LOW TEMPERATURE PHYSICS VOLUME 25, NUMBER 4 APRIL 1999

Magnetostriction of superconductors (a review)
V. V. Eremenko and V. A. Sirenko

B. Verkin Institute for Low Temperature Physics and Engineering, National Academy of Sciences of the
Ukraine, 310164 Kharkov, Ukrairie

H. Szymczak and A. Nabialek

Institute of Physics, Polish Academy of Sciences, 02-668 Warsaw, Pbland
(Submitted September 27, 1998; revised December 12,)1998
Fiz. Nizk. Temp.25, 311-332(April 1999)

The results of magnetostriction studies of different superconducting compounds made during the
last several years are presented. Special attention is paid to giant magnetostriction and
“superconducting background” against which it emerges. The results are compared with the
traditional magnetostriction components in magnetic materials. Possibilities of using
magnetostriction measurements for analysis of the mixed state in hard superconductors and
practical applications of the results of such measurements are consideretb9%%American
Institute of Physicg.S1063-777X99)00104-§

INTRODUCTION nontraditional SC containing magnetic ions, especially high-
temperature superconducto(slTSC) which provided the
The phenomenon of magnetostrictioMS) consists in  most interesting results associated with values of MS
the deformation of a solid during magnetization. Experimen{~10~4) that are enormous for SC. Hence to analyze the
tally, MS has been studied mainly in materials with ferro-problem concerning the modern state of striction of super-
and antiferromagnetic ordering. In strongly magnetic matericonductors, it is expedient to separate the superconducting
als, MS attains valuedL/L~10"°-10 2. A quite compre- subsystem and its characteristic elastic response to the mag-
hensive phenomenological description has been developatktic field from the specific magnetocrystalline background
for such materials. In diamagnetic and paramagnetic materagainst which it is formed. Hence, in spite of the fact that the
als, the values of MS vary between T0and 10°°. striction of superconductors and magnets is identical in most
The striction of superconducto(SC) in a magnetic field respects and the term “magnetostriction of superconduct-
(AL/L~10"8) was first measured in Kharkov in 1940's. ors” has become conventional in the description of these
Subsequent studies were undertaken by several groups phenomena, we shall use the term “suprastrictidn® dis-
experimenters in different countries possessing adequate eguss the elastic response of the superconducting system to
perimental facilities for measuring elastic deformations atthe applied magnetic field. The presence of magnetic ions
low temperatures under the action of a magnetic figslee  presumes the contribution from the traditional MS. Since the
the review by Bradli® and the literature cited thergififThese ~magnetic ions(atomg are in the paramagnetic state under
groups mainly employed highly sensitive dilatometric tech-conditions corresponding to the superconductivity of these
nique using the optical leveiKerr cell) and the capacitive compounds, their contribution to the total MS will be called
cell method. Their studies culminated in the review article byparastriction(PS, and the striction observed in the general
Brandli? and a description in terms of the Ginzburg—Landaucase will be termed as magnetostriction.
expansiort. In spite of the unambiguous interpretations of
nature of the striction of metallic SC, uncertainties appeared
in te_rminology, and stimulgted di_scussions concer_nir_19 thg MAGNETOSTRICTION COMPONENTS
possible use of the magnetic terminology for SC. This is due

to the differences in the nature of striction in magnets and in  Magnetostriction is the reaction of a magnetic material
SC in a magnetic field, associated with the peculiar featureto the change in its free energy associated with magnetiza-
of their magnetization. A characteristic feature of magnetgion in accordance with the thermodynamic relation
undergoing second-order phase transition to the magnetically

ordered state is the spontaneous magnetization which is their 1 (ﬂ _ (ﬂ) 1
vector order parameter, while the magnetic permeability may V| gH PT_ P HT’ @
attain values equalling several thousands. For SC in the ' ’

Meissner state, the magnetic permeability is equal to zeravhereM is the magnetizatiorR the pressureil the external
while the order parameter is a scald@ut complex wave magnetic field;T the temperature, and the volume. Assum-
function) connected with the concentration of electronsing that the magnetization has a linear dependence on the
which combine to form Cooper pairs. magnetic field, i.e.M= yH, where y is the magnetic sus-
The interest in striction was revived by the discovery of ceptibility, we can present Eql) in the form
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SV 1/ ax ) The theory of MS of paramagnetic ions was developed
(7) == E(a_P> . 2 for magnets with different types of magnetic ordering, i.e.,
P.T T ferromagnetgFM), ferrites, and antiferromagnetdFM).8°
Depending on the sign of the derivative on the right-handTo analyze the results of measurements of MS in new SC,
side of this equation, MS may be positive or negative. we made use of the conclusions drawn for AFM since they

In magnetism, one encounters bulk MS and linear MSinclude rare-earths, and antiferromagnetic ordering in them
Bulk MS is the result of exchange interaction and contributess the only type of long-range magnetic ordering compatible
towards spontaneous MS caused by spontaneous magnetizeith superconductivity. We shall discuss this case by consid-
tion of the sample in the vicinity of the disorder—order typeering the example of heavy-fermion superconductors. The
second-order phase transition temperature as the sample MS of rare-earth ions in HTSC will be analyzed in the para-
cooled to the Curie temperatuilgs. Such a transition also magnetic limit.
takes place in zero magnetic field and is predominantly iso- The Jahn-Teller effects were studied by measuring the
tropic since the exchange energy depends only on the maghragnetization and thermal expansion in the region of
nitude M of magnetizatiofi although the exchange integral second-order phase transitions in superconducting and man-
may have different values in different directions. Linear MSganese perovskites. A humber of common features were ob-
is associated with a change in the shape without a change served for these materiai$!*
the volume. It is determined by relativistic magnetic interac-  The irreversibility of MS is another striking resemblance
tions (magnetic anisotropy energgnd is anisotropic in na- between antiferromagnets and SC. The irreversibility of MS
ture. The anisotropy is inherent induced MS associated in magnets is observed in the region of fields corresponding
with a change in the value &l for the sample in the mag- to the displacement of domain walls. Identical features of the
netically ordered state upon a changeHn In the general magnetic structures of AFM and SC were detected and dis-
case, MS is the strain tensay, obtained by differentiating cussed by Dudket al*?*3
the Gibbs thermodynamic potentidi(T,P,M) containing In the light of the above analogies, it should be quite
magnetoelastic terms that depend on the elastic stress tenspteresting to compare the strictional properties of supercon-
o and on the direction oM, with respect to the compo- ducting compounds of transition elements. The use of con-
nents ofoy, :* cepts developed for the MS of paramagnetic ions seems to be

I D quite promising.

Uik = .
ik ao'ik

()
The ratio of contributions from bulk and linear MS to 2. SUPRASTRICTION
spontaneous and induced MS of a magnet is determined by

the ratio of the exchange energies to the magnetic spin—sp'%n The superconducting transition is a second-order phase

and orbital(spin—orbit, orbit—crystal fieldinteractions. ransition, and hence the bulk variations accompanying this

o transition can be associated with spontaneous striction as in
In low-symmetry crystal structures containing paramag

L N “Jferromagnetic transitiod.The striction associated with the
netic ions of elements with incomplete electron shells, aniso-_ .~ .. "~. L ”
variation in the magnetic field from zero to the critical value

tropic magnetic interactions may make a dominant contribuy elow the superconducting transition temperature is induced;

tion to the magnetoelastic properties. This is due to the facl? is determined by the magnetic field pressure on the SC,

that low-lying electrons do not play an active role in ex- . ; ! :
nd contains components associated with the penetration of
change processes and may control structural rearrangements PR
rthe magnetic field into the sample.

during spontaneous magnetization. For low anisotropy ener-
gies, this leads to astonishingly large values of M8 2 for ~ 2.1. Spontaneous suprastriction and peculiarities of thermal
some actinides The contribution to MS from such ions, expansion coefficients during ~ NS-transition

including rare-eartRE) ions and actinides, may be signifi- A change in the volume durinly S-transition in a mag-

cant in new superconducting compounds with large thermoggiic field was first observed by Lazarev and Sudovtsov
dynamic characteristics, i.e., HTSC and heavy-fermion SCy e | superconductors. The temperature dependence of this
In HTSC compounds, such ions are in the low-symmetrysv/_effect was studied by Whit¥ Andres et al,'5 and

oxygen environment which should facilitate the eMergenceohrerl® while the magnetic field dependence was studied
of MS effects associated with quadrupole interactions fof 4 by Brandli et al27 For a thermodynami¢TD) analysis of

electrons. spontaneous suprastriction, we introduce volWkéH,) as
The participation ofd-electrons from the Jahn-Teller 5 yariaple belowrsy, andVy as the volume in the normal
copper ion in the processes of pairing in HTSC is an impor- state. TheNStransition is accompanied by a decrease in
tant topic of dI'SF:USSIOI‘l. Investigation o'f spontaneou_s MS byhe free energy of the superconductor by an amount equal to
structure-sensitive methods may provide valuable informag,e condensation energy. Considering that the magnetic field
tion for such an analysis. _ decreases the condensation energy, the condensation energy
In addition, it should be mentioned that electron parag, the NStransition in a magnetic field can be presented for
magnetism with high critical parameters is observed ing yaiues of the magnetic field .<H_. in the form
strong magnetic fieldd.Spontaneous paramagnetic compo- e
nent of magnetization was also detected in the Meissner state

Vs,
of granular HTSCG’ Fs(He) —Fs(0)= o—H¢. (4)

8
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FIG. 1. Suprastriction components: induced by magnetic f@ldnd spontaneou®).
Using the TD relation field and temperature of superconducting transition, which
I P are required for studying spontaneous suprastriction. The
= _) , (5)  analysis is based on the Ehrenfest relation for second-order
IP /1 phase transitions:
we obtain(see, for example, Ref. 18 dinT, B AB(T,) o
H.(dH.\ H2{aVs dP  ACp(Ty)’
Vsl 0)=Vs 2 a—p)jg P ©

whereCp is the heat capacity at constant pressure, @ttie
The change in the linear dimension along the crystallovolume coefficient of thermal expansid@TE). Testardt®

graphic directioni can be presented in the form generalized the results of such investigationsAd5 com-
H. [dH H2 [ dlg; pounds. . N
Ini—lsi(0)=lg; — _C) + _C(i) ' 7) The above relations can be transformed for estimating
4\ o T 8\ do; T the TD contribution to MS from the results of measurements

of thermal and physical characteristics. For the first term in

whereo; is the uniaxial stress in the direction )
7i Eq. (6), we obtair®

Taking the relatioryM/dH = y into account, we obtain

the “thermodynamic” components of suprastrictiédisre- H [ gH Ve H2
garding the field penetration into the sampl¢hich are de- Vg —C( ) =2 —°3a(T) —,
termined by the magnetic field pressure on the SC in the 4w\ IP | Tsnam ACK(T)

Meissner state and by the pressure dependence of the con-

: . ... Where « is the linear coefficient of thermal expansion, and
densation energydirect spontaneous phase suprastrigtion . ) : . o
\o and res;g)gctively' P P P 9 ACp(T) is the change in heat capacity duriNgtransition.
P ph> .

The second term in Eq6) has the form
AL

T)N:)‘NSZ)‘P“"“' O Ho(vg | M3
8w\ 9P| "S8wE’

For SC based on metals and their alloysys

~10""-10"°. In this case, we have
Spontaneous suprastriction can be analyzed by the

Ginzburg—Landau phenomenological theory taking into ac- AV AL H§ 20 T 1

count the dependence of the energy expansion parameters on V_s =3 T:?’E(C_V T_SN_ E) :

elastic strainay; of the medium. This deformation depen-

dence is associated with the changes in the density of elec- The TD analysis of the data on thermal expansion of

tron states in the vicinity of the Fermi surface, phonon specsuperconductors nedrsy is based on the relations for free

trum, and electron—phonon interaction. energyF in the N and Sstates taking into account its depen-
Size effects in the vicinity ofTgy can be determined dence on deformatioft:~2%Interesting results are obtained in

experimentally by dilatometric measurements belbyy in  this case. For example, a changeTiin the compoundi\15

zero field, in a field exceeding the upper critical field and byleads to a jump in the deformation nébgy which compen-

removing the applied field, as well as from measurements oates considerably for the deformation increase associated

temperature dependences in the region of the transition temwith structural transformation. In other words, the emergence

perature(Fig. 1). These measurements can be used to detewf superconductivity retards further evolution of structural

mine the pressure derivatives of the thermodynamic criticatransformation af gy
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! FIG. 2. Magnetization curves for an in-
: AM AH finitely long type | superconductor plate
{ and irreversible type Il superconductor.
i H, The insets show schematically the distri-
H Heo bution of the magnetic flux density in the
¢ irreversible type Il superconductor with
increasing and decreasing magnetic field
Irreversible SC 11 A oriented along the long axis of the plate.
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2.2. Induced suprastriction Hg

The effect of the magnetic field on the size of a super- Fp= _nﬁ’ (1)

conductor at temperatures beldwy is associated with the i.e., the surface of the body is subjected to a compressive

pressure of the ’.“‘f"gne“c field. We shall .conS|der below t.h(;f"orce whose magnitude is equal to the energy density of the
relations determining the magnitude of induced suprastric;

T . . field. This pressure determines the induced component of
tion in field intervals corresponding to complete expulsion of

: . spontaneous suprastrictions considered in Sec. 2.1 from
magnetic flux from the SqMeissner stafe as well as upon TD point of view. Penetration of the field into SC means that

e e must consider ol components n &0 ceerminng
9 . YPE€ lhe additional components of the induced suprastriction.
superconductors. Induced suprastriction of type | supercon-

ductors is considered in detail in Ref. 2.
2.2.2. Penetration of magnetic field in a superconductor
Peculiarities of Magnetization of SCCorrelation of
strictional and magnetic properties of SC indicates that mag-
In order to derive the relations for SC in the Meissnernetization peculiarities of SC must be considered in detail for
state(magnetic inductioB=0 inside the S we consider a g better understanding of the nature of striction in SC. When
bulk SC and disregard in the initial approximation the pen-cooled to the superconducting transition temperature in zero
etration of magnetic field even in a thin layer near themagnetic field, all SC undergo a second-order phase transi-
surface! The normal component of induction at the bound-tion. As the magnetic field is increased, the process of mag-
ary between any two media must be continuous on accouretization belowT gy occurs in different ways in type | and
of the relation divB=0 which is always true. SincB=0  type Il superconductoréFig. 2). The colored insert shows
inside the SC, the normal component of the external field athe distribution of magnetic induction and the modulus of
its surface must also be equal to zero, i.e., the field outside gaduction gradient, obtained by computer image processing
SC is always directed along the tangent to its surface, and thgnd corresponding to the trapping of magnetic flux. These
magnetic field lines envelope the supercondutt®aking  two types of SC have different ratios of the main parameters
this circumstance into consideration, we can easily determingf the SC state defined by the electron mean free path, viz.,
the forces acting on the SC in a magnetic field. The force pethe penetration depth of the external magnetic field into the
square centimeter of the surface is definedrgs,, where  superconductor in the Meissner sté¢ and the Cooper pair
2HH\ — 8, H? cqherence length(§¢). The ratio N/é=x is called the
= (10 Ginzburg—Landau parametet<1~2 corresponds to type |
8 superconductivity anet>1A/2 to type Il superconductivity
is the Maxwell stress tensor for magnetic field in vacuum.The parametes determines the relation between the upper
SincenH,=0 in this case(H, is the field at the surface of critical field H., of a type Il SC and its thermodynamic
the body from outside we obtain critical field H; (He,=v2xH.). The quantitiedH . and »

2.2.1. Magnetic field pressure

Oik=
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TABLE I. Energies of elementary elastic interactions of flux lines with crystal lattice defact®rding to Freyhartf.

Elastic interactions

Defect Defect parameters | kind Il kind
Edge dislocationi FL by-Burger’s vector QAVIV)Eubge per unit length [3]
Screw dislocation. FL AC,, during NStransition No contributiong—parameter in GL expansion (LML ,4(uB)>
Precipitation of Phase I R—radius, 8,—nonconformity parameter AVIV)uR35,, 4mAS,(1180)?,
R=<¢ R=¢
Pores R—radius, y.—surface tensiondR 16m(AV/V) uR36R, 27 Y2 RIuPAu,
variation of R, Au—variation of x during NS transition, R<¢ R<¢
V=4/37R®

have a fundamental physical meaning since they determine the sign of the énafrtlye interface between the normal and
superconducting phases of SC, and hence the peculiarities of their magnetization.

[T 0 . 1.80 DS o -0.41
N 1.80-2.70 . 0.41-0.98
SR 2.70 - 3.24 IS 0.98-1.35
. 3.24-3.71 DS 1.35 - 1.61
DEE 3.71-442 R 1.61-2.36
442~4.85 77 2.36-9.58
4.85 - 5.25
5.25 - 7.20

Distribution of the modules
Distribution of magnetic induction, T of the induction gradient, mT/m
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In type | superconductorgi>0 and hence an intermedi- the sample. Spatial averaging lofr) leads to the magnetic
ate state corresponding to the minimum total area of plan&duction B which is associated with the external magnetic
Landau domain type boundaries emerges in a magnetic fieldield H, through the simple relation
In type Il _supercond_uctc_)rs, a mixed state is formed with B=H.+47M. (12)
normal regions of cylindrical geometfynagnetic flux lines €
Such a situation is analogous to the behavior of antiferro- The interaction of magnetic flux lines with the crystal
magnets with positié and negativE® energies of grain lattice obstructs their movement in the sample. Hence a gra-
boundaries in a magnetic field. The analogy becomes evedient of B from the surface to the inner region of the SC
closer for highly correlated layered HTSC in whighis of  appears in an increasing magnetic field. The situation is re-
the order of atomic spacing. Far<1i2, the emergence of versed in a decreasing magnetic field. To prevent the demag-
normal regions is associated with the sample geometry or, toetization effects, the interaction of magnetic flux with crys-
be more precise, with demagnetization effects. The inducethl lattice defects is considered in the geometry of an
suprastriction associated with it was studied in detail byinfinitely long cylindrical SC in an external magnetic field in
Brandli.? In the casex>1/2, the suprastriction is induced the direction of the long axig of the cylinder. In the state of
by the interaction of surface currents at the interface with thehermodynamic equilibrium, the density of flux lin€sL) is
magnetic field and was also studied in detail bymtia> To  the same at all points of the sample and is equal to
analyze the case of irreversible type Il superconductors, wB(H)/®,, whered, is the magnetic flux quantum. In the
must consider the interaction of the magnetic structure of S@netastable case, when the inductBrvaries from point to
with crystal lattice defects. point, e.g., along the-axis, the density of FL is not constant

Interaction of Magnetic and Defect Structures in SC.in space, and a microscopic current of density
The fact that the characteristic size of normal regions in the

. . . c JB
mixed state of type Il superconductors is comparable with j=—— (13
the size of crystal lattice defects suggests that the magnetic 4m X

and defect structures might interact with each other. Theiows along they-axis. The forces acting in the system of FL
forces of interaction of magnetic flux with inhomogeneities o, pe divided into two groups. Under the action of the re-
of the crystal structure are called pinning forces. Thesgisive forces between FL, regions with higher FL density
forces are due to the difference in elastic and SC characte{pigher values oB) tend to expand at the expense of regions
istics of the defect and the crystal lattice matrix, which cre-iih a lower FL density. This effect is described by intro-
ates conditions for ener.getically gdvantageous §patia| aQucing the pressur® in the two-dimensional FL system,
rangement of normal regions carrying the magnetic flux.  gisregarding the tensor properties of the quarfityin this
Elastic interaction is associated with the fact that elastiGase, the force acting per unit volume is equak-eP/dx.
constants of a material have higher values in the normal staigp, the other hand, the motion of FL is obstructed by their
as arule. For low-temperature metallic SC, the relative variapinning at structural defects. The pinning force cannot as-
tion in volume is AV/V=10"", while the corresponding syme large values indefinitely, and is restricted to a certain

variation in the tensor of elastic mModulACic/Cic threshold valuef,. The necessary condition for mechanical
~10°-10*. Table | shows the parameters of elastic inter-equilibrium is the inequality

actions of flux linegFL) with different types of defect&

The interaction mechanism associated with the differ-
ence in the SC characteristics of the defect and the matrix is
determined by the size of the defect. The change in the SC . .
parameters at the defect core having a size of the ordér ofhc |’?P/&X|>fp "_"t a cert_aln point of t.he sample, the_ move-
leads to a local variation of the condensation ene#djm ment of FL begins, and is accompanied by energy dissipation

in this region, which determines the energetically advantayVhiCh continues until condition14) is satisfied once again.

geous position for magnetic flux lines and leads to core in_In real situation, the density of FL automatically acquires a

teraction. For defects whose size excekdthe equilibrium valueB(x)/ &, for which the threshold conditiofthe sign of

value of induction may differ from its value in the matrix. equality in(14)] is satisfied at all points of the sample. Such

This leads to the emergence of a barrier obstructing the md SC state was first considered by BEamd was called the

tion of magnetic flux across the phase boundanagnetic critica] state In Fhis case, tran;formation 0f4) leads to the

interaction). Grain boundaries and twins as well as walls offollowmg equation for the critical state:

dislocation cells can be treated as such interfaces. B 4B
Many peculiarities of interaction between the magnetic A7 ox

and defect structures of HTSC are connected with the small

values and a strong anisotropy &f In the general form, this equation can be written in terms
Let us consider in detail the interactions in a system ofof the average pinning forae, :

magnetic flux lines and crystal lattice inhomogeneities since .

theglatest data point towgrds their dominatigg role in the  © < CUTH=BXjc=p,(B). (16)

induced suprastriction of irreversible superconductors. Sin-  Various models that have been proposed for the critical

gularities of magnetic structure in the mixed state of type listate differ in the form of dependence of the pinning fdirge

superconductors determine the local field distributién in on induction, i.e., on the FL density. It is assumed in Bean’s

aP

X <f,. (14

Bi,
C

=f

p for H>Hg. (15
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modef® that this dependence is linear, and the current denline and monocrystalline superconducting metallic alloys, in-
sity jy in the critical state has a constant value over thetermetallic compounds, alloys based on transition elements
sample. In the model proposed by Kifhf, is independent  from the iron (\4Si)** and palladium(NbTi)** groups in

of B. The model with exponential dependefic® was de-  which filling of 3d and 4 shells respectively takes place,
veloped after the discovery of HTSC since it provides a satand complex compounds with rare-earth elements La, Y, Eu,
isfactory explanation for many experimentally observed re-Sm, Gd, Dy, Ho, Er, Tnisee Ref. 33 and the literature cited
sults. It will be shown that studies of induced suprastrictiontherein and actinidesU)** in which filling of 4f and 5f

in type Il hard superconductors allow us to carry out a comshells, respectively, takes place. Moreover, the symmetry of
parative analysis of the applicability of various models of thethe crystal structure is lowered in the above-mentioned series

critical state. from bcc to orthorhombic. In all cases, a correlation of the

Using the critical state model, we obtain the following striction characteristics of the superconductor with the pa-
estimate for the bulk pinning force: rameters of irreversible magnetization curve is observed.
AM(B) _ Supercondgcting AIonsAIIo_ys Pbin, TaNb and InTI

p,(B)=j.B= R B, (17)  with concentrations corresponding to type Il superconductors

were studied. The observed values of striction10™ 8 were
whereAM is the difference in magnetizations in increasingattributed to irreversible changes in length associated with a
and decreasing magnetic field®,the characteristic size of decrease in the condensation energy in the magnetic field
the sample in a direction perpendicular to the external magsuperimposed by the deformation caused by the interaction
netic field, andk a constant depending on the sample geom-of screening currents at the interfaces with the external mag-
etry. The bulk pinning force calculated from magnetic ornetic field. Since the main results were obtained for HTSC,
resistive measurements can be connected with the micrave shall follow Braderet al3® and consider the conclusions
scopic parameters by using the empirical scaling relafion: that are significant for HTSC in the mixed state. In fields
—ARD belowH_.;, the magnetic flux is expelled from the SC having

P, =ABc(TT(b), (18) a magnetization- (1/47)H. This leads to suprastriction as-
wheref(b)=b'(1-b)™ b=B/B, is the reduced induction sociated with the interaction between the magnetic field and
(normal phase concentratiprin the sample,|=1/2,3/2;  surface currents, and also to deformation by demagnetizing
m=1-2, Ais a constant independent ®fandH, andl,m,n  currents. Both mechanisms result in a striction peal gt
are parameters depending on the microstructure. For HTSC, H,;<1kOe as a rule, and these mechanisms

Effects Associated with SC Geometry in a Magneticcannot explain the field dependence of striction in fields of
Field. The model of the critical state was developed for thethe order of 10 kOe. In fields higher th&h,,, the magnetic
ideal case of an infinitely long cylinder in a longitudinal field penetrates the SC and lowers its condensation energy.
magnetic field. In accordance with EG.0), the penetration This effect is associated with a change in the volume leading
of field in an SC generates additional components of theo strictional deformations. If the condensation energy de-
stresso exerted on the SC in a magnetic field. In turn, thiscreases to zero, the suprastriction is determined by formula
leads to additional deformation of the sample in a magnetig), but the upper critical fields are practically unattainable
field, i.e., to additional components of MS of the superconfor HTSC under actual experimental conditiongt
ductor. The magnetic field penetration may be due to the=4.2 K). The irreversible striction was attributed in Refs. 2
demagnetizing factog determined by the sample geometry. and 35 to the interaction of surface currents with the mag-

i.e., netic field. It was mentioned above that in fieldlg;<H
2712 <H,, (i.e., in the Shubnikov phase whose existence was first
No(m)=—fF—(1-0), (19  demonstrated by Shubnikat al3®), the magnetic flux pen-

etrates a type Il superconductor in the form of normal fila-
where \,e (0—109), circulation of the superconducting ments surrounded by current loops circulating in the SC re-
currents in the surface layer of the superconductor, i.e.,  gions. Upon an increase in the external field, the screening

current increases until the flux pinning obstructs the attain-

Nsur(H) = ?M{—Zer(l—,u)g} ment of equilibrium magnetization. This leads to a nonequi-
librium magnetization of the sample and striction caused by
27A u? . the Lorentz force exerted by the external magnetic field on
-—— (“2v+g~10% (200 the screening currert:
and the peculiarities of the mixed state of a type Il supercon- AL HAM
ductor in the intermediate field interval. —) =?CM , (21

These components were studied and analyzed in detail Il

by Brandli® for type | and reversible type Il superconductors

in intermediate and mixed state respectively. where E is the Young’'s modulusAM the nonequilibrium

part of the magnetization curve, a@] , are the constants
2.2.3. Induced suprastriction in type Il superconductors in associated with the Poisson’s ratio. For superconducting al-
the mixed state loys, the striction in the mixed state was of the order of

The effect of magnetic field on the size of an SC was10™’, while the elastic constants calculated by using 24)
studied in the interval betwedd.; andH., in polycrystal- are in good accord with the experimental results.
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Striction of the polycrystals of hard SC alloy NbTi was B~4.3 T upon a decrease in the field. This was followed by
measured for studying the crystal lattice deformation causegn expansion of the sample beyond the initial size, attaining
by the action of FL on the crystal lattice through pinning the maximum value aB~2 T. After this, AL/L decreased
centers’” The change in the length of the sample in a mag-but remained positive in zero field. The above data pertain to
netic field was measured in a capacitive dilatometer at righfransverse MS: the field was applied along the crystallo-
angles to the applied magnetic field. The quantity/L was  graphic axisc while the change in the length was measured
found to be of the order of I8. A singularity in the field in the ab plane. The dependence of MS in negative fields
dependences of striction and magnetization was observed idas completely symmetric to MS in positive fields with the
the vicinity of He,. No anomaly in the critical current was exception of the initial stage of magnetization. The MS
observed. Considering that the macroscopic pinning fexce curves for the same sample at various temperatures show that
is proportional to the elastic constar@b) in the Sstate, an increase in temperature lowers the value of MS for the
which are proportional foB., to the elastic constant,(b) same external field. The shape of the curves also changes.
in the N-state[C(T,B) = Co(b) B, whereB,, is the induc-  Upon an increase in the value of the field, a minimum is
tion in the sample corresponding to the upper critical fiéld  observed for positive fields at 20 K. The linear CTE alang
andp, =[B¢,(T)]%>f(b) for NbTi, we find thatAL/L obeys andb axes in BjSr,CaCuyOg does not exceed 1.50 > at
scaling, i.e.,AL/L=B(T)]**(b). Comparing the above room temperatur® and decreases upon cooling in zero mag-
relations and considering that there is no anomaly in thanetic field. The observed variation10~4 in the length cor-
direct measurements of the critical curréig., there is no responds to a more than 10 K variation in temperature and
pinning force in the region of,), we can conclud® that  cannot be attributed to temperature fluctuations.
the singularity ofAL/L is rather associated with an abrupt Y123. The correlation of the magnetic induction and MS
softening of elastic constants, and not with the peak of thean also be illustrated by considering the example of the
pinning force. Indeed, the densities of electron states of NbTiexturized HTSC compound YB&wO,_,.* Size varia-
have a peak near the Fermi surface. According to Wydetions with huge values for SC were observed in texturized as
et al,*?if the field applied along and across the sample has avell as ceramic SC samples in fields up to 12 T, in contrast
different effect on its electron properties, the field variationto the results obtained by Bradenal® in fields up to 5 T
results in more than double degeneracy of ground statehat do not exhibit any giant values of MS. Such a disparity
which must lead to the Jahn—Teller effect. In this case, théndicates that attainment of fields corresponding to total pen-
sample is deformed in the direction of the emerging forcesetration is important. However, significant compressions of
which can be attributed to the peculiarities of suprastrictiontexturizedY123 were observed even in increasing fields of
magnetization, and critical current. Hence Wydstral®>?>  the order of 5 T. Studies of the effect of Josephson vortices
concluded that the peculiarities of suprastriction in the mixecon MS in granular SC are in their initial stage ofilyNo
state of NbTi are associated with the elastic constansignificant striction was observed in oxygen-deficient Y123
anomaly caused by the degeneracy of the ground state insamples.
magnetic field. Laj gs5rg 1:CuO,. Another interesting manifestation of

Intermetallic Compoundssino et al! studied the struc- correlation between magnetic and strictional characteristics
tural instability and its relation with the high values®fyin  in the mixed state of LaSrCuO was observed by Nabialek
single crystals of the intermetallic compoungS¥ having et al*? They found a correspondence between the magnetic
the A15 structure and various degrees of purity. In the mixedlux jumps and the jumps on the MS curve in accord with the
state, the measured valuesMif/L were found to be of the critical state model. It need not be reiterated that a correla-
order of 10 8, which is much larger than the correspondingtion between striction and magnetization exists in these com-
values in metallic alloys (10°). The field dependences of pounds, and the value @fL/L is of the order of 10%.
striction and magnetization are completely in accord with the ~ RE123. De la Fuenteet al3® measured MS in strong
peculiarities of the pinning force. The large valuesAdf/L  fields (up to 12 T in single crystals of RE B&£u;O;_,
may be due to the fact that the pinning forces change théRE=Dy, Ho, Ep in paramagnetic and superconducting
orientation of tetragonal domains left in the crystal structurephases between 3.8 and 100 K. They discovered a low-
by the martensite structural transformation suppressed by themperature component of induced MS, which is associated
NS transition. with the pinning of magnetic flux lines and is manifested in

HTSC Based on Copper Oxides with Bi and RE Idhs. the form of a strong hysteresis of MS isotherms. At certain
should be noted at the very outset that a considerable magemperature§ <Tgy and in an increasing fielt, the MS
netostriction was observed earlier in Bi and R/, Th, En isotherm displays a strong field dependence with a broad
samples. For the RE samples, it attained values up ¢ 10 peak for a certain value of the field that increases with de-
along the hexagonal axis, while Bi serves as an exceptionreasing temperature in accordance with the behavior of the
among diamagnetic metals. critical current. Figure 3a shows the isotherms of the hyster-

Bi,Sr,CaCu,0, . The results of measurements of giantesis loops of deformation(c,a) as functions of the applied
striction distinguished by a large hysteresis in a magnetienagnetic field for the compound HoB21;0;_, . The lower
field (AL/L~10"%) were first reportetf for HTSC contain- branches correspond to increasing field and the upper
ing Bi. The first increase in the field led to a compression oforanches to decreasing field. Reversible behavior is observed
the sample, and the quantiyl./L <0 decreased monotoni- only above ~20K since the maximum attainable field is
cally (its absolute value increasegassing through zero at equal to 12 T. These data are presented in the section
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12 HoBaZCu3 0, . a It:a;%tgszithe ;ample varies in thg applied fie_Id, _and MS must
- ved in the case of a quite strong pinning.

As the applied field is increased, a compressive force
acts on the crystal, since the movement of magnetic flux
lines is obstructed by pinning. A decrease in field results in a
tensile force acting on the crystal through the same mecha-
nism. The trapped magnetic flux leads to extension in zero
field. A decrease in temperature causes an increase in MS
with the pinning force. In order to simplify the quantitative
description, we consider the one-dimensional flux penetra-
tion while disregarding the demagnetization effects. It is also
assumed that reversible magnetization is a small part of the
total magnetization, and that the critical state sets in.fl,et
(in units of N/m) be the pinning force per unit length of the
flux line. In this case, the flux line exerts a foreef, on the
sample. If there ara flux lines in an area element, the force

v acting on the sample is equal tenf,[N/m?]. In this case,
2 the following equilibrium condition is satisfigdee Ref. 38
-

~ da(X)

3 o H=n00f1=0, (22
-0.

whereo(X) is the local internal stress, and the local pinning
force is defined as

9B(X)
ax

-1

B, T . .
Here, @, is the magnetic flux quantum, am{x)=®d n(x)

FIG. 3. Magnetostriction of superconducting compounds containing parajs the |ocal magnetic flux density. The quantityx) is ob-
magnetic ions with unfilled # (a) and 5- (b) shells at various tempera- tained by integration'

turesT, K: 30 (O), 25 (), 20 (M), 15(X) (see Ref. 3B(a) and 0.5 K(see
Ref. 34 (b). B2—B2(x)
e .

o(X)=— (23

20

devoted to SUpraStriCtion in order to illustrate the UniversaBe being the induction at the Samp|e surface. Assuming elas-
nature of the hyStereSiS of striction curves in the mixed Statgc isotropy of the p|aneab, we arrive at the fo”owing ex-

of SC. The results for compounds with paramagnetic iongyression for the relative variation in length in an experiment
will be considered in detail in connection with the crystal with the above geometry:
field and magnetic interaction effects.

