and decreased linearly with high accuracy as
a function of time (Fig. 1). During the computation
time, the |o | maximum increased almost by afactor of
20 and the peak width was equal to three grid-point
spacings (strong |o | localization at the collapse point is
seeninFig. 2).

To verify that this process can be treated as the
breaking of vortex lines, we cal culated the time-depen-
dent second-derivative tensor 02)/0a,0ag = 2y, for the
Jacobian at the J minimum. We did not find sizable
changesin this quantity when the J minimum asafunc-
tion of time approached its linear asymptotic behavior;
this qualitatively agrees with Eqg. (7). The fina dis-

ZHELIGOVSKY et al.

placement of vortex linesin the vicinity of the collapse
point isillustrated in Fig. 3. The spatial distribution of
|o(r, t)] near the maximum shows certain anisotropy.
However, we cannot state that two substantially differ-
ent scales arise because of the lack of spatial resolution.

Thus, the results of this work can be interpreted as
thefirst numerical observation of the breaking of vortex
lines. The collapse is numerically found in the absence
of any symmetry in theinitia distribution and arises at
asingle point.

6. Thework of E.A.K. was supported by the Russian
Foundation for Basic Research (project no. 00-O1-
00929), the Leading Russian Scientific Schools (project
no. 00-15-96007), and the INTAS (grant no. 00-00292).
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The scheme of laser wake-field acceleration in plasmais proposed and considered for the casewhere arelatively
rare nonrelativistic or weakly relativistic electron beam is initially situated ahead of the intense laser pulse. It
is shown that an electron beam is trapped in the region of the first accelerating wake maximum; then it is
strongly compressed and accelerated to ultrarelativistic energies. © 2001 MAIK “ Nauka/Interperiodica” .
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1. Plasma wake waves (WWSs) excited by intense
laser pulses or relativistic electron bunches may pro-
duce extraordinarily strong accelerating and focusing
fields. The theoretical and experimental studies have
shown that the acceleration rate in a WW may be as
high as tens of GeV/m, i.e., three orders of magnitude
higher than the rates achieved in conventional acceler-
ators (see review [1] and the bibliography presented
therein). At present, plasmamethods of acceleration are
being intensively developed.

The problem of injection of an accelerated bunch
into the accelerating WW phase is among the key prob-
lems of laser wake-field acceleration (LWFA) (see, e.g.,
[2] and references cited therein). The previousinjection
methods were aimed at producing short (of a length
much shorter than the plasmawavelength A ) and dense
bunches of relativistic electrons and injecting them into
the accelerating phase with femtosecond synchroniza-
tion [2-4]. Both the bunch generation and the femtosec-
ond synchronization encounter serious technological
problems.

Diffraction broadening of intense laser pulses limits
the interaction length with plasma to a value on the

order of Rayleigh length Zg = Tr2/A_ (r, is the focal
spot radius and A, is the laser wavelength), which is
ordinarily equal to severa millimeters. To prevent or
suppress the diffraction spreading of alaser pulse, the
plasma channel with a density minimum on its axisis
ordinarily used [1, 5]. The amplitude of the accelerating
field excited in the plasma channel decreases in wake
with distance from the laser pulse [6]. In addition, a
radia change in the plasma wavelength A, ~ [n,O(r)]—’f2
[wheren,(r) isthe plasmaelectron density] in the chan-
nel leads to phase front curving in WW and field oscil-
lations in the transverse direction, which is highly
undesirable from the viewpoint of charged-bunch
acceleration. These effects become even stronger with
increasing distance from the laser pulse [6]. In the case

of nonlinear WWs, these phenomena also strengthen
because of a nonlinear increase in the wavelength with
amplitude, the latter being maximal on the axis [7].
Therefore, the first accelerating maximum behind the
laser pulse is most preferable for the acceleration of
charged particles. Based on this premise and on the
above-mentioned injection problems, | propose and
consider in thiswork the LWFA scheme where the non-
relativistic or weakly relativistic electron beam, being
initially situated ahead of an intense laser pulse, is
trapped, compressed, and accelerated in the region of
the first accelerating wake-field maximum. The elec-
tron beam length may be much larger, while the density
much lower than that required in other injection meth-
ods. The proposed LWFA scheme offers the following
advantages. (i) thereisno need for theinjection of arel-
atively dense short (on the order of several microme-
ters) relativistic electron bunch into the WW; (ii) there
is no need for the femtosecond synchronization of the
injected bunch and WW; (iii) efficient compression;
and (iiii) energetic separation of the initial electron
beam.

2. In this work, | will restrict myself to the one-
dimensional theory and a uniform plasma; i.e., the
transverse changes in the laser pulse amplitude and
plasma density will be ignored. The one-dimensional
nonlinear WW excited by a linearly polarized laser
pulse is described by the equation (see, e.g., [1])

o/(1+a%2)” O
1

d’® O
2 +Bgy§D1_Bg 2 2 2
d§ O [®°/(1+a%/2) —yy]

=0, ()

where ® = 1 + el)/m,c? is the dimensionless potential,
a = eEy/mcwy, E, isthe dectric field amplitude in the
laser pulse, wy_ is the laser frequency, & = k,(z — v,t),
Ky = Wy/ Vg, )y, = (4T,e2/m,) Y2 is the plasma frequency,
Vg is the pulse group velocity (which is equal to the

WW phase velocity), B, = v4/c, and y; = (1 - BS)—uz is
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Fig. 1. One-dimensional wake wave excited by alaser pulse
with dimensionless peak amplitude ag = 2. Here (and in all

further figures), 0 = 2 and yy = 10. Curve 1 is the electric
field E,(§), curve 2 is the wake-field potential ®(§), and
curve 3 isthe laser pulse amplitude a(g).

the relativistic factor which is approximately equal to
w /w, at y; > 1. The WW electric field normalized to
the nonrel ativistic wake-breaking field Eyg = mv wy/e
can be found from the equation E, = «(1/B,)%d®/dg. The
equation of motion for atest electron in the laser pulse
field and the WW excited by it can be written in the
form

dp _ 1 da’
dT - 4Bgy dz BgEZ! (2)

wherethefirst term on the right-hand sideisthe rel ativ-
istic ponderomotive force averaged over the fast laser
oscillations; B = v/c and p = P/m are the dimension-
less electron velocity and momentum, respectively; y =
(1+p?+a2)V2=[(1+ a¥2)/(1-B]Y?isthe electron
relativistic factor; and T = wyt. Multiplying Eq. (2) by B,
one obtains after ssimple mathematics the following
integral of motion (see also [8, 9]):

y—Byp—® = const. 3

Let us consider an electron which is initially situated
ahead of the pulse at acertain point &,, where ® = 1 and
a=0. If theelectron velocity islower than v, it will fall
with timewithin the pulse and WW fields and, thus, can
be trapped. At the trapping point (or, what is the same,
at the reflection point), the electron velocity becomes
equal to v, and Eq. (3) gives

S=(1+a22) Plyg—(d,—1) = (1+p*)"*~Byp. (@)

In Eqg. (4), a and ®, are the pulse amplitude and the
potential at the reflection point &,, respectively, and pis
the momentum of the test electron ahead of the pulse at
the point &,. From Eqg. (4) one has

DLz = YolBgYeSt (v -1)"]. )

Fig. 2. Initial electron momentum py as a function of the
trapping point near the first accelerating maximum; ag =
(1) 2and (2) 3.

The minus sign in Eqg. (5) corresponds to the initia
momentum p, (at the point &) of the electron trapped at
the point &,, and the plus sign corresponds to the final
momentum of the electron which was initially situated
at the point &,. The equation of mation (2) can be recast
as

d’€ , (L-BB)da’ (1-B°)_ _
a 4Bey* gty =70 ©

where € isthe coordinate of thetest electron in the coor-
dinate system comoving with the laser pulse. The
dimensionless electron vel ocity isfound from the equa-
tion B = By(1 + d&/d).

3. Equations (1) and (6) were solved numerically for
the Gaussian pulse profile;

a = a,exp(-£°/a”). ()

The o value was taken to be two, and y, = 10. A laser
pulse with a, = 2 and the nonlinear WW excited by it
are shown in Fig. 1. Figure 2 presents the initial elec-
tron momentum p, as a function of the trapping point
near thefirst accelerating WW maximum. The minimal
value py;n corresponds to the trapping point, where the
potential achieves its minimum and E, = 0. Curves 1
and 2 in Fig. 2 has minima at different points because
of anonlinear increase in the WW length with increas-
ing amplitude (the dependence of the wavelength on the
amplitude can be found in [10]). The p,,,, value and the
WW amplitude as functions of a, are shown in Fig. 3.
One can see that the laser pulse with a5 ~ 1 (which cor-
responds to the pulse peak intensity |, ~ 10 W/cm?
at the laser wavelength A, = 1 um or |, ~ 10 W/cm?
at A, =10 pum) providestrapping of theinitialy nonrel-
ativistic or weakly relativistic electrons by the WW. For
instance, Py, =0.4 for the WW presented in Fig. 1.
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Pmin’ Ez, max

Fig. 3. (1) Minimal momentum pyi,, of electronstrapped by
the wake wave and (2) amplitude E, 4 Of its electric field
as functions of the peak amplitude ag of laser pulse.

Therefore, the particleswith p < p,;, are not trapped by
the wave and can be found behind the WW. This fact
may be used for the experimental determination of the
WW  amplitude from the puin(E,ma) dependence
(Fig. 3). The numerical results show that electrons with
Vo < V4 cannot be trapped in the region of laser pulse
because of the decelerating wake field. Only the elec-
tronswith initial velocity v, = v, can be trapped by the

£ 6

0 & (@

w

Y60
50
40

(b)

30

201
10

100

Fig. 4. Trapping and acceleration of theinitially monochro-
matic electron beam by the wake wave shown in Fig. 1.
Electron momentum pg = 0.5and =1, 2, 3, 4, 5, and 6.
Time variation of the (a) coordinate and (b) relativistic fac-
tor.
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leading edge of the pulse, where E, = 0. Figure 4 illus-
trates the behavior of electrons of an extended mono-
chromatic electron beam (with p, = 0.5) in awake field
shown in Fig. 1. Theinitia bunch length L, = 5 corre-
sponds, approximately, to the length A, of a linear
plasma wave. For T = 50, L = 0.027 and for T = 100,
L = 0.04, which is much shorter than both )\p and A,
(recall that, in our case, y; = 10 = A/A). Although the
energy spread for the accelerated electrons Ay slightly
growswith T, the relative energy spread € = Ay/y drops;
at1=50¢=0.26 and at T = 100, € = 0.14. Thus, one
has a substantial (by approximately two orders of mag-
nitude) compression and strong acceleration (with a
rate equal to approximately 2 MeV over alength of A)
of theinitially nonrelativistic (y, = 1.12) electron beam.
The energy spread in the trapped bunch depends both
on the initial energy spread and on the initial electron
beam length; the particles at the trailing part of the
bunch aretrapped first and, hence, are more energetic at
agivent. At 1 < 1, (15 isthe acceleration time, i.e, the
timeit takesfor the trapped electronsto | eave the accel -
erating phase of the wave), for the energy spread of the
initially monochromatic beam, one can write: Ay ~
EAT = ELy(1 - vy/vy™ (At isthe beam duration) and
€~ Lo(1—-vy/vy)™(t—T1y) (1, isthetimeit takes for the
electrons to be trapped by the wave), which is con-

£0
@

60| (b)

40

100

Fig. 5. Behavior of the electrons with 3 = 0 and initial
momentapg = 0.6, 0.8, 1, and 1.2 in thewake field shownin
Fig. 1. Electronswith smaller initial momentum are trapped
first; electron () coordinate and (b) relativistic factor.
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firmed by the numerical results. For the density of a
trapped bunch, one has n,(t) = nylo/L(T), where ny, is
the initial density of the electron beam. Figure 5 illus-
trates the behavior of the electrons of a beam with ini-
tial momentum spread 0.6 < p, < 1.2 in the WW shown
in Fig. 1. The length of the captured bunch is shorter
than A, by approximately afactor of 27, whichisby an
order of magnitude greater than for the monochromatic
beam presented in Fig. 4. For 1 = 100, the relative
energy spread inthe accelerated beamislower than 0.1,
i.e., itisan order of magnitude lower than the spread in
theinitial electron beam.

The trapped bunch also excites WW. Since the
accelerating bunchisshort (L < A), onehasthefollow-
ing for the corresponding WW amplitude normalized to
Ews [11]: Ep max = Ky(NW/Np), where N, is the number of
bunch electrons per unit area. Note that this expression
isvalid for both linear and nonlinear waves [11]. Since
Np ~ NyoLo/Ks, ONE has Ep, s ~ Lo(Nyo/ny,). For the WW
excited by an intense laser pulse, the plasma density
equals ~10'°-10%* cm3. Such adensity is caused by the
length of intense laser pulses, which, in turn, should be
equal to approximately A,/2. In our case, to prevent
strong energy spread in the accelerated bunch, L,
should not be too large; it should be shorter than ~10.
Then, for n,, < 10** cm=3, the bunch wake field can be
ignored compared to the laser WW.

The resulting short relativistic and dense electron
bunch may be used for further acceleration in a multi-
stage laser wake-field accelerator [12]. Note also that
the suggested scheme of electron trapping and acceler-
ation by the laser WW allows the particles of theinitial
bunch to be energetically separated, because both slow
(with pg < pin) and fast (with py > Byy,) €lectrons can-
not be trapped.

