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The results of calculations of 3He + 3H and D production through the disintegration of the primordia “He by
electromagnetic cascade in the early Universe are presented. An electromagnetic cascade initiated by a high-

energy particle and developing in cosmic plasma starts to disintegrate “He intensively after t ~ 4 x 10* s. For
certain parameters of the source (sorts of particles, energy, and time of appearance in the Universe), this mech-

anism dominates in the extra production of He and 3H. For example, an electromagnetic cascade originating
from the thermal proton—antiproton annihilation is mainly responsible for the *He disintegration in a period of
~4 x 10°-5 x 108 s. © 2000 MAIK “ Nauka/ Inter periodica’

PACS numbers: 98.80.Ft; 26.35.+c; 95.30.Cq

Disintegration of the primordial “He by electromag-
netic cascade, along with disintegration by the second-
ary proton cascade, is the main mechanism of nonequi-
librium cosmologica nucleosynthesis (NCN). A hypo-
thetical source of high-energy particles generatesin the
cosmic plasma of the early Universe electromagnetic
and proton cascades which disintegrate the primordial
“He into *He, °H, and D, thereby distorting the primor-
dial chemical composition.

Recent calculations of the NCN caused by the
nucleon—nucleus interactions are presented in [1]. The
development of electromagnetic cascades in cosmic
plasma has been studied rather well (see [2] and refer-
ence therein), and the relevant numerical calculations
have been carried out (see, e.g., [3] and recent paper
[4]). As part of continuing study of the NCN [1], this
work reportsthe Monte Carlo simulation of the primor-
dial “He disintegration by the electromagnetic cascade
initiated by a high-energy particle source operating
during aperiod of 10> 10'¢ s,

The number of nuclei of element A (°He, *H or D)
produced by the electromagnetic cascade can be repre-
sented in the form

0.
=[Ot g Jeheax g,
wherethefunctions fW(E) and f,¢(E) describe the energy

distributions of photons and electrons in the cascade

initiated by aphoton and ¢, isthe total cross section

for photon (electron) interaction with plasma.

The central part in this process is played by the
Yy — €*e, reaction of electron—positron pair produc-
tion upon the interaction of energetic photons with the

relict radiation (RR). The formed electron and positron
transfer most of their energy to photons through the
inverse Compton scattering by RR. Asaresult, the num-
ber of electrons and photons in the cascade grows in an
avalanche-like manner. However, the disintegration of

“He is suppressed by the no =~ .. term in el

Since the RR cools down as the Universe expands, the
Yy —= €*e reaction threshold rises. At the instant it
exceeds the “He disintegration threshold, the secondary
photons start to intensively disintegrate helium. (Nev-
ertheless, “He disintegration by the cascade electronsis

tot

still suppressed owing to the n,0,, o, termin Z.).
Thiseffect isillustrated in Fig. 1.

Jumps of ~8 orders of magnitude in the formation of
3He + 3H and in D (calculations were carried out with
n,/ng = 10°) occur at dlightly different times, because
the thresholds of the y*He — SHen, y*He — SHp,
and y*He — Dpn reactions are different. (A temporal
difference caused by the difference in the thresholds of
the two first reactions is of the order of the line thick-
ness in Fig. 1). Deuterium is mainly formed by the
y*He — Dpn reaction, because the cross section for
the y*He —= DD reaction is considerably lower. It
should be noted that the “He photodisintegration reac-
tions have been studied rather well and alarge body of
relevant experimental data are available. The simula-
tion was carried out using the results of works [5],
where the coordinated data for all “He photodisintegra-
tion channels are presented.

It is seen from Fig. 1 that, not counting the jump-
wiseincrease in the production of *He + *H and D upon
achieving the threshold of the yy — €& reaction, the
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Fig. 1. Amounts of the (upper curve) 3He + 3H and (lower
curve) D nuclel additionally produced by the electromag-
netic cascade initiated by aphoton with energy E, = 20 GeV

vs. the time of cascade appearance in the Universe.

number of produced nuclei decreases with aging of the
Universe. Thisis caused by the specific features of elec-
tron scattering by RR. A typical energy of RR photons

iskT. If KT/J/1—B* < mc? where B is the velocity of
the electron incident on RR, the inverse Compton scat-
tering proceeds in the Thomson regime, for which the
energy distribution of scattered photons can be taken to
be uniform with a good accuracy. In the opposite case,
the scattering proceeds in the Compton regime, for
which the fraction of photons with scattering energy
close to the electron energy increasingly grows. In the

limiting regime, KT//1—B* > m.c?, almost all protons
acquire electron energy. As the Universe ages, the
Compton regime of ey — ey scattering grades (at a
fixed electron energy) into the Thomson regime; i.e., all
things being the same, the electromagnetic cascade
becomesless energetic in the later Universe. The calcu-
lations were carried out using rigorous analytical for-
mulas obtained in [6] for differential inverse Compton
scattering by blackbody radiation.

If the initial particle is a proton or an antiproton,
then, along with the secondary proton cascade, it aso
initiates the electromagnetic cascade, the higher the
energy of theinitial particle the greater the energy frac-
tion transferred to the electromagnetic cascade. The
amounts of produced *He + 3H and D are shown in
Fig. 2 as functions of the energies of the initial proton,
antiproton, and photon (the electron and photon curves
virtually coincide) for thetimet=2x 10°s.

A comparison of the curvesin Fig. 2 with analogous
curves obtained in [1] for the formation of light ele-
ments by the secondary proton cascade shows that the
curves in Fig. 2 are steeper. Therefore, for a fixed
energy of theinitial proton or antiproton, the amount of
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Fig. 2. Amounts of the (upper curves) He + ®H and (lower
curves) D nuclel produced by the electromagnetic cascade
initiated by (bold solid lines) proton, (thin solid lines) anti-
proton, and (dashed lines) photon vs. their energy for t =

2x10°s.

3He + 3H or D produced by the electromagnetic cascade
will become greater than the analogous amount pro-
duced by the secondary proton cascade after a certain
operation time of the source in the Universe. For
3He + H, this time comes considerably earlier than for
D. Thisisdueto thefact that, at energies~75 MeV cor-
responding to the most intense disintegration of “He by
the proton cascade, the p*He — D®He channel makes
a considerable contribution to the inelastic cross sec-

tion criprlﬂe, whereas the photodisintegration of “He

mainly proceeds through the y*He — 3Hen and
y*He —= 3Hp channels; asto the deuterium production
channels y*He — Dpn and y*He — DD, their sum
isonly asmall fraction of the total photodisintegration
Cross section.

This point is important for cosmological applica-
tions. If the “He disintegration is due only to the sec-
ondary proton cascade, then Sy/ Sy sy =055 [1]. If the

primordial “He is disintegrated only by the electromag-
netic cascade, then the calculation gives S,/S; =

He+ °H
0.08. Thus, if the source operates in the Universe for a
long time period, thisratio will change withtime. Inthe

general case, thefinal $,/S,_, 5, ratio of the addition-

aly produced nuclei is determined by the sorts and
energies of the particles gjected from the source, aswell
as by the moment at which the source appeared in the
Universe and by the duration of its operation.

An interesting situation occurs if an antiproton is
taken asthe initial particle. At low antiproton energies
(andatt <5x 10®s), “Heisdisintegrated mainly by the
electromagnetic cascade caused by annihilation on
hydrogen nuclei, pp — yy. As the energy increases
No. 7

JETP LETTERS Vol. 72 2000



DISINTEGRATION OF THE PRIMORDIAL “He

N

10
% 1g
<) c
& i
0.1

4 6 7 9

10 10 10 10 10 10

t(s)

Fig. 3. The domains (shaded; the boundaries are shown by
the solid lines) where SHe + 3H are mainly produced

through ‘He disi ntegration by the electromagnetic cascade
caused by antiproton annihilation on the hydrogen nuclei,

pp —= yy. In the remaining domain, He + 3H are mainly
produced through “He disintegration by the secondary pro-

ton cascade and through the annihilation on “He. The same
istrue for D, provided that the calculations are carried out
with the minimum estimate [7] of the cross section for the

p“He — DX channdl; the boundary is shown by the
dashed line. The ordinate axis is the antiproton energy. The

abscissa axisisthe time of annihilation in the Universe.

(and depending on the cosmic time), the *He disintegra-
tion by the secondary proton cascade becomes domi-

nant and, at still higher energies (E; > 15GeV and

depending on the cosmic time), the electromagnetic
cascade again becomes dominant, because, as pointed
out above, it absorbs an increasingly greater fraction of
the energy of the initial particle (the sameis also true
for theinitial proton). Thisisillustrated in Fig. 3. Asthe
energy increases, the upper dashed domain expands to
the right. A similar domain also appears for D, but it
occurs at much higher energies.

Because of the uncertainty in the cross section for
the p*He —» DX channel, one cannot determine with
certainty to which mechanism—annihilation on helium
or helium photodisintegration—dominates in the non-
equilibrium production of deuterium at low antiproton
energies. If one takes the maximum estimate for this
cross section [ 7], then the low-energy domain of D pho-
toproduction dominance (bounded by the dashed curve
in Fig. 3) vanishes; in this case, deuterium is mainly
produced through the annihilation on helium, p*He —
DX, and upon “He disintegration by the secondary pro-
ton cascade.

When calculating the extra production of the nuclei
of light elements, one should take into account the
mechanism of indirect deuterium production via the
reactionn+ p — Dy. Inthiscase, the neutrons, mainly
appearing from the *He disintegration, havetimeto join
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with protons. This process is efficient at t < 105933 S
[8], after which the neutrons decay before the reaction.

The nonequilibrium 3He, *H, and D nuclei appearing
upon the disintegration of primordial “He interact with
“He to produce %’Li and "Be. Preliminary calculations
[9] and estimates [10] indicate that lithium (especialy
8Li) is a more sensitive indicator of the nonequilibrium
processes occurring in the early Universe than *Heand D.
Even greater information may be provided by the study of
the dependence of the ratios [’Li] : [6Li] : [*H€] : [D] of
the amounts of produced nuclel as functions of the
composition and energy of the particles gected by a
hypothetical particle source and as functions of the
source operation time in the Universe.

The reliable calculation of Li and Be production in
the NCN encounters certain difficulties associated, first
of al, with thelack of experimental data (see[1] for the
details), though it holds a considerable interest.

| am grateful to E. I. Livanov for interest in the work
and support.
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The dependence of the spectra of small-angle multiple neutron scattering on the volume fraction occupied by
scattering grainsis considered. The concentration expansion is used to devel op scattering theory in the eikonal
approximation. The leading term of the expansion reproduces the standard |ow-concentration theory (Mallier).
Some properties of the first correction term are analyzed, and it is shown that the angular distribution narrows
with an increase in concentration, in qualitative agreement with the experimental data. © 2000 MAIK

“Nauka/Interperiodica” .
PACS numbers; 61.12.Bt

1. Many of the properties of condensed materialsare
caused by the compositional inhomogeneities of supra-
atomic sizes a ~ (10>-10%) A. Among these are phase
precipitates, pores (voids), grains, dislocation clusters,
etc. To gain information on these inhomogeneities, the
small-angle neutron scattering (SANS) technique is
widely used, because thetypical single-scattering angle
Aa = Apl/p, asdetermined for thermal neutronsfrom the
obviousrelation Ap ~ 1/a, isAa ~ (10°-107) rad.

The experiments on small-angle multiple neutron
scattering (SAMNS) have naturally culminated in the
studies of dense samples, in which the neutron mean
free path I, = 1/co, is comparable with the size a of an
elementary scatterer (grain) having total cross section
0. Here, cisthe number of grainsin unit volume (their
density or concentration) [1, 2]. The present-day theory
of SAMNS pretends to an exhaustive description of the
limit 1/a > 13, 4]. However, for higher number den-
sities (and for closer |, and a), the experiment shows
sizable deviations from the predictions of this theory
[1,2].

It is the purpose of this work to use the concentra-
tion expansion technique [5] with the aim of generaliz-
ing the SAMNS theory to not-too-small concentrations.
We consider the general features of the theory and dem-
onstrate that the leading correction in the concentration

expansion ison the order of b = g ica® and, hence, may

not be small evenif |, > a. The presence of this param-
eter in the theory may be evident even from the fact that
the grains become spatially ordered at large ca® values,
thereby cardinally changing the scattering spectrum in
both quantum and classical cases.

2. The neutron-optical potential of a medium
through which neutrons propagate can be written as

() = 3 nU(r=x,a,), ®

where Uy(r, a) is the potential of agrain “centered” at
r =0, a, is a complete set of “internal” parameters
specifying the potential (in what follows, theindex x at
o, will be omitted), and n, isthe population of the x site
[5]. It is assumed that the grain centers are positioned
in the sites of alattice with unit-cell volume Q and that
the average value 0= f. Inthef — 0, Q — O,
f/Q = ¢ = const limit, the grains are randomly distrib-
uted in a continuum space and the correlations in the
grain distribution are described by the function
Q~2m,n, = Cy(x, y) # ¢? [Cy(X, y) isthe pair distribu-
tion function] and its straightforward generalizations to
the high-order distribution functions.

In the eikonal approximation [6], which is usualy
sufficient for practical purposes, the scattering ampli-
tudeis

Po

(@) = 5

jdzp[sw)—l]exp(—iqp), 2

= ool (2o -
SP) = ePLH UL 1= (62

In this expression, the momentum of the incident neu-
tronispy = (0, 0, py); v isthe neutron velocity; p isthe
impact parameter; q is the scattering momentum, gp, =
0; and g < p,.
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The normalized angular distribution of neutron
momentum is

D(q) = 2(a)/Z, Z(q) = |f(q)l%
5, = Idqu(q).

As usud, it is assumed that Z(q) is concentrated at
small g, so that the limits of integration in Eg. (3) (and
further) aretaken to be infinite. The theoretical analysis
can conveniently be carried out for the Fourier trans-
form

D(&) = 2(§)/Z, (&) = Idzqexp(—iqé)zm),
>, = 3(&=0).

(4)

It isclear that
5(8) = péfdzp[S(p—&m)—l][s%p+é/2)—1] -
= péfdzp[S(p—az)s*(p+§/2)—11 + 3,

Next we will assume that the sample sizes are large
enough for 2(q) to be considered as a self-averaging
guantity in a system with a random grain distribution
[i.e., Z(q) = Z(q)0 and evaluate

A%(§) = X(§) — Z,U (6)

Making use of Egs. (1), (2), and (6) and writingr =
(p, 2), one gets

AZ(E) = péjdzp[< exr@nﬁx(p, 3 a)@—l}, @

X

R(p, & o)
- [ -3 2.0) Ut -+ &2,

Ignoring boundary effects,

AS(E) = péss{<exp§anx(o, &a)@—l}. (9)

X

Here, S isthe cross-sectional area of the sample.
Note that in the classical limit

. o dzU(r — X,
R(p.& o) —R(p.& o) =g dvz“g%‘r“x'g‘)

3. Let usfirst consider a system with an uncorrel ated
random grain distribution. In this case, the exact result
can be obtained using the relationship

< expgz n, R)% = exp{cfd3x< e - 1>ui|, (10)

X
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which is valid in the continuum limit [5] for the R,
function of arather general form. In Eg. (10), V isthe
sample volume and Ll.. [ stands for the averaging over
the internal grain parameters, which are assumed to be
distributed independently for different grains.

Averaging in Eqg. (9) with the use of Eq. (10) gives
A3 (&) oS+ 1
= explcl Idzp Cexp(R,(0, & a)) —10]]
= exp[—cl(g,—0(&))/p5],

where | > ais the sample thickness and o(§) and o, =

o(& = 0) = p; o, are analogous to [X (&) Cand X ,[in the

single-scattering case. Asin Eq. (5), the Fourier trans-
form of the single-scattering differential cross section
is

(11)

o(&) = J’dzqexp(—iqé)c(q)
= P [dPISu(p ~&/2)Si(p + §/2) - 1), + 0o,

Here,
0 "4z 0
S(p) =S(p,a) = eXIOEHIVUo(f,G)D
U 2 U

Therefore, one has for the uncorrelated grain distri-
bution

_ PoSexp(=cl(0,—=0(8))/po) , Zo=PoS,

D(§) = 3 + 3 :
0 0

The spectrum of scattered neutrons can be analyzed

using the function

D(&) = Do(&) = exp[—cl(co—0(&))/po]-

The two formulas presented above for D(E) differ only
in the fraction of nonscattered neutrons. Equation (12)
coincides with the standard result of the Moallier theory
valid in the limit of low grain concentration.

(12)

4, For a high grain concentration, the many-body
distribution function cannot be factorized into a prod-
uct of one-particlefunctions, so that one cannot directly
pass from Eq. (9) to Eqg. (11). Nevertheless, according
to the general cumulant expansion theory [7], one has
to expect that, if the correlation in grain distribution
vanishes with increasing distance, then

D(§) = exp(HM(E, 1)),

where M(§, |) tendsto afinite valueas| — . In this
case, it is natural to expand D(§) in powers of occupa
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Fig. 1. The function h(¢) determined from Eq. (21) for dif-

ferent grain specific volumes b = (4Tr/3)ca3, where c isthe
grain concentration.

tion numbers following the rule [5]

exr>§ nXRXE = ML+ e D)
X X (13)
=1+ an(eRX—l) + %z nnye —1)(e7—1) + ...