Superconducting Actinide¥an Dijk et al** studied the AL 1 f“z a(x) dx—10-4 (24)
heavy-fermion uranium SC compound UfSiy, whose su- L LJ-r C '
prastriction is of the order of 10. In a magnetic field, it . .
exhibits a hysteresis which is apparently associated witf'f'er?f’ (t:hlz tgé;?jﬁgﬂ?}i?lﬁ’ I?::VET zzmp:foﬁngzén,s
magnetic flux pinningFig. 3b). The NS of these compounds model?® we can obtain the MS curve, t’akin)g;, into account the

will be considered below in detail from the point of view of . o : .
separation of supra and magnetic components, fact that the critical 3?Ourrent dens!jy isa rap|dly decreasing
function of T andH.”” The peak in the field dependence of
the pinning force and its displacement towards higher values
2.2.4. Phenomenological description of striction induced by of H upon a decrease iT were observed in type Il
magnetic flux pinning superconductorsand HTSC of the type REBEwO;_, and

The large body of experimental data accumulated to dat8izS»CaCyOg.,.*** Following Refs. 30 and 33, we ob-
indicates that the critical state model can be applied to HTS@in for the pinning-related MS the following expression for
(see, for example, Ref. 43The induced suprastriction in the the diagonal component of the strain tensor:
mixed state of traditional SC does not exceed 10How-
ever, latest measurements in HTSC with hjglreveal that <8xx>=K(f
the striction for the sample in the mixed state of an SC has 1
very large values-10 . For an infinitely long cylinder or In increasing and decreasing fields, the branches of MS iso-
thin plate in a longitudinal field, this result can be explainedtherms in Fig. 3 must contain contributions from the MS of
by using the model of the critical state. Since the magnetigaramagnetic ions and from pinning. In order to isolate the
flux lines are subjected to the action of the pinning force, arcontribution of pinning to the deformation, we equate the
equal but opposite force must act on the crystal. Thus, thdifferenceX!(c,a)—\'(c,a) to (e,). We disregard the flux

)(H*(T))2'5f(h)- (29
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creed® which is significant for HTSC! Ikuta et al*® have  a transverse magnetic field. In this case, which is also sig-

presented the results of computer simulation of pinning-ificant for studying giant magnetostriction in HTSC, an ana-
induced MS using three versions of the critical state modellytic solution can be obtained by making certain assump-
viz., Bean’s modef® Kim’'s model?® and the model pro- tions. Earlier, Brandt etal®* obtained for a thin
posed by Karasilet al?” In the latter model, an exponential superconducting strip an analytic solution for current and
dependence of the critical current density on the flux densitfield distribution in a sample placed in a transverse magnetic
is assumed. Analytic expressions were obtained for thdield. The corresponding magnetostriction effects can also be
change in the length of samples in the form of an infinitedetermined for this geometry.It is assumed that the sample
plate in a longitudinal magnetic field under the assumptiorin the form of an infinitely long narrow layer of thickneds
that the reversible part of total magnetization is negligible.and halfwidth a occupies the halfspacdx|<d/2, |y|

The obtained results were used for computer simulation aneka, |z|<e, and is placed in an external magnetic fielg
hysteresis loops were calculated over a wide range of variat right angles to the direction of measurement of magneto-
tion of the corresponding parameters. Since the striction instriction. The spatially uniform magnetic field,, which is
duced by pinning is a direct manifestation of the pinningdirected along the-axis, induces along the-axis a super-
force, the hysteresis loops have different shapes in differentonducting current of densify(x,y) which screens the inner
models. A meticulous analyéfsspeaks in favor of the model part of the plane sample from the applied field. The quantity
presented in Ref. 27 According to the preliminary data ob-(x,y) is limited by the valug . which does not depend on
tained by lkutaet al.*® the exponential model is in good the applied field. The integral current density) over the
agreement  with the  experimental results forsample thickness, expressed in field units, is connected with
(La;_4Sr),CuQy single crystals with a low concentration of the field H(x,y) at the sample surface through the Ampere
Sr. It is shown that the pinning force can be obtained directlyjaw. The longitudinal and transverse components of the field
from the width of the MS hysteresis loops. The results ofare defined as

simulation reveal a satisfactory agreement with the experi-

mental results. Hy(d/2, y)=—H,(=d/2, y)=3J(y)

However, the results of numerical simulation differ sig-
nificantly (by more than an order of magnitudgom the and
experimental results. It is also hard to explain the lower val-
uez of the HTSC striction characterized Ey the same values x(@/2, Y)=Hx(=d/2, y)~H\(0, y)=H(y).

of the critical current densities. The assumption concemingpe transverse component corresponds to the magnetic flux

the isotropy of the elastic modulus may be one of the reasoNgensity H (y) uoB(y). From Maxwell’s relations, we obtain
behind the experimental and theoretical results. The esti-

mates presented below are based on the values of the 1 (a J(u)du

Young’s modulus calculated for the main crystallographic H(V)ZZ A y—u

symmetry directions for the investigated materials. The phe-

nomenological model also disregards the peculiarities of thehis expression allows us to calculate first the distribution of

HTSC magnetic structures that are mainly associated witBcreening currents and magnetic flux over the sample width

the formation of Iayers in such StI’UCtUI@QS well as inho- as a function oHe' and then the striction also.

mogeneities of magnetic flux within a unit céfl. The results of numerical simulation of MS were com-
In all probability, the huge values of striction of HTSC pared with the results of measurements in agsar, ;:CuUO,

can also be associated with the peculiarities of their crystalsingle crystalFig. 4).52 Calculations were made by using the

line and magnetic states. The obvious peculiarities are ass@esults of measurement of elastic moddli.

ciated with a sharp anisotropy of their structure and the pres- A comparison of the measured values of MS with the

ence of paramagnetic ions &f and d-transition elements. results of computer simulation reveals a similarity in the

We shall consider below their effect on the MS of complexpiotted curves and a closeness of the absolute values for size

SC compounds. variations>? Thus, the concepts on which the model is based

do not contradict reality. Obviously, the finite size of the real

sample must lead to a discrepancy between the experimental

and theoretical results. However, the MS along the short face
A Thin Plate in a Transverse Magnetic Fielthe phe- of the sample which presumes the existence of only screen-

nomenological description of suprastriction in the mixeding currents may be an indication of the “induced” critical

state presented so far has been based on the assumption thtte which is widely discussed at presésge, for example,

the experimental geometry is close to the ideal case of aRef. 54 and the literature cited thergifror more profound

infinitely long cylinder in a longitudinal magnetic field. The physical conclusions, we must use the data of local measure-

actual situation is quite different even for the longitudinal ments of magnetic flux distribution and elastic distortions in

geometry of the experiment. Moreover, under actual condithe sample under the action of a magnetic field.

tions of investigation of spatial distribution of magnetic flux Effect of Layered Structure on Suprastriction in S@e

in an SC(for example, in direct optical observations of mag- compound Ba_,K,BiO3,>°7%2 which does not have many

netic flux distribution in the sample using various indicatprs distinguishing features of HTSC cuprates but has the highest

the situation corresponds to that of a plane superconductor isuperconducting transition temperatufg,~30K among

He. (26)

2.2.5. Effect of anisotropy on the suprastriction of SC
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non-cuprate superconductofslose to LaSrCuO withTgy temperature attachment in fields between 0 and 5 T. The
~35K), is a convenient object for determining the contribu- magnetostriction was measured by strain gauges in the crys-
tion of characteristic structural peculiarities in the formationtallographic direction[100] at right angles to the applied

of superconducting state and characteristics of HTSC baseadagnetic field in the interval between 0 and 12 T with the
on copper perovskites. Unlike cuprate HTSC, this compoundield varying at a constant rate of 1 T/min. Simultaneously,
does not contain any two-dimensional metal—oxygen planeghe field dependence of the sample magnetization was mea-
which are considered to be an important factor determiningured by using the ballistic technique. The critical current
the high-temperature superconductivity. It also does not havgensityj . in zero field attained values of 2x710° A/m? at

any magnetic moments, and this rules out the mechanism of 2 k and 0.6% 10® A/m? at 10 K. The absolute values of
magnetic pairing. Several experimental facts like a strongyiriction were found to be=10~® which is an order of mag-

isotopic effect and the width of the superconducting gap inyjy,de lower than the values obtained for cuprate SC and an

dicate that the superconductivity of BaKBiO is associatedorder of magpnitude higher than for low-temperature SC. It

with the phonon mecham;m. However, 'superconQUctwnywas found that the main contributions to the magnetostric-
emerges near the metal—insulator transition of this COM& - of SC are determined by the pressure of the magnetic
pound, as in cuprate HTSC, only in the cubic phas

(x>0.3) and vanishes during a transition to the semicone-ﬂe'd on the sample at temperatures lower than N

) . . . tlransition temperature and by the pressure dependence of
ducting phase upon a decrease in potassium concentration. I—P o limate forT=10 K. which ds t
view of the above, we used the cubic modificatfbaf the c. Dur estimates are for 1= » Which corresponds 1o

compound BaKBIO for studying magnetostriction and com- 1/ 1sn=0.31 for the compound under investigation. Using
paring the analogous experimental results with those opthe thermodynamic analysis presentedlln Se.c. 2.1, we ot_)taln
tained for high- and low-temperature superconductors whildor the TD component of the MS of the investigated BaKBiO
considering the effect of magnetic field on their size. Mea-compound® for T/Tgy=0.31 the valueAL/L~8x10"°,
surements were made on monocrystalline samples d¥hich is slightly higher than the measured values of MS.
Bay 60 3Bi05 With T.=32.5K, obtained by electrochemi- Calculations were made by using the data obtained by Bat-
cal sputtering in a flow of KOHsee Ref. 57 and the litera- 10gg et al®® which led to estimate$i;~10 J/mole andC

ture cited thereipn The temperature dependences of lattice=0.5J/mole. The x-ray data lead to the value=0.9
parameters and structural deformations in a magnetic fielek 10 which was obtained by using the following expres-
were obtained on an x-ray diffractometer with a low- sion for the Young’s modulug of a cubic crystaf*
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1 c;+¢e, 1 2 though they could help in analyzing the relation between
E~ (ciT2¢,)(ci—Cp) ( ) transition parameters in various subsystems of these complex
low-symmetry compounds and in determining the reasons
X (ngng+ngnZ+nin), (270 pehind the transitions.
wheren is a unit vector in the direction of deformatiot; 3.1, magnetostriction under conditions of coexistence of
=Nxxxr C2=Axxyys @Nd C3=N,yxy (Njim are the compo-  superconducting and antiferromagnetic ordering
nents of the elastic moduli tengoirhe values of the elastic . - o )
moduli used were obtained from dispersion curves showing Van Diik etal™ studied in the temperature interval
the results of measurements of inelastic neutron scattéting.0-3 K<T<1.5K the magnetostrictiofMS) of the monoc-
The measured field dependences of the magnetostrictioiystalline heavy-fermion compound Ui, with antiferro-
of noncuprate isotropic HTSC are irreversible and corremagnetic ordering temperatuig=17.5K andTgy=1.2K.
spond to the irreversibility of the magnetization curves. TheThe AFM state of this compound is associated with the
values of magnetostriction are more than an order of magnweakly ordered magnetic moment (0:08.01)u; at the
tude higher than for low-temperature metallic superconducturanium atom, oriented along tleaxis. The uranium atom
ors. However, giant magnetostriction characterizing layeregs in a low-symmetry configuratior®t,), and its magnetic

cuprate SPDGFCOHdUCtOFS was not observed. A comparison gfoperties can be interpreted in the framework of the crystal-
the experimental and theoretical results reveals an enhanced|q model.

value of the thermodynamic contribution. This is due to the

fact that th timat d der th i ¢ The coexistence of SC and AFM ordering in the tem-
act tnat tne estimate was made under the assumption ot & . re interval 0.3K T<1.5K was confirmed in experi-

complete transition of the sample to the superconductin%ents on neutron diffraction. Measurements of lonaitudinal
state upon removal of the magnetic field. In actual practice, u ! 'on. u gitua

the quantityVs appearing in the thermodynamic relation un- and t_ran_sverse MS were ma_de by using g capacitive dilatom-
der consideration characterizes only a part of the sample vofter in fields up to 5 T, whileH(T—0) is equal to 3 T
ume that has undergone AlStransition following the trap- ~ @long the tetragonal-axis, which is the easy magnetization
ping of magnetic flux. The part of the sample volume withaxis, and equal to 14 T in the basal plane. This made it
trapped magnetic field that has not undergone a supercopossible to isolate the supra- and parastriction components.
ducting transition can be estimated from the experimentalhe latter depends on the field HS. Suprastriction is of the
B(H) dependence as the ratio of the trapped magnetic flux torder of 10 . Its behavior in a magnetic field is character-
the quantityB., corresponding to the upper critical field. A ized by hysteresis which is associated in all probability with
comparison of the experimental results with the theoreticathe magnetic flux pinning discussed above. A characteristic
values of the thermodynamic components reveals a satisfagaature of hysteresis is that its sign is reversed in fields close
tory agreement between them. This is also true for the resulig, the ypper critical field. This effect is apparently associated
of numerical simulation of pinning-induced Magnetostric- i, the manifestation of AFM ordering since the hysteresis

tion. Thys, the results (.Jf macroscopic "’F”a'ys's do not allow th ordering of moments, which may reflect the hysteresis of
separation of the dominating contribution to the effect. The o L :
arastriction, is observed just in this interval of fields.

obtained results also indicate that both types of componenl% ) - .

reflect the contributions associated with the magnetic field T_Qe relative - volume V?Qatmn Is AV/V)ns=0.48
pressure as well as the contributions induced by magneti¢ 10 = at 0.5 K'and 0.1X10"" at 1 K. Spontaneous MS
flux pinning. The latter is responsible for the irreversible €N also be estimated by subtracting the thii for MS in
nature of the field dependence of magnetostriction. The difthe N-state(whereb is determined by MS measured kit
ference between the obtained results and the data of low=Hc2) from MS in the Sstate. In this case, the relative
temperature SC is explained by a higher sensitivitjdgfof ~ variation in length foH =0 corresponds to spontaneous MS.
the investigated compound to pressure. The disparity befFhe derivatives of the critical thermodynamic figtt,, are
tween the measurements on cuprate HTSC and the absersstimated from the heat capacity jump during
of giant magnetostriction can be explained only after anNStransition*

analysis of the effect on microscopic level.

C3 C1—C

3. MAGNETOSTRICTION OF SC COMPOUNDS WITH (

2
PARAMAGNETIC IONS OF TRANSITION ELEMENTS A(CIT)= Vm aHC) , (29)

Mo\ dT

Latest achievements in the field of materials science,
various experimental investigations, and the theory of super-
conducting state are associated with the synthesis of exotic ] ] B
superconducting compounds containing ions of element¥N€réVm is the molar volumey, the magnetic permeability
with unfilled d- andf-shells in which superconductivity co- ©Of the vacuum, andiH./dt=37mT/K. Van Dijk et al*
exists in an astonishing manner with paramagnetism' angbserved a Sharply manifested hyStereSiS in the linear MS of
even with a long-range antiferromagnetic ordering. Investithe heavy-fermion compound URSi, during measurements
gations of MS in such compounds, aimed at an analysis dh a magnetic field at temperatures beldw,=1.18 K (see
both supra- and para components have been quite scarce Big. 3b. The hysteresis loop closes lt,. Interestingly, it
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was observed experimentally that the sign of hysteresis is 1 1 1
reversed at the lowest temperaturesHas is approached. )\(a,ﬁ)=§)\fl+ —)\fz()\g—g) +\/3)\§1< ,3§—§
The hysteresis of the flux profile may be accompanied by the 2v3

hysteresis of the paramagnetic MS and ordered moments.

3 a

1
+ 2N (ax— ) (B3 By

1 1
K?‘g) (,35—5

X
3.2. From phenomenological to microscopic description
An analysis of MS in the perovskite-like compounds + ayayByBy) + 2N (aya,ByB,+ aya,ByB,).
containing ions with unfilledf-shells (f-ions) of rare-earth (29)

elements as well as actinides is based on the following con-

clusions drawn from an analysis of MS famagnets in the [N the present case, it is sufficient to isolate the mage
paramagnetic limi¥:% The crystal structure of these com- =*(&8) —A(&b) and a linear combination preserving the
pounds may be described in the tetragonal symmetry agfYlindrical symmetry of the crystal, i.e.,

proximation. Orthorhombicity, which is inherent in these 1 1

compounds, is characterized by a small difference between )\(c,a)=§{()\i“l—\/3)\‘2’1)+ 73()\1“2—@)\32)].

thea andb axes in the basal plane. In the paramagnetic limit,

which is observed in HTSC, tHeons are separated by quite For a rare-earth ion in the normal state inside a vortex, the
large distances, and hence their interaction can be disréedamiltonian is analogous to the Hamiltonian of the
garded(single-ion approximation The deep electrons in the ferromagnef?®

unfilled 4f-shells are screened from exchange interactions
and the effect of electric crystal field on their orbital angular
momentum, which makes the latter more mobile in a magwhereHcge is the term associated with CEF in the unper-
netic field. This may give rise to a considerable MS. Theturbed tetragonal symmetry:

s_cr_e_ening of—_electr(_)n_s by fiII_ed outer shells lowers the_pos— Hegr= Bgog+ BgongBinJr Bgong Bgog. (31)
sibility of their participation in exchange as well as dipole

interactions. An analysis of the magnetic properties ofHereBy are CEF parametetsio,” Dy,” and Er/"), OF are
f-magnets is usually carried out under the assumption thaquivalent Stevens operators, afigle is the magnetoelastic
spin-orbit interaction dominates over the crystal fi6BEF) coupling Hamiltonian. Retaining only the term associated
effects, i.e., in the weak field approximati®hThe same with the viqlation of tetragonal symmetry in the basal plane,
assumptions also form the basis of the theory of MS of REVE can write

compounds in the paramagnetic lifhiEor some RE ions, Hye=—M”e"02, (32
however, the splitting of the fundamental multiplet in CEF ) ) ) ]

exceeds the Zeeman splitting in an external magnetic ffeld. Where €= (€ex— €,y)/v2 is the irreducible deformatioriv”
Moreover, the MS models were developed mainly for high'S the magnetoelastic coupling paramet®y, the Stevens

O2._(i2_i2\. — H
symmetriegfcc and hep which lead to less significant crys- operatotr.oz f(tjﬁ é{y')s ‘|] (in‘]y"]z) t'ﬁ t?e total ang(t;lar
tal field effects and admit a smaller number of model param!"omentum ot the element, akt}, the two-ion quadru-
ole coupling component. According to the authors of Ref.

eters_, b§3|des offering greatt_ar promise for obteynmg gian 3, it is sufficient to consider just the term
MS in view of lower magnetic anisotropy energies. Thus,
investigation of rare-earth MS in a low-symmetry surround-  Hg= —k?(0%)053, (33
ing characteristic of HTSC structures is interesting in itself in
addition to the studies of mechanism of their extraordinar

H:HCEF+HME+HZ+HEX+HQ+HG|! (30)

written in the mean field approximatiok? being the purely
o di lati h in S yquadrupole coupling parameter, and) the average over
suprastriction and its relation to the main parameuars‘[temperature obtained with the help of eigenvalues and wave

Assuming the lattice to be tetragonal, we can confine ouf,qtions diagonalizing the unperturbed Hamiltontgee .
analysis to the MS in a cylindrical symmetry. Let us denote,:ina"y, we retain in the elastic energy only the t&m
the MS asi(a,B). Here,a=(ay,a,,a,) are directional co-

sines of the field, ang8=(px,By,B,) are cosines in the H lzlcy(ey)z (34)
direction in which the deformation is measured. This makes e 20 '

it possible to determine the strictionda,a), Mab), and whereCJ is the elastic constant corresponding to the unper-

\(c,a) of cry_stals with Dy, Ho and Er.. Here andb are not turbed case. Equation&@2)—(34) provide a complete de-
orthorhombic axes, but only two arbitrary mutually orthogo- scription of the Hamiltoniafi® In the AFM state, which is

nal axes in the basal plane presumably with cylindrical symyegjized for the compounds Dy and Er, the mean field acting

metry. Four distortion modes are observed in the phenomgn one of the magnetic sublattices, #gycan be presented in
enology of MS of axial systenfs? bulk distortion\$;, the  the form

variation\3; in the ratioc/a, the violation\” of cylindrical
symmetry (tetragonal symmetry in the present cage the Ha=XiiMa=AagMg+H, (39
basal plane, and shear straifi which tilts thec-axis. Phe- whereH is the applied fieldM , andMg are the magnetiza-
nomenological deformation modﬁﬁ can be connected with tions of the sublattices, and; , A g are the mean-field con-
strictionsA(a,B) as follows: stants describing the interaction within a sublattice and be-
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TABLE Il. Magnetic parameters of RE iors.

H MM L e[ 178 2 a1
RE ion HeftMp 0, K C.uglKg i Mg Nett V| €e|” B C_g (1= AeXp) )((),2) ' (4D
zyz: ig-g; i; ;‘g-ig 8-22 g-ig é-;g wheree”=\"=\(a,a)— A (a,b), In Eq.(41), xo is the con-
3 10.48 1 36.61 0.31 0.53 0.64 ventional magnetic susceptibility of one-ion CEF, the de-

formation susceptibility associated with the field induced
Remark:Values of mean field constanisare given in units ok /2. moment(O3), and x’ the quadrupole field susceptibility.
The susceptibilities are described by complex expressions for
matrix elementg,,05~3j2—j(j+1) andO3 in the range

w blatii ivelv. In th fic stat tof wave functions|ik) of the CEF Hamiltonian. Thus, we
ween sublattices, respectively. In the paramagnetic state, r?1eave diagonalizedH g with CEF parameters borrowed
field-induced sublattice magnetizations will be parallel to

X from Refs. 69—71. According to E¢41), an antiferromagnet
each other and to the field, ald,=Mg=M. The mean : : : : ;
i ' . with two exactly equivalent sublattices in paramagnetic state
field has the formHg,= — (N + Aag) M =—AgsM irrespec- yed ’ g

. : : is equivalent to a ferromagnet. A comparisor(4f) with the
tive c.)f th? sublattice. In this case, the exchange and Zeema%lues ofe”(H,T) measured in the paramagnetic state leads
Hamiltonians can be presented in the form

to the values oM?” andC”.

Hex+HZ:_ngBj(_Hex+H)1 (36)
where 3.3. Experimental studies of MS in perovskites
. REBa,Cu30;_,
Hex=—(Nii + A ag) NG ug(i); (37

. _ _ These HTSC oxides are ordered antiferromagnetically at
N is the number of RE ions per unit volumeg; Lande’s  quite low temperatures in such a way that the paramagnetic
g-factor for rare-earths, angl) the temperature-averaged to- and superconducting states overlap in the temperature inter-
tal angular momentum of the RE. The mean-field constantgs| petween the Na temperatureTy and Tsy. For

Aii and\ 5 can be estimated within the framework of Neel's pyBa,cu,0,_,, Ty=1K and the magnetic moments (7.2
theory of antiferromagnetism. It can be shdtthat having +0.6ug/ion) are aligned along the-axis’* Antiferromag-
presented the linear susceptibility in the forg=c/(T  netic ordering in the Er-based compound occurs in the basal
+0), wherec= u2/3Kg is the Curie constarfper o) and  plane with moments (2:80.6u/ion) along theb-axis at

Heir IS the paramagnetic moment of an ion, we obtain Ty=0.61K.”® These easy magnetization axes must be in
0-Ty O+Ty good agreement with the magnitudes and signs of Stevens’
Nii= c 7 Nag= r— (38 coefficientsa; of the second kind, which are determined by

the shape of the clou¢bblate or prolatge Only nuclear or-

In this case)4=20/c. In the latter equation is the para- dering can occur in Ho compounds bel@§=0.17 K, and
magnetic Curie temperature. Table Il contains the values ofhe electron ground state is a singi&f The presence or
e, and ¢ obtained from the paramagnetic susceptibility absence of low-temperature magnetic ordering is important
measurementS \;; and\ og taken from Eq(38), as well as  for calculating MS in the paramagnetic limit.

the values of Ag¢. Minimization of the free energy Del Moral et al.”® have presented the results of the first
F=—kgT InZ corresponding to the Hamiltoniaf80) with  Systematic investigations of thermal expansion and magneto-
respect toe”,® we obtain the equilibrium deformation striction in REBaCu;0;_, compounds(RE=Eu, Sm, Gd,
M7 Dy, Ho, Er, Tm in longitudinal and transverse fields up to
Ey:(_)«)g). (39) 2.4 T. They studied the effect of substitution of rare-earth
C{ elements for yttrium. The anomaly associated with the phase

transition atTgy was not observed. All curves showing the
gether withHq (33), we obtain the effective Hamiltonian in ;[jempgr?tut;]e depencien(t:ﬁs of thirrptalteé(palllnsmn r?‘OIrJ]Id petre-
the form Hyg+Hg= —GY(03)03, where the coefficient uce d ° h € curve for _e.unsfu i' uted a Oy.’bW. ¢ pmﬂ S
G” includes contributions from magnetoelastic and purelytOWar S the common origin ot pnonon contribution to the
quadrupole interactions: thermal expansion. The MS anisotropy Was'o.bserved iny
for substitutions by Dy and Ho. For the remaining substitu-
(M?)? tions (Eu, Sm, Gd, Er, T the MS is small as in nonmag-
cr - (40 netic superconductors. It is possible that the MS is observed

0 in the former case itN-regions inside the vortices, and does
In order to find the distribution functioiZ, we calculate not emerge in materials in which the fields correspond to
F|T>TN within the framework of the perturbation thed#. completely diamagnetic state.

Using the energy levels and wave functions of the  Del Moral et al.’® isolated an MS mode associated with
Hamiltonian Hcge with residual interactions as perturba- CEF which lowers the symmetry of the basal plaeé=
tions, we obtainF for irreducible deformations up to the —300x10 © at 10 K and 12 T for Dy and Ho compoungs
second order and Stevens’ quadrupole momédts) up to  and obtained the ratiM?/Cy=1.3x 10"* for the Ho-based
fourth order inM and H. Assuming thatH is parallel to compound and=5x10"* for the Dy-based compound,
a=[100], we can determine”. This gives whereM? is the single-ion magnetoelastic coupling constant,

Substitution of the equilibrium value” (39) into (32) to-

GY=K7+
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andC} is the elastic constant in the paramagnetic state. Thebtained for low-symmetry materia(starting from tetrago-
obtained quadrupole coupling parametg? for the Ho- nal one$ since the preceding investigations were discussed
compound is equal te-35 mK/ion. earlier in review articles, and also because the peculiarities of
Zvezdin et al.”® measured the MS of SC polycrystals subsequent striction measurements of strongly correlated SC
HoB&Cu0O;_, in transverse and longitudinal fields. A com- compounds are mainly associated just with the spatial anisot-
parison of the results of measurements with the results foropy.
unsubstituted Y128whose the MS is lower by two orders of The strong hysteresis of MS isotherms led to the discov-
magnitudg¢ and with the data for nonsuperconducting ery of a low-temperatureT(<Tgy) MS component which is
HoB&aCuw0O;_ (Whose the MS is close to that of a Bl8ads  unambiguously described by the mixed state mo¢ieadled
to the conclusion that the field dependences of the MS of théhe critical state modelsthus confirming its connection with
Ho-substituted Y123 compound are determined by the parahe magnetic flux pinning at crystal lattice inhomogeneities.
magnetic component analogous to the paramagnetiThe MS caused by flux pinning displays temperature and
garnets® The longitudinal MS was described by taking only field dependences that are in accord with the vortex lattice
CEF into account? displacement model. The correctness of these concepts is
It should be remarked that the complex hierarétiigtri-  confirmed by independent conclusions drawn by various au-
bution) of critical fields has aroused special interest of re-thors on the basis of measurements made in different mate-
searchers towards the SC components of MS in polycrystalgals. Hence MS measurements can be used as a tool for

of the SC compounds HoBau0;_.*° studying the collective pinning mechanisms. Investigations

of SC compounds with paramagnetic ions also revealed MS
3.4. Contribution of Jahn-Teller effects and magnetic-field- hysteresis in the region of mixed state of superconductivity
induced structural instability which may be described in terms of the magnetic flux pin-

The peculiarities of MS in low-symmetry SC can natu- ning. On the other hand, analogous dependences of giant MS
(~10"%) were measured in manganites which are also ox-

rally be associated with their crystal structure. Anisotropy of! . -
Y y Y jes with a perovskite-type structuféwhere superconduc-

spontaneous MS may serve as a unique instrument for study=- : :
ing the connection between the SC transition and the JahntVity concepts are untenable. While studying SC compounds

Teller transitions in SC compounds containing ions Withcontaining paramagnetic ions, we isolated an MS component

non-Kramers degeneracy of the ground state. Such conWith a quadratic dependence on the applied field, which is a

pounds include HTSC perovskites in which RE ions as We”characteristic feature for the paramag_netic limit. '_I'his com-
as copper ions in low-symmetiy.;, surrounding of oxygen ponent was found to be connected with the one-ion crystal

are Jahn—Teller ions. The mutual effectN® and structural  ©'€ctric field (CEF) lowering the symmetry of the basal

phase transitions, which is associated with the spatial sym2l2n€- Such measurements make it possible to obtain the
metry. was considered phenomenologically by PolueRtov, Magnetoelastic interaction parameters for paramagnetic ions:

~ — 6
Experimental and theoretical studies rev&that the crys- € —900<107° at 10 K and 12 T for Dy- and Ho-based

tal field acting on RE ions in HTSC compounds is strongtmpounds. et the elas
(total splitting of the multiplet is 700 cit). It is also known Thus, the results of MS measurements reflect the elastic

that the symmetry of the electron cloud of the RE ions un.éSPonse of the superconducting phase to the applied mag-
dergoes severe distortions caused by quadrupole interactioR§tC field in pure form or together with para- and AFM

leading to structural phase transiti&it* The manifestation response. In all the cases cor_15|dered by us, we were able to
of the Jahn—Teller effect itself can be expected primarily inSéParate the SC and magnetic response, and to analyze MS

copper ions since the degeneracy of RE ions is removed ifomponents in the framework of the concepts developed for

all probability by quadrupole interactions. The transitions as€2ch kind of material. It must be mentioned here that, while

sociated with the change in the electron structure of thé universally accepted description exists for the induced MS

Jahn—Teller Cu ion was observed experimentally in theOf paramagnetic ions and has been tested for the results of
HTSC compound YBACU, ,57Fg)O4. 5.5 macroscopic and local measurements, the phenomenology of
x .

induced suprastriction is based on the measurements of inte-
gral characteristics and provides only a qualitative, albeit ef-
fective, interpretation for the observed data.

In this review, we have endeavored to generalize the Apart from the possibility of constructing the theory of
results of MS investigations which completely reproduce thanagnetoelastic interactions in SC, MS measurements in su-
chronology of developments in the technology of superconperconducting compounds are found to be an effective tool
ducting materials, viz., type | and type Il superconductorsfor studying(1) the pressure dependence of thermodynamic
with fcc structure, alloys and intermetallic compounds baseaharacteristics of SQR2) the relation between superconduc-
on 3d- and 4-elements with tetragonal structure emergingtivity with structural instability,(3) the mixed state, or the
as a result of structural transition from the fcc phase which ispplicability of the critical state models and magnetic flux
suppressed by th&lStransition, and lastly, orthorhombic pinning mechanisms in SC, arid) interaction of supercon-
(after structural transition from the tetragonal phad&@SC  ductivity and magnetism. Additional possibilities emerge
compounds of 4 elements and heavy-fermion SC with AFM during investigations of the dynamic striction in SC, but
ordering containing &-elements from the actinide group. these have been little studied and have not been touched
The main aim of the authors was to highlight the resultsupon in this review.