4. In summary, the results presented in this work
demonstrate that an initially nonrelativistic or weakly
relativistic electron beam can be efficiently compressed
and accelerated due to the interaction with the laser
WW. The above scheme removes stringent require-
ments that are imposed by the other injection methods
upon the bunch injected into the wave. In this scheme,
the use of an initially nonrelativistic electron beam
(with yy ~ 1-1.5) allows it to be compressed in amuch
shorter time and more (by an order of magnitude) effi-
ciently than for ashort (L, < Ay) relativistic (y, = 100)

KHACHATRYAN

bunch compressed in the WW due to the longitudinal
gradient of the accelerating field [13].

| have considered the one-dimensiona case. For a
laser pulse with the finite transverse size, one should
include the transverse force acting on electrons. The
numerical results obtained for the nonlinear wake
waves excited by the cylindrically symmetric pulses
suggest that the radial force maintains focusing al the
way from the pulse leading edge to thefirst accelerating
maximum in the wake [7]. The preliminary results
obtained for a three-dimensona WW excited in
plasma channel have shown that the trapped bunch is
efficiently compressed in both longitudinal and trans-
verse directions; these results will be published else-
where.

| am grateful to B. Hafizi, R. Hubbard, and P. Spran-
gle (Naval Research Laboratory, Washington, DC) for
discussions.
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Line emission spectrum of alaser plasma produced in an argon cluster jet target was measured on the n*P,—
1S, (n = 5-9) transitions of the helium-like Ar X V11 ion for a pulse duration varying from 45 fsto 1.1 ps and
a constant fluence of ~10° Jcm?. The independent modeling of the relative intensities of the transitions from
then=5, ..., 10 levels, aswell as of the 2'P,—1°S, and 23P,—1°S, lines and diel ectronic satellites indicates that
the electron temperature is anomalously low and that the electron density in emitting plasma increases with

shortening the laser pulse. The excitation from the ground state by a small fraction of hot electronsis expected
to be the main channel of populating the Ar XVII levels. © 2001 MAIK “ Nauka/Interperiodica” .

PACS numbers; 52.25.0s; 52.50.Jm; 32.30.Rj; 41.50.+h

1. At present, much importanceis attached to study-
ing the interaction of high-intensity ultrashort laser
pulseswith clusters[1-9]. A cluster target combinesthe
main laser mechanisms of plasma formation in gas and
solid targets (optical ionization and resonance absorp-
tion). It has been found experimentally that the interac-
tion of ultrashort laser pulses with cluster targets is
characterized by highly efficient absorption. This prop-
erty is particularly important in the fabrication of high-
intensity X-ray sources for microlithography and med-
ical and biomolecular studies. Unfortunately, the exper-
imental results obtained to date are not systematic
because they depend on awide range of parametersthat
characterize the laser pulse and the targets. This
strongly hampers the anaysis of diversified physica
processes occurring in plasma and the possibility of
detailed verification of the theoretical models [10, 11]
describing the specific features of plasma formation by
ultrashort pulses, e.g., the important role of a prepulse
was examined in[7, 9].

In the experimental studies of the femtosecond laser
cluster-target plasma, X-ray spectroscopy is one of a
few methods that can be used to gain information about
the plasma parameters and the processes occurring iniit.
Recently [12], the intensity of X-ray emission from Ar
and Kr cluster plasma was studied as a function of the
laser pulse duration at a fixed energy. The results of

these measurements revealed two laser absorption
regimes for different pulse durations and target sizes.
bulk and surface absorption.

Thiswork reportsthe results of measuring the X-ray
emission spectra of plasma produced by laser pulses
with a duration from 45 fs to 1.1 ps, a fluence of
10° Jem?in thefocal plane, and ahigh contrast of ~10°
in an Ar gas-jet target with a high cluster content. The
use of a high-resolution curved-crystal spectrograph
[13] madeit possible to detect the resonant series of the
He- like argon ion, including the transitions from its
n'P, (n= 5) levels and to obtain the detailed structure
for the dielectronic satellites of the 2'P,—1'S line. The
experimental results on the widths and relative intensi-
ties of these lines as functions of pulse duration were
modeled with allowance for the main line-broadening
mechanisms and the steady-state impact-radiation
kinetics. The computations show that, asthe pulse dura-
tion shortens, the main contribution to the time-inte-
grated intensity of the plasmaline emission comesfrom
the more and more dense (supercritical) plasmaregion.
The temperature of the main fraction of electrons
changes only weakly and is anomalously low, as com-
pared to the usual temperature observed for nanosecond
plasma.

0021-3640/01/7407-0375%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. (&) Scheme for measuring the X-ray emission spectra of laser plasmain the argon jet target. (b) Argon plasma spectrogram

for alaser pulse duration of 1.1 ps.

2. Experiments were performed on the laser system
of the University of Bordeaux with the four-stage
amplification of a chirped pulse by Ti—sapphire rods.
The characteristics of the laser system are described in
more detail in [14]. In our experiments (Fig. 1a), the
pulse energy at the output was 15 mJ with a contrast of
~10° rel ative to the energy of the prepul ses produced by
a regenerative amplifier that is incorporated into the
system. The laser beam was focused by an off-axis par-
abolic mirror. The focal spot radius in vacuum was
6 um at the 1/€? level, which corresponded to a maxi-
mal fluence of 10° JJcm? in the spot. The variation of the
pulse duration from 45 fsto 1.1 ps corresponded to a
change in the maximum intensity from 3 x 10'® to
10 W/cm?, which was sufficient for the tunnel ioniza-
tion of the F-like and P-like argon ion, respectively
[15].

A pulsed gas jet of Ar atoms expanded into a vac-
uum chamber from acylindrical supersonic nozzlewith
adiameter of 2.5 mm and Mach number M = 2.5 served

asthetarget. The maximal gas pressureinthevavewas
60 atm, and the jet divergence angle was 22°. Under
these conditions, van der Waalsforces led to the forma-
tion of atomic clustersin the jet [8, 16], with the maxi-
mum electron density much greater than its critical
vaue N, = 1.7 x 10 cm (for A5 = 0.8 pm). The
cluster formation was confirmed indirectly by the lack
of X-ray emission at alow contrast, i.e., when the clus-
ters were destroyed by the prepulse.

The X-ray spectra were measured using focusing
spherical (R = 150 mm) crystal (mica) spectrographs
[17] (Fig. 1a) in the frequency range 0.305-0.425 nm
(fourth- and fifth-order reflections) with the resolution
AAN = 3000-5000. The spectrographs were set at a
right angle to the laser beam axis and provided the spa-
tial resolution either along this axis or perpendicular to
it. The spectrawere recorded by a CCD chamber, ahead
of which a2-um-thick polypropylene layer filter coated
on both sideswith 0.4-pum aluminum layers was placed.
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The plasmaspectrogram for the pulse with aduration of
1.1 psisshowninFig. 1b.

3. The observed intensities of the Ar XVII 2*3pP,—

1'S) lines and the dielectronic Li- and Be-like satellites
areshowninFig. 2 for pulsedurationsof 1.1 ps, 700 fs,
and 45 fs. The results of calculations by the formula

I[(A) = C1I(A, Nep, Teg) + Col (A, Nep, Tep) (1

are presented in the same figure for two sets of plasma
parameters. It was assumed that these lines had a Dop-
pler contour (including the instrumental width). The
temperatures and the electron densities giving the best
agreement with the observed relative lineintensities are
presented in the table. The level populations and the
charge composition were calculated using the steady-
state impact-radiation kinetic model. Theinelastic tran-
sition rates for the electron-ion collisions were calcu-
lated using the distribution function F(E) = Fy(E, T) +
fO(E — Epr), where the contribution from hot electrons
with energies E,,, = 5 keV wasincluded asasmall addi-
tion to the Maxwellian distribution Fy,. The values of
the weight multiplier f are given in the table. Previous
calculations with this model [18] have shown that even
a small amount of hot electrons with these parameters
makes a sizable contribution not only to the satellites
but also to the resonance lines of the He-like ions with
atomic numbers Z,, = 10-20. Since E,,,; iS on the order
of ionization potential of these ions, these electrons are
expected to efficiently excite the Rydberg states n'P,
with n> 4 aswell.

Figure 3 shows the measured plasma emission spec-
trafor various pulse durations in the range of the n'P,—
1!S, (n = 5) transitions of the He-like argon ion. The
observed spectrawere approximated by the sum of two
termsin Eqg. (1) with the same N, and T, values and the
same fraction of hot electrons as is given in the table.
The method of calculating I(A, N, T) for aHe-likeion
with high n was described in more detail in [14]. The
line contours of Ar XVII were determined with inclu-
sion of the Stark shift in an ionic microfield, the impact
broadening due to elastic electron-on collisions, and
the Doppler broadening [19]. The latter was taken into
account in combination with the spectral resolution,
which corresponded to the effective ion temperature
T, = 2 keV. The distribution function for the ionic
microfield was taken with regard to the ion correlations
and the Debye screening [20, 21]. The coefficients C;
and C, were derived from the widths and relative inten-
sitiesof the observed lines. Thefraction of hot el ectrons
substantially affects the relative populations of Ryd-
berg levels.

One can see from Figs. 2 and 3 that the results of
independent calculations with the chosen plasma
parameters reproduce well the experimental data. The
calculations of the resonance line contours for n = 5
indicate that the shortening of the pulse duration brings
about an increase in the plasma electron density which
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Fig. 2. Comparison of the measured spectra of Ar plasma
with the results of model calculations (plasma parameters
are given in the table) for the Hey; and Hey, (213P1-1'S))
lines of the He-like Ar X V11 ion and for the dielectronic Li-
and Be-like satellites at different pulse durations: (a) 1.1 ps,
(b) 700 fs, and (c) 45 fs. Thetin solid line is for the experi-
ment, the thick solid line is for the calculation, the dashed
lineisfor the high-density contribution, and the dash-dotted
lineisfor the low-density contribution.

makes the main contribution to the observed spectrum.
Moreover, the relative contribution of the subcritical
electron density (gas phase) decreases with pul se short-
ening. It follows from the well-known Inglis-Teller
limit (see, e.g., [19]) that the transition lines with high
n disappear with increasing plasmadensity. In our case,

Table
Tias (FS) N, (cm™) T, (eV) f
1100 3x 109 130 108
3x 104 200 3x10%
700 3x10%° 130 3x 10”7
4x 10 215 3x 10
45 3x10%° 130 107
1022 200 7 x10°
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the following lines: (O) Heyy, (W) Heyo, (2) Heg, and

(0) 5'P-1's,.

this may be due to the fact that the clusters do not fully
decompose during the decay of plasmaemission on the
He-like transitions. For pulse durations of ~1 ps, the
laser absorption proceeds in paralel with the cluster

MAGUNOV et al.

decomposition, which is seen from a decrease in the
dominant electron density of emitting plasma. For all
durations, the electron temperature is too low to ionize
and efficiently excite the He-like argon ion, so the
observed line emission may be due only to the popul a-
tion of Rydberg levelsthrough the excitation by asmall
fraction of hot electrons that are generated in the spa-
tially inhomogeneous intense laser field. Because the
common electron temperature is established rather
sowly (especidly for gas densities), the influence of
hot electrons on the plasma relaxation kinetics can
manifest itself for a longer time than the laser pulse
duration.

The ratio of emission intensities for different pulse
durations is in agreement with the results obtained in
[12]. The observed intensities of different lines are
shown in Fig. 4 as functions of the pulse duration. In
particular, in the range studied, from 45 fsto 1 ps the
absolute X-ray yield shows a nonmonotonic behavior
with a maximum near 700 fs. This may be due to a
decrease in the efficiency of laser absorption at the
shorter and longer durations.

4. In summary, it has been shown that the model
suggested in our previous works [7, 9] for cluster heat-
ing by ultrashort laser pulses adequately describes not
only the intensities of resonance lines and their satel-
lites but also the contours of the He-like Ar XVII Ryd-
berglines(n =25, ..., 10), the latter being recorded with
a high resolution for the first time. The results of mea-
surements and calculations suggest that the shortening
of the laser pulse leads to an increase in the plasma
electron density. The main contribution to the X-ray
yield comes from the plasmawith supercritical electron
density. The observed emission lines are due to the
excitation of the upper levels of the Ar ion by a small
fraction of hot electrons that are generated in the laser
field. For the pulse durations shorter than 700 fs, the
intensity of plasmaX-ray emission decreases. Thismay
be crucial for the design of X-ray sources based on the
femtosecond laser plasma.

This work was supported in part by the Ministry
of Energetics of the USA, the Fond Europeen de
Developement Economique Regional and Conseil
Regional d’ Aquitaine (France), and the NATO (grant
no. PST.CLG.977637). A.YaF. and T.A.P. are grateful
to CRDF for the grant that made it possible to present
thiswork at International Conferences.
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Spin dynamics of conduction electrons in a quantum well with a zinc blende structure is considered theoreti-
cally for the case where spin splitting exceedsthe collisional broadening of energy levels. It isshown that, under
certain conditions, the spin density component normal to the quantum well plane may oscillate with time even
in the absence of an external magnetic field. These oscillations can be excited and detected using nonlinear
two-pulse spectroscopy. Contrary to the case of small spin splitting, the external transverse magnetic field
strongly affects spin dynamicsin this regime. © 2001 MAIK “ Nauka/Interperiodica” .

PACS numbers: 76.20.+q; 78.20.Ls; 73.21.Fg; 78.47.+p

In recent years, considerable interest has been
shown in the properties of coherent spin statesin semi-
conductors and hybrid ferromagnet—semiconductor
systems [1-3]. These states have finite lifetimes,
because thermal fluctuations break coherence with a
rate strongly depending on the properties of aparticular
system. The revelation of the factors influencing the
rate of spin coherence breakdown is one of the topical
problems of the new direction in solid-state physics—
spintronics.

Nonlinear optical two-pulse spectroscopy is an effi-
cient method for investigating spin dynamics. In this
method, the first light pulse is circularly polarized and
creates an electron-excited spin density (spin orienta-
tion) S,, whose degree is characterized by the optical
rotation 0 of the second linearly polarized light pulse.