X£Y
Introducing Q,(&, a) = exp(R(0, &, a)) — 1 and averag-

ing Eg. (13) term by term over the occupation numbers
and a distribution, one obtains in the continuum limit

< expgz n, R,@ =

X

exp(B),

2
B = cfd3xEQXq +°§ J’ d*xd’yk (X, y) [Q,Q,0} (14

2
+5 [xY(R,Q - A + O(c).

Here,
Co(x,y) = c*(K(x, y) + 1). (15)

One can see that, when applied to D(§), these relation-
shipsreproduce Dy(§) by thefirst (linear inc) termin B.

5. Let us consider the results given by Egs. (11) and
(14) for the case when the grains are identical spheres
with radius a. Setting

Uy(r, a) = Ud(r < a), (16)

DZHEPAROV, L’VOV

where 8(2) = 1if condition zistrue and 9 (x) = O other-
wise, and taking into account that there is no internal
variable a, one obtains

_ _ A
D(§) = D(&:, &) = Do(&)exp| 5 (K(8) +O(c))].
K@) = [dX[dyR(Ix-y)QuUE)Qy(E).

R(X) = IdZK(A/x2+zz),

17

QX(E_,) - e—icp(x—é/2)+itp(x+§/2)_1,
2Uy 155
Q(x) = " a"—x"9d(x<a).

Note that, if the Born parameter v = Uya/v issmall,
then the leading and thefirst correction termsin Eq. (17)
are on the order of v2, while the next terms are of a
higher order in v. Consequently, we arrive at the com-
plete solution of the SAMNS problem for a sample
with small v and finite effective thickness1, =1/l 0 v2.

A detailed analysis of the pair correlation function
in the model of hard spheres was carried out for smple
liquids in [8]. We will use the generalized Percus—
Yewick model [9], whichisin excellent agreement with
the molecular dynamics computations. In [9], the k(r)
function was calculated for the grain specific volume
b = 0.1-0.5. This function was found to have the form
K(X) = =9 (x < 2a) + §(2a< X)f(X). Thefirst termin this
expression accounts for the sphere hardness, while the
second one accounts for the effective attraction that is
well known from the theory of pair correlation func-
tions [10]. It has a rather simple statistical origin.
Indeed, introducing

An(k) = n(k)- (k) n(k) = Zexp(—ikx)nX

and using the obvious relation [ANn(k) 2L O, one finds
that the k(k) = J' d®xexp(—ikx)k (x) value should satisfy
condition

1+ck(k) 20. (18)
If the sphere hardnessis only taken into account, i.e., if
f(x) = 0, then condition (18) breaks even at
(41v3)c(2a)® > 1, i.e., at b > 1/8. Thus, condition (18)

places rather strong limits on the allowed models of
K(x) correlations at large b values.

The angular distribution in the experiments with

double crystal spectrometers is given by a single Fou-
rier transform [2]:

I(q) = %Jd&cos(q&)D(z,O) = 1,5(q) +1,(q), (19)
0
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Fig. 2. Intensity I,(q) of scattered neutrons for sampleswith
the Born parameter v = 0.2, effective thickness |, = /1, and
different grain concentrations. (1) [,=40andb=0; (2) I =
40andb=0.3; (3)[=40and b=0.5; (4) |c=20and b=0;
(5)le=20and b=0.3; and (6) lc=20and b = 0.5.

where 1,(q) is a smooth function and the fraction of
nonscattered neutronsis

— w0 O
I, = exp=——h,
: PO -0 (20)

he = 1—CK(& > ®)/(20)).

The Fourier transform of intensity D(&, 0) can be con-
veniently written in the form

D(E,0) = expd--h(e) (21)

The h(§) values are presented in Fig. 1 for different
scatterer concentrations. The cal culated functions show
oscillations, because the pair correlation function oscil-

JETP LETTERS Vol. 72 No.7 2000

363

lates. The h,, = h(¢ — ) value corresponding to the
intensity |, of the nonscattered neutrons strongly
depends on the concentration; namely, it changes from
h,(b=0) = 1to h,(b=0.5) = 0.35. The angular distri-
butions of neutrons, as determined from Egs. (17) and
(19), are presented in Fig. 2 for effective thicknesses
le=1/l; = 20 and |, = 40 corresponding to experiment
[1]. One can see that the angular distribution narrows
with increasing concentration at afixed I/l.. Such anar-
rowing was experimentally observed in SAMNS on Al
powders[1].

We are grateful to H. Gléttli, V.K. Ignatovich, and
the authors of [1] for helpful discussions. This work
was supported by the Russian Foundation for Basic
Research, project nos. 00-02-17837 and 00-15-96656.
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We investigate the dust particle charging process in the Earth’s upper atmosphere. Calculating the spectra of
solar radiation, we study the influence of the photoelectric effect on the charging process. We show that both
positively and negatively charged dust particles are present in the upper atmosphere. We consider the mecha-
nisms which can be responsible for the formation of dust structures like noctilucent clouds and polar mesos-
phere summer echoes. © 2000 MAIK “ Nauka/lnterperiodica” .

PACS numbers: 94.10.-s; 52.25.Zb; 92.60.Nv

Earth’s upper atmosphere reveals some layered
structures which are known as noctilucent clouds
(NLC) and polar mesosphere summer echoes (PM SE).
These structures are believed to be associated with the
presence of alarge amount of charged dust or aerosol
in the upper atmaosphere. The problem of formation of
dust structures in the Earth’s upper atmosphere is con-
sidered now in the dusty plasma community as one of
the key problems. Furthermore, the great interest in
these structures is due to their possible connection with
the Earth’s global warming process.

NLC probably consist of particles of icy nature.
Their appearance is confined to the summer season at
the mesospheric atitudes close to 80-85 km at high-
and midlatitudes, when the temperature drops down
below about 155 K, [e.g., 1]. Under these conditions,
the formation of ice particles occurs. Polar mesosphere
summer echoes are strong radar echoes which also
appear to be associated with dust [2]. PMSE occur in
well-defined layers in the 80- to about 95-km altitude
region [3]. Because NLC and PM SE are observed at the
same season and at the altitude region close to the
mesopause, one can assume that NLC and PM SE have
the same origin. Both NLC and PM SE are small-scale
mesospheric structures. Their width L. is far less than
the height scale H of the atmosphere: L, < H; L, =
100 m—1 km, and H = 7 km. Many questions remain to
be answered about NL C and PM SE, the most important
one being the width of the structures.

In this study, we propose the model of NLC as a
layer of a charged dusty plasma illuminated by solar
radiation [4]. We calcul ate spectra of solar radiation at
NLC dltitudes, determine charges of the dust particles,
and analyze the possibilities of the formation of dust

L This article was submitted by the authorsin English.

particle structures. For brevity, the mesospheric dust
structures are referred to as “NLC”.

We choose the following parameters of the mesos-
phere and dust particles: the characteristic dust particle
size is a ~ 107-10° cm, the dust number density is
ng ~ 10-10° cm3, the altitudes of NLC formation are
h = 82-83 km, the width of NLC is L, ~ 100 m—1 km,
the vertical optical depth is L < 1, the neutral number
density is n, = 2 x 10** cm3, the water vapor number
density is n, ~ (10°-10°) cm3, and the temperature of
neutralsis T, < 155 K.

The mesospheric ion composition is rather compli-
cated [5]. Different sorts of both positive and negative
ions are present. Here, we take into account only posi-

tive ions? of two kinds. The first one is related to light

primary ions like NO*, N3, O, and the second one to

the so-called proton hydrate ions (PHs) (H*(H,0),,
n < 10). We note that the electron-ion recombination
coefficient o, depends strongly on the kind of ions.

2 Therole of the negativeions at NLC altitudes can be evaluated in
the following manner. The primary negativeionis O, . Theionis
created viathe process e + 20, —> O, + O; (the rate constant
isky = 5% 10t cm® s71). Main sinks of the O, ion are (8) pho-
todetachment O, + photon — O, + e (the rate constant is
Ophoto ~ 0.3 s and (b) collisional destruction 0, +0 —
0, + O + e (the rate constant is k, = 3 x 1071% cm® s71). Balanc-
ing the processes, we can easily estimate the O, concentration at

NLC altitudes: [O5] ~ ki[O2]°ng/(Bphoto + ko[O]) ~ 0.1-1 cm >,

This value is far less than the positive ion number density. Thus,
we can neglect the role of the negative ions in the mesospheric
dust charging process.

0021-3640/00/7207-0364%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Thelight primary ions have the effective recombination
coefficient a’.. ~107 cm®s?, while o, ~10° cm3s?
for PHs ions. Here and below, the superscripts p and ¢
refer to the primary and PHs ions, respectively.

The temperatures of ions and electrons are believed
to be equa to the neutral temperature T, = T,=T,. The

ionization rate is g, ~ 0.1-10 cm=3 s2,

We have calculated the solar spectra at NLC alti-
tudes using Phodis code [6]. Figure 1 shows the spec-
trum variations with altitude and solar zenith angle. It
isclearly seen that the typical solar spectrum decreases
sharply for the wavelengths less than approximately
170 nm (which corresponds to the photon energy
=7.3 eV), where the cutoff of energetic photons occurs.

Thework function of pureiceisabout 8.9 eV. Thus,
taking into account the form of the solar spectrum at
NLC altitudes, we conclude that the photoelectric
effect is not significant in the charging process of pure
ice grains. However, if (even ice) dust particles contain
impurities, then the work function of the substance of
the dust can be much less than the cutoff of the solar
spectrum. In this case, the photoelectric effect can be
very important (even dominant) in the charging pro-
cess. The effect leads to the existence of both positively
and negatively charged dust particles in the mesos-
phere.

Even under twilight conditions, the solar flux is
large enough that the ionization rate due to the photo-
electric effect can be comparable to the value of g, and
even greater than thisvalue. In this case, it is necessary
to include the photoelectric effect to determine charges
of the dust particles in NLC. We note that solar radia-
tion does not affect (with electron production) all dust
particles. The origin of the dust particle appearsto play
the crucia role in the effect. It is believe that the dust
grainiscreated in the cold summer mesosphere viatwo
different mechanisms. (a) The base for the grain cre-
ation is the PHs ion. The H*(H,0), ions are effective
seeds for the nucleation processes in the mesosphere
[7]. In this case, the dust grain likely consists of pure
ice. (b) The base for the grain creation is a small dust
particle of meteoritic or volcanic eruption nature. In
this case, the grains consist of contaminated ice, so that
the photoel ectric work function can be reduced signifi-
cantly for such particles. In both cases, the growth of
the dust particle is due to fast absorption of water mol-
ecules by the particle.

To evaluate dust particle charging under NLC con-
ditions, we use the model which describesthe evolution
of the electron density n,; of the ion density of both

kinds nP, n{ ; and of the dust charge variation. Neglect-
ing the chemistry of negative ions and using the local
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approximation, we present the set of equations which
describesthe dust particle chargein the following form:

— j j
=0t quhoto,jnd - Zve,jnd
j j

Cc C

p p
—UyecNeNy — ANy,

on’
6t = Qe— ZVI ]nd arecn n Bc i

on; |
— p c ] [ c
E - Bcni - Zvi,jnd_arecnenh
j
azd’j _
ot Aphoto, j + V it V —Vej-

Herev,, v; arethe charging rates dueto electron and ion
collisions with dust particles, g, IS the charging rate
due to the photoel ectric effect, [3; is the rate of conver-
sion of the primary ionsinto the PHsions, and the index
j describesthe dust particles of different sizes. The typ-
ical values of B. under NLC conditions are (3, ~
0.1 cm®/s [7]. In the case of the negative dust charge,
we have [8]

1/2
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For the situation of the positive dust charge, the charg-
ing rates are [9]

vV, = —Tia’ (8T /Tm,) " (1 + eqy/aT,),

O + 0
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In the above formulas, gy = — Zse is the dust particle
average charge, —e is the electron charge, v, i(dq) =
(2eq4/am)¥2, m, is the mass of the particle of the kind
a, and erf(x) isthe error function.
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Fig. 1. Solar spectraat mesospheric altitudesfor various solar zenith angles. Spectracorrespond to the altitude of (solid line) 100 km,
(dashed line) 90 km, (dash—dotted line) 80 km, and (dotted ling) 70 km.

The photoelectric rate gy, IS given by the formula

2 [oe]
T3a P(w
qphoto = EL I ((*) )dw

Wg— (ezzdlan)

Here, ®(w) is the solar flux at the mesospheric alti-
tudes, B is the probability of emission of an electron
under the action of one photon on the dust particle sur-
face, i is Planck’s constant, and 7w, is the photoel ec-
tric work function. The limits of integration correspond
to the fact that only photons with frequencies w > wg —
(€?Z4/at) can result in photoelectric current generation
(i.e., the electrons emitted due to the action of these
photons can go away from the dust grain surface to
infinity). In our case, #iwg is equal to severa eV, while
eZJa~KT,,~0.01 eV < fiwg. Thus, the dependence of
the lower limit of theintegral on the dust particle charge
isnegligible.

Figure 2 showsthe temporal dependences of theion
and electron number densities and the dust charge vari-
ation for two different ionization ratesg, = 0.1 cm= s?
and g, = 10 cm=3 st The dust parameters are ny =
10% cm2 and a = 10 cm for both cases.

In the steady state and in the absence of charged dust
particles, the densities of electrons and ions at NLC
altitudes are determined by the ionization rate g, and

the mean recombination coefficient O, Ng =

J0/ A, - TO take into account both day and night con-

ditions, the initial time is chosen just before twilight.
When the dust particles immerse into the mesosphere,
they acquire the charges gy, which can be positive even
under twilight conditions, the charges being negative at
night. The typical values of g, for NLC parameters are
gs/e ~ 10-20 during the day and at twilight and
gq4/e = -2 at night.

As it is mentioned above, NLC is accompanied by
the presence of dust particles and, moreover, they can
be associated with dust layers. Significant electron
depletion occursin the region occupied by the dust par-
ticlesat night. The presence of solar radiation resultsin
significant depletion of ions, the magnitude of the elec-
tron density in this case being larger than the equilib-
rium one. The depletions create the diffusion fluxes of
electrons (ions) on the dust layer at night (day) time.
We note that both positively and negatively charged
dust grains and the corresponding depletions were
observed in the polar summer mesosphere [e.g., 10].
We believe that the depletions play adefiniterolein the
process of NLC formation.

Let us consider the spatial evolution of the dusty
layer under the mesospheric conditions. For simplicity,
we assume that the dust particles have the same sizes.
Below, we omit the index j in the equations.

ni:

JETP LETTERS Vol. 72 No.7 2000



DUST PARTICLE CHARGING

We use the one-dimensional model (the x axis is
directed downward), which isto some extent anal ogous
to the model of a self-organizing dusty layer [11] but
has important differences from the latter model. In our
case, the dusty layer can be charged both positively and
negatively, depending on solar zenith angle. If the dusty
layer is charged positively, then the significant deple-
tion of ionsinside the layer occurs and the diffusive ion
flux affectsthe dusty layer. Furthermore, the negatively
charged pure ice particles tend to squeeze the dusty
layer. If the layer is charged negatively (at night), the
depletions of electrons and ions appear and the layer
(being under the action of the fluxes of electrons and
ions) also have a tendency to squeeze. To describe the
spatial evolution of such adusty layer, we use the con-
tinuity equation for the dust particles, the local approx-
imation for both electrons and ions, and the Poisson
equation. The local approximation gives four nonlinear
algebraic equations:

— p p c c

qe + qphotond - Vend + arecneni + Cxrecneni '
— yP p p p
Je = ViNy + Oy ecNen,; + Bcni '

Bon’ = Ofecneny, +ving,
Ophoto *+ VI + Vi = Ve.
The lifetime of electrons (ions) 1 is mainly deter-
mined by the charging process 1) ~ v;(li) . Thelifetime

Ty is far less than the characteristic diffusion time

15", where 15 ~ L2/Dgpy ~ Lin,02" Ivgy, o is

the cross section for elastic collisions between € ec-
trons (ions) and neutrals. Thus, the local approximation
is suitable under NLC conditions.

Using the assumption of the stationary dust particle
structure, we present the continuity eguation for the
dust particlesin the form

a(ndud)/ax = Vg4ng.

Here, the term vyn, describes the accretion processes.
We note that the existence of both positively and nega-
tively charged dust particles accelerates the accretion
processes.

For the dust particles, we take into account the
momentum transfer in collisions with other dust parti-
cles, ions, and neutrals (the momentum transfer in col-
lisions with electronsis negligibly small):

ouy
mdndud&

= _ezdnd%()l(—) = Vimy; (U; — Ug) + myngyg,

where ¢ is the eectrostatic potential, u, is the velocity
of particles of the kind a, and g is the gravity.
2000
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Fig. 2. lons (square), electron (triangle) number densities,
and dust charge (circle) variations versus time in the polar
summer mesosphere. Solid and dashed lines correspond to

various (10° cm3 and 10% cm™) initial plasma densities,
respectively. The dust number density isng = 10% cm3, and

the dust size is a = 10 cm. The dust photoelectric work
functionis7 eV.
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Fig. 3. Spatial dependence of the dust number density show-
ing sharp boundary of NLC.

The Poisson equation takes the form
0%0/0x? = 4te(n, + Zygng — ).

Assuming that the dust particles have zero velacity, we
can evaluate the electric fieldsin the mesosphere under
NLC conditions:

E, =—0¢/0x = myg/eZ,~1V/m.