CONCLUSION
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Static phenomena at the charged surface of liquid hydrogen
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Evolution of the shape of the equipotentially charged surface of the liquid hydrogen layer
covering the lower plate of a horizontally arranged flat diode in increasing external stretching
electric fields has been studied experimentally for the first time. Reconstruction of a flat
charged surfacéormation of a stationary hummt voltages higher than a certain critical value

U.; is observed under conditions of total compensation of the electric field in the bulk of

the liquid by a surface charge. It is shown that the transition of the flat charged surface to the
reconstructed state is a phase transition close to a second-order transition. The height of

the hump is found to increase with voltage, the reconstructed surface loses its ability at a voltage
U.,>1.2.4, and a streamed discharge is observed. Evolution of the shape of a charged
droplet of constant volume suspended from the upper plate of a diode is studied with increasing
electric field under the conditions when the forces of gravity and stretching electric field

act in the same direction. @999 American Institute of Physids$1063-777X99)00204-2

1. INTRODUCTION lic control electrode at the bottom of the cell, is much larger

Experiments have revealed the possibility of creating a than the capillary lengti, while the number of charges is
charge layer under the surface of liquid hydrogen, the Sig,§|xed (n<np,,y so that the compressing electric field is non-
and concentration of the charge being determined by the paero both in liquid and in gas. In this case, the liquid surface
larity and magnitude of the applied electric fiekd In this  is reconstructed in a field higher than a certain critical field
work, we study the evolution of the shape of the positivelyE., and a hexagonal structure with periech and a finite
charged equipotential liquid hydrogen surface under the aadepth of the dimple that depends on the extent of supercriti-
tion of a StretChing electric field of intenSity up t041‘(2)/0m Ca||ty (d|mp|e Crysta) is formed?’_g The Charge density van-
in the temperature range 14—25 K. ishes at the sites of the hexagonal lattice so that the surface is
_Itis well known that, if the charged flat surface of a \, |onger equipotential. Reconstruction of the charged sur-
liquid is subjected to an external electric fieldapplied at face for a fixed number of charges<n,. is a first-order

right angles to it(the surfacg it loses its stability in fields o o .
stronger than a certain critical valé&he subsequent behav- phase transition in a state with individual multiply charged

ior of the charged surface depends on the conditions ofimples, as well as in the dimple crystal state.
observatior? 8 For a fixed charge density lower than the ~ Reconstruction of the charged surface of a liquid was not
maximum attainable in a given field, i.e., far<n,,  observed earlier for complete compensation of the applied
=E/4x (it is assumed that=1), reconstruction may be ob- electric field by surface charges=n,. It was found that
served in the form of static deformation at the surface. For @he critical electric fieldE. in which the flat surface of a
weakly charged surface@h<E, E?>16.5/pga, wherea thick liquid layer (h>\) loses stability is independent of the
andp are the surface tension and density of the liquid gnd value ofh. For layer thicknessels~\, the value ofE, de-

is the acceleration due to gravitynultiply charged dimples  creases witth,° while the variation foh<\ is described by
with characteristic size close to the capillary Iengththe dependencE§=47-rpgh.11'12

A =valpg are formed on the surface. Away from the center, . possibility of observing the steady state of the re-

th_e d?”S'ty O.f charges vanishes at _the edg?s of the .d'mplecs:()nstructed charged surface of a thin helium film of thick-
With increasing charge concentration, a different situation

arises and a&rater crystalis formed at the surfack. ngssh@x for a complete co.mpensation of the applie.d. elec-
To date, the reconstruction of the charged equipotentidiii field by charges was discussed recently by Shikin and

surface of liquid heliun{in which the electrons are localized Leiderer:* However, the stationary reconstruction of a

over the liquid surfacehas been studied most extensively charged liquid surface in the transient region of thickness

under the conditions when the thickndssf the liquid layer, h~X\ has not been studied earlier.

i.e., the distance between the charged surface and the metal- In the experiments discussed below, the situation differs
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FIG. 1. Construction of the experimental cell with diodes D1 and D2diquid hydrogen surface2—copper plates of the diod&—radioactive source;
4—paper-based laminat&—qguard ring;6—copper finger.

radically from the one studied earlier: positive charggss- A guard ring of diameter 25 mm and height 3 mm made
ters of diameter=5 A)* are localized under the surface of the of foil-clad paper-based laminate surrounded the radioactive
liquid hydrogen layer. The control electrodeollecton is  plate in the diode D1 and prevented the leakage of charge
situated in the vapor above the liquid surface at a distancfrom the liquid surface at the container walls. The guard ring
d~N\, i.e., the liquid layer thickneds should be replaced by and the radioactive target formed a cylinder in which hydro-
the distancel in theoretical calculations. The charge densitygen was condensed. The liquid layer thickness was 3 mm. A
N=Nmax Under the surface depends on the voltagapplied  second metallic collector plate of diameter 25 mm was
to the capacitor plates, so thet=U/d in the steady state, placed over the cylinder. The separation between the source
and the charged layer completely compensates the electrighd collector was 6 mm.
field in the bulk of the liquid in fields lower as well as higher In diode D2, a target of diameter 3 mm was arranged on
than the critical valuee, . the specially cooled upper copper plate of the diode, on
Our experiments show that the static reconstruction ofynich hydrogen was condensed. The collector was at the

the surface is posiible under conditiahs A andn=nma.  pottom and the distance between the source and the collector
In an earlier worki* we reported on the observation of re- was about 3 mm.

construction of charged surface of liquid hydrogen as well as The shape of the charged surface was controlled visually
helium (electrons over the surface of a liquid layer of thick- and with the help of a telecamera. The variation in the cur-
nessh~\). The investigation of evolution of the flat charged vature of the charged surface was determined from the de-
surface of the liquid hydrogen layer deposited on the IOWe(/iation of a laser beam almost parallel to the surface and
plate of the diode was supplemented by that of evolution reflected at it.

an increasing electric fieldf the shape of a charged drop of Figure 2a shows the photograph of the reconstructed

constant volume formed during pondensatlon of hydroqencharge surface of liquid helium condensed on the lower plate
vapor on the upper plate of the diode.

of the diode D1 for a potential differendd=1620V be-

tween plates and at a temperatiire 17 K. The hump can be

2. EXPERIMENTAL TECHNIQUE clearly seen in the middle of the photograph. It should be
Experiments were carried out in two types of ceflat observed that the linear horizontal size of surface region

diodes D1 and DRplaced in an optical containéFig. 1). shown in the photograph is 10 mm, which is two and a half

The containers were put in the vacuum chamber of an opticdimes smaller than the diameter of the guard ring.
helium cryostat and cooled by a copper finger in contact with ~ USing the heaters at the container walls and plates of
liquid helium. diode D2, the temperature of the lower plate was raised
The charge sources were radioactive platesgets above the temperature of the upper plate. Gaseous hydrogen
emitting B-particles with an average energy 5 keV and awas condensed mainly on the upper plate. Condensation took
maximum energy-18 keV, which were located in the liquid Place forU=0. As the thickness of the liquid layer in-
and ionized a liquid layer of thickness10um near the creased, the shape of its uncharged surface changed from
plate. The sign of charges pressed to the plate surface dgearly flat for small volumes of the liquid in the layer
pends on the polarity of the voltadé applied between the (V<5 mn?) to a drop for larger volumes. On completion of
diode plates. The current passing through the surface wagondensation, the container was maintained for tens of min-
measured by using an electrometer connected to the collectotes at a constant temperature for a total recondensation of
in vapor. We studied the properties of a positively chargedhe liquid from the container walls and the lower plate to the
surface since positive charges practically do not pass throughpper plate of the diode. Application of a potential difference
the liquid hydrogen—vapor interface for voltages used in oubetween the diode plates led to the accumulation of charges
experiments. under the liquid surface. In addition to the forces of gravity,
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FIG. 2. Photograph of the charged surface of liquid hydrogen condensed on the lower plate of diaglariglithe charged surface of a drop wetting the upper
plate of the diode D2Zb). The linear horizontal size of the visible image is 10 mm.

the drop is also acted upon by electric forces in the sameenter of the diode can be controlled by varying the voltage
direction. This resulted in a change in the profile of theapplied between the plates of the diode. For voltages exceed-
charged surface of the liquid hydrogen drop. Figure 2hing the lower critical voltagdJ.; by about 20%, the hump
shows the photograph of the equilibrium profile of theon the charged surface became unstable and a pulse dis-
charged surface of the liquid hydrogen drop for a potentiacharge(upper critical voltageJ .,) was observed. During the
differenceU =500V between the plates of the diode. Mea-discharge, a charged stredgeysey burst from the peak of
surements were made at a temperature 18.5 K. the hump(see Fig. 4 The discharge at the collector involves
about 16 charges. For a constant voltage, the surface re-
verted to the initial flat form after discharge, and the process
was repeated. The observation of quasiperiodic current oscil-
Let us first consider the results of investigations of prop-lations through the liquid hydrogen surface in fields
erties of an equipotentially charged surface of liquid hydro-U>U,_, was reported by us earliérFor voltages several
gen condensed on the lower plate of the diode D1. times higher tharl.,, the surface became flat once again
For low potential differences between the plates of the
diode, the equipotentially charged surface of the liquid is
slightly bent towards the collector. As the applied voltage 34
increases beyond a certain critical vallg,, a macroscopic
hump extending over several millimeters and having a height
of the order of 0.1 mm is formed on the surface. This solitary g
hump can be displaced towards the center of the diode by Eﬁ
slightly tilting the cell. Light circles in Fig. 3 were obtained % 30}
[}
T

3. EXPERIMENTAL RESULTS

by scanning the image of the hump profile. In a constant
field, the shape of the profile remained unchanged during
measurements over a period exceedingslOvhile the cur- 284
rent carried by the charges through the liquid surface, which -2 -8 -4 . 0 4 8 12
was measured with the help of an electrometer connected to Distance, mm

; —1
the_ upper plate of the d|0Qe, was less than ®@. The  gig. 3. profile of a charged hump obtained by photograph scanning. The
height of the deformed region of the surfadeimp at the  radius of the guard ring is 12.5 mrg,=1620V, T=17 K.
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FIG. 4. Photograph of a charged surface at the
instant of discharge fod=1750V, T=15K.
The horizontal size is 5 mm.

and the electrometer recorded the flow of charges through For zero voltage, the shape of the surface of the initial
the surface without the formation of any structure on it. Theliquid layer wetting the upper electrode was nearly flat for a
current flowing in the diode was smaller than the saturationiquid volume below 5 mriand assumed the shape of a drop
current in the liquid, i.e., the electric field was weaker thanupon an increase in the volume of the liquid.
the breakdown field in liquid or in gas. Apparently, a similar The profile of a charged drop of volumé=30 mn? is
phenomenon was observed earlier by Boyle and Dafim  shown in Fig. 7 for a potential differend¢= 350V between
their experiments on liquid helium and nitrogen. the plates of the diode. With increasing voltage, the ampli-
Figure 5 shows the dependence of the maximum afgle tude of the drop increased and a discharge was observed for
of deviation of the laser beam reflected at the hydrogen sum certain voltagdJ .;. This critical voltage depends on the
face on the applied voltade at temperatures 15, 20 and 25.4 volume of the liquid in the drogamplitude forU=0). For
K. It should be emphasized that the experimentally observethe volume of the liquid in the drop considered by us, the
point on the surface corresponds to the largest angle of radischarge occurred &=800 V. The volume of the liquid in
flection. The inset shows the derivatiyE (U)=dgB/dU of  the drop was estimated by integrating the profile of the drop.
the dependencg(U) measured at 20 K. It can be seen thatThe absolute error in the volume estimate wak0%.
for low voltagesU <U_q, the angleg increases weakly with Figure 8 shows the dependence of the amplitude of a
voltage. For voltages exceeding the critical voltagg in-  drop on the applied voltage. The volume of liquid in the drop
dicated by an arrow in the figure, the derivatjgé depends was estimated at about 60 MmuUnlike the case of a flat
much more strongly ofJ. It can be seen from the inset to layer in the diode D1, the amplitude of the drop increases
Fig. 5 that the value ofJ.; can be determined from the under voltages much smaller than the lower critical voltage
dependencg@’ (U). Such dependences were used for deterU ., of surface reconstruction for a liquid layer on the lower
mining the values olJ; at various temperature§ig. 6). plate of the diode D1. The amplitudeof the drop increases
With increasing temperature, the valuelgf; decreases. The monotonically with increasing voltage according to a law
upper critical voltageJ ., at which a discharge of the recon- ~U?7 that is stronger than lineam1).
structed surface was observed decreases with the liquid tem- For the sake of comparison, Fig. 9 shows the depen-
perature according to a nearly linear |dsee Fig. 8. dence of the amplitudéd of a drop on the volume of
Let us now consider the results of investigation of thethe liquid in zero field(dark circle3 and under a constant
evolution of an equipotentially charged surface of liquid hy-
drogen condensed on the upper plate of the diode D2.

1.8
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0.10F 20} T=20K . 254K 20K 1.6
_i 1.5:- R * K >
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FIG. 6. Temperature dependence of the loweg,) and upper {,) criti-
FIG. 5. Dependence of the laser beam reflection agyten the applied cal voltages for the charged surface of liquid hydrogen: the points corre-
voltageU. The inset shows the derivatiy@& (U) with respect to voltage at  spond to the experimental results, while the solid cutvegT) were ob-
20 K. The arrow indicates the lower critical voltagk, . tained theoretically.
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voltage U=630V between the platedight squares The Y 20 40 60 80 100 120
volume of the liquid was varied by vaporizing at temperature V, mm?®

18.5 K. It can be seen that a decrease in the liquid volume

leads to a monotonic decrease in the amplitude of the drorE'G- 9. Dependence of the amplitudeon the liquid volumeV in an electric
Application of a potential difference between the diodefleld (O) and in zero field ®) at a temperature 18.5 K of the liquid.
plates leads to an increase in the amplitude of the drop and a

change in the dependenégV). the reconstructed surface region and outside an individual

multi-electron crater is equal to zero, so that the electric field
near the surface is nonuniform and equipotentiality is ob-
It should be remarked at the very outset that the situatioserved only in the charged core of the dimple. In our experi-
in which the reconstruction of the flat charged surface ofments, the charge density under the surface is not equal to
liguid hydrogen was observed in our experiments differszero away from the deformed regidghump, and is deter-
qualitatively from the situation studied by Leideretal,>  mined by the voltage applied between the diode plates. The
under which the total number of charges at the surface igntire reconstructed surface remains equipotential since we
fixed and the charge concentration away from the center afised in our experiments a continuous charge source and the
number of charges under the surface increases with the volt-
age applied to the charge source and the guard ring. Thus,
the hump on the charged surfageg. 29 is not an analog of
the multiply charged dimple formed under conditions of a
weakly charged surface of bulk heliuin.
2.0+ — theory It was mentioned in the Introduction that steady state
reconstruction of a charged flat liquid surface was not ob-
served earlier for a complete compensation of the confining
field by the charges. In our experiments, the lifetime of the
charged hump is quite largever 1 s) in the voltage region
U, <U<U.,, and hence we can speak of a stationary re-
constructed equipotential surface layer of hydrogen under
conditions when the separati@hbetween the charged sur-
face and the control electrode is of the ordemof
In accordance with the results of investigations of the
passage of charged particles through the liquid hydrogen—
X vapor interfacé, it can be assumed that positive charges
practically do not pass through the surface in the investigated
range of electric fields and temperatures, while the charge
accumulated under the liquid—vapor interface in the steady
1.0 L L L L 5 L state fully compensates the applied electric field in the bulk
0 100 200 300 400 500 600 700 of the liquid. Hence the problem of finding the equilibrium
UV shape of the surface of the liquid in an applied static electric
FIG. 8. Dependence of the amplitufieof a drop having a constant volume  field under these conditions is analogous to the same prob-
V=60 mn? on the applied voltage at the liquid temperature 19.3 K. lem for a liquid conductor. In some recent publicatiGh®

4. DISCUSSION OF RESULTS

B experiment
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theoretical models were considered for describing the equiiquid surface, viz.,(a) before the attainment of the lower
librium reconstruction of a charged surface in the supercriticritical voltageU ., and(b) at voltages higher thad.;. The
cal voltage region, i.e., fod>U_;. initial segmentU<<U_; corresponds to a slight distortion of
Shikin and Leideréf considered the one-dimensional the charged liquid surface covering a fixed volume in the
case corresponding to the formation of a periodic system ofondenser field. For fields stronger than those corresponding
“waves” on the infinite surface of a thin helium film to the lower critical voltageJ ;<U<U_, in which the sur-
(h<\) charged by electrons in a confining field face is reconstructed, the experimental dependence may be
E>U,;/h. An individual wave(hump corresponds to an described by the relatiog<y™ (the exponentm lies be-
infinitely long period(much larger than the diameter of the tween 2 and B This segment of thgg(U) curve describes
experimental cell under conditions of our experimeithe the change in the inclination of the lateral surface of the
shape of the surface of the hump can be described by lBump upon an increase in the voltade
bell-shaped function of the dimensionless parameiét, The values of the lower critical voltadé.; correspond-
whereR is the characteristic horizontal size. ing to the emergence of a hump on the liquid surface were
In an earlier publicatiod® we developed a somewhat found to be close to the confining voltage at which an infinite
different theoretical model describing the reconstruction ofl 11], flat equipotentiality charged surface of a liquid layer of
the flat charged surface of a liquid in a finite-sized vessel fothickness much smaller than the capillary constaribses
d<<\, taking into account the conservation of the volume ofstability.
liquid in the layer and the conditions of wetting of the vessel  The solid curve in Fig. 6 shows the theoretical depen-
walls by the liquid as the charges completely compensate théence of the critical voltage ., = \/4mwgpd® on the tempera-
stretching electric field in the bulk of the liquid. The recon- ture of the liquid'! As the temperature increases, the quan-
structed charged surface also has the form of a periodic fundity U, varies on account of a decrease in the densind
tion. For low voltages, the shape of the surface is close t@ change in the distanakbetween the liquid surface and the
cosinusoidal. A consideration of the boundary conditionscontrol electrode due to a redistribution of hydrogen between
(wetting angl¢ leads to a situation when a number of solu- liquid and vapor phases in the closed volume of the container
tions can exist for a finite-sized cell, from a single wave infor a fixed mass of hydrogefpressure in the container in-
the center of the cell to an infinite number of symmetrically creases with temperatyrdt can be seen that in the tempera-
arranged waves. As in our experiment, the height of theure interval 15-26 K, the experimental valuedlf; are in
hump may increase with increasing voltage between thgood agreement with the theoretical cutyg (T). Thus, the
plates of the diode. The question of preference of a solitarynagnitude and temperature dependence of the lower critical
hump observed in the experiments over other solutions revoltageU.,; corresponding to the emergence of a hump on
quires further analysis. the liquid surface may be described by the simple model of a
The profile of the hump presented in Fig. 3 can be deflat infinite thin charged surface. Likd,, the upper critical
scribed aptly by a bell-shaped function of the fom{x) voltageU ., decreases with increasing temperature, and this
=Z exp(—x4/R%), where Z is the height an@ the character- dependence is nearly lineéas an illustration, the experi-
istic size of the hump. The experimental points in Fig. 3 aremental pointdJ., are connected by a straight line
connected through a curve which obeys the dependemnge For voltages higher than the upper critical valdg,,
with fitting parameter=0.35mm andR=2.5mm The fit-  the reconstructed charge surface is unstable. The jet stream
ting functionz(x) chosen by us is a smooth integrable func-emerging from the peak of the hump during discharge has a
tion satisfying the requirements imposed on such functiongharacteristic diameter of a few tenths of a millimeter, i.e.,
in Refs. 13 and 16. However, a quantitative comparison ofuch smaller than the capillary length. An analogous effect
the predictions of both theoretical models with experimentainvolving the emergence of ion strearfgeysers at the sur-
results is hampered mainly by the fact that the results obface of superfluid helium in strong fields was observed in
tained in Refs. 13 and 16 pertain to an essentially oneRefs. 17, 18. Special investigations are required for studying
dimensional case and a thin layle\ or d<\, while d growth of instability on the charged reconstructed surface
~\ in the experiment. Moreover, the calculations made inunder a voltage close tt)., and the reasons behind the
Ref. 16 show that the field dependence of the height of thdinear temperature dependenceldy,.
hump formed in a finite-sized vessel is highly sensitive to the A stationary hump on the charged surface can be singled
choice of boundary conditions at the vessel walls. Hence theut on theU-T phase diagram, and hence it can be stated
resemblance between theory and experiment may be onlypat we observe a phase transition from the flat charged sur-
qualitative. face to a new steady state.
Theoretical models of reconstruction of charged surface  Judging from the dependencggU) and g’'(U), the
of a liquid insulato?'31° predict that the amplitude of the formation of a hump on an equipotentially charged surface
reconstructed surface must be a function of the supercriticabinder conditions of a complete compensation of the applied
ity parametery=(U?%/U2)—1. In our experiments, the evo- electric field by charges and conservation of the liquid vol-
lution of the hump shape upon an increase in the appliedme in the layer is a transition close to the second-order
voltage can be judged from the voltage dependes(dg) of phase transitio® The curve showing the dependerggU)
the angle at which a laser beam is reflected from the chargeths a kink at the point) =U ;. Within the limits of preci-
surface of hydrogen. It can be seen from Fig. 5 that there arsion of our experiments, the height of the hump increases
two different regimes of variation of the shape of a freesmoothly from zero with increasing stretching voltage for
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U>U_.;. Note that the height of the hump is small in com- geometry considered by us act in the same dirediitmwn-
parison with the distancd and the capillary length in the wardsg, i.e., the gravity forces cannot be compensated by the
voltage rangdJ ,;<U<U,,. electric forces. The equilibrium shape of the surface of a
It was mentioned in Ref. 16 that the height of the humpdrop is stabilized by capillary forces. It follows from formula
formed on the surface fdd = U, may have a finite value in (1) that if gravity and electric forces stretch the surface of a
view of the finite value of the angle of wetting of guard ring charged drop, reconstruction would occur under the condi-
walls by the liquid. However, this initial height of the hump tion that the square of the voltage is negative and equal to
is small in comparison with the distanak i.e., with the U§1=—47-rpgd3 (for a positiveg). In other words, the shape
capillary length\ in our experiments because of a small of the liquid surface corresponds to the reconstructed state
wetting angle. Since liquid hydrogen was condensed in oueven forU=0. As the applied voltage is increased, the am-
experiments under the cut of the guard ring, the angle beplitude of the drop increases monotonically right up to volt-
tween the charged surface and the surface of the guard rirgges at which discharge occurs. This is in accord with the
was indeed close to zero. Unfortunately, the specific condiebtained experimental results.
tions of our experiments were not considered in Ref. 16 in  The experimental profile of a charged drop is compared
view of the complexity of the solution of the problem. with the chosen trial functiof®) in Fig. 7. It can be seen that
We shall now discuss the results obtained in our experithe chosen trial function with fitting parameteks=0.7 mm
ments with liquid hydrogen condensed on the upper plate oind an effective linear siz@= 1.7 mm provide a satisfactory
the diode. description of the experimental results.
We used the variational method to solve the problem  The theoretical dependen¢® is compared with the ex-
about the shape of a charged drop formed on the upper platgerimental results in Figs. 8 and 9. In fitting of formula to
of a diode under the action of the gravitational force and ahe experimental points, the volumé of the liquid is the
stretching electric field in the bulk of the liquid.This prob-  only variable parameter. The theoretical dependetigds
lem is equivalent to that of the equilibrium shape of theconstructed in Fig. 8 for a drop whose volume is equal to the
reconstructed surface of a charged liquid layer on the lowevalue estimated by integrating the profile, while the best
plate of the diode. The difference lies in the sign of theagreement is attained in Fig. 9 by reducing the volume of the
gravitational term in the expression for free energy and undedrop by 10% from the estimated value. Such a disparity in
the conditions of conservation of the volume of the liquid. Inthe values ofV is within the limits of the experimental ab-
this problem, we find a stable minimum free energy of a drogpsolute error in the estimation of the volume of the drop.
for a constant total volume of the liquid. The expression forHence it can be concluded that the theoretical dependence
free energy is derived by using the longwave approximatior(1) correctly describes the experimental results.
and expansion in powers @/d<1, whereA is the ampli- It follows from formula (1) that the amplitudeA of a
tude of the drop. For the trial function, we choose a certairdrop increases indefinitely as the applied voltddeap-
dimensionless bell-shaped functiéri(|r|/R) of the variable proaches the critical valubl;=40mad*V. For a liquid
x=|r|/R (R is the effective linear size of the drppwhich  hydrogen drop of volume&/,=30mn? and ford=3 mm,
describes the shape of the free surface of a drop and is nothis critical value is estimated &t;=2500V. This quantity
malized by the conditionf(0)=1, f(x)—0 for x>1. In  is about thrice as large as the experimentally observed value.
view of a good wetting of the metallic plate by liquid hydro- Such a discrepancy can be explained quite easily since an
gen, the wetting angle at the boundary of the drop is assumeddefinite increase of the amplitudeformally indicates that
to be equal to zero. a drop of finite volume must be detached as a whole from the
The dependence of the amplitude of the drop on theupper plate of the diode under critical voltage. Apparently,
applied voltage and the volumé of the liquid in the drop such a situation was realized in experiments with drops of
can be written in the form large volume. An increase in the voltage in small drops led
¢, V(pg+ U/amd?) to discharge_ of th_e charged surfa_ce before the critic_QI value
= > 7 (1) U5 was attained, i.e., the mechanism of loss of stability of a
a—CVU*/4md charged surface, which is different from that described in the

. . H 9 H H
Herec, , are parameters which than are determined only byheoretical model? was realized earlier. Hence the depen-

the form of the trial function. For a function of the form  dence(l) correctly describes our experimental results only
for voltages lower than the discharge voltage and, naturally,
_ Jo(X) = Jo(B1) lower thanU .

f(X)=————5~ for O0=x=<
)= 350 3B b
f(x)=0 for pBi<Xx (2) 5. CONCLUSION
[hereJy(x) is the Bessel functiond, is the first zero of the The following conclusions can be drawn from the data

first-order Bessel function];(8;)=0], the parameters;,  obtained in experiments with the charged surface of a hydro-
appearing in formula(l) have the following valuesc;  gen layer condensed on the lower plate of a horizontal diode.
=0.0755,¢,=0.106. The choice of the forrt2) of the trial The steady-state reconstruction of a flat equipotentially
function f(x) is justified in Ref. 19. charged surface of the layer of an insulating liquid with a

Unlike the case of a flat liquid layer on the lower plate of complete compensation of the applied electric field by
the diode, the force of gravity and the electric forces in thecharges is possible under the condition of conservation of
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total volume of the liquid. In a finite-sized cell, the transition 17 and 18. Theoretical investigations of this phenomenon
of the charged flat surface of a liquid of constant volume toare of considerable interest.

the reconstructed state for=U_; is a phase transition close ) )
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The flow of quasiparticle gas under the action of gradients of thermodynamic quantities in a
volume filled with a powdeKcrocus is considered. The exact solution of the kinetic equation is
obtained in terms of the matrix elements of the collision integral for quasiparticles and

partial cross sections of quasiparticles scattering by crocus. The condition describing a steady
nonequilibrium state of the quasiparticle gas in a volume filled with a porous material is
determined. The obtained results are valid for arbitrary relations between the frequencies of
collisions of quasiparticles with one another and with powder particles. The Knudsen

effect in a degenerate quantum gas is studied, and the transition from the Knudsen to
hydrodynamic flow of quasiparticle gas is analyzed. The steady nonequilibrium state of the
impuriton gas in theéHe—*He superfluid mixture is investigated in a confined geometry.

© 1999 American Institute of Physids$1063-777X9900304-1

INTRODUCTION the frequencies of collisions of gas particles with one another
and with the walls of the vessel containing the gas are com-
An analysis of gas transport in a porous medium undeparable.
the action of gradients of thermodynamic quantities is one of  In this paper, we propose an approach that fills this gap.
the classical problems in kinetic thedryVarious conditions The problem of steady-state flow of a quasiparticle gas
of gas flow through thin pipes and porous materials werehrough a porous medium under the action of gradients of
investigated long ago in pioneering works by Graham, thermodynamic quantities is solved by us exactly by using a
Loschmidt}°> and Maxwel? appearing in the middle of the strictly kinetic approach. The method developed here makes
last century. It was found that the decrease in the mean freie possible to avoid traditional simulation of the collision
path of particles colliding mainly with the walls of the vessel integral, which ensures the generality of the results.
containing the gas changes the conventional pattern of diffu- All the results obtained by us are applicable to any
sion of the same gas in an unbounded medium. Laterquantum or classicalgas of particles and were used by us
Grahan established the main regularities of a free molecularfor analyzing the steady nonequilibrium state of a specific
gas flow known as effusion. The theoretical substantiation ophysical system, viz3He—*He superfluid mixture.
Graham'’s law of diffusion was continued by Maxwell who
was the first to propose the model of “dust-laden” gas in
1860° The esseflcepof this semi-empirical model isgthat aSOLUTION OF KINETIC EQUATION
porous medium is regarded as a component of a gas mixture In order to describe the steady nonequilibrium state of an
consisting of heavy immobile particles. Maxwell himself did impuriton gas ir"He—*He superfluid mixture in the absence
not obtain final results on the basis of his model and onlyof thermal excitations, we use the linearized kinetic equation
described it in his work devoted to the theory of transport of
molecular characteristics in gases. The “dust-laden” gas V_OZ(T+ D)g, )
model was forgotten for a long time and independently pro-
posed again by Deryagin and Bakaftdin the 1950’s. This  wherev is the velocity of an impuritonf, a locally equilib-
model was used by the authors for studying the conditions ofium distribution function,f,g=f—f, a small correction to
gas flow close to a free molecular flow. The study of a ranget, which is proportional to gradients of thermodynamic

of problems associated with the transport of particles througlauantities responsible for the lack of equilibrium, dndnd
various ty_p_es of membrane;lled to a furtheé%re\éolutlon Ofl: the impurity—impurity collision operator; the prime de-
seml-empmcal models' exploiting the same id é . ..., hotes differentiation with respect to the argument.

In spite .Of a conydgrable progress made in this field, The procedure for solving Ed1) involves the separa-
some questions poged n exper.|ments ha\{e not been Suﬁén of the zeroth eigenspace of the collision operator and its
jected to an appropriate theoretical analysis. For exampleSubsequent inversioti:17 For this purpose, we consider the

only “’_VO limiting regimes of gas flow in a confined 9€0M- ilbert space of the momentum function to be added with
etry, viz., the free-moleculafKnudsen and hydrodynamic }he scalar product

flows, are analyzed almost independently in all theoretica
publications known to u¥**® Such an idealization does not e
reflect correctly the experimental situation observed when (h(plg(p))= | fohg*dr, 2

1063-777X/99/25(4)/9/$15.00 250 © 1999 American Institute of Physics
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introduced into it, wheraI" is the volume element of the powder collision operator acts only on the polar and azi-
momentum phase momentum space artde impuriton mo-  muthal components of the arbitrary function of momentum.
mentum. We also introduce the operafy projecting vec- For the inversion of the total collision operatiot L, it
tors of the Hilbert space onto the kernel of the collision op-is expedient to introduce the orthonormal system of vector
erator. The basis of the latter operator is formed by linearlyfunctions of the Hilbert space, i.e.,

independent vectors, i.e., elements of the eigen subspace of _
h Pl - i [Prnim) =1 ™ (B)Yim(6,9)), )

e operatott +L corresponding to zero eigenvalue.

For the one-to-one inversion of collision operator, wewhereY,,(6,9) are spherical functiod® and ¢{"™(p) the
must project all the vectors appearing in E@) onto the  corresponding radial functions which can be conveniently
subspace orthogonal to the kernel. For this purpose, we usepresented in the form of polynomials containing powers of
the projection operatoP,, defined asP,=E—P., whereE  the dimensionless momentuf=p/2m*T according to
is the identity operator. As a result, we obtain the solution ofthe definition
the kinetic equatiorfl) in operator form: o
e M(B) =3, B k. ®

ar )’ ®)

PP ) 1
g=[P(I+L)P,] 1Pn<v—
The coefficientsc;™ are defined uniquely from the or-
A stationary situation takes place in the system under investhonormalization relation
tigation in the absence of a flow of the impuriton gas in the - o
direction of gradients. In our notation, this condition can be  (¥niml %ijk) = 5h3] o5 9

written in the form It should be noted that the functidfiy,), defined in accor-

(v,]9)=0, (4) dance with formulag7)—(9), has the form

the subscriptz denoting here and below the projection of P, (10

vectors on the direction of gradients. o0 = ———
Using formula(3) and assuming that the gradients of (plp2)
thermodynamic quantities are directed along thexis, we  and is the normalized value of ttr|ecomponent of momen-

can write condition(4) in the form tum, which is conserved in impurity—impurity collisions. In
order to take into account the laws of conservation of the
2 Fap E@ |[,5 (TJFE)'“D ]—1|5 v,) number of impuritons and energy in the collisions of impu-
F_gpn V20 n nee ritons with one another and with powder particles, it is con-
vT o e venient to choose the following orthonormal basis in the Hil-
+ - <Uz [P,(+0)P,]1" 1P, TUZ> bert space introduced above:

|¢n|m>: |Tﬂnlm>[1_ 52"15?(53;4_ 5%)]"' 5r1;5215|0[a|7ﬂ10(1>
+ Blr200] + 830m0L Bl 200 — el 1001, (1D)

P2 <vz|[ﬁ>n<f+t>ﬁ>n]1ﬁ>n|uz>]=o, ©)

-3
Foun

wheren is the number of impuritons per unit volumgthe  where
temperature of the mixturg;=¢,+ 5 the Hamiltonian of

(0,02
impuritons,s 3= p?/(2m*), o (¢1”[P%) _
(4m(B°[p*) — (1" 7IB9)H) M
) > ’ Xdx 172
Pl )= 722 fo 1+ expx—pa/T) ® _(4m(PP%) (00 B2 (£1"7[P%)?

=2|R2\ _ (0,0|=2\2 '

is the Fermi function, angks the chemical potential of an 4m(BoP%) = erIP)
impuriton in the mixture. and

Equation(5) is the relation between gradients of concen-
tration and temperature, which ensures the steady state of the |¢E)O'O>>: N 1) ;
impuriton gas. In order to analyze this relation, we must V(1|1)
calculate the corresponding moments of the operiaip(1 _ _
+L)P,]17 %, inverse to the collision operator. These moments |‘p<10,0>>: NP [P)(L[1)—[1)(1[P
are determined in turn by the type of interaction. The analy- V(L 1)A(BP)y —(1/p)%(11)

sis of reIauon(_S) 'S simplified consmjerably. 'f_ we use the ;e radial functions constructed in accordance with the defi
Lorentz approximation for the operatbrdescribing the scat- pition (8) and the normalization conditio(®). The laws of

tering of “light” impuritons by “heavy partlc!‘e_s Oi the  conservation of the number of particles, energy, and the
powder. It is well known that the particles of a “light” gas  z.component of the impuriton momentum in collisions men-

diffusing in a “heavy” gas change only the direction of their {joned above can be expressed by the equalities
motion as a result of collisions so that their energy remains

unchanged. Consequently, the corresponding impurity—  (1+L)| ¢ =(1+L)|¢100=1| 010 =0. (12)
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Besides, the linear subspace of the functi§hg,oo)tn-o 190) = C1| %000 + C2l 000 (19
corresponding to the zeroth harmoni€gy(6,9) forms the

basis of the kernel of the Lorentz collision operatoso that whereC, andC, are arbitrary constants.