The use of the methods of nonlinear pulsed spec-
troscopy allowed for the measurements of not only the
averaged quantities but also their time evolution. For
example, the dependence of the angle of rotation of
polarization plane 8 on the delay time t; between the
pulses characterizes the time evolution of spin orienta
tion S(t). The character of this evolution depends on the
magnitude and direction of an external magnetic field
B. Spin coherence manifestsitself as oscillations of the
Faraday rotation asafunction of delay timet,in atrans-
verse (to the light direction) magnetic field. These
oscillations are associated with the quantum beats
between the electronic Zeeman sublevels, and their
damping characterizes the spin coherence breakdown
with time[4].

In this work, new potentials for studying the spin
dynamics in semiconducting heterostructures are sug-
gested on the basis of an analysis of the time depen-
dence S(t). In particular, the oscillations of S(t) in a
guantum well (the z axisis aligned with the normal to

the quantum well) will be analyzed, and it will be
shown that spin splitting in a conduction band can give
rise to such oscillations even in the absence of an exter-
nal magnetic field.

It should be noted at this point that spin relaxation
processes in semiconductors were extensively studied
previously in the context of awidely used optical orien-
tation method [5]. The understanding attained in these
works as to the mechanisms of these processes serves
as abasisfor the current study. However, previous the-
oretical calculations of the optical effect caused by spin
relaxation started from the assumption that the light
sources used for optical pumping were continuous. The
corresponding measured quantities, e.g., the degree of
luminescence polarization, were averaged over the
electron lifetimein the conduction band. With this aver-
aging, one inevitably loses part of the information
about the spin relaxation mechanisms. Because of this,
the elaboration of new experimental methods and, in
particular, the method of nonlinear pul sed spectroscopy
necessitates, in some cases, additional theoretical anal-
ysis of the spin dynamics of photoexcited electrons.

L et usconsider the time evolution of spin density for
optically oriented electronsin the conduction band of a
guantum well with the zinc blende structure in an exter-
nal magnetic field B paralel to the plane of the quan-
tumwell. If one neglectsall relaxation processes except
the spin relaxation, the time-dependent average elec-
tron spin Sisusually calculated from the equation [5]

ds _ S

a—QLXS—_@, D

where Q, = gugB/A and t4B) is the spin relaxation
time, which depends, apart from the purely micro-
scopic factors, on the magnitude of B and itsorientation
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about §0). In the Voigt geometry B ||x and S(0) || z,
Eq. (1) gives

S(t) = S,(0)cos(Q, t)exp(-t/ts). @)

In this case, 15 is the spin coherence decay time. Since
the Faraday rotation 0(ty) ~ S(ty), one can determine Tg
by measuring the damping of the 6(t,) oscillations (for
more detail, see[4]). This method was used in the study
of spin coherence in bulk semiconductors [6], quantum
wells[1, 7], and quantum dots [8].

However, relation (2) and underlying Eqg. (1) apply
only under certain conditions that depend on the mech-
anism of electron spin relaxation. The experimental
determination of the dominant spin relaxation mecha-
nism is a challenge for each particular sample, because
the variation of the sample parameters, such as dopant
concentration and temperature, changes appreciably
the relative role of different mechanisms [5, 9]. In the
samples with high mability and at high temperatures,
the D’yakonov—Perel’ (DP) relaxation mechanism
based on the spin—orbit (spin) splitting of the conduc-
tion band prevails [10]. This splitting is described by
the following term in the electron Hamiltonian:

_h
Vs - EQs(k)o-! (3)

wherek isthe electron wave vector, 6 ={ g,, 0,, 0} are
the Pauli matrices, and Q¢(Kk) can be regarded as a
k-dependent effective magnetic field. In quantum
wells, the two-dimensional vector Qg(k) depends lin-
early onk, and k, at small k, and, in the general casg, it
contains two contributions, one of which (bulk) is
caused by the absence of an inversion center in the zinc
blende structure [11] and the other (surface) occurs
only in the asymmetrical quantum wells[12]. Therela-
tive magnitude of these contributions may be different;
however, an important point is that, at a given electron
energy, the electron spin splitting in a sufficiently nar-
row quantum well is larger than in the bulk material
[13], and, as a consequence, the role of the DP spin-
relaxation mechanism in quantum wellsincreases. This
mechanism becomes more efficient with increasing
parameter Q.t, where T is the momentum relaxation
time. At Q. = 1, the spin relaxation time tg~ 1. The
experimental measurements of the spin splitting in
guantum wells [14, 15] give Q= 1 meV for k =
106 cmL At T = 1 ps, QT ~ 1, and the spin—orbit inter-
action (3) cannot be regarded as a small perturbation.

Under these conditions, simple Eqg. (1) for the
damped electron spin precession in a magnetic field is
no longer valid, becausethe interaction (3) induces spin
precession by itself, i.e., even in the absence of amag-
netic field. A consistent analysis of this issue requires
the nonperturbative approach to the spin splitting [10,
13].

To calculate the average spin S(t), it is necessary to
find the electron spin density matrix p«(K), where
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s, S = +1/2, and K is the two-dimensional wave vector
in the plane of quantum well. The spin St) isrelated to
Ps(K) by the formula

dk .
K, 1).
(2n)2p( t) (4)

The density matrix p (k, t) can be conveniently written
as

S(t) = TrO'J'

peelk,t) = Z[n(K, 3 + 0 B, O], (5)
The vector S(k, t) determines the spin density and sat-
isfies the following equation [10, 16]:

K = ok) x
= = (k) xs(k)

Ak Wik, k)(S(k") - S(k ©
+ 1 I_
I(Zn)z (k, k) (S(k') = S(Kk)),

where W(k, k') is the scattering probability and Q(k) =
Q, + Q(k). Assume that the scattering is elastic, i.e.,
that W(k, k") depends only on the angle between k and
k'. On the right-hand side of Eq. (6), the term account-
ing for the electron generation is omitted, because, for
a sufficiently short pump pulse with 1, = 100 fs, the
electron generation can be taken into account by writ-
ing the initial condition as SS(O) = S, To simplify the
calculation, we assume that the effective magnetic field
Q4K) in Eq. (3) isthe sum of contributions from either
of two mechanisms: surface with Qg(k) ~{k,, —kg or
bulk with Q (k) ~{k,, —k/} (the orientation of the quan-
tum well is assumed to be [001]). In either of these
cases, QgKk) = |QqK)| is independent of the k and
Q(k)directions and can be represented in the form

Q (k) = a€®+a*e’? (7)

where the angle @ specifies the direction of vector k in
the plane of a quantum well, and the two-dimensional
complex vector a satisfies the condition a> = 0 and
depends linearly on k.

Following [16], let us expand S(k) and W(k, k') in
the Fourier series,

sk) =y S'e™,

W(o-¢) = 5 W™ 7.

After substitution of these expansionsinto Eqg. (6), one
obtains the infinite set of linear differential equations
for the coefficients S'(t). This set of equations should

be used to find the z component of the total spin § )

that isresponsiblefor the Faraday rotation. The method
of solving this set depends on the value of parameter
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K = Qg, where T is the momentum relaxation time. If
k<1, then ' ~kS and, as long as we are inter-

ested in the relaxation of S, al terms §" with |n| = 2
can be ignored in the resulting set of equations. In this
case, S and S** satisfy the following set of equations:

ds”/dt=axS" +a* xS"+Q xS, (8)
dS™dt=axS'+Q, x S-S, (9)

dstdt=a* xS+ Q xS -5,
where

(10)

= [W(e)[1- cos(o)

is the momentum rel axation rate.

The spin dynamics is determined by the eigenfre-
quencies of the set of Egs. (8)—(10). A remarkable fea-
tureof thissetisthat at Q, =0, i.e., in the absence of an
external magnetic field, it provides an exact and closed

equation for S) , which isvalid for any value of param-
eter K. The corresponding eigenfrequency is given by
the expression

Wy = %(l—A/l—4K2).

Atk < 1, the eigenvalue —iw, = Uty = kQisequal to
the rel axation rate of the spin zcomponent in aguantum
well dominated by the DP mechanism [13]. In the
opposite limit k > 1, one obtains from Eq. (11)

Wy =i/2+ Q..

(11)

(12)

Therefore, at large spin splitting and high mobility,
the spin z component oscill ates with frequency Qg even
in the absence of an external magnetic field, with the
damping time of these oscillations being 15 = 21. Note
that the eigenfrequency corresponding to the spin x and
y components is obtained from Eq. (11) by replacing

Q. — QJ./2. The resulting relaxation rate for these
spin componentsis half aslarge at Kk < 1[13], and the

precessional frequency is lower by a factor of /2 at
K> 1.

Let us now consider the influence of a transverse
magnetic field on the eigenfrequency (11). At B # 0, the
spin components, normal and parallel to the plane of
the quantum well, are coupled to each other, so that one
fails to obtain an analytical solution to the kinetic
Eq. (6). The eigenfrequencies of the set of Egs. (8)—
(20) were calculated numerically for Kk < 1. Of interest
were those eigenfrequencies which corresponded at
zero magnetic field to the relaxation rates 1/t = KQq
and Ut = kQ/2 for the perpendicular and parallel
spin-density components, respectively. The numerical
analysis showed that, as the magnetic field increases,

GRIDNEV

the relaxation modes transform to the oscillation ones
with frequency Q,, while the relaxation times corre-
sponding to these modes approach aconstant valuet at
Q, > 1/t. Thefact that 15 shows little dependence on B
can be explained by the mutual compensation of two
factorsacting in opposite directions. As B increases, the
precession axis Qg+ Q, becomes more and more closer
to Q, leading to a decrease in the DP spin relaxation
rate [17]. On the other hand, the growing velocity of
spin precession in the magnetic field brings about an
increase in the spin relaxation rate. Since only the first
of these factors is operative in the longitudinal mag-
netic field, the spin relaxation time in the longitudinal
field increases with increasing B [17].

Let us now consider the influence of a transverse
magnetic field on the electron spin dynamics in the
limit K > 1. On the qualitative level, this influence can
be understood if one ignores the collision integral in
kinetic Eq. (6). In this case, the velocity and sense of
spin precession for an electron with momentum k are
given by the vector Q(k) = Q(k) + Q, . Hence, the pre-
cessional frequency in our model becomes dependent at
B # 0 on thedirection of k. To simplify calculations, let
us ignore the fact that the initial photoelectron energy
distribution has a finite width due to the finite pump
pulse duration. Then, one has for the resulting spin z
component

S() = S(0)[52e" ™"

If Q(k) ~ Q_, then the terms with different k’s in
Eqg. (13) interfere with each other, resulting in a fast
decay of Sft) even at t ~ Q' < T. In actudlity, this
decrease in S(t) is not adamping, i.e., not an irrevers-
ible process, but itismerely theinitial stage of acertain
quasiperiodic process with a broad distribution of pre-
cessional frequencies. However, due to the presence of
aweak but, nevertheless, real damping, theinitial decay
of S(t) will not differ in appearance from the irrevers-
ible damping. Such a behavior becomes most pro-
nounced if the spin and Zeeman splittings are identical.
In this case, one abtains from Eq. (13)

S(t) = $(0)Jo(2Q,1), (14)

where Jo(2) is the zero-order Bessel function, whose
first zero issituated at z= 2.4.

It is worth noting that the assumption about the
dominance of any one spin-splitting mechanism (sur-
face or bulk) automatically implies that the spin split-
ting is independent of the k direction (in the linear
approximation in k). The breaking of this condition
does not change qualitatively the conclusions drawn for
K <1, butitiscrucia for k > 1. In this case, the inter-
ference of oscillations of the electrons with different
k’sin Eq. (13) becomes destructive even in the absence
of the magnetic field, so that S(t) may decreaseto zero
in atimethat is appreciably shorter than 1. Asthe mag-

(13)
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netic field increases to a level at which Q, > Q, the
regime is restored with the relaxation time ts~ 1. Note
that, dueto asmall value of Q (k) inabulk material, the
spindynamicsinitwill have arelaxational character, so
that the strong anisotropy of Q¢ (k) will not lead to the
above-mentioned features in the time dependence S(t).

We note in conclusion that, in spite of the model
character of the results obtained in thiswork, they indi-
cate new potentials of nonlinear two-pulse spectros-
copy for studying spin dynamics in semiconducting
heterostructures. This method can be used in the search
for and study of heterostructures with large spin split-
ting, where the electron spin dynamics displays anum-
ber of indicative features. When performing experi-
menta studies of the effects considered in this work,
one should take into account that, if the photoelectron
thermalization is too fast and proceeds in a time com-
parableto the oscillation period, then the oscill ations of
the total electron spin become hard to observe. This
problem is typical for all experimental studies of spin
coherence. To minimize the destructive effect of ther-
malization, it is necessary that the photoel ectron energy
is not too high. In particular, it must be lower than the
energy of optical phonons. If this condition is met, then
the oscillations with a period of ~1 ns can be observed
[6]. However, a decrease in the photoelectron energy in
the undoped samples leads to a substantial decrease in
the photoelectron momentum and, as a result, to a
decreasein the spin splitting. It isthusreasonableto use
doped samples for the experimental observation of the
oscillations in the Faraday rotation caused by the spin
splitting of the conduction band.