We note that such electric fields were observed in the
lower mesosphere and in the vicinity of NLC [12]. Fig-
ure 3 showsthe spatial structure of the dust layer calcu-
lated on the basis of the above set of equations. We note
that the dust structure has sharp boundaries.

As for the width L, of NLC, this value can be esti-
mated as L. ~ v,/v, g, Where v, is the velocity of the
charged particles of thekind a, v, 4 isthe particle-dust
collision rate {it is assumed that the fluxes of particles
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of the kind a result in the squeezing of the dusty layer
(cf. [11])}. For electrons and ions, it gives L, ~ dz; /a.

Under the mesospheric conditions, L, ~ 10° cm. This
value is of the order of the observable width of NLC.
The scaling will be discussed in more detail in follow-
ing publications.

The solar spectrum at NLC altitudes has a cutoff at
wavelengths shorter than =170 nm due to atmospheric
absorption of solar radiation. Since the photoelectric
work function for the dust particles varies strongly
(from about afew eV for contaminated dust up to about
9 eV for pureice) depending on the particle origin, we
conclude that there are both positively and negatively
charged dust particlesin the polar summer mesosphere.
Thisfact can be important both for NLC formation and
for the understanding of the nature of VV/m mesospheric
electric fields.

Charging of the dust particles results in significant
electron depletion at nighttime, while significant ion
depletion occursin the daytime and even at twilight. In
both cases, the diffusive fluxes of electronsand ions are
created, the fluxes having a tendency to squeeze the
dusty layer. We have shown that the mesospheric dusty

KLUMOV et al.

layers have sharp boundaries and their width is of the
order of the observable width of NLC.

This work was supported in part by INTAS (grant
no. 97-2149) and INTAS-RFBR (grant no. IR-97-775).
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Experiments with char samples provide support for the theory of EPR line shape in a system of surface para-
magnetic centers with dipole—dipole interactions. It is also demonstrated that, if a strong Heisenberg exchange
dominates over the dipole—dipoleinteractions, the EPR line of atwo-dimensional system narrows and acquires
Lorentzian shape, similar to the three-dimensional case. © 2000 MAIK “ Nauka/Interperiodica” .

PACS numbers; 76.20.+q; 76.30.-v

The problem of magnetic resonance line shape is
too extensive to list all the works published over a
period of decades. Restricting oneself to electron para-
magnetic resonance in nonconducting solids, one can
cite, as an example, the works on the line shape in mag-
neticaly diluted systems with dipole—dipole interac-
tions between the paramagnetic centers (PCs) [1-3].
However, the cited works refer to three-dimensional
systems. As to the experimental studies on the line
shapes in diluted two-dimensional systems with
dipole—dipoleinteractions, we did not find rel evant data
in the literature. At the same time, study of the two-
dimensional case is not an abstract exercise. The EPR
spectra of stable free radicals in developed porous
structures, such as activated carbons and other cata-
lysts, arerather popular examplesfor demonstrating the
two-dimensional distribution of paramagnetic impuri-
ties. In particular, chars obtained by pyrolysis of vari-
ous carbon-containing material s have been much inves-
tigated in recent years [4]. These chars in an oxygen-
free medium give exceedingly narrow EPR lines with
widths strongly depending on the concentration of sur-
rounding oxygen over avery wide range [5]. It isthese
materials which are dealt with in this work. The EPR
line shape of the impurity PCs distributed on a solid
surface (i.e., two-dimensional system) is consistently
studied in the work.

To describe line shape in the magnetically diluted
systems, Anderson’s model [6] iswidely used, inwhich
only the z—z part of the total dipole—dipole interaction
is taken into account. For the random distribution of
spins in a space of dimensionality D = 1, 2, and 3, a

simple expression [7] is obtained for the free induction
decay curve St):

S(t) = Sexp[—(t/T,)", )

where T, is the transverse relaxation time. Asis known
[6], the absorption line shape g(w) is the Fourier trans-
form of the free induction decay:

g(w) = IS(t)exp(iwt)dt/ZnSo. 2

General analysis [2, 3] shows that Anderson’s model
rigorously reproduces line wings and satisfactorily
describesits central portion. For strongly diluted three-
dimensional systems, Eq. (2) gives a Lorentzian shape
but one fails to deduce an analytical expression for the
two-dimensional case. In [8], an analytical expression
is presented only for afar wing of theline; for D = 2, it
decreases as w3,

For the quantitative comparison of Egs. (1) and (2)
with experiment, it is necessary to know the explicit
expression for T,. In the D = 2 case of interest, this
expression depends on the angle 6, between the exter-
nal magnetic field H and the normal n;, to the planein
which the paramagnetic centers are situated. In[7], the
corresponding expression was obtained only for 8, =0,
whereas our experimental conditions require the aver-
aging over the random orientations of the chars surface.
To solve this problem, let us turn back to the original
premises in the theoretical calculations of Anderson’s
model.

0021-3640/00/7207-0369%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. (») Separation between the peaks and (@) peak-to-
peak amplitude in the derivative of the EPR line of carbon-
ized fructose as functions of the concentration of ambient
oxygen.

The standard method of calculation [2] yields the
following general expression:

Fo(t) =S(1)/S
= exp E}—nDIdDr Eﬂ - cos[b—ost PZ(G)} %
0 O r N

where by = 3y?4%/2, P,(0) = (3cos’0 — 1)/2, 6 is the
angle between r and Hy, and n; is the D-dimensional
density of PCs. In the two-dimensional case,

O U bt M
F(t) = expEl—nzj’dzr[a—cos[—%Pz(e)}[D
O 0 r Wl

= exp(—ny(bet)**3,(8,)3,).

The last expression in this formula is obtained by the
substitution of integration variabler — r |(bytP,(0)) |3,
and

2n

3u(8,) = jd¢|P2(e)|2’3,

J, = J’rdr[l cos = FDlH4

-

The Fyt, 8;) function can only be numerically calcu-
lated. It is convenient to direct the in-plane x axis along
ny = [npH]/|[n,H]| and set n, = [nyn,]. Defining an arbi-
trary in-plane vector asr = r(cosd, sing), one obtains
cosB = sin¢ sinB,. Now, averaging over the plane orien-
tationsyields

1.
= 3[Sn0,0,(8;) = 3173
0

ATSARKIN et al.

and 3J% = [{J, — ,0PI,[3 = 0.164. The relative
smallness of the latter value allows one to use further
the simple formula

Fo(t) = exp(—ny(bet)° [0,(8,)D,) = exp(—(B,t)*")
coinciding with Eq. (1) for D = 2, with

B, = T, = 4.64nY%°, )

where vy is the gyromagnetic ratio. Equations (1)—3)
provide a basis for the subsequent processing of the
experimental data.

Experiments were carried out with carbonized car-
bon-containing natural materials prepared at the Uni-
versity of Illinois (Urbana—Champaign, USA) by the
method described in [4]. Powder samples with particle
sizes 75-100 um were placed in quartz cells with con-
trolled pressure of ambient air. This alowed the EPR
line shapesto be determined as functions of the concen-
tration ¢ of surrounding oxygen over avery wide range
(severa orders of magnitude) of c values. The EPR
spectra were recorded at room temperature. The con-
centration of paramagnetic centers was determined
from a comparison of the EPR line area with a signal
from one of the Mn?* HFS components of a reference
MgO:Mn sample placed in the same cavity but outside
the cell containing the sample under study. The experi-
mental data presented below refer to the sample of car-
bonized fructose with PC concentration n = 1.07 x
10%° gt and massm= 3.6 x 102 g. Similar results were
also obtained for other chars[9].

The peak-to-peak width & and amplitude A, of the
derivative of EPR line are shown in Fig. 1 as functions
of the concentration of ambient oxygen. Examples of
EPR spectraare presented in Fig. 2 for air pressuresP =1
and 1.07 x 107 bar, which corresponds to the ambient
oxygen concentrations ¢ = 9.3 x 10 and 10° M/,
respectively. One can see from Figs. 1 and 2 that the
pressure variation drastically changes the separation,
the amplitude, and the EPR line shape. At the same
time, our measurements showed that the PC concentra-
tion remained constant in these experiments. The
dependence of EPR spectra on the concentration of
ambient oxygen is reversible, with the time of estab-
lishing stationary state not exceeding 1 s.

It is seen from Fig. 2a that the experimental EPR
spectrum at ¢ = 9.3 x 102 M/l (P = 1 bar) is described
well by the sum of two lines corresponding to the two-
dimensional spatial distribution of paramagnetic impu-
rities with dipole-dipole interactions between them.
The same figure illustrates an attempt at fitting the
experimental spectrum by the sum of two Lorentzian
curvestypical of the three-dimensional spatial distribu-
tion of the paramagnetic centers with dipolar interac-
tions. One can clearly see that the two-dimensional
description provides much better agreement with the
experiment.
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Fig. 2. Experimental EPR signals and curve fitting for carbonized fructose at the concentrations of ambient oxygen c=(a) 9.3 x 10~ 3

and () 107 M/I. Solid lines are the sums of two “two-dimensional” curves with dipole-dipole interactions between the PCs [see
Eq. (1)]; dots are the sums of two Lorentzian curves. Far wings of the signal are shown in the insets.

The two-dimensional fit proved to be successful
only for high concentrations of ambient oxygen (c >
103 M/l), whereas at low concentrations (c < 102 M/I)
the experimental spectrum was nicely described by the
sum of two Lorentzians (Fig. 2b).

The agreement between the experimental EPR line
shape and the theoretical models was checked by using
the chi-sguare test, i.e., by the degree of correspon-
dence to the standard condition x2 = m + (2m)¥2 [10],
where m is the number of experimental points. Note
that an even better description of the two-dimensional
(2D) experimental data is achieved with the model
[3, 11] alowing for both the disorder in the PC distri-
bution and, in the simplest form, the flip-flop transitions
between the PCs. In this case,

Fo(t) = exp(—(®(1)™"),

t

d(t) = ZBZDJ'dT(t—T)f(T), f(1) = exp(—KT).
0

The curve fitting yields k = 0.053,. Although such a
small K value cannot be considered as a direct estimate
of the flip-flop rate, it isin line with the previous theo-
retical conclusion [3] that the flip-flop processes only
dlightly modify Anderson’s free induction decay in the
three-dimensional systems.

The two curves used for the interpretation of the
experimental spectra correspond to the presence of two
types of PCs, A and B. Their nature was discussed in
detail in our work [9]. We merely note here that the A
centers are affected by the adsorbed oxygen more
strongly than the B centers are. As c increases, the frac-
tion of A increases, while that of B decreases, with the
sum of their concentrations being unchanged. Note that
the observed mutual transformation of thetwo PC types
is one more piece of evidence of their surface nature.

It is remarkable that the EPR line is exceedingly
narrow at a low content of ambient oxygen. The esti-
mates of the magnetic dipole—dipole broadening for the
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PC concentration used in our experiment give a value
of no less than 10 G. However, the measured values
(Fig. 1) arean order of magnitude smaller. Thiscan nat-
urally be explained by the exchange narrowing. This
hypothesis is consistent with the Lorentzian shapes
observed for the Aand B lines at |ow oxygen concentra-
tions (see above). It iswell known that the strong (com-
pared to the dipolar interactions) exchange leads to the
Lorentzian shapes of EPR lines in ordinary three-
dimensional systems [6]. One can show that the
exchange interaction brings about the same result for
the two-dimensional PC distribution. In this case, the
transition from the Lorentzian curves to the dipolar
broadening occurring for 2D at ¢ > 102 M/I can natu-
rally be explained by the distortion of PC orbitals under
the action of adsorbed oxygen molecules and the ensu-
ing collapse of the exchange interaction between the
PCs (for details, see our work [9]).

Figure 3 shows the variation of the T, parameter for
the curves describing the experimental EPR spectra
over the whole range of oxygen concentrations. It is of
interest to compare the curves in Figs. 1 and 3. In the
first case, the extreme point is clearly seen at ¢ = 2 x
1072 M/I, whereas in the latter case both dependences
aremonotonic. Thefact isthat the relationship between
oPP and T, is given by

&ep _D\/§

-1
Lor — D?yTZE (4)
for the Lorentzian curve and
85 = (254yT,)" (5)

for the 2D curve determined by Eq. (3). It is seen from
Egs. (4) and (5) that, for the same T,, the difference
between the peaks in the derivative of the two-dimen-
siona EPR lineistangibly smaller than for the Lorent-
Zian curve.

Let us use the model described above and make
some quantitative estimates for this sample. One can
see in Fig. 3 that the T, time for the B-type centers
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ceases to depend on the adsorption of oxygen mole-
cules after the collapse of exchange narrowing and
takesthevalue T, = 2.0 x 10° s. It is natural to assume
that this value is caused by the dipole—dipole interac-
tions between the PCs. Then, using Eg. (3), one arrives
at the ny(PC) = 0.48 x 10 cm estimation for the sur-
face number density of PCs. With the known total PC
concentration (see above), it is straightforward to deter-
mine the specific surface area occupied by al PCs: S; =
220 m?/g. The resulting S; value agrees well with the
estimates made in [12] (S; ~ 100 m?/g), where this
guantity was determined for analogous samples inde-
pendently by the adsorption methods. Moreover, the
fact that the experimental spectrum coincides with the
two-dimensional model up to detunings of a hundred
widths (Fig. 2a) indicates that r,,/100Y2 is as small as
3.2 A. This value is comparable with the interatomic
distances; consequently, al PCs belong to the surface
layer.

As to the centers of type A, their transverse relax-
ation, as can be judged from the line shape, is also due
to the dipole—dipole interactions, but the T, value con-
tinues to decrease with increasing number of adsorbed
oxygen molecules. Therefore, one can assume that the
dipole—dipole interactions of the A centers with the
adsorbed oxygen molecules [having orbital magnetic
moment p(O,) = 2.84;] sizably contributeto thetrans-
verse relaxation of these centers. Estimates by Eqg. (3)
indicate that the oxygen surface concentration at atmo-
spheric pressure is on the order of n,(O,) = 0.9 x
10%* cm2, which seems to be quite reasonable for the

ATSARKIN et al.

adsorption of oxygen molecules on the surface of car-
bons under normal conditions [13].

Summarizing the results of this study, one can draw
the following conclusions. The experiments with para-
magnetic centers distributed over the surface and cou-
pled viathe dipole—dipol e interactions confirm theoret-
ical predictions about the EPR line shapes in such sys-
tems. In the presence of a strong Heisenberg exchange
dominating over the dipole-dipole interactions, the
EPR line in a two-dimensional system narrows and
acquires the Lorentzian shape, similar to the three-
dimensional case.

We are grateful to Paul Siroki from the University of
Illinois (Urbana, USA) for sample preparation. This
work was supported by the Russian Foundation for
Basic Research (project nos. 99-02- 16024 and 99-02-
17440B) and the Fogarty International Foundation
(grant no. 1RO3 TW00998-01).
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In Ni, , ,Mn, _,Ga shape-memory ferromagnetic alloys with coincident magnetic and structural phase transi-
tions, areversible structural field-induced phase transition was observed at constant temperature and pressure
in magnetic fields of about 10 T. Computational results are in qualitative agreement with experiment. © 2000

MAIK “ Nauka/Interperiodica” .
PACS numbers: 64.70.Kb; 75.30.Kz

Heusler alloy Ni,MnGa combining ferromagnetic
properties with shape memory attracts considerable
interest in connection with the search for new kinds of
the effect of external fields on the dimensions and shape
of materials[1-6]. Recent studies showed both theoret-
icaly and experimentally that the phase diagram of
nonstoichiometric Ni,, ,Mn;_,Ga compositions with
partial substitution of Ni for Mn includes a region of
concentrations x where the magnetic and structural
(martensitic) phasetransitions are close to each other or
coincide (x = 0.16-0.19). Such aloys were found to
exhibit aconsiderableincrease in thetemperature of the
structural phase transition (SPT) in magnetic fields (up
to1T), aswell astheinitiation of the SPT asaresult of
switching on the magnetic field [5]. However, the ques-
tion of whether a magnetic-field-driven reversible SPT
is possible at constant temperature and pressure is still
an open question. The purpose of this study isto inves-
tigate experimentally and theoretically the reversible
SPT induced by a magnetic field in samples with coin-
cident structural and magnetic phase transitions.

The readlization of a reversible SPT in a magnetic
field at agiven temperatureis hindered by the tempera-
ture hysteresis of the first-order SPT. The idea of the
experiment is as follows. In an external magnetic field,
both ends of the temperature hysteresis loop (its width
is about several degrees) are shifted to higher tempera-
tures of the SPT with a coefficient of about 1 K/T [5].
Hence, in amagnetic field of about 10 T, thewhole loop
will be shifted along the temperature axis by a distance
exceeding the loop width. In this case, the transition
from high-temperature (austenite) to low-temperature
(martensite) phase will occur at a higher temperature
Taw(H) than the reverse transition in the absence of the

magnetic field, Ty(0). Then, by switching the mag-
netic field on and off at a given temperature within the
interval Tya(0) < T < Tay(H), it is possible to induce a
reversible SPT. We will call the temperature interval

AT = Tam(H) — Tya(0) the magnetic control interval for
the SPT.