In order to find a solution of the nonhomogeneous equa-
Loy =0; Nn=0,1,2,3,... . (13  tion (16), it is convenient to write the latter equation in the

form
Using the orthonormal basid 1) introduced above, we

can present the result of action of the collision operator on [ 47 v
—i|l—=| vVslYip

the nonequilibrium correctioty) in the form 3
N1 _ (1,m) (1, m) ~ < © - )
(fo) Y(1+0)|g)= ngm o™ (0, 9) oy ™ (P) ) ¥niml 9) Z Yio) Z E:o kZO {1 rmio)[ 1~ 8285,
A _ 1 _ s _ 0 _ k k
+§m ”Ek | nim)Wniml | i) Pij| ) +0m)— Sdm] — O(m—j +1)(1 (1 50Ol vieol (1
(14) — Sk e 1+ 8ok e 21K dimiol 9). (20
whereN is the number of powder particles per unit volume,Where the following notation has been introduced:
. . 9(x) = 1, if x=0
Ugl,m):f dt}’f [Y\m(cosh,¥) — Y n(cosa cosh )= 0, if x<0O
- 0
+sinasinfcog9—9'),9")]W(p,a)sina da |¢”> 2 c 10>|¢,m0>[1_ 5|0(§g+ 5r1]+ 5§)_ 5}52]
(15
(0,0 _ 0,0 1 (0,0
is partial transport scattering cross section of the Lorentz +5052[50('BC 0‘020 )+ dj(Bey
collision operatorl, and W(p,a)sina da the differential —ac%?)— 5-2aC O 00 - (22)

scattering cross section.
Since only one preferred direction for gradients exists |n|t should be noted that while transforming Eq6) to the

the system under investigation, the nonequilibrium correcform (20), we took into account the properties of the kernel
tion |g) cannot be a function of the polar angle. In this caseof the operatot which are expressed by equalities similar to
formulas(14)—(15) can be simplified, and the kinetic equa- (12
tion (1) is transformed to (4000 =T #1000 = | V010 =0 22)

Valv)=—P> vinl Unio)¥niol9) Since the system of spherical functiofi¥ o)}~ is ortho-

! normal, and the set of monomial vectéfp")},_, is linearly

R independent, equalit{20) is satisfied only when all the co-

+2 2 [t Wl T ¥iko)(Wikol9).  (16)  efficients of the products of the tyfi@|Y,o) on its right- and
oK left-hand sides are identical. Such a condition can be written
where in the form of a nonhomogeneous system of linear equations

- in the moments(#10/9)} =0
V'Kn=N(W> 277f [1-P,(cosa)]W(p,a)sina da, ©
° (17) m§=:0 k§=:O {<¢jl|i|¢mk0>[l_5(k)(5g1+ Sm) = Skdm]— 6(m

V3=(0/9dz)(H3;— u3/T) and P,(cosa) is a Legendre poly-

i Oy Kk k 0 o1 o1y ~(k,0)
nomial of thelth order. i+ 51)(1 5'0)5"’“[(1 5m5k5j)cmifl

In the case when powder particles can be regarded as + 69,8, 57 S TH Yimiol 9)
rigid spheres of radiug, and partial frequencied7) of the
impurity—powder collisions are given in the form _i (477 E 2[51 ( ) 53_} 23)
| a2 112 "3 m
Vkn=N—— m*) f [1—Pi(cosa)]sina da. (18) |t should be noted that this system holds for any values of the

moments{ #o0dd).{ ¥1049), Which is a natural consequence
The general solution of E¢16) can be written as the of relations(12) expressing the laws of conservation of the
sum of the general solution of the corresponding homogenumber of particles and energy in collisions of impuritons
neous equation and a particular solution of the nonhomogewith one another and with powder particles. The quantities
neous equatioll6). {¥0od9) and{10dg) are the coefficients of the expansion of
The general solution of the homogeneous equation corthe general solution of the kinetic equation in the basis of the
responding to Eq(16) forms a subspace which is a linear kernel of the collision operatdi ¥oo0) | 100} -
envelope of the vectors forming the kernel of the collision Thus, system(23) has a general solution that can be
operatori +L: given in the form of a direct sum of the subspace in the
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form of a linear envelope of the basis of the ker(i3) and 47 2T 3 VT
the vector solution of syster23) from which the moments (dn)nL= ( 3 W) Z[ﬁwlv =]+ 5,’}”37}. (28)
(ood9) and (1pdg) are eliminated. Such a solution is
unique by virtue of the Kronecker—Capelli theorem. Indeed,The result(26) can be conveniently presented in a more
in view of the same conservation laws, the set of functiongompact form:
{| #0020 (21) is linearly dependent, which leads to depen-
dence of equations of the systef@3) corresponding to |g™)=|wooo){ ¥o0dd™) +| #1090 ¥10d9™) — >
I=0. It can easily be verified with the help of elementary detA
transformations of the rows of the extended matrix of thewhere deB is the determinant of an infinite-dimensional ma-
system that any two equations from the above set can bgix whose elements in the first row starting from the second
obtained from the remaining equations. Thus, not only twoone coincide with the functionls),, ;o) appearing in the third
unknowns (0dg) and(¥100g)), but also two equations term of the sum(26) and ordered so that the indexin-
are eliminated from the system: the ranks of the coefficientreases with a fixed value of the indgxhe latter increasing
matrix and of the extended matri®3) coincide, which isthe from zero to infinity. The elements of the first column are
compatibility condition for the system. defined as

After eliminating the above-mentioned equations, it is 112
most convenient to solve the systd@B) with a nondegen- b |—|<47T 21-)
erate coefficient matrix by using Cramer’s method. The prin- 3 m

cipal determinant of the system can be written in the form yhjle the remaining element left after the elimination of the

(29

w+2V<&

VT
+ 5? + 47} , (30)

detA+ lim  lim detAy, , (24) first row and firs_t col_umn of the matriB form a matrix
Noo Lo identical to matrixA (i.e., the matrixAy, for N—« and
) . L— o).
where Ay =(an)nL IS @ square matrix of ordek x (N In the limiting cases when the entire gas kinetics is de-
—2). The common matrix element is defined as termined in fact by only one type of collisions, formu[29)

1 must be refined. For example, if we can neglect the contri-
= (DilT im0} 1= S8yt o) — Sin] bution of impurity—powder collisionghydrodynamic limij,
—6(M—j+1)(1= ) (1- &) v (1 vi;="0, and the solution of kinetic equatighe) is defined to

I e within a linear combination of invariants of the collision op-
- 505k5 )Cnj 1*’50 5k52Cm1 2], (25 eratori including |#o10- For this reason, the coefficient of

| 010 In expansion(26) remains indeterminate, which cor-
responds to degeneracy of tNéh column of the matriAy
(25). Formally, only the cofactor to the eleméuity, ) of the

where the indices, f andm, |, j, andk are connected through
the relations

) n+2 . first row changes in solutiof26), which should now be writ-
n=j-1+(N+Dl; I=\g77|0 1=n+1-(N+1) ten in the general form(yg,dg).

In the opposite limiting case, when impurity—impurity
n+t2| I<L: 28%<i<N collisions are absert.orentz approximatiop theNth row in
N1 "o e P=I= the matrixAy, degenerates, i.e., the condition of the equality

of the terms in Eq(23) corresponding to the harmoni¥ )
f=m—1+(N+1k; k= f+_2 and free ofp becomes an identity. The solution of the system
' N+1]| (23) by Cramer’'s method leads in this approximation to the
trivial result:
m=f+1— (N+1) O<ks<L; 26 4 2T\Y2 1
N+1) |9>__'( 3 m*) L ValY1o- (3D

and the brackets denote the integral part of the number. ' _
Using the determinan(24), we can write the genera| It should also be noted that reSLﬁRQ) combined with the
solution of systen(23) in the form general formula(5) derived above allows us to obtain ex-
plicit expressions for average values of the operafey(i
H _ ~ ~
|g") = Ca| 000 + Cal 100 +L)P,]~* inverse to the collision operator. In particular, we

S ol Yoy A 1— 80( 80+ 51)] can obtain the following expressions for the moments ap-
nOIO nlo (26) . in f 1a5):
detA pearing in formula5):
, 4 2T\ Y2A LY
whereC; andC, are arbitrary constants, and (W | (ByT+ 0Py P, v = ( 5 ) oA (32)
AMD=lim  lim detA"” (27)
Neooo Losoo R . A . 83 ) 477_ 2T l/ZA(ZO,l)
. . . \Vz {Pn(I‘H—)Pn}_an TY2 =1 3 m*] detA’
are the determinants of the matrices obtained from the matri m € (39

AnL by replacing itsn— 1+ (N+1)Ith column by the col-
umn of free termsd,,) . With the common element where
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AP0 m dm A2 @ (ol do)=— v (1 B8+ 3D 5. (39
©09_ ¢ ) 0 The matrix of the coefficient of syste(@3) is also simplified
A= lim lim (Agy™ )N (39 significantly after the substitution of formuk89) into the

N—ow L—oow

definition of the matrix elemen®5):
are cofactors of nonzero elements of the column containing 10/ 51 2
free terms of the determinant(®?, sdv{om—j)eni’ (1= dom—on}

' Adding the general solution of the homogeneous equa- +5052[50 (Bc}20 — acR0) + 51(,80 (00 _ 4,c(00)
tion (19) to the solution of the nonhomogeneous equation
(29), we obtain the general solution of the initial kinetic —as’eRO1) + v, 0(m—j+1)(1-5)(1- &)

equation(1) in terms of the matrix elements of the impurity—

— 11 (kO) 1 62.(k,0
impurity collision operator and Lorentzian partial collision x[(1 ‘Sron‘sk‘s )Cm 1+50‘5 6} Crmj- 21h (40

frequenciesyy, (18): where the same system of notation as in form@B is used.
detB It can be seen from formulglQ) that matrixAy, is now of

|9) = C4| 000 + Col 100 — m>, (36)  the block-diagonal form. Its nonzero elements form square
block submatrices of dimensidw—1 for =0 andN+ 1 for

whereC,; andC, are arbitrary constants. I #0, which are arranged along the principal diagonal of

The obtained solution of kinetic problem is exact and inAy, . This corresponds to the splitting of systé&8) into
combination with conditior(4) allows us to analyze the re- independent subsystems each of which corresponds to its
lation between the gradientS) ensuring the steady state of a own value of the index. All the subsystems except the only
guasiparticle gas with an arbitrary type of interaction. one corresponding to the value b1 are homogeneous

A comparison of formulagl0), (11), (26), (29), and(36) systems of linear equations with a nondegenerate matrix of
leads to the following expression for the average velocity ofcoefficients, and hence have only the trivial solution
impuritons in the direction o(‘)VlT. (Umolg)=0  for k1. (41)

V= (v2l9) = Hvzlog) A ). (37) A nontrivial solution exists only for a nonhomogeneous

n n  detA system of equations with a nondegenerate matrix of coeffi-

It can be seen that the average velodidy) coincides(to  cients, corresponding tio= 1. Using elementary transforma-
within a factor that does not vanish anywhevéth the co-  tions, we can simplify the latter system and write it in the
factor of the elementiq,p of the determinant dd [cf. form

(26)]. Consequently, the steady-state conditidhn can be ®
expressed by the equality Z aﬁ?(l/fudg): b<nol>’ (42)
AOY=p, (38)
: . where
The obtained relation can be analyzed to any degree of ac-
curacy by calculating the corresponding matrix elements of  a'%=6*(—1)""*cogy?> "+ 0(N—f )Ct_1 n_1. (43

the collision operator.

n+1 1/2
dE]Ol) L(A'W ZI 2-n 0(n—2)V<&)
v 3 m T
MODEL REPRESENTATION OF IMPURITY=IMPURITY VT
COLLISION OPERATOR AND FURTHER ANALYSIS OF A +v26(n—4) 7} (44
STEADY NONEQUILIBRIUM STATE OF IMPURITON
GAS andy=v/vy,; the indiced =1 andm=0 of the coefficients

c{'™ and frequency, are omitted for convenience.

The exact solution of the kinetic equati@@6) allows us The general solution of the syste#2) can be written in

to construct various approximations taking into account Celita form similar to the third term in formulése):
tain properties of the collision operator, which are typical of
the given physical system. For example, in an analysis of the detB(@
steady-state conditiofd), we can confine ourselves to the lg")= Z |m10{¥n10 Q") =— detA(°)>’ (45)
simplest model representation of the impurity—impurity col- n=o
lision operator, assuming that its spectrum consists of onlyvhere deA© is the determinant of matrig3), and deB®
two e|genva|ues)xl_o with the kernel of the true operatbr is the determinant of the matri2(®) whose elements in the
belonging to it anch,= — v with the subspace of eigenvec- first row starting from the second are the functiggs,o)
tors orthogona| to the kernel be|ong|ng to it. Such an ap.arranged in |aneaS|ng order of indaxThe elements of the
proach makes it possible to simplify considerably the expresﬁrSt column are defined by the equality
sion for matrix elements of the impurity-impurity collision 1

. =(1-6 )d(n D1 (46)
operator, whose action on any vector that does not belong to
the kernel is now reduced to the multiplication by the colli- while the remaining elements left after the removal of the
sion frequency- v: first row and the first column from the matr&® form a
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matrix identical toA(®). Applying elementary transforma- whereC, andC, are arbitrary quantities independent of mo-
tions to the rows of determinant d&f), we can transform it mentum.
to an identical determinant whose first row has only two  Expression(37) for the average velocity of the impuriton

nonzero elements: gas can also be simplified considerably:
Vilv,) | 010 Vs
b{%)=— &t —+ —= 4 —
1n ny+ VD n1+ y 1p ( 7) Ve <Uz|Uz> ‘ﬂOl ,y+p ¢01O (53)
the elements of other rows remaining unchanged. NVkn U‘ P y '
Paying attention to the fact that the cofactor of the first 010 5+ p| 7010

element of the row47) is the determinant d&®, while the
cofactor of the second element is the quanfiiy,dg) [cf.
(45)], and expanding d&© in the first row, we obtain from

The solution(52) allows us to analyze various kinetic
properties of the impuriton gas fHe—*He superfluid mix-
ture in the given physical situation, for example, to analyze

(49 the steady-state conditio@®) and (38). The latter can be
) Vilvy) o010 ¥0ida’) reduced with the help of the procedure described above to
l9") =~ — 1ty B (48)  the relation
It should be noted that the resui#t8) obtained consecu- ﬂ V2P, dC=0 (54)
tively from the general solutio(B86) corresponds to the BGK 0z v+ vgap ’
?epprgnl_xmatloﬁ with the artificially introduced collision in In the hydrodynamic limit, when the contribution of
grak impurity—powder collisions can be neglected, relat{64) is
- ~ |p){P,l transformed into the conventional gas-kinetic condition of
leck=—(v+vinP) +v (pdps) (49 mechanical equilibrium in the system: the pressure of the

) o impuriton gas must be constant in the entire volume of the
This approximation can hence be regarded as a consgixture. In the oppositéKnudsen limit, when the contribu-
quence of the above-described assumption concerning th@, of mutual collisions of impuritons is insignificant, and
degeneracy of the spectrum of impurity—impurity collision ihe entire kinetics is determined by impurity—powder colli-
integral to two eigenvalues 0 and. sions, relation(54) in the classical temperature range ac-

In accordance with the structure of the general solutioryyjres the form of the well-known Knudsen condition:
of the kinetic equatior{36), solution(48) should be supple-

mented with vectors from the linear envelope of the basis of nyT=const. (55
the kernel of the collision operator-L (19): In the classical temperature range>Tg, expression
| Wo10{ o1 Q) (53) for the average velocity of impuritons becomes
= + +
|9) = #0002 ¥o0d 9) + | 100 ¥10d ) 1ty 5 T " )Vn - )VT 56
= — —_— W -,
Vilvy) o Vgnm* Y L
- —. 5
v+ vknP 0 where
Forming a scalar product of this equality and the vector = y32g7Y
(o1d and expressingisidg) from the obtained equation, f dy
we get _ oyt Vy
h(y)=————— (57)
Vs j ye dy
Yo P i 0 y+iy
(Youd@)— — = : (51)
Kn p 0 y5/2e_y
010 —=| ¥o10 d
y+p y
0 y+ \/§ 3
This expression is also the cofactor of the second element of W(7)= TrevZey | 2 h(y). (58)
the first row of the determinant dBf”) and can be obtained f y dy
independently by calculating the corresponding determinant. 0 y+ \/y

It allows us to derive an explicit expression for the nonequi-

o . . . o Relation(54), which is the requirement of vanishing of
librium correction|g) in the given approximation:

the average velocitys56) of impuritons, can be conveniently
[v,) expressed in the form of the condition of the coordinate in-
dependence of a certain dimensionless function of concentra-

|9) =C1l %000 + Cal 100 —

v+ vgnp
knP tion and temperature. For this purpose, we must integrate the

Vs differential factor in formula(56). The results of such an

Pz 1+y 1P Pz integration is determined by the specific form of the depen-
x| Vst —T= ) (52) dence of the quantityy on concentration and temperature.

Y P : kTl —1/2 ;

P21 ~T5 o For example, assuming that~n“T'~ % we obtain
Y
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T 2k X+/T under the Knudsen conditions is virtually constant at all
R h(y) = 5=y W(») |V(In¥), (59 points of the mixture, the parametery(xkT'~1?)
= y((x\T) T kDX 5 actually a function of temperature,
where which increases for [2- 1>k, decreases forl2- 1<k, and
y (1) constant at P—1=Kk. Owing to the sign reversal mentioned
\szexp{f — } (60) above, the factors in the parentheses in form@&3 and

(63) are always increasing functions of the coordinatén
@ (y)=2w(y)/[ (21 =1)h(y)—2kw(y)] andx=n/n,yis the  order to compensate their increase, the fagtf must con-
ratio of the number of impuritons per unit volume to the versely decrease slowly, thus ensuring the constancy of the
number of particles per unit volume of pure helium atentire product on the whole. Thus, a natural situation arises

T=0. in the mixture when the temperature gradient is compensated
Relation (51) describing the steady state of impuriton by a small(in view of the smallness of the quantity op-
gas accordingly acquires the form positely directed gradient of the Knudsen parameter

VI—0 61) [V(xk\/f)]/(x\/f)~— w(VT/T). In the special case
' y~x*TK2 the latter relation should be written in the form

If impurity—powder collisions dominate over mutual Vy/y?~—VT/T, which explains the emergence of the loga-
collisions of impuritons, the Knudsen limit is realized in the rithmic term ~InT in the exact expansiof63). Thus, the
system under investigation, so that the functibn60) dif- factor in the parentheses in formu2) containingy varies
fers fromx+/T only to the extent determined by the smallnessaccording to the power law, while the similar factor in for-
of the ratioy=v/vy,,. mula (63) increases in proportion to R Such a singularity

Since the values of concentration and temperature arkeads to coordinate dependences of the Knudsen parameter
connected through the condition close to the Knudsen corx\T which differ slightly in power for 2— 1=k [see(63)]
dition, the impurity—impurity collision frequency~x*T™is  and 2—1#k (see(62). This difference is the more pro-
different at different points of the mixture. This leads to announced, the larger the deviation of the value 6f&X—1
additional coordinate dependence of the average velocity dfom zero. The above circumstance can be used for experi-
impuritons and is manifested, in turn, in the steady-state conmental determination of the true dependence of the
dition (61). Thus, it can be stated that the correspondingmpurity—impurity collision frequency on the impuriton den-
correction to the purely Knudsen expression for the functiorsity and temperature. It is well knowhthat the experimen-
W (V= (xyT)Z/2=K]y is determined by the form of the tally observed dependencegn,T) can be correctly de-
dependence of the impurity—impurity collision frequency onscribed by the empirical law~nT', where the quantity
concentration and temperature. The only exception is thean assume the values 1 or 1/2 depending on the temperature
case whernv~xT, when the value ofy is virtually the same range under investigation. The former case Wwithl exactly
at all points of the mixture, and the average velocity of im-corresponds to the dependengex\T) specified above and

puritons is virtually independent of coordinates. can be determined from the characteristic logarithmic tem-
In order to analyze quantitatively the deviation of the perature dependence of the value of correction
steady-state conditio61) from the well-known Knudsen Formulas(62) and(63) can form the basis for processing
relation, it is sufficient to use the expansion of the functionthe results of experiments for studying the steady nonequi-
V¥ in the small parametey. As a result, equatiori6l) is librium state of*He—*He superfluid mixture filling a porous
transformed to medium? The traditional setup normally used for measuring
osmotic pressure is made in the form of two vessels filled
V(xﬁ 1+ 7’—‘/;+ =0. (62) with a superfluid mixture and connected through a supergap
2(21-k-1) containing a porous material. The containers are maintained

It should be noted that formulés2) is valid only under a_t constant but differenF temper.a.tures S0 that unbalanced gra-
the condition y/(2I —k—1)<1 which is violated in the dients of thermodynamic quantities leading to the flow of the
mixture through the supergap emerge in the system. For ex-
ample, the conditions under which the chemical potential of
“He in the mixture is constant at all its poinfgi,(2)
=consi set in rapidly(during a few seconddor the super-

above-mentioned case=(k+1)/2, when the dependence
y(nyT) takes place. Then the expansion of the functibn
(60) and its substitution into relatiof®2) leads to the condi-

tion
fluid component of the mixture that does not encounter any
4 nJm resistance. At this stage, in the absence of thermal excita-
V| xJT| 1+y \/—;In y———Inx| | |=0. (63)  tions, the values of pressure in the containers differ exactly

by the value of the osmotic pressure of impuritons placed
Formulas(62) and (63) describe a steady state of the initially in one of the container& This difference in pres-
impuriton gas in the limity<1 and can be regarded as the sures is just the object of investigation in experiméfits.
conventional Knudsen condition taking into account theHowever, the regime withw,=const that sets in almost im-
small correction describing the contribution of impurity— mediately is not stationary. The slow impuriton flow induced
impurity collisions. The sign of the correction is positive for by unbalanced gradients of temperature and concentration
2l —1>k and negative for —1=<Kk. This difference can be continues in the system. The actual steady state sets in only
explained as follows. In view of the fact that the value of when the concentration gradient balances the temperature
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gradient so that the total diffusion flow of impuritons is equal G
to zero. According to estimates based on the analysis of ex- 1.0}
periments described by Ebner and Edwattsiich a regime
may require several hours to set in. It should be noted that ¢ g}
this time can be changed by varying the experimental condi-
tions. Thus, an increase in the expectation time in experi- g}
ments similar to those described in Ref. 20 could be used to
analyze the Knudsen mechanism of stabilization of a steady 0.7
flow in the system under investigation. )
In the hydrodynamic limit, when impurity—impurity col-
lisions prevail over impurity—powder collisions, mechanical
equilibrium in the system is attained by levelling out the
pressure in the mixture. The inclusion of the small contribu- 051
tion of impurity—impurity collisions to the stabilization of a 0 1'0 2'0 3'0 4l0 Y
steady flow in this approximation can be taken into account
with the help of the expansion of the functidn (60) in the FIG. 1. Dependence of the ratio of the temperature and concentration gra-
small parametety ! and the substitution of the result into %1€"s on the parametarin the steady state.
the steady-state conditidié1). This gives

0.6

1
1+ +...
3yym 20—k -1

This formula is similar in structure to the resu2)
obtained from an analysis of the Knudsen condition. Its ap
plicability is limited by the inequality 2 */[2(1—k)—1]
<1. The role of special case in this case is played by the
dependencey” }(xT) defined by the equality —1/2=Kk.
Since the osmotic pressure of impuritons in the hydrody-

F - - . . . . .
namic approximation is virtually constant at each point of theWhereV Is a constant coinciding in order of magnitude with

mixture, the quantityy™* in this case is in fact independent the collision frequency and having the same dimension and

_A-1T2 : : - -
of coordinates also. Without repeating here the arguments |TF)=A""T¢/ve is the dimensionless function of the

concerning a comparison of formuléa2) and (63), we give Fermi temperature, reflecting the dependencev an the

here the result corresponding to the limjt 1<1 for concentra_tiorj of impurito_ns. . .
P 9 it Substituting expressio(68) into relation(54) and con-

V| xT

TZ
—0. (64) V=A_1T2( 1— B?) : (67)
F

where A and B are the coefficients determined by the con-
centration of impuritons. It is convenient for further analysis
to present expressiai®7) in the form
2
v=20"—1(Tf)
Tk

T2
1-B T_E) , (69)

[ —1/2=k:
fining the analysis to terms of the order ofT%/T2, we can
Ak 15m— 32 write the condition ensuring the steady state of the impuriton
VI xT| 1+ —=9y tInx————=—vy Iny *+...] | =0. gasin the form
( 3m Y P Y Y 2
(65) Te ™ _,
\% texd — yeu(t)]dt+ ET exd — yeu(Te)]| =0,
0
For a more detailed analysis of the steady-state condition (69)
(61) in the intermediate region with arbitrary valuesyfwe
write it in the form where YE= VF/ VEn , VEn: NO'(l’O)\ ZTF /m* s U(t)
=12/7% [ (y)/ydy.
vn VT In the Knudsen limityg<1, relation(69) can be conve-
- T6(») =0, (66)  niently expressed in the form of the condition of constancy

of the function of temperature and pressure of the impuriton
where G(y)=w(y)/h(y) is a monotonically increasing 9as at all points of the mixture:

function assuming the vaI_ue.1/.2 in the Knudsen limit0 15 1f(yTe) 572 T2

and 1 in the hydrodynamic limiy— . The results of nu- Pel 1—- —2ny (1-y?)dy— 22 72

merical analysis of the behavior of the functi@(y) for 7 o Y F
intermediate values of are shown in Fig. 1. It can be seen 12 1f(yTE)

that the functiorG(y) attains the value corresponding to the X| 1+ 7 fo y dy) = const, (70)

hydrodynamic approximation at an exponentially high rate.
Thus, if the impurity—impurity collision frequency is higher where PF=(2/5)nTF(1+(5772/12)(T2/T§) is the pressure
than the impurity—powder collision frequency only by a fac- of impuriton gas af <Tg. It can be seen from formul@0)
tor of several units, a hydrodynamic situation is virtually that the condition of mechanical equilibrium of the gas,
realized in the impuriton gas. which is valid in an infinite mediumR = const) is inappli-

In the degeneracy regioh<Tg, the impurity—impurity  cable when the main contribution to its stabilization comes
collision frequency can be expressed through the refstion from impurity—powder collisions. As in the case of the clas-
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sical Knudsen effect, the pressure gradient emerging in thigons between the frequenciesand vy, of collisions of qua-
case has the same direction as the temperature gradient. sjparticles with one another and with powder particles. The
Concluding the section, we note that the Knudsen effecsteady-state conditiofb4) was studied in detail in the hy-
in a degenerate quantum gas is a unique physical phenordrodynamic v> vy, (64) and (65 and in the Knudsen
enon that has not been investigated experimentally. The imp< ., (62), (63) limiting cases. For the intermediate region
puriton gas ir'He—*He superfluid mixture is in fact the only 5~ vk, the steady-state conditiof66) was analyzed nu-
known physical system in which this effect can be realized inmerically. A continuous transition from the Knudsen to the
pure form. The theoretical results discussed here can be usegdrodynamic quasiparticle gas flow was studied, and the

for analyzing the results of experiment on the steady nonKnudsen effect70) in a degenerate quantum gas was inves-
equilibrium state of impuriton gas at low temperatures pro+tigated.

posed earlier. The obtained results are applicable for analyzing the
steady nonequilibrium state of the impuriton gastte—*He
CONCLUSION superfluid mixture in a confined geometry. Two stages of

We have solved the problem on the flow of a quasiparStabilization of such a state were discovered and studied.

ticle gas under the action of gradients of thermodynamid=XPeriments were proposed for determining the temperature
quantities in a volume filled with a powder. The exact solu-and concentration dependence of the impurity—impurity col-
tion (36) obtained for the kinetic equatid) is expressed in lision frequency.

termg Of, lthe ”.m.atnx elementsd ?]f the. Iquasmarﬂclg— This research was partly supported by EPSRS Grant No.

quasiparticle collision operator and the partial cross sectiong o n1/22543 and ISEP Grant No. QSU082002.

of scattering of quasiparticles at powder particles. The ob-

tained solution makes it possible to analyze the transport of

quasiparticle gas through a porous medium without resortingE-mail: alex@viola.kharkov.ua

to model representations concerning the form of interaction_________

between quasiparticles. The exact soluti@6) is used for 1| p. |andau and L. P. PitaevskRhysical Kineticgin Russiaf, Nauka,

obtaining the expressia37) for the average rate of filtration ~ Moscow(1979.

of the quasiparticle gas through the porous medium. We ob?A. V. Lﬁykov, |;I'ransportV\Izhen:;mena in Capillary-Porous Materidia
- . . Russian, Nauka, Moscow(1954).

tained the copdmodﬂf), (5), .a.nd_(38) describing the s.tead.y 3T, Graham, Quart, J. Sc2. 74 (1829,

thermodynamically nonequilibrium state of a quasiparticle 43 | oschmidt, Sitzber. Akad. Wiss. Wi, 367 (1870.

gas in a volume filled with a porous material. All the ob- °J. Loschmidt, Sitzber. Akad. Wiss. Wi®, 468 (1870.

. . . 6 H
tained results are valid for a classical as well as a degeneratg): C- Maxwell, Philos. Mag20, 21 (1860.
f quasiparticles T. Graham, Philos. Trans. R. Soc. Londb®6, 573 (1846.
gasorq p : . 8B. V. Deryagin and S. P. Bakanov, Dokl. Akad. Nauk SSSE5, 267
It has been proved that the exact express$igh describ- (1957 [Sov. Phys. Dokl2, 326 (1957)].

ing the result of action of the collision operator on an arbi- °B. V. Deryagin and S. P. Bakanov, Zh. Tekh. FZ, 2056(1957 [Sov.
trary function of momentum can be used for constructing, PhYs- Tech. Phy=, 1904(1957].

: imati Amond other thinas. a model in R. H. Aranow, Proc. Natl. Acad. Sci. USBO, 1066(1963.
var_|0us apprpmma Ions. \ g ot ngs, 113, P. Breton and D. Massingnon, J. Chim. Phys. Phys.-Chim. 8294
which the action of the particle—particle collision operator on (1963.

any function that does not belong to its kernel is reduced td°M. M. R. Williams, J. Phys. D6, 759 (1973.
M. C. Mackey, Biophys. J11, 75 (1971).

the muItlpI|cat|pn_ by a.phenomen0|09lca| parame(tanlll— 14¢C. cercignani,Theory and Application of the Boltzmann Equafidtie-
sion frequencyis investigated. Such an approach allowed Us m New York(1975.
to derive consecutively expressioh9) for the model colli-  5J. Ferziger and H. KapeMathematical Theory of Transport Processes in

sion integral introduced artificially in the BGK theory, The  GasesNorth-Holland, Amsterdant1972).

; o : 161 N. Adamenko, A. V. Zhukov, and K. E. Nemchenko, Fiz. Nizk. Temp.
model representation of the collision integral has made it 23, 574(1997 [Low Temp. Phys23, 428 (1997

possible to simplify all the results obtained in the generah?; N adamenko and K. E. Nemchenko, Fiz. Nizk. Ten, 498 (1995
form. For example, the approximation in question was used [Low Temp. Phys21, 386(1995].

for deriving an explicit expression fa63), (56) for the fil- 18'(-1-9%9 '—?”dalli ?nd Ef- ?"V'(-j Li;ShFi}ZQuantUmo'\/'fcgaféﬁ\'au'(a, Moscow

H H H . ransiation or sra ed. Fergamon, OXxror .
Frat|on rate of a quaS|part|cIe gas, and relatibd) ensur!ng 191, N. Adamenko and EYa. Rudavskii, Fiz. Nizk. Templ3, 3 (1987
its steady state was derived. The steady-state condi@@n [Sov. J. Low Temp. Phy<3, 1 (1987)].
was reduced to the form of a relation between the gradient¥C. Ebner and D. O, Edwards, Phys. Rep., Phys. 128.79 (1971).

. . . .21

of the gas temperature and density and analyzed in detail in'- N- Adamenko, K. ENemchenko, V. I. Tsyganok, and A. . Chervanev,
the range of highT>T) (66) and low (T<Tg) (69) tem- Fiz. Nizk. Temp.20, 636(1994 [Low Temp. Phys20, 498 (1994].
peratures. The obtained results are valid for arbitrary rela¥ranslated by R. S. Wadhwa



LOW TEMPERATURE PHYSICS VOLUME 25, NUMBER 4 APRIL 1999

Nonmonotonic temperature dependence of the mass transfer rate during isotopic phase
separation of 3He—*He solid mixtures

A. N. Gan’shin, V. N. Grigor'ev, V. A. Maidanov, N. F. Omelaenko, A. A. Penzeyv,
E. Ya. Rudavskii, and A. S. Rybalko

B. Verkin Institute for Low Temperature Physics and Engineering, National Academy of Sciences of the
Ukraine, 310164 Kharkov, Ukraifie
(Submitted November 9, 1998

Fiz. Nizk. Temp.25, 356—361(April 1999)

It is discovered that the characteristic phase separation time constant oftéelitHe mixtures

at low temperatures exhibits a nonmonotonic temperature dependence with a minimum. It

means that the rate of mass transport slows down at very low temperatures, and the corresponding
values of the effective diffusion coefficient also depend nonmonotonically on temperature

and concentration and differ significantly from the spin diffusion coefficient measured earlier in
NMR experiments on quantum diffusion. The discovered nonmonotonicity may be

associated with the influence of the nonuniform field of elastic stresses in the crystal because of
the difference in the molar volumes of the phases. 1899 American Institute of Physics.
[S1063-777X99)00404-1

1. INTRODUCTION from the impuriton model ofHe atoms in the mixture either.
Being the continuation of experimertshis work is de-

The determination of the growth mechanism for the newyoted to finding the reasons behind the difference in experi-
phase is one of the most important and least studied quegnental results obtained in Refs. 1, 2, and 5 on the one hand
tions associated with the kinetics of the first-order phasend to analyzing the possibility of their interpretation in the
transition. In the case the isotopic phase separation of solighodel of the diffusion mechanism of transport®efe atoms
3He—*He mixtures, this problem emerges when we analyzejuring phase separation.
the growth of*He inclusions in &He crystal. It is usually
assumed that the transport #le atoms from the surround- > FEATURES OF EXPERIMENTAL TECHNIQUE
ing mixture undergoing separation to the nuclei of the new
phase is governed by diffusion.