Thiswork was supported by the Russian Foundation
for Basic Research and the programs *Fundamental
Spectroscopy” and “Laser Optics.”
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Direct fermionic path-integral Monte Carlo simulations of strongly coupled hydrogen are presented. Our results
show evidence for the hypothetical plasma phase transition. Its most remarkable manifestation is the appear-
ance of metalic droplets, which are predicted to be crucial for the electrical conductivity and allow one to
explain the rapid increase found in recent shock compression measurements. © 2001 MAIK “ Nauka/ I nter pe-

riodica” .
PACS numbers: 52.25.Kn; 52.65.Pp

Hydrogen at high pressures remains the subject of
many investigations (see, e.g., [1, 2] for an overview).
Many interesting phenomena, such asthe metal—insula-
tor transition (MIT), the Mott effect and the plasma
phase transition (PPT) have been predicted. They occur
in situations where both quantum and Coulomb effects
are important, making a theoretical analysis difficult.
Among the most promising theoretical approaches to
such systems s the path-integral quantum Monte Carlo
(PIMC) method [3, 4], which has seen remarkable
progress recently (e.g., [4, 5]). However, for Fermi sys-
tems, these simulations are substantially hampered by
the so-called fermion sign problem. Additional
assumptions, such as fixed node and restricted path
concepts, have been introduced to overcome this diffi-
culty [4]. It can be shown, however, that such assump-
tions do not reproduce the correct ideal Fermi gas
limit [6].

Recently, we presented a new path-integral repre-
sentation which avoids additional approximations,
(direct path-integral Monte Carlo, DPIMC) which has
successfully been applied to strongly coupled hydrogen
[7-9] (see below). In this work, we apply the DPIMC
method to the analysis of dense liquid hydrogen in the
region of the hypothetic plasma phase transition [1, 10,
11, 12]. Computing the equation of state and the inter-
nal energy, wefind clear indicationsfor the existence of
the PPT—its first confirmation by a first-principle
method. It is shown that the PPT manifestsitself by the
formation of large metallic droplets, which are crucial
for plasma transport properties.

It iswell known that the thermodynamic properties
of aquantum system are fully determined by the parti-
tion function Z. For abinary mixture of N, electronsand

L This article was submitted by the authorsin English.

N; protons, Z can be written as
Z(Ne, Ni, V, B) = Q(Ne, Ni, B)/Ne! Nt

1
Q(Ne, Ni. B) = 3 [dadrp(q.r, 07 B). ™

Here, g = {0y, 4y, ..., Oy} are the coordinates of the
protons; 0 ={0y, ..., oy} andr ={ry, ..., ry } arethe

electron spins and coordinates, respectively; and 3 =
1/kgT. The density matrix p in EQ. (1) isrepresented in
the common way by a path integral [13]:

1 K
ooy D)
ASNI)\ZNGZ

p(g,r,o; B) =

?
XIdr(l)...dr(“)p(q, r,rY; Ap)...
\%

.p(q, 1™, Br™Y; AB)Y(a, Pa),

where AB = B/(n + 1) and A; = 21i?AB/m,. Further,
rM+*l=r" g'=0;i.e, eectrons are represented by fer-
mionic loopswith the coordinates (beads) [r] =[r, r®, ...,
r™, r]. The electron spin givesriseto the spin part of the
density matrix &, whereas exchange effects are

accounted for by the permutation operator P and the
sum over the permutations with parity Kp.

Following [3], we use a modified representation (3)
of the high-temperature density matrices on the right-
hand side of Eg. (2), which is suitable for the efficient
direct fermionic PIMC simulation of plasmas. With the
error of the order € ~ (BRy)?x/(n + 1), which vanishes
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with agrowing number of beads, we obtain the approx-
imation

P
Zp(q! r,ao, B) - Wszops(q! [r]vﬁ)’

Ps(q, [r], B)
= ﬁ —BU(a.[1].B) detl ™ 3
2Nee lI_!F!_I1(pPP |an |
UT([r].B) + UP(a. [1].B)

U(q, [r],B) = U'(a) + z

n+1

where X is the degeneracy parameter and U', U/, and

U|ei denote the sum of the binary Kelbg potentials ®®

[14, 15] between protons, electrons at vertex “I,” and
electrons (vertex “1") and protons, respectively.

In Eq. (3), @, = exp[-m &) arises from the
kinetic-energy part of the density matrix of the electron
with index p, and we introduced dimensionless dis-
tances between the neighboring vertices on the loop,
&D, ..., &M, Finally, the exchange matrix is given by

N
= e E-Zo

A

4]
a_rb) +y2| alf -
O

with ya = A, ZE(")

where the subscript s denotes the number of electrons
having the same spin projection. From the above
Egs. (1)«3), one readily computes the internal energy
and the equation of state:

BE = S(N.+ N) B2, @
_0InQ _radlnQ
B = 5V = [V a0 )y, ®

In our simulations, we used N, = N; = 50 and n = 20.
To test the MC procedure, we considered a mixture of
ideal degenerate electrons and classical protons, for
which the thermodynamic quantities are known analyt-
ically. The agreement, up to the degeneracy parameter
X as large as 10, was very good and improved with
increasing number of particles[7]. Further, the method
was successfully tested in applicationsto electronsin a
harmonictrap [16]. For the case of interacting electrons
and protons in dense hydrogen, we previously per-
formed a series of calculations over awide range of the
classical coupling parameter I and degeneracy x for
temperatures T = 10000 K. The analysis of the results
clearly showed a number of interesting phenomena,
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Fig. 1. (a) Pressure and (b) interna energy for hydrogen
plasmaat T =5 x 10*K vs. density. (1) Direct PIMC simu-
lation of this work, (2) ideal plasma, and (3) restricted
PIMC computations at T = 6.25 x 10* K [17].

such as formation and decay of hydrogen bound states
[8, 9, 15], including hydrogen atoms, molecules,
molecular ions, clusters and, further, at high densities,
pairing of electrons and ordering of protons into a
Wigner crystal [9].

In this work, we present new results which concen-
trate on the hypothetical plasma phase transition [10].
For this purpose, we analyze the plasma properties and
compute the equation of state (5) and interna energy
(4) of dense hydrogen along two isotherms, T = 10* K
and 5 x 10* K. Figure 1 shows pressure and energy Vs.
density at T = 5 x 10* K. For comparison, we also
includetheresultsfor anideal plasma. Asexpected, due
to Coulomb interaction and bound-state formation, the
nonideal plasma results are below the ideal ones. We
mention that our results are in good agreement with the
restricted path-integral calculations of Militzer and
Ceperley (Fig. 1a contains available data points for a
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Fig. 2. (8) (1-5) Pressure and (6, 7) electrical conductivity

and (b) internal energy for hydrogen at T = 10% K vs. den-
sity. (1) Direct PIMC simulation of this work, (2) idea
plasma, (3) direct PIMC simulation of a mixture consisting
of 25% helium and 75% hydrogen, (4) density functional
theory [20], (5) restricted PIMC computations [17], (6, 7)
eectrical conductivity of hydrogen (right axis), (6) [18],
and (7) [19].

dlightly higher temperature of 6.25 x 10* K [17]). For
higher temperatures, agreement is very good [15].
More importantly, at this temperature, pressure
increases monotonically with density, and, at high den-
sities, a continuous increase in the degree of ionization
(Mott effect) isfound.

However, at T = 10* K, the properties of the hydro-
gen plasma change qualitatively (cf. Figs. 2, 3). While
the overall trend of the pressure (Fig. 2a) isstill amono-
tonic increase, in the density region of 0.1...1.5 g/lcm?
the plasma exhibits unusual behavior. Inside this
region, the Monte Carlo simulations do not converge to
an equilibrium state; the pressure strongly fluctuated

FILINOV et al.

and reached even negative values. Such behavior istyp-
ical for Monte Carlo simulations of metastabl e systems.

Note that no such peculiarities appear for densities
below and above this interval, as well as for the iso-

therm T =5 x 10* K and for higher temperatures.

These facts suggest that our simulations encoun-
tered the plasma phase transition predicted by many
chemical models of partially ionized hydrogen, e.g., in
[1,10, 11, 12]. According to these models, thisis afirst-
order transition with two coexisting phases of different
degrees of ionization. While canonical Monte Carlo
simulations do not yield the coexisting phases and the
coexistence pressure directly, they allow oneto analyze
in detail the actual microscopic particle configurations.
A typical particle arrangement inside the instability
region, T = 10* K and p = 0.3346 g/cm?, is shown in
Fig. 3. Obvioudly, the protons arrange themselves into
large clusters (droplets), with the electrons (the piece-
wise linear lines show their closed fermionic path)
being fairly delocalized over the cluster. Thisisaclear
precursor of the metal-like state, which is found in the
simulations for densities above the instability region.

As mentioned above, the plasma phase transition
appearsin many chemical modelsin the same density—
temperature range. However, these simple approaches
become questionable in the region of pressure ioniza-
tion and dissociation, where the consistent treatment of
all possible pair interactions, including charge—charge,
neutral—neutral, and charge—neutral, is crucial. Further-
more, these approaches neglect larger bound aggre-
gates such as clusters, which our simulations reveal to
be crucia in the metastable region. We mention that
indirect indications for a phase transition have been
found in recent density-functional studies [20]. In this
work, the thermodynamic properties of hydrogen inthe
metallic phase were computed (see data points in
Fig. 2), and enhanced long-wavelength ion density
fluctuations were observed as the density was reduced
to p = 0.799 g/cm? (the lowest density explored). This
led to unusual behavior of the ion—ion structure factor
and the effective potential, which the authors of [20]
interpreted as a possible precursor to an incipient
metal-to-insulator transition.

Our simulations suggest that the existence of the
PPT should have a noticable influence on the transport
properties. In fact, when the density changes from
0.1...1.5 g/cm?3, hydrogen transforms from a neutral
into ametallic fluid. Accordingly, electrical conductiv-
ity should increase rapidly. Indeed, shock compression
experiments have revealed a dramatic increase in the
electrical conductivity by 4-5 orders of magnitudein a
very narrow density range of 0.3-0.5 g/cm3[18, 19]. So
far, theoretical models cannot reproduce this behavior
correctly, predicting either a too early (hopping con-
ductivity in the molecular fluid) or too late (free elec-
tron conductivity) increase [21]. But, seeing as the
experimental data (black circles and crossesin Fig. 2a)
are located right inside the PPT region, one has to take
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Fig. 3. Snapshot of aMonte Carlocell at T = 10*K and p=

0.3346 g/cm?®. Black circles are protons, and dark and light
broken lines are representations of electrons as fermionic
loops with different spin projections.

into account a third conductivity mechanism—charge
transport via electron hopping between individual
metal-like droplets. Obviously, this mechanism will be
effective in between the regions where the two other
effects dominate and thus should allow for a much bet-
ter agreement with the experiments.

Finaly, we mention that our simulations predict a
PPT for pure hydrogen plasmaonly. In contrast, no PPT
was found for a binary mixture of 25% of helium and
75% of hydrogen atoms (cf. Fig. 2).

In summary, we have presented direct path-integral
Monte Carlo simulations of dense fluid hydrogen in the
region of the MIT. Our results give evidence for the
plasma phase transition, which, to the best of our
knowledge, isitsfirst prediction by afirst principle the-
ory. Most importantly, we found clear evidence for the
formation of large metallic dropletswhich are predicted
to play a crucia role in transport and optics in the
region of the MIT at low temperatures. In further inves-
tigations, we will focus on a more precise anaysis of
the MIT and the plasma phase transition, including
determination of its critical point and the transport and
optical properties of the droplets.

This paper is dedicated to Werner Ebeling on the
occasion of his 65th birthday. We are grateful to
W. Ebeling, D. Kremp, W.D. Kraeft, and S. Trigger for
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stimulating discussions. We also wish to thank
D. Ceperley and B. Militzer for useful critical remarks.
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Complex Ce**—Nd®* centerswere formed in silicagel-glasses. These centers were characterized by weak cross-
relaxation quenching of luminescence; an increased luminescence branching ratio in the *Fg, —= 4111/, %1377
transitions; strong structuring of the analogous spectral bands; and effective intracenter sensitization of lumi-
nescence. On reducing the Ce** ionsto thetriply charged state, the structure of the luminescence bands of Nd®*
ions became weaker and the ratio of their intensities approached the value typical of an Nd-containing silica

gel-glass. © 2001 MAIK “ Nauka/Interperiodica” .
PACS numbers; 78.67.-n; 78.55.-m

Nanostructuring may impart new spectral lumines-
cence properties to Ln-containing glasses untypical of
disordered materials, which may considerably raise the
competitiveness of the corresponding glass lasers and
light transformers. Among the problems that can be
solved by nanostructuring are obtaining Nd-containing
glasses with an increased fraction of quanta emitted in
the 4F, —= 4,3, transition (A ~ 1.34 um) and glasses
characterized by efficient UV excitation of IR lumines-
cence. These problems have remained topical for years
for anumber of practical applications. They are also of
great interest from the viewpoint of materials science.

This work is devoted to an attempt to obtain such
glasses using the possibility of forming complex Ce**—
Ln3* centersin silicagel-glasses, which was discovered
recently [1-4], where Ln = Ce, Sm, and Eu. These cen-
ters are characterized by increased symmetry of Ln(l11)
oxo complexes and by efficient sensitization of their
luminescence by photoreduced metastable ions (Ce**),
which absorb in the UV spectral region.

Test samples were prepared by direct sol—gel—glass
transition using the known method [2]. Activation was
performed by impregnating porous xerogels with solu-
tions of neodymium and cerium compounds. The xero-
gels were sintered in oxygen to a transparent glassy
state. The Ce** ions were reduced to Ce** by annealing
the glassesin hydrogen. The concentration of activators
N was determined in layers using a Spectroscan spec-
trometer with a limiting error of measurements of
+15% and was averaged over the volume. All the
reagents were of high-purity grade. The phase compo-
sition of the glasses was monitored using a DRON-2.0
X-ray diffractometer and an S-806 scanning electron
microscope.

