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A theory of the propagation of acoustic waves in a porous medium filled with superfluid helium
is developed. The elastic coefficients in the system of equations are expressed in terms of
physically measurable quantities. The equations obtained describe all volume modes which
propagate in a porous medium saturated with superfluid helium. The propagation velocities

of longitudinal and transverse waves are calculated in the limit of high and low oscillation
frequencies of the thermodynamic quantities.2602 American Institute of Physics.

[DOI: 10.1063/1.1528570

Sound propagation in a porous medium filled with a lig- structed in Refs. 5 and 6, where sound propagation was stud-
uid has been investigated theoretically and experimentalljed in an isolated capillary and in a system of identical cap-
for a long time. illaries oriented parallel to one another. The experimental

Porous media are bodies which contain a large numberesults, which agreed well with this theory, are published in
of voids which are small in size compared with any characRefs. 7 and 8.
teristic dimension of the experimental body. The distribution ~ The second direction of research is more recent and
of these voids inside the body is ordered or disordered androse after the first experiments on sound propagation in an
the channels connecting the voids are curved. If the fluickasily entrained porous medium—an aerdgétAn aerogel
particles traverse a path that is longer than the sample, theni# of interest because of its unique acoustic, mechanical, and
is helpful to introduce the concept of sinuosity, defined as thelectrochemical properties. For example, it exhibits high
ratio of the average trajectory length of a free particle in theacoustic insulation—the sound velocity through an aerogel is
sample length. The presence of voids leads to the definitionnly 100 m/s.
of the porositye of a porous material as the fraction of its The third direction is based on the works of Bfot® for
total volume occupied by voids. The property of a porousclassical liquids filling a “partially entrained” porous me-
body that characterizes the capacity of the body to pass ligdium. Our work concerns this more general direction, the
uid under an applied pressure gradient is the permeabilityfirst two directions being particular cases of the latter. The
The macroscopic characteristics, studied in the present worlgiot theory predicts propagation of two different volume lon-
of the system play an important role in describing the motiongitudinal waves and one shear wave. These waves are solu-
of liquids in porous media. tions of two coupled differential equations which describe

There are three basic approaches to studying sounthe motion of a two-component system. The parameters of
propagation in the physical system under study—He Il in ahe Biot theory are the porosity, the sinuositye, the fluid
porous medium. In the first one the superfluid helium fills thedensityp¢, and the solid body densifys,, the bulk modulus
porous solid body, which can be taken as absolutely rigid, i.eof the fluid K; and of the soliKy,, and the bulk modulus
the solid body does not participate in the vibrational motionK, and the shear modulus of the “dry” sample**® It
of the liquid. This direction of investigation first appeared in should be noted that if the solid framework is very stiff, i.e.
1948 in Ref. 1, where attention was first called to the factk,, N>K;, the phase velocity of the slow longitudinal
that the character of sound propagation in superfluid heliumvave isC=V;/a.., whereV;= \K;/ps is the sound veloc-
can be strongly altered by retarding the motion of the normaity in the liquid and«., is the sinuosity at high vibrational
component in the helium. Fourth sound propagates in thifrequencies. In this limit the slow wave is also the wave
case’ The first experimental measureméritef the propa- propagating in a liquid, the difference being that because of
gation velocity of fourth sound were described well by athe sinuosity of the channel it becomes modified. This wave
formula derived from a two-fluid linearized system of equa-was observed first in Ref. 16 in a porous medium consisting
tions of hydrodynamics in which velocity of the normal com- of sintered water-filled glass bea@nsolidated porous me-
ponent of the fluid was set equal to zero and the equatiodium). The porosity of the samples ranged from 7.5 to
describing the law of conservation of momentum was elimi-28.3%; the measurements were performed using the the ul-
nated. These experiments were performed on a complicatecasonic load conversion technique.
system of branched capillaries; of course, it is very difficult ~ Biot’s theory of wave propagation in a fluid-filled porous
to investigate such a system theoretically. A quite completenedium has been was ugédo study the propagation of
theory of sound propagation in a porous medium was consuperfluid*He in a porous medium. In Ref. 17 it was as-
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sumed that aT <1 K, when the density of the normal com- porosities. This made it possible to study the properties of
ponent of He Il can be set equal to zero, fourth sound irthe porous medium in greater det&if>The problem studied
helium corresponds to the slow longitudinal wave arising inin this paper is to obtain the equations describing sound
the Biot theory. The coefficient, due to multiple scattering Propagation in a consolidated porous medium filled with su-
of sound in a porous medium and playing a large role in theerfluid “He, determine the elastic coefficients, appearing in
description of the measurements of the velocity of sound, i$h€ equations, in terms of physically measurable quantities,
related with the structure facter,. in the Biot theory by the and calculate the propagation velocities of transverse and
relation n?= a,,. The values of the velocity of the corre- longitudinal waves at high and low vibrational frequencies.
sponding waves in He Il were predicted on the basis of the
results obtained from the experimental study of Biot waves
in water filling a porous structure. The velocity of the slow 1. RELATIONS BETWEEN THE STRESS AND STRAIN
longitudinal wave agrees well with the velocity of fourth TENSORS
sound.

Landau predicted the existence of second sound in free L€t US introduce a rectangular coordinate system and
He 11.18 Peshkov was the first to observe the propagation of©nSider & cube of unit volume whose edges are parallel to
second sound Singeret al. studied experimentally in the the coordinate axes and which contains a large number of
temperature range 1-3T, second sound in He Il filling the POres. In a state of mechanical equilibrium of the system
channels of a porous medium. The porous medium consisROrous b.ody.-s_uper.flwd liquid thg resultant of all forces act-
of sintered 180—21@m glass particles with porosity ranging ing on this distinguished volume is zero. In the presence of a

from 16 to 33%. Capacitive transducers with a vibrating po_Qeformation the system leaves the state of equilibrium which

rous membrane served as emitter and detector of Secor%initially occupied. In the process, internal stresses arise in

sound. It was shown that the second sound velocity in the system. Thg normal and tallglgential stresses in the system

porous medium is lower than the bulk velocity, and the dif-“2" be determined as follows:

ference is all the greater, the smaller the porosity. The pa- oy+s +9" T, Ty

rametern was determined in Ref. 20 from these data.
The ultrasonic properties of unconsolidai@u the ideal

case a suspensipand consolidated porous media saturated Ty Tx oy ts' +8"

with water have also been investigaté®nly one wave was whereoy 0,0, and 7y, 7, ,7, are the normal and tangential

observed in the first case; a small and a fast waves propaorces acting on an element of the solid surface with the

gated in the second case. The ultrasound emission techniqugsrresponding orientatiors; ands” are the forces acting on

based on the concept of mutual conversion and refraction ahe liquid part of a phase, which correspond to the superfluid

a liquid-solid interface, was used to excite volume waves inand thermal components of the liquid, and

a solid layer of the material. The acoustics of He Il filling a L s N

porous medium consisting of spherical glass grains with 38% STTepn SETepn @

porosity was analyzed. The results obtained in Ref. 21 for aiere pS=pSu and pS+ p"=p,*® where u is the chemical

superleak consisting of compressed®d powder with 65%  potential andp is the pressure of the liquid. Thus, we have

porosity and filled with He Il agreed with the conjecturestaken into account the fact that in contrast to an ordinary

made in Ref. 17. liquid the existence of a pressure gradient is insufficient to
Investigations of transverse waves in a porous solidaccelerate the superfluid and normal components of the lig-

liquid system are very informative. The authors of Ref. 22uid.

probed various ceramic materials with superfluid helium.  Following Biot, we shall write the deformation tensor of

The porosities of the samples were 44, 45, and 92%. Ththe solid in the form

different pore sizes and the wide spectrum of permeabilities

T, o, ts' +¢" Tx , (1)

. . . . 1 1
made it possible to perform measurements in the high- and & S5V 3V
low-frequency limits of the oscillations of the thermody- 2 2
namic quantities. Ultrasonic measurements were performed 1 1
using a phase-sensitive pulsed technique. The results ob- 57z €y PRANE )
tained made it possible to determine the structural param-

: : : . 1

eters of the porous medium: the sinuosity, the permeability, >V 3% e,

and the effective size of the pores. In Ref. 22 specific porous

media filled with He Il were studied, and Biot's approach where

must be used in order to investigate simultaneously the trans-

verse and longitudinal waves propagating in such systems. o :% :% —
The experimental and theoretical works presented above ~ dx '~ gy’ % oz’

indicate that the_z Biot Fheory needs to be extended tp the case au,  au, au,  au, au,  au,

where superfluid helium saturates a porous medium. Ina  y,=——+—— y=—+ ——,y,=——+ ——;

superfluid liquid, in contrast to an ordinary liquid, several gz 9 gz X u o ox

waves propagate. In the present paper the propagation of, u,, andu, are the components of the displacement vec-

waves is studied in a three-component system porousor of the solid. Since the present system is a porous struc-

medium-superfluid liquid-normal liquid in a wide range of ture, we shall assume that the unit volume is much larger

au,
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than the pore size. We shall determine the displacement vec- s'=a,e+a;e5+a.g";

tor u as the displacement of the solid averaged over a volume

element. s"=ajge+azge’+age", 8
The average displacement vectérof the liquid part of  where e=e,+e,+e, characterizes the volume expansion

the cube, which vector determines the fluid flow, can be detor, correspondingly, compressioas a result of deformation

termined in the same manner. Since two types of motions argnd is an invariant. The construction of the remaining invari-

possible in He I1,U consists of a sum of two parts: ants fromo 0y ,0,, 74,7y, andr, establishes a relation be-

tweena;;—ay, anday,. Indeed, we can write

S n
_P s P on
U= p Ut p U%, ) O'§+O'§+O'§+2(T§+ T§+ 2)=inv; 9)
corresponding to the displacement of the superfluid and nor-  , 1 \2 (1 \? (1 \?] .
mal components; herp® and p" are the densities of the srejtet2l o] T3y gy [TV

superfluid and normal components of the fluid, anid the (10)

total volume density of the superfluid liquid. Thus, the de-E uation(8) gives

formation of the liquid can be determined as follows: q 9

ps pn 0')2(+0'§+0'§:(all_alz)z(e)2<+e§+e§)+2(all_alz)
_ s, n

= VU2 VUL 5 X (ex+e,+e,)B+3B, (11)

We shall now establish the relations between the compowhere

nents of the stress and strain tensors which were defined B—g, e+a,.e5+a,"=inv;

above. For the time being we shall neglect the dissipative s s s o

forces and assume that the system is in equilibrium. Then  2(7+ 7+ 75) = 2a34( v+ vy + v3)- (12

any deformation is a deviation from the state with minimum

potential energy. Therefore, to a first approximation the po

tential energy is a positive-definite quadratic form

Sincee,+ e, +e,=inv and taking account of the relati@f),
we can write
2/ A2 2 2 2 2 2 2 -
a;;—a e +e +e))+2a + Yo+ =inv.
2Ep=0y&ct o8yt o8t Tyt Ty Yy (Bumdiere e TR (13
+ 77,5 e%+8"e". (6)  Comparing the relationl0) and (13) we conclude thag;

Here the eight components of the stress tensor_ 212~ 2844. Consequently, introducing the notations

0x,0y,0,,7x,Ty,7,,S', ands” are linear combinations of anu=N; a;,=A; a;;=0Q% a;g=Q";
the eight components of the deformation tensor
e.,€y .87, %, Yy ¥z,€% and e". The linear relations be-
tween the eight deformation and eight independent stressege replace the relatio(8) with
(Hooke’s law are determined by 64 elastic moduli. Since the ]
potential energy is a real quantity, these coefficients must be  7x~ 2N&tTAe+ Q%+ Q"
symmetric. Thus, in the most general case with the highest o,=2Ne,+Ae+ Q%+ Q"e";
symmetry there remain only 36 independent elastic moduli.

As a further simplification we shall consider a statically iso- ~ 0z=2Ne;+Ae+ Q%+ Q%"
tropic system. Indeed, let us consider, for example, the rela-
tion

a7;7=R® agg=R"; az;g=R"",

7= Ny, 7'y:N')’yv 7,=Nvy,;

s'=Q%+R%5+R5"e";

Ox=ag8taeytae, ayxtasyytagy,

s"=Q"e+R"e"+ R%"e5, (14

o Since the superfluid and normal components cannot be
It follows from the static isotropy of the system that all yysjcally separated in He Il and it is meaningless to talk

directions in the system are equivalent, so tgt=a;3, i.8.  apout whether individual atoms of the liquid belong to the

the same deformations of the solid along thandz direc-  g,perfluid or normal components, the following relation
tions produce identical stresses in theirection. It can also  ghou1d be satisfied:

be assumed tha;,=a;s=a,5=0, i.e. stresses in the di-
rection should not give rise to displacements. As a result of Q%°+Q"e"=Qe, (15
similar considerations;;= ay,= az3 and a,,= ass= ag¢.- whence follows

Then the relations between the stresses and strains have

n
the form p p
QSZ;Q! Qn:;Qi
ox=(ay— A1) e+ aetaest+age",

+ a1785+ a188 n. (7)

s'+9"=(Q°+QMe+ (R°+R*Me5+ (R"+ R e"
=Qe+Re. (16)

Correspondingly, the deformations of the normal and su-
Tx=844Yx, Ty=8aaYy, T,=ausYz; perfluid components of He Il are

O'y: (all_ alz)ey+ a12e+ a1785+ a188n;

o,=(a;1—a)e,taet+ae’+age"
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gS=divUs, &"=divU". 17 or
The constant#A and N correspond to the well-known 2 1 €
Lamecoefficients in the theory of elasticity and are positive; 3 Ky p’

Q andR were introduced by Biot?'* RS(R") is a measure
of the stress arising in the superfluidorma) component
when a unit volume of the system is compressed without
compressing the norm&buperfluid component and the po- N
rous medium. The coefficierRS" determines the stresses p_Q_(Rn+Rsn)i:O
arising in the superfluid component when the normal com-  pPKp p’
ponent is compressed without compression of the superfluigyence
component and the porous medium, and vice versa.
Let us consider hypothetical experiments which make it~ p"(R*+R*") =p%(R"+R®"). (25)

possible to determine the generalized elastic coefficients if} ig easy to show from Eq€20), (21), and(24) thaf®
terms of the measured coefficients,K;,K,, andN. Such T

S

P A (s sn i: .
prQ (R°+R )p, 0; (24)

an approach was proposed in Ref. 25 for a normal liquid. Kl1— o &
In the first experiment the porous sample was placed in a Phs K,
superfluid liquid to which pressurg’ was applied. Under Q= K Ky ;
pressure liquid completely penetrates into the pores and the 1-—p+ (pK—s K
guantitiese ande are measured. Therefokg, andK; can be f s
determined as L L K, K
1 e 1 . 2 eimemx,) "ok,
s - __ & (18 =N+A=Kq (26)
K  p" Ki p 3 Ks Kb
l-p+o— ——
Kf Ks

and according to Eq14) we can write

In the third experiment a superleak provides the coupling
with the reservoir. This leak passes only the superfluid com-
ponent, so that

Ux:(ry:a'z:_(l_‘P)p’;
s n (19
S=—¢—p,; S=—¢—p. )
P a'xza'y:‘fz:_(l_(P)p ;
We shall also use the conditiost=¢"=¢. Then the

relations(19) can be put into the form $'=0; s'=-¢p @7
5 or
§Ne+Ae+Qs=—(1—<p)p’; 2 S . o ) ,
§N+A e+ ;QS +?Q8 =—(1—(p)p X
p° p°
—Qe+(R°+RMe=—p—p’; (20 s
p P %Qe+ RS:5+ RS":"=0: (28)
n n
p—Qe+(Rn+Rsn)8=—gop—p'. n
P P p—Qe-I—Rnsn-l-RsngS:—(pp'.
The last two equations give P
0 Q In this case the relation betweesi and " can be ob-
RS+ RS":Kf?( — K_f) tak:ned using the laws of conservation of mass and entropy.
Then
n SN__ pn Q C !
R"'+R _Kf7< —K—f) (21 Ss_sn:psl‘:p_r' (29)

In the second experiment the porous solid sample is enclosgghere c,,. and o are the specific heat and entropy per unit
in & thin impermeable shell and is subjected to the pressurg,ass of He 1. Finally, after some laborious calculations we
p’ of the liquid. To ensure a constant pressure inside th¢nq the desirable relations

liquid the liquid must flow out through a tube into an exter-

nal reservoir. ThusgS=s"=¢ andK, is given by the rela- " ¢(p%)°To®

sn

tion R p° R pChe

1 e $\2 S 2-|—0.2

K- o (22 Rsz(’zz) R+ (p(ZC): : (30)

He
In this experiment (p")2 ¢(p%)2Ta?
, R"'= R+
Ox=0y=0,=—p, P2 PChe

s'=s"=0 (23)  where the Biot—Willis coefficienR is?®



Low Temp. Phys. 28 (11), November 2002 Sh. E. Kekutiya and N. D. Chkhaidze 799

2 2
¢°Ks alaT\ o
R= K. Ky (31 E(T = W(Pllux“‘Pizui“‘PTzUQ):qx;
l-pt+o S _ 2 x
Ki Ks a [ T 2
— S S Sy S.
We note once again that the coefficietts,K,K,, andN pn e = E(pﬂux_*'pzzux)_va (36)
are experimentally measurable quantities. x
(9 (?T i n n n n
2. EQUATIONS OF MOTION g g = ?(Pn”x“‘ p2Ux) = Qy .
X

We shall use Lagrange’s formalism to find the equations
of m;)no?ﬂ(])f tdhe _syztem pt(_)rousthso:lq-stL_Jperﬂwd Iquu:g. To for the motion only along the direction. Expressing these
construct the desired equations the kinetic energy of the syg . < in terms of the stress tensor
tem must be determined after the generalized coordinates are

. . . . . ! "

chosen. We assume that the physical point is a region of size _99x 972 97y s S  J, 05 (37)
much greater than the pore size but much smaller than the ™ dx gy gz’ =% ax’' ~* ox’
characteristic lengths in the probldifior example, the wave-
length when considering wave procegsé=or the general-
i i i doy dr, dry, &
ized coordinates of the system we choose the nine compo- %Y9x 97z 07y ¢ S US4+ o UM

_ o ! +—+ = =5 (p1Uxt p1Us+ p1Uy);
nents of the displacement vectors of the liquid and solid, dx dy dz ot

With no loss of generality we shall write the equations

we obtain the dynamical equations

averaged over the volume of the physical point: 95’ 2
Uy, Uy ,u,, UG, Uy, U3,Ug,Ug, U7, Then the kinetic energy a—:m(pgzuieriZux); (39
T per unit volume can be represented as X
&S”
au\? [au\? [au,\? auy dU; — = (P UM pu)
2T= AR (R e 4 R s| X _~X 2 P22V xT P12Yx)-
p“( at) ( at at P13 5t ot x
. . | Similar equations can be obtained for motion alongythe
| Uy Yy 9, 9U; n | @Ux 9Yx andz directions.
at ot gt 4t P12 75t "ot Substituting the expressiari4) into Eq. (38) we easily
N n R R obtain the equation in vector form:
guy dUy  du, U3 0 (aux) (auy) . .
gt ot ot o] PAa ot NV2u-+ (A+N) grade+ %Q grads®+ %Q grade”
auiﬂ [(aug)z (au” z2 [gun\? )
+ +2p9 + =2 + : J
ot 2\ gt ot ot =z (puu+t p3US+ pLUM);

(32 s )
. . P
The form (32) presupposes that the system is statistically —Qgrade+R® &%+ RS”grads”=W(p§2u+ p3U%);
isotropic. The mass coefficients;,pSY" , andp3y) take ac-

count of the additional motion which the solid and liquid p" N N osn s 92 N N
acquire!??® Therefore by analogy to Ref. 12 it is easily ?Q grade+R"grade”+R*grade®=— (p1u+ pzU").
found that (39
epS=pSotpls,  @p"=photply, In Egs.(39) we neglected dissipative processes. To take.
such processes into account we shall assume that the main
(1= ¢@)pso=p11t pi2t Pl (33 mechanism of dissipation in the system porous body-
Here superfluid liquid is deceleration of the normal component of
the superfluid liquid by the walls of the pores. Since all de-
p12<0, p1,<0 (34 formations are assumed to be small, the macroscopic mo-

are mass parameters characterizing the increase in the inertiii"S studied in the theory are small elastic oscillations or
mass and, as usual, this increment to the inertial mass {¥aves. Consequently, as in most physical systems, the fric-
called the associated mass. Accorrding to Berrythahe tion forces are proportional to the velocities of the moving

associated mass tensor is given by physical points and can be described using a dissipative
function. The dissipative function is, by definition, a homo-
P =—(a—1)pp", (35  geneous quadratic function of generalized velocities. Then,

where a..>1 is a geometric quantity, independent of thesimilarliy to the Biot.procedure, we obtain for 'Fhe dissipative
density of the solid and the density of the liquid, and cante’ms in the equations Of_ m<_)t|o_n of the solid and normal
vary from 1(for plane-parallel capillariggo « (for isolated component of the superfluid liquid
pores or pores oriented perpendicular to the mgtion 92 - d N

Let q, be the total force acting on the solid part of a unit 32 (P1U T P1U°+ p1UT) +bF(w) — (u=U")
volume andQ; and Qf the total forces acting on the super-
fluid and normal components per unit volume. Then the La-
grangian equations become

S n

=NV?2u-+(A+N)grade+ %Q gradeS+ %Q grade";
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92 N 9 . Here psc=(1—¢)pso- 1IN the expressiori42) the velocity

=2 (p22U"+ p1) —bF(w) — (u=U") becomes lower than for a “dry” material as a result of en-
trainment of a portion (+ &, ') of the liquid by the “frame-
work” of the porous body because of the sinuosity and the
associated increase in the effective density. In this wave the

. - superfluid and normal components move as a single entity:
The complex functior(w) reflects the deviation from a P P g y

Poiseuille flow taking account of the geometric features of a,—1
the porous materidf the coefficient= 7¢?/k, is the ratio wp= 05— Q, (43
of the total friction force to the averageelative to the solig -

velocity of the normal component, whergis the viscosity  4ng the liquid and solid rotate in the same directions.
of the fluid andk, is the permeability> The possibilities of Landau always supplemented the hydrodynamic equa-
using the acoustics of a superfluid liquid to study variousijons of motion of a superfluid liquid by the requirement that
parameters of porous materials was analyzed theoretically i superfluid motion be potential: c=0. That s, the
Ref. 23. To this end the functioR(w) was expressed in g perfluid component cannot rotate as a rigid body. If in our
terms qf the key paramgters: the_3|nuo§|ty, the permeability, fheory the displacemeritieformation vectdr U of the su-
dynamical parameter with the dimension of length, and th‘f?)erfluid component occurred in a region greater in size than
porosity. Some of them were obtained from the solution ofihe size of atoms but much smaller than the distance between
the problem of the electric conductivity of a porous med'umpores, then Landau’s condition would be satisfied in this
consisting of an insulating porous material filled with a con-.55e. However. in the theory which we are propodifigs
ducting liquid. The response of the rigid porous medium washe displacement of the superfluid component averaged over
calculated. The results obtained make it possible to investiz, alement much greater in size than the pore size. Conse-
gate the characteristic features of two-fluid hydrodynamicg,ently, there is no need for the motion to be irrotational. For
of He Il in a rigid porous medium anc_j to determine the ihis reason, the displacemet§ andU" appear in the equa-
parameters of the medium from experimental data for thgjons as equivalent quantities. The only difference between
velocities of first, second, and fourth sounds. them is that the superfluid motion occurs without entropy

transport. We note that in this work the vortex motidd) of

the superfluid liquid is not a complex rotation around vortex
3. WAVE PROPAGATION IN THE HIGH-FREQUENCY LIMIT singularities, but rather it is due to the fact that the solid

. : o . ._gives rise to partial entrainment of the liquid in the vortex
Solids, in contrast to liquids, are characterized by, 'n?notion P d

addition to ordinary elasticity, elasticity with respect to shear To study longitudinal waves we shall consider all dis-

deformations. , TOt only '0”9';9‘?';”3" Ib(;n alj_o“ transverseplacements as a gradient of some scalar function. Then, the
waves can exist even in an infinite sofid medi onse- following dispersion equation follows from the system of

n

= % Qgrade+ R"grade"+ R®"grade®. (40)

quently, the picture of wave propagation in our system is ; )
much richer than in a solid and in a superfluid liquid consid-equatlons(39)'
ered separately. On the other hand two important limiting pS
cases are possible. The penetration depth of a viscous wave | @..¢p°C?*+ —R*"—R® |{[(psct+ ¢p)@..— ¢plep"C*
can be large or small compared with the pore sizes. The first p
case corresponds to low oscillatory frequencies of the ther- —p"C(psc/p+ ¢)R—2¢(Q+R) + a..0(A+ 2N
modynamic quantities and the second case corresponds to
high frequencies.

In the high-frequency limit the dissipative terms can be
neglected, and the system of equati®88) can be used to
investigate propagating waves. Taking the curl of both side

+2Q+R)]+R(A+2N)—Q?}=0. (44)

One solution of this dispersion equation is second sound
étemperature waven a porous mediurfi:

of these equations gives c2
2
C?=—=, 45
- 20 s Pwg N Pw, oy (45
NVQ=pyy 2 Tp1z 2 P17 2 ;
whereC, is the velocity of second sound in unbounded he-
P+ plw,=0; piSQ+ pS,w,=0, (42) lium. In addition to this solution Eq44) possesses two other
N s solutions which are similar to the fast and weak waves in a
whereQ=curl u, ,=curl U", andws=curl U, ~ porous medium filled with an ordinary classical liquid.
The equationg41) show that the vorticity of the solid For an unconsolidated porous mediutt,&N=0) the

and the superfluid liquid are intercoupled. The following eX-yelocity of the slow wave, just as the velocity of the shear

pression for the velocity of transverse sound can be eausave, is identically equal to zero even in the limit of high
obtained from the system of equatiodd) using the expres-  qqillation frequencied

sions(33) and (35):*°
, N Clon(Kp=N=0)=0. (46)
“i- 1 . 42 Finally, th loci f af ibl h h
1- —|ep inally, the velocity of a fast compressible wave has the
form?!
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a,—1
a,+ o p—sc-i—(p—Z) wS= w". (52
szasl(Kb: N=0)= P =
1-¢ ¢ For longitudinal waves we obtain the equation
[(psct ep)az—ep]| -+ K,
S (47 opT Aopsct @(axP_PS)]C4_ c?