The first attempt to study this problem experimentally
was made by Iwasa and Suztikiho applied the method of
measuring pressure for studying phase separation of a mi
ture with the initial concentration 0.84%He under a pres-
sure of 3.16 MPa. They observed that the characteristic sep
ration time constantr is independent of temperature and
concentration, which contradicts the concept of impurity-
induced excitations. According to this concept, the value of
must decrease with temperatymixture concentrationdue
to quantum diffusion.

In our experiments, we used the experimental cell de-
scribed earlierand the method of preparing the crystal with
the initial concentration 2.059%6He. The experiments were
)gjade in the temperature range 50-300 mK for the molar
volume 20.23 crifmol corresponding to a pressure of 35.99
Qgr at the phase-transition temperature.

Isotopic phase separation was initiated by cooling a ho-
mogeneous mixture in small step$0—15 mK below the
phase separation curve followed by a prolonged temperature
stabilization. The phase transition was detected by precision
measurement of pressure in the crystal. At each step, the

The temperature dependence of the time constaune- equilibrium pressure in the two-phase crystal was attained

dicted by the quantum theory of impuritons was Observeoaccording to an exponential law with the characteristic time

late” in NMR experiments on the kinetics of separation of aconstantr. The concentration of both phases at the end of

mixture with a®He concentration of 3.18% under a pres:suree"’l::vheStep corresponded to the equilibrium phase-separation

of 3.7 MPa. It turned out, however, that the observed depengu

dencer(T) matched only qualitatively with the theofyThe

guantitative agreement can be reached in this case if the figz TEMPERATURE DEPENDENCE OF PHASE-SEPARATION

ting parameter corresponds to the value of diffusion coeffi-T”vIE CONSTANT

cient much smaller than the quantum spin diffusion coeffi-  The values of characteristic phase-separation time con-

cient measured in NMR experimerits. stant 7 obtained by us for different molar volumes are pre-
The subsequent analysis of this problem carried out quiteented in Fig. 1 as a function of temperature together with

recently by the method of pressure measurememisved the results obtained earlit?° It can be seen from Fig. 1 that

that at lower temperatures the valuerdhcreases upon cool- our results for the molar volume 20.23%mol

ing. The existence of such a nonmonotonicity in the temperafP=35.99 bar) are in good agreement with the results ob-

ture dependence of phase separation time does not follotained in Ref. 5 for samples with a close density of

1063-777X/99/25(4)/4/$15.00 259 © 1999 American Institute of Physics
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FIG. 1. Temperature dependence of the characteristic phase-separation time
for mixtures. Symbols on curves correspond to the results obtained in the
following works: (O)—Ref. 5(P=235.70 bar,x,=2.05%), (®) our results

(P=35.99 bar, _’(022'05%); _A_R‘:f'. 1 (P=316 bar,_ Xo=0.84%); FIG. 2. Schematic diagram of the model illustrating the calculation of the

D—Reof. 5 (P=31.7bar, xg=2.05%); V—Ref. 2 (P=37.3bar, X, effective diffusion coefficient: inclusion of the concentrated phdseand

=3.18%. region of surrounding mixture from which diffusion to the inclusion takes
place(2).

20.28 cni/mol (P=35.7bar). A clearly manifested mini- 4. EFFECTIVE COEFFICIENT OF DIFFUSION ASSOCIATED
mum on the temperature dependencera$ observed near WITH PHASE SEPARATION
~110 mK.

Figure 1 shows that crystals with a higher molar volume The experimental data on the characteristic time constant
of 20.54 cni/mol (P=31.7 bar) exhibit a weak temperature 7 phase s_eparatior_1 presented in Fig. _1 aII_ow us to _determine
dependence of the phase-separation time. The obtained e effective coefficienD g of_mass_ diffusion ensuring the
sults are in good agreement with the data presented in Ref, fansport of’He atoms to the inclusions of the new phase.
for samples with a close densit & 31.6 bar) for the initial Figure 2 shows a simple model usually considered for
concentration 0.84%He. In this case, no low-temperature solving problems associated with diffusion separation of
measurements were made since solid inclusions of the corf®lid mixtures(see, for example, Ref.)6The inclusions of
centrated phase for the given density beley82 mK must the new phase formed can be presented in the form of iden-

melt and transform into liquid drops according to the phasdic@l spheres of radiu, distributed uniformly in the vol-
diagram. ume of the matrix mixture. The relation betweBp; and 7

Figure 1 also shows the results obtained in Ref. 2 for th&@n be obtained from the solution of the corresponding dif-
initial concentration 3.18%He and the molar volume fusion problem written in spherical coordinates:
20.24 cni/mol (P=37bar). In this case, a nonmonotonicity IX ((?Zx 2 ox o

in the 7(T) dependence was not detected since these experi- i D e + T

ments could not be continued below 140 mK in view of
specific features of NMR measurements uSédcompari-  wherex is the concentration of the mixture andhe particle
son with the results obtained in Ref. 2 shows, that apart frongoordinate. The boundary conditions for the concentration
pressure, the initial concentration of the mixture also has &(r,t) of the mixture corresponding to the growth of the new
considerable effect on the kinetics of phase separation. Thghase under investigation, can be written in the form
value of 7 probably decreases with increasing initial concen-
tration for the same density of the crystal due to an increase x(r,0)] =x, and
. . . Hr=R k
in the number of nuclei of the new phase and a decrease in !
the average distance between them.
Thus, the analysis carried out by us proved that the rewhile the initial condition can be written as

sults of different experiment®btained in Refs. 1, 2, 5 and _

. . L x(r,0)=x;, 3)
by us are not in a serious contradiction. The value 7of
depends considerably on the density of the crystal as well asherex; is the initial concentration of the mixture the
the initial concentration of the mixture. Further investiga- concentration determined from the phase separation diagram
tions of the kinetics of phase separation for different presfor the temperature specified in the given experiment,Rnd
sures and concentrations are required to determine the radius of the region in whicfHe atoms diffuse to the
mechanisms of the influence of these factors. given inclusion.

ox(r,t)
or

=0, 2

r=R,
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TABLE |. Average radius of inclusions of concentrated phase obtained by

10°8
different experimental methods. . a

Measuring technique Reference P, atm T, MK  R;, um

Thermal conductivity 11 32 100 0.75
NMR andAP 12 26.9 50 2
NMR 13 32 100 2
NMR 14 36 16 2.25

cmz/c

_10-9.

Deff D

Disregarding the change in the inclusion radius in the
course of phase separation, we can write the solution of Eq.
(1) in the form of a seri€®

Xi_X(r,t): E AHM

n=0 r

-10 N L
exp(—Deih2t),  (4) 10 107 x. % He 1
L 1 1
where A, are constant coefficients, and the paramekgrs 100 120 140 160 180
can be determined from the solution of the transcendental T, mK
equation

tan)\n(Rz_Rl):)\nRz. (5) . \

It was noted above that E¢4) is a solution of the prob- 10”8 N
lem for R;=const. The solution determined by taking into
account the variation dR; during the growth(and dissolu-
tion) of inclusions is given in Ref. 6. The solution is compli-
cated considerably in this case, but the emerging additional ;q 1079 N\

, em¥/¢
/

corrections do not alter the time dependence and are insig- . N
nificant in the given case. a® . * N\ N
The obtained serie$4) converges quite rapidly, and ' T \
hence it is sufficient to analyze only its first term. Since the 10~} * N
change in the value of pressukd® measured in experiments S
is proportional toAx,® the time dependence &fP can also
be described by Ed4). SinceAP~e Y7 ,° the required dif- "‘)_3 e 16., “;
fusion coefficient can be determined from the relation X, % 2He
Der=(Ag7) . © % 30 100 120 160
The important factor in determining,, and hencéd® ., ' T, mK

is the calculation of the radius of inclusidgy .

The radius of inclusions of the new phase formed durianIG' 3. Dependence of the effective diffusion coefficiBrg corresponding
. . . 4 . o the measured values of time constawoih the concentration and tempera-
isotopic phase separation dfle—*He mixtures was deter-

- : ] Acle ture: P=31.70 bar (a) and®=35.99 bar (b). The dashed line corresponds
mined earlier from other expenments whose results are to the average value of spin diffusion coefficiét(calculated by formulas

given in Table I. (9) and(10). The equilibrium concentration shown in the figure was deter-
The values ofR, presented in the table correspond to mined according to the theory of regular mixtutés.

quite low temperatures, i.e., give the maximum radius of an

inclusion. For subsequent calculations, we used the value

Ry (maxy=2-25um. tively. While calculatingD o4, we took into account the con-
The value ofR; changes with temperatugoncentra- centration dependence & described by formul#7). For-

tion) in the course of phase separation. It follows from themula (8) shows that the value ofR, for the given

law of conservation of the amount dHe in the mixture concentration amounts to 7&m.

undergoing phase separation tiatvaries according to the The values oD . determined for two molar volumes are
law presented in Fig. 3. It is expedient to compare these data with
_ oy 13 the self-diffusion coefficienb ¢ for impuritons determined in
R = Ragma(1=X/%) ™ @D \WR experiments by the method of spin e¢hSome com-
and the relation betweeR; (max andR; has the form plications arise due to the fact that the valuelafdepends
vV considerably on concentration in the quantum diffusion re-
R§= R? 0 (8) gion at low temperatures and sméfle concentrationgsee,

1(max)W’ . . . ) . .
e for example, Ref. B However, the situation is simplified in

whereV, andV, are the molar volumes of the initial mixture view of the fact that, according to Ref. 10 the growth rate in
and the concentrated phase forming the inclusion respethe case wheg depends on concentration corresponds to
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the rate calculated for a certain constant diffusion coefficient If Vx and VU have opposite directionévhich is the

determined by the averaging: case in our situation when the phase formed has a larger
B % molar volume, the mass transport may become noticeably
D= f D(x)dx. 9) smaller(and the value of- may become larggmat low tem-
Xk Xi Jx peratures if the second term (1) becomes comparable to

Thus, the values ob .4 were compared with the values the first term.

of D obtained by the averaging @ for the concentration The presence of a noticeable gradient of elastic forces

range typical of the given stage of cooling. According to Ref.caN also p_rodL_Jce a specific Eﬁ.eCt on quantum diffusion pro-
9, D, can be written in the form cess, slowing it down due to mismatching of levels at neigh-

boring lattice sites. However, the explanation of the increase

in 7 upon cooling by using this mechanism requires the ful-

fillment of an additional condition, viz., an increase WiJ

whereD- andx. are the quantities depending on densit with the inclusi_on radius._ The possibility of_ this mechanism
0 Rl q P 9 o Y- can be determined only if we comprehensively take into ac-

The values ofD calculated by formulg9) taking into  qnt potential fields in this specific case.

account(10) are shown in Fig. 3 by the dashed line as func-

tions of concentratiotemperaturg Since the measurements The authors are grateful to A. F. Andreev, Yu. M. Ka-

were made along the phase-separation curve, a one-to-ogan, and M. A. Strzhemechnyi for fruitful discussion of the

correspondence between temperature and concentration takesults of this research.

place. It can be seen from the figure tixg andD at high This research was partly supported by the International
temperatures exhibit similar temperature dependences. THesearch Program on Science and Educat®rants Nos.
quantitative difference between them can be due, for exQSU 082169 and QSU 082048

ample, to inaccurate values of the radius of the new phase

inclusion. The coincidence of the valuesfy andD in this ~ *E-mail: rudavskii@ilt kharkov.ua

) _ k ) 1 - L .
region can be attained if we assume that the diameter of theThe solution of a similar problem can be found, for example, in Ref. 7.

inclusion is larger by a factor of-1.6 (for a pressure of ——
35.99 ba)' than the value used by us here. 1. lwasa and H. Suzuki, irProc. LT-17 North-Holland, Amsterdam

. . . (1989.
It should also be noted that the mutual diffusion coeffi- 2V. A. Shvarts, N. P. Mikhin, E. Ya. Rudavslet al, Fiz. Nizk. Temp21,

cient estimated in the given experiments may differ from the 717 (1995 [Low Temp. Phys21, 556 (1995].
value of D¢ measured by the NMR method when the prob- *T. N. Antsygina, K. A. Chishko, N. P. Mikhiet al, J. Low Temp. Phys.

o ) P : P ; 111, 19(1998.
ability of U-processes in impuriton collisions differs from 4V, A, Mikheev, N. P. Mikhin, and V. A. Maidanov, Fiz. Nizk. Temp,

unity significantly. _ 901 (1983 [Sov. J. Low Temp. Phys, 465(1983].
At low temperatures, the value @ is much smaller  5A.N. Ganshin, V. A. Maidanov, N. F. Omelaenko al, Fiz. Nizk. Temp.

that the values of diffusion coefficient obtained from NMR 24 815(1998 [Low Temp. Phys24, 611 (1998].

experiments on quantum diffusion. This difference increases B Y@ Lyubov, Diffusion Processes in Heterogeneous Solid Mdifia
Russian, Nauka, Moscow(1981).

upon cooling and leads to the emergence of a maximum ong . Budak, A. A. Samarskii, and A. N. Tikhonow collection of
the temperature dependencelnf;. Problems in Mathematical Physi¢%rgamon, Oxford 1980.
A possible explanation of the observed nonmonotoniczw- J. Mullin, Phys. Rev. Lett20, 254 (1968.
dependence® .«(T) and 7(T) can be the consideration of - N})f”gor ev, Fiz. Nizk. Temp23, 5 (1997 [Low Temp. Phys23, 1
o _ _ (1997)].
_elaSt|C flelds near the boundary O_f thide 'n(flUS'O” emerg- 193 Christian,The Theory of Transformations in Metals and Alloperga-
ing during its growth due to the difference in the molar vol- mon Press, OxfordUK) (1975.
. e . 11
umes of the initial mixture and the bcc phase formed. A A E. Burgess and M. J. Crooks, Phys. Lét89, 183 (1972.

e \ : "2 S. Greenberg, W. C. Thomlinson, and R. C. Richardson, J. Low Temp.
similar effect was observed more than once in an analysis of ; Srze(qg‘;rg ominson, an chardson, . tow Temp
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1
Ds=Do (1~ xIxe)Y7, (10)

be written in the formsee, for example, Ref. 15 1By, V. Slezov, Fiz. Tverd. Tel4St. Petersbung36, 557(1994 [Phys. Solid
State36, 308 (1994)].
J=— % 2 + V_U (11) 18D, 0. Edvards, A. S. McWilliams, and J. G. Daunt, Phys. Rev. [%tt95
w | X KT )’ (1962.

wherew is the atomic volume. Translated by R. S. Wadhwa
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ELECTRONIC PROPERTIES OF METALS AND ALLOYS

On the contribution of dislocations to the resistivity of niobium
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The change of the resistivity incremeftp/Ny normalized to the average density of dislocations

in the core of niobium single crystals is studied in different structural stafésr rolling

deformation at 20 K and consecutive removal of surface layEir a homogeneous structure

with a high density of uniformly distributed dislocationll{=13x 10'°cm™?), the value

of resistivity produced by a single dislocatiog=(9+3)-10 °Q.cm? is determined, taking into
account the contribution from vacanciesAp. A quantitative analysis of the value of for

niobium is carried out on the basis of models of resonant electron scattering by dislocations.
© 1999 American Institute of Physids$1063-777X99)00504-4

INTRODUCTION of the interrelation between the electron—impurity and
electron—dislocation scattering at low temperatures for a
Being a type of crystal lattice defects, dislocations aremetal with an anisotropy of the electron relaxation time at a
responsible for scattering of charge carriers and influence theonspherical Fermi surfag€s).***2
parameters of electric charge transfer. The contribution of
dislocations to the resistivity of metals was analyzed in manysaMPLES AND EXPERIMENTAL TECHNIQUE
experimental and theoretical publications. An analysis of the
available experimental ddta shows that fcc crystals such as
Cu, Au, Ag, and Al for which the dislocation resistivity is
rq=(1-2)x10"°Q x cm® and the spread in the values for
each metal amounts t620% are studied most thoroughly.
Transition bcc metals have been studied less extensively i
this respect. They exhibit higher valuesrgf, and the spread
in the data is much larger than for the above-mentioned fc‘$
metals. For example, the valuesrgffor Mo and W differ by
a factor of ~3.8"° and ~2.5%7 Systematic studies afy of
group V elements have not been carried out. An estimat
obtained by Aksenoet al® for vanadium with a low average
density of dislocations iy~ 10X 10~ 1°Q X cnr®. The avail-
able results for Nb should be accepted with caution. Th
values ofry~70x 107190 x cm?® given in Refs. 9, 10 were

We investigated Nb with a purity of 99.956 wt.% ob-
tained by electron-beam melting. The effect of rolling defor-
mation at 20 K{the direction of rolling close t6110] and the
rolling plane close ta001)} followed by heating to room
Hamperature as well as consecutive symmetrical removal of
surface layers by polishing on the variation of a number of
hysical parameters including the resistivity measured at
=T.+0.5K, whereT, is the superconducting transition
temperature was investigated earffefor single crystals of
éhis materiallwith T,,=9.15K andp,,=0.937u () X cm for
Samples in the initial stateThe change in the average den-
sity Ny of dislocations at the core of the sample was also
studied. In the present work, we used the results obtained in
ef. 13 for calculating the values dfp/Ny4(Ap=p,— pno)
obtained indirectly and are much higher that the Corresponar-Or niobium_in different structural staf[es anq singled out the
characteristic of the homogeneous dislocation structure with

N9 parameters for other transition metals. . a high density of dislocations. The value of was deter-
A satisfactory agreement between the theoretical and ex- . Lo s :
. mined taking into account the contribution of vacancion-type
perimental values of ; for some metals and a good agree-

. . defects toAp under the assumption that the contributions of
ment for some othefespecially noblg metals was attained p P

by using the theoretical modéfs taking into account pecu- linear and point defects are additive.

liarities of charge carrier scattering in local regions near the

dislocation core. The values of for group V elements have DISCUSSION OF RESULTS

not been calculated in these publications. The errors in experimental determination of the value of
This research aims at determining the value pfor No  r are mainly due to inaccuracy in determining the disloca-

with a high density of uniformly distributed dislocations and tion density and the contribution of points defects generated

comparing it with the values calculated on the basis of théby dislocations ta\p. Figure 1 illustrates the effect of struc-

models of resonant scattering of electrons at quasi-stationatyral state of Nb deformed by rolling at 20 K on the value of

states associated with dislocatidrisThe high density of dis- Ap/Ny. According to the results obtained in Ref. 13, the

locations is a necessary condition for correct calculation ofncrease in the value afp/Ny for a single crystal with the

rq4 in the presence of a finite impurity concentration in view grain orientation(001)[110] in the interval 6<10°cm™2

1063-777X/99/25(4)/3/$15.00 263 © 1999 American Institute of Physics
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FIG. 2. Dependence & p/Ny on the relative increase in the thickndsef

a layer removed by chemical polishing for a Nb single crystal preliminarily
deformed by rolling by 42%. The dashed line corresponds to a decrease in
Ap by ~50% as a result of vacancy annealing.

FIG. 1. Dependence dp/N4 on Ny (Ap is the resistivity increment andy
average density of dislocations at the gdi@ a Nb single crystal with the
grain orientation(001)[110] (curve 1) and for a polycrystalline sample
(curve 2) deformed by rolling at 20 K. The values afp andNy for poly-
crystalline Nb are borrowed from Ref. 14. The vertical segments show the

spread oM from minimum to maximum values. deformed by rolling by 44%without the removal of surface

layers® and deformed by extensidn.

<Ng=<13x10cm2 is associated with the formation of a Apart from the dislocation contribution, the quantity
~ - 19 : o

heterogeneous structural state in the sample cross sectigh?min/Na~18x10 Qe also contains the contribution

This state combines uniformly distributed dislocations at thdfOm defects of the vacancion type remaining in the sample

core and a higher-defective fragmented structure in the suf_s-“cter heating to room temperature.lg)r hese defects_stzzlr(tﬁ mov-
face layers. It follows from Fig. 1 that in contrast to the N9 OVer the Nb lattice af>420K.™ It was establish

single crystal, a polycrystalline sample deformed under simithat & polg/crystalline Nb sample deformed as a result of roll-
lar conditions exhibits a stronger increaseAip/Ng upon an N9 by 37% at 20 K exhibits a two-stage variation/y and
increase inN, which can be due to a higher rate of accu- Tc_during annealing in the temperature range 423K

mulation of defects in the surface layers or due to a larger~ 223K, the stage of increasing, due to the removal of
contribution of elastic stress fields tp. vacancion-type defects to sinks corresponding to a decrease

In our calculations of 4, we used the characteristics of IN AP by ~65%. Additional experiments proved that rolling
the structural state formed in the single crystal rolled byPY 80% leads to the extension of the stage of increasirip
8=42%(Ny=13x 10°cm2). The maximum spread in the ~530K upon a decrease ip by ~70%. Anneal!ng at 533
values ofNy for this structural state amounts to 33%, which K of a Nb single crystal(identical to that studied by s

is approximately half the spread for the structural state wittféformed bfé rolling by 78% at 20 K ensures a decrease in
Ng=6X10°cm 2(6=12%). In the case of symmetric re- Ap by 56%:" We can assume that the relation between the

moval of surface layers of the single crystal deformed byvacancion Contrib_utions tdp for samples of polycrystalline
5=42%, a consecutive transition from a heterogeneous t§nd monocrystalline Nb samples rolled by 37 and 80% does
homogeneous structural state in the form of uniformly dis-Not differ significantly from that for samples rolled by 42 and
tributed dislocations is observed, and the minimum value of 870. respectively. This leads to the averages value of the
deformational increment to resistivity normalized to the av_d|3|0£:£as)t|on contribution to resistivity ¢=0.54 pin/Ng=9
erage density of dislocations is attained for the sample core® 19 QXC',HB' This value corresponds to the dashed line
Aprin/Ng=18x 10" x cn? (Fig. 2. It should be noted M Fig. 2. '_I'qkmg into account the .above—m.ent!oned accuracy
that this structural state is characterized by the minimunf! determiningNq and the vacancion contribution fp, we
factor of compressive stressésThe value ofAp,;,/Ngin-  finally obtainrg=(9=3)x10 Q><cm3_' The value ofrg
dicated above is smaller approximately by a factor of 2.50Ptained for Nbiis in good agreement with the avall_eilgle data
than the value corresponding to the structural state formef" bc04 transition metals_lguch as I\gmd%5.8>< 10770
after rolling by 42%. For the sample rolled by 108&(=6 chf)l'Q W (rd=lg.5>< 10 Q><cm3),_19Fe (rd=(180i4)

X 10%m~?), the difference amounts te-12%. It follows <10 Qxcenr), P and V (rg=10x10"*Qxcnr).

from Fig. 2 that the use of the value Ap characterizing the

sample deformed by rolling to the “average” extent without CALCULATION OF rg FOR Nb BY USING THEORETICAL

the removal of surface layers for calculatingleads to con- MODELS

siderably exaggerated values. This explains the sttbpg Brown’s modet is based on the assumption of resonant
factor of ~3.8) difference between the values of for Mo type of scattering of Fermi electrons at the dislocation core
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in the absence of interband scattering. The expressionyfor CONCLUSION
corresponds to randomly oriented dislocations and has the

form The variation of the increment in resistivity of Nb single

crystals with different structural statésfter rolling deforma-
rq==8f#/3e’n,, (1) tion at 20 K and consecutive removal of surface layers by
where# is Planck’s constang the electron charge, ani, polishing, normalized to the average density of dislocations
the carrier concentration. The applicability of Efj) to met-  at the core is investigated. This allowed us to single out the
als with a complex FS was considered by Browrho dem-  characteristic of the homogeneous structure with a high den-
onstrated a reasonable agreement with experimental resuily of uniformly distributed dislocations Ny=1.3x 10"
for values ofn, estimated from the volume of closed FS cm ). The resistivity of a solitary dislocation is determined
sheets. According to the results obtained for Nb in Refs. 19for the given structural state taking into account the contri-
20, the carrier concentration amounts toXE*2cm 3 and  bution from vacancies to the increase in resistivity. The ob-
5.6-10%2cm 3, respectively. Substituting these valuesngf ~ tained value of 4=(9+3)x 10" x cm®is in good agree-
into formula (1), we obtainry=(1.8—2.4)10 *Q.cnm?. ment with the available results for a number of bcc transition
Thus, the value corresponding to the upper boundary of cametals (Mo, W, Fe, and V for which ry=(6-10)
culated values of 4 for Nb is smaller by a factor-2.5 than X 10 °Qxcn?.
the value corresponding to the lower boundary of the values The results of calculations af; for Nb on the basis of
determined experimentally. the Karolik—Luchvich modélof resonant electron scattering
In the Karolik—Luchvich modef, the value ofry was by dislocationgwhich gives a clear physical pattern of elec-
calculated in the relaxation time approximation on the basigron scattering near the dislocation cpirdicate a~50%
of the relation agreement with the experimental value. The discrepancy be-
ry=hkeQle?ngs, ?) tween the theoretical and experimental results for the Brown

) ) theory exceeds 200%.
wherekg is the wave vectorQ the transport scattering cross

section, andh.; the effective charge carrier concentration. The author is grateful to Ya. D. Starodubov and V. D.
The value of Q was calculated in the free- electron Natsik for their support and valuable remarks.
approximationi by using the method of partial waves. The
dislocation core was regarded as a linear defect associateg_ma“_ nsc@kipt kharkov.uia
with the excess free volume. The reason behind resonant ' ' '
scattering is the possibility of short-term capture of an elec-
tron in the region of excess positive charge, accompanied bgR- A. Brown, J. PhhyS- F7, 1283(1977.
the formation of a quasi-stationary state near the Fermi engi ';'_ V&’Zg}kj'a'; dyZ'_ E;S_' fﬁgﬁ&lcgfaj_ Phys.. Condens. Mat@r 873
ergy. The values okr were also estimated in the free- (1994
electron approximation by using the data on the number of*L. D. Whitemire and F. R. Brotzen, AIME Tran239, 824 (1967).
charge carriers per atom from Ref. 1. The values gffor 5Z. Gierak, J. W. Moron, and A. Lehr, Phys. Status Solidi7& 775
transition metals were calculated with t_h_e help of th_e well- G(Hl.ggé‘;ihukovsky, R. M. Rose, and J. Wulf, Acta Metdll, 821 (1966.
known Mott model of a two-band transition metal with the 7g_warlimont-Meier, P. Beardmore, and D. Hill, Acta Metall5, 1393
estimaten4=n.Ny(0)/N(0) used for elements of the begin- (1967.
ning and middle of transition seri€for Ti, Zr, Mo, and W. 8\2/‘-1 *;—(Q'ggggvh_’\‘- AT- Chenllyhakyz?l.Zl.oY?:lL%g%b]t al, Fiz. Nizk. Temp.
HereNs(0) andN(0) are the density of the-electron states 9R.’B. Zubeck, T.Om. g?r%ee, grs T H. Giballe: and F. Chilton, J. Appl.
at the Fermi level and the total density of states, respectively. phys.50, 6423(1979.

The parameters appearing in formu@ can be esti- iiT W. Barbee, Jr., Phys. Status Solgfi, 535 (1969.
mated on the basis of available data from the literature. The, ﬁa"eg a”g N eer. j mys' g 332(1323'
conduction band in transition metals is formed by almost frees,, K.a,\iiseir;v’ L F.Iséirr‘iséva,)e: L éokol(enko?'and Ya. D. Starodubov,
s- andp-electrons. It follows from the data presented in Ref. Fiz. Nizk. Temp.19, 1077(1993 [Low Temp. Phys19, 763(1993].
21 on contributions of partial densities of states to the tota}*V. I. Sokolenko, Ph.D. thesis, Kharkd991).

: - 15E. Phillipp, B. Saile, and K. Urban, ifroc. Yamada Conf. VTokyo
density of states of Nb thatNg(0)+N,(0))/N(0)=0.17. (1082.

o _ — 2 -3
This gives neffNO-l?heN (_0-76_0-95)< 102/ cm = In .the 18] F. Borisova, V. |. Sokolenko, and Ya. D. Starodubov, Fiz. Nizk. Temp.
free electron approximatiorke=(372ng)Y3 which gives 18, 844 (1992 [Sov. J. Low Temp. Phy<8, 595 (1992].

ke=(1.1-1.2)x1Pcm™* for n,=(4.5-5.6)x10P°cm 3. V.. Sokolenko, Ya. D. Starodubov, B. A. Merisov, and I. F. Borisova,

Using the results obtained by Karolik and Luchvitive can (Flig'gg]iz"' Temp. 16, 246 (1990 [Sov. J. Low Temp. Phys16, 136
easily prove that the value @ for the series Na, K, Cu, Au, 18¢_Tanaka and T. Watanabe, Jpn. J. Appl. Phis.1429(1972.

Al, Ni, Pt, Mo, and W of nontransition and transition fcc and °A. I. Golovashkin and A. L. Shelekhov, iRroceedings of the Physical
bcc metals amounts tG(1.1—1.3]) (b is the Burgers vec- Inst. of Acad. Scifin Russian, vol. 151, Nauka, Moscow(1984).

20 H
tOI’). We can assume the@~b for Nb also (0=2.86 (C:;Lgl;/lg Crabtree, D. H. Dye, D. H. Karimt al, Phys. Rev. Lett42, 390

—8 22 1o .
x10"%cm).” Using the values of, kg, and ne; given 215 v, vonsovskii, Yu. A. lzyumov, and E. Z. KurmaeSpperconductivity
above, we obtain, in accordance with formu(@), ry of Transition Metals, Their Alloys, and Compouriils Russian, Nauka,

~(14-18)x10 Q xcn?. Thus, the average valuegfin ~ ,,Moscow(1977.
. J. Friedel,Dislocations Oxford (1972.
this range of calculated values corresponds to the average

value of ry determined experimentally to within-50%.  Translated by R. S. Wadhwa
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The growth of clusters in an overcooled atomic jet is calculated with the simultaneous allowance
for two processes: the condensation of supersaturated gas and the cluster-cluster aggregation.
These processes are consistently described within a quasi-equilibrium approach for large enough
clusters, while their nucleation stage is allowed for phenomenologically by the use of a

fitting parameter. The theory quantitatively describes the experimental dependence of the mean
cluster size on the initial gas temperature within a broad range of sizes. The mean size of
clusters, their distribution over sizes and the contribution of clusters to the total mass of the jet
are calculated versus the distance from the gas ejection gmatle entry. It is shown

that these characteristics are mainly determined by the initial gas entropy which is equivalent to
the empirical law of corresponding jets. The size distribution function has a halfwidth

exceeding the mean cluster size and is cl@sea relative sca)eto a universal curve. The broad

size distribution of clusters should be taken into account when analyzing spectroscopic data

on the size dependence of electronic processes in a clustet99® American Institute of Physics.
[S1063-777X99)00604-0

INTRODUCTION distribution function and should be considered simulta-

Experimental study of atomic clusters provides an a"ur_neouily. is a | ber of th ical K d
ing possibility of tracing the evolution of the energy spec- . hT Iere IS a argr]le. numboer o t.eor_euca Wo; S concerne
trum, relaxation processes and atomic structure when varyVith cluster growth in an expanding jé¢.g., Refs. 10-20
ing the size of an atomic aggregate from several atoms to Qut the size distribution function had not been calculated in

macroscopic number. Of particular interest are rare-gas clu@nY Of them. In earlier literature the condensation and aggre-
ters due to their distinctive feature—the simplest atomic an@@tion mechanisms of cluster growth were considered sepa-

electronic structure that is due to a weak van der Waals bind@tely- _ o
ing. During recent years, the spectroscopy of rare-gas clus- S°me thermodynamical and nonequilibrium aspects of
ters has been intensively developed due to great progress ifié condensation mechanigin particular, atom-cluster col-
the supersonic gas-jet technigtié® It has been possible to lisions and desorption of atoms from a clugteere investi-
trace essential size variations in luminescence, absorpticg@ted in Refs. 10-13. In Ref. 14 the kinetics of cluster
and energy spectfa® as well as in the growth mechanism. growth was calculated by taking the condensation mecha-
The aim of spectroscopic and electronographic studies dfism into account. The calculations were performed on the
clusters is to obtain the dependences of electronic and atomi@sis of the drop model of a cluster and classical nucleation
structure on cluster size. In fact, however, experiment doewith allowance for the dependence of the surface tension
not directly give a physical quantity of interest as a functioncoefficient on the drop radius. As was shown in Ref. 14, the
of cluster size. This quantity is averaged over cluster sizegrop model, fitted with the real process of cluster growth by
with the weight of the size distribution of clusters in the the use of free parameters, describes some important experi-
expanding jet. Due to the large width in the size distributionmental regularities of cluster growth. However, such an ap-
function, the size dependence of the quantity or phenomenoproach does not give the size distribution of the clusters.
under investigation is noticeably smeared. The mechanism of cluster-cluster aggregation has been
To infer more precise information from experimental studied in many works e.g., in Refs. 15-20. The pdpet$
data, it is necessary to know the size distribution function ofwvere concerned mainly with combinatorial aspects of the ag-
clusters growing in the expanding jet. gregation process. In Refs. 18—20 the process of cluster-
The size distribution of clusters is formed in the coursecluster collision was studied on a microscopic level and the
of their growth which is realized simultaneously in two cross section of fusion was considered for charged metal
ways: by condensation of the overcooled gas on the clusterlusters with allowance for their structure.
surface and by cluster-cluster aggregation. Both mechanisms The purpose of the present work consists in the
make comparable contributions to the formation of thecalculation of the cluster growth kinetics, involving both the

1063-777X/99/25(4)/8/$15.00 266 © 1999 American Institute of Physics
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mentioned growth processes, which is necessary to obtaimtoms from the cluster surface becomes thermodynamically

the size distribution function of clusters in an expanding jet.favorable and results in a fast decrease of the cluster tem-
As follows from the cited work$®-?°each of the above perature down td.

processes of cluster growth has a highly complicated nature The critical temperature of a clustef¢(N,S;), is de-

even if considered separately. In order to calculate the jointined from the condition that the augmentation of the cluster

process of cluster growth within a reasonable constructiventropy,S;, when joining one atom equals by magnitude the

approach, some simplifying assumptions are used below. Idecrease of the gas entrof$,, when removing one atom:

particular, although the cluster growth is an essentially non-

equilibrium process, it is long enough that thermodynamic Sy(Tg,V,Ng) = S¢(Tg,V,Ng—1)

equilibrium is practically achieved within a separate cluster =~

ag well as in Ft)he gas of atoms and clusterspconsidered as =Sa(Te.N+1)=Sa(Te.N) @)

structureless particles with translational degrees of freedomyhere Ty, Ny and V are the temperature, the number of

l(.lzu_t '””'r?srf degreez pf _frgedorrr]] Ofl clllist(?rshgre no.tl.'g €4U%t0ms and the volume of the gds. is the temperature of the
lorium with gas, and it is just the lack of this equilibrium ¢ e immediately after joining one atom if the initial tem-

which causes the condensation of gas on clusters ~ . .