Light attenuation spectra were recorded on a Cary-
500 spectrophotometer and were represented as the
dependence of the natural light attenuation coefficient k
on the wavelength A. The luminescence and lumines-
cence excitation spectra were recorded on an SDL-2
spectrofluorimeter, corrected [5], reduced to unity at a
maximum, and represented as the dependence of the
number of quanta per unit interval of wavelengths
dn/dA on A. In order to diminish the luminescence
guenching of the coactivated samples, frontal excita-
tion was used and their thickness was decreased to
0.3 mm. The luminescence quantum yield n of Nd®*
ions was determined by the comparison method [5]. A
certified GLS-22 glass was used as the reference stan-
dard. All the spectral measurements were carried out at
T=298K.

The light attenuation spectra of the glasses studied
inthiswork are shownin Fig. 1. It isevident that asig-
nificant excess of the intensity of the “supersensitive”
Hgp — *Ggyp, 2Gypp band (A = 580 nm) of Nd®* ions
over theintensity of the other bands (curve 1) is charac-
teristic of the monoactivated glass with Nyy = 2 x

10 ion/cm?. A considerable attenuation of both the
relative intensity of the supersensitive band indicated
above and the integral intensity of f—f bands reduced to
one Nd® ion is observed for the coactivated glass with
Nyng = 0.5Ng. = 1.5 x 10 ion/cm3 (curve 2). At the same

time, the structure of the IR bands of Nd* ions
becomes enhanced, and an intense UV band appears
with an adjacent structureless weak band stretching
over the entire visible region. The annealing of this
glassin hydrogen leads to a strong weakening and nar-
rowing of the UV band and to the disappearance of dif-
fuse absorption in the visible region but only weakly
affectsthe relative intensities and the structure of bands
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Wavelength (nm)

Fig. 1. Light attenuation spectra of (1) Nd- and (2, 3) Ce—
Nd-containing glasses (2) before and (3) after annealing in
hydrogen; Nyg, 10%° ions’em®: (1) 2 and (2, 3) 15; Nge
(2,3) =3 x 10% jon/cm®.

associated with Nd® ions (curve 3). Note that an
increase in Nyq Up to 4 x 10%° ion/cm? in the monoacti-
vated glassisalso accompanied by adecreasein therel-
ative intensity of the supersensitive band and in the spe-
cific absorption of Nd** ions; however, it hardly affects
the structure of their spectral bands.

The IR luminescence spectra of the glasses under
study are shown in Fig. 2. It can be seen that the spec-
trum of the monoactivated glass on excitation by non-
selective radiation in the range 300—750 nm (a DK SSh-
100 xenon lamp and an SZS25 light filter) is repre-
sented by three weakly structured bands (curve 1), the
most intense of which correspondsto the 4F5, — 4,
transition of Nd® ions (A = 905 nm). The fourth
band at 1900 nm is more than two orders of magnitude
weaker and is not shown in the figure. The character of
this spectrum is retained on selective excitation in the
above region with the half-width of the exciting radia-
tion band equal to 2 nm. This spectroscopic behavior of
the monoactivated glass is also observed at high Nyg.
The spectrum of the coactivated glass on nonselective
excitation is distinguished by the presence of new nar-
row components and by redistribution of the integral
intensities of spectral bands. These changes are most
pronounced on excitation by radiation with the wave-
length Ao < 400 nm (curve 2). It isremarkable that the
position of new narrow components for the coactivated
glassonly dightly varieson scanning A,,.. After anneal -
ing this glass in hydrogen, the structure of spectral
bands becomes weaker (curve 3), and the distribution
of their relative intensities approaches a distribution
characteristic of monoactivated glasses.

The IR luminescence excitation spectra of the
glasses under study are presented in Fig. 3. It can be
No. 7
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Fig. 2. Normalized and corrected IR luminescence spectra
of (1) Nd- and (2, 3) Ce-Nd-containing glasses (2) before
and (3) after annealing in hydrogen; Nyg, 10*° ions/em®:
(1) 2and (2, 3) 15; Nge (2, 3) = 3 x 10%%ons/em?; A g, NM:
(1) 300750 and (2, 3) 370.

seen that the spectrum of the monoactivated glass
(curve 1) at the recording wavelength A, correspond-
ing to the *F5, — 4,4, band of Nd® ions (Ao =
1085 nm) differs from the corresponding absorption
spectrum both in the ratio between the intensities of
spectral bands of the activator (the relative intensity of
the supersensitive band increases) and in their shape.
The partial intensities of the main spectral bands of
Nd** ions in the spectrum of the coactivated glass at
Arec = 1340 nm (curve 2) come close together, and an
intense and broad UV band appears. The annealing of
this glass in hydrogen leads to a change in the position
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=
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Fig. 3. Normalized and corrected IR luminescence excita-
tion spectra of (1) Nd- and (2, 3) Ce-Nd-containing glasses
(2) before and (3) after annealing in hydrogen; Nyg.
10%ions/em® (1) 2 and (2, 3) 15; Ngg(2, 3) = 3 x
10% ions/em®; A g, nM: (1) 1075 and (2, 3) 1340.
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and shape of the UV band and produces noticeable
changesin the contours of f—f bands (curve 3).

The results presented above must be supplemented
with the statement that no crystalline phase was found
in all the samples studied. For the monoactivated glass
excited in the *lg, — %F3, band, the value of n com-
prises =5% at Nyg = 2 x 10 ion/cm?® and decreases
down to 0.5% at Ny4 = 4 x 10%° ion/cm?®. For the mono-
activated glass sintered in oxygen, thisvalueis close to
15% under similar excitation conditions. When this
glass is excited in the UV band (A = 355 nm), the
value of n decreases down to 5% and approaches 15%
again after annealing in hydrogen. Also note that the
concentration of hydroxyl ions determined by the
known method [2] comprises=0.8 wt % for the glasses
under study.

The radical differences of the spectra of the coacti-
vated glass sintered in oxygen from the corresponding
spectra of the monoactivated glass caused by Nd** ions
(compare curves 1 and 2 in Figs. 1-3) should be asso-
ciated with the formation of complex Ce*—Nd*" cen-
ters. The appearance of these centersis due to the rela-
tively small ionic radius of the quadruply charged
cerium (~0.8 A [6]). According to the geometrical cri-
terion [7], thisallows cerium to form seven- and, possi-
bly, six-coordinate polyhedrawith oxygen. In this case,
according to the consequence [8] from Pauling’s elec-
trostatic valence rule, the Ce** ions can serve as buffer
elements, favoring the entry of higher coordinate lan-
thanide ions into a rigid silicon—oxygen framework
and, thus, the formation of such complex centers. The
results that we obtained recently! in studying the
vibronic interaction of 4f electrons of Eu®* ionswith the
environment in Ce*—Eu®* centers of a silica gel-glass
point to the displacement of Si—O structural units out-
side these centers. This fact, with regard to the absence
of evidence of crystallization in the glasses under study,
suggests that such complex centers represent oxide
nanoparticles in which Ln® ions are surrounded by
Ce(1V) oxo complexes. The attenuation of the super-
sensitive band and the specific absorption of Nd** ions
observed in this case (compare curves1and 2in Fig. 1)
indicate that the symmetry of Nd(I11) oxo complexesin
these nanoparticles is increased. In our opinion, this
increase is due to the fact that the covalent character of
the Ce*—0?* chemica bond is relatively low and,
according to [9], comprises =33%. It countsin favor of
this interpretation that no increase in the symmetry of
Nd(I11) is observed in silica gel-glasses when six-coor-
dinate Al®* ions are used as a buffer [10]. The degree of
covalent character of these ions in compounds with
oxygen is closeto 41%. The occurrence of the nanopar-
ticles indicated above explains why the luminescence
spectra exhibit no continuous variation in going from
one complex center to another one within their ensem-

1 These results will be published in a separate work.
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ble. It also explains the fact that the value of n for the
coactivated glassesis considerably greater than that for
the Nd-containing ones, for which the formation of
Nd-Nd centers, with luminescence quenched because
of cross-relaxation interactions, istypical [10].

The presence of an intense UV band inthe IR lumi-
nescence excitation spectrum of Ce**—Nd>* centers (see
curve 2 in Fig. 3) points to the efficient intracenter
transfer of excitations to Nd®* ions. It is known that
Ce** ions do not luminesce [2]; therefore, this transfer
can proceed only from labile photoreduced ions (Ce**),
whose absorption spectrum is close to the analogous
spectrum of Ce* ions[11]. The absence of the ability
of Nd®* ions to decrease their charge state in glasses
suggests a superexchange mechanism of this transfer
with simultaneous el ectron return from the ground state
(Ce*)~to aligand. The overlap between electron orbit-
als of the donor and acceptor necessary for the given
mechanism can be accomplished through the bonding
of Ce** and Nd®* ions by a bridging oxygen atom with
the formation of a configuration closeto collinear [12].
A weak changein therelative intensity of the UV exci-
tation band due to annealing of the coactivated glassin
hydrogen (compare curves2 and 3in Fig. 3) can berea
sonably explained by the closeness of the excited states
of (Ce**)~ and Ce** ions in energy, the good resonance
of these states with the close-lying states of Nd** ions,
and theinsignificant change of the distance between the
coactivators on reducing Ce** to Ce*. In this casg, the
considerable decrease in the splitting of the lumines-
cence bands of Nd* ions after the annealing of the
coactivated glass in hydrogen (compare curves 2 and 3
inFig. 2) is, in the main, the consequence of a decrease
in the field strength of their environment. As for the
modification of the spectral bands at A ~ 430 and
620 nm (compare curves 1 and 3in Fig. 3) that isuntyp-
ical for such an activator as Nd** ions, additional inves-
tigations are necessary for its interpretation.

From the practical point of view, the relatively high
luminescence branching ratio (=15%) [13] in the
4F5, — %113, transition isthe most attractive property

of the Ce*—Nd*" centers formed in this work. This
property is important in creating lasers and amplifiers
for optical transmission lines at a wavelength corre-
sponding to the minimum materia dispersion of silica
glass. It is also reasonable to believe that a decrease in
the concentration of Ce*-0O-Ce* and Ce*-O-Fe**
groups, which absorb in the UV, visible, and, partialy,
in the near IR spectral regions [14], as well as the use
of gpecial dehydration methods, must significantly
increase the value of n for glasses with the Ce**—Nd®*
centers considered above.

This work was partially supported by the Belarus-
sian Republican Foundation for Basic Research,
project no. FOO-186.

JETP LETTERS  Vol. 74

No. 7 2001



SPECTRAL LUMINESCENCE PROPERTIES

REFERENCES

. G. E. Maashkevich, E. N. Poddenezhnyi, I. M. Mel’-
nichenko, et al., Opt. Spektrosk. 78, 84 (1995) [Opt.
Spectrosc. 78, 74 (1995)].

. G. E. Malashkevich, E. N. Poddenezhny, I. M. Mel-
nichenko, et al., J. Non-Cryst. Solids 188, 107 (1995).

. G. E. Mdashkevich, E. N. Poddenezhnyi, I. M. Mel’-
nichenko, et al., Fiz. Tverd. Tela(St. Petersburg) 40, 458
(1998) [Phys. Solid State 40, 420 (1998)].

. G. E. Malashkevich, A. G. Makhanek, A. V. Semchenko,
et al., Fiz. Tverd. Tela (St. Petersburg) 41, 229 (1999)
[Phys. Solid State 41, 202 (1999)].

. C. A. Parker, Photoluminescence of Solutions (Elsevier,
Amsterdam, 1968; Mir, Moscow, 1972).

. Chemistry and Periodic Table, Ed. by K. Saito (Iwanami
Shoten, Tokyo, 1979; Mir, Moscow, 1982), translated
from Japanese.

. B. K. Vainshtein, V. M. Fridkin, and V. L. Indenbom,
Modern Crystallography, Vol. 2: Structure of Crystals,
Ed. by B. K. Vainshtein, A. A. Chernov, and L. A. Shu-

JETP LETTERS Vol. 74 No.7 2001

8.

9.

10.

11

12.

13.

14.

391

valov (Nauka, Moscow, 1979; Springer-Verlag, Berlin,
1982).

L. E. Ageeva, V. |. Arbuzov, E. |. Gaant, et al., Fiz.
Khim. Stekla 13, 409 (1987).

N. N. Ermolenko, Steklo, Sitally Silik. Mater. 5, 3
(1976).

G. E. Malashkevich, P. P. Pershukevich, E. N. Podden-
ezhny, et al., Zh. Prikl. Spektrosk. 62, 61 (1995).

V. I. Arbuzov, M. N. Tolstoi, M. A. Elerts, et al., Fiz.
Khim. Stekla 13, 581 (1987).

M. S. Poluéktov, N. P. Efryushing, and S. A. Gava,
Determination of Lanthanide Microquantity by Lumi-
nescence of Crystal Phosphors (Naukova Dumka, Kiev,
1976).

G. E. Maashkevich, N. V. Ovcharenko, T. V. Smirnova,
et al., Fiz. Khim. Stekla17, 52 (1991).

G. E. Maashkevich, G. I. Semkova, and W. Strek, J.
Alloys Compd. (2001) (in press).

Trandated by A. Bagatur’yants



JETP Letters, Vol. 74, No. 7, 2001, pp. 392-395. Translated from Pis' ma v Zhurnal Eksperimental’ nor i Teoreticheskor Fiziki, Vol. 74, No. 7, 2001, pp. 430-434.

Original Russian Text Copyright © 2001 by Artemenko, Remizov.

Effect of Coulomb Interaction on the Electron Spectral Density
and the Transver se Conductivity of Layered Metals

S. N. Artemenko* and S. V. Remizov
Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Moscow, 101999 Russia
*art@cplire.ru
Received August 30, 2001

Interaction of electrons with strongly anisotropic plasma oscillations leads to an incoherent contribution to the
electron spectral density that does not vanish even for energies distant from the Fermi surface. In the supercon-
ducting state, this gives a peak—dip—hump structure analogous to that observed in layered high-T. superconduc-
tors. The incoherent part of the spectral density and electron transitions with the participation of plasmons are
responsible for two mechanisms of the occurrence of a finite conductivity in the transverse direction at high
voltages or frequencies. © 2001 MAIK “ Nauka/Interperiodica” .