For a rigid porous mediunK;<Ky, N<Kg. In this

_ X|R¥(psct ¢p) + @p® +2N+2Q+
case, for the fast and slow modes we obtain from(&4). the Ri(psct p)+p a(A+2N+2Q+R)
well-known expressiorts .
A —2¢ps(p—Q+ RS+ RS”) L RS(A+2N+2Q+R)
Ko+ 3N p
Chast ; 48 s ?
" et ep(1-ah) “ —(%Q+RS+ R°"| =o0. (53)
2
2 C1 The two solutions of this equation in the low-frequency
Cslow__7 (49)

Ao limit are the velocities of fast and slow waves. For an aerogel
or, equivalently, for an open geometp~=1 andKy>Kg.
Under these conditions, taking account of the fact that in a
“framework” which is not filled with liquid the velocity of
the transverse Wa\,@§6= (Kp+ (4/3)N)/psgc, the dispersion
equation(53) is identical to the dispersion equation obtained
4. WAVE PROPAGATION IN THE LOW-FREQUENCY LIMIT in Refs. 9 and 10.

The theory developed in this paper makes it possible to

Since the penetration depth of the viscous wave becomeg,  rejations between quantities which oscillate in the

large in the I|fm|rt] of low (f)lsgglzli_tlondfrequelnmels, theknormﬁl waves. Specifically, the temperature and pressure oscillations
component of the superfluid liquid completely Sticks 1o the, ¢ rejated with the displacement vector as
matrix of the porous medium, as a result of which the

S

framework” of the solid body and the normal liquid move T op div(US—U"):

whereC,=(dp/dp)*?is the volume propagation velocity of
first sound in He II.

with the same velocityv"#0. Obviously, to examine this N PChe
situation the friction force must be eliminated in E¢40) (54)
a.nd U"=u must be set in the two equations obtained. This p=— ﬁdiv(annersUs)‘
yields
p" Using these expressions, we obtain for aerogels at low
NV2u"+| A+ N+27Q+ R" | grad divu" frequencies
s P P’ KiCue p"(C*-CY) =5
+ ;Q+ Re"| grad divu®=—5[ (p1+ 2p%, T oT p%C%-C?"
U pS ] According to these formulas the pressure and tempera-
P22 P12l ture oscillate in fast and slow wavé&sHowever, it should be
pS _ _ noted that the main oscillatory quantity is the pressure in fast
(;QJr R®"|grad divu"+ R® grad divu® sound and the temperature in slow sound. Therefore, for
identical temperature oscillations we have
9? ' 2 ~2pR2 A2 2
=—2(p§2u5+ pgzus)_ (50 Prast _ Clast— C2 Coow— C1 C1 >1, (56)

=Y 2 ~2 27 2

Psiow  Crast™ C1 Csiow=C2  Céiow

Just as in the preceding section, from E§0) we can  and for identical pressure oscillations in the waves
calculate the velocity of a transverse wave in the limit of IOW(T§|om/p§|om)>1 for the ratio of the oscillatory values of the

oscillation frequencie§! temperature. Likewise, the ratiop'(T')gow and (T'/p")¢ast
N in aerogels are much larger than the corresponding ratios in
Ci= (51)  pure helium. This shows that the temperature oscillations in

n -1 s*
(psctep) +(1—a. ) ep first sound and pressure oscillations in second sound are

For low oscillation frequencies the velocity of a trans- much stronger in an aerogel filled with superfluid helium
verse wave is lower than for the “dry” material by an even than in pure helium. It is well known that a similar phenom-
larger amount than at high frequencies. This is because thenon is observed in weak solutions®fe in “He; this is due
normal component of He Il now completely sticks to theto the finite value ofdp/dc (c is the concentration This
“framework” of the porous body on account of viscosity, results in peculiarities in the method used for their excitation.
while the superfluid component is entrained only partially This phenomenon was studied first, theoretically and experi-
because of sinuosity, just as at high frequencies. The formulmentally, in Ref. 8 and in greater detail in Ref. 11.
(51) makes it possible to determine the parameter One solution for a rigid body, corresponding to a wave
directly?? In this case we have for the transverse wave propagating in the “framework,” is modified because the
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The electronic specific he&@ as a function of temperatuikis calculated for a mesoscopically
disordereds-wave superconductor treated as a spatial ensemble of domains with
continuously varying superconducting properties. Each domain is characterized by a certain
critical temperaturd o in the rangdq 0,T.] and is supposed to have a size- ¢, where¢ is the
coherence length. Specific calculations are performed for exponential and Gaussian
distributions ofT,. For low T, the spatially averagefC(T)) is proportional toT2, whereas the
anomaly afT, is substantially smeared even for small dispersions. For narrow gap
distributions there exists an intermedidtaange, where the curveC(T)) can be well
approximated by an exponential Bardeen—Cooper—Schrieffer-like dependence with an effective
gap smaller than the weak-coupling value. The results obtained successfully reproduce

the salient features of the(T) data for MgB,, where a wide superconducting gap distribution
has been observed previously in the tunneling, point-contact, photoemission and Raman
spectra. The conclusion is reached that the multiple-gap behavior of superconductingsvigB
due to the spatial distribution of dissimilar domains. Intrinsic nonstoichiometry of the
compound or possible electronic phase separation may be the origin of the mesoscopic
inhomogeneities. The same model describes theTldveat capacity of cuprates, although the
sources of inhomogeneity are different from those in MigB© 2002 American Institute

of Physics. [DOI: 10.1063/1.1528571

1. INTRODUCTION and phase-insensitive ones, including measurements of
. . low-T asymptotics® However, it was shown earlier that the
After the discovery of the supercoqductmg compoundy,qver-law behavior of the electronic contribution to the heat
MgB, with a critical temperaturd ~40 K" it became clear 5,4ty c(T), thermal conductivity, NMR spin-lattice re-
that high Tc's may be brought about not only by various laxation, ultrasound attenuation, or magnetic field penetra-

exotic mechanisms such as spin-fluctuation-driven COOpetrion depth may be equally well explained by the spatial av-

. . 2 . _ . . _
p::ﬂgﬁa&g‘;iﬁd'S'ge'\rﬂ]gsahtihf]lele?gsgtgglgnohnoggg'r;r?:]asrlf eraging of these quantities over a random spatial distribution
b y gnly p P of superconducting domains with differemt’s and energy

monicity probably playing a decisive rotéAs for the sym- 1710 ) o ;
metry of the superconducting order parameter, the availabl aps. This analysis was qualitative, and to describe the

data are rather controversial, although the main body of th lverse experTintalbdata ;or N:g& crjnor% rigorous guzlantl-
data correlate better with the isotropevave behavior. In tative approach has been developed and Is given below.

any case, the Cooper pairiqger seas the background of Before proceeding further to the model, it is necessary to
superconductivity in MgB is beyond question, as stems give a short summary of the measurements of different prop-

from the existence of the Josephson effect in breal€rti€s appropriate to MgBwith a special emphasis on the
junctions’? Moreover, coherent peaks in the optical inferred electron spectrum gapping in the superconducting
conductivity® and spin-lattice relaxatidfi (the latter results ~State.

were disputed in Ref. 25are indicative of conventional The low-T asymptotics of the magnetic field penetration
Bardeen-Cooper-SchrieffdBCS) swave pairing in MgB.  depth\(T) was shown by muon spin-rotatiéfimicrowave
Nevertheless, the low-temperatuféow-T) properties of surface resistance, and optical® measurements to be a
MgB, deserve further attention, since genuine BCS-like aspower-law one. This was interpreted as either unconven-
ymptotics of various quantities are never observed. The situional superconductivity or at least as a highly anisotropic
ation resembles that for highs oxides, where a predomi- s-wave pairing. On the other hand, resonant technique inves-
nantly d,z_2-wave symmetry of the superconducting ordertigations of MgB, wires” and c-axis oriented film&’ re-
parameter is inferred both from phase-sensitive experimentgealed the exponential decrease of fhelependent term

1063-777X/2002/28(11)/9/$22.00 803 © 2002 American Institute of Physics
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AXN(T) in X(T), with the pertinent superconducting energy reflectanc&*® measurements, as well as photoemission
gap A(T) much smaller than is required by the weak- studies’® testify that a two-gap description in this case is
coupling BCS theory in view of the large resistively deter-more adequate than a conventional one, involving a single
mined T, of the substance. Actually, similar results were ob-gap. In Ref. 38 it is concluded that the single gap
tained by muon spin-rotatio%"i‘, mutual inductancé and ~1.5—2 meV found there is a minimal value of the aniso-
resonanc® 28 techniques. Nevertheless, those authors astropic gap covering the multi-sheet FS of MgB

cribed the apparent deviations from the BCS theory to a Thermodynamic measurements might be decisive in de-
two-gap character of superconductivity in MgBWe should  termining the lowT symmetry-based superconducting prop-
stress that those experiments, giving averaged quantities, c&fities of MgB because the minority phases or grain bound-
not justify preciselythis scenario, although clearly indicating aries do not affect the results substantially, in contrast to
that a simple conventional description is not adequate. As foffansport phenomena, for example. The behavior of the elec-
the improvement of fitting on the basis of the two-gap ap-tronic heat capacitf(T) nearT, is also of great importance
proximation, its merits should be considered with cautionfor elucidating the nature of superconductivity here. And,
too, since in this case at least two extra free parameters atedeed, there have been many specific heat investigations for
added. On the other handl(T) measurements are particu- MgB2 performed by various groupS Unfortunately, the iso-
larly sample-dependet;*® which is very important for the lation _of t.he current—carrjer contribution to thg .ov.grall heat
interpretation. Namely, a single-coil mutual inductance techapacity is obscured byi) phonon anharmonicityii) the
nique showet®® that for sintered pelletsA\(T)=T2, involvement of Iov'vilj Einstein opt|calnm0des, especially for
whereas for thin filmsAX(T)x<exp(—A,/T), with A, re- compounds containing Ilght_e_lemen_(sl,) the Schottky term
duced in comparison with the BCS-inferred valtiee Boltz-  due to paramagnetic impurities, afig) the complex elec-
mann constantkg=1). Alternatively, the data for bulk tronic band structure of _Mg;B leading to_ at least two im-
samples of MgB can be fitted well by the superposition of portant electron-DOS-driven terms.n this connepnon, it
two swave-gap contributions, previously used to describeSnould be stressed that although tvve—glandapproxmatlon
properties of YBaCu;O;_, (Ref. 31. The authors of Refs. mvglvmg two_ $ommerfeld copstant;;s turns out to be a

29 and 30 also make the important point that the magnitude%at'SfaCtory fitting procedure, it cannot be true from a funda-

of \(0) and the\(T) curves neail. differ substantially for mental point .Of View becf"‘us? an almqst continuous set of
samples made in the same batch, energy gaps is observed in different point-contact spectra of

The results of thermoelectric pow&(T) studies reveal J’Eggslimeepeooll{éczrgjiwge 'V;%ean';elL?nfggr\;agiﬂs?%ﬁgsﬂo(;s(;f <
the complexity of the electronic properties of MgBIn Ref. . PP y 9ap

32 measurements of(T) and the resistivityp(T) of Rl?fsgffg observed, e.g., in the tunneling spectra of
Mg, _ xAl,B, aboveT . were carried _out, and apredominately 3Thé main features of the data f@(T) are (i) small
hole character of the current carriers was found, the devia- . =

. ) . ; . . values of the phase transition anomahyC=C,—C, at
tions from linearity at higher temperatures being attributed to]_ 50,54-56;, comparison to the BCS ca8&when the ratio

the electron-like sheets of the Fermi surfd€&). The exis- ¢

tence of both holes and electrons in Mg®ith a consider- AC

able change of transport properties above 150 K also follows 4= m 1)

from theS(T) measurements carried out in Refs. 33—-35. The

thermal conductivity «<(T) in polycrystalline samples of is equal to

MgB, shows a superconducting gapping beldw(Ref. 33,

apparently with smalleA than is consistent with the weak- Ppcs= ~
coupling Bcsavalue. On the other hand, experiments on 7¢4(3)
single g:rystals"’, followed by the subsequent subtraction of and (il) deviations from the asymptotic BCS behavior at
the lattice termw,(T) from the overallx(T), led those au- T<T
thors to the conclusion that the electronic peg(T) of the ¢

thermal conductivity is fitted well by a combination of two 2wAS\ Y2 Ao

BCS-like terms with smaller and larger gapds(0) C3YMPET) =N(0) ?) ex% - ?) ©)
=1.65meV andA | (0)=5.3 meV.

The optical data are more ambiguous than their transpomtiere the subscripts andn correspond to the superconduct-
counterparts. Specifically, in the infrared reflectaffcg, ing and normal states, respectively0) is the electron DOS
transmissiori;*° and Ramaff spectra only ons-wave-like  at the Fermi level, and, is the energy gap value @t=0.
superconducting gap manifests itself. It also turns out thaf\s indicated above, for MgBit is necessary to take into
the quasiparticle scattering rates! strongly exceed the rel- account a possibl@ dependence of the Sommerfeld “con-
evantA amplitudes, so that the dirty limit is achievéthe  stant”. The deviations from Ed3) may be twofold: power-
Planck’s constant =1). This is at variance with estimates law-like «T? (Ref. 54 and of the forms=exp(—A/T),>6:5859
of the mean free pathfrom transport phenomerfd;**ac-  where the constam is much less than#/y) T.~1.76T,
cording to which MgB is a well-defined clean supercon- the value inherent to the weak-coupling supercondwétor,
ductor. High-resolution photoemission studfealso found andy=1.7810... is the Euler constant. Thus, the raw specific
one isotropic gap withA(T=15K)~4.5meV and al de- heat data do not give definite answers to the problems of the
pendence of the BCS type. order parameter symmetry and the underlying mechanisms

Other Ramaf® optical transmissicH and  of superconductivity.

1.43; (2
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In this article, on the basis of the experimentally proved2. THEORY
distribution of energy gaps we show thhbth main features ) . i )
of the bulk propertyC,(T) can be explained by the conven- I__et us ex_amlne_a’-lndependent_conflg_uratlon of meso-
tional sswave superconductivity, so that these data can p&coPIC _do.mams, with each domain having the following
easily reconciled with other observatiolis?* The adopted properties:

: ) 19 i (A) atT=0 it is described by a certain superconducting
approach, being an outgrowth of the earlier 6fe?is phe order parameted = AT

nomenological because the origin of the gap distribution is (B) up to a relevant critical temperatur@(A,)
not known precisely. However, in accordance with the tun-:(y/q_r)A it behaves like an isotropic BCS ;?Jpeorcon-
neling datef? the gap distribution is considered to ocdor ductor, i.ec?,, the superconducting order paramaAter) is the
real spacerather than irk space, as was suggested, e.g., inMUhIschIegeI functiorA(T)=ABcs(A0,T);57 and the elec-

Refs. 50 and 54. The theoretical description of such spatiallyonic specific heat is characterized in this interval by the
disordered superconductors depends on the ratio between th&,ction CJ(AT):

characteristic superconducting domain dizand the coher- (C) at T>T,, it transforms into the normal state, and the
ence lengthe® If L> ¢, the superconducting properties are rejevant property i€,(T).
determined by local values of the order parameterOur At the same time, the values df, scatter for different

approach corresponds to these so-called large-scale inhomg@omains. The current carriers move freely across domains
geneities, whereas the small-scale inhomogeneities corremd acquire appropriate properties inside each domain. The
spond to the reverse inequality<¢ (Refs. 62 and 68 The  adopted picture is especially suitable for superconductors
quantity £ is T-dependent and tends to infinity &f. Hence, with small coherence lengthg, (Ref. 50, where even

in the close vicinity ofT,, strictly speaking, all inhomoge- nanoscale intrinsic inhomogeneities may comprise domains
neities become small-scale ones, and a divergent correctiayf the sort discussed above.

proportional to T./T— 1)~ Y2 appears in the expression for In other words, each domain above Ttg is in the nor-
C4(T).%2 Nevertheless, it can be easily shown that for con-mal phase, and its specific heat’is

ventional superconductors including MgBhe relevantT -

range is very small, so that its influence on the phase transi- C(T)= 3 N(O)T. (4)

tion smearing is negligible. Moreover, it has been disclosed

recently that the correction for three-dimensional supercon-  For simplicity we restrict ourselves to the situation when
ductors is actually finit€® Therefore we can identifg with the whole sample abovE, is electronically homogeneous,
the T-independent coherence length, dependent on the Pipe., is characterized by a common, approximately constant
pard coherence lengfp~ve/7A and the mean free path  N(0) value. BelowT., for a given mesoscopic domain, a
(Ref. 57). Herev is the Fermi velocity. For MgB, which  corresponding isotropic gap appears on the Fermi surface.
can be considered a clean superconduttétthe quantiies The microscopic background of the assumed scattéF.in
of interest aret~ £,<1~600 A, although there is a signifi- may be diverse but ultimately manifests itself as a variation
cant scatter of the values ¢ inferred from different experi- either of the magnitude of the electron-phonon interaction or
ments and fodifferent kindsof sample€:®* so that we may of the local values of the Coulomb pseudopotential.
estimate this quantity as lying in the range from 25to 120 A.  In the framework of our phenomenological approach,
This dispersion of, qualitatively correlates with the broad superconductivity(if any) inside a chosen domain is de-
spectra of gaps in tunnel and point-contact spectfa2®®  scribed by the relevant parameteky and T¢o. They are

A competitive theor§?"2was put forward to reconcile Pounded from above byg®andT,, respectively. Thesa,
the numerous transport, optical, microwave, and thermody™ay or may not group around a certain crowding valde,
namic experimental data and the almost obvisugave and ~ depending on the sample texture. The existence of such two
phonon-driven character of superconductivity in MgBt is possibilities is in accordance with the varied data for

based on the idea of multi-gap superconductivity with theMgB, .***2The specific gap distribution is described by

gap diversity on the different sheets of the Fermi surface, i.e.t,he functionfo(Ao). . )
Thus, for all T in the interval [0,T;], where T,

in momentumk space. This is an extension of the well- i i
known two-band superconductivity concéptwhich, in turn, maxTy, the superconducting sample consists of supercon-
ducting (s) and nonsuperconducting@) grains more or less

approximates the complex anisotropy of the electron spe S
trum in MgB,.5"4~""A more direct version of the anisotropic Chqmogeneously distributed over the sample volume. The
critical temperatureT, defined in such a manner may not

swave superconductivity in M has also been . o ) L .
& y 9B necessarily coincide with the resistively determifféd gov-

considered®"® ) . ‘
erned by percolation networks in the disordered sanfi&s.
The expected observable results of our theory and the : ;
The measuredC(T) is an averaged sum of contribu-

two-band model differ in the sense that in the latter Casg: < from both phases
there should be two different gap parameters connected by '
interband scgattering matrix elements or gaps clustered into (C(T))=(C,(T))+{Cq(T)), (5)
tvyo .groypsﬁ. On the other-hand., we suggest that the. gfapwhich depends on the distribution functié(A,T) of super-
distribution should be quasi-continuous due to the prox'm'tyconducting domains and on the normal-phase fraction
effect. Since our theory is phenomenological, it may be also (T): 1719

directly applied to other substances, including cuprates. Thig™ '/

will be done in subsequent publications. (Ch(M)=Ch(T)pn(T), (6)
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Amax(-r)
<CS(T)>=JO Cs(A,Tf(A, T)dA. (7
Here A™(T)=AgcdAF™,T), and f(A,T) is a result of the
thermal evolution of the initialat T=0) distribution func-
tion fo(Ag).
It is convenient to normalize all temperatureshyand

all energy parameters hy{'®*:

t=T/T,, 6=AIAD™ )

with relevant indices retained, and to consideyT) and

C,(T) together with their averaged counterparts, normalized

by theC,(T.) value, i.e., for example,

 Con(T)
T Cu(T”

Cs,n(t

9

Gabovich et al.

2 le 2
(Cy(t—0))=t2Fo(0) fo?cscazwz.wo(on L@

Note that in our previous work€; *°to estimate the numeri-
cal coefficient in the asymptotic term we used the depen-
denceC2¥™(T) instead ofCgc4T), which led to the result
(c(t—0))~0.54f,(0)t2.

The dependence of the next term in the expansion for
(c4(t)) can be estimated in the limit-0 by substitution of
the normalized expressidl) for cgcz). Then

ftdz | 3\/§yr(7 77)
Cecg2)~——=TI|5,—].
o 7 Ceed = 5 2

For small t this expression decreases a3[t>?
X exp(—ma/y)]. At the same time, the convergence of the
series in Eq(16) for t—0 is O(t*) if the functionf(8,) has

(18

Then one can easily find that for each domain, characterize@n extremum ab,=0 (then the coefficien,; =0), or O(t°)
by the parametes, att=0, the dimensionless heat capacity Otherwise.

is either
ca(t)y=t for t>4, (10

or

t
CS(t):(SOCBCS(é_O) for t<50, (11)

where cgcX) is a well-known normalized heat-capacity

function for a standard BCS superconductofhe parameter
N(0), due to theassumptiorN(0)=const, disappears from
the normalized dependencé) and(11).

For a surmised domain ensemble a distribution functiorﬁ]

f(A,T) for finite T is defined by the formula

f(A,T)dA="1y(Agp)dA,. (12
Then Eq.(7) can be rewritten as
1 t
<Cs(t)>:ft CBcs(a_O)fo(5o)5od5o- (13

To obtain the lowFT asymptotics, we introduce a new
integration variable=t/46,. Then,

5 1dz [t
(cs(t))=t=| —zfo| 5 |Crcd2). (14
t Z 4
Expanding the functioriy(t/z) into a series
t - t\K
fol 5| =fo(0)+ 2 Bi|3| . (15)
k=1 VA
we arrive at
2 1dZ 2
(cs(t))=tf((0) O?CBCS(Z)"":
tdz
X _fo(o)f_scscs(z)
0Z
” 1dz
+k§=‘,l Bktkft ZFF3Cecdd) | (16)

Now, in the same lowF region let us take a look at the
contribution (c,(t)) of the continuously expanding normal
phase. At anyT, all domains withAy<(w/vy)T (i.e., &y
<t) are nonsuperconducting, with the total normal-phase
fraction being

t

Pn(t):Pn(0)+jOf0(50)d50- (19
For simplicity, below we restrict ourselves to the case when
all domains at=0 are superconducting, i.ea,(0)=0. The
generalization to the cagg,(0)# 0 is obvious: at each tem-
erature there exists an additional contribution from the nor-
al phase. Then the functioiy(5,) should be normalized
by 1-p,(0), and allaveraging-driven effects would accord-
ingly decrease. Moreover, jf,(0)+# 0, the observed heat ca-
pacity (c(t)) must include an extra linear contribution
pn(0)t in the true superconducting state exhibiting the
Meissner effect. On the other hand, the observation of the
resistive macroscopic superconductivity depends on the
crossing of the percolation threshold by the superconducting
domain fraction.

As to the second term in EQ19), the approximation of
fo(8g) by its limiting valuefy(0) demonstrates that the main
temperature-dependent contribution gg@(t) is linear in t.
Sincec,(t) is also a linear function df, the apparent contri-
bution {c,(t)) of the normal phase to the total specific heat
(c(t)) is quadratic int for smallt, similarly to(c(t)). Thus,
in the proposed model of a disordered superconductor with a
broad continuous spatial distribution of domains possessing
different Ty's, the normal and superconducting contribu-
tions to thermodynamic quantities afenctionally indistin-
guishablefrom each other.

3. NUMERICAL RESULTS

In addition to the lowT asymptotics the overall depen-
dence of the heat capaci§up to T, is also of considerable
interest. It is especially important to trace the smearing of the
anomalyAC by the samedisorder effect that leads to the
transformation of the intrinsic exponential IoWbehavior of
C(T) into power-law behavior. These objectives were met

The first term in the right-hand side is the sought asymptoticby numerical calculations.
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For this purpose, two model distribution functions
fo(8g), namely, exponential

89— Of
fE(80) exr{ - % (20
and Gaussian
80— 55)°
foG(5o)°<9XF{ - %} (21)

were used. The parametéf designates the peak position,
which may vary from 0 to 1. By changing the parameader

we control the dispersion of the domain superconducting

properties: the sharper the functibg(d,), the more homo-
geneous the ensemble. Nevertheless, forddngth functions
are nonvanishing in the limif,=0 and their Taylor series

(15 begin with the relevant constants as the main terms.

Only for highly improbable distribution functions such that
fo(dg) extends tos,=0 and also satisfies the condition
fo(89=0)=0 can the Taylor series begin with the next term,
resulting in the asymptotic€4(T) T2,

Figure 1 shows the influence of the choice of distribution
function on{c(t)) for 55 =1 (a) andsg =0 (b). In all cases,
for larger d the curves converge towards a common limit
which corresponds to the uniform distributioh})’(ﬁo)

—— Uniform distribution

20+ ___ BCS

0.4
t=T/T,

FIG. 1. Temperature dependences of normaligeeb the tejtelectronic
heat capacityc(t)) of superconducting phase fraction for exponential and
Gaussian distributions of the parametép over the inhomogeneous

ensemble of domains. The panels correspond to the maximum position :ht

55=1 (a) and 85=0 (b). For d=0.1—exponential (W), Gaussian(();
d=0.25-exponential®), GaussiaO); d=1—exponential A), Gaussian
(D).
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FIG. 2. Temperature dependences of normalized total electronic heat capac-
ity {(c(t)) in comparison with the BCS dependence of the superconducting-
phase fraction. Gaussian distributions wih= 1 (a). Low-temperature por-
tions of the relevant curves on a log-log scale together with their
asymptoticgb). Ford=0.1 (), d=0.25(0), d=1 (A).

=const. For smalled the curves approach opposite homo-
geneous bounds: the discontinuous curve for a clean BCS
superconductolFig. 13 and the straight line, coinciding
with the abscissa, for a normal met&ig. 1b. Thus, on Fig.

1b the curves become more and more flat. As to Fig. 1a even
for d=0.1[i.e., whenf(0)/f(1)~4.5x 10" for the expo-
nential distribution and~1.9x 10 22 for the Gaussiahthe
resulting curves are no longer discontinuous: the jump trans-
forms into a hump. In addition, with variation of the param-
eterd the peak positions on the two panels shift in opposite
directions.