In the experiment, we used polycrystalline
Ni,, ,Mn; _,Ga samples prepared by arc melting in
argon on acold bottom. The structural phase state of the
sampleswas studied in magnetic fieldsof 0-14 T by the
optical method [5]. The optical technique allows oneto
observe the nucleation and motion of the SPT bound-
aries and the twin boundaries of structural domains in
the direct experiment and, on the basis of these obser-
vations, to measure the temperatures of the direct and
reverse SPT, with the sample surface resolution
depending on the external magnetic field. To study the
SPT, the sample is polished in the austenitic state and
mounted on a substrate in a transparent two-contour
thermostat; the magnetic field is produced by a Bitter
magnet. The observations are performed using amicro-
scopewith aTV camerafor individual crystal grains of
the polycrystal. Thisallows oneto take into account the
natural inhomogeneity of polycrystalline samples,
which is mainly responsible for the error in determin-
ing the transition point.

Figure 1 showsthe Ty, (H) and Ty,4(H) dependences
for samples with an excess concentration of Ni (x =
0.16, 0.18, and 0.19). The curves were obtained by
averaging the transition temperature over the surface of
a polycrystaline sample. One can see that the depen-
dences Tau(H) and Tya(H) are approximately linear for
all samples. The coefficients dT,,/dH and dT,,,/dH are
close to each other and increase with increasing x up to

0021-3640/00/7207-0373%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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the value x = 0.19 at which the magnetic and structural
phase transitions merge [5]. As x grows, the tempera
ture hysteresis of the SPT, Tya(H) — Taw(H), aso
grows. The magnetic control interval averaged over the

gamplesurfaceisA'T' ~1K.

Figure 2 illustrates the experiment on the reversible
SPT induced by a magnetic field at constant tempera-
ture and external pressure. Thisfigure presentsthetime
dependences of the magnetic field, the temperature of
the sample, and the number N of crystal grains that
changed their structural phase state in the course of the
experiment. The initial temperature of the sample was
selected within the magnetic control interval of the
SPT, and al grainsin the field of vision of the micro-
scope were initially in the austenitic state. With an
increase in the magnetic field, a spontaneous increase
in the sample temperature is observed with the forma-
tion of martensite in magnetic fieldsH > 6 T. When the
field ceases to increase, the temperature relaxes, while
the martensite proportion continues growing for some
time. As the magnetic field decreases, the temperature
also decreases and, starting at 4 T, the martensite phase
vanishes. Its total disappearance is observed after the
field is switched off in the course of the temperature
returning to its original value.

The instability of the sample temperature is
explained by the release and absorption of the latent
heat of the first-order SPT in the sample. Each time, an
increase in temperature occurs simultaneously with the
transition to the low-temperature phase, and a decrease

DIKSHTEIN et al.
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Fig. 2. Time dependences of thetemperature T, the magnetic
field H, and the number of crystal grains N that undergo a
structural transformation in the course of thereversible SPT.

in temperature accompanies the transition to the high-
temperature phase.

To analyze the phase diagram of the Ni, , ,Mn, _,Ga
ferromagnet in a magnetic field, we use the Landau
phenomenological model of phase transition. We con-
sider a cubic ferromagnet belonging to the O, point
symmetry group and characterized by amagnetic phase
transition, which is accompanied by the appearance of
a spontaneous magnetization M, and an inherent fer-
roelastic phase transition to the D, tetragonal phase,
the latter transition being accompanied by the appear-
ance of spontaneous strains. In this case, the order
parameters describing the SPT are the components of
the macroscopic strain tensor e,. We will describe the
magnetic phase transitions by the components of the
macroscopic magnetization M. For the ferromagnet
free energy, after its minimization with respect to the
strain tensor components not responsible for the SPT,
we obtain the expression

F = Fo+ 3a(e} + &) + 2bey(e} - 3¢}) + 7o(e + €)°

8] el —m) + ex(3md - |

(1)
1 1 2
+50(my + Mg+ mg) + Z8(my + m; + my)
+ K(mimj + mm3 + mgmy) — HyM,.
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Here, a = ay(T — T, 0, and K are magnetostriction-
renormalized exchange constants and the first constant
of cubic anisotropy; B is the relativistic magnetostric-
tion constant; a, b, and c are linear combinations of the
components of the second-, third-, and fourth-order
elastic moduli, respectively: a = ¢;; — Cp, b = (G111 —

Ci1o + C123)/6./6 ; & arelinear combinations of the strain
tensor components €, = (6 — €,,)/ J2, 6= (2e,— e, —

8,)/+/6; and m = M/M,, where M, is the saturation
magnetization away from the Curie point T.. As the
SPT from cubic to tetragonal phase with atwo-compo-
nent order parameter e,, e; is approached, the elastic
modulus a = ¢;; — ¢;, tends to zero, and, near the tran-
sition point T, it can be represented in the form a =
ag(T—Tyg)- The presence of thethird-order termsin the
thermodynamic potential determines the first-order
SPT.

Let us consider thecase b >0, ¢c > 0, and K < 0O,
which corresponds to the compound under study. Inthe
absence of amagnetic field, five different phases occur
in this material [4, 5, 7]: the paramagnetic and ferro-
magnetic cubic phases, the paramagnetic tetragonal
phase, and the ferromagnetic angular and collinear tet-
ragona phases. In a magnetic field, the Curie point
ceases to be a phase transition point, because, for H #
0, the magnetization remains finite at temperatures T >
T owing to the paraprocess. In addition, a magnetic
field leads to tetragonal distortions of the cubic lattice.
Then, in magnetic fields higher than that of magnetic
anisotropy H > H, = K/M,, two different ferromagnetic
phases will occur: the martensitic phase with heavy tet-
ragonal distortions and the austenitic phase with weak
tetragonal distortions produced by the field.

Minimizing the potential given by Eq. (1) with
respect to the variables e,, e;, m;, m,, and m,, we obtain
the equations of state for describing the distribution of
magnetization and elastic strains in the ferromagnet
under study, along with the conditions of their stability
in the approximation of relatively high magnetic fields
H>Ha

ml:m2=0, e2:Ol ()
2
my(a + dmj + /8/3Be;) = MH,
e,(a+ be, + cel) + ./2/3Bm’ = 0,
(€)

(25mS + MyH)(a + 2be, + 3ce?) — gszmg >0,

For x < X (X isthe critical concentration at which the
temperatures of the magnetic and structural phase tran-
sitions coincide), we obtain from Egs. (2) and (3) the
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field dependences of the stability losstemperatures Ty
and T,y (see Fig. 3):

Tua = Two
O &CB 2 mg @
x Eﬂ- %[3_66_[ %MO M (TMA)D}%
Tam = Two

O 32 BDM 0 (5
g %ﬂ ao[ G o2 M0 Ek/;
wherem(t) = [h+ (P —1%/27)V2) Y3 + [h— (WP —13/27) V313
for h > (1/3)32 and m(1) = 2./1/3cos($(t)/3) for h <
(1/3)¥2 ¢ (1) = arccos[h(3/1)**] ; Tuo = (Te = T Tes
Tua = Tyo + ~/2/3 (bB/cd); and h = MH/20.

The field dependence of the SPT temperature Ty,
(Fig. 3), which is determined from the condition of
equal energies of the phases, has the form

wﬂ

O . b[9osc’
Ty = Tyolll + = [ m m (T
M MO%]. 2 8b3{ ( m) — ( Mo)
cB 48*10 (6
#40m(T) = M(Tuo)]} =632 To - 351&5‘ ©
L, e
T = Two™ 5555

For h < (1yo/3)%¥? the field dependences of Tya,
Taw, and Ty, are simplified. For example, Ty, becomesa
linear function of H:

Tu(H) = Tw(0) + HTyoM( /Ty = J/Two)/Q.  (7)

where Q = 2a,b%9¢? is the specific latent heat of the
SPT a temperature Ty(0). This corresponds to the
results obtained earlier from the thermodynamic theory
[4,5].



376

AT, (K)

0.16 0.17 0.18 0.19

X

0
0.14 0.15

Fig. 4. Section of the T-H—x phase diagram by the plane
H=0: AT, = Tl(X) - TAM(X = 0.14), where T = Tw Tua
and TAM'

To construct the phase diagram of the ferromagnet
in the T-H—x coordinates, we assume (asin [4, 5]) that
both T4, and T linearly depend on the concentration:

TMO = :II-M0+ KX, TC = :I‘-C_yx, (8)

where k and y are the proportionality coefficients.

The sections of the T-H—x phase diagram by planes
x=0.16 and H = 0 are shown in Figs. 3 and 4, respec-
tively. We present the dependences AT, (H) and AT (X).
Here, ATy = T,(H) — Tyy(H = 0) and AT, = Ti(X) —
Tau(x=0.14), where T; = Ty, Tya, and Ty Since many
parameters of the problem are unknown, the compari-
son between the theoretical diagrams and the experi-
mental dependences shown in Fig. 1 can only be quali-
tative. The diagrams presented in Figs. 3 and 4 were
obtained for the following values of the parameters:

Tc =375 K, Tmo =200 K, dy = b/TMo, Op = 6/Tc,
0 =10° Erg/cm?®, c/b = 11.1, b = 2.54 x 10%2 Erg/cm®,
B=2x 108 Erg/lcm?, y= 175K, and k = 700 K.

From the comparison of Figs. 1, 3, and 4 it follows
that, in the concentration interval 0.16 < x < 0.19, the
field and concentration dependences of Tny, and Tya
obtained in the experiment are in qualitative agreement

DIKSHTEIN er al.

with the computational results. Specificaly, the tem-
peratures Ty, and Ty, increase with increasing H and x,
and the width of the temperature hysteresis loop
increases with x. The theory justifies the existence of
the temperature and field regions in which areversible
magnetic-field-induced SPT is possible.

Note that an irreversible magnetic-field-induced
SPT isknown for many magnetic substances (see, e.g.,
[8, 9]). As far as we know, a reversible field-induced
SPT occurs in no other substances except the one
described above. However, one should expect that the
magnetic-field-driven reversible SPT observed in our
experimentsin Ni, ., Mn, _,Gamay also occur in suffi-
ciently high magnetic fields in other high-magneto-
striction magnetic compounds which undergo a struc-
tural phase transformation in the ferromagnetic state.

Thiswork was supported by the Russian Foundation
for Basic Research, project no. 99-02-18247.
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It isshown that liquid crystal—el ectrode charge exchange is accomplished via the mechanism of Schottky emis-
sion through a thin dielectric layer. The thin dielectric layer (several nanometers) is formed by adsorption of
neutral moleculesthat either are introduced on purpose or occur in even well-purified liquid crystals. Themain
part of the barrier determining the charge exchange processis due to the ionization of the cation losing an elec-
tron and its transformation to the anion. The barrier parameters and the dielectric layer thickness are estimated
for the planar and homeotropic alignments of molecules. © 2000 MAIK “ Nauka/Interperiodica” .

PACS numbers; 61.30.Gd; 82.30.Fi

1. It is known that, in organic liquids with a high
concentration of ions (electrolytes), charge exchange at
a liquid—electrode interface proceeds mainly via redox
processes[1]. Such amechanism of chargetransfer was
considered as the basic one in the majority of works on
the electric properties of liquid crystals (LCs). Differ-
ent charge-transfer mechanisms were also proposed:
injection from the electrode [2, 3] and dissociation of
available [2] or added [4] impurities. However, the
mechanism of current flow through the LC—electrode
interface has not been analyzed in detail as yet.

2. In order to enhance the effects of the alignment of
molecules on the process of charge exchange,
ZL.1-4803-000 (2) liquid crystals (Merck Ltd.) with a
high dielectric anisotropy Ae were used in the investi-
gations. At atemperature of 20°C, Z is characterized by
€5 = 11.3 and Ae = +51.5. Investigations showed that
pure Z, as well as other liquid crystals, changes its
parameters under the action of an external electricfield.
Molecules of the dye D were added to the LCsin order
to stabilize the parameters. The structural formula of D
isgivenin Fig. 1. The main results were obtained for a
(Z + 2wt % D) mixture. The design of the measuring
cell and theway of filling it werethe sameasin[5]. The
planar alignment of the LC molecules was generated
with the use of electrodes with rubbed polyimide (P
electrodes). The homeotropic alignment of the LC mol-
ecules was generated with the use of Cu electrodes. The
samplethickness d was varied over the range 10-50 pum.
The main measurements were performed for samples
with d = 30 um. The mechanism of current flow in the
samples studied was determined from an analysis of
current-voltage characteristics (I-V). The density of

the steady-state current | was analyzed as a function
of the voltage U. In addition, the density of the maxi-
mum reverse current | g, was determined for each value
of U. For this purpose, a sample in which the current
reached a steady-state value I was terminated in a
measuring device. The effect of redox processes on the
mechanism of charge exchange was determined by
cyclic voltammetry [1]. The parameters of relaxation
processes in the electrode regions were investigated by
low-frequency dielectric spectroscopy [5, 6]. The alter-
nating current conductivity of samples o, wasaso deter-
mined by low-frequency didectric spectroscopy. The
change of its value upon adding the dye indicated that the
D molecules in the LCs were virtualy neutra. The tem-
perature was stabilized with an accuracy of no worsethan
0.2 K using a specidly designed thermostat with a suffi-
ciently low leved of electromagnetic interference.

3. At the initial stage of the investigations, it was
most important to reveal how the redox processes affect
the electrode-L.C charge transfer process. Structures
with asymmetric P-Cu electrodes were used for the
investigations. Cyclic voltammograms were obtained
by the action of linearly increasing and decreasing volt-
age pulses. The rates of voltage rise and decrease were
the same and equal to 0.46 mV/s. The voltage was var-
ied through the range from O to 2.3 V. The measure-
mentswere carried out for different polarities at each of
the el ectrodes. In none of the cases, was a current max-
imum typical for a redox process [1] obtained. The
voltage dependence of the current had the form of
dynamic |-V characteristics of diode structures.

With barriers, the electric field strength in a sample
becomes inhomogeneous. The voltage applied across
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Fig. 1. Structural formula of the dye D.
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Fig. 2. Dependence of Up/U on U for a2% solution of D in

Z. Samples with symmetric P electrodes, d = 20.5 um, and
T=294K.

the electrode regions (polarization voltage U,) was
determined from the equation [2]

— I RM
Up UIRM+IST' )
Figure 2 demonstrates the dependence of Up/U on U
for structures with symmetric P electrodes. It is evident
that, at U <1V, Up =0.998U; that is, the current isfully
determined by the properties of the electrode region for
the given range of voltage values. For the given voltage
values, the |-V characteristics are nonlinear. The rea-
sons for this nonlinearity were analyzed using various
models (space charge limited current, diode mecha
nism of current flow through electric double layers,
etc.). However, Fig. 3 and an analysis of |-V character-
istics obtained for other LCs indicate that the experi-
mental data are approximated with the smallest error by
the equation

| = loexp(a/U), @)

Parameters characterizing charge transfer through the Cu-LC
interface (homeotropic alignment) and the P-LC interface
(planar alignment) obtained for a 2% solution of D in Z with
Cu—P electrodes. The sample thickness was 29.4 um, and
T=294K

Electrode| o, V™12 | dyq, nm beny V dg, V
Cu 6.3 0.92 |088+0.55|0.70+0.05
P 6.8 4.5 0.37+£0.05| 0.92 £ 0.05

KOVAL’CHUK

where |, and a are constants whose physical meaning
will be considered below. It is known that Eq. (2) may
correspond to two different mechanisms of current
flow: Schottky emission and Pool—Frenkel emission
[7, 8]. To determine which of the above mechanisms
can describe charge transfer through the L C—electrode
interface, we studied the temperature dependence of
I/T2 at various values of U. The temperature depen-
dence of 1/T? for samples with asymmetric Cu—P elec-
trodes is shown in Fig. 4 for different polarities of the
applied voltage. It follows from the data obtained that
log(1/T?) depends linearly on LT in the temperature
domain of mesophase existence. Therefore, the mecha-
nism of current flow through the electrode-LC inter-
face corresponds to Schottky emission. In this case,

lo = A*T2exp(—eg/KT), ©)

where A* is the Richardson constant, e is the electron
charge, ¢ isthe barrier height, and k is the Boltzmann
constant.

For U < 1V, amost the total voltage is applied
across the electrode regions. Therefore,

U = Edy, (4)

where E isthe electric field strength and d, is the thick-
ness of the electrode region.

Therefore [8]

-
KT« 4me edy’

(%)

where g, is the permittivity of free space and € is the
permittivity of the substance.

Schottky emission isemission through athin dielec-
tric layer. Therefore, it must first be determined at
which electrode (depending on the applied voltage
polarity) such a barrier forms. For this purpose, we
compared the temperature dependence of 1/T? obtained
for samples with Cu—P electrodes to the similar depen-
dence obtained for samples with P electrodes. It was
found that the slopes of the temperature dependence of
1/T? for samples with P electrodes fully coincide with
thedatafor “—” Cu—P*“+.” From here, it followsthat the
barrier for the transfer of charge carriers is formed at
the anode. Therefore, the data in Fig. 4a characterize
charge transfer through the Cu-LC interface (homeo-
tropic alignment of molecules), and the datain Fig. 4b
characterize charge transfer through the P-L C interface
(planar alignment of molecules). The barrier heightsfor
the isotropic ¢y and nematic ¢gy phases are given in
the table for the planar and homeotropic alignments of
molecules. It is evident that the values of ¢gy for the
planar and homeotropic alignments differ significantly.
From hereit follows that the properties of the L C deter-
mine the value of ¢ for the LC—electrode contact.
However, the difference between the values of ¢, indi-
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Fig. 3. 1=V characteristics of a 2% solution of D in Z. Sam-
ples with symmetric P electrodes, d = 20.5 um, and T =
294 K.

cates that the electrode material also affects the barrier
height.