The nucleation stage of cluster growth is taken into ac_peratgre of the cluster was equalTip. Tc is defined by the
count in a phenomenological way, so that the consistent Cone_quatlon
sideration is restricted to a region of large enough clusters. In

this region shell effects, although generally import&nt

can not be taken into account. A nonmonotonic size deper\,‘,h(:‘.reECI is the intrinsic energy of a clusten is the energy
dence of bond energy, originated by shell effects, is inesserysf one interatomic bond an@(N) is the total number of
tial for the growth of a large cluster due to the large numberindings between adjacent atoms in tNeatomic cluster.
of shells subsequently filled. The w value is assumed to be independent of the cluster
temperature and size. This assumption means that the inter-
atomic distances in a cluster are equal for all pairs of adja-
2 CONDENSATION OF OVERCOOLED GAS ON THE cent atoms and independent of cluster tempergtheelatter
CLUSTER SURFACE is justified by a weak thermal expansion at low temperature
In addition, only the interaction between adjacent atoms is
Let us consider the nonequilibrium process of gas conallowed for; this is justified by a fast decrease of the van der
densation on the surface of a cluster with the intrinsic temwaals interaction energy with distance.

Ea(Te ,N+1)—Eq(Te,N)=w[Z(N+1)—-Z(N)]  (3)

peratureT . An atom-cluster collision results in their merg- In order to find the critical temperatur&,, from the
ing in the cluster temperature region Egs. (2) and (3), it is necessary to substitute into them the
expressions for thermodynamic functions of the gas and the
Ta<T(N,Sy) (1) P y g

cluster. The entropy of ideal single-atomic gas can be written
where the merging is attended by an increase in the totah the well-known form

entropy of the nonequilibrium system. The critical tempera-

ture of a clusterT .., is defined by the condition that the total Sg=NgSg. Sg=In(eV/Ng) +cyIn(Tge)(e=exp(1)) (4)

entropy of the system does not change as a gas atom joins t . .
the clusterT. is a function of the cluster sizd (the number wcheresg Is the gas entropy per atorhig is the number of

of atomg and the gas entrop, . It is assumed for simplic- atoms in the gasy is gas volume andy is the heat capacity
. e i : of the gas per atom at a constant volume. Here and below the
ity that every collision of an atom with a cluster of sike

results in their merging with unit probability if the inequality temperature is expressed in energy units, sotpat3/2 for

(1) is fulfilled and with zero probability in the opposite case. a single-atomic gas.

Based on this premise a quasi-stationary approach i Since the structure of an arbitrary-size cluster is un-
P . y app Enown it is reasonable to write down its thermodynamic

introduced: during the process of cluster growth the tempera- = """ - e
. ; -, unctions within the Debye model. However, it is necessary
ture of every cluster is equal to its critical temperature .
, . . . to take account of the discreteness of the energy spectrum
Tc(N,Sy) which varies with cluster size and gas state. If . . .
which can manifest itself at low temperatures for not very

cluster temperature becomes lower theauiN,S,), i.e., the .
joining of ar?atom to the cluster is atter-%gd l:?g)an increase Olﬁrge clusters. For that purpose the cluster of the size
) g y =L3 is represented in the form of a cube with the lattice

the total entropy, then gas condensation on the cluster sufr o o 0o edge containirlg atoms(for definiteness
face increases cluster temperature until it achievesThis

) . . L is even. The phonon wavevectdt takes up the values
process is very fast since every atom-cluster collision, at-

tended by merging, enhances intrinsic cluster energy by the — (j—1/2, j—1/2, k— 1/2)(w/La)

atom-cluster binding energy and cluster temperature by

U/3N. Thus, the number of atom-cluster collisions, requiredwith i,j,k=—L/2, ...,L/2. Within the Debye model the vi-
to adjust cluster temperature ., is of the order of bration frequencies of the cluster are equakid| for the
NT/U<N<wv where v is the total number of cluster-atom longitudinal branch and te,|K| for the transverse branches.
collisions during the growth process. If the cluster temperaFor a crystal with the van der Waals bindisg/'s,=v3.%
ture becomes higher thai,(N,S;), then the desorption of Thus, the vibration spectrum of the cluster takes the form
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. _hopg, V(i —1/2)%+ (j — 1/2)%+ (k—1/2)?

O j k= T, L (5 140
Sg=10
Here wp is the Debye frequency, index numbers vibra- 1201
tional branches. The coefficientg =2.515,q,=0q3=1.452 11
fit the expressiois) with the Debye model foN— . Using 100 12
the vibrational spectrum, one can write down the thermody-
namical functions of the cluster: X  gof 14
o
- L/2 ﬁwio,(j,k/TcI © 60 16
o kL [1-exp(— ol [ To) | /’
a=1,2,3 40
L
Su=N h 1 -
o i,j;::fL {1—exp(—ﬁwffj’k/Td) 20 .
a=1,2,3
0 1 1 i 1
—ln[l—exp(—ﬁwffj,k/Tcu)]]- (7 2001 S=10
The expressiong6) and (7) relate to a cluster with 1

N>1. In this case the contribution of the translational and

rotational degrees of freedom to thermodynamic functions is 1501 12

negligibly small and is also weakly dependentinin Egs.

(6) and (7) these degrees of freedom are omitted. Using in- 14—
terpolation nodesN=L3, one can obtairE and S, for an |_9 100_/——- 16
arbitrary N via the interpolation of the quantitids, /N and //'

So/N weakly dependent oN.

The relationg2)—(7) define the critical temperature of a
cluster, T, as a function of its size and the gas state. Figure S0
1 shows the dependenceTf on cluster size at various fixed
values of gas entropy per atasg. For a givenN, T lowers

with an increase 0§, i.e., with raising gas temperature or y | ) ] b
lowering pressure. For a givesy, T, increases with cluster 0 100 200 300 400 500
size (which corrgsponds to the effect of surfgce tension on Cluster size, N

cluster growth within the drop modé} and achieves satura-

tion for N=1000. FIG. 1. Size dependence of the critical temperatdre, of a cluster for

In Fig. 2 the gas-temperature dependencﬁcdt shown different fixed values of gas entropy per atsg(indicated in the figure
for N=500 and different concentrations of atoms in the gas?rgon(a)’ krypton (b).

T. decreases with an increase of gas temperature due to the

corresponding increase of gas entropy. This means that the dN ) a(N)

cluster temperatur@naintained close td;) heightensas the = , (8)
gascools such a relation between the temperatures of the dt  dE[Tc(N,Sg),N]/dN

as and clusters illustrates a nonequilibrium character of the
] \ a(N)= 3(Tc—Tg)o(N,1){v)Ng/V. (9)

growth process in an expanding jelue to a fast cooling of
the gas, gas pressure much exceeds its equilibrium alue Here(v) is the mean thermal velocity of gas atoragN,1)

A cluster grows if the differencd.— T, (equal to the stands for collision section of an atom with the cluster of the
cluster-gas jump of temperatQris positive(contrary to the  size N. In the denominator of Eq8) the total derivative is
usual notion about the deposition of a gas on a cold surfacemeant. The expression for the collision section will be de-
A positive gas-cluster jump of temperature in the course ofived in Sec. Jsee Eq(17)].
cluster growth is necessary to provide an outflow of the heat,
released due to gas condensation on the cluster surface, irgo
gas. The differencd.— T is shown in Fig. 2 by a dashed
line; the gas-temperature region of cluster growth is limited  Although the cluster growth is an essentially nonequilib-
by the intersection point of the dashed line with the abscissaum process, it is long enough that thermodynamic equilib-
axis. rium is practically achieved not only within the gas and

The cluster growth rate is proportional to the thermalwithin every separate cluster but also within the subsystem
flux g(N) from the cluster surface to the gas, i.e., to theof the translation degrees of freedom related to all the par-
difference between cluster temperat@@ssumed to be equal ticles in the jet(this subsystem includes also the rotation
to T.) and the gas temperature: motion of every cluster as a wholerThe equilibrium in this

CLUSTER-CLUSTER AGGREGATION
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140 The quantity(13), weakly dependent on velocities, can
be averaged approximately over the Boltzmann distribution
1201 _
(dij)=(27C;j/20) V&(v7 +vF) 6= (9C,N;N;/2T ) ¥,
100} (149
The averaged collision section of point particles, represent-
80+ ing the clusters, can be estimated as
% eok (Tard Ni ,Nj)y=m(dij)?=m(9CNiN;/2T)¥*  (19)
= (the subscript “attr” indicates that the collision of particles
401 is caused but their van der Waals attraction
The attraction section of cluster-cluster collisiofi5)
20} should be compared with the geometrical collision section
T geon Ni ,Nj) =71 2(N}+ N 1) 2/4 (16)
0 wherel is the interatomic distance in solid. The true collision
Tg. K section is
FIG. 2. Dependence of the critical temperatufg, of the argon cluster o(N;,Nj) = maxX ol N; /Nj) o geon{ N; :Nj)}- 17

with N=500 on gas temperatur€, , for the gas concentratioriom top to
bottom: 10", 10'® and 16°cm2 solid liney. Dashed lines—the same for

the differencel,— Ty, . oo N; !Nj)/o-geon‘( N; 1Nj)5(9Umol/2Tg)1/34(NiNj)1/3
X(N*+N#)72 (19

The ratio of the attractive and geometrical sections is

subsystem is maintained in the course of the growth of cluswhereU = C,{ ~° stands for the bond energy of the two-
ters since the total number, of collisions between the clus- atomic van der Waals molecule. For argon, krypton or xenon
ter and gas atoms much exceeds the number of atoms joindéino™ Ty, and for clusters of comparable sizes the rti§)

to the cluster i.,ex>N. Thus, the gas-cluster exchange of €xceeds unity. The collision sectidi15) will be used as
energy(the exchange per one collisiofiy/N, multiplied by ~ applied to cluster-cluster aggregation by taking this into ac-
v is large compared to the kinetic energy of a cluster as &ount.

whole (~Tg). Taking this into account, we can describe ~ However, for atom-cluster collisions the ratja8) be-
distribution of clusters over translation motion velocities by comes less than unity starting fror~1000. Therefore, the

the Boltzmann statistics with the temperature equalgo  collision sectiona(N,1) in the form(17) is substituted into
The probability of the collision of two clusters, num- the expressioit9) for thermal flux.
bered by the subscriptsandj, per unit time is Since the collision of two clusters is caused by their

2 attraction, and the attraction energy at the collision moment
(Pip)=(Vi—Vvj)(0i)/V=(8Tg/muij)"Xaij)/V. (10 mych exceeds the initial kinetic energy of the colliding clus-

Here v, is the Ve|ocity vector of theth C|uster; o is the ters in magnitude, it can be assumed that every collision of
collision section of theéth andjth clustersy... denotes the clusters results in their fusion. Indeed, if the final kinetic

Boltzmann averagingy; is the reduced mass of the clusters, €nergy(slightly exceeding in magnitude the attraction energy
at the collision momentis partially transformed to heat, the

wij =MaNiN; /(Ni +Nj) (1D rest of the kinetic energy becomes less than the magnitude of
(Mg is the atomic magsIn Eq. (10) oy; is assumed to be the attraction energy and is insufficient for the clusters to
weakly dependent on cluster velocities which permits one tgnove away from each other.
take it out of the averaging. The aggregation of the clusters with the sidgsandN,

In order to deriveo;, let us substitute a cluster by the and temperatures equal to their critical temperatiirgsand
point particle with the same magthe validity range of this Tcz results in the formation of a cluster with the size
approximation will be indicated belowNeutral clusters are N3=Ni1+N, and temperaturd’;. The difference between
attracted to each other by van der Waals forces, which creatks @ndT¢(N3,Sy) is found to be negligibly small so that the
the potential temperature of the formed cluster can be put equal to

. Te(N3,Sy).

U(rij)=—Cjri;°,  Cij=CalNiN; (12

with the atomic van der Waals constay;. It follows from 4. KINETICS OF CLUSTER GROWTH INVOLVING

the classical motion equation of two interacting particles thatCONDENSATION AND AGGREGATION MECHANISMS

there exist two types of motion: the particles can either fall . .
: The processes of cluster growth via gas condensation

onto each other or move away from each other after drawm%n d

. . : cluster-cluster aggregation, considered in the previous
together to the minimal distance. These types of motions argections are determined by the gas state in the expanding jet
separated by the critical aiming distance ' y 9 P 9]

as a function of time. We trace the gas state within a small
dij = (27C;;/12u) Yo v; —v;| 722, (13)  volumeV which moves together with the jet and contains a
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constant number of atom#\,, (part of them, denoted by Within the phenomenological description, the nucleation
éNyor, has joined to clustefsThe motion of the volume/ onsett,, is determined by the critical temperature of nucle-
begins from the nozzle entry, which is a small hole throughation, Ty, and is defined by the equation

which the gas flows out from the reservoir to the vacuum

through the nozzle. The gas state is described by the usual Tg(ton) = Thu (23

equation:
(hereT, is the gas temperature in the elementary volume of
PV=NgTy, Ng=Ni(1-¢), Nir=const (19 the expanding atomic jet devoid of clustergvithout nucle-
(P is gas pressure; the number of clusters is negligibly smafdtion, gas temperature in the expanding jet would decrease
compared to the number of free atorg,J(1—&]). The belowT; due to the heat release, accompanying the rise
adiabatic expansion of the jet is described by the knowrnd subsequent growth of clusters, the gas temperdtpi®

equationgsee, e.g'¥): maintained at the level,,, until the moment,q whenT,
begins to heighten in the course of cluster growth. In the
= ' ime intervalt,,<t<t.,q, the number of arising clusters is

u§/V=const 20 ¢ tervalty <t<teng, th ber of g clust

determined by the competition between nucleation and clus-
du dP _ I S
(NiotMa/ V) U A 0, (21  ter growth. This competition is regulated by the initial cluster
X X

size, Ni,it, and cluster growth rate),, decreases with an
t increase in every one of these parameters. Since they are
Ngmath(Tg—To)+Ntotmatu2/2=f > a(Npdt. (220 unknown, it is reasonable to choose each of them in such a
0t way that the related errors partially compensate each other.
Herex is the distance of the chosen elementary volume fronHence,N;,; is put equal to the minimal size, 4, of a cluster
the nozzle entry at the momentu=dx/dt is the jet velocity ~ Wwith the 3-dimensional configuration of atoms. To compen-
at the pointx; Sis the cross section of the chosen volume atsate the corresponding error, the cluster growth rate, defined
the pointx (the transverse nonuniformity of the jet is ne- by Egs.(8) and(9), is somewhat overestimated: the critical
glected; cp=>5/2 is the heat capacity of gas per atom at atemperaturel ; is taken for a cluster wittN=64 (this is the
constant pressurd, is the temperature at the nozzle entry. minimal cluster size for which the thermodynamic consider-
The right-hand part of Eq22) is the total heat released due ation of Sec. 2 is certainly applicable
cluster formatior(the sum is taken over all the clusterthe The critical temperature of nucleatiof,,, depends on
thermal fluxq(N;) is given by Eq.(9). It is implied in Egs.  the gas pressure. It is assumed that this dependence does
(21) and (22) that the clusters are moving with the samenot essentially differ in its character from the known relation
velocity as the gas. between temperature and pressure for the gas-solid or gas-
The equations(19)—(22) describe the gas state for a liquid equilibrium. So, the dependence Bf, on gas pres-
given distribution of clusters over sizes. For a given gassureP is written down in the form
state, the time evolution of the size distribution of clusters is
calculated with the simultaneous allowance for the conden-  Tny=WAZ/In(P*/P). (24)
sation and aggregation mechanisf®ecs. 2 and )3 Thus,
the self-consistent variations of the gas and cluster sub-lere AZ=3 is the variation of the number of bonds when
systems is calculated. joining or removing one atom from the incipient cluster with
Such approach is realized in the region of large sizesN=4; w is the energy per one bonB* is a fitting param-
where the thermodynamic consideration of Sec. 2 is valideter of the phenomenological description of nucleation and
and must be complemented by the initial conditions whichby no means cannot be identified with a true equilibrium
are formed on the stage of the formation of cluster nuclei inparameter. Note that the nucleation process, in view of its
the jet. The microscopic consideration of the nucleation procomplicated character, can hardly be described by the law of
cess is a highly complicated problem which is beyond thecorresponding states; hence, this law is generally not met by
framework of the present work. Therefore, the formation ofEq. (24) either.
cluster nuclei is described in a phenomenological way on the The results below are related to the fitting parameter
basis of the following considerations. values P* =500 atm for argon and 2@tm for krypton
The heat release due to the formation of nuclei does nowhich provide the best agreement of the theory with the ex-
make any noticeable contribution to the thermal balance operimental data on the mean cluster size.
the jet. On the other han@s was shown in Ref. 14 and by
the present calculationghe duration of the nucleation stage
is short compared .WI'[h the total time qf cluster growth intheg -\~ ATION RESULTS AND COMPARISON WITH
jet. Therefore, the influence of nucleation stage on the furthegyperivENT
growth of clusters is determined by two parameters: the
number of the nuclei formed,,, and the moment of the The calculation of the cluster growth kinetics in an ex-
nucleation onsett,,. The mean size of clusters decreasespanding gas jet was carried out according to the above
with increasingn,,, andt,, (the earlier clusters arise and scheme, including condensation and aggregation processes,
begin to grow the larger they become at a given time mofor argon and krypton. The following characteristics of a
ment or at a given poirn). cluster jet have been calculated.
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FIG. 3. Dependence of the mean cluster size on the initial gas temperatur%, t th xperimental data m red at the distan
Ty, at the 4.1 cm distance from the nozzle entry for ar@@rand krypton otes € expernmenta ala easured a e stance

(b) (the initial pressureP, is constant and equal to 1 atniThick lines—  X=4.1cm from the nozzle entty** and the thin lines rep-
experimental dat4?2 thin lines—calculation results for the fitting param- resent the corresponding calculation results related to differ-
eter valuet{from top to bOttOFI)IZ P* =100 atm and 500 atrtthe best fI)Z for ent Va'ues of the f|tt|ng paramet@* . As seen from the
argon; P* = 10" atm (the best it and 16 atm for krypton. figure, in the case of the best fie{ =500 atm for argon and
10° atm for krypton the theoretical curve agrees with the
perimental one with the accuracy up to the multiplier 1.3

- X
Every characteristic of clusters, that can be measurego 1.8, while the mean cluster size varies by two orders of

experm;erlnaltly IS detetrrr]n |_nec_i by t?ﬁ. d'('js.mtb.l;t'(t)_n 0; thet_tOta_lmagnitude. Note that the agreement between the theory and
Mass of clusters over their sizes. This distribution function ISexperiment takes place on the absolute s¢aie expressed

defined as in centimeters;T, in Kelvins and(N) in the number of at-
oms. This supports validity of the theory based on the
F(N)=d NZ:N N |/dN. (25 above-enumerated assumptions.

The calculation results, presented in Figs. 4 to 6, are
The mean size of clusters in the jet is defined by meange|ated to the case of the best ir{{= 500 atm for argon and
of the distribution function(25): 10° atm for krypton and to the pressurB,=1 atm at the
JE(N)NAN EN? npzzle entry. In Fig. 4 mean cluster §ize is presented versus
(N)y= TE(N)AN “SN (26) distancex, from the nozzle entry for different fixed tempera-
! tures at the nozzle entry. It is interesting to compare these
The results below are related to a conical nozzle withdata with Fig. 5 which shows the relative fraction of clusters
entry diameter equal to 0.34 mm and apex angle 8.6°. in the total mass of the substance as a function of the same
Figure 3 shows the mean size of clusters as a function ofariable x. As can be seen from Fig. 5, at the distance
the gas temperature at the nozzle enfry, for the constant x=1 to 4 cm the mass of clusters achieves saturatias
pressure at the nozzle entBy=1 atm. The thick line de- condensation is blocked due to a growth of gas entropy and




272 Low Temp. Phys. 25 (4), April 1999 M. A. Ratner

0.2

T

Mass of clusters / total mass

08

06

f(N/<N>)

0.2

Mass of clusters / total mass
(o]
F-S
1

o»-

0 1 2 3
Distance from nozzle entry, cm

FIG. 6. The function of the cluster mass distributittN/(N)) over cluster
sizes for argon(a) and krypton(b) normalized to the unit value of the
maximum ordinate. Solid line—calculation results, dashed line—

. . approximation(27) with k=1.2 for argon and 1.1 for krypton. The figure
FIG. 5. The fraction of clusters in the total mass of the substance Versus, -tes t0Po=1 atm, Ig To(K)=2.4 and the 4.1 cm distance from the

distance from the nozzle entry for the same initial pres®ye 1 atm and

. S . . | try.
different initial temperatureén Kelvins): argon(a) and krypton(b). nozzie entry

the corresponding lowering of . demonstrated by Fig.)1 ~ represents the distribution function, calculated for the initial
But in the region of mass saturation, as is obvious from Figconditions Po=1 atm, Ig To=2.4 (solid line) and its ap-
4, the mean cluster size continues to grow due to clustefProximation(27) with k=1.2 for argon and 1.1 for krypton
cluster aggregatiotthe slopes of the curves in Figs. 4 and 5 (dashed ling
should be compared with the allowance for different-type ~ The distribution function(27) is formed mainly in the
scales on the ordinate ayehis indicates an essential con- process of cluster-cluster aggregation. Indeed, the calcula-
tribution of the cluster-cluster aggregation process to the fortions show that in the absence of gas condensation the ag-
mation of the size distribution of clusters. gregation process results in the formation of the size distri-
Another evidence for a dominant role of the aggregatiorpution function (27) with k=1. A slight deviation of the
mechanism in the formation of the size distribution functioncoefficientk from unity is connected with the condensation
(25) is provided by the form of the distribution function. As growth of clusters: the condensation flux of atoms onto the
a result of calculations, it was found that the functib(m),  cluster surface, being proportional &%, grows with clus-
of the cluster mass distribution over relative cluster sizeter sizeN slower thanN which results in a slight shortening
n=N/(N) is well enough approximated in the simple form of the large-size tail of the distribution function. This is al-
lowed for by the coefficienk>1 in Eq.(27).
f(n)=F(n(N))=constn exp( —kn) (27 The size distribution functioi27) also gives the distri-
with a constant multipliek which takes up values in a nar- bution of clusters over intrinsic temperature which is main-

row interval tained close tdl . in the course of cluster growthl{ as a
11<k<12 28) E;)nf;g;? of the gas state and cluster sités given by Egs.
in all the cases examined. The approximati@i) holds in It should be noted in conclusion that the developed ap-

the total range of mean sizébl)>50 where the developed proach explains the physical meaning of an important experi-
method of calculation is applicable. For kryptkris always mental regularity (usually called the similarity layw
close to 1.1; in the case of argdnis near to 1.1 for all the properties of the jet related to clusters depend on a
(N)=<100 and to 1.2 fofN)=300. As an example, Fig. 6 combination of the nozzle-entry parametéts'T) with n
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The interaction of nonuniform plane elastic modes of the wave-guide type with monolayer and
double-layer quantum Hall systems is considered. It is shown that in contrast to the case

of propagation of surface acoustic waves, no restrictions are imposed for waveguide modes on
the maximum values of wave vectors for which the value of the phase velocity shift of

the wave can be observed experimentally. Fractional incompressible Hall states can be studied
by using the effect for measuring the dependence of the effective magnetic length on the

filling factor and for observing phase transitions in double-layer systems under the variation of
the separation between the layers. 1©99 American Institute of Physics.
[S1063-777X99)00704-5

1. INTRODUCTION layers.(Here and below, we speak of generalized Laughlin
states corresponding to the Halperin wave functfoithe

The interaction of surface acoustic wau&AW) with a  description of such states in double-layer systems was devel-
quantum Hall system has been studied intensely in recemsped by Lopez and Fradihon the basis of the approach of
years both experimentalfiy’ and theoreticallf=** The mea-  composite fermions used by us hgre.
surement of velocity and attenuation of SAW is an indirect ~ Numerical estimates given in Refs. 20 and 21 corre-
method of observation of dynamic conductivity of electronspond to a bulk acoustic wave propagating in a superlattice
gas. A comparison of experimental results obtained by thigf 2D electron layers. The measurements in a monolé&yer
method with theoretical dependences makes it possible ta double-layer systenfor large values ofj require an ex-
verify thoroughly the existing theoretical models. For ex-perimental geometry in which an elastic wave is localized
ample, apart from the observation of magnetic focussinghear the electron layer rather than at the sample surface as in
effect®*and the measurements of temperature dependengie case of SAW. Such a situation is possible in layered
of dc conductivity*>*it is just experiments on propagation elastic media in which an elastic motteodes can be local-
SAW that are considered as a proof of applicability of theized in a layer of a material whose acoustic properties differ
composite fermion mod®&t®*°for describing the fractional from those in the bulkthis is a particular case of wave-guide
guantum Hall effect. propagation of waves; see Ref.)24ere we consider the

Since a SAW is localized at the sample surface, and thinteraction of a quantum Hall system with nonuniform plane
two-dimensional electron layer is at a certain distasié®m  transverse elastic modes propagating in such a medium. The
the surfacgthe characteristic values df=10*-5x10*A),  wave vectors and polarization vectors of elastic modes lie in
the application of the SAW method for measuring the mo-a plane parallel to the interface between the media. The ve-
mentum dependence of the conductivity of the electron sublocity of transverse sound in the layer is assumed to be
system is restricted by the wave vectarsgo~d 1. Itis  smaller than in the bulk, which is a necessary condition for
especially important to leave this range while studying dy-localization of such waves. The piezoelectric mechanism of
namic characteristics of fractional incompressible states. coupling of the elastic mode with the two-dimensional elec-

It was proved in Ref. 20 that the interaction of a two- tron layer is implied.
dimensional electron system in the fractional quantum Hall  Heterostructures AGa _,As—GaAs used for creating
regime with acoustic phonons leads to a noticeable renormatiouble-layer Hall systems are in fact a ready-made elastic
ization of the phonon phase velocith¢) for finite wave  medium with the required properties. For example, structures
vectors. According to the results obtained in Ref. 20, theof the type A—-B—A-B-A (double quantum well and
Av(q) dependence is of the oscillatory type with the scale ofA—B—A, where A stands for AlGa _,As and B for GaAs
oscillations ~)\gﬁl, where Ao is the effective magnetic were used in Refs. 25 and 26. On account of characteristic
length in the model of composite fermions. Consequentlyyalues of wave vectors considered below and specific thick-
the measurement dfv(q) can serve as a method for indi- nesses of layers in Refs. 25 and 26, the acoustic properties of
rect experimental observation of the dependence gfon  these structures approximately correspond to a model in
the filling factor v. Moreover, it was demonstrated earffer which a bulk AIGaAs sample contains a layer of pure GaAs
that the measurements dafv for finite g can be used as a in which the transverse velocity of sound is lower than in
method of detection of phase transitions between fractionahlGaAs. It will be proved below that the renormalization of
states with different quantum numbers in double-layer quanthe velocity of the elastic mode localized in the GaAs layer
tum Hall systems upon a variation of the separation betweem such a system has a measurable value in spite of the small

1063-777X/99/25(4)/6/$15.00 274 © 1999 American Institute of Physics
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nonuniformity in the elastic properties of the system. Thevelocity of transverse sound lug in the layer (z|]<a) and
effect can be enhanced by using the structures with a high, in the bulk (z|>a) (c,>c¢,). For the sake of definiteness,
acoustic heterogeneity. We propose as a possible structurense assume that both elastic media have cubic symmetry and
system in which the AlGaAs—GaAs heterostructure containequal elastic modul¢,,, and the difference between and
ing a two-dimensional electron layer is in the three-c, is determined by the difference in the densitie&such a
dimensional matrix of the material with a much higher ve-relation between parameters approximately corresponds to
locity of transverse sound. The value®d$ in such a system the parameters of AlGaAs and GaAJhe crystallographic
can be an order of magnitude higher than in the previousixes of the system are directed along the coordinate axes.
case. Let us consider a transverse wave with the displacement
vector directed along thg-axis. The wave equation for the

2. MATRIX ELEMENTS OF INTERACTION Fourier componenti,(q,z,»)=u has the form

2
We start our analysis with the general formulas describ- ‘9_‘21_ (C|2b 92— w?)u=0. (5)
ing the renormalization of phase velocity of acoustic 0z ()
phonons interacting with electrons. The Hamiltonian of

; . The boundary conditions are the requirements of the conti-
phonons can be written in the form

nuity of u(z) anddu(z)/dz at the interfaces and vanishing of
N u for z— = (we consider a localized wayeThe solution
Hpn= % wq(bg byt 1/2), D of Eq. (5) with such boundary conditions gives

where wq=vq is the phonon spectrum arfsl’(b) are the cog pga)e M4~ |zj=a

creation(annihilation) operators for phonons. We choose the ~ Ue(t:2)=Aq cos 792) IzZ|<a 6)
Hamiltonian of the electron—phonon interaction in the form
(even modgand
1 2 + iqr +
HintZTSqEK drgq¥ W€ (bg+bZy), 2 sin(pqa)e (-3 z=4
| . I 2)=A%{ si z Zl<a 7
whereW * (W) are the electron creatidiannihilation opera- Uo(4,2) a n(.r;q ) a(z+a) 12 @
tors, k the electron layer indeXS the area of the layeg are —sin(nqa)e* z=-a
:hl?er?r?ttrr?((a erjgrsgn;fst?]fet?aeyienrteraction, and the vectpa®id (544 modg. In (6) and (7), we have \=+1—02/c2,
: . ' . : n= \/v2/C|2—l. The velocityv in the case of an even solu-

_Wlth such a choice oH,, andH,, the quantityAv is tion is determined by the equation
defined as

Av 1 S g gD ; tan(7qa)=N/7, (8

v v 9adak D (G0 0, @ \While in the case of an odd solution it is determined by
whereD(q,w) is the electron density—density response func-  cot(pga)= —\/7. 9

tion. A transition to the model of composite fermions is )
made through the introduction of an additional statistical in-FOr 4<7/(2ay/cy/ci'—1) only one(ever) mode exists. An
teraction between electrons, leading to the correspondintjicréase ing leads to the emergence of additional solutions
modification of the function® appearing in(3). of Egs.(8) and(9) (waveguide modgs _

Let us calculate the matrix elemergs,. We shall use We_ write the transverse component of the displacement
the approach developed by Koehenet al.” The piezoelec- Vector in terms of operators

tric interaction of the elastic wave with electrons is deter-

mined by the Hamiltonian Ug(0)(112)= 2, Ug(0)(0,2)€% (bg+b* ) (10)
q
H= Zk f dr e@rk‘l':i‘l’rk, 4 and substitute it into the expression for the energy of elastic
vibrations:

whereg is the scalar potential of the electric field generated ) ) )
by the elastic modein accordance with the theory of linear ¢ :EJ dzrdz[p(z)(a—u) P A[(&_u) n (‘9_‘1)
responseg in (4) is the external potential, i.e., its magnitude " 2 ot 4\ ox 0z

is calculated without taking into account the effect of theEquating (11) (after the substitution of10) and (1), we

electron subsysten . . obtain the value of the normalization factor
We shall use the smallness of the piezoelectric interac-

tion constant(The form of the small parameter in which the 1

expansion is carried out will be given belgwVe solve first A§=A8=; NIEST (12)

the elastic problem disregarding piezoelectric interaction.

We direct thex-axis alongq and thez-axis at right angles to wherea=[qa(1+ 7?)+ 1\ ]2

the interface between elastic media. The origin is chosen so The scalar potential is determined by the solution of the
that the coordinates of the interfaces afe= =a. Let the  Poisson equation

]. (11
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4

]

J%up,

Ap=— ﬁi,jmm.