Thus, the substantial spreading of the anomaAlg
readily seen in Fig. 1 seems quite natural in view of the
results for MgB .°%>*~>®However, the concomitant superpo-
sition of various domain contributions causes distortion of
the overall curvesC¢(T) and C(T), which is much less
trivial. This very superposition may lead for low to the
power-law behavior whose the asymptotics was analyzed
above.

Figure 1 also evidences that different distributions lead
to similar results for each set of parameters, and it would be
the more so if we plotted the relevaft(t)) curves. Hence,
ereafter we confine ourselves to the Gaussian distribution.

The dependences(t)) are depicted in the Fig. 2a for
53 =1 and different dispersion values The low-T parts of
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fo(Jp) has a maximum ab,=0, in full agreement with the
analysis given abovésee Sec. 2

Uniform distribution One can make another important conclusion from the
numerical data shown in Figs. 2 and 3. Specifically, a one-
parameter fitting explainboth the smearing of the heat-
capacity anomaly af . and the appearance of the power-law
asymptotics. The latter reproduces the results appropriate to
superconductors with order parametersdef -wave? or

extendeds-wave with uniaxial anisotrop§>* sy?nmetry. The
patterns displayed in these figures explain well the experi-
mental heat capacity dependen¢@gl’) for MgB,, which
demonstrate power-law behavior for lowest attainabie>

or above the exponential loW-tail.>® At the same time, the
reduction of the anomalpC at T, with the increase ofl,
traced in Fig. 2a, adequately describes #@ magnitudes
inferred from the analysis of the observed total heat capacity
of MgB,, with allowance made for the crystal-lattice and
impurity components. Namely,~1.13%° 0.820°40.7 % so

that the experimental specific heat jump is substantially
smaller than the BCS valuegcs[see Eq.(2)].

A comparison of Figs. 2a and 3a shows that for wide
enough distribution functions the resultifig(t)) curves are
almost identical. They lie very close to the corresponding
curve for the uniform distribution. The latter has a gentle
b maximum at about= 0.9, so that the actualdependence in

L. . N the interval 0.8&<t<1 may be readily overlooked. It is clear
0.01 0.1 that the peak positiod; has no meaning in this case. At the
t=T/Tg same time, for smad, if the parametesg changes from 1 to
FIG. 3. Temperature dependences of normalized total electronic heat capag-’ the curves _transform from °”e$ possessing well-
ity (c(t)) for Gaussian distributions withy =0 (a). Low-temperature por- pronounced maxima to almost monotonic ones. Such a trans-
tions of the relevant curves on a log-log scale together with tReasymp- ~ formation “process” is depicted in Fig. 4. In particular, the
totics (b). Ford=0.1 (1), d=0.25(0), d=1 (A). results show an interesting feature: if the distribution avgr
is characterized by a small dispersion and a maximum posi-
tion at aboutA J'®72, the apparent dependen(@(T)) should
‘demonstrate “oscillating” behavior in the superconducting
temperature region. For example, b= 0.1 it would happen
abovet~0.4, according to Fig. 4a. These departures from
. > oo . the BCS electronic specific heat describe qualitatively the
intervals where thel ™ approximation holds good exist for deviations of the experiment@(T) from their counterparts

any d, for small d this is merely of academic interest, be- . Ca L
i measured in strong magnetic fields, when superconductivity
cause both temperatures and heat capacities become too t'%ysuppresseﬁl's“'%

to be experimentally significant. On the other hand, for

higher T in this case the averaged curvgx(t)) lie rather

close to the exponential curve inherent to the BCS theor)‘}' DISCUSSION AND CONCLUSIONS

(the dashed curye Such transitional parts of the depen- The results obtained here are of a quite general nature

dences(c(t)) describe well the exponential loWw-behavior  and fit well the observed heat capacity dependencies both for

for some samples of MgB(Refs. 56 and 58with smaller  cuprates and magnesium diboride. Our main assumptions are

exponents than in the BCS case. thes-wave symmetry of the superconducting order parameter
For large d, when the Gaussian distribution function and the proposed large scale &,) spatial inhomogeneities

f5(80) becomes almost uniforrtsuch a random dense, al- of A (andT,). As for cuprates, the origin of those heteroge-

though quasi-discrete, distribution of gaps was found imeities was discussed in our previous publicatiti§.On

point-contact spectj&? the quadratic asymptotics are valid the other hand, in MgBlarge enough inclusionghey influ-

at least up ta=0.1 (for the uniform distributiorfg(éo) the  ence the heat capacijydf different phases or planar defects

relative error of thet? asymptotics is~0.6% att=0.1 and may be the most probable cause of thespread. One can

~5% att=0.2), which agrees with the measuremefitSor ~ mention, e.qg., observed MgRyrains and stacking fauftsor

intermediated the experimental data in the relevahtange  nonstoichiometry modeled by Mg ;B, phase$* Mg vacan-

may be satisfactorily represented by power-law curvegies or B interstitials as well as some degree of oxidation

C(T)ocT" with n=2. may be the inhomogeneities leading to conspicuous scatter
Figure 3 demonstrates the dependenged)) for 53 of T,.8% X-ray analysis shows that MgRBan be microscopi-

=0. The overall behavior remains the same assfpr=1, but  cally nonstoichiometric up to 5-1088 Nonstoichiometry is

the validity range of the asymptotics extends because nownost likely an intrinsic phenomenon, since pressure depen-

(e )

107°F o

o’ AR Asymptotics

3k
1073F

the(c(t)) curves are displayed on a log-log scale in Fig. 2b
The dotted straight lines correspond to the pertifEhas-
ymptotics for each curve. It is clear that the validity range of
the asymptotics extends with the increasedofAlthough
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One more circumstance should be highlighted to distin-
Gaussian guish between various scenarios of apparent two-@ap
better to say, multiple-gap manifestations. It is often
claimed®®8that for MgB, both gaps close at@mmon .

But even a cursory examination of the relevant data shows
that the instrumental errors in the neighborhoodTgfand

the obvious uncertainties of applied fittings are too large to
ensure the validity of such a conclusion. Indeed, some point-
contact spectra could be explained on the basis of two gaps,
one vanishing at the bulk. while the other closing at
~0.7T..% Also the differential conductivities of Mg Ag

and MgB,/In junctions have been interpreted in terms of two
gaps with energies 4 and 2.6 meV, which close at 20 and 38
K, respectively’® This alleged anticorrelation between the
A’'s andT.'s seems doubtful and apparently is a consequence
of the two-gap prescription. On the other hand, the experi-
mental results®**®%°can be naturally described in the frame-
work of the scheme adopted here with a continuous set of
gaps and critical temperatures rigidly bound to them. Hence,
the two-gap fitting procedure is only a first approximation to
the actual multiple gap superposition. Aside from the formal
aspect of the problem consisting in the selection of a proper
fitting procedure, our point of view is favored by the direct
simultaneous experimental observations of more than two
gaps for a number of samples®®

(ctt)

1.0

(e )

0.5
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The fluctuation-induced conductivityparaconductivity measured in YBZu;0;_ 5 (YBCO)

films grown on 10° miscut SrTiQ(001) substrates is analyzed using various theoretical models
describing weak fluctuations in high: superconductors and considering both Aslamazov-

Larkin and Maki-Thompson fluctuation contributions in the clean limit approach. The analysis
reveals a highly anisotropic pair-breaking caused by structural defects produced. This

result is in favor of an idea that pseudogap in highexydes is mainly governed by the fluctuating
pairing. © 2002 American Institute of Physic§DOI: 10.1063/1.152857]2

1. INTRODUCTION of the normal state of the system, a state which is character-
ized by stability of the Fermi surface and, hence, by stability

99K of the normal-carrier scattering rate. Adss lowered,p,,(T)
ductors(HTSC) is widely debated at presehMeasurements deviates downward from th@-linear dependence at some

taken with a wide variety of techniques demonstrate that th?e resentative temperatufe o> T, giving rise to the ex-
pseudo_gap i_s present in both the Spin_and charge channe_l g ss conductivity which is ljsually considered as a
theoretl_cal views of the problem are _stlll rather Comrovers'al‘pseudogaﬁr.l‘r’ However, in the temperature intervaL<T
One point of view wh|ch stands out in the context of exper|—<.|_c0 the excess conductivity is well described by the con-
mental evidence is the idea of preformed pbmms!dered 0 \entional fluctuating theoriés'* and is usually treated as
be the fluctuating Cooper pairs which are believed to beg,(T) 4-1016T _(100+5) K is the temperature which de-
present in HTSC well abovE, (Refs. 2 and B As structural terminles the C%air-bre;king parametéy, = (Too— To)/T

(o] C Cc

d.efect.s are known 'to dzegply affect' the palr-br'eaklng meCha(_Refs. 12 and 18 The possibility of the fluctuating pairing in
nism in highT. oxides; investigation of the influence of o e
: . HTSC atT «<T<T,  is widely debated at present:
systematically produced structural defects on the fluctuation As we have recently showti.the o (T) dependence of
ductivity is to clarify the i . - '
doped(UD) YBCO films always consists of two temperature

known to be a powerful method of getting reliable informa- """ ith diff FC behavi d by the di
tion about the normal charge scattering and superconductirf glons with difterent ehavior, separate y t_ € dimen-
ional crossover al,. Accordingly, aboveT, this is the

coupling mechanisms in HTSC just in the PG temperatur ) _ X )
gwo-dlmensmnal (2D) fluctuation region commonly de-

region?~* Using FC analysis, such microscopic parameters*’® e _ 13
scribed by the MT term of the Hikami-Larkin theofiiL),

as the coherence length along tbeaxis, £.(0), and the o X : X
phase relaxation time of fluctuating pairs,(100 K), can be ~and atTc<T<Ty it s the region of three-dimensioné3D)
fluctuations always described by the 3D term of the AL

determined. It also gives the possibility to address more fun 14 ) 17
damental issues, such as the contribution from or absence t€ory-" The Lawrence-DoniackLD) model;" proposed to

Maki-Thompson(MT) type fluctuations? The question is of ~describe FC in any layered superconducting system, was
remarkable importance, since the MT fluctuation process ifound to fail in fitting experiment in this case. Really, the LD
strongly dependent on the pairing mechantér? model predicts a smooth, gradual transition from 2D AL
Fluctuation conductivity, o’ = o(T)— on(T), arises fluctuation behavior to 3D AL behavior as the temperature
from excess current carried by fluctuation-created CoopefPProached;, and it considers the MT contribution to be
pairs above the Superconducting transition temperafyre vanishing. This kind of FC behavior has been shown to be
as has been shown by Aslamazov and Largdn).** The  typical for badly structured higfi oxides? However, in
additional contribution to FC, introduced by Maki and most of the previous papers devoted to the problem, FC fitted
Thompsoi? to extend the AL theory, is treated as arising by the LD model alone is reportéd? suggesting the pres-
from interaction of the fluctuating Cooper pairs with normal €nce of different structural defects in the samples studied.
electrons resulting in the pair-breaking process. Finally, the'he conclusion is corroborated by measurements of the criti-

The pseudogapPG) phenomenon in higfA+, supercon-

fluctuation conductivity is taken to be cal current densitieg. of thin epitaxial YBCO films, which
) are known to be at least an order of magnitude larger than
o' (T)=[pn(T) = p(M L pn(T)p(T)], (D" that for high-quality YBCO single crystalé. The main rea-

where p(T)=p,(T) is the actually measured longitudinal son for that is strong flux pinning in the films caused by
resistivity andpy(T)=aT+b is the extrapolated normal- specific defects such as point defects in the Cp@nes:®
state resistivity. According to the nearly antiferromagneticscrew dislocationd® and twin boundarie$: expected to be
Fermi liquid (NAFL) model®® the linear-inT p,(T) depen-  also responsible for observed (T) dependence of the LD
dence at high temperatures can be considered as a true sitype. However, the properties of high-quality modern thin

1063-777X/2002/28(11)/9/$22.00 812 © 2002 American Institute of Physics
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TABLE I. The sample parameters.

Sample d,A | T ,K AT K | T K | p(100K), pQ-em | p(300K), pQ-cm | dp/dT, pQ-cm K| T,y K
M23-L 1975 90.0 1.0 90.14 88 287 0.93 130
M23-T 1900 89.9 1.2 90.19 278 628 1.6 108
M35-L 900 89.7 2.0 90.60 204 600 1.86 150
M35-T 900 89.5 2.2 90.85 1948 3325 6.06 105

epitaxial HTSC films prepared by pulsed laser deposition ing in a general waviness of the unit-cell-high layers as ob-
are believed to be mostly determined by some slight degregerved in the TEM image. A strong strain field is associated
of miscut growth of the films, resulting in the appearance ofwith this specific defect structure. Some extended defects
specific growth-related defect$?* These defects have been (ED) with a structural width of 20—30 A, penetrating most of
identified as effective pinning centétand have been found the film thickness, are also present. All defects, and espe-
to produce an appreciable anisotropy of the resistivity, mageially TB, are found to contribute to the strong flux pinning
netic flux penetration, and critical current densities in miscutdn the films. It has also been shoffirthat the close corre-
grown YBCO films?* However, a systematic study of the spondence between the STM and TEM results suggests that
effect of specific growth-related defects on the fluctuatingmost defects are aligned along the directioof the regular
pairing in HTSC is still lacking. film step edges. This one-dimensional nature of the defects is
In this paper we presented measurements of the fluctudeund to be responsible for observed anisotropy of the resis-
tion conductivity in the c-axis-oriented YBgCu,O,_s  tivity, magnetic flux penetration, and critical current
(YBCO 123 films grown on 10° miscut SrTiQ(001) sub-  densities?* Naturally, one can expect to reveal an anisotropy
strates. The expected strong anisotropy of the scattering af the pair-breaking mechanism in the films, resulting in the
the fluctuating pairs due to growth-related defects influencanisotropy of the fluctuation conductivity. If pseudogap in
is revealed. The results are treated using a recently developéigh-T, oxides is really governed by the fluctuating pairing
approach to FC analysis in YBCO filmMs® different temperature regions of the PG behavior have to be
observed, depending on whether measurements are per-

2. EXPERIMENTAL TECHNIQUES formed in theL or in T direction.

YBCO films with a thickness of 240 to 2400 A were
grown on vicinal SrTiQ (001) substrates by pulsed laser 3. RESULTS AND DISCUSSION
deposition (PLD) as described in detail in Ref. 24. The
SrTiO; substrates were cut and polished 10° off {0621)
plane toward$010], as confirmed by Laue diffraction. After To obtain more information, two films with different
the PLD process the deposition chamber was pumped to thicknesses commonly used in experimedy=1900 A
pressure of less than 16 mbar and the samples were trans- (sample M23 and d,=900 A (sample M35, were chosen
ferred to the scanning tunneling microscof§§TM) stage for analysis. Both films exhibit a sharp resistive transition at
without exposure to air. To provide measurements of exT.~90 K in both directiongsee Table)l, i.e., can be consid-
pected resistivity anisotropy the samples were patterned iared as apparent representatives of OD YBCO systems. Fig-
two different directions. These two directions are denoted irure 1 show$,, as a function of temperature for sample M23
the text byL and T, respectively, since they coincide with measured in th& and T directions, respectively. As can be
the directions longitudinal to and transverse to the film stepeadily seenp(100 K)/p, (100 K)~3.2 in this case. More-
edges. To get the resistivity data, standard 4-probe dc meaver, a valuep;(100 K)/p, (100 K)~9.5 is measured for
surements were performed using a fully computerized setugample M35, suggesting the strong influence of the growth-
It should be emphasized that a certain care in the samplelated defects on the normal charges scattering. However,
preparation process enables to obtain highly reliable and systespite the considerable increase of the resistivity, the width
tematic data despite the evident complexity of the samplesf the resistive transitiod T~ 1.2 K is estimated for M23 in
structure. both directions (Table ), a value typical for well-

Combined STM and cross-sectional transmission eleceharacterized OD systems. The representative temperature
tron microscopy(TEM) measurements established a closeT, (o, , marked by the arrow on the graphs, is also found to be
relationship between the film morphology and defectin good agreement with the prediction of the NAFL model
microstructuré? It has been shown that almost periodic sur-for OD films. According to the NAFL model, th&-linear
face and defect structure is generated for YBCO films grownesistivity aboverT, ,, extrapolated towards, (as shown by
on 10° miscut SrTiQ substrates. The TEM image has re-the dashed lines in the figyreis treated as the sample
vealed a significantly disturbed YBCO lattice. The step struchormal-state resistivitpy(T) used to determine’ (T) from
ture persists on the YBCO surface due to the step flonEq. (1). However, resistivity buckling, which is uncharacter-
growth mechanism. This generates a multitude of translaistic of OD systems, is distinctly observed for both samples
tional boundariesTB), extending throughout the entire film at higher temperature§ig. 1). The result suggests the pres-
thickness. The crystal lattice is slightly tilted across the de-ence of a somewhat enhanced electron-electron interaction in
fects. Numerous stacking faultSP) are also created, result- the films?!® likely caused by the defect structure.

3.1. Transport properties
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Maki, and ThompsorBMT),?® who have extended the HL
theory to incorporate the clean limit approximation. This
seems to be reasonable, as the mean freelpath,(0) for
YBCO systems, wheré,,> &, is the intraplane coherence
length. But whenH=0 the only difference with the HL
theory is that dgy1=1.203(/£,5(0)) Sy, assuming that
nonlocal effects can be ignoréd.

Actually, Eqg. (2) reproduces the result of the LD
model!” with allowance for the presence of Josephson-like
pair tunneling between conducting layéPsyhich is mainly
pertinent to the 3D region, a&(T)>d nearT.. Accord-
ingly, the MT contribution gains importance h(T—Tg‘f)
>hlt, (Ref. 13, where no intraplane tunneling is expected,
as &.(T)<d (2D region.’%?® Thus the HL theory predicts
both 2D-3D and MT-LD crossovers as the temperature ap-
proachesl ;.. The 2D-3D crossover should occur at the tem-

700 500 300 perature
T.K To=Te{1+2[£,(0)/d]%} (5)

FIG. 1. Resistivity as a function of temperature for sample M23 measured i i — ; _ 1/2 - _
the L and T direction; the dashed lines in the extrapolated normal-statgét whicha=1/2, i.e.,£(0)=(d/2)ep". The MT-LD cross

resistivity. over should occur at the temperature
g0=(mh)I[1.2031/£,p(0))(8kgT7,) ], (6)

But the most striking result is the fact that measured foiwhere §~ «, and this gives an opportunity to estimatg.
both films representative temperatuigs, andT, or appear  No significant difference between the two crossover tem-
to be noticeably differentFig. 1 and Table)l As itis clearly  peratures is considerédin contrast to the HL theory, the 3D
seen from the figure, the larger resistivity, the shorter is theluctuation region in well-structured YBCO filrfshas been

T-linear resistivity region but the shorter becomes the PGound to be described by the 3D term of the AL thetty,
temperature range too, what is difficult to explain in terms of

the normal charges scattering only. To account for the find-  TaL={€°/[32h&(0) 1}~ Y2 )

ing, measurements of FC, sheding light on the fluctuatingy, | p fluctuation mechanism is observed in this case, as

pairing, are evidently required. was mentioned above. It is clear on physical grounds that
with increasing temperature the 3D fluctuation regime will

300+

200

Py 1E2:cm

100

3.2. Fluctuation conductivity persist until £,(T)=d.*® Hence, in this case the 2D-3D
3.2.1. Theoretical overview crossover should occur &t(T)~d or at
The fluctuation conductivityo’(T) is computed from £.(0)~del?, (8)

the resistivity measurementfig. 1) using Eq.(1), as dis- o ) )

cussed above. The experimental FC data are analyzed usiM§ich is twice as large as predicted by the LD and HL theo-
the HL theory!3 considering both the AL and MT fluctuation 'eS[Ed. (5)].1GBeS|des, the crossover g proves to be of the
contributions. In the absence of magnetic figldthe AL~ MT-AL type.

theory yields Actually, Eq.(7) depends only o.(0), which is inde-
pendently determined by the measured value ofEq. (8)],
oa =[€%/(16hd)](1+2a) V%1 (2)  thus noticeably reducing the number of fitting parameters.
and However, 7, [Eq. (6)] still remains uncertain, since neithler

5 nor &,,(0) is directly measured in the FC experiment. To

ol = e circumvent this problem we have designated
MT™87d(1—ald) 1.203(/£,5(0))=B.1® As before, to further evaluate
1 (3 7,(100K) it is assumed that 7,(T)~1/T and
(8la)[1+at(1+2)"] o1 7,T=const”'*62"Hence, Eq.(6) can be rewritten as fol-
[1+6+(1+28)"] ' lows:
Whered~11.72A is t2he distance tgetl/\ie.en conduc_ting GuO T(P,BT=7Tﬁ/(8kB£0)=Asal, 9)
planes,a=2&.(T)/d“=2[£.(0)/d]“e™ " is a coupling pa-
rameter, where A= 7#1/(8kg) =2.988< 10" 12 s. Now the parameter
S— 1.203I/§ab(0))(16/77ﬁ)[§c(0)/d]2kBTr¢ @ 7,(100 K)g is strictly determined by the measured value of

go and can be used in the fitting procedure together with
is a pair-breaking parameter, anch=|n(T/T[:“f)~(T £.(0). Besidessy(gg) =2 (Eq. (4)). Thus, the only fitting
—TQ”)/TE‘f is a reduced temperature. HeTéJ‘f>TC is the  parameter now remains @-factor introduced to take into
critical temperature in the mean-field approximation actuallyaccount the structural imperfection of the sampRBut in
separating the FC region from the critical fluctuation region.contrast to Oket al,® we introduceC as a factor by which
The factor 1.203( £,,(0)) [Eq. (4)] is introduced by Bieri, Egs.(2), (3) and(7) must be multiplied to fit the experimen-
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tal data. It is clear that the farthe® is from 1, the more
influence of defects is expectédowever, independently of
the measured values of th€ factors, the ratioC*
=C3p/Cyp=(1.82+0.2) was found for all well-structured
YBCO films with different oxygen concentratidrt® as a
result of the layered nature of HTSC.

Compared to OD YBCO films, the MT fluctuation
mechanism in films withT,<82 K (so-called 80-kelvin
samples is somewhat suppressed and partly substituted by
the LD one because of the appearance of structural defects
mostly produced by oxygen vacancies in the CuO chains, as
described in detail in Ref. 2. The more defects, the more

A. L. Solovjov

15

10+

0.8

0.6

0.4

0.2

815

pronounced is the LD part of the’(T) dependence and the

greater is the suppression of the MT contribution. Neverthe- 89 90 91 9'2 93 94 95

less, theo' (T) dependence nedr, is still described by the
3D term of the AL theory Eq. (7)]. Naturally,o' (T) exhibits

two dimensional crossovers in this case but just the second

LD-AL (3D) crossover akg has been shown to determine
£.(0) and7,(100 K)g in 80-kelvin sample$.