With a dielectric layer present, charge transfer
through the L C—anode interface can be carried out only
by electron emission fromthe LCs. If it is assumed that
such an electron is gained by an ion at the cathode, the
guestion immediately arises asto how charge exchange
between the electrodes proceeds continuously in time.
Therefore, it may be suggested that, when an cation
approaches the anade, it loses not only the “foreign”
electron (transforming to a neutral molecule) but also
“its own” electron (transforming to an anion). It isthe
transformation of aneutral molecule to an anion that is
responsible for the main part of the barrier. The ioniza-
tion of aneutral molecule can be described by a dipole
with the dipole moment growing until the instance of
electron detachment. In the process of ionization, such
adipolewill polarize the surrounding molecules. If itis
assumed that the energy of this interaction is propor-
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tional to the polarizahility of molecules and fully deter-
mines the value of ¢gy, then the ratio of ¢y for the
homeotropic alignment of moleculesto ¢y, for the pla-
nar alignment of molecules must be close to (s”/sD)”Z.
For Z, (g//en)Y? = 2.36 and virtualy coincides with the
ratio of Pgy.

Schottky emission is emission through a dielectric
layer. Therefore, it is important to elucidate what pro-
cesses a the electrode surface are responsible for the
formation of such a layer. In the case when the LC
phase contains almost neutral dye molecules dissolved
init, the question of the reasonsfor the formation of the
dielectric layer istrivial. It is more difficult to find rea-
sons for the formation of a dielectric layer at the elec-
trode surface in pure LCs. It is considered that, as well
as in electrolytes, the reason for the formation of the
electric double layer in LCs is the adsorption of ions.
Our estimates made for pure 5CB showed that, if all the
available ions from the bulk of a sample 20 um thick
were adsorbed at the electrode surface, then a layer
only 0.01 nm thick would be formed. In the case of bet-
ter conducting Z, this value is an order of magnitude
higher. It follows from the table that the experimental
values of dy are more than an order of magnitude
higher. Therefore, it should be assumed that even pure
L Cs contain neutral impurities whose concentration is
considerably higher than the concentration of ions.
Such impurities, being adsorbed together with ions,
form adielectric layer, which restrictsthe direct contact
of charge carriers with the electrode and determinesthe
mechanism (Schottky emission) of charge transfer. The
neutral impuritiesin pure LCsmay differ in their nature
(gas molecules, photooxidation products, synthesis
products, etc.). Therefore, the dielectric strength of
such alayer with respect to an external electric field is
low. Adding dye molecules|eads to the formation of an
adsorbed layer that is more homogeneous in composi-
tion; therefore, its dielectric strength increases.
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Fig. 4. Temperature dependence of I/T2 for a 2% solution of D in Z and a sample with Cu—P electrodes at various voltage values
(V): (1) 0.61, (2) 0.81, (3) 1.0, and (4) 1.2. Measurements were made at the (a) negative and (b) positive polarities of the voltage

applied across the P electrode. The sample thickness was 29.4 pm.
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D.C. andA.C. conductivities of carbyne sampleswere studied over the temperaturerange 1.8-300K at frequen-
cies 10 MHz—1 GHz. It was established that a variation in the fraction of sp? bondsin carbynes induces transi-
tion from one- to two- and then to three-dimensional conduction. In the one-dimensional hopping conduction
regime, the resistivity of carbynes depends on temperature as p = poexp[(Ty/ T)Y?], whereas Coulomb correla-
tions are insignificant. The Hunt model of one-dimensional A.C. conductivity is experimentally confirmed.

© 2000 MAIK * Nauka/Interperiodica” .
PACS numbers: 72.20.Ee; 72.30.+q; 72.80.-r

1. The problem of one-dimensional hopping con-
duction occupies a specia place in the theory of disor-
dered media [1, 2]. According to Mott's original
approach [1] based on the maximization of transition
probability, the resistivity in the variable-range hopping
conduction regime in d-dimensional space depends on
temperature as

P(T) = poexp[(To/ T)], 1)
where
a = 1/(d + 1). )

Thisresult was rigorously substantiated for d = 3 and 2
in the percolation theory, which, however, does not
apply to the one-dimensional (1D) case [2-4], because
one cannot define optimum percolation paths bypass-
ing high-resistivity regions of the Miller—Abrahams
network inthed = 1 case. It isassumed in [2] that, asa
result, the a index isequal to 1 rather than 1/2, asit fol-
lows from Eg. (2). Nevertheless, Mott's value o = 1/2
should again be expected for a 1D system of finite size
L[2,5, 6].

Note that the a = 1/2 value in a low-dimensional
system can aso be caused by the formation of a Cou-
lomb gap [4] or by the nonoptimal hopping regime [7].
The a = 1 value (characteristicof d=1and L — )
may also appear for finite chainswith the Hubbard cor-
relations [3]. One should also take into account that at
T # 0 the hopping distance in adisordered systemislim-
ited from above by the wave-function phase coherence
length [7], so that the problem of hopping conduction
should aways be considered for regions of finite sizes.

Hence, from the theoretical point of view, the ques-
tion of exponent a for 1D hopping conductionisstill an

open guestion. When experimentally investigating this
issue, it isdesirableto deal with a system of “variable”
dimensionality that could transform from a three-
dimensional (3D) random network to a system of 1D
disordered linear chains. Such a situation occursin car-
byne samples synthesized under high pressure [8].

Carbyne is an alotropic carbon form based on
sp-type bonds and possessing a clear-cut linear-chain
structure [9, 10]. Contrary to other alotropic modifica-
tions with sp? (graphite) or sp® (diamond) bonds, car-
byne cannot be synthesized as a perfect crystal, because
its chains contain “built-in" disorder, probably due to
the instability of large linear carbon clusters [10].
Although up to now there is no commonly accepted
model structure of carbyne, it is customarily believed
that linear sp segments of the polymeric carbon mole-
cule in carbyne alternate with sp?-hybridized carbon
atoms [8-10]. The sp? centers give rise to chain kinks,
and the dangling bonds appearing at the kinks may
attach impurity atoms or form interchain links (in the
absence of the sp? defects, the carbon chains are bonded
by weak van der Waals forces). As aresult, the carbon
chains may form complex globular structures.

The fraction of sp? bonds in carbyne can be varied
smoothly by applying high pressure and temperature
[8]. Anincrease in the synthesis temperature Tg,, under
pressure induces the sp — sp? transition, i.e., the for-
mation of a disordered graphite-like network from the
structure dominated by 1D chains. The samples synthe-
sized a Ty, = 670-780°C exhibited low-temperature
hopping conduction with exponent 1/3 characteristic of
the two-dimensional (2D) case[8].

It follows from the above that carbynes synthesized
under high pressure may become promising objects for
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Fig. 1. (a) Temperature dependence of conductivity and (b) hopping conduction exponent for carbyne samples synthesized at dif-

ferent temperatures.

the experimental study of the influence of space dimen-
sionality on hopping conduction. Moreover, the study of
hopping transport sensitive to the topology of a disor-
dered system may provide moreinsight into the structure
of carbines, which isnow still acontroversia subject. In
this respect, the purpose of this work was to investigate
D.C. and A.C. hopping conduction of carbines prepared
under pressure under different synthesis conditions.

2. Carbyne with chains ...=C=C=C=C=... of the
cumulene type was synthesized at the Nesmeyanov
Ingtitute of Organoelement Compounds, Russian
Academy of Sciences, and used as starting material.
Sampleswere prepared by the method used in[8]. Syn-
thesis was carried out at a pressure of 7.7 GPa. At dif-
ferent Ty, values, the sample structure was identical to
that described in [8]. The temperature dependences of
D.C. conductivity were studied intherange 1.8 < T <
300K; A.C. conductivity wasmeasured at 6 < T < 300 K
in the frequency range w/21m = 10 MHz-1 GHz. The
measurement technique is described in detail in [11].

3. The temperature dependences p(T) for different
Tsn temperatures are shown in Fig. 1a. In coordinates
log(p) = f(T™), linear segments are clearly seen in the
cuvesa T<T* ~40K downto T ~ 1.8 K. The index
o increases with decreasing synthesis temperature
(Fig. 1). A value of 1/4 found for this parameter for
Tgn = 890°C corresponds to the 3D Mott’s law, while
the reduction in Ty, to 800°C increases a to 1/3, which
is characteristic of 2D hopping conduction [Eq. (2)]. In
the vicinity of Ty, ~ 700°C, the hopping conduction
exponent changes to 1/2 (Fig. 1, Ty, = 690°C).

Thus, based on Egs. (1) and (2), one can assume that
the rise in the temperature of synthesis under pressure
induces crossover from 1D to 3D hopping conduction.
Inthetransition region 700 < Ty, < 800°C, the carbyne
matrix represents a set of mutually noninteracting
2D carbon layers. Such an interpretation qualitatively
agrees with the data [8] on the sp —> sp? transition,
because the “ degree of cross-linking” between the car-
bon chains increases with T, and the effective dimen-

sionality of the system should increase. Note that,
according to [8], carbyne samples undergo “ graphitiza-
tion” at Ty, ~ 700°C, so that the crossover to 2D con-
duction at Tg,, > 700°C seems to be quite natural.

At the sametime, it was assumed in [8] that a quasi-
one-dimensional structure occurs in carbyne at Ty, <
500°C, while in the samples obtained at higher temper-
atures the fraction of sp? bonds is appreciable. Because
of this, the interpretation of the data in Fig. 1 as a
1D — 2D — 3D transitionis not unique. For exam-
ple, the a = 1/2 value may be explained by the appear-
ance of a Coulomb gap in asystem with 2D conduction
(note that such an interpretation of the a = 1/2 index is
most frequent at the present time).

To clarify thisissue, the temperature and frequency
dependences of the real ¢' and imaginary ¢" parts of
conductivity were measured for a sample with a = 1/2
(Tgn = 690°C). One can easily show that o'(w, T) of a
d = 2 system dominated by the Coulomb correlationsis
described in the pair approximation by the expression
analogous to the Pollak—Geballe formula[3, 11, 12]:

2¢’

! =~ 2 3%5: +—
o'(wT) 00vphln O ke T galn(v,/w)

| @

where a is the localization radius, € is the dielectric
constant, and v, is the characteristic phonon fre-
quency. For this reason, if the data on A.C. hopping
conduction are analyzed within the framework of the
standard approximation

o'(w, T) O wsTY, (4)

then the case of Coulomb gap should correspondto s< 1
and q < 1. However, the experiment does not show
such a dependence. It is seen from Fig. 2 that the low-
temperature asymptotic form of o'(w, T) isc'(w, T) O
T1518 je, g > 1. Moreover, the temperature depen-
dence 0"(w, T) O T607 observed for the imaginary
part of the conductivity differs substantially from the
behavior of o'(w, T) (Fig. 2).
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Fig. 2. Temperature dependence of real and imaginary parts
of A.C. conductivity at different frequencies for the sample
synthesized at Tgy, = 690°C. Numbers at the curves corre-

spond to frequenciesin MHz.

Let us analyze the reasons for this discrepancy in
more detail. For the power-law asymptotic behavior (4)
the Kramers—Kronig relation gives [3]

0"/g' = tan(ms/2). 5)

Hence it follows that the different temperature depen-
dences of ¢' and ¢" can only be observed if the expo-
nent s strongly depends on temperature. It followsfrom
Fig. 3athat Egs. (4) and (5) can be used for the descrip-
tion of hopping conduction in carbynes. Indeed, the
exponent s should not depend on frequency at T = const
and, hence, 0"/c' should be constant, which is in fact
observed with a reasonable accuracy in the range
w/211< 500 MHz & T < 70 K. In what follows, we
restrict ourselves to the analysis of the datain Figs. 2
and 3 at this frequency interval and leave the decrease
inthe 0"/0" ratio at w/2m> 500 MHz and T < 10K for
further publications.

Let us use Eqg. (5) and define “empirical” exponent
sasy(T) = (2/m) arctan(c"/a") . Theresults of the calcu-

lation of S(T) using the datain Fig. 2 are presented in
Fig. 3b (curves 1, 2). It is noticeable that the s index

6
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decreasesfroms~0.9to s~ 0.5, i.e., by afactor of 1.8,
as the temperature changesfromT=6 K to T = T* ~
40 K. Such a large change in s cannot be provided
by Eq. (3), where s(T) = const within an asymptotic
accuracy (Fig. 3b, curve 3). When calculating s =
dlna/oInw[Egs. (3) and (4)], we used thev,, ~ 10** s
value, the experimental value T, = 340 K obtained from
the data in Fig. 1, and the explicit expression kT, =
6.2¢’/ea given by the 2D Coulomb gap model [13].
Note that analogous cal culations with the other known
models of A.C. hopping conduction in 2D and 3D sys-
tems [3, 11], including multiple and nonoptimal hop-
ping, also yield S(T) = const.

At the same time, a strong temperature dependence
S(T) ischaracteristic of in the 1D systems. According to
the Hunt calculation for a 1D system [5, 6],

o' = f(T)w'", (6)

1/2
qT)z(ATdTlQ—Z,
(ATy/T)"?+2

where T, isthe same as in Eg. (1) and the parameter A
depends on the ratio between the system size and the
localization radius. A= exp(2)L/a. Curve4inFig. 3bis
obtained for Eq. (7) with A =5 x 102 corresponding to
the ratio L/a ~ 680. One can see that the theoretical
dependence (7) adequately describes the shape and the
amplitude of the (T) curve for areasonable L/a ratio.
Considering that the Hunt model [5, 6] is approximate,
such an agreement between the theory and the experi-
ment seems to be quite satisfactory.

4. In summary, we have shown that a change in the
hopping conduction exponent a in carbynes synthe-
sized under high pressure is caused by a change in the
dimensionality of the system. A decrease in the synthe-
sis temperature induces 3D — 1D crossover. In the
intermediate range 700 < T, < 800°C, the hopping
conduction is two-dimensional, with the Coulomb cor-
relations not affecting, to afirst approximation, the con-
ductivity.

(7)

1.0

0.8

0.6 -

10 100
T (K)

Fig. 3. Analysisof the frequency and temperature dependences of A.C. conductivity using Egs. (4)—(7) for the samples synthesized

at Tyn

=690°C. (a) Frequency-dependent ¢"/c’ ratio for different temperatures. (b) Temperature-dependent exponent s. (1) exper-

iment with 100 MHz, (2) experiment with 500 MHz, (3) model of Coulomb correlations for d = 2, and (4) Hunt model for d = 1.
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This result allows one to refine the scenario of the
sp — sp? transition [8]. Since the 1D conduction per-
sistsup to Ty, ~ 700°C, the appearance of new sp? cen-
terslikely leads to the disorder and bending of individ-
ual chains in this range of synthesis temperatures. At
Tyn > 700°C, the increase in the fraction of the sp?
bonds induces cross-linking between the chains, ren-
dering the conduction two-dimensional. On a further
increase in Ty, and a rise in the concentration of sp?
centers in the carbyne matrix, the topology of quasi-
two-dimensional carbon layers becomes more compli-
cated and they start to interact with each other, leading
to the 3D character of conduction.

From the viewpoint of one-dimensional hopping
conduction, the data obtained in this work suggest that,
first, the a value for a 1D system is 1/2 rather than 1.
Second, the A.C. conductivity is adequately described
by the Hunt model, so that the results obtained can be
regarded as the first experimental confirmation of the
theoretical calculation with thismodel. Third, carbynes
represent an important methodological example of an
experimental situation where the a = 1/2 value is not
caused by the appearance of a Coulomb gap in the den-
sity of localized states.
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Successful experiments on the Bose condensation
of akaline atomic gases in magnetic traps [1-3] have
stimulated unprecedented interest in studying the
coherent quantum phenomena in ultracold spatially
inhomogeneous gas systems (see, e.g., review [4]). This
is caused by a number of reasons, whose combination
renders these systems absolutely unique objects for
investigations, both theoretical and experimental. On
the one hand, such systems are rarefied by their nature,
so that all effects of interatomic interaction are gov-
erned by a single small parameter—gas parameter—
and, thus, can be calculated by the standard methods of
perturbation theory. Moreover, the use of the Feshbach
effect enables one to change, in some cases, the magni-
tude of interatomic interaction (scattering length) over
a rather wide range, up to a change in its sign [5]. On
the other hand, the presence of comparatively simple
and well-elaborated optical methods for manipulating
gas samples of akaline elements (which are used in the
overwhelming majority of experiments), in conjunction
with the well-elaborated methods of measuring their
physical properties, allows one to set up experiments
which are adream for physics of condensed matter.

Although the great majority of experiments to date
have been carried out with Bose gases, interest in

studying Fermi gases (such as, e.g., 5Li, °K, and meta-
stable triplet *He) has become more and more evident
in recent years. The main problem in the experimental
studies of atomic Fermi gasesis associated with the dif-
ficulty of cooling them below the quantum degeneracy
temperature; though successfully utilized asafina step
in reaching temperatures on the nano-Kelvin scale in
the case of Bose gases, the evaporative cooling method
proves to be much less efficient for fermions, because,
due to the Pauli exclusion principle, the collisional fre-
guency decreases with lowering temperature. As a
result, one is forced into contrivances of various kinds
and, thus, to add complexity to the experiment (for
details, see [6-8]). Nevertheless, it was reported in
1999 [9] that a two-component Fermi-gas sample con-
taining 7 x 10° “°K atoms was successfully cooled in a
magnetic trap down to atemperature of 300 nK, which
comprises approximately one-half of the quantum
degeneracy temperature (Fermi temperature) for this
number of atoms in the experimentally used trap. At
present, experiments of this type are being projected
and implemented at most laboratories involved in
studying the physical properties of ultracold gases.