13

wheree is the dielectric constant ang} j,, the piezoelectric

D. V. Fil

the subscript$ andj assume the valuesandy. In formula
(18), we used the transverse gauge of the fald

In order to determine value of, we require that La-
grangian(18) gives the value of current satisfying the re-

tensor. In crystals with cubic symmetry, nonzero componentguirement of Galilean invariancé:

of the tensorB; jn, (with i #j+#m) have the same valugve
denote it byg).

The solution of Eq.(13) taking into accoun{10) and
(12) can be written in the form

Pr=ix\2mvISe Y, v4(2)€%(bg+b" ), (14)
q
where y=B8/16m/ec,, is the dimensionless parameter of
piezoelectric interactiofithe quantityy is the small param-
eter in the above derivatipnandy, is the structural function
defined by the boundary conditions imposed¢and by the
type of the elastic mode. Comparirig), (4), and (14), we
obtain

gqk=1V2m/e ev

Y2y yq(2i), (15)

*

=i~ e (b)= 1), 19

oL

A
wherej;=—(e/m*)¥*(iV,;+a;+eA)¥; andny the aver-
age electron concentration. The mean value of the fidkl
determined from the condition that the Lagrangian be sta-

tionary:

|

The condition for the compatibility of19) and (20) gives
E=ng/(M* —my).

The condition that. be stationary relative to fluctuation
ao gives the value of effective magnetic fieB.s=B(1

oL
by

1. ng
0—g<li>—ﬁ<bi>+§<bi>- (20)

wherez, is the coordinate of the two-dimensional electron _f”‘/’) (B is the external magnetic fieldwhich is equal to

layer. The values of(z,) will be given in Sec. 4 during an
analysis of specific structures.

3. RESPONSE FUNCTIONS IN THE MODEL OF COMPOSITE
FERMIONS

Let us now consider the algorithm of calculation of the
response function® in the model of composite fermions.
For definiteness, we choose a monolayer system.
random-phase approximation, we have

D=(1-DyV) Dy, (16)

where V=2me?/sq is the Fourier component of the Cou-
lomb potential, and is connected with the polarization
operatorll ,, of electromagnetic field through the relation

Do=—(1/e®) . (17)

In order to calculatdl,,, we use an approach that is a

Lagrangian formulation of the modified random-phase ap-

proximation for composite fermiorfé. The essence of the
approximatiod’ lies in the inclusion of the Fermi-liquid in-
teraction with the constafitF; defined by the effective mass
m* of composite fermions and the band masg of elec-

trons. Simon and Halperhproved that the inclusion of this

Beir=E£Noeo/N (¢g is the magnetic flux quantunfor the
filling factor v;=N/(Ny=*1) (N is an integex. The fieldB.
corresponds to the integ@t of filled Landau levels in the
effective magnetic field, which shows that the filling factors
v; correspond to incompressible states. The flﬂiq deter-
mines the effective cyclotron frequeney..=2mny/m*N
and the effective magnetic lengihy=(N/27ng) Y2

In order to determine the value diy,, we find the

In th(‘?omponent of the effective action of the electromagnetic

field, which is quadratic i\. In order to calculate this com-
ponent, we carry out functional integration with respect to
fields ¥ followed by functional integration over the fields
andb (in the vicinity of the saddle pointin the expression
for the partition function of the system defined by Lagrang-
ian (18). Omitting intermediate calculations, we write the
final results forT=0:

interaction makes it possible to construct the response func-

tion satisfying thef-sum rule.
We write the Lagrangian of the system in the form

1
L:\I,* iat'f',LLF_a.o_er_W(iVi—’_ai—'—eAi

1

1
2
v+ maosijaiaj+ Egbl )

#7| 9
wherea, is the Chern-Simons gauge field potentia), the
electromagnetic field potentiak;; the antisymmetric unit

tensor,ur the Fermi energyys the model parameter corre-

sponding to the number of gauge field flux quanta carried by

a composite quasiparticles is even, b; the additional field
introduced for simulating the Fermi-liquid interaction, and

where
So=30—P(2o(2,+N)—X), (22)
Ay=(1—¢21)2— §?So(2,+N)—pF, (23)
F=3,+N+(0/w)’Sy, (24)

with p=(m* —mg)/m*N and
N—-1

2j=[sgrrBeﬁ>]je*Xn§O

©

n!

»d XM " (m—n)

7 Ml (0l wee)2—(m—n)2

X[LW”(X)]Zj[(m—n—X)an"(X)

dL™ "(x
oy 2Em (x)

i
dx )

(25

In expression25), x=(gA\¢7)%2 andL]""(x) is the gener-
alized Laguerre polynomial.
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Taking into accoun{15)—(17) and (21), we can trans- for example, Ref. 20 During such a phase transition, the

form expression(3) to value of quantity(31) changes in general, i.e., a phase veloc-
ity jump takes place.
2 ) R (26)
v X ’Yq 1 Al_quoy

Wherefq= equswce- éhl/icl;gfé\lORMALIZATION OF THE VELOCITY OF ELASTIC

A similar procedure can be carried out for a double-layer
Hall system. Two types of Chern—Simons fields and two  Formulas(26) and(31) give the value ofAv relative to
types of fermion fieldgcorresponding to two electron laygrs the phase velocity of the wave in the system containing no
are introduced in this case. A nontrivial generalization of theelectron laye(layers. Since electron layers are not removed
model is the inclusion of terms nondiagonal in layers in thefrom the system in the experiments, the value of velocity in

free Lagrangian of Chern—Simons fields: zero magnetic field is used as the reference point. In this
1 case, a comparison of experimental data with the theory gen-

Lcs=4—8ijaOkM ki 918k (27)  erally requires the knowledge of the quantity,(q,w) (the

™ longitudinal component of the conductivity tensan zero

with magnetic field. It is normally assumed that,—o for
B=0. In the given case, such an approximation seems to

1 ¢y —s rough since we are interested in the dependenef). We

M= ?—_SZ( s oy ) (28)  propose that the value of velocity fer=1 to be used as the

reference point. The case=1 is also described by the for-
where(intege) s corresponds to the number of flux quanta of mulas (26) and (31) if we put ¢=s=0, N=1, and m*
type 1 carried by a quasiparticle of type 2, and vice versa=m, in all the functions appearing in these formulas. Thus,
(the system displays the statistical interaction between laythe quantity that will be sought and compared with the ex-
ers. Here we consider the system of two equivalent layersperimental value is defined as
For ¢=s, we consider only the combination of the fieklg, A
symmetric in the layer indices as the integration variable _av
since there are no fluctuations of combinations of fiedds v v v

antiphase in layers. .
Incompressible states in a double-layer system corre- Al Let UZ gonsﬁe:] tthe ftrLtICtur? 0%660-7AS|_G?A§ t
spond to filling factors —AlpGa 7As in which two electron layers are located a

heterojunctiongz,= + a, dy=2a). We assume that quanti-
N ties B ande are constant in the entire system. The boundary
:W (29 conditions imposed o are reduced to the requirement of
continuity of the Fourier component(q,z) and the deriva-
(per layey. The expressions for the remaining parametersive d¢(q,z)/dz at the interfaces and the equality to zero of
(Bfeﬁ,wce, and\¢¢) coincide with those given above. Equa- the functione for z— .

AUO Av
- (33

v=1

V:Vf

Vi

tion (16) assumes the matrix form with For definiteness, we consider a transition from the phase
ore?| 1 o ado =4, s=0 to the phase =2, s=2 for
V= Le( ) (30) v=1/5. The solution of Eq(13) into which we substitut€6)
eq |e 9% 1) (even modggives a functionp odd inz, while the substitu-

tion of (7) (odd mode gives a functiony even inz. It fol-
lows from(31) that during the propagation of an even mode,
the phase transition with a change in quantum numlbers
ands is accompanied by a jump in the phase velocity of the

whered, is the separation between the layers.
As a result, we obtain the following expression for the
renormalization velocity of a double-layer Hall system:

Av 1 |7q(21)+ 7q(22)|2 |7q(21)— yq(22)|2 elastic mode. On the other hand, the effect is not observed
—=§X2 q( A, —T.E. S, + A f.ES | for the odd mode.
R R (31) The quantitiesy,(z) for the even mode are defined as
2 2
where o _gcodnqa) [E_(n"+AT)
’)’q(a) Vq( a) 1+ 772 2(1_’_)\)
E.=1xexp—qdy); (34)
A =[1—(y£8)3 12— (h£8)25(3,+N)—pF. (32 Figure 1 shows the dependencesiaf,/v on the wave

vector for the stategg=4, s=0 and¢=2, s=2. We have
The phase of a double-layer system is determined bwsed the parameter8=4.5x 10* dyné’%cm, £=12.5, n,
quantum numberg ands. According to(29), the same value =10"cm 2, m,=0.07m, (m, is the electron magsm*
of » may correspond to different sets gfands, i.e., differ-  =4m,, c,,=6%x10"dyne/cnt, p,=5.3glcnt, c,/c
ent phases. If the correlation between the layers is wiak =1.05, andd,=300A. It can be seen from the curves that
largedy), the phase witls=0 is realized. As the value af,  the jump in phase velocity at finite values of wave vector has
decreases, a transition to a phase withO may occur(see, a value that can be reliably measured in experiments.
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FIG. 1. Relative renormalization of the velocity of a localized elastic modeFIG. 3. Relative renormalization of the velocity of a localized elastic mode
(lower even harmonjcin a double-layer Hall system far,/c;=1.05 and  (third even harmonicin a double-layer Hall system for,/c,=1.5 and
v=1/5. The solid curve correspondsie=4, s=0, and the dashed curve to v=1/5. The solid curve corresponds fc=4,s=0, and the dashed curve to
=2, s=2; qis given in the units ofj4mn,. Y=2, s=2; qis given in the units ofy4n,.

Let us now consider the systems in which a considerablgng 4/9 (N=2, 3, and 4, respectivelyfor the lower odd
enhancement of the observed effect can be reached. We shalkstic mode. We have used the parametgre,=1.5 and

assume that the heterostructure containing two-dimensionala — 1500 A (the thickness of the heterostructur@he re-
electron layers is in the matrix of a material with consider-majning parameters are the same as in the previous case. The
ably different acoustic properties. In this case, the heteroa, (q) curves in different incompressible cases differ con-
structure itself will be regarded as acoustically homogesijgerably and have a clearly manifested oscillatory structure
neous. In order to avoid the specification of dielectric and(reﬂecting the increase in the effective magnetic lengthas
piezoelectric properties of the matrix, we assume that theands toy=1/2). The renormalization is an order of magni-
interfaces contain a thin screening layer. In this case, thgde higher than in the previous case. The main restriction on
boundary conditions imposed ap can be reduced to the fyrther enhancement of the effect is the impossibility to cre-

requirementy(z=+a)=0. _ _ ate such structures with very smallwithout violating the
Let the heterostructure contain a single electron layer foprgperties of the electron layer.

z=0. Then it follows from the symmetry af(2) that only If the heterostructure contains a system of double elec-
the velocity of the odd elastic mode is renormalized in suchyon |ayers with coordinates= +d,/2, the velocity of the

a system. The effect is of the threshold type relativg {tor
small g, the odd localized mode is absgnThe structural
function calculated from(13) after the substitution of7)
assumes the value

even elastic mode must be measured as before in order to
observe the phase transition frop=4, s=0 to =2,

s=2 for v=1/5. The maximum effect in this case is attained
at a higher harmoni¢we assume thaly<<2a). The compu-

(O)=a-t " _ cog7qa) - tation of structural function in the latter case gives
Yq 1+ 72 coshqa) | Ao/ = — ol — dof2) = @~ 7 [sin(pqa)sinh(qdy/2)
Figure 2 shows\v,/v as a function ofg for vy=2/5, 3/7, Yai%o Yot o C 1 coshiqa)
—sin(7qdy/2) |. (36)
5 2/5 eses
3/7 ==~ Figure 3 shows\vy/v as a function ofj for the third even
4/9 — harmonic forv;=1/5 for the statesy=4, s=0 and =2,
¥ 1 7=\ s=2 (dy=300A, 2a=1500A). In this case, the magnitude
4 of the effect also increases significantly as compared to the
Ny or former case.
~ Thus, an analysis of the propagation of nonuniform
3 -f plane elastic modes of the waveguide type localized in lay-
ered media such as AlGaAs—GaAs heterostructures can be
_ob regarded as a method of studying the electron structure of
monolayer and double-layer quantum Hall systems. The
0

study of incompressible Hall states by such a method is of
special interest. The expected values of renormalization of

FIG. 2. Relative renormalization of the velocity of a localized elastic modephase velocities of such modes coincide with a similar value

(lower odd harmonicin a monolayer Hall system foc,/c,=1.5 andv

for surface acoustic waves interacting with compressible
=2/5, 3/7 and 4/9q is given in units ofy4mn,.

Hall liquids.
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On the spectrum of the Hubbard model with infinite repulsion on anisotropic triangular
ladder-type lattice
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Low-energy states of the Hubbard model with infinite electron repulsion on an anisotropic
triangular strip-type lattice formed by weakly interacting linear segments are studied. The estimates
of the stability region boundaries for the ferromagnetic ground state of the lattice are

obtained in first order perturbation theory in the interaction between the segments. It is shown
that a magnetic transition accompanied by a jumpwise variation of the total spin of the

ground state from the minimum to the maximum value is possible for lattices with cyclic boundary
conditions and the number of electrons greater than the number of segments by unity.

© 1999 American Institute of Physid$S§1063-777X99)00804-X

1. INTRODUCTION Here P is the projector operator on states without double
filling of lattice sites,A;"(m,o) the creation operator for

The study of possible scenarios of ferromagnetic order lect ith th . &t theith site of themth
ing in the ground state of the Hubbard model is one of the" cCTons Wi € spin componen eith site of them

most interesting problems in the physics of many-electror1$|egr,:1ent !(: 1’2).’ ""T‘dd the gat;art?Neterisandtz, tt3 descrlbet. |
systems:? The first rigorous proof of the possibility of fer- glectron Jumps Inside and between segments, respectively

romagnetic ordering in the ground state of the Hubbaro(|t1|;>h|t2|'|t3|)t‘d_ lizati £ th rix of Hamiltoni
model with infinite repulsion was obtained by Nagabiad € exact diagonalization ot the matrix of Hamitonian

Thouless but it concerns only the case of electron filling (1) for finite lattice fragments gives the ferrc_)maglnetic
with a single hole. It is still unclear whether the ferromag-ground state for any electron concentratiop if

netic nature of the ground state is preserved for a finite valué‘:.(tlt3)/(|t1|t2)>1' For—0.5<u<1, ferromagnehc_order—
of hole concentration and/or finite repulsion. Ing is observed only fop>0.5+ 8, whereé can be estimated

In this research, we study the exact spectrum of IOW_approximately with the help of concepts concerning the

energy states in the Hubbard model with infinite repulsion on Mergence of magnetic polarons in the systenfortu-

a triangular lattice formed by weakly interacting two-centernately’ the poss@bili_ty_of direct_numericgl si_mulatic_m of thE.’

segments. The interest to such models of strongly correlate act spectrum is limited con5|dera_bly_ N view (.)f Its quasi-

electrons is due to a peculiar form of the spectrum and th egenerate form and the exponential increase in the size of
- ) : S the Hamiltonian matrix.

possibility of ferromagnetic ordering of spins in the ground We shall id v th ter than 50%

state for finite concentrations of holes in a half-filled energy . € shall consider only the occupancy greater than 0

band>~7 Various many-electron models for lattices of the since a simpler case @<0.5 is considered in detail in Ref.

ladder type(stripg are used for describing high—temperature7' Forpt>0.|5 and in the a?ser:ce of |3teract|ont bejtwee.n thed
superconductivity of doped compound&’O),P,0, and Sedments, lower energy levels are degenerate in spin an

SrCy0,.58 Besides, Hubbard’s Hamiltonian for anisotropic correspond only to singlen(=1) and double §=2) filling
strip-type lattices may serve as a simple maniy-electrorﬁ)f fwo-center segmentempty segments are abseronse-

model for predicting low-temperature properties of stackeoquermy’tIn a;:;]: (_)(;da?_celwnh Ref. 7 the mtera(c:jtlond betwete n
crystals formed by various complexes with a charge transfets,e(‘:’_men s with 1dentica’ occupancies in second oraer pertur-
including organometallic Miller-type ferromagnét® bation theory (PT) for |t,]>|t,],[ts| is described by the

Hamiltonian
2. HUBBARD MODEL WITH INFINITE REPULSION FOR
LINEAR FRAGMENTS OF A TRIANGULAR LATTICE t2
_c _ (11— )2 _1-
Hubbard’s Hamiltonian for a triangular lattice of the H(1,2) = 4|t1|[2(1 #P= (1= =1 n=1; (2)
strip type formed by weakly interacting linear segme(fig. 0 n=2
1) has the form ' '
H=P, {t;A] (M,0)Aym,o)+t,[A] (Ma)A(m+1,0) whereP, is the operator of transposition of spin variables of
m.o the first and second electrons of a pair of interacting seg-
+AF(M,0)Ay(m+1,0)]+t3A] (M, o) Ax(m+1,0) ments. _ _ _
After labelling allN electrons of the lattice consecutively
+h.c}P. 1 overL segments, we can write the wave function in the form

1063-777X/99/25(4)/5/$15.00 280 © 1999 American Institute of Physics
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ment of the conditions for the Perron—Frobenius theorem is
u>0. Thus, the corresponding results of numerical simula-
tion of the spectrum of finite fragments obtained in Ref. 7 are
valid for any L. It should be noted that a similar approach
was used by Kohrftfor confirming the ferromagnetic nature
FIG. 1. Triangular strip-type lattice described by Hamilton{ah of the ground state of a rectangular lattice of the ladder type
in the limit of weak interaction of segments fpr-0.5. Since

the conditions of the Perron—Frobenius theorem are satisfied

W(LN,S) in the subspace with any value &f, we can easily prove
that all the lowermost energy levels,(S) of Hamiltonian
= > a(ny,Ny,.. NN L,01,02,...,0N) (5) correspond to the total lattice spBsatisfy the inequality
ni<n,<...<ny
N N N Eo(Smin) > Eo( Smint 1)>.>Eq(Smax— 1) > Eo( Sad.
XB*(ny),B"(ny),....B " (ny-)|0)
L+1
X®|oy,00,...,00), Smax:T
N
z Consequently, the first excited stat® for u>0 is of the
St= 2 On, ()]
=1 one-magnon type.

where B*(n;) is the zero-spin operator of creation of an

electron pair on the segment with label, and $* is the

z-component of the total spin of the lattice. The interaction of > ONE-MAGNON SPECTRUM OF AN INFINITE TRIANGULAR

o L ) LATTICE OF THE STRIP TYPE

segments with different occupancies in the first order of the

PT with such a labelling can be described by a three-electron  |n order to gain information on the stability of the ferro-

Hamiltonian of the form magnetic state of Hamiltonia(5) for negative values ofs,
H(1,3=R(1,3[B*(2)B(1)+h.c], we consider the cagd=L+1 in the limit of yveak interac—_

tion between segments, when we can confine an analysis of

the total Hamiltonian5) to only the terms of the first order

in t, andtz. In this case, one-magnon states(bf for L

o can be described by the system of finite-difference
For p~0.5 andp~1, we can neglect the terms of the Second:quations y y
order of smallness i, for the interaction of segments with

t
R(L3= 5 {Pio+ Post u}. @

different occupancies. In this case, the total lattice Hamil- ~ —Aa(m,n)=(2+x)[a(m—1,n)+a(m+1n)],
tonian can be written in the form n£m, m=1, m+2: ®)
H:,il H(j,j+1[1-B*(I)B(i)][1-B*(i+1) —Aa(mm)=a(m—-1m—1)+a(m+1m+1)
- +a(m—1m+1)+ua(m-—1m)
><B(i+1)]+2,l R(j,j+2)[B*(i+1)B(i) +(1+p)a(m+1m); )

—Aa(m,m+1)=a(m—1m)+a(m+1m+2)
+B*(i)B(i+1)],

t—1 N-L
j=i+|Zl k}_‘,l SN, 1). (5) +(1+w)a(m—1m+1); (8)

+a(m+1m)+ua(m+1im+1)

Here &(i,j) is the Kronecker delta. —ha(mm-1)=a(m=1m+(1+u)jam-1m-1)

It can easily be seen that the spectrum of the Hamil- +(2+u)a(m+1m—1); 9
tonian (5) is independent of the sign of the parametgin
view of the symmetry of the problem. Choosing a positve ~ —Ma(mm+2)=a(m+1m+1)+(1+u)a(m+1lm
value of this parameter, we can prove that ma(ﬁ} for +2)+(2+wam—1m+2). (10
u>1 has only nonnegative elements and is irreducible. Con- ) _
sequently, in accordance with Perron—Frobenius conditiorf;/€re the first argument ia(m,n) corresponds to the number
the ground staté5) is nondegenerate and corresponds to arPf the segment with double filling, while the second argu-
eigenvector with positive components. It can be shown thaf€nt corresponds to the number of inverted spibging the
the spin component of this vector is symmetric relative to€N€rgy of the one-magnon state in unitstg. _
transposition of spin variables. For this reason, the ground ~ The solution of such a system can be sought in the form
state(5) for u>1 corresponds to the maximum value of the ik(m+n)
total spin of the lattice. The limit of weak interaction be- a(m,n)=exp(T
tween segments4,t;—0) can be analyzed in a quite simi-
lar way. In this case, the sufficient condition for the fulfill- O<k<2mr, (11

f(n—m),
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where Emery model, we can prove that the Hamiltonian of a trian-
iKl gular lattice forN=L+1 can be written in the pure spin

exp{7)(ij'+Bjx'),j:1, 1=2;j=2,I<-1, form:
f(h= -0 2 N

fo,1=0; 5 )

fr =1, H= ] & (21 wPi- (1-w)?-1]
considering Eqs(7)—(10) as boundary conditions to E(f). t
Sincex and 1k are simultaneously solutions of the equation + é{[PlzvL Pin+1t ul]Qexplik) +h.cl,

1
A== (2+p)| X+ ;), 12 2m
kZTv, v=0,1,... —1. (16)

connecting the energy with the parametex, this parameter

can be either complex-valued with unit modulus, or real-Here Q is the operator of cyclic permutation of &l spin

valued. For definiteness, we can assume that real-vatuedvariables of the lattice anidthe unit operator. Various values

are modulo smaller than unity. Jk| =1 andx=exp (p), six  of k parametrize irreducible representations of @egroup,

coefficients of the wave functiofll) are connected by four and hence describe various types of symmetry of eigenfunc-

boundary equation&)—(10). Such a solution corresponds to tions of the lattice Hamiltonian. It can easily be seen that

the energy band spectrum(16) for evenL does not depend on the signtof

(13) Besides, eigenvalues ¢f6) do not change as a result of the
substitutionv—L —v.

with a “scattering” of a magnon by a fragment with double Let us consider the limiting case of weak interaction of

filling. If xis real-valued, we must pét;=B,=0 inorderto  segments. In the units ®§/2, the lattice Hamiltonian has the

ensure a decrease in the wave funciibi) for | — +. This  simple form

solution corresponds to bound states. It follows from the )

boundary equation&’)—(10) that H= (Pt Pyny1t+ ul)Qexpik) +h.c. 17

4(1+ w)x3cosk+[ u?—4(1+ p)—4 cog k]x? The ground-state enerdy, of this Hamiltonian satisfies the
5 obvious inequalityey= —2A, whereA is the spectral radius
+4(2+ pu)xcosk—(2+u)"=0. (14 of the matrix P+ Pyy. 1+ 1l). It will be proved in Ref. 7
The ferromagnetic state with the minimum energy equal tdhatA=2+u for u>—0.5. On the other hand, the energy of
—2(2+p) is unstable if a one-magnon bound state is formedhe lower ferromagnetic state of Hamiltoniétv) is equal to
with an energy\<—2(2+p), i.e., Eq.(14) has a solution in —2(2+u). Consequently, at least one of states with energy
the interval —1<x<O0. It can easily be seen that such aEo Will be ferromagnetic foru>—0.5 (the ground state of
solution of Eq.(14) exists for the lattice can be degenerate
In order to improve the estimate of the critical value of
#<—0.5cok—1. (15 the parametepn below which ferromagnetic ordering is vio-
Thus, the ferromagnetic state is stable fior—0.5 since  lated, we consider the one-magnon spectrum of Hamiltonian
a local energy level cannot exist below the continuous spedl7). In the space of spin configuratiofsigenfunctions of
trum band. the zcomponent of the total spin of the lattic®@ne-magnon
states are described by the following system of equations:

N=—2(2+p)cosp, —w<ps=mw

4. ENERGY SPECTRUM OF A LATTICE WITH CYCLIC B _ .
BOUNDARY CONDITIONS Nap=(2+ p)[expik)an_1+exp(—ik)ay.1],

Let us consider a lattice in the form of a strip closedasa m=4,...L,
loop. The Hamiltonian of such a lattice commutes with the ) ]
operator of a displacement by a unit céivo-center seg- Nag=(2+p)exp —ik)as+[a; +(1+ u)azlexpik),
mend. For this reason, the basis functions on which the
Hamiltonian matrix is constructed can be put in correspon-
dence with various irreducible representations of the Abelian Xexp —ik),
groupC, . In such a symmetry-reduced representation, this
matrix has a block-diagonal form, which simplified the cal- (A —2cosk)a;=(ua+az)exp(—ik)+(1+u)
culation of its spectrum significantly. In the corresponding xay ,  exp(ik)

. . . L+1 ’
reduced form of the Hamiltonian, operators of cyclic permu-

Nag 1= (2+p)expik)a +[(1+u)a; +ay]

tations of spin variables of all electrons appear in a natural — = i
way L2 p pp (AN—2 cosk)a,=(una;+ a,_.H)exmk) +(1+u)ag
The symmetry reduction for the matrix of the Hamil- xXexp(—ik). (18

tonian of an anisotropic triangular lattice can be carried ouj, analogy with the linear case, the solution of systdi®)
in the simplest way foN=L + 1. Without going into details will be sought in the form ’

of simple but cumbersome operations with cyclic permuta-
tions, which are similar to those considered in Ref. 11 forthe  a,=explikm)(Ax"+Bx™ ™), m=3,...N. (29
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-0.50 TABLE |. Lower energy levels of Hamiltoniat17) for a lattice of ten
segmentsm=(N—-2S)/2, k= (2x/L)v.

H m u=-—0.500000 » w=-0.520344 v w=-0.598508 v
0 —3.00000 5  —2.95931 5  —2.80298 5
1 —2.97206 4  —2.93451 4  —2.80298 5
2 —2.94499 3 -2.91186 3 —-2.90250 0
3 —2.91859 2 -2.89168 2 -2.99317 4
4 -2.91279 4  -2.93280 4 —3.02447 4
5 —2.94063 4  —2.95931 4  —3.04500 4

-0.60 neighborhood of the point=10. ForL—»,u{Y=-0.5,
which coincides with the estimate for an infinite strip.

In order to obtain an estimate of the parametecorre-

sponding to the boundary of the stability region of the ferro-

i
20 L 40 magnetic state of the lattice, it is necessary that its states with
3 _ several inverted spins lie above the one-magnon states. Un-
FIG. 2. Dependence of the critical value of parametefor which the fortunately, we could not obtain analytic formulas for multi-
ferromagnetic state of the strip becomes unstable to the rotation of a single ! . .
spin on the number of segmerits magnon energy Igvels: For _th|s reason, we confined our
analysis to numerical simulation of the exact specti(d)
for finite L. Most typical results of calculations are given in
_ _ ~ Table | forL=10. It can easily be seen that all lower energy
After a number of simple but cumber_some calculations simievels with the total SpirS< Sy,—1 for the critical value of
lar to those presented above for the linear problem, we Obtalﬁ determined from(22) lie below the ferromagnetic state.

the following system of equations for determining the energyconsequently, local stability of the ferromagnetic state to the

A\ rotation of a single spin does not coincide with global stabil-
A=(2+ ) (x+ 1%): ity. For a lattice with ten segments, the violation of the fer-
romagnetic state begins at=0.5203 through a jumpwise
(2+ ) [(A—2 cosk)?— u?](1—x?Y) = u?(2+ w)x3(1 decrease in the total spin to the minimum value without pass-

ing through intermediate valugsee Table )l Thus, both

_v2(L=2) 2 _ L
X )+ w A= (2+ p)cosk]x(1+x7) states with the marginal spin are locally stable in the vicinity

X (1—x""2)+ (24 p) A — (2— p)cosk]x(1 of the transition point. It should be noted that a similar tran-
Ly . sition between the minimum and maximum values of the
+X-79)(1=x0). (200 total spin was observed in the case of weak anisotropy for

triangular strip-type lattices for positiye’ as well as for the
Heisenberg spin model with competing interactibht’
Formulas(21) and(22) can serve as the lower boundary
far the critical value of the parametgrfor which ferromag-
netic ordering is violated. On the other hand, the upper
boundary of this parameter is equal +®.5 (see the begin-
ning of this section Consequently, according t@1), the
lower boundary coincides with the upper boundary for
— 00,

This system of equations has the solutiva exp(k)
with the energyx =2(2+ w)cosk for any k from (16). Ow-
ing to the scalar form of Hamiltoniafl7), the complete set
of one-magnon states necessarily includes the states with t
maximum total spirS,,,x and $*=S,,—1. It is such states
that are responsible to the solution=exp (k). Conse-
quently, in order to analyze the stability of the ground ferro-
magnetic state, we must eliminate frg20) the trivial solu-
tion x=—1 existing for any values of parameteus

It can be proved with the help of simple but cumbersome
calculations that the lower one-magnon state for a giken CONCLUSION

has an energy equal t02(2+ ) if The exact spectrum of the Hubbard model with infinite

2+ cosk) 12 repulsion on an anisotropic triangular strip-type lattice
T , k#Fm, (21 formed by L weakly interacting linear segments has been
studied. It is shown that the ground state of the lattice in the

,u(cl)z—ZL(l— 1-

2 2L—\2L(L—1) limit of weak interaction of segments for positive values of
B =T 31 k=T (22)  the parametep = (t,t3)/(|t4]t,) is ferromagnetic for any.

A detailed analysis of the one-magnon spectrum is carried
The stability boundary of the ferromagnetic stét@ can be out for the case of lattices with the number of electrons
determined by considering only the critical states of the palarger by unity than the number of segments. The depen-
rameteru with the minimum magnitude. It can be proved dence of the critical value of the paramegefor which the
that this state corresponds/ﬁ(f) for L<12. ForL=12, we one-magnon spectrum becomes degenerate on the number of
must use formuld2l) for k=[(L=2)#x]/L (Fig. 2. Thus, segmentd is obtained. It is shown that this dependence for
one-magnon states with different symmetries intersect in theegativeu has a singular point fot =10, at which levels
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The temperature dependences of the unit cell parama¢®er of tin telluride with different

extents of deviation from stoichiometry are obtained during heating from 80 to 290 Ka(THe
dependence for a sample with the stoichiometric composi&rat.%Te displays an

anomaly in the temperature range 90—100 K, which is attributed to the well-known ferroelectric
phase transitioiPT). Well-pronounced jumps in the unit cell parametdm{a~0.015)

observed for 50.4 at.%Te in the intervals 135— 150 K and 200-215 K correspond to a negative
thermal expansion coefficient. Upon a further increase in the deviation from stoichiometry
(50.8 at.%Te¢ these effects become less pronounced. The instability in the crystal lattice in certain
temperature intervals is attributed to phase transitions in the subsystem of intrinsic defects
(nonstoichiometric vacancigassociated with their redistribution over the cation sublattice upon
a change in the temperature and composition. The role of relaxation phenomena in the
rearrangement of crystal defect subsystem is determined19@® American Institute of Physics.
[S1063-777X99)00904-4

INTRODUCTION “mixed,” and hence to a PT. The existence of two interact-
ing normal phonon modes experiencing softening and deter-

Considerable deviation from stoichiometry in the semi-""2 ) . T
mining the existence of several PT is possible in compounds

conducting compound SnTe with a broad homogeneity re _ 17
gion (=1 at.% on the side of excess tellurium determines a°f thiS type:" It is proposed that not only the electron sub-

high concentration of intrinsic defectmainly cation vacan- SYStém. butalso intrinsic crystal lattice defects play a certain
cies and p-type charge carriersp,=102°—1®tcm 3) in role in the mechanlsmlgof .structural transformatl_ons during
this compound:® Within the homogeneity region of SnTe, PT- Khandozhkoet al™ discovered steps al,=376h

the unit cell parametea decreases linearly with increasing (Wheren=1-6) on the temperature dependences of resonant
Te concentratiod:® It is well known that SnTe undergoes a fields of*°Sn nuclei in NMR experiments. These anomalies
ferroelectric phase transiticiiPT) of the displacement type Cannot be described by the model of softening of the phonon
from a cubic structure of the NaCl type to the rhombohedraSPectrum as a result of the electron—phonon interaction. The
A7-structure at a temperatufie, close to 100 K'® It was  authors of Ref. 18 suggested that the observed effects are
found that the value of, decreases upon an increase in theassociated with the movement of crystal lattice defects af-
charge carrier concentration, and FPT is not observed foiecting the local distribution of electron density upon a
p77=(7-10)-107%m 3771 Some authoré™* report a change in temperature. This is confirmed by the long-term
much higher value of . (160 K!? and 140-145 19 and instability and hysteresis phenomena observed in experi-
presume the existence of at least two phase transitefis =~ ments. However, the physical nature of high- temperature
in SnTe®1212 The possibility of two consecutivén tem-  transitions observed in Ref. 18 is not clear. Balagurova
perature structural PT in SnTe from the cubic to the rhom- et al.*® pointed out a large number of temperature anomalies
bohedral phase and from the rhombohedral to the rhombith compounds of IV-VI groups as well as in other narrow-
phase is considereéd.Structural instability of SnTe as well band materials, attributing these anomalies to nonstoichiom-
as other semiconductors belonging to IV-VI groups is usuetry, peculiarities of band structure, and other factors.

ally attributed to the softening of the transverse optical mode  On the one hand, an increase in the deviation from sto-
with zero momentum as a result of the interband electron-4chiometry leads to a decrease i or disappearance of
phonon interaction®® It is assumed that the interaction of FPT, while on the other hand an increase in the concentration
electrons from two adjacertfilled and empty bands with  of nonstoichiometry defectécharged cation vacanciem-

one of optical vibrations results in band “mixing” leading to evitably leads to the interaction between the deféCisu-
anharmonism and instability of the optical vibration beinglomb, deformation-induced, etc. interactjoAs a result, the
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probability of the rearrangement of the defect subsystem

leading to the decomposition of the homogeneous phase into 6.32
a mixture of phases with different stoichiometries or to the
emergence of ordering in defect arrangement increases at

quite low temperatures with the deviation from the stoichio- -
metric composition. A short-range order is possible when
ordered regionsclusterg with a composition slightly differ-

ing from the average composition of the crystal are formed.
A regular distribution of defects can spread over the entire g
crystal (long-range order leading to the formation of a su- L
perstructure existing in a certain interval of temperatures and
concentrations. Finally, the excess of point defects can be

50 at. % Te

6.31

eliminated due to partial lattice rearrangement as a result of 6.301-

crystallographic shift for a considerable concentration of

nonstoichiometric defect®.What has been said above indi- \ . 1 N

cates the possibility of phase transitions in SnTe due to re- 100 200 300
distribution of nonstoichiometric defects. T,K

This research aims at an analysis of temperature depen-
dences of the unit cell parameter of SnTe with different exF!G. 1. Temperature dependence of the lattice paranaaiBSnTe with the
tent of deviation from stoichiometry. stoichiometric compositiot50 at.%Te.