3.2.2. Fluctuation conductivity analysis

Outside the critical regions’(T) is a function ofe
~(T—T™)/T™ only. Thus the determination of™" is of
primary importance to the determination of'(T). As
before?16 T™" is defined by extrapolating the linear 3D re-
gion of theo’ ~2 vs T plot down to theT axis, sinces’(T)
should diverge asT—T"" ~Y2 [Eq. (7)] as T approaches
TQ”. Figure 2 showss’ ~?(T) for samples M23 and M35

measured in thé. and T directions. As expected, the each

plot is characterized by a pronounced 3D region fitted by the

straight line to determiné’?f. Above T, the data measured
for M23-L (Fig. 2a dot$ and the data measured for both
samples in thd direction(Fig. 2a and 2b, circlegleviate to
the left from the line. The fact means the absence of any M
fluctuation mechanism in this ca¥0On the other hand, the
data measured for M3b-(Fig. 2b, dot$ demonstrate an evi-
dent rightward deviation from the line &g, thus suggesting

1 L 0

0loeew L

T,K

0.02

0.01

0
89 90 91 92 93 94 95
T,K

FIG. 2. o' "2 vs T for samples M23@ and M35 (b) measured in thé
(dotg andT (circles direction, respectively; the solid lines is extrapolated

.|3D fluctuation regions.

properly chosen. This criterion plays a significant role in the

the presence of the MT fluctuation mechanism in the samplétting procedure, especially when no MT contribution is ob-
in the latter case. But, strictly speaking, the deviation is relaserved.

tively small in comparison with the well-structured OD
films.2® But the more striking result is the fact that the 3D
region measured for M23-turns out to be extremely short
(Fig. 2a, circleg resulting in Ty —Tor~0.9 K (Fig. 23.
Possible reasons for this finding will be discussed below.
Figure 3a shows a plot of the & vs Ine (doty for
sample M23L in comparison with the LD term of the HL
theory[Eq. (2)] (curve2) and the 3D term of the AL theory
(Eq. (7)) (curve3), as no MT fluctuation contribution is ex-
pected(Fig. 29. The LD-AL (3D) crossover, marked by the
arrow on the figure, is distinctly seen on the plot agdn
~—3.98 (Tyg=~91.83K). Now the values¢.(0)~(1.6
+0.01) A andr,(100 K)3~16.03<10 *¥s can easily be
determined using the measuregl and Eqgs.(8) and(9), re-

Above T, the LD term withC, ,=0.82 perfectly fits the
data up to Irey~—2.98 (T.o~94.72 K) (Fig. 3a, curve?).
In accordance with the analysis for the 80-kelvin samples,
observation of a fluctuation mechanism of the LD type can
be considered as an evident sign of structural imperfection of
a sample. Thus there should be a scatter of the intraplane
distances in the sample even in thalirection as a result of
the influence of defects throughout the relatively thick film.
This conclusion is in good agreement with the results of the
defect microstructure study discussed above. Simple algebra
yields d* = £,(0)/eX2~7.2 A, and, as beforaj=11.7 A at
&g is assumed.Thus, the scatter appears to be just the same
as had been found for 80-kelvin fillisWhether this is a
coincidence or not has yet to be settled.

spectively. The two parameters found enable us to reason- Below T, the LD model fails to fit the data because there
ably fit the data in the whole temperature region of interests a rather pronounced linear 3D fluctuation region here, per-

(Fig. 3a. Besides, the valuéy,(sy)~2 is computed using

fectly described by the 3D term of the AL theory wi@yp

Eq. (4), in good agreement with the above theoretical con-=0.73(Fig. 3a, curve3). Thus, the observed crossoverTat

sideration. It has been establish&dhat 8y,(eq)=2 only
wheneq, which determines botf.(0) and7,(100 K)g, is

is just of the LD-AL(3D) type expected to be responsible for
the parameters of fluctuation analysis in the presence of
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FIG. 3. a—Ing’ vs Ine (dotg for sample M23t (Tcmf=90.14 K) compared

with fluctuation theories: curvel—MT term (C,p=0.401,d=11.7 A), FIG. 4. a—Ino’ vs Ine (dots for sample M35k (T{''=90.60 K) compared

2—LD term (C p,=0.82,d=11.7 A), 3—AL (3D) term (C3p=0.73). b—
In o’ vs Ing (dot9 for sample M23T (TMf=90.19 K) compared with fluc-
tuation theories: curvé—MT term (C,p=0.07,d=17.34 A),2—LD term
(Cp=0.178,d=35 A), 3—AL (3D) term (C5p=0.127).

with fluctuation theories: curvd—MT term (C,p=0.172,d=11.7 A),
2—LD term (C_p=0.353,d=11.7 A), 3—AL (3D) term (C3p=0.31),4—
MT+LD term (C=0.116,d=11.7 A). b—In¢’ vs Ine (dots for sample
M35-T (TE’”=90.85 K) compared with fluctuation theories: curile-MT

term (C,p=0.00714d=11.7 A), 2—LD term (C_ p=0.0238,d=35A),
3—AL(3D) term (C3p=0.013).

defects’ For more assurance the MT term calculated using
the found values fo€.(0) and 7,(100 K)B is also plotted
(Fig. 3a, curvel). As expected, when drawn withC,5  was found to be the sanféthe FC behavior measured for
=C;3p/1.82~0.401, it intersects the data just at the crossovesample M35k appears to be rather different. Figure 4a
point, accordingly marked as &3 on the graph. This result shows a I’ vs Ine plot (dot9 for sample M35k compared
once again confirms the universality of t& =1.82£0.2  with the theory in the established manner. Here the 3D re-
ratio for the highT, oxides? Nevertheless, the real MT fluc- gion is somewhat shorter and the crossover at#n—4.39
tuation mechanism is completely suppressed here, being re<(T,~91.72 K) becomes clear only when the correspond-
placed by the LD one because of the presence of growthing theoretical curves are properly drawn. Using the mea-
related defects. The result of the structural imperfection isured eo, the valuesé,(0)=(1.3+0.01) A, 7,(100 K)B
the observed diminution of th€; factor, expected to be ~24.24x10 s, and 6y (eo)~2 can easily be derived
close to 1 for well-structured OD YBCO systeffdiVe think  from the experiment. The parameters found enable one to
that thes' (T) dependence found without any MT contribu- reasonably fit the data in the whole temperature region of
tion but with clear LD-AL(3D) crossover appears to be typi- interest(Fig. 49. As before, the 3D fluctuation region near
cal for YBCO films with highly ordered defects. When de- T, is well described by the 3D AL tern(Fig. 4a, curve3d)
fects are randomly distributed in the sample the crossover iwith C5p~0.31. However, abové, the fitting process turns
never observed. In the latter case the data are traditionallgut to be more complicated than before. As can be easily
fitted using the LD model alorfe;® as was mentioned above. seen from the figure, the LD terficurve 2), reduced to the

Despite the fact that the set of defects in sample M3Xrossover temperature, does not fit the data in any tempera-
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ture region. To complete the analysis the MT term, calculated
using the values for found.(0) and7,(100 K)g, is tradi-
tionally plotted (Fig. 4a, curvel). As before, when drawn
with C,p=C;3p/1.82~0.172, it also intersects the data just at
the crossover point. But in spite of the fact that the presence
of the MT fluctuation contribution is evident from Fig. 2b,
the MT term also does not meet the case. Actually, all three
theoretical mechanisms evidently fail to fit the data in the 2D
fluctuation region. In the end, all the way up toelg
~—3.15 (T,q=94.48 K), the data are found to be well fitted
by the summary curve MFLD (Fig. 4a, curved). |
Fluctuation behavior of the MF¥LD type but without ,
crossover, likely overlooked by the authors, is reported for L ’ o
single crystals and some YBCO film&. Thus a certain
anjognt of the_ growth-related defects, Iik_ely produced by 509 60 70 80 30 106
twins’ or a slight degree of substrate misGuhas to be Te,
present in the samples. In our case the structural imperfection
is apparently much stronger because of using the specific 1({jd_G. 5. £:(0) as a function off (dots; thg sol_id line _represents the theory.
miscut substrates, as is confirmed by the very small values Sfircles—r,(100 K8 vs T, ; the dashed line is a guide for the eye.
the C factors measured in the experiment. Beside§, and
p(100 K) are about 2.2 times the value found for MR3-

S

-8
cm

£c(0),10

Te( 100K)B, 10

. . : surements have not been prepared. As a result, the absolute
whereas the ratigpr(100 K)/p (100K) is 3 times larger, value of 8~1/£,,(0) remains unknown, giving us no possi-

respectively(Table )). All these facts evidently indicate the bility of directly deriving the explicit value ofr,(100 K)
enhanced role of the defects in the sample. That is why evefl experiment. However, for sample M:B{hfare is an

Lhe ptartial otlster\:)ation of tEet MT tfluctua_ticlm contribution evident correlation between the ratib,(M23-L)/T.(F1)
O Tt it the ohean o 1Y demand (e =103 and&y(0)(F1)/&(0)(M23-L)=1.031, respectively,
At first sight the observedr’(T) dependence of the suggesting that the value found fég(0) is in good agree-

MT+LD type is difficult to explain in terms of the FC ap- ant with the conventional superconducting thédms to
proach discussed here. Indeed, as is well established NoWh e relationship betweegiand T :
..

the MT fluctuation mechanism gains importance in the dis-
tinct 2D fluctuation region and requires Cu@lanes to be So~Tve I[7A(O)], (10

intact and regularly situated with an intraplane distadce \herey is the Fermi velocity ana(0) is the order param-
~11.7 A> £(T), whereas the LD mechanism is found to be gter atT=0K (F1 is the well-structured YBCO film with
typlcal for Samples with a noticeable Spread of the intraplanq—cz 87.8 K(Ref 16, considered to be the principa| Sarruﬂe
distances and somewhat deteriorated planes. Thus, on&suming £,=£.(0) and taking into account thatAZ0)
would have to assume that the growth-related defects result 5kgT, for YBCO systemg? one can rewrite Eq(10) as
in some very specific sample structure, in which both the MT¢ (0)=G/T,, where G=2K#Ave/(5mkg) and K~0,12 is
and LD fluctuation mechanisms are able to exist in para”ethe coefficient of proportiona“ty_ A p|0t ofc(O) as a func-
when measurements are performed in thelirection. As  tion of T, is shown in Fig. 5(solid line) for the valueG
follows from a structural analysfé,the sample surface looks =1.46x10 ¢ A.K computed for F1(Ref. 2. The dots are
like a remarkably regular, row-like terrace structure. The obthe experimentaly measurggd(0) values for samples M23,
served FC behavior makes it sure that between the rows th@3s, and four YBCO films with different oxygen concentra-
planes are presumably fully intact, giving rise to the MT tions (samples F1-F6 from Refs. 2 and)18Vith increasing
fluctuation contribution. On the other hand, the planes are, the valueé.(0) gradually decreases in accordance with
expected to be badly deteriorated on the tops of the rowshe theory(Fig. 5, dot3, thus clearly suggesting the conclu-
These parts of the sample are to be responsible for the agion that the coupling mechanism of high-superconduc-
pearance of the LD fluctuation mechanism. Despite the facivity to a certain degree follows the conventional supercon-
that the measurements are carried out inltheirection, the  ducting theory. At the same time the parametg100 K)3,
measuring current should evidently pass through both sampleomputed for the same samples, is found to be a linear func-
regions discussed, giving rise to the observedtMD com-  tion of T, (Fig. 5, circles. All the data are normalized to the
bined fluctuation behavidiFig. 4a, curved). Thus, influence  value (100 K)8~5.9x 10" '3 s for sample FGRef. 16 in
of the defects appears to be rather specific in this case. Witthis case in order to make scales coinside. Since Bgib)
increasing sample thickneés.g., for the sample M28) the  and 7,(100 K)3 are determined solely by,, which is
regions with mixed planes are likely to overlap. Naturally, nostrictly determined by the crossover, the dependences found
MT fluctuation mechanism will be observed in this céSgy).  appear to be an inherent property of YBCO hiGheoxides.
3a). Whether or not the difference in the FC behavior foundAs is clearly seen from the figure, sample MR3perfectly
for the miscut-grown films is really due solely to the more matches both dependences shown at the highest temperature,
than twofold difference in the samples thickness has yet to b this way playing the role of the real OD system.
settled. Summarizing the facts, it seems to be rather reasonable
Unfortunately, miscut-grown films for Hall effect mea- to ascribe to M23- the samer,(100 K)~3.35X 10 ¥ s as
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was found for all other film&® The assumption could explain the same for both of the films discussed suggesting that the
the fact that no significant diminution of the PG region is same mechanism of FC suppression occurs in each sample. It
observed in this casg-ig. 1). Taking foundr, into account  should be noted thatpon(T) —p(T)] [EQ. (2)], measured for
one can easily derive the valye=4.785 from the measured both films in both directions, is of the same order. Hence, the
7,(100 K)B. Since &,,(0)=13 A for F1!® the values observed diminution of’ is actually the consequence of the
£.5(0)=13/1.03=12.62 A and|=¢,,(0)B/1.203=51.7 A corresponding increase of thd resistivity, as o’
can easily be obtained for M23- Both calculated3 and | ~1Mpne(T)] [Eq. (2)]. Besides,o’(T) drops to zero at
are in good agreement with the FC analy§idor which T, ,~105 K (Table ), which is much lower than that mea-
evident increase o8 and| with increasingT. is observed. sured in theL direction. Thus, the PG temperature range
The result evidently confirms the assumption and suggestsirns out to be rather limited in this case, as was mentioned
the conclusion that the fluctuating coupling mechanism inabove.
HTSC, leading to the appearance of fluctuation conductivity, = Nevertheless, despite the strong influence of defects, the
has the same physics for all samples studied. But, on thstandard lineas’(T) dependence, well described by the 3D
other hand, the result looks somewhat surprising in view ofAL term, but with C35=0.013 only, is observed nedr,
the expected influence of the defects on the sample structuréig. 4b, curve3). As before, the LD-AL(3D) crossover is
and the estimateb~=51.7 A looks suspiciously large for the distinctly seen on the plot at the sameska—4.393 as was
same reason. To avoid this problem one would have to asneasured for M3%-. Thus, the same value£.(0)~ (1.3
sume that influence of the growth-related defects on the scat: 0.01) A, 7,(100 K)B~24.24< 10" Bs, and 8y~2 are
tering of the normal charge carriefwhich is responsible for derived from the analysis, which seems reasonable. To check
the resistivity and on the fluctuating pairingvhich deter-  the type of crossover, the MT term calculated using the val-
minesT,) is not very considerable here, at least when meaues found foré.(0) andr,(100 K)3 is also plottedFig. 4b,
surements are performed in thedirection. This conclusion curve 1). As before, when drawn withC,,=C3p/1.82~
seems reasonable since sample NI2Bas the lowest resis- ~0.0072, it intersects the data just at the crossover point,
tivity, the highestT., and relatively large values of the  accordingly marked as ky, on the graph. This finding indi-
factors as compared to the samples F1%E6Besides, the cates that the crossover is of just the type that has to deter-
resistive transition is very narro@able |) and, additionally, mine the parameters of the fluctuation analysisid it once
found T, ,~130K is very close to that predicted by the again confirms the universality of the rat@ ~1.82 found
NAFL theory for OD YBCO system& The only exception for YBCO oxides'® Nevertheless, the MT curve runs far
is the absence of a clear MT fluctuation mechanism, whictaway from the experimental data, which is not surprising
unexpectedly turns out to be the only evidence of the pressince the Cu®@ planes are expected to be badly mixed in the
ence of defects in this case. T direction. But, surprisingly, the LD terninot shown to
Strictly speaking, botk§;(0) andr,(100 K)g found for  prevent obscuring the graphwhen drawn with £(0)
M35 are not inconsistent with the dependences shown in Fig=(1.3+0.01) A and the valud=11.7 A commonly used in
5. However, as it is easily seen from the figure, the absolutéhe FC analysis does not fit the data in any temperature re-
values of the parameters evidently do not match any of thgion below or abovd . After many trials it was eventually
plots shown. Especially 7,(100 K)3~24.24<10 **s  found that aboveT,, all the way up to Ireg~—3.3 (T
proves to be extremely large. As a result, there are no rea~94.2 K), the data can be perfectly extrapolated by the LD
sonable assumptions as to how to get credible valug8 of term with&,(0)~(1.3+0.01) A butd=(35+1) A (Fig. 4b,
and 7,(100 K) in this case. Nevertheless,(100 K) is ex-  curve 2). At first sight the result looks somewhat puzzling,
pected to be rather high. As a result, the PG temperaturbut sample M23F demonstrates exactly the same FC behav-
region determined by the measurgg, ~150 K is the same ior aboveT, (Fig. 3b, curve2). Moreover, the similae’(T)
as usually observed for OD YBCO filnis. dependence abovd,, fitted by the LD term withd
As expected, results of the FC measurements, obtaines 35 A, was recently found for YBCO films which structure
from theT-direction experiment, appear to be noticeably dif-was artificially deteriorated to increase the critical curréfits.
ferent. Figure 4b shows a plot of irf vs Ine (dotg for the  Thus, the specific temperature dependence found for the
sample M35T compared with the fluctuation theories. As it fluctuation conductivity abové&, appears to be universal for
is easily seen, the absolute valueddfis deeply suppressed, the YBCO oxides with defected structure. As the GuO
and, as expected, tligfactors are extremely small, evidently planes are expected to be badly mixed in Thdirection, it
reflecting the enhanced role of the defects in this case. It iseems reasonable to consider this temperature region as a
easy to compute thatS*=o| (92K)/01(92K)=28.8, pseudo-two-dimensional one.
whereasp* = p1(92 K)/p_ (92 K)=10.48 only. The corre- To account for this finding one would have to assume
sponding values o8* and p*, found for sample M23, are that any new structure with the intraplane distadee35 A
8.48 and 3.44, respectively. Hefle=92 K is chosen as a is realized in the films as a result of the growth-related de-
representative temperature which is close to the meadyed fects presence. However, this most simple explanation
for each sample. Despite the fact that the absolute values giroves to be somewhat contradictory since theirection
the parameters are noticeably different, the r&fdp* is  measurements indicate thrd11.7 A, and just this value of
approximately the same for both samples, namely 2.75 and is used in computing5;(0) and 7,(100 K)8 from the
2.47, respectively. The finding apparently means that thd -direction experiment. Unfortunately, the 3D AL teffi&q.
relative diminution of the paraconductivity is approximately (7)] does not depend athand cannot help solve the problem.
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Finally, before proceeding with assumptions it seems rathefigure are drawn using=17.34 A, and accordingly.(0)
reasonable to find out the features of the FC behavior com=1.6 A andr,(100 K)3~35.21x 10" ** s. The only excep-
mon to both of these films abovk,. Such a feature is the tion isd=35 X used for the LD fit. As expected, the AL and
faster diminution ofo’ with T in this temperature interval as LD fits prove to be rather good in this case. And, as before,
compared with thel-direction experiment. As a result, the MT term, drawn withC,p=C;3p/1.82~0.07, intersects

o' (T) steepens, suggesting enhanced pair-breaking in thi&e data just at the crossover pofftg. 4b, curvel). Thus, it
pseudo-two-dimensional region. In accordance with the disaPpears that, despite the strong influence of defects, the FC
cussion of the 80-kelvin film&this o’ (T) dependence is to @pproach developed in Ref. 16 enables the reasonable de-
be described solely by the LD model, as a large spread of thecription of the data in all of the temperature region of'inter-
intraplane distances in thE direction is expected. Strictly €St As far as the noticeable enhancement 4100 K)g is
speaking, it is difficult to distinguish any predominant dis- concerned, we think the, should be the same as calculated

tance in this case. Taking all of the above remarks into actor M23-L, since the sam& is measured in both directions

count, the valuel=35 A is obviously not to be considered (Table ), suggesting the fluctuating pairing in the 3D region

as the distance between the conducting layers but has only {8 be independent of the presence of defects. The conclusion

reflect the fact that the scattering rate of the fluctuating pairsIs Conf'fmed by the fact that th? temperature range of the_3D
. T : . fluctuations observed for M3b-is the same as measured in
measured in th& direction abovel ), is at least 3 times that

measured in the. direction[see Eq.2)]. As a result, the the L direction (Fig. 4b). Thus, the influence of defects is

e evidently much more stronger for the thicker sample. There-
pseudogap temperature range measured ifi ttheection for fore, to account for the enhancementrgf 100 K)B one can
both films turns out to be rather limitg@ig. 1), with T, o '

- . : assume the enlargement @f~1/£,,(0). Naturally, some
~ T, or~20-45K(Table ). The finding permits to conclude g50q1ations as to the likely anisotropylok,,, and, finally,

that the PG phenomenon, at least in OD YBCO oxides, igy¢ the Fermi surface due to defect structure seem to be rather

mainly governed by the fluctuating pairing. possible, but more experiments are evidently required to
At first sight sample M23F exhibits just the same FC gpeqg light on the problem.

behavior(Fig. 3b, dot$. Above T, all the way up to Irzg

~—3.7 (T;x~92.41 K), theo'(T) curve is well described

by the LD model withd=35 A (Fig. 3b, curve2), as men- , coONCLUSION

tioned above. But the LD-A(3D) crossover unexpectedly

occurs afTor<Ty, , resulting in the extremely short 3D re- As expected, the structural defects produced by 10° mis-
gion in this case. Really, only the leftmost few data pointscut growth of YBCO film$* appear to deeply affect the fluc-
can be fitted by the 3D AL term witiS;p=0.127 (Fig. 3b,  tuation conductivity of the films, ultimately resulting in a
curve 3) now. It looks as if all the data are shifted towards rather complicated and somewhat contradictory picture of
low temperatures compared with thedirection experiment. the FC behaviofFigs. 3 and 4 Nevertheless, the results are

The shift is distinctly seen on the graph as the differencénOWn to be reasonably described within the framework of
between Insgr and Insg., also shown in the figure. The the FC analysis developed for the well-structured YBCO

1 2,16
matter of whether we could again ascribe the shift to twicef'lms' , ) .
Noticeable anisotropy of the FC behavior is found for

the difference in the samples thickness or whether it is an ) . .
P both films studied, depending on whether measurements are

|nFr|nS|c feature of ;amplg M23 has yet to be settled, Ieav!n erformed in the or in T direction. The FC measured in the
this an open question. Since the FC parameters are strictly™ = = =
direction appears to be deeply suppressed. Moreover,

d;a:)ertrsmeg by tgeo, ltgg Eh'ﬁ evidently Sltjr??ﬁ sts the ChangzjeaboveTo the scattering rate of the fluctuating pairs is esti-
of both £,(0) and( )B compare wi 0S€ measured 1 ted to be three times as large as measured ih tthieec-

for M23-L. Using the valug found for lap~—4.766 (To tion, suggesting enhanced pair-breaking in this case. As a
~90.95K), one can easily compute the _\{?IuegO) result, the pseudogap temperature range measured ih the
~(1.08+0.01) _A and 7,(100 K)B~35.21X10"™s, UG- giraction for both films(Fig. 1) turns out to be rather limited
gesting the anisotropy of the parameters. But the anisotropyis T, o~ T.or~20—45 K (Table ). The finding permits
of £(0) and the enlargement af,, appear to be rather , concjude that the PG phenomenon, at least in OD YBCO
unusual. . o oxides, is mainly governed by the fluctuating pairing.

There are two possible approaches to estimatiafy (@) In the fluctuation region below,, where the 3D vol-
in the given case. The valug(0)~(1.08+0.01) A s com-  yme FC is realized, the pair-breaking mechanism appears to
puted from Eq(7) takingd=11.7 A. The other possibility is pe the same for all samples studied, resulting in the same and
the likely modification ofd as a result of the influence of very highT,’s. As a result, independently of the direction of
defects, considering(0) to be stable. Simple algebfBq.  measurements, the FC in the 3D fluctuation region figas
(8)] yields d~17.34 A in the latter case. Analysis of the always fitted by the 3D term of the Al thedfyand in all
defect microstructuré evidently shows that the crystal lat- cases the rati€* =C3p/Cyp~(1.82+0.2) is held, as a re-
tice is slightly tilted across the defects, and numerous stacksult of the layered structure of HTSC. We think that both
ing faults could result in a general change of the unit-cellfindings suggest the same fluctuating pairing mechanism
height. That is why the second approach seems to be betterearT, for all YBCO oxides, independently of the presence
as it is difficult to see any physics behind the possible anof defect structure.
isotropy of&:(0) depending on the measuring current direc-  However, despite the fact that the same set of growth-
tion in the ab plane. Finally, the AL and MT terms in the related defects was found for both films studt&dhe FC
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The possible mechanisms of superconductivity and of the increase in the critical temp@&gature
of the phase transition into the superconducting state in doped cubic and hexaggnal C
fullerine crystals are analyzed. It is shown that the intramolecular Jahn—Teller vibratibith

are due to the high symmetry of;molecules and fullerene crystals and arise as a result

of a change in the charge state of fullerene in an electron-phonon intejattierdegeneracy
(multivalley nature of the structure of narrow bands with a high density of states, and
multiparticle Coulomb correlations such as local field efféatsich increase the coupling constant
in Cooper pariing of current carrierall play a key role in the mechanism of
superconductivity in this molecular metal. @002 American Institute of Physics.

[DOI: 10.1063/1.1528573

1. INTRODUCTION FL and increases the dimensionless electron-phonon interac-
tion (EPI) constant\ ,,=N(Eg)Gp, (WhereGyy, is the EPI

The discovery of a new allotropic form of matrix element averaged over the Fermi surfaegich, ul-
carbon—fullerent—and the subsequent discovery of super-timately, increased . in accordance with the exponential
conductivity in G, fullerite crystals doped with alkali metals BCS relatiod*
(K, Rb, Cg**have opened up a new direction of research in Te=0pnexp — 1\ ), D
solid-state physics, specifically, the study of a new class of here oo is th 4l to the Debyeph fre-
molecular crystalgsee the reviews Refs. 4.6 WHETE wpy, 1S the averageclose 1o the Lebyephonon re

Electron(or hole doped fullerite crystal¢fullerides are quency. It should be L!nderscoreq th"."t the relaihnholds
. only in the weak coupling approximation, whexg,<1, and
a fundamentally new type of conductor with anomalously

narrow bands—a molecular metal with a high density ofneglects the Coulomb interaction.
- _ According to the experimental ddtal. increases in
states(DS) at the Fermi levelFL). g b ©

. . ... A3Cgso compounds almost linearly with the lattice constant
The question of the mechanism of superconductmtySO thatT, increases by 12 K whea increases by 0.24 A
(SO in Cgq fullerite and the absence of superconductivity infrom a=?L4 25 A for KsCyp to a=14.49 A for RBCsCyy

dope_d Go fulle_rite_crystals or mixed A(Cea)1-x(Cro)x CYS- \yhich corresponds to the derivativi./da~50 K/A. On
tals is of special |ntere§_t.l the other hand an experiment measuringas a function of
The fact that the critical temperature of electron—dopeqhe pressureP in A;Co crystald?!3 showed thatT, in-
face-centered cubic &g, crystals increases monotonically «reases under hydrostatic compression and is characterized
as the ionic radius of the doping metal mcreasses—ffbgn by an anomalously largén absolute magnitudenegative
=19.3 K for K3Cgo to T~31.3 K for RQCS%O up o Te  gerivative 9T, /9P~ — (6.3— 7.8) K/IGPa, which is 3 to 4
~40 K for CgCqo” andT,=48 K for RbTLCeo—has led 10 times greater than the corresponding valugidf/aP; with
the conjectur¥ that the standard mechanism of Cooper Pall-anisotropic(uniaxia) compression or stretching of layered
ing of electrons due to their interaction with phondBCS  gpq layer-chain HTCS crystals withi,=100 K based on
model) is the basis for the SC observed in@y. Indeed, cyprate metal-oxide compoundéMOC) of the type
since fullerite is a molecular crystal with slightly overlapping y_Ba—cCu—0 and Bi—=Sr—Ca—CuiH®and 6 to 8 times
 orbitals of neighboring g molecules(which form an in-  greater than in Hg—Ba—Ca-Cu‘®We note that the corre-
termolecularo-type bond, doping the crystal with atoms gponding values of T, /4P for ordinary low-temperature su-
with increasing radius increases the stretchgxpansionof  perconductorgmetals withT,<10 K) are 2 to 3 orders of
the lattice and decreases the degree of overlapping ofrthe magnitude smaller.
orbitals, i.e. it actually results in narrowing of the conduction In the present paper we discuss the various possible ef-
band. In turn, this increases the density of st&téB¢) atthe  fects which could give rise to superconductivity with higih

1063-777X/2002/28(11)/9/$22.00 821 © 2002 American Institute of Physics
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in Cgo crystals and the possible reasons for the absence @perators creating and annihilating an electron with spin
suppression of superconductivity ind@rystals. Specifically, the corresponding state at the corresponding site.
we discuss the role of symmetry and degeneracy of states, In the tight-binding approximation taking account of
the Jahn—Teller deformations of highly symmetrig,@ol-  only the nearest neighbors, which is justified for weak
ecules(bucky ball3 in doped cubic and hexagonal fulleride 7-orbital overlapping, so that"#=t, the band spectrum
crystals, the influence of the multivalley structure of the bandglong the diagonals of the first Brillouin zoriBZ) assumes
spectrum, the nonadiabaticity of the EPI, and the Coulomtihe form'®
effects due to the “local field” on the value df.. We shall _ . _
proceed from the “molecular metal” model, first studied in s1dk)=e—12y(K); eq(k)=e+2tzy(k), ®
Refs. 18 and 19 in application to fullerite, with anomalouslywherez is the coordination number ang(k) is the lattice
narrow degenerate bands and, which is important, thetructure factor. Hence it follows that for-0 eight doubly-
electron-phonon(electron-vibrational interaction at a site degenerate equivalent minima of the enefgglleys with
taking account of the dynamic Jahn—Teller efféeccompa-  high a DS exist at the points on the diagonals of the BZ, in
nying a change in the charge states of the molecules;in C complete agreement with numerical calculations of the band
fullerite. spectrunt®23 1t should also be kept in mind that in a cubic
Cgo Crystal six deeper nondegenerate equivalent valleys exist
at theX points of the BZ23

The high degree of degeneracy of the stdtesltivalue
naturg of the band spectrum ingfulleride actually elimi-
nates the problem, discussed in Ref.(8de also Ref. )5 of
2.1. Electron-doped A 3Cq fullerides the Mott—Hubbard metal-insulator transition ig@, with a

According to the point of view previously stated in Refs. half-filled conduction bandx=3), since, as shown in Ref.
18 and 19 the existence of SC in alkali-metal-doped 25, fqr N-fold orbital degeneracy of thg e[ectromc states the
crystal? and the absence of SC iny&,, crystal€ are due ~ Criterion for the Mott—Hubbard transition is
to the much higher symmetry of the qlmost sphericg& C U/W=(N+1). (4)
molecules and the face-centered cubigCh, lattices as
compared with the axisymmetriellipsoida) C,, molecules HereU is the Hubbard constant describing the Coulomb re-
and the low-symmetry 4C, crystals. As recently shown in pulsion of two electrons at a single site. For fullerede
Ref. 21 the lattice of even pure;gfullerite has a low- =e%2R,~2 eV, whereR, is the radius of a g molecule
temperature phase with a monoclinic system where the cry¢Ro~3.5 A) andW is the width of the conduction band,
tal field completely splitglifts the degeneragyof all elec-  which is 0.5 eV in order of magnitudesee the review Ref.
tronic states. 60 for a more detailed discussioiConsequently, even if the

At the same time only partial lifting of the degeneracy of nondegenerate valleys-6 at theX points of the BZ, when
the excited electronic terms of fullerene molecules, whichN=6, and especially the doubly degenerate valleys3,
possess icosahedral symmetpoint groupY;,), occurs in  whenN=16, are taken into account, according to the crite-
the crystal field of pure face-centered cubig, @llerite or  rion (4) there is a large “store of strength” for the metallic
the stoichiometric compound #&4,, which possesses the state, even taking account of the narrowing of the bagyls
same lattice symmetry, where the dopant atoms A fill allaccompanying splitting of the, level.
three energetically favorable positions in the interstices be- Moreover, because of the presence of a large number of
tween each g, molecule. For example, the triply degenerateequivalent valleys I(=6 or 8 the electrons are uniformly
first excited statet;, remains degenerate in the singly- and distributed over all valleys. As a result, only a relatively
doubly-charged states, while the ground triply-chargedsmall fraction of all electrons=n./6 or (taking account of
ground state(according to Hund’s ruleis nondegenerate. the double degenerakhi,=n./16, wheren, is the total elec-
The “ground” fivefold degenerate terim,, completely filled ~ tron density in a doped &g, crystal, equal to 3 for
with 10 electrons, of the neutralgGCmolecule remains un- x=3 (here, once againa~10 A is the average distance
split. between the nearesigEmolecule$, occupies each valley.