PACS numbers; 73.21.-b; 73.63.-b; 71.45.Gm

Layered metals can be considered as strongly aniso-
tropic crystals with a small transfer integral between
layers, which determines the el ectron band width in the
transverse direction. In pure crystals, electron transi-
tions between layers must be coherent as distinct from
artificial rough tunnel junctions, in which the parallel
momentum component is nhot conserved in transitions
between layers. It isknown that an electron oscillatesin
an electric field applied to a perfect periodic crystal,
and the dissipative current does not arise. A finiteresis-
tance (and thereal part of conductivity) in the direction
perpendicular to layers arises because of electron scat-
tering. At frequencies higher than the inverse momen-
tum scattering time 1/t, the scattering efficiency
decreases; therefore, the real part of conductivity must
drop with increasing frequency. Similarly, if the voltage
drop across one layer V > #i/et, the period of electron
oscillations in the electric field becomes smaller than T
and the conductivity must also drop as the voltage fur-
ther increases. However, in one of the most extensively
studied types of layered metals, namely, in high-T,
superconductors, afinite conductivity is observed even
at voltagesthat exceed the value of the superconducting
gap [1-4], which, initsturn, exceeds#/t. Thereadl, dis-
sipative part of the conductivity does not drop even at
high frequencies [5]. A similar behavior was aso
observed in the layered metal 2H-TaSe, [6].

In addition, a peak—dip—hump structure extending
up to energies distant from the Fermi surface was
observed in the electron spectral density of a high-T.
superconductor measured by angle-resolved photoe-
mission spectroscopy [7]. A similar structure was
observed earlier using tunnel spectroscopy [8]. The
occurrence of an extended incoherent part of the spec-
tral density can explain the finite value of the dissipa-
tive current at high frequencies [9]. In works by Nor-

man et al. [10], it was shown that the features of the
spectral density could be due to the interaction of elec-
trons with a dispersionless boson mode presumably of
an electron origin.

We propose a mechanism of the occurrence of the
features under discussion not associated with the spe-
cific properties of high-T. superconductors, that is,
common to layered metals. This mechanism isbased on
the Coulomb interaction and the interaction of elec-
trons with strongly anisotropic plasma oscillations.
Such oscillations must be inherent in strongly anisotro-
pic layered metals, because the frequency of plasma
oscillations with the wave vector perpendicular to the
conducting layers is proportional to the small transfer
integral squared and, correspondingly, to the conductiv-
ity in this direction. Such plasma oscillations in the
superconducting state are manifested in the Josephson
plasma mode in the high-T, superconductor [11, 12]. It
is evident that an analogous, weakly damped mode
must also exist in the normal state at frequencies higher
than the collision frequency and at wavelengths shorter
than the mean free path, that is, in the limit when the
material behaves as an ideal metal, whose response to
an eectric field is in many respects similar to the
response of a superconductor.

Consider a layered metal with the period s in the
direction perpendicular to the metallic layers coupled
with asmall transfer integral t;. The Hamiltonian of the
system takes the form

2
x = Z [%na;ncapnc+tD(a;,n+1,oapno
I &)

+ g
+ ap, n—1,0apn0[|i| + %C + %BCSa
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where a; , , isthe creation operator of an electron with
the momentum component p along the layer and the
spin o in the conducting layer n, % describes the Cou-
lomb interaction, and #gs is the BCS part of the
Hamiltonian, which lead to singlet pairing. For smplic-
ity, we will use a discrete potential of the Coulomb
interaction of the electrons occurringinthenand n' lay-
ers and separated by the distance r;in the plane of lay-

ersVo(r, n) = &/,/rf + (n—n')’s>. The Fourier trans-
form of the potential takesthe form

Ve(q) = 4me’/(qf + 67), )

where ¢, is the wave vector in the plane of layers, and
0y = (2/9)sin(qus/2), || < TUs is the wave vector

obtained by a discrete Fourier transform over the layer
numbers.

We will neglect electron scattering by impurities
and phonons, because the considerable energies that
will be required in calculations are high as compared
with 7/1. We also omit the renormalization of the effec-
tive mass and the broadening of the quasiparticle peak
in the electron spectral density dueto electron—electron
scattering. Instead, we will focus on the effects associ-
ated with the plasmamode and itsinteraction with elec-
trons.

First, we will calculate the polarization operator
within the random phase approximation and find the
renormalized Coulomb interaction V' at zero tempera-
ture. In the normal state and in the dynamic limit w >
Ve Wewill obtain

2 2
41e w

CRE D
2 _ 05+ Q5q)
2 A2
q,+do

Ol/'C((‘o! q) =

©)

where Qf) = 2€°Vpels = 4e’n/m is the plasma fre-
guency for the orientation of the wave vector parallel to
the layers, and w, = (4tgAVE)Q, < Q, is that for the
orientation of the wave vector perpendicular to the lay-
ers. The poles of the potential given by Eq. (3) deter-
mine the spectrum of the plasmamode. Large values of
gs ~ S make the greatest contribution to integrals in
the subsequent calculations. At such g, the frequency
of the mode grows almost linearly with g in the wide
range between wy, and Q,,, and the characteristic veloc-
ity of plasmons in the plane of layersis determined by
the value w, = q,Q,/8n, wherek? = Q2 /2v 7, and 1k
is the Thomas—Fermi screening length, which, for sim-

plicity, we consider small compared to the period s,
Ks> 1. Thisrelationistruefor high-T.superconductors,

where an estimate gives K ~ 10 nm™ and s ~ 1.5 nm.
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Notethat ¢ ~ (KS)Vf and this fact allows us to use the
dynamic limit in Eq. (3).

Note a certain analogy between the interaction of
electrons with photons in quantum electrodynamics
and the interaction of electrons with plasmons in our
problem. However, the interaction in the first case is
characterized by the small parameter e?/fic = 1/137,
whereas the corresponding parameter in our case
e?/h.c ~ (€%/9)/hQ, can be large or small, depending on
the value of the plasmafrequency, that is, on the density
of charge carriers. First, we consider the case of arela-
tively good metal with a high plasma frequency when
this parameter is small. Next, we will consider the situ-
ation when the carrier density decreases.

The renormalized potential in the superconducting
Sate at @, Qv < A tekestheform V¢ = 4€?/(qf + 65 +

K?); that is, it describes static screening, and the poles
determining the plasma mode are absent. These poles
appear only at w, qvg > A, when superconductivity is
of little importance. Note that the Josephson plasma
mode at small frequencies with the spectrum given by
Eqg. (3) is, nevertheless, present and is revealed in the
poles of the Green function, which describes fluctua-
tions of the superconducting momentum. These fluctu-
ations also make a contribution to the effects studied
here; however, this contribution is small compared with
the Coulomb effects by the parameter (ks)?.

Consider the effect of the Coulomb interaction on
the electronic structure by the perturbation theory, cal-
culating the mass operator >. The poles of the potential
V¢, which acquires the properties of a boson Green
function, make the main contribution to Z. The calcu-
lated mass operator does not decrease up to very high
energies of order Q, and it givesthe following electron
Green functioninthenormal state at energiesmuch less
than Q,:

G = 1
(e—&p)[1+0o+igF(e—&p)/Q,]
g = e’ i dgsQ, @)
IZT[ @, (q” + CID)

where§, = p¥2 —¢, and F isaslowly varying function
equal to 1 at € < {ksand to /2 at € > &ks. Formally,
the integral for g, diverges logarithmically at large q
but becomesfiniteif it isconsidered that the integration
over g isrestricted by the Brillouin zone or if the exact
form of the dependence w, a q, ~ K is taken into
account. As a result, we obtain g, ~ glnsg: or g, ~
glnks, respectively. The exact expression for g, is
determined by the particular energy structure of the
metal at large distances from the Fermi surface.

The spectral function of electrons A = ImG/Tt con-
sists of a quasiparticle peak, whose value decreases
with decreasing density of charge carriers, and of an
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Fig. 1. Diagrams for the Green function nondiagonal with
respect to the layer number that make the main contribution
to the current in the transverse direction with respect to lay-
ers.

extended incoherent part. At € < Q,, with an accuracy
tothetermslinearin g,

—_ 6( €— Ep) g F

A 1+g, +nQp' ©)

Equation (5) is applicable to the superconducting
state at € > A(KS). At lower energies, the secondtermin
the spectral function becomes small, becauseit is deter-
mined by the plasmon poles of the potential and these
poles are absent at energies lower than A. Asaresult, a
dip appearsin the spectral density at energiese < A(KS).
Thisleadsto the appearance of a peak—dip—hump struc-
ture in the superconducting state. This structureis sim-
ilar to that observed in layered high-T, superconductors
in the direction (0, 1), corresponding to a maximum in
the superconducting gap. However, our analysis, based
on asimple model isotropic in the plane of layers, can-
not pretend to be a quantitative description of the spec-
tral density in a high-T, superconductor.

Note that, though Egs. (4) and (5) are formally
applicable only at T = 0, acalculation at finite temper-
atures indicates that these equations can be used at a
temperature much lower than the energies of plasmons,
which give the main contribution to the integral in
Eq. (4), that is, at KT < AiVels, g, Q.

Let us discuss now how the results will change on
increasing the parameter g, determining the magnitude
of interaction. In the general case, the Dyson equation
must be solved for the renormalized Green function
with regard to the vertex part. The diagrams entering
into the vertex part, as well as the mass operator, con-
tain large contributions associated with the plasmon
poles of the renormalized interaction potential. How-
ever, an analysis shows that taking into account the ver-
tex corrections does not change the results qualitatively.
Therefore, expressions given by Eq. (4) can be used
with an accuracy to constant factorsif it is considered
that the nonrenormalized plasma frequency enters into
the formulas for g and g,, whereas the plasmon spec-
trum and frequency are renormalized, Q, —= Qqo/(1 +
), Wy —= Wyo/(1 + g), where the subscript O relates to
the nonrenormalized frequencies.

To calculate the current at high voltages, we will use
the Keldysh nonequilibrium diagram technique. The
current density between the layers n and n + 1 can be

ARTEMENKO, REMIZOV

expressed through Green functions nondiagonal with
respect to the layer number

. 2et dedp
Jnnes = [F(Gana =G~ (©®

where the superscriptsrel ate to the time contour and the
subscripts describe the layer number.

The diagrams for G;’,, , corresponding to the two

basi c mechanisms of the occurrence of alinear conduc-
tivity are presented in Fig. 1. The solid and wavy lines
designate, correspondingly, the renormalized Green
functions and the Coulomb potential, whereas a cross
corresponds to t. These diagrams give strict resultsin
the second order by theinteraction and describe the cur-
rent qualitatively at largeg. The diagramswith agreater
number of Coulomb lines either give small corrections
by the parameter V/Q, or correspond to the renormal-
ization of the vertex part, which does not result in a
gualitative change of the results.

In the case of coherent tunneling, the process
described by the diagram in Fig. 1a makes a contribu-
tion to the current in the normal state at the voltage drop
across one layer eV > £/t (and in the superconducting
state at V > A) only as a result of renormalization,
because renormalization gives the incoherent part of
the spectral density. Assuming that eV > 7, (but eV >
7Q,), we obtain the linear volt-ampere characteristic

with the conductivity

2 2

=M g 3[1+ sz}, ™
T Qp(1+go) 2Tpg

where S, is the area of the two-dimensiona Brillouin
zone of ametal layer. Comparing Eqg. (7) with the stan-

dard equation for conductivity o = 00,23T /411, we see that
the role of the effective scattering time in o is played

by Th[1 + Sp/(2np;2: )]/8¢r. The diagram in Fig. laalso
makes a contribution to the conductivity of a supercon-
ductor with d pairing at V < A due to processes of the
passage of quasiparticles through the superconducting
gap [13], and T4/16A, where A is the maximum gap,
serves as the effective scattering time.

Thediagram in Fig. 1b describes the contribution to
the conductivity due to electron transitions with the
emission or absorption of aplasmon. Its contribution to
the current have an evident physical meaning

kA ti
j = [dkdpdp'e* ———2
I ey ®)
x[Np(L=ny)(1+ Ng) = (1—=ny)n,:Ng]
X[O(&p—&y +V +wy) —d(&,—&y =V + )],

where n, and N, are the Fermi and Planck distributions
of electrons and plasmons, respectively. Calculating
JETP LETTERS  Vol. 74
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integrals at eV > 7w, A, we obtain the linear conduc-

tivity

_ e’ thé g
3TA'Q(1+gp)°

Under our assumptions, the first contribution to the
conductivity is greater than the second one, 0,/0, ~KS.

The expressions given by Egs. (7) and (9) are also
obtained for thereal part of the conductivity at frequen-
cies w > fAw, A, because the linear response is
described by the same diagrams in which the voltage V
is replaced by the frequency .

Let us discuss now the relation of the calculated
results to experimental data, the most part of which
were obtained with high-T, superconductors. Our
approach, based on taking into account the Coulomb
effects and containing no assumptions on some special
boson modes, describes qualitatively the appearance of
apeak—dip—hump structure in the el ectron spectral den-
sity in such materials and suggests mechanisms of con-
ductivity in the directions perpendicular to layers at
high voltages or frequencies. However, the specific fea-
tures of the electronic structure of high-T, superconduc-
tors (such asthe occurrence of almost flat regions of the
Fermi surfacein the (O, ) directions, the van Hove sin-
gularities at the Fermi surface, and the angular depen-
denceof t;and A) are not taken into account in our sim-
ple model. Therefore, a quantitative description cannot
be obtained without regard to the details of the elec-
tronic structure of particular layered metals.