The presently available theoretical developments
may be conventionally divided into two groups. The
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works devoted to studying the properties of Fermi
gases in the normal state and the manifestations of the
effects of quantum statistics (Pauli’s principle) in the
optica and dynamical characteristics of gas samples
comprise the first group. In this regard, the prediction
of the spontaneous emission inhibition [10, 11] and line
narrowing for laser radiation transmitted through a gas
sample[12] in the quantum degeneracy regime, aswell
as the effect of a substantial decrease in the collisional
damping of the periodic maotion executed by a probe
particle in a gas cloud [13], is noteworthy. Collective
oscillations of different symmetry were studied for a
gas cloud in both hydrodynamic and collisionless
regimesin [14] and [15, 16], respectively. { It should be
noted that the hydrodynamic regime is possible for 6Li
because of the occurrence of a rather large triplet s
scattering length (a = —1140 A [17]) in comparatively
weak magnetic fields (Feshbach effect)} .

And yet of the greatest interest, from both theoreti-
cal and experimental points of view, istheinvestigation
of aphasetransition to the superfluid statein the Fermi-
gas systems considered. This transition, in principle,
may occur in 6Li [18] and “°K [19], because the scatter-
ing length a in both may become negative (i.e., corre-
sponding to attraction) and large (~10% A) in the pres-
ence of the Feshbach effect. (Large scattering lengths
arecrucial for the gas systems considered, because they
hold out a hope of obtaining the experimentally attain-
able superfluid transition temperatures.) The possibility
of superfluid pairing in a two-component atomic SLi
system with completely polarized electron spins was
pointed out in [18, 20], where the “singlet” s-pairing
between the atoms from different hyperfine compo-
nents was considered for the systems with negative
scattering length. The estimates carried out for the crit-
ical temperature using the well-known formulas for
spatially homogeneous systems yielded an experimen-
tally attainable value of the order of 30 nK for a gas
density of 4 x 102 cm3. Another scenario of the super-
fluid transition under the same conditions (in the pres-
ence of only the triplet s-scattering) is associated with
the formation of the “triplet” Cooper pairs with orbital
angular momentum | = 1[21]. Although the mechanism
of formation of the Cooper pairsin this case isinsensi-
tive to the interaction sign, realistic values of critical
temperature can only be attained for gas samples with
an appreciably higher density. Note al so that the p-pair-
ing in the presence of dipole—dipole interactions was
discussed in [22].

By full analogy with the spatially homogeneous
case, the transition of a Fermi gas to the superfluid
phase profoundly modifies its properties, which may
serveby itself asan indication of the formation of anew
phase. Below, the specific features of the superfluid
phase transition in a Fermi gas under the conditions of
confined trap geometry and the properties (single-par-
ticle and collective excitations) of a gas sample in the
superfluid phase are analyzed in detail (see works

BARANOV

[23-26]). For simplicity, only the systems with singlet
pairing will be considered, because the extension to the
triplet pairing presents afew problems.

The Hamiltonian of atwo-component atomic Fermi
gas (o and B atoms) confined to an isotropic harmonic
potential has the form (% = 1)

H = i:zwjdrw?(r)Howi(r) "

+vIdrwZ(r)wu(r)wé(r)wB(r).

Here, Y;(r) are the field operators for the a and 8 com-
ponents, whose concentrations are assumed to be
equal; Hy = —0%2m + mQ%2/2 — p; Q is the trap fre-
guency; m is the atomic mass; and [ is the chemical
potential. The second term in Eqg. (1) correspondsto the
attractive short-range interaction between the a and 3
atoms (s-scattering length a < 0) with coupling constant
V = 4ma/m. The interaction between the aa and B
atoms is ignored in Hamiltonian (1), because it corre-
sponds to the scattering of fermions with angular
momentum | > 1.

The attractive interaction between the different
components of the s-scattering channel givesriseto the
superfluid phasetransition [ 18], with the complex func-
tion Ag(r) = V[, (r)Wg(r)Cas the order parameter. For
a spatially homogeneous Fermi gas of density coincid-
ing with the maximum density n, of atrapped gas, the

critical temperature TEO) of superfluid phase transition
would be [27]

TO = 0.28e.exp{-1/A},

where A = 2Ja|pe/Tt < 1 is a small parameter (gas
parameter), pr = mvg = (31ny) Y2 is the Fermi momen-

tum, and g = pi /2m= p isthe Fermi energy. The situ-
ation where Tff)) is much greater than the trap fre-

quency, T > Q, is of prime interest for the experi-
ment. It is natural to expect that the critical temperature
T, of superfluid transitionin atrap will only dightly dif-
fer from Tgo) . Therelevant correction can be most con-
veniently found from the Ginzburg—Landau equation
incorporating the potential U, = mQ?r%/2 of an exter-
nal harmonic trap (for details, see [23]):

22 14202 T 77(3)A2, _
|:—K 0+ o R—InT}A+ o5 20 =0.2)

which holdsat near-critical temperatures T, (T.—T)/T. < 1.

In this equation, k = A/77(3)/48T°(QIT) =
0.13(Q/T) < 1 [{(2) is the Riemann zeta function] and
R = r/Ry is the distance from the center of the trap in
units of the Thomas—Fermi gas-cloud radius Ry =
ve/Q. Asusual, the critical temperature corresponds to
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the appearance of anontrivial solution of Eq. (2); inthis
temperature range, the nonlinear term can be ignored,
because A — 0 as T — T.. Linearized Eq. (2) for-
mally coincides with the Schrddinger equation for a
particle with mass 1/2x? in aspherically symmetric har-
monic potential with frequency 2k = 2k(1 + 1/2\)Y2,
One can then straightforwardly obtain

(0) (0)
TC TC T
—_— = <
E:O) In TC 3K 1 (3)

for the correction to the critical temperature of super-
fluid transition in a trap. The corresponding order
parameter is proportional to the ground-state wave
function of an oscillator:

-3/4

A(R) O¢o(R) = (t3) " exp(-R%/213),

wherel, =k/ /K < lisfiniteat T— 0and determines
the size (in units of Ry) of a region where the super-
fluid phase appears. At the sametime, the sizel, proves
to be much greater than the characteristic decay length
&« ~ ReQ/T, of the normal-phase correlators at temper-
ature T 1, > &«/Ree, thereby justifying the expansion
in gradients of the order parameter when deriving Gin-
zburg-Landau EQ. (2). To determine the temperature-
dependent coefficient in the expression for the order

parameter, it is convenient to write the latter as

A(R T) =a(T) (9o(R) + 3¢(R, T)), where ¢ = ¢, + 3¢
satisfies the normalization condition J’R|¢(R, nP=1
anda and 8¢ — Oas T — T.. Equation (2) can then

be used to determine a and d¢ in the form of expan-
sionsinrational powersof In(T./T) = dT/T, << 1. Finally,

to the leading order, one has
/16n2ﬁ
7¢(3)

D RZD
exp
0 2IAD

AR, T)=Ay(R, T) =

(4)

x expE)—— ~5.15T,
02120 T.

Figure 1 presents the approximate solutions A, (solid
lines) and the corresponding numerical solutions

(dashed lines) of Eq. (2) for T /Q = 5; A = 0.3; and
3T/T. = 0.001, 0.01, and 0.03. For these T /Q and A
values, onehas K = 4.4 x 107 the corresponding value

of T.=0.87TY found for the critical temperature from
Eq. (3) isonly 1% higher than the T, value obtained by
the numerical solution of Eq. (2).
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Fig. 1. Order parameter as afunction of R at different tem-
peratures. The solid lines correspond to Ag(R, T) from

Eq. (4), and the dashed lines correspond to the numerical
solution of Eq. (2).

At an arbitrary temperature lower than critical one,
the order parameter should be determined self-consis-
tently either from the Gorkov equation for the Green’'s
functions or, which is the same, from the Bogoliubov—
de Gennes equations

p Mo, O ARV, DUVD )
°Gy, 0" Da* (R)U, 1= Sy,0
with the self-consistency condition
* &
A(R) = IVIH Uy(R)VI (R)tanh . (6)

In these equations, €, = 0 are the energies of single-par-
ticle excitations and U,(R) and V,(R) are their wave
functions. The latter specify the Bogoliubov canonical
transformation

W.(R)O _
L (R)E

from the initial field operators Y,(R) and Yj(R) to the
operators of single-particle excitationsa,, and f3,. In the
case of interest, T, > Q, the solution of this problem
can be found by using Eilenberger’s equations [28]. As
a result, one obtains the following closed equation for
the order parameter A(R) [24]:

)
z[u (R)EBVD+ v*(R)DB E}

OO

d’A
dR?

A
J1-R

L 1da2- BR} s, 5(1— R)B:iADZ
"RIR1_R |77 paq? LAROS

- 88+ 5,121 4
U
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Fig. 2. (solid lines) Order parameter A(R) at different tem-
peratures T = T/T.. Dashed lines correspond to A(R) in the

local-density approximation for T = (upper curve) 0 and
(lower curve) 0.99.

where §, = nTznwﬁ/(wﬁ + A?)% for a = 5/2 and 7/2

[w, = TIT(2n + 1) isthe Matsubara frequency] and
= toy_n—=>_

R S o=

00

2dx

0 exp%%cosh(x)%+ 1

wherey = 0.5772 isthe Euler constant.

For temperatures T close to T, Eq. (7) reduces to
Ginzburg-Landau Eq. (2). For lower temperatures,
Eq. (7) can be solved numerically with boundary con-
ditions A'(0) = 0 and A(1) = 0. The numerical solutions

for A(R) areshowninFig. 2forA=0.3, T =5Q (T, =

0.86T?), and different temperatures (solid lines). For

comparison, the results obtained for A(R) in the local-
density approximation are also shown in Fig. 2 by the
dashed lines for T = 0 and 0.99 [18]. One can see that
this approximation is adequate only at low tempera-
tures. Thisis due to the fact that the region where A is
nonzero increases with lowering temperature and,
hence, the spatial derivatives of A, which are com-
pletely neglected in the local-density approximation,
become less important.

In the spherically symmetric case of interest, the
elementary excitations can conveniently be charac-
terized by the radial quantum number n, angular
momentum |, and its projection m onto a chosen
guantization axis (z axis). The wave functions of sin-
gle-particle excitations can then be written as (U,, V,) =

BARANOV

R2Y,(R)(Un(R), vu(R)), where the functions (u, v)
are normalized as

[

J‘(unlu:'I + anvrf'l)dR = 6nn"
0

The equations for the u, v functions immediately fol-
low from the Bogoliubov—de Gennes Egs. (5) and can
be solved numerically. The corresponding A(R) valueis
given by Eq. (4). However, for the physically most
interesting states near the Fermi level, Egs. (5) can be
solved by using the WKB approximation. Namely, in
the classically accessible region, the wave functions of
these states rapidly oscillate with a period of order
p;l (R) < Ry and a dlowly varying amplitude u,,(R),
GnI(R) :
0." O
expiii [ prdRO
|:| ~

s — Ry ny he 8)

E‘/nID A Pr(R) [VnID
Here, the partiadl Fermi momentum is defined as
Pa(R) = (1-R—(I + 1/2)7 1 2R?)Y2, with 1 = 2W/Q > 1,
and the turning points R, , specifying the classically
accessibleregion R; < R< R, are found from the equa-
tion pr(Ry, ») = 0. Neglecting the terms of the order of
i1 in Egs. (5), one gets two decoupled equations for
the amplitudesf, = U =iV :

d ~2 dA .

[— EPHd—R%z"‘A * pF|Cﬁ—€ﬁl}fn|¢ =0, 9)

where &, =¢,/Q=0and A =A/Q.

In the classically inaccessible regions 0 < R< R;
(dueto the centrifugal potential) and R> R, (dueto the
trapping potential), Egs. (8) and (9) should be modified
by substituting, respectively, Filpg(R)| for pg(R), in
order that the solutions be decreasing.

At temperatures above T, the order parameter is zero;
by writing the chemical potential pasp = (j + 3/2)Q with
some integer j, one can readily obtain from Eq. (9) the

well-known result sff,)) =|2n+ 1 —j|Q for the energies

of particle 2n +1>j, v, =0) and hole (2n + | <j,
U, = 0) excitations.

The appearance of a nonzero order parameter A(R)
below the transition temperature modifies the energy
spectrum. At temperatures close to T, the order param-
eter issmall and is nonzero only in asmall central part
of radius|, < 1in the gas cloud [see Eq. (4)]. Because
of this, the presence of nonzero A(R) only affects the
excitations with small orbital angular momental, only
dlightly increasing their eigenvalues. The correspond-
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ing shift is on the order of & = A(Ry)l,, i.e.,, much
smaller than the maximum value A(Q) of the spatialy
inhomogeneous gap A(R), for which reason the lowest

energy excitations (for which s(o) =0aT>T) fadl
inside the gap: €, ~ 0 < A(0).

At lower temperatures, the spatial scale of the order
parameter becomes comparable with the gas-cloud size
Ry, SO that all essential excitations (I = [1/2) are mod-
ified in the presence of the order parameter A(R). The
wave functions of the above-gap excitations [g, >
A(R,)] are nonzero over the whole classically accessi-
bleregion R; < R<R,, whereasthose of thein-gap exci-
tations with energies €, much lower than A(R;) are
“extruded” from the central region; these excitations
are mainly localized in a potential well formed by the
order parameter A(R) (from the inside) and by the trap
potential (from the outside, Fig. 3).

Leaving aside rather cumbersome expressions for
the wave functions (for details, see [24]), let us write
the WKB quantization conditions for the spectrum of
single-particle excitations. For the above-gap excita-
tions [&,, > A(R)], the corresponding condition reads

5 JeZ _n? (R)
-

p(®) (10)

nI

For the in-gap excitations, a new critical turning point
R. arises, which is determined from the condition €, =
A(R.) and where the particle undergoes Andreev reflec-
tion[29] from the spatially inhomogeneous gap A(R) to
transform into a hole and vice versa. Because of this,
the quantization conditions become more complicated:

(-1)' cos(29) = 2Z%/(Z* + 1), (11)

where

OO

R,
]
Z= fzexp%A/Az(FQ—eﬁ./pH(R)dRE

1 Ul
RZ
@ = f«/sil ~A¥(R)/pr (R)dR.
RC

The wave functions of these states are mainly concen-
trated in the region R, < R < R,, where the amplitudes
U, and v, oscillate, and exponentially decrease at
R; < R< R (Fig. 3). Note that the appearance of thein-
gap excitations is entirely due to the spatial inhomoge-
neity of A(R), so that, to some degree, they are analo-
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Fig. 3. Wave functions (solid lines) U,,q and (dotted lines)
Vo for the above-gap and in-gap excitations, as obtained by
the numerical solution of Eq. (5) for | =0at T=0. Toreduce
the number of oscillations, ﬂ = 63 is taken instead of the

. : ©) 15 = -
actual p = 970 value correspondingto T, /Q=5and A =

0.3. The arrows at the vertical axis indicate the energy
eigenvalues for single-particle excitations.

gousto the in-vortex localized statesin usual supercon-
ductors [30].

One can see from the above formulas that the ener-
gies of single-particle excitations become temperature-
dependent below the transition temperature and are no
longer multiples of the trap frequency Q. Because of
this, if the response of the gas cloud to an external peri-
odic perturbation is mostly determined by the single-
particle excitations, the above-transition resonance
structure of this response will be smeared upon passing
through the transition point, the lower the temperature
the larger the smearing (see, e.g., [31]).

Let us now turn to the low-energy collective excita-
tions. It is natural to expect that, at low temperatures
(but higher than the superfluid transition point), the col-
lisionless regime prevails in a Fermi gas. Thisimplies
that the period 217Q of oscillations in the trap is much
shorter than the characteristic collisional frequency ina
degenerate Fermi gas. In order of magnitude, this fre-

quency isequal to T2 ~ na2ve (TJ/ep)? ~ A2T2 feq, where
na?ve is the collisional frequency in a classical gas and
the factor (T, /e¢)? arises due to the Pauli exclusion prin-

ciple. For this reason, a criterion for the collisionless
regime takes the form Q1 ~ A2(Q/T)exp(L/A) > 1.

The corresponding collective excitations in a nor-
mal phase (zero sound) were analyzed using the sum
rule in [15] (see dso [16]), where, in particular, the
eigenfrequencies w,, were calculated for the lowest

monopole wy, = 2Q and quadrupole ty, = /2 Q modes.
Small deviationsfrom equilibrium in a superfluid gascan
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be studied [25] based on the steady-state Bogoliubov—
de Gennes equations

aEU W(r, t)D
atD\/ S, t)D

DU W(r, 1) D
D—V W(r, t)D
(12)
v, (r, t)

—-A
(r t)EU J(r, t)D

in combination with the self-consistency condition

A(r,t) = |V|ZU (r, )V (r, t)tanh2 (13)

T

It is assumed that the time-dependent order parameter
and wave functions tend with t — —oo to their equilib-
riumvaluesA(r, t) — Aq(r) and (U, (r, t), Vi (r, t)) —
(Uy(r), V,(r))exp(—e,t), respectively, where U,(r) and
V,(r) are the wave functions of single-particle excita-
tions with energies €, = 0 [the solutions of the steady-
state Bogoliubov—de Gennes Eq. (5) with A = Ay(r)].