The simplest electronic Hamiltonian describing the It should be noted that if the;,(k) andez(k) bands do
structure of an empty conduction band with one extra elecnot overlap, then because the width of the lower doubly de-
tron has the following form in the site approximation in the generate band;,(k) is two times smallefsee Eq/(3)] and,

2. DEGENERACY OF THE ELECTRONIC STATES AND THE
MULTIVALLEY NATURE OF THE BAND SPECTRUM IN
FULLERENE CRYSTALS

second-quantization representatidn: correspondingly, the DS is two times higher than in the upper
nondegenerate bard(k), almost all doped electrons fill the
Hw=¢ > al ane > > el amue- (2)  lower band. After the deeper and lighter valleys at ¥e
nv.o nmo v.u points of the BZ (=6) are filled the doubly degenerate val-

Here e=E(hy,)—E(h,) is the intramolecular electronic '€YS at theL points of the BZ (=8), where the DS is much
transition energy from the ground state into the first excitedligher, are filled. If it is assumed that it is these “heavy”
statet,, of an individual G, molecule. This state forms a Valleys that largely determine the position of the FL in the
conduction band as a result of a finite probability of electronconduction band, then, estimating th(? elegtron density in
tunneling between different crystal lattice siteandm with ~ €ach such valley aB.~3/16a°~2x 10° cm %, we obain
matrix element(overlap integral t*“, where the indicess  the Fermi momentunke= (372R,)"*~1.8x 10’ cm™* and

nm? ~
and u enumerate the levelbands, anda,,, anda,,, are  Fermi energyE~k2/2m* <0.12 eV with the effective mass
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of conduction electronsy} of the order of or greater than the In principle, such a one-dimensional problem can be
free-electron massy,, which is justified for a band of width  solved by the Thomas—Fermi method, which reduces to solv-
W=0.5 eV. The latter means that even for the stoichiometridng the nonlinear Poisson equatidn

composition ACgy the conduction bands,,(k) is half ) .

empty, which automatically eliminates the possibility of a d_‘P:f 2m e( — 00)
Mott—Hubbard metal-insulator transition. In other words the dZ 3m| w2 ¥ %0

multivalley structure of the band spectrum is, in a Certamlntroducing the dimensionless variabl€s=z/a, and

2§nmspeo,usndez%valzesnt to deviation from stoichiometry of they:e((p_%)/Eo’ where a,=%2/m*€? is the Bohr radius
60

At the same time the sharp peakip observed experi- of the electron (hole) with effective massm*, and
. . Eo=(37/8)2e?/2a, is the characteristic energy of the prob-

mentally in electron-doped /&£, crystals precisely at lem, we write Eq.(6) in the form
x=32% could be due to restoration of high symmetry and a
ordering of the ACg crystal. The elastic Coulomb scattering d?y(2) ..
of doped conduction electrons by regularly arranged impu-  —gz~ =Y (2). (7)
rity ions of alkali metals(donorg, forming a characteristic
regular sublattice, does not result in mixing of states from  The equation(7) is a particular case of a nonlinear
different valleys, in contrast to unordered@y, crystals with  Emden—Fowler equation
x#3 where this does happen. Consequently, it can be as- . .
sumed that the structure of the band spectrum of g@gA y*+bz’y"=0 ®)
crystal is essentially identical, to a high degree of accuracyyith b=—1, »=0, andm=3/2. It is well knowr?* that this

substantiallf’ because of the contribution of additional op-

3/2

(6)

tical modes associated with the vibrations of thé ians® y=aZ"’, 9
- where
2.2. Cg thin films
In contrast to G fullerite crystals, G thin films grown M l= — (V+2)(V+mz+ D, _ 2+v _ (10)
by evaporation in a hydrogen stream and intercallated with b(m—1) ’ 1-m

CHCI; and CHBg molecules in solutioff possess not cubic
but rather hexagonal crystal structire.

For a hexagonal lattice with symmetry axig|@ the y=400%". (11
crystal field is uniaxiaf® so that all electronic states of the ) ) ) .
fullerene molecules retain the projectidn, of the orbital !N the spherically symmetn?)cs case the corresponding solution
angular momenturh on this axis and are divided intaL,  has the formy(2) = 144%°.* Ordinarily, solutions of this

In our present case=400 andB=—4, i.e.

doublets(except for the state,=0). type are discarded on the basis of physical considerations
As a result, the electronic Hamiltonian of g@ullerene ~ Pecause they diverge @s-0.
molecule in the hexagonal lattice of;fulleride films can However, doped g fullerite is an unusual molecular
be written as metal with spherically symmetric cavities, which are inacces-
sible to current carriers, with radid&, equal to the radius of
35 . .
H. =B L2)24+ B0 LZ)4 5 a G mqlecule. As a regult, thg partlcular.soluuo(lil) of
ol 2; (Ly) 4; (Lo ® Eq. (7) is actually applicable in the regio#=2R,/a,,

whereBg anng are crystal-field parameters, and the Iigandswhere it is finite and consequently can be used to describe

for each G, molecule consist of the identically charg@uith the .nonllinear §creening of the electrostatic field by doped
doping Cgy molecules: carriers in Gq films. The power law

The first excited state is the doublet= =1, which be- 1 (2me 312
gins to be filled when the doped hole concentratigncor- n(z)= ﬁkF[QD(Z)_%]] —(ao/2)®, 12
responds to two holes pergmolecule &,=2).

It should be noted that the hexagonal crystal symmetry.e. n(z) in the regioniz>2R,~7 A decreases very rapidly
also results in additional degeneracy of the band spectruraway from the first monomoleculargglayer with character-
relative to the @ axis and to the appearance in the conducAstic scaleag~1 A, describes the spatial density distribution
tion band and the valence band of six equivalent valleys abf free charge carriers. However, this still does not give a
the boundary of the first BZ. This degeneracy with=6  basis for believing that the electron or hole spectrum in this
makes the metallic state of dopedyGullerene films stable layer is two-dimensional because the carrier motion taking
with respect to the Mott—Hubbard metal-insulator transitionaccount of carrier scattering by almost sphericg) @ol-
[see Ref. 25 and the criterigd)]. ecules is very complicated. In addition, because of the ex-

The question of the spatial distribution of the chargecluded volume of the impenetrable spherical cavities with
carriers(electrons or holesinjected into a G film, taking  radiusRy, in momentum space the electroff®les cannot
account of the long-range Coulomb interaction and nonlineafill states with momentg>po,=7/Ry~9%x 10" cm 1, i.e.
screening of the electrostatic potential by free doped carrierthe Fermi momenturkg:= (72n,) Y cannot exceed the value
(see Ref. 32 and the literature cited theiis of special in- P, and the electrorthole) densityn, cannot exceedr/3R3
terest. ~2.4x10%% cm 1,
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3. ELECTRON-PHONON AND COULOMB INTERACTIONS IN molecules and their negatively charged states—the molecular
FULLERITES cations G, with n=1—6, with maximum relative distortion
3.1. Critical temperature of the order of 12%, which is due to the flattening of the
) initial spherical shape of £, the cation @g possesses in

_The experimental data on the dependencd obn the  the singlet spin state two excess electrons. At the same time,
lattice parametea of doped G fullerite crystal$® and on e cation €, in an energetically favorabléaccording to
the pres%urjé’ are generally consistent with the pyng's rulg state of a spin quartet with spin 3#4s charac-
conJectu_ré that SC in these crystals is due to a phononierized by zero distortion, since it corresponds to an orbital
mecham_sn‘?. The positive isotopic gffg%’i observed in  ginglet and has the same icosahedral symmetry as the neutral
A3Cqo With complete or partial substitution dfC for * Ceo molecule. This serves as additional confirmation of the
atoms in fulleren® also indicates this, though there are aact that a doped fullerite crystal with stoichiometric compo-
number of anomalies in the measured values of the isotopigition AsCs, in which all Gy, molecules(on averaggare in

; 6
shift of T. i . ~ the charge state% (with spin S=3/2) possesses the same
The main feature of the phonon spectrum in f“"e”tesymmetry as undopedgiullerite.

crystals(just as in other molecular crystals the clear sepa- However, it should be kept in mind that as a result of
ration of the vibrational phonon modes into intermolecuIarCharge_carrier migration g molecules in the conducting
low-frequency(LF) acoustic and opticaprimarily, libronic)  metallic phase, which form a narrow-band molecular crystal

modes associated with the relativgs@q translational and  yjith 5 partially filled conduction bantbr valence bandand
orientational vibrations of the molecules, and intramolecularare immersed in a “sea” of degenerate electr@nsles, are

high-frequency(HF) optical modes due to the relative vibra- ;i ingefinite (intermediate valence and spin states. In addi-

tions of carbon atoms directly inzthe66:2molecules°’.7 The  tjon, itis knowrf® that the charge states ofgand the singlet
frequencies of the former are 10—<16m™ < and those of the Cgo— (with S=0) possess almost identical energy gakfs
latter are 18-10° cm*. Addional modes due to the relative " 5 7 oy which are associated with the Jahn—Teller de-

vibrations of the A’ ions and G molecules also arise in formation. Consequently, it has not been ruled out that the
doped ACg, crystals. Cso Molecules in electron-doped crystals@y, are in not

e Istt;?) r:h‘zsnthf‘g‘rj;;;r?rﬁorfggir Vi'gaior,:r}]vggidlr:g?:?ee only the state G but also the statesggor C . Transitions
g Ing WIRg Sy Ys from one chargdanionid state into another wittior with-

responsible for the facts that the phonon spectrum of fuIIerit%ut) a change in the total spin of theyOmolecule give rise
crystals is very wide and, just as in thgs@olecule, extends 5 change in the Jahn—Teller deformatialistortion) and

: —~ 27 X X X
right up to energyw,y~0.2 V™" There are a large number o corresponding deformational and Coulomb energies of
of works on computer calculations and experimental meage fyllerene molecule.

surements of the phonon frequencies and the EPI constants 11 electron(hole) interaction Hamiltonian in a narrow-

(see, for example, Refs. 38-43However, as noted in the pang molecular metal with intramolecular vibrations g, C
review Ref. 6, there is a large discrepancy between the exs iecules at thath lattice site has the fortf
perimental data obtained by different methdfis example,

neutron and Raman scattering or photoemission spectros- _ B »
copy and between theoretical results obtained by various Hel-vib_nz;f VE;L Xn'" Anyo@nueQn’ (13
groups using different computational methods. C
Moreover, the standard theory of SC due to the #P?,  wherex“* is the matrix element of the electron—vibrational
taking account of all phonon modes, cannot explain why thémore accurately, electron—vibronimteraction andQ;* is
SC transition exists in dopedggfullerite crystals and is the normal coordinat¢operatoy of the corresponding tran-
absent(or, in any case, strongly suppresp@u C,, crystals,  sition of an electror(hole) from the »th into the uth state
where the phonon spectrum is even more developed on aéncluding, from one valley of the conduction band or va-
count of the large number of intramolecular vibrationallence band into another vallgy
modes. In electron-doped cubic fullerides 3842 the Jahn—
In this connection we shall proceed from the model pro-Teller deformations of the & cations are determined pri-
posed in Ref. 18 and 19 for a molecular metal on the basis aharily by the intramolecular quadrupole vibrations wily
the tight-binding approximation with local interaction of symmetry. Indeed, as shown in Ref. 46 the distortion of all
doped current carrier@lectrons, holéswith intramolecular  charge states ofg with n=1-5 is almost completely de-

vibrations of highly symmetrid¢almost sphericalCg, mol-  termined by the displacements of carbon atoms, which cor-
ecules whose degenerate charge states are unstable with respond to fiveHy; modes. In addition, two of the lowest
spect to the Jahn-Teller deformation. frequency modes with frequenciesv;=214 cm !

In contrast, the & molecules, which are shaped like (=308 K) andw,=387 cm ! (=557 K) determine a large
elongated ellipsoids, do not undergo a Jahn—Teller instabilitpart (from 60 to 80% of the distortion. We note that in Ref.
in the charged state of gfullerite. In our opinion it is this 6 somewhat higher values are given for these frequencies:
fundamental difference in the structure and symmetry @f C w,;=273 cmi'! (=393 K) andw,=437 cmi ! (=629 K).

and G, molecules(and other types of § fullerenes with In Cg thin films with hexagonal lattice symmetry tran-
N>70 orN<60) that explains the difference in the SC prop- sitions between electronic doubletd_, conserving the pro-
erties of doped g and G, with N+ 60 crystals. jection of the orbital angular momentumon theCg||Z axis

According to quantum-chemical calculatidhsof the  (specifically, a transition into a state with,=+1) are di-
electronic and electron-vibration@bibronic) states of G,  rectly related with the quadrupole molecular vibration, which
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gives rise to orthorhombic Jahn—Teller deformation of the(owing to the polaron effectgprobability amplitude of elec-
Ceo molecule and, correspondingly, removes the doublet detron (hole) hops between neighboringsgmolecules:

generacy. In this case the electron-phonon interaction Hamil-
tonian has the fornfcompare with Eq(13)] frr=tvu expl i X2H(q) Z/ng(q)}, (20)
Helvib= BZZ [(LH)2= (L)Y, (14 whereV** is the matrix element of the effective interaction

of electrons at the sitea and m, including the effective
where B% is a crystal-field parametericompare Eq.(5)] miniband interelectron attraction as a result of exchange of
which in the present case determines the EPI constght; Virtual phonons with frequency ;+(q):
and LI are projections of the orbital angular momentum
on theX andY axes; andQ!" is the normal component of Vb= — —E X (@ xa(aq) wyr(q), (21
the “shear” orthorhombic vibration witlD,,, symmetry. The
Hamiltonian of teh crystal in the nearest-neighbors approxiand screening of the Coulomb repulsidf(|n—m|)>0

mation of the transition in Eq13) or (14) to collective lat-  which is greatest for electrons located on the same molecule
tice vibrations(phonon$ can be written the forfd (h=m) and in this case is, in order of magnitud@c

H= Mo+ Hignt Hepvip s (15) =e?/2Ry~2 eV (neglecting polarization of the moleclle
For relatively weak dispersion of the vibronic Jahn—Teller
where modesw;1(q) the interactionV % is likewise different from
zero only forn=m, which attests to the tendency for Cooper
Heo= 8Va:wanw+z wyth, by ; (16)  pairs to form with size equal t¢or of the order of the
no,v diameter of a g, moleculg.”
The interelectron interaction Hamiltonian in EQL9),
Hun= > > ta ani, uo: (17)  similar to the interaction Hamiltonian in the multiband BCS
np,o v,u=12 T theory'! in the site representation, can be written as
a, v 37 +v v
Howi= = S S (@t @)+ (@], Hee= =2 | 2 | Vi ~Velln—mb) |Bi"B, - (22
\/N n,q,oc v,u
(18  where
whereg , is the energy of the molecular termsis the radius B = awaml BEY=(Bar) ", (23

vector of the sites closest to the sitef the neighboring &,
molecule; x;*(q) is the EPI matrix element with Jahn—
Teller intramolecular modes) ;7 is the average frequency of
the deformational vibrations of g molecules with a transi-
tion into different charge stateb; andb, are Bose opera-
tors creating and annihilating, respectively, phonons for suc
vibrations; N is the number of g, molecules in the crystal;

The operatorsB”“ and B/ are analogs of the opera-
tors creating and annlhllatlng spln singlet Cooper pHits.
follows from Eq. (22) that the effective attraction and the
associated Cooper pairing of electrons located at the sites
ﬁmdm are possible only if

b*(q) andb(q) are operators creating and annihilating, re- VE Vil >Ve(n—m). (24)
spectively, phonons corresponding to these Jahn—Teller vi-
brations. As follows from Egs. (20) and (21), the lowest-

It is knowrf that the Hamiltoniar(15) with the EPI in ~ frequency (“soft” ) Jahn—Teller modeso,r(q) make the
the form (18) can be exactly diagonalized by means of amain contribution to the polaron band narrowing and to the

unitary transformation exﬁ where the antihermetian opera- interelectronic attraction as a result of the EPI. On the other

tor S is determined from the condition that the reconstructeJ1 and it is evident from Eqd22)~(24) that from the stand-
point of the Coulomb energy Cooper pairing of electrons

Hamiltonian{ have no terms which are linear in the Bose (holes on different and quite distant sites of the crystal lat-
phonon operatorsluge actually the operdfi). Using stan-  tice (n#m) is favorable when repulsion is weakened by
dard Ca|CU|atIOI’f§ we obtain the fO||0W|ng renormalized Screening effects. Consequenﬂy, when Studying SC in fuller-

Hamiltonian for fullerite: ite crystals it is convenient to switch to the bafeliasimo-
mentum representation and use the standard equations of the
=> = an,,an(,+z w37(q)b* (q)b(q) BCS theory:*#4 according to which the critical temperature
nv.o of the SC transition in the so-called tight-binding
approximatiofi® is determined, to a high degree of accuracy,
Treqt : 5052
+> 2t nyeln+p,uc by the expressiofl
np,oc v,u
Tz F{ 1+Npn 25
=wpaeXy — .
_E Vnm nu]anuTamMLam,uLx (19) ¢ P )\ph_ M’é(1+ﬁ7\ph)

Herew,, is the phonon frequendgnergy averaged over the
wherew;1(q) is the phonon frequency corresponding to in- phonon spectrum; in the present case it corresponds to the
tramolecular Jahn—Teller modes** is the renormalized average value of the LF Jahn—Teller modeg ; the quan-
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tity B is a dimensionless renormalization coefficient which

depends on the form of the phonon spectrirt;

1
> > vy

Nph== 26
ph EF o ( )

is the EPI constant per molecule; andg is the Coulomb
pseudopotentiat,>* which for @7 <Eg is

pe=pel1+pcIn(Ep/aym)] ™, (27)

where uc=V¢/Eg is the dimensionless Coulomb constant

per molecule, which can be quite large in a narrow-bancf

metal.

3.2. Isotopic effect

It is well knowrr® that the additional dependence of
on the phonon frequend = w;r~M ~ 2 (whereM is the
atom maspsuppressedveakens the isotopic effect, which,
according to Eq(25), is determined by the index

_dInT, 1

Uiso= Z1o M~ 2 1=(1+Npp)(1+ BApp)

/~L* 2
)\ph_ MC(1+IB)\ph)

(28)
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In Ref. 36, however, an unexpected and intriguing result
was also obtained: for a mixed K, crystal containing
50% 12Cqo and*3Cq the isotopic shift indexvjs,; Was anoma-
lously large, aiso=0.8, i.e. substantially greater than the
maximum possible valuéon the basis of the harmonic ap-
proximation for phonons, when,, is independent oM)
aisor=0.5. Even larger values @fig,; (@isor~1.0—2.5) were
obtained in Refs. 54-56 for different types of mixed crystals
consisting of*?Cq, and 3C4, molecules or partially substi-
tuted fullerene moleculesC, _, 1*C,) 4 With different per-
entages of thé3C isotope(33, 60, and 82%

These anomalies of the isotopic effect have not yet been
explained(see the review Ref.)6 However, in the concept
presented abovéSec. 2 according to which the high sym-
metry of G, molecules and stoichiometric ;&8¢ crystals
plays a key role the reason for the anomalously strong shift
(decreasg of the critical temperaturg AT.|=0.05T. in
mixed crystals A(**Cgq)1—x(**Csa)x OF A3(*’Ci_«"°C))e0
becomes understandable.

In the solid solution A(*?Cgp);_«(*3Ceo)x With ran-
domly distributed “light” 2Cs, and “heavy” 13Cq, fullerene
molecules in lattice sites, incoherent elastic scattering of con-
duction electrons by “impurities” with partialor complete
mixing of the states at the FL from different equivalent val-
leys in the BZ occurgjust as in crystals with nonstoichio-
metric composition ACg, with x#3%). As a result, partial

Considering the anomalously low Fermi energy in theg,ppression of the factotl —1) occurs in the EPI constant

multivalley narrow band “molecular” metal £Cqq (Eg
<2eV) and the characteristic valu®;;~500 cm?
(=720 K) for the LF Jahn—Teller modes with transition
from the high-symmetry stateggi (orbital singlet with spin
S=3/2) into the state gg (orbital triplet with spinS=0)
with the maximum distortioi® we obtainEg /@;1~3, uk
=uc(1+ue) =1, sinceuc>1. In turn, this means that
for such st rong Coulomb repulsion very large values of th
EPI constanta > 1 are required to obtain quite high values
of T,.

One factor capable of increasing,, substantially in
A3Cqo crystals with the stoichiometric compositior 3 is
the above-noted multivalley structure of
spectrunt??3 This structure makes the metallic
[see criterion(4)] and must be taken into account in Egs.
(19 and(22) when summing over different electronic states
v and u. The result of the latter is that in the high-symmetry
A3Cg cubic crystal or in the hexagonal lattice ogdZhin
films the EPI constant26) must be multiplied by a quite
large factorl(I—1), wherel is the number of equivalent
valleys (see Ref. 18

On the other hand, according to E®8), the large

e

of a multivalley crystalk =1(1 — 1)\ pn; this decreases...
In Ag(*%C,_, 1°C)) 6o Crystals with partially substituted

carbon isotopes in fullerene molecules, fonot very close
to 0 or 1 a static distortion of the ideal shape of thg C
molecule occurs. This removes the degener@mditional
splitting) of the electronic terms and eliminates from the EPI
the relatively “soft” vibronic Jahn—Teller modes that in-
reaser,.181°

In summary, it can be conjectured that the anomalous
decrease 0T ¢ in A3(*?Cg0) 1 x(**Co0)x OF A3(**Cy 4 %C)60
crystals is not directly related with the suppression of the
isotopic effect(25) with a strong EPI, but rather it is due to

[

tthf l:,z"’lglddisorder or loss of icosahedral symmetry of the mixed
state stableq,ierene molecules.

4. ROLE OF LOCAL-FIELD EFFECTS

Higher values ofT, can be achieved as a result of not
only a higher DS in an additionally narrowed, as a result of
polaron effect§see Eq(20)], valence band but also the im-
portant role of the so-called “local-field effects,” which the
phononT",, and CoulombI'¢ vertex parts(three-terminal

Coulomb pseudopotential should strongly suppress the isotaliagrams describe.

pic effect. According to the experimental data obtained in

Ref. 36 for K;Cqo and RRCq4, crystals with virtually com-
plete substitution(99%) of the heavy isotopé3C for 'C
atoms in the fullerene & molecule, the index of the isotopic
shift of T, lies in the rangex;s,=0.30+0.06, which indeed

According to Migdal’s theorf the nonadiabatic correc-
tion to the zero phonon verteRghz 1 in metals is small to
the extent that the rati@/Er=+m./M is small. However,
in the electron-doped narrow-band molecular metaC#4
the Fermi energyer of the electrons is comparable to the

indicates strong suppression of the isotopic effect by thenaximum energy of the phonomﬂ?xwoz ev.