The results calculated for the conductivity within
the framework of our simple model do not contradict
experimental data. The conductivity of Bi,Sr,CaCu,O,
measured at V > A is several times higher than the con-
ductivity at small voltagesV <A [1, 3, 4]. The conduc-
tivity calculated at high voltages contains the Fermi
energy as the effective scattering frequency, and that
calculated at |ow voltages contains the superconducting
gap A as the effective scattering frequency. In the case
of an isotropic transfer integral between layers t, this
would mean that the conductivity at high voltages is
lower than that at low voltages. However, if t is aniso-
tropic and is determined by transitions through vertex
oxygen atoms (see the review [14]), the ratio between
the conductivities may become opposite, because the
conductivity at low voltagesis determined by quasipar-
ticles near the sites of the superconducting gap. In this

9)

0,
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case, the transfer integral is small, quasiparticles with
arbitrary momentum directions make a contribution to
the transitions between layersat V > A, and the conduc-
tivity is determined by large values of to. Thus, the
anisotropy of the electronic spectrum of the materia
must be taken into account in detail for a quantitative
description.

The authors are grateful to K.E. Nagaev and
A.G. Kobel’kov for useful discussions. This work was
supported by the Russian Foundation for Basic
Research, project no. 01-02-17527, and by the Russian
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A theory of high-temperature superconductivity based on the combination of the fermion-condensation quan-
tum phase transition and the conventional theory of superconductivity is presented. Thistheory describes max-
imum values of the superconducting gap, which can be as big as A; ~ 0.1¢g, with € being the Fermi level. We
show that the critical temperature 2T, = A,. If the pseudogap exists above T, then 2T* = A, and T* isthetem-
perature at which the pseudogap vanishes. A discontinuity in the specific heat at T, is calculated. The transition
from conventional superconductorsto high-T, ones as afunction of the doping level isinvestigated. The single-
particle excitations and their lineshape are also considered © 2001 MAIK “ Nauka/Interperiodica” .

PACS numbers: 74.20.Fg; 71.27.+a; 74.25.Jb

The explanation of the large values of critical tem-
perature T, of the maximum value of the superconduct-
ing gap A,, and of the relation between A, and the tem-
perature T* at which the pseudogap vanishes are, as
years before, among the main problems in the physics
of high-temperature superconductivity. To solve them,
one needs to know the single-particle spectra of corre-
sponding metals. Recent studies of photoemission
spectra discovered an energy scale in the spectrum of
low-energy electronsin copper oxides, which manifests
itself asakink in the single-particle spectra[1-4]. Asa
result, the spectra in the energy range (—200-0) meV
can be described by two straight linesintersecting at the
binding energy E; ~ (50-70) meV [2, 3]. The existence
of the energy scale E; could be attributed to the interac-
tion between electrons and the collective excitations,
for instance, phonons [4]. On the other hand, the anal-
ysisof the experimental dataon the single-particle elec-
tron spectra demonstrates that the perturbation of the
spectra by phonons or other collective statesis, in fact,
very small; therefore, the corresponding state of elec-
trons has to be described as a strongly collectivized
guantum state and is named “ quantum protectorate” [5,
6]. Thus, the interpretation of the above-mentioned
kink as a consegquence of electron—phonon interaction
may very likely be in contradiction with the quantum
protectorate concept. To describe the single-particle
spectra and the kink, the assumption may be used that
the electron system of a high-T, superconductor has
undergone the fermion-condensation quantum phase
transition (FCQPT). This transition serves as a bound-

L This article was submitted by the authorsin English.

ary separating the normal Fermi liquid from the
strongly correlated liquid of a new type[7, 8] and ful-
fills the quantum protectorate requirements [9]. The
FCQPT appears in many-electron systems at relatively
low density, where the effective interaction constant
becomes sufficiently large. In ordinary electron liquid,
this constant is directly proportiona to the dimension-
less parameter rg ~ 1/p-ag, where ag is the Bohr radius
and pg isthe Fermi momentum. The FCQPT appears at
acertain valuer,, rg = ree, and precedes formation of
charge-density waves or stripes [10], which are
observed in underdoped samples of copper oxides[11].
This is why the formation of the FCQPT in copper
oxides may be considered as a quite determinate pro-
cess stemming from general properties of alow-density
electron liquid [9].

In this paper, we address the above-mentioned prob-
lems in the physics of high-temperature superconduc-
tivity and demonstrate that these problems can be
resolved in a theory based on the combination of the
FCQPT and the conventional theory of superconductiv-
ity. We show that the FCQPT manifests itself in large
values of A;, T, and T*. We also trace the transition
from conventional superconductorsto high-T,onesasa
function of the parameter r, or asafunction of the dop-
ing level.

At T =0, the ground-state energy E {K(p), n(p)] of
atwo-dimensional electron liquid is afunctional of the
order parameter of the superconducting state k(p) and
of the occupation numbers n(p) and is determined by

0021-3640/01/7407-0396$21.00 © 2001 MAIK “Nauka/Interperiodica’
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the known equation of the weak-coupling theory of
superconductivity

dp,dp,

Eqs = E[N(P)] +J7\oV(I01, PIK(PIK*(P)———" 2n) (1)

Here, E[n(p)] is the ground-state energy of a normal
Fermi liquid, n(p) = v&p), and K(p) =

v(p)~/1—v*(p) . Itisassumed that the pairing interac-
tion AgV(p4, p,) isweak. Minimizing Eg with respect to
K(p), we obtain the equation connecting the single-par-
ticle energy €(p) to A(p),

1-2v?(p)
2k(p)

The single-particle energy £(p) is determined by the
Landau equation, (p) = dE[n(p)]/dn(p) [12], and W is
the chemical potential. The equation for the supercon-
ducting gap A(p) takes the form

e(p) —K = A(p) 2

dp,

= —[Ao » P1 1)

A(p) V(|0|0)K(|O)4n2
A(p,) dp,
Jee(py) - )2+ 6%(p,) 4T

If A, — 0, then the gap A(p) —= 0O, and Eq. (2)
reduces to the equation proposed in [7]

©)

1
—S[AV(P. P

e(p)—p = 0, if 0<n(p)<1; p<psp;. (4
At T =0, Eqg. (4) defines a particular state of Fermi lig-
uid with the fermion condensate (FC), for which the
modulus of the order parameter |k(p)| has finite values
in the L. range of momentap,<p<p,andd;, — 0
in the L. Such a state can be considered as supercon-
ducting with an infinitely small value of A, so that the
entropy of this state is equal to zero. It is obvious that
this state, being driven by the quantum phase transition,
disappearsat T > 0[9]. When p, — pr — p;, EQ. (4)
determines the point rpc a which the FCQPT takes
place. It follows from EqQ. (4) that the system breaks
into two quasiparticle subsystems: the first subsystem
in the L range is occupied by the quasiparticles with
the effective mass Mg, —» o, whilethe second oneis

occupied by quasiparticles with finite mass M} and
momentap < p. If Ay Z 0, A; becomesfinite, leading to
afinite value of the effective mass Mz¢ in Lgc, which
can be obtained from Eq. (2) [9]

pf pl
n, ®)

MEc = Pe
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Astotheenergy scale, it isdetermined by the parameter
Eo:

(P — Pe) Pe
M
Thus, a system with FC has a single-particle spectrum
of the universal form and possesses quantum protector-
ate features at T < T;, with T; being a temperature at

which the effect of the FCQPT disappears.

Weassumethat therange Lrcissmall, (o —pe)/pe < 1,
and 27, < T;, so that the order parameter K(p) is gov-
erned mainly by the FC [9]. To solve Eq. (2) analyti-
cally, we take the Bardeen—Cooper—Schrieffer (BCS)
approximation for theinteraction [13]: AoV(p, p1) =—A
if [&(p) —H| £ wp, and theinteraction is zero outside this
region, with wy being the characteristic phonon energy.
As a result, the gap becomes dependent only on the
temperature, A(p) = Ay(T), being independent of the
momentum, and Eqg. (2) takes the form

Eo = &(py) —&(pi) = 2 =20, (6)

Eyl2
dg

1= Necho [ /——

{ JE +0,(0)°

o (7
dé

E{/Z’\/ &%+ 1,(0)°

Here, we set & = g(p) — M and introduce the density of
states N¢ in the Lgc or E, range. As follows from
Eq. (5), Nec = (ps— pe)pe/2114,(0). The density of states
N, in the range (wp — Ey/2) has the standard form N =
M7 /2L If the energy scale E, — 0, Eq. (7) isreduced
to the BCS equation. On the other hand, assuming that
E, < 20 and omitting the second integral in the right-
hand side of Eq. (7), we abtain

£,(0) = }\OpF(pf Pr)

In(1+ ./2)
(8)

= 2Bs; In(1+ ./2),

Pt —DPr
F

where the Fermi energy € = p,2: [2M7 , and dimension-

less coupling constant 3 = A\,M[ /21t Taking the usual
values of the dimensionless coupling constant 3 = 0.3,
and (pr — pr)/pe = 0.2, we get from Eq. (7) the large
value of A;(0) ~ 0.1&g, while for normal metals one has
A,(0) ~ 103 Taking into account the omitted integral ,
we obtain

Pr— Pr 20
0,(0) = 2Ber——=1In(1+ /2)FL + BIn—=2=. (9
1(0) = 2B~ In(L+ V2) 1 + BN (9)
Itisseen from Eqg. (9) that the correction due to the sec-

ond integral is small, provided E, = 2w,. Below, we
show that 2T, = A4(0), which leads to the conclusion
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that thereisno isotope effect, since A, isindependent of
Wp. But this effect is restored as E; — 0. Assuming
Ey ~ wp and Ey > wyp, we seethat Eq. (7) has no standard
solutions A(p) = A4(0) because wy < g(p = pr) — 4 and
the interaction vanishes at these momenta. The only
way to obtain solutions is to restore the condition E, <
wp. For instance, we can define the momentum pp < py
such that
A _ Po — Pr _
1(0) = 2[38F—“_p In(1+4/2) = wp,

F

(10)

whilethe other part in the L range can be occupied by
agap A, of the different sign, A,(0)/A, < 0. It follows
from Eg. (10) that the isotope effect is presented. A
more detailed analysis will be published elsewhere.

At T — T, Egs. (5) and (6) are replaced by the
equation, whichisvaidasoa T.< T < T;[9]

Pi — D

Fo = DF;—TC,

- P: — P

if T,<T:M¥c= pF#,

Equation (7) isreplaced by its conventiona finite-tem-
perature generalization

1= NFCAOE}IZ & tanh’V‘EZJ’Al(T)2
D JER 4y (T)? 2T

- A AT

dé
+ N A tan
E{m/ez +0,(T) 2T
Putting A(T — T.) — 0, we obtain from Eq. (12)
2T, = A,(0), (13
with A,(0) being given by Eq. (9). By comparing Egs.
(5), (11), and (13), we see that M and E, are almost
temperature-independent at T < T.. Now afew remarks
arein order. One can define T, asthe temperature where
A(T)=0.At T =T, Eq. (12) has only thetrivia solu-
tion A; = 0. On the other hand, T, can be defined as a
temperature at which the superconductivity vanishes.
Thus, we deal with two different definitions, which can
lead to different temperatures. It was shown [14, 15]
that in the case of the d-wave superconductivity, taking
place in the presence of the FC, there exist nontrivial
solutionsof Eq. (12) at T.< T < T* corresponding to the
pseudogap state. It happenswhen the gap occupiesonly
that part of the Fermi surface which shrinks as the tem-
perature increases. Here, T* defines the temperature at
which A;(T*) = 0and the pseudogap state vanishes. The
superconductivity is destroyed at T, and the ratio
2A,/T, can vary in a wide range and strongly depends
upon the material properties, as follows from the con-

Eo = 4T,;
(11)
E, = 4T.

(12)
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sideration given in [14, 15]. Therefore, provided the
pseudogap exists above T, then T isto be replaced by
T*, and Eq. (13) takes the form

2T* = A,(0). 14
The ratio 2A,/T, can reach very high values. For
instance, in the case of Bi,Sr,CaCu,Qs. 5 Where the
superconductivity and the pseudogap are considered to
be of common origin, 2A,/T, = 4 isabout 28, while the
ratio A,/T* = 4, whichisalso valid for various cuprates
[16]. Thus, Eq. (14) gives a good description of the
experimental data. We remark that Eq. (7) also gives a
good description of the maximum gap A, in the case of
the d-wave superconductivity [14, 15], because the dif-
ferent regions with the maximum absolute value of A,
and the maximal density of states can be considered as
disconnected [17]. Therefore, the gap in this region is
formed by attractive phonon interaction, which is
approximately independent of the momenta. According
to the model proposed in [9], the doping level X is
related to the parameter r in the following way: (Xgc —
X) ~ (rs—rec) ~ (ps — P)/Pe The value Xec matches rec
when defining the point at which the FCQPT takes
place. We assume that the dopant concentration Xgc cor-
responds to the highly overdoped regime at which
dight deviations from the norma Fermi liquid are
observed [18]. Then, from Egs. (8) and (9) it follows
that A, is directly proportional to (Xec — X). From
Eq. (14) one finds that the function T*(X) represents a
straight line crossing the abscissa at the point X-c = X,
while, in the vicinity of this point, T merges with T,
and both of them tends to zero.