The low-energy collective excitations correspond to
small fluctuations in the phase of the order parameter
(Bogoliubov  sound). In this case, A(r,t)=
Ay(Nexp(2idp(r, 1) = Dy(r)(X + 2ip(r, t)), where
¢(r,t) < 1isarea function slowly varying in space
and with time. Equation (13) can be solved using per-
turbation theory, after which the substitution of the
resulting solution into Eq. (12) brings about the follow-

ing equation for ¢ (r) = J’dt ¢ (r, t)exp(iwt):

Do(r)(r) = IV

0 U, (n)Vi(r)
ZEP)D €y, T & +i0

V,Vy
+ var)U (r) (m*
[oo €, — & +|O

M (@ )[tanh i anh L }

14
* o) (14)

Vi (NVI(r)

g
e M2 w}tan —V[]
wte, +e,+i0 v () g

2T
where

M (w) —J'Aoq) (U, U, +V, V),

(1)*

WMW—j%mﬂmw—Wp»=—mwew.
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At (T.—T)/T, < 1, Eq. (14) can betransformed to
77(3)Q°n 1

3 Tcmjl_—

+2(1- RZ)DRInAODRq)(R)D = iwp(R),

Orl(1—- R * 0k (R)]
(15)

where R = r/Ry¢, whence it follows that the eigenfre-
guenciesware purely imaginary at T= T.. Thissignifies
that the collective modesrapidly decay into pairsof sin-
gle-particle excitations.

For T < T, EQ. (14) can be recast in the form

Q% 1

= —Or[(1-R) ™ 0r0] = 0,
1- R

3 (16)

where only the leading terms are retained in the expan-
sion in powers of gradients and frequency. One can see
from this equation that the eigenfrequencies of the col-
lective modes arereal and equal, in order of magnitude,
to the trap frequency Q. When excited at T < T, these
collective modes bring about oscillations of the super-

fluid current j = (i/m) ZV(Vic OV, —V,0V5 ) = (Wm)d

and density n = 2% |v,]? = ny + dn. The latter are

related by the particle number equation ddn/at + divj =0,
which directly follows from Egs. (12) and (13). As a
result, the gas cloud oscillates as awhole:

n(r,t) = ny(r)+on(r,t)

- 12 1.0
~[1+5D f}no%+anD

wheref(r, t) =

J‘q;(r, t)dt".

Equation (16) does not describe the damping of col-
lective modes. This damping is mainly caused by the
inelastic scattering of low-energy in-gap excitations
from the collective modes or by the decay of a collec-
tive mode into two in-gap single-particle excitations
(for a more detailed discussion of analogous mecha-
nisms in a trapped Bose gas, see [32]). In both cases,
the energy of the collective mode transforms into the
normal component (composed of the in-gap excita
tions) at the periphery of the gas cloud. Inasmuch asthe
wave functions of in-gap excitations exponentially
decay in the central part of the gas cloud, where the
superfluid component is mainly concentrated, the cou-
pling between the fluctuations of order parameter and
the in- gap single-particle excitations is exponentially
weak [~exp(-T./Q)]. One can thus expect that the
damping of collective modes will be weak.

Equation (16) can also be obtained by the quantiza-
tion of the hydrodynamic motion of a superfluid Fermi
gas. For alow superfluid velocity vg=nTi¢ andsmall
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deviation on of the particle number density from its
equilibrium distribution ny(r), the corresponding
Hamiltonian has the form

m 0
H = (d U
h J‘rg—zmnvs+ (n)%
(17)
0 , , 0
:Idr%no(mq)) +%U"(no)6n +U(no)5;

where U(n) isthe density-dependent part of the energy,
with the equilibrium distribution n, satisfying the con-
dition U'(ny) = 0. In the Thomas—Fermi approximation,
one has

3 2/3nS/3 QZrZ
U(n) = 35Bm) T+ F——uh, (19)

wherethefirst term correspondsto the energy of afilled
Fermi sphere. One then arrives at the following expres-
son for the equilibrium distribution: ny(r) =
(p2/3m®)(1 - (r/Rre)?)%2. Note that the interparticle
interaction and Cooper pairing effects are omitted in
Eq. (18), because they are proportional to the small
parameters A and (T/e)?, respectively. For the U"(n,)
quantity in Eq. (17), one has U"(ny) = (31®)23N(r)-,
where N(r) = (mpg/1®) Jl—(r/RTF)Z is the density of
states at the local Fermi surface. Using standard com-
mutation relations [on(r 1), d(r,)] =i18(r, —r5,), one gets
ad/ot = i[Hp, ] = U"(ny)on,
o(on)/at = i[H,, on] =0 nyd ).

It is then straightforward to obtain Eq. (16) for the
phase fluctuation and the equation

0’ Q° 2,3/2 on

5o+ DR[(l— R?) le__Rz
for the density fluctuation.

Equation (16) [or (19)], together with the condition

for finiteness of ¢ (or dn) at any R < 1, determines the
energy spectrum of the collective modes

} -0 (19

(@, /Q)2 =1 + gn(n+ 1+2), 1=0,1,2,... (20)

and the corresponding eigenfunctions

0a(R) O RFs 0 n+ 142 2 +1; R B8, ), (20)

where ,F; is the hypergeometric function, | is the
orbital angular momentum of the collective mode, and
nisaninteger (n=0, 1, 2, ... for nonzero |, and n =
1,2, ... for | = 0). Note that eigenfunctions (21) are
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mutually orthogonal with weight 1/.,/1— R®. Itisaso
worth noting that spectrum (20) coincides with the
eigenfrequency spectrum of a normal Fermi gasin the
hydrodynamic (collisional) regime[14]. Thisisnot sur-
prising because the contribution of the superfluid pair-
ing, to hydrodynamic Hamiltonian (17), as aready
noted, is small.

We are now in a position to compare the eigenfre-
guencies of the collective modes of anormal Fermi gas
in the collisionless regime above T, with the eigenfre-
guencies of the collective modes of a superfluid gas at
T < T.. Of particular experimental interest are the low-
est energy modes, because they can easily be excited by
modulating the trap frequencies. [A small perturbation
of the external potential Vexp(—iwt) appears as an
additional term —wV,,exp(—wt) on the right-hand side
of Eq. (16)]. It follows from Eq. (20) that the lowest
eigenfrequency w,, of a monopole “breathing” mode
(I =0and n = 1) in the superfluid phase is equal to 2Q
(this result can also be derived from the sum ruIe),1
while the lowest frequency wy,; of adipole mode (I =1
and n=0), asexpected, isequal to thetrap frequency Q
(this mode corresponds to the gas-cloud motion as a
whole in the external harmonic trap potential). There-
fore, these eigenfrequencies coincide with the frequen-
cies of collective oscillations calculated in [15] for a
normal Fermi gas in the collisionless regime. At the
same time, the frequencies of the energetically lowest
guadrupole modes are different: for the superfluid

phase, Eq. (20) gives wy, = J2Q, whereas for the nor-
mal phase in the collisionless regime, this value is 2Q
[15]. Experimentaly, the quadruple mode can be
excited by a weak out-of-phase modulation of the trap
frequency, e.g., in the x and y directions. Vy(r, t) =
(MQ?2)(x% —y?) cos(wt), where { < 1. Inthis case, the
gasresponsewill exhibit resonancesin the amplitude of
density oscillations at frequencies corresponding to the
collective oscillations. For T > T, the energetically low-
est resonance will occur at afrequency of 2Q, whereas

for T < T, it will be seen at /2Q. (At temperatures
close to critical, the resonance peak will be strongly
smeared, because the damping of collective modes in
thisregion is strong). Such a behavior of the resonance
line will serve as strong evidence for the appearance of
superfluid ordering in the system. (As pointed out
above, additional evidence could be provided by a
change in the behavior of single-particle excitations).

It should be emphasized that the problem of experi-
mental detection of the appearance of a superfluid
phase in a trapped Fermi-gas system is not as obvious
as it might seem, because, contrary to the Bose gas,
where the Bose condensation is accompanied by a
clearly defined change in the density distribution, a
change in the density distribution upon the superfluid
trangition in a Fermi gas is quite insignificant, so that

W) L eggett, private communication.
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direct optical detection of the transition is hardly possi-
ble. Apart from the two above-mentioned methods,
possible methods of revealing the presence of a super-
fluid phase were al so discussed in works[33, 34]. Inthe
first of them, the superfluid transition was suggested to
be detected by a change in small-angle scattering of a
nonresonant laser beam from a gas cloud, and in the
second work, by a changein its moment of inertia.

| am grateful to J.T.M. Walraven, L. Vichi, Yu. Kagan,
M.Yu. Kagan, A.J. Leggett, D.S. Petrov, and
G.V. Shlyapnikov for helpful and stimulating discus-
sions. Thiswork was supported by the Russian Founda-
tion for Basic Research, project no. 97-02- 16532.
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The interest that has arisen recently in the noncom-
mutative gauge theories was inspired by the paper [1]
devoted to the compactification of matrix theory [2, 3].1
Matrix theory belongs to the class of reduced models
[5] for which the (infinite) matrices are independent of
space coordinates, whereas this dependence appears
upon the expansion in the vicinity of a classical vac-
uum. For the reduced models to be equivalent at large
N to the quantum field theory in the t' Hooft continuous
space-time limit, they must be either “frozen” [6] or
twisted [7-10].

It wasrecently realized [11] that the twisted reduced
models have a limit where they describe quantum field
theories on a noncommutative space with coordinate

operators X", satisfying commutation relations
[X%, %] = i6"™1. 1)
Field multiplication is specified by a product,

00 * (%) & %(x)expgr‘zaewi@cpz(x), @

possessing the associativity property. The action of the
noncommutative Ug(1) gauge theory is defined as

_ 1 2
S_Z—ezf%*, (©)

where
?ﬁw = 0,A,-0,A —i(A,x A=A, xA) (4

is the noncommutative gauge field strength. The planar
limit of the Yang—Mills U(N) theory corresponds to
8 —= o [9]. Thisrelation between the twisted reduced
models and the noncommutative gauge theories was

L For areview of matrix theory, see [4].

revealed in [12-16]. In particular, the appropriate
observables were constructed for the noncommutative
gauge theories.

In this paper, a review of the relation between the
twisted reduced models and the noncommutative gauge
theories is presented. Specia attention is given to the
equivalence of some noncommutative and ordinary (or
“commutative’) gauge theories, which is known as
Morita equivalence [17]. The smplest example is pro-
vided by the above-mentioned equivalence of the non-
commutative Ug(1) gauge theory in the limit of large ©
to the ordinary Yang—Mills U(N) theory in the limit of
large N. Another example is that the noncommutative
Ug(1) gauge theory in a box with periodic boundary
conditions and rational values of the dimensionless
noncommutativity parameter is equivalent to the ordi-
nary Yang—Mills theory in a box of a smaller size with
twisted boundary conditions that define the non-Abe-
lian gauge field flux, known ast’ Hooft flux [18]. These
results are based on a twisted reduced finite-N model
mapped onto the honcommutative gauge theory on a
finite-space lattice, for which reason they are rigorous
for the regularized quantum field theory. Twisted
reduced model [19] is used for the generalization of the
Morita equivalence to the case when the matter fields
are given in the fundamental representation of the
gauge group. The observables in the noncommutative
gauge theory are expressed through continual integrals
over the fundamental matter fields for both closed and
open Wilson loops. The Morita equivalence is
described as a T-duality in D-brane terms.

TWISTED EGUCHI-KAWAI MODEL

1. Definition [9]. Thetwisted Eguchi—-Kawai (TEK)
model is constructed of D unitary N x N matrices UL{

0021-3640/00/7207-0393%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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(u=1, ..., D). The partition function

Zigk = J'l_l du,
u

O O
x expgi2 > Zx,tru, U, ulul + h.c.g

(%)

HZEV

belongs to the type of Wilson lattice gauge theory? on a
unit hypercube with twisted boundary conditions. The
Z,, factor hasthe form

7 - e41'[i Nu/N

uv

O0Zy (integer n,= -n,,), (6)

where N is assumed to be odd.

The TEK model possesses the following symme-
tries:

gauge:. U, — QUHQT, @)
Zy: (2,0Zy). (8)

To agauge transformation, the vacuum state is spec-
ified by the matrices

I _
Uﬁ =T, 9)

wherel, aretwistors satisfying the Weyl-t' Hooft com-
mutation relation

U, —24U,

r.r, = 2Z,rr,. (10)
Their explicit forms are known for any ny,,.
The simplest twist corresponds to
% 0 +1 E
010 O
_ O O
Ny = P2 lew, €w = 0O 0 +1 O (1)
O -1 0 O
[l [l
O O
O . O

and N = LP”2, The SU(N) group can be represented as a

direct product SU(N) O |‘|1D’2 0 SU(L), so that

I, M. (@(=1, ..., D/2) can be chosen in the form of
Weyl unitary matrices hk = di*1k and gk =
e"MU-Dt5IK for each SU(L). For this simplest twist,
L _

r, =1

2. Continuous limit of the TEK model [10]. This
limit is achieved when the lattice constant a —~ 0
(N — ), so that

iaA iay,

=e (12)

2 For areview of |attice gauge theories, see [20].

MAKEENKO

where A, andy,, are (infinite) Hermitian matrices. Then,
Eqg. (10) transforms to the Heisenberg commutator:

[V Wl =By, By, =4m,,/Na2 (13)
The action in the continuous TEK model becomes

1 .
S= 4—g2tr([Au, A]-iBy)? (14)
and the vacuum configuration takes the form
I _
A= Y (15)

to a gauge transformation A, — QA Q. At large N,
the Wilson loops in the Yang-Mills theory are repre-
sented as

1 i O
W(C) = <—NtrPexp B—lJ’dE“qu
C

(16)

x %trPexp%J’dE“A“D ,
Dc TEK

where averaging means integration over the (infinite)
A, matrices with action given by Eq. (14). The Wilson
loops are nontrivial, because the A, matrices do not
commute with each other. For open loops, thefirst trace
on the right-hand side of Eq. (16) vanishes. For closed
loops, it takes the form of an exponential function of
the B, field flux through a surface bounded by the con-
tour C.

3. Compactification of the reduced models. Com-
pactification of the reduced models on a D-dimensional
torus TP can be described [1] by imposing the follow-
ing condition on A;:

A, +21R 5, = QA,Q), (17)
where Q, are unitary matrices. After cal culating matrix
traces of both sides of Eq. (17), one can see that the
solution is possible only for the infinite matrices (=Her-
mitian operators).

Taking the exponential of Eq. (17) multiplied by a
dimensional parameter a, one obtains

™Ry, = Q,u,0!, (18)
where matrices A, appear in the exponent in accor-
dance with Eq. (12) and matrices U, are unitary. Equa-
tion (18) isthe N x N-matrix discretization of Eq. (17);
it has solutions at finite N (the simplest of them is pre-
sented below).

Taking matrix traces of both sides of Eqg. (18), we
see that matrices U, must be traceless, asisthe case for
twistors. Calculating the determinant of both sides of
Eq. (18), we conclude that aR,N must be an integer.
Self-consistency of Eq.(18) also requires that

Q,0,=70,0 (19)
p H

JETP LETTERS Vol. 72 No.7 2000
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with some z [0 Z,,. Condition (18) on the unitary matri-
ces U, is compatible with gauge symmetry (7) if the
gauge transformation matrix Q commutes with the Q,
matrices.

4. Solution at finite N [14]. To describe the solution
of Eqg. (18), it is convenient to introduce the Wey! basis
on gl(N):

Ky ko .1 O
J, = Fl...FDexp[QmNankuk\,D (20)
O = O
where the last multiplier provides the symmetry of the

matrix product and J, _, = JI . A product of two gener-
ators is decomposed in this basis as

_ 0 .1 O
Iy = Jk+qexp%2nlﬂl§kpanv% (21)

The last multiplier is responsible for the noncommuta-

tivity.
To construct the solution, we choose

2 =] roow
\Y

where mis an integer. Then,
0 _
U, =T1, (23)

isapartia solution of Eq. (18). The general solution of
this equation reads

(22)

U, =Vl (24)
where V,, obeys the homogeneous equation
V,=QV, 0. (25)

A solution of Eg. (25) can be represented in the form
V) = Y (30U, (k), (26)

k0Z,
wheren = L/misaninteger and k changes from 1 tom
because Ft = 1. Evidently, the V,, matrix thus con-
structed commutes with Q,.

Using the specified c-number coefficients U (k)
describing the dynamical degrees of freedom, one can
apply a Fourier transform to construct the field

_ U . kx
AUy(x) = kDszexp%mTlaTn%Ju(k), (27)

which is a periodic function on the edges of alattice of
dimension mP (or, which is equivalent, on a discrete

Tf; torus). Thus, the spatial dimension of the lattice is
| = am. The U, (x) field describes the same degrees of

freedom as does the N x N UH matrix obeying condi-
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tion (18). The unitarity condition UHUI1 = 1 takes the
form

AU, () * U (X) =1, (28)

where AL;; denotes complex conjugation, and a non-

commutative product of functionson alatticeis defined
as

f(x) * g(x)
L (29)
= z exp{2i(0 )wy,z} f(X+y)g(x+2),
v,z
where
a’mn 1?n
Gw = TSHV = ﬁasw. (30)

These formulas follow from a comparison of expan-
sions (26) and (27) with regard to Eq. (21). Ata — 0,
Eqg. (29) reproduces Eq. (2) for a noncommutative
product in the continuous limit.