MATERIALS AND METHODS OF INVESTIGATION decreases upon heating, which corresponds to a negative

The composition of the samples under investigation corthermal expansion coefficient. The jumps in the valua of
responded to Te concentrations of 50, 50.4, and 50.8 at.9¢hese regions are significant, amounting +®.014, i.e.,
which corresponds to hole concentratiopg,=1.7x10?%, ~ ~1.5% in both cases. It should also be noted that the value
8x10%% and 1.5¢10"cm 3 (samples 1, 2, and 3 respec- of a for sample 2 at 80 K virtually coincides with the value
tively). The samples were synthesized in quartz ampule§f a for sample 1 with the stoichiometric composition and
evacuated to 10?7 Pa at 1200 K for 5—6 h under vibrational even exceeds this value in the region of anomalies. The val-
mixing of the melt. Homogenizing annealing was then car-ues ofa(T) for sample 1 aff>215K (Fig. 1) are higher
ried out for 200 h af =820 K, followed by cooling with the than for sample AFig. 2, which corresponds to the nor-
switched-off furnacéat a rate~1 K/min). After such a ther- mally observed variation ai within the homogeneity region
mal treatment, the homogeneity range for SnTe lies betweef®r SnTe at room temperatute’

50.1 and 50.8 at.%T&The unit cell parametea was mea- For sample 3, the anomaly in the temperature range
sured in the temperature range 80—290 K on the x-ray dif135—-150 K is less pronounced, and instead of a clearly
fractometer DRON-3M equipped with a special helium cry-

ostat. The original ingots comprising large-size crystals were

crushed into powder and annealed in vacuum at 500 K for 2 6.32
h. During the recording of x-ray diffraction patterns, the tem- i
perature of the samples was stabilized at each point to within
+0.05K. The error in determining did not exceed 0.02%. 6.31[
The values ofa obtained at room temperature for samples
1-3 correspond to the available data.

630
EXPERIMENTAL RESULTS
. o ]
Figures 1 and 2 show the temperature dependences of <
the lattice parametea for samples 1-3. Sample 1 displays 6.291

an anomaly in the temperature range 90—-100 K, that can be R
naturally attributed to the known FPT. The estimate of the
variation of the thermal expansion coefficigEC) in this 6.28[
temperature range by using the graphic differentiation

s 504at.%Te

method shows that the inflection on taéT) curve corre- o 508at.%Te
sponds to an-type anomaly on the temperature dependence 6.27+

of the TEC typical of the second- order PT. This is in accord . , . .

with the results obtained in Ref. 25, where the TEC was 100 200 300
determined dilatometrically. T K

The a(T) dependence for sample 2 displays two clearly
manifested anomalous regions In the.temperature intervals. 2. Lattice parameter of SnTe with the nonstoichiometric composition
135-150 K and 200-215 K, in which the value af (50.4 and 50.8 at.%Te as a function of temperature.
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manifested anomaly at 200 K, we observe a bend beyondonstoichiometric defects up to the formation of a super-
which the rate of variation o with temperature becomes structure of vacancies.
constant. The redistribution of defects resulting in the formation of

Thus, lattice instability effects accompanied with a tran-ordered configurations is usually associated with migration
sition of the TEC to the range of negative values are manief atoms and follows the diffusion mechanism. The rate of
fested most clearly in sample 2. diffusion in normal crystals at temperatures from 80 to 300
K is low, and such transition must be hampered. It should be
noted, however, that if diffusion occurs according to the va-
cancion mechanisn@which is most probable in the given

The presence of pronounced anomalies on @)  case, the self-diffusion coefficienD and the vacancy diffu-
curve for sample 2 indicates the instability of the crystalsion coefficientD; are connected through the relation
lattice in certain temperature intervals. Taking into accounD =fAD;, wheref is the correlation factor andl the relative
the high concentration of intrinsic defects in this samplefraction of vacancie&® It follows hence that an increase in
(~1.6% of vacancies in the cation sublatdici is natural to  the vacancy concentration leads to an increase in the self-
assume that the emergence of new PT in SnTe upon an iliffusion rate. Such a sharp increase in the diffusion coeffi-
crease in the extent of deviation from stoichiometry can becient upon the introduction of structural vacancies associated
due to a change in the conditions of thermodynamic equilibwith ~ deviations from stoichiometry is confirmed
rium and the type of polymorphism in the presence of vacanexperimentally’” Since the concentration of structural va-
cies as well as due to redistribution of intrinsic defects as a&ancies in SnTe crysta(l2—3%) at low temperatures is much
result of their interaction. Naturally, both these factors arehigher than the concentration of thermal vacancies ensuring
interrelated, and the influence of defects on the electron spethe vacancion mechanism of diffusion in most crystals
trum and dynamics of the crystal lattice might be most sig{10 **-10 %% at 300 K if we assume that the energy of
nificant just as a result of a redistribution of defects with thevacancy formation i€, =1— 1.5 eV}, we can expect that the
formation of configurations corresponding to the free energyiffusion rate in SnTe is much higher than in stoichiometric
minimum. Moreover, the formation of such configurationscrystals. The presence of nonequilibrium point defects of
may become a necessary condition for the emergence of nevarious types formed as a result of rapid cooling also stimu-
PT. The time of realization of a PT depends on temperaturéates the increase in the rate of diffusion proce$8és order
as well as on the mechanism of Rdiffusion, martensite, to estimate the time required to complete diffusion in SnTe
electronic, eto. samples at low temperatures, we must know the activation

It is well known at present that in the case of stronglyenergy of vacancy diffusion or activation energy of self-
nonstoichiometric phases, broad homogeneity regions oftediffusion as well as their dependence on the vacancy concen-
split into a number of ordered phases with a more restrictetration. To our knowledge, no information has been obtained
nonstoichiometn?’ Due to a considerable contribution of the in this field.
ionic component of the chemical bond in IV-VI group com- It should also be borne in mind that the samples under
pounds and electrical activity of nonstoichiometric defects,nvestigation were subjected to a prolong260 h homog-
an ordered arrangement of the latter is stimulated by a noenizing annealing at 820 K, resulting in a high degree of
ticeable energy gaiff The probabilities of the formation of crystal homogeneity and a quite uniform distribution of va-
commensurate superstructures with periods multiple to theancies over the volume. Under such conditions, displace-
period of the initial lattice and of the emergence of a set ofments of atoms by small distances are sufficient for the for-
discrete structural states are quite hfghA microdomain  mation of a long-range order, which facilitates the formation
state can be formed, in which a crystal contains regions obf a superstructure of vacancies at low temperatures.
various compositions with different types of orderfigrhis On the other hand, the possibility of defect ordering at
can be a reason behind a large number of temperatutemperatures above 300 K, when the diffusion rate is still
anomalies observed in group IV-VI compounds and solicsignificant, and the PT observed at 80-300 K are nondiffu-
solutions on their basis. sive should not be ruled out.

It should be noted that the composition of sample 2  The observed anomalies are characterized by a consider-
(50.4 at.%T¢ corresponds to the peak on the liquidus andable variation of the unit cell parameter for the same sym-
solidus curves of the Sn—Te system, which is displaced relametry (the NaCl-type structure is preseryehd by the nega-
tive to the stoichiometric compositidn® Besides, estimates tive sign of the TEC. This suggests that such a strong
of the optimal compositions of ordering in the homogeneitymanifestation of PT is determined not only by thermody-
regions of SnTeé® show that the composition with namic, but also by kinetic factors. It was mentioned above
50.4 at.%Te corresponds to the formation of a fcc lattice othat thea(T) curves were recorded during heating of the
vacancies with the parametar=4a,, wherea, is the unit  samples cooled preliminarily to 80 K at a rate-020 K/min.
cell parameter of SnTe. The fact that this composition corret can be assumed in this connection that a certain nonequi-
sponds to the peak on melting curves and the presence &brium state with a parametex higher than in the equilib-
singular points on the concentration dependences of sonmium state sets in in sample 2 as a result of an abrupt de-
parameters®?*%indicate that such a possibility can be real- crease in its temperature from room to liquid nitrogen
ized. Thus, the anomalies observed on #{&) curve for temperature and incompleteness of diffusion processes
sample 2 can probably be a consequence of redistribution afhose rate is extremely small at such low temperatures.

DISCUSSION OF RESULTS
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A considerable rate in the increasedrfor sample 2 in (e.g., vacancy orderingmust take place. These pro-
the temperature range 80—135 K indicates a higher value of cesses lead to giant instability of the lattice, resembling
the TEC than near the room temperature, indicating a lower the crystallization of a supercooled liquid or the heating
thermal stability of the alloy. The latter effect is apparently ~ of the amorphous phase capable of crystallization. It
due to a high degree of disordering determining the high  should be noted that Fukui et Zl.obtained amorphous
concentration of defects. The heating of such a nonequilib- SnTe films during condensation on substrate¥ a¥.2
rium system increases the diffusion rate and must lead to and 77 K. The resistivity of such films drops jumpwise
complex processes associated with equilibrium phase trans- upon heating at 180 K, i.e., at a temperature close to the
formations(if these occuron one hand and the relaxation of ~ jump in the unit cell parameter on tiegT) curve (see
the system to the equilibrium state on the other hand. As a  Fig. 2.
result, the manifestation of equilibrium PT accompanied by(2) The existence of intermediate metastable states through
relaxation processes can become anomalous. Such a situation Which the system passes on its way to the equilibrium
is probably observed in sample 2: excess defects are “cast State during heating.
away,” the defect system is rearranged, and the valua of It should be noted that the positions of two steps on the
decreases in the temperature intervals corresponding to equémperature dependence of the resonant field*88n
librium PT (135-150 K and 200-215 )K Finally, starting nucleus’ coincide with the positions of steps on théT)
from ~215K, the unit cell parameter corresponds to thecurve obtained by us, which indicates that the PT was de-
equilibrium value. on the other hand, the rearrangement ofected by two different methods and confirms their existence.
the defect subsystem at 135—-150 K and 200-215 K can be a
purely relaxation process corresponding to nonequilibriumcONCLUSIONS
PT: the system returns to its equilibrium state via a number

of intermediate states corresponding to metastable equilib- Tin telluride with various degrees of deviation from sto-
. ichiometry(50.0, 50.4, and 50.8 at.%kas been studied by
rium at each temperature.

. . . . . o using x-ray diffraction analysis during heating in the tem-
The following question arises in this connection: why erature range 80-290 K. The temperature dependence of

are the jumps in the lattice parameter manifested mos&e unit cell parameter for a sample of the stoichiometric
clearly for the composition with 50.4 at.%Te rather than for b P

the composition with 50.8 at.%Te. A possible reason behin&OmpOSItlon displays an anomaly in the range 90-100 K,

. . o which is apparently associated with the known ferroelectric
this effect can be determined by kinetic factors. As a mattep+ 1, pphpase trgnsitions observed in samples of nonsto-

of fact, sample 3 contains twice as many nonStOIChlometrI(l:chiometric tin telluride in the temperature intervals 135

S : . 0 :
Vf%arlc;eslzln t?hg cation suttrnllatél_a]g?.Z_at. A tas. n samlple32 —150 K and 200-215 K are pronounced most clearly for the
(1.6at.9. For this reason, the diffusion rate in sample Car_‘sample with 50.4 at.% Te, in which they are accompanied by

be much higher ‘h"’“? in Sa”.‘p'e 2 and th? structure formed '90nsiderab|é~1.5°/® jumps in the unit cell parameter and a
sample 3 after rapid cooling is less disordered. In Otheriransition in the thermal expansion coefficient in the range of

words, the structurg form?d n the samples with a h'ghe'hegative values. It is assumed that these PT are due to redis-
vacancy concentration for identical conditions of preparat'ontribution of nonstoichiometric vacancies over the cation sub-

apd thermal processing 1s closer to thg equilibrium state at g iee ang the formation of configurations corresponding to
given temperature. It is probably for this reason that the vaI—the free energy minimum at a given temperature. A consid-
ues ofa for sample 3 virtually coincide with equilibrium erable magnitude of effects accompanying a PT in the
values, and the jumps ia upon an increase in temperature o hje with 50.4 at.%Te and the negative sign of the TEC
are much smaller. . L .. are apparently the results of action of kinetic factors, i.e., the
Thus, the concentration of vacancies in sample 2 is high,onequilibrium nature of the initial state as a result of rapid
enough to §t|mulate the. processes .o.f their red|str|but|onco0“ng to 80 K and relaxation processes occurring during
However, this concentration is insufficient for the comple-peating. An increase in the concentration of cation vacancies
tion of diffusion processes in the case of rapid cooling, andgaqs 1t an increase in the rate of diffusion processes owing
the structure formed is far from equilibrium. The sample, which the effects occurring during phase transition are
returns to equilibrium through a number of intermediateg ppressed. The possibility of purely relaxation nature of the
states. observed phase transitions cannot be ruled out when the sys-

Thus, structural instability of samples 2 and 3 in certainem returning to the equilibrium state passes through a num-
temperature intervals can be due to the following factors. per of intermediate metastable states.

(1) The presence of equilibrium PT associated with a redis-
tribution of nonstoichiometric defects. The sharp change’e-mail: nashon@kpi.kharkov.ua
in the unit cell parameter accompanying these PT during
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The 31st Conference on Low Temperature Physics wa€onference Hall of the Institute of Physical Problems, while
held in Moscow on December 2—-3, 1998. The conferenceneetings in sections were conducted in the afternoons in
was organized by the Scientific council of the Russian Acadvarious buildings of the MSU and Institute of Physical Prob-
emy of Sciences on the problem of “Low Temperature Physdems. Plenary papers by A. F. Andreev, I. M. Suslov, V. L.
ics,” P. L. Kapitza Institute for Physical Problems, Moscow, Gurevich, V. F. Gantmakher, A. N. Vasil'ev, and N. A.
and M. V. Lomonosov State University, Moscow. It was a Babushkina were devoted to current problems in the physics
continuation of the regular All-Union conferences held pre-of condensed state at low temperatures.
viously in the USSR. The first two conferences were held in  In his report “Mesoscopy and Fundamental Properties
Kharkov even before the Il World war, and the third confer-of Space,” A. F. AndreevV(Institute of Physical Problems,
ence was also held in Kharkov in 1954. In 1955, Academi-Russian Academy of Sciences, Mosg@aid attention to the
cian Petr Leonidovich Kapitza became the head of the Sciimportant role of low-temperature physics in the develop-
entific council on low temperature physics and a permanentnent of modern concepts concerning fundamental properties
chairman of All-Union conferences on cryogenics, whichof physical space. This is due to high accuracy of measure-
were held annually at various centers of low-temperaturanents at low temperatures and the possibility to attain quite
studies. In 1957, P. L. Kapitza invited two groups of physi-low temperatures-1 mK at which the energy difference be-
cists from Cambridge and Oxford headed by A. B. Pippardween an excited and the ground state is much larger than
and K. Mendelson, who took an active part in the work oftemperature. Under such conditions, conventional degrees of
the conference. Ties with foreign cryogenic physicists befreedom are “frozen out,” and the space is characterized
came even closer after the International Conference on Lowanly by additional degrees of freedom in the form of a non-
Temperature Physidd. T-10) held in Moscow(1966 under  relativistic version of Grassman spinor coordinates. The con-
the aegis of the International Union of Pure and Appliedtribution made by Andreev to this field is quite profound, and
Physics(IUPAP, UNESCQ. In 1969, the Soviet—Japanese his report aroused a considerable interest. He proposed a
Conference on Low-Temperature Physics was organized inorrect description of mesoscopic superconductivity for
Novosibirsk. Since 1970, All-Union conferences on low- which the invariance of the gauge transformations is violated
temperature physics have been carried out biannually witlas well as low-temperature experiments for studying the ge-
regular participation of physicists from Comecon countries,ometry of the superspace.
thus acquiring the status of an international conference. The The report made by I. M. Susloiinstitute of Physical
scope latest(31s) Conference also extended beyond theProblems, Russian Academy of Sciences, Mogomas de-
Russian regions since more than 30 reports were presentedted to an analysis of the density of states in the vicinity of
by Ukrainian science centers, and approximately 20% of paAnderson’s transition in th€4—e¢)-dimensional space. A
pers contained results of joint studies with scientists from theonsistent fluctuational analysis of the problem leads to the
USA, Canada, Japan, Great Britain, France, Germany, Deremergence of a singularity for the dimensids4 of the
mark, Netherlands, Belgium, Sweden, Finland, Switzerlandspace, which was eliminated by the authorder4 with the
Macedonia, and Poland. help of e- expansion used for the summation of diagrams and

The Organizing Committee headed by A. F. Andreev,Lipatov’'s method for calculating long- range interaction ap-
Vice President of the Russian Academy of Sciences, inproximations.
cluded six 45-minutes long plenary papers and 128 reports at In the report made by V. L. Gurevidt{iPhotomagnetism
four sections of the conference, viz., quantum liquids andf Metals and Generation of Electron Current by lllumina-
crystals(section G, fundamental problems in superconduc-tion,” V. L. Gurevich and R. Laing, the results of theoreti-
tivity (section 3, low-temperature solid-state physitsec- cal and experimental investigations of photomagnetic phe-
tion T), and electron phenomena at low temperat¢sestion nomena in normal metals were considered. lllumination
E). induced a magnetic flux in a sample made of a nonmagnetic

The plenary sessions were held in the mornings in thenetal(Cu, Al, or Zn) of a special shape. At 4 K, it was equal
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to approximately one flux quantum for an incident light in- magnetic field on the metal—insulator transition temperature
tensity of 0.04 W/crf. The emergence of a surface current asin these systems with varying composition was also ana-
a result of transfer of the momentum of light quanta to eleclyzed. A theoretical interpretation of the observed phenom-
trons or due to anisotropy in the probabilities of interbandena was proposed by KhomskiEroningen University.
electron transitions was considered as a possible mechanism The results of investigation of various physical proper-
of the effect. The existence of the effect makes it possible tdies of manganites were considered in detail during meetings
use optical spectroscopy at a high frequency of light forin sections(section 7. In most of the reports presented to
studying the relaxation mechanisms of charge carriers withhis section, low-temperature magnetism in various com-
an energy higher than the Fermi energy. In his reporpounds including quasi-two-dimensional and quasi- one-
“Quantum Superconductor—Insulator Transitions,” V. F. dimensional magnets was discussed. Due attention was paid
Gantmakher presented the results of experimental investigée phase transitions and structural features of fullerene crys-
tions of magnetoresistance of amorphougOpnfilms at low  tals.
temperature¢down to 30 mK, which were carried out to- New data obtained in x-ray diffraction experiments on
gether with V. T. Dolgopolov, M. V. Golubkov, G..Hsyn-  deformation of the Rbgz molecule and the known experi-
dynzhapov, and A. A. Shashkin at the Institute of Solid Statemental results were analyzed in the report by V. L. Aksenov
Physics, Russian Academy of Sciené€hernogolovka A (Joint Institute for Nuclear Research, Dubma the basis of
sharp increase in resistance was observed in samples withe symmetry theory of orientational phase transitions in
x<3 in magnetic field8 stronger than the critical fielB,; fullerene crystals, which was developed by the author to-
the resistance attained its maximum value and then degether with Yu. A. Ossipyan and V. S. Shakhmatov. New
creased with increasing field. The transition to the insulatoexperiments were proposed for detecting and studying the
state observed & =B_ is apparently associated with local- predicted structural peculiarities, including those with
ization of Cooper electron pairs, which is replaced by theirRaman scattering involving polarization analysis. An analy-
delocalization in a strong magnetic field and a transition tcsis of experiments on infrared absorption and scattering of
the normal metallic state. neutrons in uranium dioxide was carried out by Yu. G.
The report “Charge Splitting and Spin Gap in Na®; Pashkevich{Physicotechnical Institute, National Academy of
by A. N. Vasil'ev (Moscow State Universijycontained a Sciences of the Ukraine, Donejsknd A. V. Eremenko
brief review of experimental and theoretical investigations of(B. Verkin Institute for Low temperature Physics and Engi-
a specific phase transition in this compound, during whicheering, National Academy of Sciences of the Ukraine,
the formation of charge density waves in the crystal is acKharkov).
companied by the emergence of a gap in the magnetic exci- The dynamics of nano- and microclusters adsorbed on
tation spectrum. Sodium divanadate is the first inorganidche atomically clean surface of a crystal was considered in
compound in which these two cooperative quantum effectshe report by I. A. Gospodarev, A. M. Kosevich, and S. B.
are combined in such a peculiar form. Doubling of the crys-Feodos’evB. Verkin Institute for Low temperature Physics
tal lattice period in NayO; is accompanied by a redistribu- and Engineering, National Academy of Sciences of the
tion of charge between vanadium ions. The degree of oxidakkraine, Kharkoy.
tion of the ions is four and five since nine electrons are L. A. Boyarskii (Institute of Inorganic Chemistry, Sibe-
distributed between two identical vanadium ions. As a resultian Branch of the Russian Academy of Sciences, Novosi-
V4" and \P* ions form spin “ladders” in vanadium— birsk) reported on the possibility of using the NMR tech-
oxygen layers. A long-range magnetic order cannot be estalmique in strong magnetic fields exceeding 1.5 T for studying
lished in the spin chain along the generatrix of such a laddeffine effects associated with chemical and structural inequiva-
and a decrease in temperature leads to a redistribution of thence of the positions of vanadium atoms in vanadium diox-
charge between vanadium ions, resulting in the formation ofde.
new zigzag chains of 4 and \P*. As a charge subsystem, L. A. Fal'’kovskii (Landau Institute of Theoretical Phys-
these chains are charge density waves, while as a spin suies, Russian Academy of Sciences, Chernogolvikali-
system they are dimerized and display an energy gap. cated the possibility of “cold” destruction of metals with the
The report by N. A. Babushkin@'Giant Isotopic Effect  help of short light pulses allowing electrons to acquire an
and Other Low-Temperature Phenomena in Rare-Earth Marenergy exceeding the Fermi energy. The destruction occurs
ganites,” N. A. Babushkina, L. M. Belov, O. Yu. Gorbenko, due to the deformation of the cold lattice as a result of direct
A. R. Kaul. K. I. Kugel, and D. I. Khomskjiwas devoted to electron— phonon interaction and requires much smaller en-
experimental investigations of the influence of isotopic effectergy expenditures than for the equilibrium melting of the
on the resistance of the (LaPr),Ca MnO; system  crystal.
close to structural instability. By varying the concentration of  In section G, reports from the Moscow region and
La and Pr in such compounds, different states from the ferKharkov were presentedapproximately in equal propor-
romagnetic metal LgCa, ;MnO; to the charge-ordered an- tions) as well as a report from the Physical Research Institute
tiferromagnetic insulator BrCa sMnO; can be realized. A at the Rostov University. Main attention was paid to the
noticeable distortion of crystal lattice takes place in this caseproperties of liquid and solid helium isotopes and their mix-
The electrical resistance of ceramics and thin films of thigures. E. Ya. Rudavskii and V. A. MaidandB. Verkin In-
system in the temperature range 4.2—300 K was very sensstitute for Low temperature Physics and Engineering, Na-
tive to the replacement offO by 0. The influence of a tional Academy of Sciences of the Ukraine, Kharkov
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presented basically new results of experimental investigaA. B. Pavolotskii (Moscow State Universily and
tions of kinetics and nuclear magnetic relaxation of a quanD. Rinderer(University of Lausanne, Switzerlapd

tum system in the form of solid or liquid inclusions Hfle in The reports devoted to high-temperature superconductiv-
the crystal matrix offHe. A. Ya. Parshir(Institute of Physi- ity contained interesting results that cannot be described in
cal Problems, Russian Academy of Sciences, Mogamw  detail in a brief communication. A quite unexpected view on
ported on optical studies of equilibrium and kinetic proper-high- T, superconductor of the La,Sr,CuQ, type was pro-
ties of the faces of helium crystals at ultralow temperaturesposed by V. V. Kopaev and Yu. V. Kopaev, who treated
carried out at the Institute of Physical Problems and Helsinkthem as natural heterostructures in whidb 2lectron states
University of Technology. I. N. Adamenk(Kharkov State 0f CuQ, layers in a unit cell play the role of quantum wells,
University) presented the results of fruitful cooperation of while 2D states of the reservoir behave as quantum barriers.
theoretical physicists from Kharkov and the experimental ~The quasi-two-dimensional nature of conductivity is
group headed by A. WyattUniversity of Exeter, UK, lead-  manifested still more clearly in Nd,CeCuO, compounds

ing to the identification of a new effect, viz., generation of in Which anisotropy of electrical conductivity can attain val-
“hot” phonons by a cold phonon beam in superfluid helium. U€s of the order of 10*. The results of systematic analysis
Experimental studies of spin dynamics’ide— B were con-  ©Of resistivity and Hall effect in Ngl,Ce,CuO, monocrystal-
sidered in the paper by V. V. Dmitriev, |. V. Kosarev, and line films of thickness~5000 A at low temperatures down to
D. V. Ponarin(Institute of Physical Problems, Russian Acad-0-2 K in magnetic fields up to 12 T were presented in the
emy of Sciences, Moscowdevoted to the observation of Paper by A.N.Ignatenkov, V. N. Neverov, A. |. Ponomarev,
fractional NMR harmonic and in the theoretical work by L- D- Sabirzanova, G. I. Kharus, N. G. Shelushina, and T. B.
I. A. Fomin (Institute of Physical Problems, Russian Acad- Charikova (Institute of Metal Physics, Ural Branch if the

emy of Sciences, Moscow"Localized Precessing Spin Russian Academy of Sciences, Ekaterinburd\. A.
Structures irfHe—B.” BabushkinaRussian Science Center “Kurchatov Institute,

Moscow) and G. A. Emel’chenko and A. A. Zhokhovn-
stitute of Solid State Physics, Russian Academy of Sciences,
hernogolovka

A considerable part of papers presented to section E was

A magnetic field does not remove completely the degen
eracy in spin rotation during pairing with spin ftHe—B,
and the magnetization can be directed either along the fielcf

or against it. As a result, domains with a domain walw . Lo ; .
g waiy) Odevoted to investigation of various properties of low-

at which magnetization rotation takes place can be formed: . .
dimensional structures at low temperatures, which were

Fomin proved that a precessing DW can exist along with a__. . : ; :
. . . . . ainly carried out in Moscow region and in St. Petersburg.
static DW. He found the solution of spin dynamics equation ; : S
describing a precessing DW whose lifetime increases u 0Con5|derable interest was aroused by the report “Origin of
lin t?] E)n Kin itg xperimental observation quit b Eow—Temperature Anomalies in Oscillatory Parameters of
C.Ob? 9. thus making 1is expenimentat observation quite pOSQuasi—two—dimensional Organometals Based on BEDT-TTF
SIDIE. Molecule” delivered by S. V. Demisheunstitute of Gen-

The largest number of papers presented to the ConferéraI Physics, Russian Academy of Sciences, Moscand

ence belonged to the section of superconductivity, includinq/ V. Moshchalkow(K. U. Leuven, Belgium. The amplitude
two 30-minute reports by Yu. V. Kopadinstitute of Phys- quantum oscillations of magnetization and magnetoresis-

ics, Russian Academy of Sciences, Mosgoand Y. G. 506 hegins to decrease with temperaturesat in layered
Ponomare(Moscow State Universifyand 37 reports lasting  .qquctors (BEDT-TTR)XHg(SCN),, where X= (K, TI),
15 minutes each. More than 30 reports contained the resul(§ fie|qs stronger than 20 T. The authors were able to find a
of investigation of physical properties of high-supercon-  conyincing explanation for these anomalies by associating
ductors, and traditional problems of superconductivity wergnem with the renormalization of they-factor. S. V.
discussed only in a few communications. ~ Demichev also emphasized the unusual behavior of high-
A. M. Troyanovskii (Institute of High Pressure Physics, frequency characteristics of this complex with charge trans-
Russian Academy of Sciences, Troitsitudied the vortex fer: the observed cyclotron resonance frequencies were
system in a layered type Il superconductor NbBgusing a  found to be weakly sensitive to the magnetic field orientation
scanning tunnel microscope. The vortex structure inyg|ative to the layers.
LuNi;B,C was investigated by L. Ya. Vinnikov and F. L. In his report entitled “Hybridization of Electron Sub-
Barkov (Institute of Solid State Physics, Russian Academybands of a Double Quantum Well in a Quantizing Magnetic
of Sciences, Chernogolovkand K. O. Cheon, P. C. Field,” V. T. Dolgopolov reported on quite subtle experi-
Canfield, and V. G. Kogaflowa State University, USA  mental and theoretical investigations of the electron energy
by using the decoration technique. The emission of electrospectrum of the compound Aba, _,As by magnetocapaci-
magnetic radiation induced by Sweahart waves was considive measurements and far-infrared spectroscopy. V. I.
ered in the report by A. S. Malishevskii, V. P. Silin, and Okulov, E. A. Pamyatnykh, V. V. Slovikovskaya, and V. V.
S. A. Uryupin (Institute of Physics, Russian Academy of Ustinov (Institute of Metal Physics, Ural Branch of the Rus-
Sciences, Moscowin the case of a Josephson junction in asian Academy of Sciences, Ural University, Ekaterinburg
thin superconducting film whose thickness is much smallepointed towards the possibility of gathering vital information
than the London length. Peculiarities of the resistive state oAbout the electron states in Fe/Cr type superlattices with the
superconducting nanostructures were considered in the réelp of ultrasonic measurements.
port by K. Yu. Arutyunov, D. E. Presnov, S. V. Lotkhov, and The Scientific council on the problem of “Low Tem-
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perature Physics” met on December 2, 1998. Earlier, theyears that had elapsed since the 30th Low-Temperature Con-
Scientific council used to organize during the period betweeifierence, the Scientific council was engaged only in prepara-
the cryogenic conferences a symposium on superconducti\ﬂon for the 31st Conference. Hence there was no need for
ity and superfluidity in Bakurian{Georgia, a seminar on chairmen of sections to present any reports. The participants
nonlinear effects in condensed media in Novosibirsk, and 5eiterated their desire to continue the tradition, and the 32nd

seminar on low- temperature metal physics in the town ofConference will also be held probably in Moscow in the

. ear 2000.
Stary Karavan between Donetsk and Kharkov. InternatlonaY)
S .
Schools on electronic effects at low temperatures were orga-- " vPeschansky@ilt kharkov.ua
nized regularly for young scientists. However, in the fourTransiated by R. S. Wadhwa
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Lev Samoilovich Palatnik (1909-1994): To his 90th Birth Anniversary
Fiz. Nizk. Temp.25, 400 (April 1999)
[S1063-777X99)01104-4

The 90th birth anniversary of Prof. Lev Samoilovich microfilm technology. Together with Academician B. I.
Palatnik, a leading physicist during his lifetime, falls on Verkin, he was responsible for founding and organizing the
April 26, 1999. physics and engineering faculty at the Kharkov Polytechnical

Prof. Palatnik made a significant contribution to the Institute, and for opening the new specialization “Cryogenic
physics of phase transitions, crystalline and amorphous m4echnology.”
terials, superconductivity and magnetism. He was the 'h€ Polished manners and personal charm of Lev

founder of the famous school on the physics of thin films and’Samonowch invariably attracted talented young scientists.

N . . . . About 350 Ph.D’s and 40 D.Sc’s passed out from the scien-
thin-film materials science. The fundamental studies carne%ﬁc school set up by Prof. Palatnik. His excellent mono-

out by Prof. Palatnik and his school received a logical Con'graphs are being used by students, postgraduates and re-

tinuation and culminated in the development of several NeWearch workers specializing in the field of solid state physics.
applied fields including research materials used in space scpyqf.

ence, radiation physics, electronic technology, space technopajatnik continued to participate actively in the research and

ogy, and the development of first microstructures in theteaching activity, preserved a sharp instinct for discerning

USSR. new effects and the ability to detect prospective trends until
Dr. Palatnik was a talented teacher and organizer of scihis last days, inspiring his colleagues and pupils to new sci-

entific activity. For many years, he was the head of theentific achievements.

Department of metal and semiconductor physics, as well as

the laboratory founded by him for studying the problems of Editorial Board
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