Now we turn to the calculations of the gap and the
specific heat at the temperatures T — T.. It is worth
noting that this considerationisvalid, provided T* =T,
otherwise the discontinuity considered below is
smoothed out over the temperature range T* — T.. For
the sake of simplicity, we calculate the main contribu-
tion to the gap and the specific heat coming from the
FC. The function A(T — T,) is found from Eq. (12)
upon expanding the right-hand side of the first integral
in powers of A; and omitting the contribution from the
second integral on the right-hand side of Eq. (12). This
procedure leads to the following equation:

A (T) = 34T, /1-TIT..
Thus, the gap in the spectrum of the single-particle
excitations has quite usual behavior. To calculate the

specific heat, the conventional expression for the
entropy S[13] can be used

S = 2[[f(p)Inf(p)

+(1-f(p))In(1-1(p))]

(15)

dp (16)
>

(2m)
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1
P = TeprEm

E(p) = J(e(p) —)° + A3(T).
The specific heat C is determined by

(17)

C-= Td—s~4N—FCIf(E)(1—f(E))

dAl(T) N,

}dE =

[E +TAL(T) (18)

Wp

J’f(E)(l—f(E))[E +TAL(T)

1(T)}d2.

When deriving Eqg. (18), we again use the variable N
and the densities of states Ng¢, N, , just asbeforein con-
nection to Eg. (7), as well as the notation E =

JEZ+ A2(T) . Equation (18) predicts the conventional
discontinuity oC in the specific heat C at T, because of
the last term in the square brackets of Eg. (18). Upon
using Eq. (15) to calculate this term and omitting the
second integral on the right-hand side of Eq. (18), we
obtain

3
oC = E[(pf_

In contrast to the conventional result when the discon-
tinuity is alinear function of T, o6C is independent of
the critical temperature T, because the density of state
variesinversely with T, asfollows from Eq. (11). Note
that, deriving Eq. (19), we take into account the main
contribution coming from the FC. This contribution
vanishes as soon as E, — 0, and the second integral in
Eq. (18) givesthe conventional result.

Consider the lineshape L(q, w) of the single-particle
spectrum which is a function of two variables. Mea-
surements carried out at afixed binding energy w = wy,
where wy, is the energy of a single-particle excitation,
determine the lineshape L(qg, w = wy) as a function of

the momentum g. We have shown above that Mf¢ is

finite and constant at T < T.. Therefore, at excitation
energies w < E, the system behaves like an ordinary
superconducting Fermi liquid with the effective mass
given by Eq. (5) [9]. At T, < T, the low-energy effective

mass M is finite and is given by Eq. (11). Once
again, at the energies w < E,, the system behaves as a
Fermi liquid, the single-particle spectrum is well
defined, while the width of single-particle excitationsis
on the order of T[9, 19]. Thisbehavior was observed in
experiments on measuring the lineshape at a fixed
energy [1]. It is pertinent to note that recent measure-
ments of the lineshape suggest that quasiparticle exci-

Pi) Pk (19
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tation even in the (11, 0) region of the Brillouin zone of
Bi,Sr,CaCu,Qg . 5 (Bi2212) are much better defined than
was previoudly believed from earlier Bi2212 data [20].
The lineshape can aso be determined as a function
L(g =g, w) at afixed g =g, At small w, the lineshape
resembles the one considered above, and L(q = q,, w)
has a characteristic maximum and width. At energies
w = E,, quasiparticles with the mass M} come into
play, leading to a growth of the function L(q = g, w).
As a result, the function L(q = q,, w) possesses the
known peak-dip-hump structure [21] directly defined
by the existence of the two effective masses M. and

¥ [9]. To have a more quantitative and analytical

insight into the problem, we use the Kramers—Kronig
relation to construct the imaginary part ImZ(p, €) of the
self-energy 2(p, €), starting with the real one ReZ(p, €)
which defines the effective mass[22]

1 _q _ 1aRezDE;TL aReZD
P Op g

M*
Here, M isthe bare mass, while the relevant momentap
and energies € are subjected to the following condi-
tions: |p — pel/pe <€ 1, and e/eg < 1. We take ReZ(p, €)
in the simplest form which accounts for the change of
the effective mass at the energy scale Ey:

(20)

Rex(p, ) = —eirC+ b EGMFC

x [0(e—Ey/2) + 0(—e —Ey/2)].
Here, O(¢) is the step function. Note that, in order to
ensure a smooth transition from the single-particle
spectrum characterized by Mg. to the spectrum

defined by M}, the step function isto be substituted by

some smooth function. Upon inserting Eq. (21) into
Eq. (20), we can check that inside the interval (—Ey/2,

Ey/2) the effective mass M* = Mg, and outside the
interval M* = M} . By applying the Kramers—-Kronig

relation to ReZ(p, €), we obtain the imaginary part of
the self-energy,

(21)

* * *
ZMFC+ FC_ML

Imz O
m2(p, €) € EM N

. (22)

x [£ln
O

€+ Ey/2
8 - E0/2

EO
+ —

e — E§/4E_
Ex4 [0

We can see from Eq. (22) that, at €/E, < 1, the imagi-
nary part is proportional to €2; at 2e/E, = 1, ImXZ ~¢€; at
Ey/e < 1, themain contribution to the imaginary partis
approximately constant. Thisis the behavior that gives
rise to the known peak-dip-hump structure. Then, it is
seen from Eq. (22) that, when E, — O, the second
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term on the right-hand side tends toward zero, the sin-
gle-particle excitations become better defined, resem-
bling that of a normal Fermi liquid, and the peak-dip-
hump structure eventually vanishes. On the other hand,
the quasi particle amplitude a(p) is given by [22]

1 1_6ReZ(p, £)
a(p) o€ '
It followsfrom Eq. (20) that the quasi particle amplitude
a(p) rises as the effective mass My decreases. Since

MEc ~ (pr—p) ~ (Xec —X) [9], we are led to the conclu-
sion that the amplitude a(p) rises as the doping level
rises, and the single-particle excitations become better
defined in highly overdoped samples. It isworth noting
that such behavior was observed experimentaly
Bi2212 so highly overdoped that the gap size was about
10 meV [18]. Such asmall size of the gap indicates that
the region occupied by the FC issmall, since Ey/2 = A,.

In conclusion, we have shown that the theory of
high-temperature superconductivity based on the fer-
mion-condensation quantum phase transition and on
the conventional theory of superconductivity permits
oneto describe high values of T, T*, and the maximum
value of the gap, which may be as large as A, ~ 0.1¢..
We have aso traced the transition from conventional
superconductorsto high-T, ones and demonstrated that,
in highly overdoped cuprates, single-particle excita-
tions become much better defined, resembling those of
anormal Fermi liquid.

This work was supported in part by the Russian
Foundation for Basic Research, project no. 01-02-
17189.
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A complex oxide of theY ,Mn,3Re,30; composition with pyrochlore-like structure and parameters of hexag-
onal unit cell a=14.91(1) A, ¢ = 17.53(1) A was synthesized. The magnetic susceptibility and magnetization
measurements showed that below 190 K this oxide possesses spontaneous magnetic moment. In the parameg-
netic region, the magnetic susceptibility obeys the Curie-Weiss law x = C/(T — ©), with C = 2.07 cm®K mol
and © = 160 K, and the effective magnetic moment corresponding to the cationic combination Mn?*—Re>*.
The data obtained allow one to assume that the compound has a noncollinear antiferromagnetic structure. ©

2001 MAIK “ Nauka/Interperiodica” .
PACS numbers: 75.20.Hr; 75.30.Cr; 75.50.-y

Magnetic properties of complex oxides with apyro-
chlore structure have attracted serious attention after
the discovery of ferromagnetismin rare-earth hypovan-
adatesLn,V,0O; (Ln=Lu,Yb,and Tm; To =73.5K) [1,
2]. A search for pyrochlore-like oxides have culmi-
nated, in particular, in the synthesis of thallium manga
nate TI,Mn,O; (T = 121 K) [3], which was found to
display colossal magnetoresistance [4]. Recently [5],
“unprecedented” magnetoresistance (higher than for
the stoichiometric TI,Mn,O;) was observed in a
Tl, _,Cd,Mn,O, solid solution. These oxides have a
face-centered cubic | attice belonging to the space group
Fd3m and they are isostructural with the pyrochlore
mineral NaCaTa,O4(OH; F) [6].

In a number of works [7, 8 and references therein],
oxides of amore complex composition (Ln,B>;B;;0;)
were synthesized, in which the B' and B" sites are occu-
pied by two different d elements. Contrary to the “sim-
ple’ pyrochlores, the structure of more complex oxides
is not cubic and belongs to the rhombohedral or mono-
clinic[9] crystal system. A detailed analysisof thecrys-
tal structures of these compounds has not been carried
out so far. In [9], the X-ray diffraction patterns of the
compositionally close Ho,Mn,¢Nb; ,O;; oxide were
indexed on the basis of the zrconolite structure
CazrTi,0,[10]. Inthe structural model adopted for this
oxide, three types of cationic positions occur for the Nb
and Mn atoms.

The magnetic properties of these complex oxides
also remain to be studied. Those compounds in which
both B' and B" sites are occupied by the cations whose
d orbitals are only partly filled are of greatest interest.
In[7, 8], the presence of ferrimagnetic properties of the

Y ,Mn,sM0,50, andY ,Fe, M 0,,,0, compounds at |ow
temperatures was suggested on the basis of magnetic
susceptibility measurements carried out at T = 77 K.

This paper reports on the synthesis of a new com-
plex oxide Y ,Mn,;3Re, 0, whose crystal structure is
similar to the structure of previously synthesized
Ln,B5;3B430; oxides. The compound was prepared in
vacuum from Mn,O3, ReO,, and Y ;ReOq4 oxides and
metallic Re. The double oxideY ;ReOg was obtained in
air from yttrium oxideY ,O5; and ammonium perrhenate
NH,ReO, at 900°C. A mixture of the indicated compo-
nents was carefully ground intheratiol:1:2:1and
pressed and placed into a quartz tube, which was then
evacuated and sedled. Synthesis was carried out at a
temperature of 1273 K with one-fold intermediate
grinding, repeated pressing, and sealing in a quartz
tube. The course of chemical reactions was monitored
by X-ray diffraction.

The X-ray diffraction pattern of the prepared
Y ,Mn,sRe 30, sample is shown in Fig. 1 (DRON-2
diffractometer, CuK, radiation, Ni filter). The array of
reflections was indexed in the hexagonal (or rhombohe-
dra) symmetry. The lattice parameters of
Y ,Mn,;3Re, 305 in the hexagonal basis are as follows:
a=14.91(1) A, c=17.53(1) A, and V=3375A3. These
values, especialy the ¢ parameter, are quite different
from those previoudy found for the Y,Mn,sM0,50;,
oxide: a=14.80(1) A, c=17.24(1) A, and V=3270 A3,
Since the ion radii of Mo® and Re** are close and
equal, respectively, to 0.61 and 0.58 A [9], this result
callsfor further analysis. The X-ray diffraction datadid
not reveal any impuritiesin the sample.

0021-3640/01/7407-0401$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. X-ray diffraction pattern of Y ;,Mny3Re,307
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Fig. 3. Magnetic hysteresis curve (magnetization o as a
function of magnetic field H) of Y ,Mny;3Rey 307 at 2 K.

The magnetic properties of the prepared compound
were studied on an MPM S SQUID magnetometer over
the temperature range 2—400 K. Measurements were
made in magnetic fields of 0.5 and 5 kOe upon cooling
in zero and nonzero fiel ds. The magnetization was mea:
sured in magnetic fields below 50 kOe at 2, 20, 130,
200, and 298 K after zero-field cooling. The sample
was ceramics sintered under the above-mentioned con-
ditions. The results of measurements are presented in
Figs. 2—4.

It is seen from Fig. 2 that the temperature depen-
dence of the susceptibility x of Y,Mn,;Re, 0, has
well-defined anomalies in the range 2-300 K. Below
190 K, X increases dramatically and displays different
behavior below 125 K, depending on whether it was
zero-field- or field-cooled. The x = f(T) curve also has
inflectionat 7 K. At 2, 20, and 130 K, spontaneous mag-
netization was observed with the following magnetic
moments: 0.03pg at 130 K and 0.2y a 20 K. At 2 K,
magnetic saturation was not achieved. The magnetic
hysteresiscurve at 2 K isshownin Fig. 3.

BAZUEV et al.

12
10
-208
5
S 06
=
°Z 04

0.2

Y,Mn,sRey 50,

0 50 100 150 200 250 300

T (K)
Fig. 2. Temperature dependences of magnetic susceptibility
X of Y,Mny3Rey 507 after (fc) field cooling (fc) and (zfc)
zero-field cooling.
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Fig. 4. Temperature dependence of inverse magnetic suscep-
tibility 1/x of Y ;,Mny3Rey 507 inamagnetic field of 500 Oe.

The temperature dependence of the inverse mag-
netic susceptibility 1/x isshown in Fig. 4. One can see
that x obeys the Curie-Weiss law in the temperature
range 300400 K: x = C/(T — ©®). The Curie constant C
and the Weiss constant © of this law are equa to
2.07 (cm? K)/mol and —160 K, respectively. The effec-
tive magnetic moment (4.07;) per one averaged para-
magnetic center of the formula Y,Mn,;3Re,5055 is
close to that calculated for the cationic combination
Mn?*—Re>* (4.13yg). This fact counts in favor of the
presence of the Mn?* (outer electronic configuration d®)
and Re** (d?) cations in the compound.

The negative value of © isevidence of the antiferro-
magnetic interaction between the Mn and Re cations at
low temperatures. It is notable that the absolute val ue of
© (160 K) is close to the magnetic transition tempera-
ture (190 K). The experimental results, in particular, the
small spontaneous magnetic moments, in conjunction
with the negative value of ©, alow one to assume that
the magnetic structure of this oxide is noncollinear.
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More detailed insight into the nature of exchange mag-
netic interaction in Y,Mn,;Re,;0; and its magnetic
structure calls for further, especialy neutron diffrac-
tion, studies.

We are grateful to Prof. G.V. Subba Rao, India, for
discussions.
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