MAPPING ONTO NCYM

The TEK model [generally, with condition (18)] can
identically be rewritten in the form of the noncommu-
tative Ug(1) gauge theory on a lattice. Making use of
relations (26) and (27) between matrices and fields, the
TEK action can be recast as

_ 1

2¢° (31)
XSS W00 * Us(x+ afl) « Up(x +ad) « W),
xOToR#V

where [I denotesaunit vector in the p direction and the
coupling constant of the noncommutative Ug(1) gauge
theory is € = ¢?N. Similarly, the matrix integration
measure dU,, [satisfying condition (18)] transforms to
the Haar measure

|_| du, O |_| dW,,(x).
H X H

Action (31) is invariant about the noncommutative
gauge transformations:

(32)

Uy (x) —= (x) * Uy(x) * w*(x+af1), (33)
where w(X) satisfies the condition
W* W =W *w=1 (34)

Equation (33) is a counterpart of Eg. (7), and Eqg. (34)
is a counterpart of the unitarity condition for the
Q matrix.
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The ordinary TEK model corresponds to n = 1.
Then, Q, =, = 1and Eq. (18) becomestrivial. In this
case, the results of [9] are reproduced for N — o at a
fixed a, because 8 — oo, according to Eq. (30). This
limit corresponds to the t' Hooft limit of the Yang—Mills
theory at large N, when only the planar diagrams sur-
vive.

There is another possible continuous limit in the
ordinary TEK model (with n = 1), namely, when 6

remains finiteat N — > oo whilea ~ 1/./m = NP, In

thislimit, thetorus period is| =am~ /m = NY° —
and, thus, the noncommutative gauge theory is repro-
duced on RP [11].

For n > 1 [i.e, for the TEK model with constraint
(18)], noncommuitativity parameter (30) may remain
finiteat N —» oo even for afinitel value, provided that
the dimensionless noncommutativity parameter © =
n/mis finite in this limit. Hence, the noncommutative
theory “lives’ on thetorus[1]. At finite N, the noncom-
mutative lattice gauge theory with action (31) is a lat-
tice regularization of the continuous theory [14]. Since
thelattice dimension| = amisfinite, theinfrared (pyin =
217l) and ultraviolet (p. = TVa) cutoff parameters are
related to each other as

pmaxepmin = 2TI]’],

which issimilar to the relation [21] obtained by pertur-
bation theory for the R* space (which corresponds to
thelimit N — oo for n = 1, see above).

(35)

MORITA EQUIVALENCE

The noncommutative gauge theory with a rational
value of dimensionless nhoncommutativity parameter ©
possesses an interesting feature known as the Morita
equivalence[17]. We will describeit for the lattice reg-
ularization corresponding to the simplest twist (11),
assuming that the ratio m/n = p isan integer. Then, the
noncommutative Ug(1) gauge theory on a periodic lat-
tice of size mP is equivalent to the ordinary Yang-Mills
U(p) theory with p = p? on a lattice of size n® with
twisted boundary conditions and the coupling constant
g? = €/p [where €* is the coupling constant in the Ug(1)
theory].

The twisted boundary conditions on a lattice have
the form

V(X +and) = FVu(X), (36)
where F~V arethep x p twistors with commutation rela-

tions

4ms WP

= Zwholw Zw

=1

=
1
<

(37)

MAKEENKO

(P is assumed to be odd). The factor iw 0 Z, cannot

be removed, because I, are SU(p) matrices. It is asso-
ciated with the non-Abelian t' Hooft flux.

In the preceding section, we aready discussed the
equivalence of the TEK model [in the general case with
condition (18)] for N = (mn)®’2 to the noncommutative

Ug(1) gauge theory on Tr.. Both possess the same mP

degrees of freedom described by either Eqg. (26) or
Eq. (27). In matrix terms, the noncommutativity arises
because

n4qn _ 4N 0_.n O
Jdg = ~]k+o|e)(p%2ﬂI mkusuqu% (38)

as follows from general formula (21) for this simplest
twist. In noncommutativity terms, it stems from the
noncommutative product

expzam E* expzzm X5
0
(39)
K+ 0
= eXpEQm( q) EBXDEQTU Euth )

as follows from definition (29).

If m= pn, then a third equivalent model exists, in
which the same degrees of freedom are described by
the p x p-matrix field:

e =y R eXpDZHI kx EJ K, (40
kOZ,
with
O
Je = |_|I'p exp[Qm ZS”V " VD (41)

u>v

similar to Eq. (20). The number of degrees of freedom
nPp? = mP coincide at p = pP’2. The noncommutativity
now stems from the matrix factor rather than from the
X dependence, because

~ o~ ~ 0 .1 ]
Jkdg = Jk+qeXpRTI=K,E,,0, 0 (42
o P 0

In the third model, the action coincides with the
ordinary Wilson lattice action:

=B Z Ztr(p)Vp(X)Vv(X+au)

XDT PREVY (43)
x V(X +a0)Vi(X).
JETP LETTERS Vol. 72 No.7 2000
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The \7u(>~<) field is quasi-periodic on TNT,? and satisfies
twisted boundary conditions (36), because
~ 2mik, /P

Fudd = Jee (44)

For n=1, when p = mand p = N, the third model
lives on aunit hypercube with twisted boundary condi-
tions and coincides with the TEK model. This becomes

evident after the substitution U, = VI, . Asamatter of
fact, the TEK model was originally motivated in [9]
precisely by this formulation. Therefore, the deduction
of the noncommutative gauge theories from the TEK
model is the simplest example of the Morita equiva
lence.

In the continuous limit (N — ), when the TEK
model isformulated through operators, the noncommu-
tative Ug(1) gauge theory lives on TP with a period of
I. At arationa value of ©, it is Morita-equivalent to the

ordinary U(p) gauge theory on a smaller torus T with

twisted boundary conditionsand aperiodof | =I/p. The
| attice regularization renders these results rigorous [15].
For a twist of a more genera type, one can obtain an
arbitrary (rationa or irrational) value of ©. It is aso
shown in [16] that, rather than imposing constraint (18),
the theories on torus can be obtained from the TEK
model by choosing a more complex twist.

FUNDAMENTAL MATTER [15]

One can generalize the results of the two preceding
sections by including matter. Let @(x) be a scalar field
of the matter in the fundamental representation of
Ug(1). The corresponding term in the action

Shatter = _Z @* (X) * Ouu(x) * @(x+afl)
o (45)
MY @ ()0(x)
isinvariant about the noncommutative gauge transfor-
mations
P(x) — w(x) * §(x),
@*(X) — @*(X) * w*(X)
and transformation (33) for AU, (x) .

For rational © values, action (45) on a torus is
Morita-equivalent to the action

(46)

Smatter = _Z tl’(p)CD* (;()V“(;()CD(;( + a|:l)

o (47)
MY trp @* (R (%),
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where the notations are as in the preceding section and
the p x p-matrix field di(X ) satisfies the twisted bound-
ary conditions

O(X+19) = Fyd(X) (48)
similar to Eqg. (36) for the gaugefield. Theindicesi and
j at the ® matrix stand for color and flavor, respec-
tively (distinguishing between the quark types in the
standard QCD notations). The color symmetry islocal,
whereas the flavor symmetry isglobal. In particular, for

n =1, model (47) coincideswith the TEK model for the
fundamental matter considered in [19].

The continuous limit for the foregoing formulas is
evident. The continuous Ug(1) gauge theory with fun-
damental matter (noncommutative QED) is reproduced
a N — . Inthe 8 — oo limit, it is equivalent to
QCD on RP at large N in the Veneziano limit, for which
the flavor number of the fundamental matter fields is
proportional to the color number, so that the matter sur-
vives a large N. These results are aso rigorous,
because they are obtained for the regularized theory.

WILSON LOOPS IN NCYM

In the ordinary Yang—Mills theory, the observables
can be expressed through the Wilson loops. The stan-
dard way of deducing the corresponding formulas con-
sists of averaging over matter fields by calculating a
Gaussian continual integral. This approach can aso be
applied to the noncommutative gauge theory with fun-
damental matter specified by action (45). On a lattice,
one can also use an expansion in 1/M? powers. In this
section, we describe the types of Wilson loops appear-
ing for such a procedure.

The contour C composed of J lattice edges is
defined as a (ordered) set of unit vectors [i; directed

along the edgesj (j = 1, ..., J) forming the contour. In
the presence of the gauge field, a parallel trandation

from the point x to the point x + € (€ = azl. [i;) aong
the contour C is described by the expression
aU(x; C)

A 0O 2.0 (49
= WUy, (%) * WUy, (x+afty) » Uy X+ az K0
o 40

which is covariant about the noncommutative gauge
transformation (33):

AU(x; C) — w(X) » U(x; C) * w*(x+{€). (50)
If afunction S,(x) has the property
Si(x) * w(x) * S{(x) = w(x+£), (51)
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then one can easily show that

W(C) = % Si(x) = U(x; C) (52)

is invariant about the noncommutative gauge transfor-
mations. The solution of Eq. (51) reads

Si(x) = exp{i€, 8%}, (53)
where €, = anj,, with an integer vector j, (with an accu-
racy of possible winding round the torus).

The continuous limit of Eq. (52) defines the Wilson
loops (invariant about the noncommutative gauge
transformations) for the noncommutative Wilson the-
ory. Apart from the closed loops on RP, there are open
loops described by Eq. (52) with an arbitrary value of €
[12]. The open Wilson loops on TP are invariant about
the noncommutative gauge transformations only for
discrete TP values that are multiples of @/l [14]. The
closed Wilson loops appear in the representation of the
average [9* (X) * @(x)[J as a path sum. The open Wilson
loops appear for [(*(X) * S/(x) » @(x + €)C} [15]. For
integer ratios m/n = p, the open Wilson loops in the
noncommutative Ug(1) gauge theory become the

Pol’ akov loops wound round a T° torusin the Morita-
equivalent Yang-Mills U(p) theory with twisted bound-
ary conditions.

D-BRANE INTERPRETATION [22]

The results concerning the Morita equivalence
allow asimple interpretation as a T-duality transforma-
tion in terms of D-branes. Let us consider a twist of a
more general typein D = 4, for which the SU(p) group

is represented in the form SU(p) 0 1; O SU(p,) O
U(P,) (P= Py P1 P2)- The simplest twist (11) consid-
ered above correspondsto p, =1and p; = p, = p.

Consider a system composed of p, D3-branes pop-
ulated by p, p, D1-branes localized in the plane 1-2,
Po P, D1-branes localized in the plane 3-4, and p =
Do P1 P, D-instantons. This system corresponds to the

noncommutative Uq( P, ) gauge theory with dimension-
less noncommuitativity parameters equal to [23]

_#D3 _ 1

elz—m—s‘la T S T (54)

After the T-duality transformation in both 1-2 and
34 planes, we abtain a system composed of p

D3-branes populated by p, p; D1-branes oriented in

MAKEENKO

the 1-2 plane, p, p, D1-branes oriented in the 34
plane, and p, instantons. Now,
#D3 _ - =

612=m=p1, 4

_ #D3 _ -
= ZD1 P2 (55)
corresponds to magnetic fluxes in the ordinary U(p)
gauge theory. The matrix of periods becomes equal to

s =diag(l/p,, |/ p,) because of the presence of mag-
netic fluxes.

An interesting feature of the system obtained
through the T-duality transformation is the presence of

po D-instantons. They provide zero topological charge,

Q = #D3#D(-1) — #D1#D1 = O, as it must be for this
;wist, because the action for the vacuum configuration
is zero.

Note that the above interpretation of the Morita
equivalence is only valid for the gauge field. Its exten-
sion to the case of fundamental matter is still lacking.

CONCLUSION

This work demonstrates how the noncommutative
gauge theories arise from the twisted reduced models.
In my opinion, the noncommutative gauge theories
could have been discovered in the early 1980s, if the
guestion had been answered at that time as to which
guantum theory the TEK model correspondsto at finite
N. Now we realize that it is the | attice noncommutative
gauge theory.

At the present time, the use of the noncommutative
gauge theories is associated with the description of the
D-branes. In matrix theory [2, 3], D-branesare classical
configurations satisfying Eq. (1). In the superstring the-
ory, the noncommutative gauge theories appear [24] as
effective action for D-branes in the Neview—Schwarz
external field. The knowledge of the properties of the
Yang-Mills theory and the reduced models is quite
helpful in studying these theories.

One can also put the reverse question asto what new
knowledge about the Yang-Mills theory and the
reduced models we gain with the help of the noncom-
mutative gauge theories. The first and quite evident
answer is that the Yang—Mills theory in a box with
twisted boundary conditions, which was suggested by
t"Hooft [18] in connection with the confinement prob-
lem, is represented in the form of the TEK model with
constraint (18). This theory is Morita-equivalent to the
noncommutative gauge theory with arational © value.
However, the present-day understanding of the non-
commutative gauge theoriesis still insufficient to assist
in solving the confinement problem. In this connection,
a multitude of new classical solutions [25-27] found
recently in the noncommutative theories are of indubi-
table interest.

JETP LETTERS Vol. 72 No.7 2000



REDUCED MODELS AND NONCOMMUTATIVE GAUGE THEORIES

This work was supported in part by the Russian

Foundation for Basic Research (project no. 97-02-
17927).

=

10.

11

12.

REFERENCES

A. Connes, M. R. Douglas, and A. Schwarz, JHEP 9802,
003 (1998); hep-th/9711162.

T. Banks, W. Fischler, S. H. Shenker, and L. Susskind,
Phys. Rev. D 55, 5112 (1997); hep-th/9610043.

N. Ishibashi, H. Kawal, Y. Kitazawa, and A. Tsuchiya,
Nucl. Phys. B 498, 467 (1997); hep-th/9612115.

K. L. Zarembo and Yu. M. Makeenko, Usp. Fiz. Nauk
168 (1), 3 (1998) [Phys. Usp. 41, 1 (1998)].

T. Eguchi and H. Kawai, Phys. Rev. Lett. 48, 1063
(1982).

G. Bhanot, U. M. Héller, and H. Neuberger, Phys. Lett.
B 113B, 47 (1982).

A. Gonzalez-Arroyo and M. Okawa, Phys. Lett. B 120B,
174 (1983).

T. Eguchi and R. Nakayama, Phys. Lett. B 122B, 59
(2983).

A. Gonzédlez-Arroyo and M. Okawa, Phys. Rev. D 27,
2397 (1983).

A. Gonzédlez-Arroyo and C. P. KorthalsAltes, Phys. Lett.
B 131B, 396 (1983).

H. Aoki, N. Ishibashi, S. Iso, et al., Nucl. Phys. B 565,
176 (2000); hep-th/9908141.

N. Ishibashi, S. Iso, H. Kawai, and Y. Kitazawa, Nucl.
Phys. B 573, 573 (2000); hep-th/9910004.

JETP LETTERS Vol. 72 No.7 2000

13.
14.

15.

16.

17.

18.
19.
20.

21.

22.
23.

24,

25.

26.

27

399

|. Barsand D. Minic, hep-th/9910091.

J. Ambjgrn, Y. M. Makeenko, J. Nishimura, and
R. J. Szabo, JHEP 9911, 029 (1999); hep-th/9911041.

J. Ambjgrn, Y. M. Makeenko, J. Nishimura, and
R. J. Szabo, Phys. Lett. B 480B, 399 (2000); hep-
th/0002158.

J. Ambjgrn, Y. M. Makeenko, J. Nishimura, and
R. J. Szabo, JHEP 0005, 023 (2000); hep-th/0004147.

A. Schwarz, Nucl. Phys. B 534, 720 (1998); hep-
th/9805034.

G. 't Hooft, Nucl. Phys. B 153, 141 (1979).
S.R. Das, Phys. Lett. B 132B, 155 (1983).

Yu. M. Makeenko, Usp. Fiz. Nauk 143, 161 (1984) [ Sov.
Phys. Usp. 27, 401 (1984)].

S. Minwalla, M. Van Raamsdonk, and N. Seiberg, hep-
th/9912072.

A. S. Gorsky andY. M. Makeenko, unpublished.

R.-G. Ca and N. Ohta, JHEP 0003, 009 (2000); hep-
th/0001213.

N. Seiberg and E. Witten, JHEP 9909, 032 (1999); hep-
th/9908142.

N. Nekrasov and A. Schwarz, Commun. Math. Phys.
198, 689 (1998); hep-th/9802068.

R. Gopakumar, S. Minwalla, and A. Strominger, JHEP
0005, 020 (2000); hep-th/0003160.

D. J. Grossand N. A. Nekrasov, hep-th/0005204.

Trandated by |. Roizen



JETP Letters, Vol. 72, No. 7, 2000, p. 400.

Erratum: “Scaling Law for a Low-Pressure
Gas Breakdown in a Homogeneous DC Electric Field”
[JETP Lett. 72, 2, 34-37 (2000)]

V. A. Lisovsky and S. D. Yakovin

The name of the first author should read V. A. Lisovskiy.

0021-3640/00/7207-0400$20.00 © 2000 MAIK “Nauka/Interperiodica’



	357_1.pdf
	360_1.pdf
	364_1.pdf
	369_1.pdf
	373_1.pdf
	377_1.pdf
	381_1.pdf
	385_1.pdf
	393_1.pdf
	400_1.pdf