Coulomb interaction in accordance with E@8). A some-
what larger valuex;so;=0.37=0.05 was obtained in Ref. 42
for partial substitution of3C for *2C: the crystal contained
15% 2Cq, molecules and 85% partially substituted mol-
ecules {?Cy 41%C; 1) 60-

In this connection the nonadiabatic correction of first-
order in the parametex, o,/ E to the equation for the SC
gap was calculated as a function of the transferred momen-
tum q and energyw was calculated in a series of works for
the simple model of an Einstein phonon spectrum with one
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FIG. 1. Diagrammatic representations of the integral equations for the nor-

mal (a) and anomalougb) self-energy partsG andF* are the normal and
anomalous one-electron Green'’s functions.

dispersion-free mode with energy,= Er .59-%As shown in
Ref. 60, the leading correction of first order, actually corre-
sponding to taking account of the first correction to the ver
tex functionl’,y,, is determined by a functioR(q, ), which
can be both positive and negative as a functiomaindq.
This means that the nonadiabatic effects in the EPI wit
@pn~Eg can increase or decrea3g and strengthen djse
>0.5) or weaken 4;s,>0.5) the isotopic effectsee Ref.
61).

However, it should be noted that the functi®{q,w)
calculated in Ref. 60 in the limiv— 0 reaches quite large
values in absolute magnitude P21 for q=0 and P
—1 for q>0.5g). This shows that higher-order terms
must be taken into account, which was not done in Refs
59-62.

At the same time, complete summation of all diagrams
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In this approximation the expressidsee Refs. 65 and
67)

I'k,wk,o")

1

=5[Z(k+K 0+ 0)+Z(kw)], (29
whereZ(k,w) is the renormalization factor associated with
the antisymmetri¢odd ink and w) part of the normal self-
energy of the electronsXi(k,w)=1/2[3(k,w)—3;
(—k, )] following from the relatio®°8

38k, )

Z(k,w)=1—
w

(30)
determines the vertex paktfor any nonlocal(retardedl in-
teraction in the limitT—T,.

On the other hand an estimateldfwhich takes account
of only the first renormalized correctidn,, containing the
complete fermior{electron and bosor{specifically, phonon
lines (Fig. 2), also serves as a completely satisfactory ap-
proximation for two reasons. In the first place this “trun-
cated” expression fol" satisfies, to a high degree of accu-
racy, the Ward identiti€§ in the static /q—0,q—0) and
dynamic @/ w—0,w—0) limits. In the second place its use
is fully justified by the fact that the higher-order diagrams
starting with the secon@vith respect to the number of boson

Hines) are either numerically small because of the small vol-

ume of integration in momentum-energy space, as, for ex-
ample, diagrams with intersecting boson liiese Fig. 2, or
largely compensate one another in each order of the renor-
malized perturbation theory because of opposite signs, as, for
example, “ladder” diagrams containing an odd number of
fermion loops(Furry’s theorem®

This result was recently confirmed in Ref. 69 by means
of self-consistent numerical calculations of the Coulomb in-
teraction in quasi-two-dimensionglayered cuprate MOC
with a strongly anisotropic electronic spectrum. It was found

making the main contribution to the anomalous self-energyat the static Coulomb vertekc(k;, 0;q;,0) as a function

part>,(k,w) in a superconductor nedr, was performed in

a previous worf® taking account of the normal phonon or
Coulomb vortices and the anomalous vertices containing th
anomalous electron Green’s functidist was found that the
equation forX,(k,w) as w—0, in contrast to the equation
for the normal self-energy pali,(k,w), contains not one
vertexI” but rather a product of two normal verticeee Fig.

1). Hence follows directly that the EPI constant chang@es
creases or decreagdsy the factorl“gh. For small values of
the parameten p,w,n/Er, up to terms of first order this
corresponds to the factor (12P) obtained in Refs. 59-62.
However, for|P|~ 1 this approximation is inapplicable and
results in large quantitative and possibly qualitative errors
Consequently, if the phonon vertex is defined [gg=1

+ P, then according to Ref. 63 the factor which renormalizes

the EPI constant and is due to local-field effect:fEﬁ:(l
+P)?, which differs appreciably from the nonadiabatic cor-
rection (1+2P) used in Refs. 59—62. In a more rigorous

approach more accurate methods must be used to calculate

I'pn, for example, the Nambu approximatifhwhich satis-
fies the Ward identiti€§ and is a good interpolation fdt,,
in the region\ ,,@n/ Ex~ 1°7 between the two limiting cases
N pr@ph/ Ep<<1°® and N py@pn/ Ef>1, where Migdal's theo-
rem is once again applicabié.

of the transferred R momentumg, with electronic D mo-
mentum lying on a cylindrical Fermi surfac& Ekg), dif-
fers very little in the first BZ with respect to absolute values

>3

FIG. 2. First- and second-order diagrams in the renormalized perturbation
theory for the normal vertek. The diagrams containing one fermion loop
have the oppositénegative sign from diagrams without such loops.
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and the fine structure and symmetry of the momentum de-

pendence in calculations based on the
approximatioR® or taking account of the first renormalized
correction.

The question of the effect of the first correction to the
Coulomb vertexd’ on the coupling constant anid. for the
“plasma” mechanism of superconductiviy’* in the so-
called “jellium” model** was previously examined in Ref.
72. In this case the screening of the Coulomb repulsion an
the retarded electron—plasmon interaction EPI)) are de-
scribed, as is well known, by a single Coulomb four-terminal
diagram which depends apand w:

4re?

g°e(q, )’ S

Ve(q,0)=

wheree(q,w) is the longitudinal permittivityLP) of a two-
component electron—hol@r electron-ion system

2 QZ
8(q,a))=1+ az—;z (32)
Here k is the inverse screening radius due to “light” degen-
erate current carrierss(and p conduction electronsand ()
is the plasma frequency of “heavy” charge carriets @r f
electrons, holes, iopsThe summed interactiof81) corre-
sponds to all renormalizef‘dressed”) boson lines in the
Feynman diagram@-igs. 1 and 2 Thus even if the plasmon
(or phonon contribution to the vertex part is small (in
accordance with Migdal’s theorerf the “nonadiabatic”

Loktev et al.

As a result, for doped & fullerite, taking account of the

Nambumultivalley structure of the band spectrum, the critical tem-

perature of the SC transition f@s;+<Er can be estimated
from the formulalcompare with Eq(25)]

1+N1(1+
TCNZ)JTeX _M : (35)
N1+ pue)?
d R=Rpn—RE[1+ BN 1+ pc); (36)
Xph:7\ph(I —-1);
~% Mc
A= 1T a1+ o) (Er Ty S

Equation(35) takes account of the fact that the normal
self-energy partX;(k,w), determining the nonadiabatic
renormalization of the coupling constant in the tight-binding
approximatiorf®® contains only one verteK~1+ uc.

It follows from Egs.(35) and (36) that the multivalley
structure of the electronic spectrum fbr1 increases the
EPI constant substantial[aimost by the factof? (1)], while
the Coulomb effects due to the local field weaken the Cou-
lomb repulsion(decreasé&.i) but increase the general renor-
malized coupling constant in the exponential function.

5. CONCLUSIONS

Insummary, the high initial symmetry of g fullerene
molecules and the face-centered cubic crystalSgHand the

Coulomb contribution always remains because the Coulomféxagonal lattice of intercallated films;{ZCHG; result, on
interaction exists at all energies and momenta so thdf’® one hand, in a dynamic Jahn—Teller effect, which is

F~Tc~1+pc.”*™
In addition, if a distinguished phonon mode with fre-

manifested in the existence of comparatively soft electron—
vibrational (vibronic) modes in the phonon spectrum of,C

quencyw(q), which makes the main contribution to the EPI fullerite and, on the other, in the multivalley structure of the
(as, for example, the above-discussed softest Jahn—Telldegenerate band spectrum in a molecular narrow-band metal.
mode in doped § fullerite crystals or the oxygen optical The Coulomb and, possibly, phonon effects due to the local

mode in cuprate crystals MOC, associated with vibrations o
O? ions in CuQ layers, or the HF optical vibrational mode
of light boron atoms in the SC compound MgBvith T,
~40 K'), exists in the crystal, then the so-called “plasma”
model of a metat or the generalized “jellium” modéf with

the effective four-terminal diagram

2

V. __Ame 33
eﬁ(q!w)_ngeﬁ(q’w)a ( )
where
2 2
(q)
e 0,0) = £6(Q,0) — 2 @) (34

Ve(a) [1-gh(a)/Ve(a)]

field, which can be described by the vertex pdits>1 and

I' ;> 1, together with the high DS, can give quite high values
of T.. We note, finally, that the Coulomb effects due to the
local field, together with the strong anisotropy of the quasi-
two-dimensional band spectrum, can play an important role
in the mechanism of HTSC in cupratés.
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YWe recall that the doubly charged catio@gCis stable with a quite high
binding energy due to the Jahn—Teller deformation.

can be used to describe simultaneously a strong EPI and the

Coulomb interaction(neglecting the weak EPI with other
phonon modes Here, ¢, is the longitudinal electronic LP,
andg,n(q) andV¢(q) are the matrix elements of the EPI and
the unscreened Coulomb repulsion.

In this case, just as for the simple “jellium” mod&t,
even forw(q)<Eg, when Migdal's theorem is applicabt@,
the Coulomb effects of the local field, which the facteg
~(1+ uc)? determines, substantially strengthen the EPI.
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Mossbauer spectroscopy is used to study electron self-localization in the superconducting cuprate
paramagnetic compound Y—Ba—Cu-0. It is shown that the electrons in chains with self-
localization form a phase with local magnetic ordering and relaxation time greater thars10
Analysis of the magnitude of the accompanying charge redistribution suggests that when

an electron undergoes self-localization a pair of exchange-coupled electrons localized
predominantly on the oxygen is formed. Such a quasiparticle, consisting of a pair of
antiferromagnetically oriented atomic moments and a pair of self-localized electrons, possesses
integral spin and can form a Bose condensate2@®2 American Institute of Physics.

[DOI: 10.1063/1.1528574

1. INTRODUCTION in the probability of the Mesbauer effect. These sextuplets
are difficult to observe experimentally, since the variance of

f ThLe anc?pt_(;)f a pfolalron, introdllchled t?y P%krg\rllovxllfs the local fields at the quasimagnetic impurity centers is large,
rom Landau's idea of electron sefi-localizatiom seft-  jqp, produces substantial line broadening.

:o;:tgllzeq ?Iectrqn polarizes t?e |on|(cj: dl.?ttlcel. Tr;f polqr|tze(jt Various research groups have observed the magnetic
f?eltljcs\;hlil;h l;1rcnts Ijna;hzoglrec::atrgn a,g\]na:ale::;?;r? msc;avi|-qcotnhsrlcs>ue?lcomponemS in the spectra of superconducting samples. Mag-
o oving Nnetic phase diagrams are constructed in Ref. 8. According to

a crystal transports, together with itself, a region of the de- : . o .
these diagrams the magnetic splitting in the Cul positions

formed lattice. In Ref. 3 Nagaev propose'd, by analogy, ?s observed at temperatures below 20 K. Three sextuplets
model of a magnetic polaron. Of all the diverse models o

magnetic polarons we shall study the model developed can be resolved in the spectrum. The lowest concentration of

- . 7 . _
Nagaev's worké:® This model makes it possible to explain th? doping isotope’’Fe relative to copper wasg=0.05. .
lxﬂossbauer spectra of superconducting samples with

the coexistence of magnetic and superconducting phases in- .
layered cuprates. In this model it is assumed that a self>—(_0'01’0'02'0'04' and 0.08 are presented in Refs. 9 and 10.

localized electron in a paramagnetic medium gives rise téA‘t T=|1.3_I; a_s(ljnglle mignetm sextuplet IS obslerved n tge
local magnetic ordering of a pair of atomic magnetic mo-Sample withx=0.01 and two magnetic sextuplets are ob-

ments, since an exchange-interaction parameter arises in i‘f’?rVEd in the_ samples W|bk1=Q.02 and 0.04. At 4.2 K only )
region of localization. It is also conjectured that a pair of IN€ Proadening is observed in the spectra of samples with
ferromagnetically oriented spins and an additional electrofin€ indicated composition. We were not able to identify the
migrate through the crystal and transport charge. Furthef?@gnetic 5§ubstructure in the spectrum of at
elaboration of this idea reduces to the conjecture that th& B2(Clo.cs” F.09306.05at 4.2 K.

pairs of these quasiparticles can form a Bose condensate, A decrease in the area of the observed spectrum at tem-
which could result in the appearance of superconductivity. Peratures below 30 K accompanied by line broadlenlng has

In Ref. 6 a model of electron self-localization in chain @lS0 been observed in samples of the2—4systent" The

positions was used to explain the anomalous decrease f{€@ of the spectrum is a factor of 2 smaller, but no new lines
the area of the Mssbauer spectrum of a ae observed. The authors attributed this anomalous behavior
YBa,(Cly o5°F&y 09) 306 95 Sample at temperatures below 80 0 the appearance of a soft mode in the vibrational spectrum
K. It was conjectured that a paramagnetic impurity with aof the crystal. Its appearance does indeed decrease the prob-
very long relaxation time of the magnetic moment appears irbility of the Massbauer effect near a phase transition, but as
the normal paramagnetic medium. Here, a long time is a timéemperature decreases further, the probability should once
greater than the lifetime of nuclei in the excited stateagain follow the Debye—Waller function. In our case, how-
(107 s). In this case two systems of lines should be ob-£ver, as temperature decreased, the areas of the quadrupole
served in the spectrum. The normal paramagnetic phase @#oublets decreased and the derivative continued to increase,
represented by a narrow single line or a doublet, if the quadwhich favors the phase-separation model. Since there is no
rupole interaction is not small. A paramagnetic center with dong-range order, the magnetic phase is represented by a su-
long relaxation time can be described by at least two Zeemaperposition of Zeeman sextuplets with different magnitudes
six-component spectrésextuplety corresponding to spin of the hyperfine interaction parameters, making it difficult to
projections 5/2 and 3/2In this case the outermost lines of observe the phase.

the sextuplets move beyond the limits of the observable cen- To determine the parameters of the subsystem experi-
tral part of the spectrum; this results in the apparent decreasaentally the iron impurity concentration must be increased.
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However, this can result in the formation of magnetic clus-of two discriminators, a two-channel integrator, and a
ters and destroy superconductivity. There arises the obviowdifference-signal amplifier, which controlled the power sup-
guestion of whether or not iron nuclei are probes that inducely of the proportional counter, was built.
a change in the parameters of the superconducting phase. A As the radioactive source decays, the ratio between the
compromise solution must be found. intensities of the emission lines—Msbauer and a side x-ray
The temperature changes in the $8bauer parameters, line—changes. Since the discriminator cannot suppress the
which are sensitive to a redistribution of the charge densityharmful radiation completely, the experimental area of the
were investigated at comparatively high temperatures andpectrum depends on the time. To eliminate this drawback
near the superconducting transition, where the magnetithe spectrum of a standard sample was obtained before and
structure is not observed in a superconducting sample. Wheatfter a series of measurements and the appropriate time cor-
electrons in chain positions undergo self-localization therection was introduced.
neighboring lattice sites in the normal paramagnetic state The temperature measurements were performed in a
should react to the appearance of an additional electrofiow-through cryostat with a temperature stabilization system
nearby. In this case the temperature changes of the parartthe temperature instability did not exceed 0.1 Khe main
eters of the isomeric shift and the quadrupole interaction aradvantage of such a cryostat for B&bauer spectra measure-
observed. It is important to note that these parameters amaents is that during the entire measurement segeseral
sensitive to the sign of the charge of a self-localized carriermonthg it is not necessary to disassemble the cryostat to
this makes it possible to distinguish a hole from an electrorchange the temperature interval and correspondingly there is
polaron. no danger of the samples being moved. In addition, round-
In addition to the investigations performed on a superthe-clock measurements can be performed in an automatic
conducting sample measurements of the parameters of tmeode.
model sample—magnetically ordered and oxygen depleted— The YBa(Cu,_, °'Fe,)30¢. s Samples were fabricated
were performed. The removal of one oxygéar example, using the standard ceramic technology. The samples were
by heating in vacuumfrees two electrons. As a result, the tested by methods of x-ray structural and chemical analyses.
electron density at the metal nuclei should change; thiShe oxygen index was normalized relative to copper. It was
should be manifested as a change in the isomeric shift. lassumed that each iron cation encompasses additionally 0.5
addition, an increase of the electron density at oxygen sitesxygen atoms. For the Msbauer measurements the powder
results in the appearance of long-range magnetic orderingf the samplggrain size~10 um) was inserted into paraf-
since the indirect exchange interaction parameters increastn with rosin and then placed between thin layers of alumi-
Charge redistribution also changes the magnitude of theum. Special attention was devoted to the absence of texture.
guadrupole interaction. For control purposes the spectra were measured at the magic
It is known that irradiation with visible light influences angle with respect to the plane of the sample using the pro-
positively the superconducting transition temperature oftedure of Ref. 6. The absence of texture makes it possible to
samples with intermediate oxygen composition. In Ref. 12describe the quadrupole doublets by lines of equal area, and
we observed a change in the hyperfine interaction parametetise magnetic sextuplets by lines of its relative areas
in a magnetically ordered sample which was irradiated with &8:2:1:1:2:3, which makes it possible to use fewer variable
helium—neon laser. As far as we know, oxygen-saturated syparameters when analyzing the spectra. One side of the
perconducting samples do not show under illumination anysample intended for irradiation was covered with a mica
appreciable changes in the controllable parameters. In thiglate. The superconducting sample in a pulverized form was
connection, in the present work a superconducting sample islso tested for the Meissner effect in liquid nitrogen. An
subjected to prolonged photoirradiation at low temperaturesoxygen-depleted sample was annealed in vacuum. For the
The room-temperature \sbauer spectra of a sample beforesuperconducting sample=0.06 andé=1. For the depleted
and after irradiation were compared. samplex=0.08 and5=0.3.

3. EXPERIMENTAL RESULTS

2. EXPERIMENTAL PROCEDURE 3.1. Superconducting sample

A constant-acceleration spectrometer with a reversible  The typical spectra of a superconducting sample are pre-
accumulation regime was used for the $bauer measure- sented in Fig. 1. A model of three quadrupole doublets de-
ments. A digital-to—analog converter, which formed the ref-scribes all spectra well. The doublets correspond to three
erence velocity signal of the source, was connected directlpositions of the’’Fe atoms, which replace copper in the Cul
to the address register of the multichannel analyzer. The vepositions, and differ by the oxygen environment in the chain
locity law was triangular and not the conventional sawplane CuQ.® The doubletdl corresponds to twinning
shape. This saved time, decreased the nonlinear distortions bbundaries with two oxygens in the nearest-neighbor envi-
the system for moving the source, substantially decreased thienment. The electric-field gradient is negative and directed
“harmful” dip in the spectrum, making it possible to fit a along thec axis. The doubletd2 corresponds to a chain
straight line to the background when processing the resultgosition with an extra oxygen. The field gradient is positive
A detection system with high long-term stability is needed toand directed along tha axis. The doubletl3 corresponds to
measure the temperature dependences of the absolute areaoposition where oxygen occupies both nearest vacancies.
an absorption line. To this end a feedback system consistinghe field gradient is positive and directed aldngxis.
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the effective fieldH due to the self-localization of an addi-
I,% tional electron acts on the atomic magnetic moment
The iron and copper atoms differ by the magnitudes of
their magnetic moments. Therefore the binding energy of a
100 self-localized electron is different for Cu—Cu, Cu-Fe, and
Fe—Fe pairs. The Mgsbauer method makes it possible to
monitor only pairs containing iron. Therefore at least two
98- types of traps must be introduced into the approximating
function.
961 The function
z!
PZ(V,n)= mn”(l—n)(z_”),
Q,
1,% wheren is the iron concentration relative to copper, gives the
probability that a Fe atom has amornglosest neighbors
100F Fe atoms For x<0.1 the iron atoms replace copper pre-
dominantly in the Cu@chains. Therefore=3x. Assuming
that an interaction is possible not only between neighboring
981 metal atoms along the chain but also between neighboring
chains, we set=4. Hence forx=0.06 we estimate the rela-
o961 tive concentration of Fe—Cu pairs &d,;=0.45. We take
W,=0.55 for Fe—Fe pairs. The Debye—Waller functioh is

. 6ER(1+(T)2f€D/T xdx )
V, mm/s D SOeXp[ kop 14 \6p) Jo expx)—1 ]’
FIG. 1. Mdssbauer spectra of the superconducting samplewhereS, is a normalization constaritiepends on the thick-
YBay(Ch04°'Fey 09307 at different temperatures. The decomposition of ness of the samplgEr is the recoil energy of a free nucleus,
the spectra in a model of three quadrupole doublets is shown. 6 is the Debye temperature, akds Boltzmann’s constant.
The least-squares method was used to determine the val-
ues of the adjustable parameters. The Debye temperature
The temperature dependence of the total area of thép=356 K, the thermal activation parameters afg
spectrum is presented in Fig. 2. The area of the spectrum i57.3(5) K and T,=21.5(6) K, and the paramete$,
normalized to the magnitude of the background. The follow-=13.88" This parameter must also be varied, since it is
ing function was used to describe the experimental temperadifficult to determine the thickness of the sample precisely at
ture dependence of the total area of the spectrum: the location where they quanta strike. The Debye—Waller
function with these parameters is displayed at the top of Fig.
S(M={1=WiL(T;, T) = W,L(T2, T}fop, 2; this makes it possible to estimate the scales of the redis-
whereL(T;, T) is the Langevin functionyV; is a weighting tribution of the areas. The Debye approximation is valid for
factor, andfp is the Debye—Waller function. a crystal consisting of identical atoms. We neglect the con-
The Langevin function is used to describe the temperatribution of optical vibrational modes, i.e. a possible change
ture dependence of the magnetization of paramagh€¢ts:  in the probability of the Mesbauer effect as a result of renor-
=coth@)—1/a, wherea=uH/kT=T;/T. We assume that malization of the phonon spectrum. It should also be noted
that if the area of the spectrum being observed decreases
because of the appearance of magnetic sextuplets, then for
reasonable values of the magnetic hyperfine field two central
lines with relative intensities equal to 1 will remain within
the doublet spectrum; this will result in a somewhat high
value of the total area of the doublets. Comparing the curves
in Fig. 2 shows that even at high temperatures the relative
concentration of the magnetic impurities is of the order of
3%, which should be observable in measurements of the
magnetic properties. The presence of this impurity could
| 1 | make it possible to texture samples in relatively weak mag-
0 80 160 240 netic fields®
T,K Figure 3 shows the temperature dependences of the rela-
tive areas of the doublets. The relative probability of the
FIG. 2. Temperature dependence of the normalized total%fahe spec-  formation of a magnetic phase is highest for the third dou-

trum of a superconducting sample YB&uy q,°'Fe& ¢930;. The Debye— i ; : ;
Waller function (1); a function (2) taking account of the existence of a blet. The positions Correspondlng to various doublets differ

paramagnetic impurity with a long relaxation time is fit to the experimentalonl){ by the number of oxygen atoms in the nearest-neighbor
points. environment. The maximum number of oxygen atoms corre-

S, arb. units
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FIG. 3. Temperature dependences of the relative éBazfsthe quadrupole T K
doubletsdi, d2, andd3 in YBay(Clyg,°'F&0930;. The lines are drawn ’
for clarity.

FIG. 4. Temperature dependences of the isomeric blaftthe quadrupole
doubletsd1, d2, andd3 in spectra of the sample YBEC Uy o4>"F& 09 307 -

The isomeric shift is presented relative to iron. The solid lines show the
sponds to the third doublet. Hence we conjecture that eleccomputed dependences of the temperature shift in the Debye approximation.

tron self-localization occurs on a triplet of atoms: three para-
magnetic metal atoms with an oxygen atom in between. Thus

we arrive at an element of an antiferromagnet with an indiwas used as a standard for the zero isomer shift. Using the
rect exchange interaction via oxygeén. Debye temperatur@, =356 K obtained above and adjusting

_ We shall now consider the temperature variations of thehe parametera; andK; we fit the theoretical function to the
Mossbauer parameters, which depend on the redistribution @fxperimental points. The result is presented in Fig. 4. At high
the charge density. Electron self-localization in chain positemperatures the agreement is satisfactory. The values of the

tions should be accompanied by a change in the local electrigarameters for the doublets at high temperatures are found to
field in some nearest neighbor environment. In addition, ache as follows:

cording to the Pauli principle the appearance of an extra

electron will increase the electron density on neighboring ~21~0-245 mm/s, K;=0.819;

nuclei. A,~0.235 mm/s, K,=0.885;

The isomeric shiffposition of the center of the spectrum

relative to a standajdiepends on the magnitude of the elec-  A3~0.282 mm/s, K;=0.415.

tron density on a nucleusnonopolar interactio\;)” and on - The elastic coupling parameter for the third doublet is half
the temperature shiftquadratic Doppler effect, associated the values for the first two doublets. This means that for a
with the vibrations of nuclei in a crystalin the Debye ap-  gjven position the rms vibrational rate is less or greater than
proximation the isomeric shift is given by the formtfla the characteristic acoustic frequency. We note that in an al-

9kbp T )4f9D T x3dx ternative description, setting;=1, the Debye temperature
o

Pp—— e for the third doublet will be 1042 K and the isomeric shift

16me o expx)-1 will be 0.517 mm/s, which evidently is unacceptable.
wherem is the mass of the nucleus ands the velocity of At low temperatures the experimental points deviate
light. The dimensionless coefficieKt; (of the order of 1is  substantially from the theoretical functions. It is natural to
introduced to take account of the different bond stiffnesses imttribute this discrepancy to an increase in theefectron
crystallographic positions. This parameter makes it possibléensity. The theoretical dependences of the isomeric shift of
to describe the temperature dependences of isomeric shift§e on the electron charge density were calculated using the
for various doublets with the same Debye temperature. Adartree—Fock metho¢see Ref. ¥. For the isomeric shifts
thin plate of pure iron with the natural concentratior@e  obtained above, at high temperatuféise values ofA; are

li:Ai_K 1+8
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taken relative to iropit follows from the plot presented in
Ref. 7 that for the @8°4s* configuration the 4-electron den-
sity is x=0.03. For the 8%4s* configuration we obtaix of
the order of 0.38 and in thed34s* configurationx=0.8.
However, it is unlikely that the latter configuration occurs in
oxides.
At 10 K the largest deviation from the theoretical func-
tion (0.1 mm/setis observed for the third doublésee Fig.
4). If it is assumed that the configuratiom3s* is realized
for this doublet, since all oxygen vacancies in the nearest-
neighbor environment are filled, then this deviation means
that the increase in charge density is due to the addition of
0.027 electrons. The deviation for the second douffl€d4
mm/9 is smaller, but if it is assumed that the doublet corre-
sponds to the configurationd84s*, then the addition of
0.016 electrons compensates this deviation. The first doublet
corresponds to a twinning boundary. The probability of elec-
tron self-localization could be smallest in this region of the
crystal, as a reult of which the deviation of the isomeric shift
is smallest. The temperature dependence of the relative area 0.30
of this doublet suspports this idésee Fig. 3.
Therefore the experimental dependences of the isomeric - 0.20k-
shifts attest to an increase in the electron density in chain S
positions as temperature decreases. The largest observed ef- o
fect corresponds to the addition of 0.02%type electrons at 0.10 l | .
iron nuclei. 0 80 160 240
The quadrupole interaction, which is sensitive to a T, K
change in the charge distribution, is manifested in the splitgg, 5. Temperature dependences of the quadrupole splitting of the doublets
ting of the energy levels of nuclei in a nonuniform electric of YBa,(Cuy ¢,°"Feay0930-. The lines are drawn for clarity.
field. The quadrupole moment of the nucleus and the
electric-field gradient influence the magnitude of the split- ) ) )
ting. The atomic electrons are polarized in the nonuniformherer; is the distance from the chargeand ¢; is the total
field geberated by external charges and likewise contribute tBN9'€- o ,
the field gradient at the nucleus. For trivalent iron the inner  1he Sum over lattice sites can be conveniently calculated
electrons and five outer electrons with the configuration of 4f the charge is expressed in units of the electron charge and
half—filled d shell, becoming polarized, increase the fieldthe distance in angstrom$.Conventionally, a local coordi-
gradient at the nucleus by almost an order of magnitude. Thigate system WherP/zz| >[Vyy|>|Vyd is used. We note that
circumstance is taken into account by introducing the SternYzz " Vyy+Vg<x: 0.
heimer antiscreening factor (1y,y), which is a scalaf.As Introducing the asymmetry parameter
a rulc_a, the outes—type yalence eleptrons mgke a negative 7=(Vyx—Vyy)/Vy,
contribution to the gradient. If the field gradient due to ex- -
ternal charges is positive, then tifieelectron shell is elon- a'."d q:VZZ' the formulq for the quadrupole splitting on
gated in the direction of the gradient and the contribution Oilnvalent iron can be put into the form
this shell to the total gradient will be negative. However, if 1
the gradient is negative, then the electron shell is polarized in AE= EGZQQ(l— Y ) N1+ 773,
the plane perpendicular to the gradient, and the contribution ) )
of the shell is positive. In the second case the magnitude oiheree is the electron charge ar@ is the quadrupole mo-
the contribution due to one electron is two times smaller withent of the nucleus. _
other conditions remaining the sartdt is obviously impos- The quadrupole moment of the nucleus and the antis-
sible to take account of the influence of the valence electron§eening factor cannot be determined independently. Conse-
merely by introducing a coefficient; the charge density dis-duently, we take their values from Ref. 1@:=0.213 barns
tribution function must be fountf and (1- yi,) =10.64. Then the quadrupole splitting of the
The electric field gradient tensor was diagonalized bydoublets of trivalent iron igin nm/s
choosing an appropriate coordinate system. The diagonal Qd=3-4OQJM-
components of the electric field gradient tensor due to exter-

nal point charges were calculated using the forrhula Figure 5 shows the temperature dependences of the
quadrupole splitting for three doublets. We note that if the

splitting in units mm/s is multiplied by 11.6, then the fre-
quency of the nuclear quadrupole resonance is obtained in
VaaZE %(3 cog 6,—1) megahertz. For the calculations we used the lattice param-
Yo ’ eters of our samplea=3.8231 A, b=3.8863 A, and

n
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TABLE |. Quadrupole interaction parameters for various crystallographicTABLE Il. Compensating charges (in fractions of the electron charg®

positions for two temperatures. and their coordinates for various positions.
0, 9, O,
S mm/s | mm/s | mm/s 5
= w Vi Vo = z, z, Coordinates of the
8 AT A A7 T Dc_> T =300 K T=0K test change
300 K 0K 0K
1 0.236 0.404 | —0.640 | —2.204 | —2.258 | —2.078 1 -0.376 -0.370 01(0;0,5;0)
2 0.509 | —0.141 | —0.367 1.788 1.840 1.716 2 —0.804 —-0.851 05(0,5;0;0)
3 | -0.064 | 0.145 | —0.081 0.459 0.503 0.413 3 -0.153 —0.348 01(0;0,5;0)
4 | -0.352 | —-0.256 | 0.608 2.079 2.081 1.996 4 -0.377 — 04(0;0;0,1584)
S5 1.081 | -0.428 | —0.654 | 3.709 3.766 3.658

We used the method of fractional test charges to simulate
c=11.6809 A and the coordinates and rotations for the pothe valence electron distribution function. A negative frac-
sitions of the ions from Ref. 19: Y0.5, 0.5, 0.5, Ba (0.5, tional chargd(in fractions of the electron chargesas placed
0.5, 0.1843 Cul1(0,0,0, Cu2(0,0,0.3556, 01(0,0.5,0, 02  on the nearest suitable oxygen position; the magnitude of this
(0.5, 0, 0.3773 O3 (0, 0.5,0.3789 04 (0,0,0.1584, O5 charge was varied until the computed value of the quadru-
(0.5,0,0. The O5 position in the YBZu;0; crystal lattice  pole splitting agreed with the experimentally measured
is vacant. The following charges were assigned to the ionsralue. The contribution of this charge to the electric field
Y3, B&t, Ct, and G . gradient was taken into account when calculating the lattice

Table | gives the results of computer calculations of thesums. The computational results for the four doublets are
components of the electric field gradient tensor and the quagsresented in Table Il. This table also gives the coordinates of
rupole splitting for various positions with different variants these test charges. The parameters of the fourth doublet, the
of the nearest oxygen environment: 1—first doubl@t, Cu2 position, will be presented below.

05), 2—second doublgD1, 05, O}, 3—third doubletO1, It follows from Table Il that the temperature dependence
05, 05, 03, 4—fourth doublet, corresponding to the Cu2 of the first doublet(twinning boundary is completely de-
position, 5—chain position with two oxygens in the nearestscribed by the temperature variation of the lattice parameters;
neighbor environmentO1, OJ), which, evidently, does not the magnitude of the test charge remains unchanged. For the
occur for iron. The positions of the nearest neighbors in thesecond doublet the difference of the values of the test
(ab) plane which are occupied by oxygen are listed in parencharges for 0 and 300 K is 0.047 electrons, and for the third
theses. The splittings are presented for two temperatures: 3@ublet the difference is 0.195. This means that the electron
and 0 K. The lattice parametersfd K were determined in a density in chains at the oxygen sites as temperature de-
linear approximation using the thermal expansion coefficreases. We recall that the density at the iron nucleus had to
cients obtained in Ref. 20 by x-ray diffractometry. For O K be increased by 0.016 electron charges to describe the tem-
we took the following valuesa=3.8189 A, b=3.8731 A,  perature dependence of the isomeric shift of the second dou-
andc=11.6290 A. The coordinates of the atoms were theblet; for the third doublet the increase was 0.027. Hence
same as the coordinates used previously. follows the idea of a charge distribution function for the

The last column in Table | shows the values of the quadadditional electron—most of the charge is concentrated on
rupole splittingsQy which were obtained assuming that at the oxygen and a smaller fraction is concentrated on the
low temperatures holes are localized in the Cu2 planesnetal.

There is one uncompensated positive charge per unit cell. At The temperature dependences of the doublet areas, the
high temperatures it can be assumed that the effective size afomeric shifts, and the quadrupole splitting can be described
a hole is large and as a result of the rapid movement of thaithin a single model, assuming self-localization of an addi-
hole the contribution to the field gradient is averaged. How+ional electron in chain positions. The localization time must
ever, it is not ruled out that at low temperatures the holebe longer than 10’ s. The quasimagnetic phase arising with
localization time will be longer than the lifetime of a nucleus self-localization is most likely a pair of antiferromagnetic
in the excited state (10 s). To check this supposition posi- ordered magnetic moments of metal atoms with indirect ex-
tive charges were arranged in checkerboard fashion in thehange interaction via oxygen. An estimate of ype
Cu2 planes. The Cu2 position was chosen as the localizatioglectron density at the iron nuclei and the charge density at
site for this point charge. The fact that in contrast to oxidesoxygen for a normal paramagnetic phase shows that with
of univalent oxygen the oxides of trivalent copper exist wasself-localization of an additional electron an exchange pair of
taken into accountRef. 21, Table 70 The quadrupole split- electrons with antiparallel spin orientation should form.

ting of the fourth doublet was calculated for the Cu2 position  In summary, self-localization of an additional electron
where copper is divalent. Comparing the computational reean result in the appearance of a quasiparticle with integral
sults (Table ) with experiment(Fig. 5 shows that it is dif- spin. Therefore a pair of antiferromagnetically oriented
ficult to describe the temperature dependence for trivalerdtomic moments and an exchange pair of electrons self-
iron ions. The contribution of the outer valence electrondocalized at oxygen in chain positions which moves along the
must be taken into account. crystal and carries charge can in principle form a Bose con-
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the doublets were described by lines with equal areas and the
sextuplets were described by lines with area ratios
3:2:1:1:2:3; this decreased the number of variable parameters
L% and made possible to follow the temperature variations of the
position parameters. The line widths were varied indepen-
100t dently; this is especially noticeable for the second sextuplet.
The temperatures of the total area of the spectrum and the
98¢ relative areas of the components of the spectrum are pre-
%6 sented in Figs. 7 and 8. The Debye—Waller function is fitted
I to the experimental points in Fig. 7. The Debye temperature
9al was found to b&dp=288(2) K. The lower value of the De-
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FIG. 6. Mossbauer spectra of the sample $Bau, ¢,°"F&) 09306 5 at dif-
ferent temperatures. The decomposition of the spectra in a model of two
sextuplets and three doublets is shown.

densate. We note that the parameters of the impurity nuclei
of iron were monitored only in chain positions. Therefore at
this stage it cannot be determined unequivocally whether or
not the positions in planes are united by electrons or a non-
uniform electron density distribution occurs in chains.

3.2. Magnetically ordered sample

The removal of oxygen increases the density of valence
electrons. This is accompanied by the appearance of long-
range magnetic order. Then, according to the data Ref. 22,
the magnetic order intensifies in Cu2 planes beldywy
=420 K and is absent in Cul positions in the temperature
range which we studied above 100 K wih=0.3. The
Mossbauer spectra of an oxygen—depleted sample (
=0.08) are presented in Fig. 6. The spectrum is a superpo-
sition of two Zeeman sextupletdl ands2 and three quad-
rupole doublets. The sextuplgt is characteristic for a tetra-
phase and is observed in the spectra of oxygen-depleted
sample$:?® Three quadrupole doublets correspond to three
nonequivalent Cul positions occupied by iron atoms and are
similar to the doublets in the spectra of a superconducting
sample. Measurements with textured samples were per-
formed to identify thesl sextuplet. It was determined that
the magnetic moments of the atoms are oriented perpendicu-
lar to thec axis. The electric field gradient is positive and

0.12r-

0.10r

1
200
T, K

FIG. 8. Temperature dependences of the relative aéBeafstwo sextuplets

parallel toc; this makes it possible to assume that this s€Xs1 and s2 and three doubletsdl, d2, and d3 of the sample

tuplet belongs to the Cu2 positidﬁln analyzing the spectra YBa,(Cuye,*"Féy09306.3-
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bye temperature compared with the temperature of the super-

conducting sample was evidently due to the loss of oxygen o

and, correspondingly, loosening of the lattice. According to €

Fig. 8 the relative area of the first sextuplet is constant in the SR
2]

o
w
T

I8y

entire temperature range, and the increase in the relative area

of the second sextuplet is accompanied by a decrease in the

doublet areas. Therefore the second sextuplet belongs to the

magnetic phase in chain positions. The temperature depen-

dences of the magnetic hyperfine splitting for two sextuplets E 0.08K
%

o
(€8]
»CID

are shown in Fig. 9. The splittings for the ground state of the
nucleus are presented; the frequency of the nuclear magnetic
resonance can be obtained in MHz by multiplying the values
by 11.6. T

If a nucleus with spinl and magnetic momeng is
placed in a magnetic field, then its energy level splits into
21 +1 components whose energy levels

E=—IﬁmH=—g,u,an, -
wherepu, is the nuclear magnetog,is the nuclear gyromag-
netic ratio, andm=1, 1-1, ..., —1I.

In a solid an effective magnetic field whose magnitude is
determined primarily by the atomic electrons acts on the
nuclear spins. For iron nuclei the spin in an excited state is
I=3/2 and in the ground state=1/2. In magnetically or- A
dered compounds the Msbauer experiment gives*/u

mm/s
©
N
(o))

T

laz,
©
N
Q

=(3g*/g)=1.72 for theratio of the magnetic moments in ‘\é’ 0.101

the excited and ground states. The magnetic moment in the €

excited state is negative. It should be noted that the magnetic ~ 50-05¢

moment of an atom does not determine uniquely the magni- —

tude of the hyperfine magnetic fietd. O | :
For the sextuplesl (3g*/g)=—1.714, and the Weiss 100 200 300

curve describes the temperature dependéhize 9).2* This T K

makes it possible to assume that this sextuplet belongs to RG. 10. Temperature dependences of the isomeric ghiétkative to iron of
magnetically ordered state with long-range magnetic interacthe sextupletsl ands2 and the doubletsl1, d2, andd3 of the sample
tion. For the sextuples2 the temperature dependence of the YBa2(Clo.o>*'Feb 09505 5.

field at a nucleus clearly shows a tendency to increase as
temperature decreases; this could indicated close-range mag-

‘\é’ 5.0r netic ordering. Then, as temperature decreases, the exchange
£ interaction parameter increases as a result of an increase in
- the size of a magnetic cluster. The indirect interaction param-

- 4.0 eter also should depend strongly on the density of valence

electrons forming exchange pairs.

Let us now consider the changes in the parameters of the
RS spectrum which are sensitive to the charge distributsee
Fig. 6 for the decomposition of the spectrunfrigure 10
shows the dependences of the isomeric shifts of the spectrum

@ 15 components, and Fig. 11 shows the quadrupole splitting. For
E sextuplets the quadrupole interaction is manifested as line
R shifts and depends on the angidetween the magnetic mo-

I%‘; ment of an atom and the electric field gradient. For trivalent

1.0F iron, to a first approximation, the energy levels are given by
the expressioh

100 500 300

1
T, K E=—gupHm+(—1) "2 e?qQ(1- 7.)
FIG. 9. Temperature dependences of the magnetic hyperfine splittiof 3cofa—1

two sextupletssl ands2 of the sample YB#Cuy g, Fé&093063. The
splittings of the ground state of the nucleus are presented.

N
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® for both positions are essentially identical in magnitude,
E 0.4k { since for the doublets the magnitudes of the quadrupole
o 1 l 1 T l I shifts differ by a factor of 2see Fig. 11. The quadrupole

w 71 IT Tl * splitting of the third doublet is smallest, since the oxygen
(? 0.28- environment in the first coordination sphere is nearly cubic.

= In this connection, in an oxygen-depleted sample the direc-
tion and sign of the gradient for this position are poorly

% 1.201 determined. Thus, the removal of an O1 oxygen in the sec-
E_ ond coordination sphere changes the sign and direction of the
9,;0 60 gradient, even though the magnitude of the quadrupole split-
g Y-BYr

ting itself remains essentially unchanged. Therefore, within
measurement accuracy, one can talk about the direction of

the magnetization along tha axis only for the first two
2 2.08f positions.

E The isomeric shifts of the first and second doublets are
% close(Fig. 10. The difference of the isomeric shifts at 100 K
T 2.00+ is 0.04 mm/s, which results in broadening of the lines in the
superposition sextuplet by the same amount. The isomeric
shift of the second sextuplet is less than for the doublets; this
indicates that the electronic density increases at the iron

nucleus. Thus, for the second doublet withdf8x* configu-
ration the transition to the second sextaplehange 0.24
mm/9 corresponds to a density increase by 0.096 electrons.
For the quadrupole splittings of the first and second doublets

the signs of the derivatives of the temperature dependences

g 0.30- are different(Fig. 11). For the superposition second sextuplet

g the magnitude of the measured quadrupole interaction is av-
o eraged. For identical partial contributions of the doublets at
630.20- 100 K the average value is 1.045 mm/s, which is close to the

100 - 2(1)0 Dot 3(1)0 magnitude of the quadrupole shift of the second s-ex.tuplet.
T, K We took account of the fact that the quadrupole splitting of

the first doublet is divided in half. Therefore, to within mea-
FIG. 11. Temperature dependences of the quadrupole shifts of two sextsurement accuracy it can be concluded that the transition
pletss1 ands2 and quadrupole splittings of three doublétsd2, andd3 of  from doublet to sextuplet occurs by electron density transfer
the sample YB# Clo g2 'F& 093063 between metal nuclei. However, the change in the electron
density on the neighboring oxygen is negligible. The tem-

Hence it is evident that for the first sextuplet£m,)  Perature dependences of the quadrupole splittings for the
the shift for a positive gradient will be negative, and thedoublets(Fig. 11) also demonstrate an increase in charge
magnitude of the shift will decrease by a factor of 2 com-density in chain positions as temperature decreases similarly
pared with the magnitude of the splitting of the quadrupoleto the dependences shown in Fig. 5. Thus, the formation of a
moment. For the second sextuplet the quadrupole shift ig1agnetic phase occurs in two steps. First, as the temperature
positive, but(see Fig. 11 the temperature variation is non- decreases, the electron density on the chain sites increases.
monotonic. The behavior of the isomeric shift of the secondlhen the additional electron self-localizes, and the paramag-
sextuplet is the same. Evidently, the second sextuplet is Betic phase transforms into a magnetic phase.
result of a superposition of at least three sextuplets, originat- It is important to note that the quadrupole shift of the
ing from three quadrupole doublets. The magnetic fields afirst sextuplet(Cu2 position is temperature independent.
the nuclei of these three positions are close in magnitude. IFherefore the charge distribution in the nearest-neighbor en-
the opposite case a well-resolved magnetic structure shoukironment remains unchanged. The quadratic Doppler effect
be observed. According to the data presented in Fifo8 can completely explain the temperature change in the iso-
100 K) the first doublet, where the electric field gradient is meric shift for this positior(see Fig. 1@ It remains to con-
negative and directed along tleaxis, makes the largest jecture that as temperature changes, the redistribution of the
partial contribution to the area of the second sextupletcharge density occurs only in chain positions. Hence it fol-
Therefore the positive quadrupole shift of the second sextulows that in the chain sections where iron is present the elec-
plet corresponds to the orientation of the magnetic momenriron density increases with decreasing temperature and, cor-
of an atom in the(ab) plane for the same position. The respondingly, since the number of charges is conserved,
second doublet with positive gradient, directed alongahe electron-depleted regions are formed, i.e. the charge distribu-
axis, makes the second largest contribution. A positive quadion in the plane of the chains becomes nonuniform.
rupole shift for this position obtains if the direction of the In summary, an investigation of an oxygen-depleted
magnetic moment is along theaxis. We note that for this sample confirms the version that some chain positions trans-
orientation of the magnetic moments the quadrupole shiftform into a state with local magnetic ordering, which is ac-
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FIG. 12. Spectrum of a briefly oxidized sample. The decomposition of the
spectrum in a model of four quadrupole doublets is shown. 06!

-8 -4 0 4 8
companied by an increase in the charge density in these po- v, mms
sitions. In the process electron-depleted regions arise in thac. 13. Spectrum of an irradiated superconducting sample. The decompo-
chains. sition of the spectrum in a model of two sextuplats ands2 and three

As a control, the oxygen-depleted part of the sample wa&oubletsdl, d2, andd3 is shown.
held far 1 h at 700 °C in durnace. Air was pumped through
the furnace at a rate 0.5 liters/min. It was assumed that short-
time oxidation will produce a structure with a nonuniform comes deformed, shifts toward the center, and ultimately de-
oxygen distribution and that it will be possible to observegenerates into a single line or a doublet, if the gradient of the
simultaneously the magnetic and paramagnetic phases of tiedectric field at the nucleus is different from zero. An isolated
Cu2 positions. The results were somewhat unexpe@ed  paramagnetic center of trivalent iron in the limit of an infi-
12). Even though the statistical accuracy was high, for thisnitely long relaxation time should give three systems of
spectrum a magnetic phase was not observed. As a contrd¥yjossbauer lines for spin projections 5/2, 3/2, and ‘118.
the spectrum was obtained in an expanded velocity intervaRractice, for finite relaxation times two sextuplets can be
but the same result was obtained. T¥ doublet belongs to observed for the 5/2 and 3/2 states. To a first approximation
the Cu2 position, the quadrupole splittingQy, the magnetic spliting for these sextuplets should corre-
=1.870(1) mm/s, and the isomeric shiftly,  sponds to a 5/3 ratio, and the parameters of the isomeric shift
=0.058(1) mm/s. Table Il gives the additional charge on theand gquadrupole interaction should be the same. In the limit
04 oxygen, which gives agreement between the experimersf fast relaxatiof® the existence of “anomalous” spectra is
tal and theoretical (0.3%J values. The quadrupole shift of possible for a definite set of parameters. In the equations
the first sextuplet Qg =—0.26 mm/s(Fig. 11). For the describing the hyperfine structure of the spectra, under con-
fourth doublet an additional 2.845 electron charges must bditions of relatively fast fluctuations of the atomic magnetic
placed in the O4 position in order to obtain the quadrupolenoment, additional contributions appear and result in renor-
splitting 0.52 mm/s. Therefore as oxygen is removed 2.468nalization of the nuclear levels. These contributions are
electrons are transferred into the Cu2 plane. We note that thefuivalent to an additional “quadrupole” interaction, in ad-
estimate is very approximate, since the changes in the latticgition to the “chemical” shift and the “quasimagnetic” hy-
parameters as a result of oxygen removal were neglected. Teerfine interactio® Of course, the ratios between the mag-
compensate the difference of the isomeric shiffs242  nitudes of the splittings of the ground and excited states of
mm/s the electron density at the nucleus must be increasethe nucleus which are typical for magnetically ordered com-
by 0.097(a 3d®4s* configuration is assumedlt is interest-  pounds will no longer hold.
ing to note that if the relative area of the first sextuplet is of ~ Figure 13 shows the spectrum of a superconducting
the order of 0.2(see Fig. & then the relative area of the sample, which was irradiated at low temperatures with
fourth doublet is 0.149@). Therefore, in the oxidation pro- helium—neon laser radiatio{32.8 nm. The light flux den-
cess some iron nuclei migrated from Cu2 positions into Culsity was 13 mWi/crh A finely dispersed powdefparticle
positions. size 10 um) mixed with paraffin was deposited in a thin
layer on aluminum foil and covered with a mica slab. It was
assumed that the light reflected from the foil will additionally
interact with the powder. The sample thickness was

In a paramagnetic state the allowed magnetic compo6é mg/cnt, the exposure time was 120 h, and the temperature
nents in a Mesbauer spectrum are observed only if the life-was 100 K. The heating of the sample did not exceed 2 K,
time of a°’Fe nucleus in the excited state (10s) is less which was monitored according to the isomeric shift of the
than the lifetime of the frozen state of the atomic magnetidirst doublet. After irradiation the sample was allowed to
moment. As the relaxation rate increases, the spectrum bstand for 2 weeks at room temperature in air. It was assumed

3.3. Irradiated sample
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that the fast relaxation processes were completed, the frabese instabilities move into neighboring oxygen vacancies
electrons and holes annihilated, and only structural changemnd thereby increase the length of the chain.
remained.
Additional lines which are described by two sextuplets
appeared in the spectrum. The variation of the magnetic
splittings of the ground and excited states was negligible4- CONCLUSIONS
The area ratios were taken to be 3:2:1:1:2:3. The line widths

L ) ) It has been shown in this work that the anomalous de-
varied independently in pairs. The quadrupole doublets were : -
crease in the area of the Msbauer spectrum of supercon-

descrlb(_ad by_ I|_nes of equal area. For the first sextuplet th%ucting samples is due to local magnetic ordering of pairs of
magnetic splitting of the excited state of the nucleus Wasimpurity iron atoms in Cul positions; this is due to self-

A*(s1)=4.9(3) mm/s. For the second sextaplet (s2) localization of electrons. The accompanying redistribution of

=3.11(4.1). mm/s. Their ratio is 1.581, thich is close to 5/3. 4,4 charge density is manifested as a change in the param-
The splitting of the ground stat&(s1)=2.6(2) mm/s and  giers of the quadrupole interaction and the isomeric shift at
A(s2)=2.63(3) mm/s. The relative areas werSy  ihe nuclei of the neighbors.

=0.10(1) andSs,=0.11(1). Theisomeric shifts werd, Estimates were obtained for the binding energy of a self-
=0.2(4) mm/s andls,;=0.04(9) mm/s. The quadrupole |ocalized state. The thermal activation parameters ranged
shifts wereQs;=0.3(4) mm/s and)s,=0.32(8) mm/s. We  from 7.5 to 21.5 K and depend on the local configuration.
note that the line width for the irradiated sample is smallerThe lifetime of a bound state at a lattice site is at least
than for the initial sample. This is probably why these sex-1077 s. Analysis of the temperature dependence of the
tuplets are observable. It is natural to attribute the decrease ttharge density for the normal paramagnetic phase suggests
the line width to structural ordering and correspondingly athat the self-localization of an additional electron results in
decrease in the variance of the local fields. The quadrupolthe formation of an exchange pair with zero effective spin.
interaction for the sextuplets is closest to the quadrupol@herefore a pair of antiferromagnetically oriented atomic
splitting of the third doublef0.41 mm/$. If both sextuplets moments and an exchange pair of electrons, which is self-
are assumed to correspond to the position of the third dodocalized on oxygen, in principle can form a quasiparticle
blet, then the atomic magnetic moments are oriented alonwith integral spin.

theb axis. The difference of the isomeric shifts of the second ~ Analysis of the temperature dependences of the param-
sextuplet and the third doublé®.12 mm/$ corresponds to eters of a magnetically ordered oxygen-depleted sample
an increase in the electron density at the nucleus by 0.028howed that the redistribution of the electron density with
electrons (8°4s* configuration. The quadrupole splitting of self-localization of an electron occurs only in chain posi-
the third doublet corresponds to an additional charge ofions. Therefore phase separation accompanied by the ap-
0.089 electrons on the O1 oxygen, and for the second sextRearance of spatial superstructure is possible in chains.

plet the additional charge is 0.185 electrons. Therefore the At low temperatures the effect of photoirradiation of a
formation of a magnetic structure occurs with self- superconducting sample reduces to ordering of the structure

localization of approximately 0.03 electrons at the nucleu r lengthening of the chains. This decreases the variance of

and 0.1 electrons at the neighboring oxygen. We also ca pcal fields and additional lines which can be described by
attention to an interesting feature of the observed sextuplet WO sextuplets appear in the spectrum at room temperature.

In the excited state the ratio of the magnetic splittings show? agnetic se_xtup_lets belong to pa_ramag_neﬂc centers with
: . . . .. Tong relaxation times. The dynamical shift of the nuclear
that a paramagnetic state with a long relaxation time is in- . ’ .
deed formed and the sextuplets correspond to Spin projeépa_gnetlc resonance frequenqes f(_)r nuclei in the ground state
indicates the presence of spin—spin relaxation between these

"Eenters. Therefore electron self-localization is accompanied

close, indicating that t_hese _st_ates have the same occupatio&, local magnetic ordering, at least, of a pair of atomic mag-
However, the magnetic splittings of both sextuplets are es;qic moments which are oriented perpendicular tocthgis

sentially identical in the ground state; this is typical for mag-of the crystal. Therefore, in an external magnetic field, as a

netically ordered compounds with long-range spin—spin inyeg it of the canting of the magnetic moments a ferromag-

teraction. The splitting in the ground state is smaller than in,atic moment can be induced along thaxis. This moment
the excited state; this can be attributed to the dynamical shifs \yhat probably makes it possible to texture powdered
of the nuclear magnetic resonance frequeficdhe dynami- samples in comparatively weak magnetic fields.
cal shift is especially large for antiferromagnets and in-  The conclusions are based on $4bauer measurements
creases substantially as the frequencies of the electronic agf the parameters of'Fe nuclei replacing copper predomi-
tiferromagnetic and nuclear magnetic resonances approagfantly in chain positions. If it is assumed that with electron
one another. self-localization magnetic moments of copper are oriented
Irradiating the samples with light produces structural or-antiferromagnetically in chains and an exchange pair of elec-
dering. Evidently, the oxygen atoms migrate from O5 intotrons with integral spin is formed in the process, then super-
O1 positions; this decreases the variance of the local fieldsonductivity is possible in chains as a result of Bose conden-
and results in narrowing of the lines. According to Ref. 27,sation of such quasiparticles. The experimental fact that
first, the photoexcited electrons from the Gu@anes recon- superconducting samples containing no iron impurity be-
nect at the ends of the chains, creating local instability. At thecome textured in a magnetic field serves an an argument
second stage the oxygen ions located in the neighborhoods sfipporting this conjecture.
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Guided vortex motion has been observed in niobium films on a facetgd; Alubstrate. The

even and odd components of the longitudinal and transverse magnetoresistances of the
samples are measured for various orientations of the transport current relative to the facetting
direction. The even and odd components of the magnetoresistance are separated according

to a change in the sign of the magnetic field.2002 American Institute of Physics.
[DOI: 10.1063/1.1528575

The efect of pinning anisotropy on vortex dynamics in pendicular to the transport current and the velocity compo-
superconductors is a subject of intense theoretical and exient parallel to the current is zero. The expected response
perimental investigations.®> Special attention is being fo- should be maximum in amplitude in a geometry where
cused on the so-called guided vortex motion which arisesy=45°1
when parallel pinning planes are present in the sample. This In the present work the measurements were performed
situation can be easily realized experimentally inon thin niobium films deposited on a faceted,®} sub-
YBa,Cu;0;_ 5 single crystals: the existence of unidirectional strate. When AIO; is annealed in air at high temperatures
twins, which have virtually no influence on vortex motion facets form on the substrate surface, as shown in Figs. 1a and
parallel to their plane but are strong pinning centers for mo-c? Such a faceted substrate was cut into four parts, and four
tion perpendicular to the direction of a twin, resulting in the 390 A thick niobium films were obtained in a single deposi-
appearance of a number of interesting efféctén layered  tion process by molecular—beam epitaxy.
high-temperature superconductors the system of parallel It was established that the facets in this system act as
ab planes is itself a source of intrinsic pinning for vortices pinning planes. The nature of these planes is not completely
oriented parallel to these plandn the present article a understood: pinning can be due to, for example, grain bound-
new experimental model is proposed for studying sucharies or surface effects. The structure making it possible to
phenomena. measure the longitudinal and transverse resistances was de-

Guided vortex motion results in the appearance ofposited by a photolithographic method. Three samples with
“new” components of the magnetoresistances of a sample in
parallel and perpendicular directions relative to the transport
current'! the odd longitudinal, with respect to a change in
direction of the magnetic field, and even transverse compo-
nents, respectively,

~ p(+H) = py(—H)
o _pi )ZPH( ’ 1

+H)+p, (—H
i B ERCH) o

which are absent in the isotropic case. They have been ob-
served experimentally in two YBE&wO,; 5 single
crystals>® The theory predicts the following dependence of
these components on the angldetween the current direc-
tion and planar defecfsWhen the current is directed parallel _ _ _

or perpendicular to the planes the “new” components ar‘%';l;&;'iri:g:cgf?;: ;?ﬁ?;ﬁg ﬁ?%sﬁigiﬁﬁaﬁ){mmff sau;:itberédgﬁg)ssgge’ the
always zero. This is because the vortices in such a geometf¥age being obtained using a scanning tunneling microséap@< 5 xm

can move, under the action of the Lorentz force, only perscanning region is shown; the height of each facdt<50 nm) (c).

1063-777X/2002/28(11)/3/$22.00 842 © 2002 American Institute of Physics
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different orientation of the measuring bridge relative to
; -, T=85K
a facet—parallel, perpendicular, and at an angle 0.15 P2
a=45°—were prepared for the measurements. Thus, the ' \

\

transverse and longitudinal magnetoresistances with different

orientations of the transport current relative to the direction § 0101

of a facet can be measured for this set of samples. In the = J -’“’\.\

course of the experiment the voltage dependehigésl) and 1 0.05 j J -\\\

U, (H) for two mutually opposite directions of the magnetic / _,/ “, ..

field H, perpendicular to the sample plane, were measured ] r/.A-A‘A\ LT, ':"_':":'f’"
Q) [b=s-dtbBia ay a1 TR Y]

A

simultaneously. Then, the components of the longitudinal . . , )

and transverse magnetoresistances which are even and odd 0.04 0.06 0.08 0.10

relative to a change in the direction of the magnetic field B, T

were calculated from EQ$1) and(2). The average transport FIG. 3. Even component of the transverse magnetoresistivity versus the

current density was 5.1 kA/cin magnetic field strength for three samples with different orientation of the
Figure 2a shows for three filrrml+ versus the magnetic transport current relative to the facet direction: (M), 45° (@), and 90°

field at film temperature 8.5 K. The sample with the current&)-

directed at an angle of 45° relative to the direction of a facet

has a lower critical field than all other samples. This differ-

ence can be attributed to the nonuniform distribution of the

temperature in the substrates during film deposition. Thénagnetic resistance fer=0 and 90°. A dependence similar
transition width is 0.02 T. to that presented foi=45° has been observed on twinned
The magnetic field dependence gf in Fig. 2b has a YBCO single crystalé.In the present work the results of
pronounced minimum near the superconducting transitionéasurements of the even and odd parts of the longitudinal
The curves are virtually identical to one another for all threeNd transverse magnetoresistances of a YBCO single crystal
films: the curve for the sample with the current directed at ayVith unidirectional twins are presented for two samples with
angle of 45° is shifted in the direction of low fields relative different directions of the transport current: parallel and at an
to curves for the two other samples by an amount equal t§n9le of @=45° with respect to the twin planes. However,
the difference of the critical fields of these filntsee Fig. the signal amplitude in a sample with current parallel to the

24). It should be noted that the theory of Ref. 1 predicts zerdWins was an order of magnitude smaller than for the case
a=45°, The appearance of an otits a function of the field

component in the longitudinal magnetoresistance is a char-
acteristic feature of guided vortex motion. This component is
T=85K due to the presence of an even component of the velocity
T i G perpendicular to the current direction with vortices moving

along the pinning planés.
/ / Figure 3 shows the magnetic field dependence of the

o
©
T

o
()]
A

%_L
i
[
+
11

even component of the transverse magnetoresistance of the
sample. Itis evident that the effect is strongest for the sample
with the transport current oriented at an angle of 45° with

4 respect to the facet direction, as theory predicts. The origin
of these “new” components of the transverse magnetoresis-

, Ma-cm
<o
N

+
|
(o)
N
\

Qp-e-a—nad a tance is due to vortec motion along pinning planes, specifi-
0_'0 " 0.06 0_‘08 cally, the presence of an odd component of the vortex veloc-
B, T ity directed perpendicular to the transport current vector.
The experimental results attest to pinning anisotropy in
0.05 faceted niobium films. The main result of this work is the
T=85K experimental observation of an odd component in the longi-
0 :':F“(:‘{ P L= tudinal and an even component in the transverse magnetore-
7 Y sistances of the sample; this indicates guided vortex motion
-0.05f ./‘)V

o L

Py, Ma.cm

in faceted niobium films. Why the behavior of the odd com-
ponent of the longitudinal resistance is essentially the same
in all three samples is not clear. One possible reason for this
behavior could be the presence of a small5(°) disorienta-
tion angle between the current direction and the facet direc-

-0.20r b tion in samples withe=0 and 90°. The existence of nonzero
0.04 0.06 0.08 values ofp; for these directiongsee Fig. 3 also attests to
B, T this.

FIG. 2. Even(a) and odd(b) components of the longitudinal magnetoresis-
tivity versus the magnetic field strength for three samples with different
orientation of the transport current relative to the facet direction{ iy,

45° (@), and 90°(A).

The theoretical results of Ref. 1 cannot be directly used
for quantitative interpretation of the experimental data, be-
cause the theory does not assume the existence of pinning for
vortex motion in a pinning plane, i.e. a facet. However, the
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experiments show that the critical current in a direction par-E-Mail: soroka@mail.uni-mainz.de

allel and transverse to the facet direction is of the same order )

of magnitude. Thus, a further elaboration of the theory Ofl\l/-lg-zig';'(ol"gsgg [AJ-E 'f‘r-P gg“;'%s?;gggj K. Soroka, Zh.ksp. Teor. Fiz.
vortex motion that is capable of describing such a situation isza A prodan, V. A. ShkfovskiL V. V. Chabanenko, A. V. Bondarenko,
needed. M. A. Obolenskii, H. Szymczak, and S. Piechota, Physic&30D2 271

o L (1998.
. In CIO_Smg’ it Shou_ld be noted t.hat th.e system StUdle_d Ir]3V. V. Chabanenko, A. A. Prodan, V. A. Shklovskij, A. V. Bondarenko,
this work is a good object for studying guided vortex motion: M. A. Obalenskii, H. Szymczak, and S. Peichota, Physic&314, 133
parameters such as the facet period and film thickness can bé1999. , _

i ied wh the fil bei d 4G. Blatter, M. V. Fiegelman, V. B. Geshkenbein, A. I. Larkin, and V. M.
easily varied when the Tiims are being prepared. Vinokur, Rev. Mod. Phys66, 1125(1994).
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It is shown that the requirements of finiteness, single-valuedness, and definiteness of the wave
function and probability current density necessarily lead to the fact that as a magnetic

string is approached the wave functions of the electron must decrease in modulus more rapidly
than the square root of the distance from the stfegnagnetic string is an infinitely thin

solenoid carrying a finite magnetic fluxrhe energy spectrum of an electron is obtained. In general
the spectrum is identical to the spectrum in the absence of strings. The general form of the
eigenfunctions of the ground state and an operator whose powers give the eigenfunctions of the
excited states are found. When there is only one string with magnetic flux which is not a
multiple of twice the flux quantum another equidistant sequence of eigenvalues appears in the
energy spectrum. This sequence is shifted with respect to the main sequence by a fraction
equal to the positive fractional part of the quotient obtained by dividing the magnetic flux by twice
the flux quantum. This sequence starts from a level whose number equals the number of the
remaining magnetic strings. The wave functions for these special states are also obtaid@d2 ©
American Institute of Physics[DOI: 10.1063/1.1528576

1. INTRODUCTION of a charged particle in a magnetic field consisting of a uni-

A magnetic string is an infinitely thin solenoid carrying a _form field and many arbitrarily arranged strings could be of

- . . . . .~ " interest. This model also describes an electron in a crystal
finite flux. Since the magnetic field intensity of a string is _ . . . . S

. : — with parallel screw dislocations in a magnetic field. As noted

everywhere zero except along the line of the string, the in- R

) . . S in Ref. 1 quantization in such a system cannot be performed

teraction of a charged particle with a string is a purely quan-

. : according to the Bohr—Sommerfeld rules, even though the

tum effect with no classical analdéharanov—Bohm effegt . . .
. . . . ._corresponding classical problem can be solved exactly. It is
The problem of such an interaction arises in the effective: . . . .
Fo ) . o interesting that the exact solution was obtained for a disor-
Hamiltonian analysis of an electron in a crystal containing a

screw dislocation. The effective Scliinger equation in a dered system without any spatial symmetry. The solution

plane perpendicular to the dislocation line can be studied > made possible by a transformation, described in Sec. 3,

separately. Then the terms linear in the deformation describcéf the Hamiltonian. This transformation requires boundary

in the Hamiltonian a magnetic stringoinciding with the conditions at th.e. point through Whlc.:h the string passes; these
: S . . . boundary conditions are obtained in Sec. 2.

dislocation ling with magnetic flux proportional to the com-

ponent of the quasimomentum along the dislocation line.

This problem and its extension to the case where a unifornd. ELECTRON IN THE FIELD OF A SINGLE STRING

magnetic field |s_present anq is oriented parallel to the string The Schidinger equation for a single string with mag-

have been studied many tim¢see Refs. 153 They are .

. ) . . netic flux F

interesting because they describe the simplest case of the

interaction of an electron with a shear deformation in a crys- 1 [(A eHy eFy 2
—

tal where the variables separate. In Sec. 2 of the present HQ(r):ﬂ 2c  2mc(X%+y?)

paper these investigations will be supplemented by boundary

conditions at the point where the string intersects the plane + o+ eHx+ eFx 2+f32 Q)
containing the electron. The conditions under which the ' 2c  2mc(xP+y?) z
string can approximately describe the influence of a _EQ(r) )

magnetic-field nonuniformity with a small radius on the state
of an electron will also be examined. can be easily solved by separating variables in cylindrical
Heuristic arguments concerning the influence of a stringcoordinates whose axis is also the line of the stfifigleree

on the state of a two-dimensional electron gas in a magnetiis the modulus of the electron charge and the negativity of
field and on the interaction in a gas of two-dimensional com-the charge is taken into accourt; is the intensity of the
posite particles, i.e. particles possessing an electric chargesiform magnetic field parallel to thé axis; F can be posi-
and the associated magnetic structure, play a fundamentale or negative depending on the direction of the magnetic
role in the theory of the quantum Hall efféttn this con-  field of the string relative to the uniform fieldy is the elec-
nection the exact solution obtained in Sec. 4 of the problentron mass. We exclude from the analysis motion alongzthe

1063-777X/2002/28(11)/8/$22.00 845 © 2002 American Institute of Physics
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axis and in what follows we shall examine only the two—for «=1/2 m# —1—a. These selection rules for physically
dimensional problem. In polar coordinates ) the eigen- admissable states can be united by a boundary condition: at

functions are the point containing the magnetic string the wave function is
;2 zero and as this point is approached the modulus of the wave
Q(r):exp(im(p)exr{ - W) function decreases more rapidly thaf?. (We note that there
is another reason why the condition that the function van-
E  vt|y+1 r2 ishes cannot be the only condition: a linear manifold defined
><r”|d>( - %'F — lv|+1; ] (2) by such a condition is not closed. Indeed, the sequence of

functionsr™ belongs to this manifold but the limit of the
where® (a,c;x) is the confluent hypergeometric function, sequence does npSuch conditions must also hold for many
is any integer, here and below the normalization factor isstrings; this situation will be studied below. For this reason

dropped for brevity, and spin does not interact with magnetic strings, and it is of no
interest to take spin into account.

w= eH |2:2Lh r=m+ F Ozw_ﬁcl (3) The boundary conditions on the outer boundary of the

uc’ eH’ 2F’ e domain of definition determine the energy spectrum. If the

For the wave function to be finite at the origin of the coor- domain is infinite, then in order for the eigenfunctions to be
dinates(at the point where the string is locajeand to re-  inteégrable
main single-valued in a circuit around this point, of the two E

- . v+|v|+1
fundamental solutions of the confluent hypergeometric equa- — — 4+ —— — ~— —
tion the function®(a,c;x) is chosen andn must be an w
integer.

An important distinction of the set of functions
Qg m(r, ) from the corresponding solutions of the problem
with no magnetic stringss that it always includes either the v+|v|+1
function with |»| and m#0 if F/2F, is an integer or two ENm:ﬁ‘U<NJr 2
functions with 0<|»|<1. In the first case the function has no
limit asr—0 and consequently cannot be a wave function.Then the confluent hypergeometric functions in E2). re-

In the second case both functions have a singular gradient iduce to the generalized Laguerre polynomlall}é(rzllz).

the limit r — 0. Different authoritative sources formulate dif- The quantum numberll and m cannot be interpreted
ferently the requirements for continuity of the derivatives ofdirectly in terms of the classical motion of an electron. For a
the wave function. Thus, the authors of Refs. 6 and 7 conphysical interpretation of the results obtained below and to
sider that the first derivatives of the wave function remaincompare them with the semiclassical description it is conve-
continuous and bounded in all states, and they do not presentent in this solution to switch to the quantum numbe=nd

any physical arguments to substantiate this requirement. Ik, which were introduced in Ref. 1 and determine, respec-
Ref. 7 it is stated that this requirement is sufficient fortively, the energy and distance of the center of a classical
boundedness and continuity of the probability current deneorbit from the origin of coordinates. From the solution of the
sity. In Ref. 8 the derivatives are allowed to approach infinityclassical problem expressions can be derived for the integrals
“not too strongly.” In Ref. 5 it is indicated that there can be of motion C,(p,r) and C,(p,r)—the Cartesian coordinates
exceptions, determined by the specific problem being studef the center of an orbit in terms of the Cartesian coordinates

5 —N, (6)

whereN is a nonnegative integer. Then the energy eigenval-
ues corresponding to the eigenfunctid@s have the form

)

ied, to the continuity of the derivatives. and momenta of a classical particle, generalized to the case
We introduce the notation of a magnetic string:
F . 1 F X X
~—=ata, a—integer, Gsa<l. (4) - — h -~ .
2F Cx o) Py 2mH x2+y2+ 2’
The amplitude component of the current density in the state 1 E y y (8)
(2)is = 4
Sy o) Sy Xz+y§+ 2
_ et rey (¥ eH
TR T = =t 5T (3 switching to operators, the operator of the squared distance

) ) _ ) of the center of a classical orbit from the magnetic string can
It is obvious that for 8<2|v|<1 the expressiofb) results in  pe written as

a physically meaningless result—an infinite or nonzero azi-
muthal current at =0. For 1<2|»|<2 Eq.(5) gives physi-
cally admissable values of the probability current in all
space, even though the gradient of the function has a singu-
larity at r=0. Consequently, we shall adopt the following Obviously,R?> commutes with the Hamiltonian and the func-
constraints on the possible valuesmfneglected in Refs. 2 tion (2) is its eigenfunction with the corresponding eigen-
and 3. Fora=0, m# —a. If vis not an integer, i.ea#0, value

then there always exists a valuerofsuch thajv|<1/2, and
a state with this value ofn must be eliminated from the
solutions of the Schidinger equation. For<1 m# —a and

A
) ©)

1
B2_ A2 A2 2 i _
R2=CZ+C2=| (thﬂacp o7

|V|—V+1
2 2/

(10

2 _
ij—|2<N+
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We introduce the energy and distancd quantum numbers and using the fact that the energy is proportional to the
of the center of an orbit relative to the origin of the coordi- squared radius of the orbit, we can derive the formia
nates: We note that to obtain the correct result semiclassical quan-
tization must be used for each degree of freedom separately

+al+m+ . , e
[m+af+m a_ in accordance with the rules. The often used quantization of

- -~ =

2 ' the total adiabatic invariant
N |m+a|—m—a>0 1 1 1
=N+———=0, (1D oy igpxdx+pydy=lr+ﬂ § Mde
n—k)—|n—k 2/)2
n—k=m+a, N=k+%. Arg/] .
={ hr3 #F =|n+3|t
These numbers can take on any noninteger values with the 17 2F,

exception of the cases allowed by the selection rules derived
above. We shall present expressions for the energy, distance (19
of the center of an orbit from the origin of coordinates, andieads to a physically meaningless result: far+ a|>n
the radiusr, of a Larmor orbit in terms of the quantum 4 1/2 anda<0 it is found thatr2<0.

numbersn andk: If =0, i.e. the magnetic flux of a string equals an inte-

gral number of twice the flux quantum, then the energy spec-

trum differs from the spectrum in the absence of the string

only by the fact that states with=k are excluded. Then the

wave functions differ by the fact that in the factors which

, (120 depend orr the angular momentum quantum numineris

replaced byyv=m+a.

1; x=0 For the case of several strings the number of possible

0: variants of the values of the quantizable integrals of motion
' increases rapidly with the number of strings. The variant that

Hence we can obtain a classical interpretation of the seleds realized depends on the radius of the Larmor orbit and on

tion rules. Fom=Kk the line of the orbit passes through the both coordinates of the center of the orbit, which cannot be

point containing the string ife=0 or near it(lencompassing observed simultaneously. Consequently, for several strings it

it) if a<1/2. If «=1/2, then an orbit withm+a=n—k is impossible to obtain the energy spectrum by quantizing the

=—1 would pass near the string without encompassing itintegrals of motion. In Refl a hypothesis was proposed for

Such orbits are forbidden(“Near” means that|ri—R?| determining the spectrum in this case, but as will be shown

<12/2.) Orbits withn<k do not encompass the string; the below the results obtained are incorrect.

energy levels form the standard Landau spectrum and are In closing this section we shall examine the states of an

degenerate with respect ko For n=k the orbits encompass electron in the field of a solenoid with a finite radius field

the string, the energy levels are also equidistant but they ariatensityH; inside the solenoid, and a uniform fiett}, out-

shifted with respect to the Landau levels bywa and are side the solenoid. We introduce the dimensionless variable

degenerate for ak=n. We shall refer to such states as spe-and the energy:

cial states. However, there is no complete correspondence

between the electron density distribution and a classical or- | _ ' eH. o Euc (16

bit. The coordinates of the center of an ort@it do not com- 2ch ' heHs

mute with one another, so that if the modulus of the radius . o ) )
vector is determined by the expressid®), then its azimuth The wave functions inside and outside the solenoid have the

1
n+o6(n—kK)a+ =

Enk=ﬁw 2

1
n+o(n—kK)a+ =

re=12 5

2 2 1
RA=12 K [0(n—k)~1]a+ 5

x<0’

is completely undetermined. For on string, the case which w&rm
are now discussing, this azimuth is of no significance for

calculating the action integré} and the angular momentum Q= exp(imcz))exp( _X x| ¥Ir2
M of an electron relative to the axis: 2
+|v[+1
| :i é dr= ﬁl’é”z :pr+ypy Xy —8+%, |V|+1; X/, (17
L Pr hR2/|2' Py \/szyz )
X
hrg fLRZ hF Q.:exr{im’ ﬁ)ex[{_ﬂ)xmlm
M=Xp,—ypx=—7 — 72~ 55 (13) ' dr 2
| I 2F,
Here the upper value of corresponds to orbits which do not x®| — £ + w |m'|+1; |,3|X) ,
encompass the magnetic string. Applyingltoand M the Bl 2
Bohr—Sommerfeld quantization rules (18
1 where=H,/H, taking account of the sigfwe assume the
l=h{N+3], M=Am, 19 girection ofH, to be positive,




848 Low Temp. Phys. 28 (11), November 2002 I. M. Dubrovski

F enr? H,
V—m+2_|:0—m+2ﬂ_cﬁ(Hi_He)—m+Xl H_e_l |V| 1/+|V|+1 V_|V|+1
@m(§)=7+ — +T —s+T
:m+X1(B_ 1)=m+X177 (19)
Matching the values of the functiorf$7) and(18) atx=x, v+|v|+3 _
gives the ratio of the coefficients of these functions and, in V| —et 2 L
addition, the requirement X ST 1 -1], (29
V| —e+ — |v|+1; xl)
j— ! B — !
m=m W—m sgng. (200  where
Im—¢ m+|m|+1
.. Om(d)= +
The values of the coefficients can be calculated from the 2 2
normalization condition. Then, as follows from Eg0), the
L " i . m+|m|+3
continuity condition for the derivative with respect to O ———, |m[+1; ¢
holds automatically. The continuity condition for the deriva- 2

1. (25

tive with respect tor can be replaced by continuity of the ® m+|m|+1
logarithmic derivative with respect ta 2

, Im|+1; ¢

Bl Iml ® L The spectrum of values cf can be obtained from Ed24)
m ! v ! .

—£+—+|B—=——+—+—- 1) by setting

1 ) 2 X, ¥

v+|v[+1

—5 —=N-»%, (26

It determines the spectrum of eigenvalgedVe shall assume

the domain of the eigenvalues to be infinite. Sincewhere N is an arbitrary nonzero integer or zeroy|<1.

W¥(a,c;x)~x_ 2 asx—o», the solution(17) and(18) satisfies Then(see Ref. § if v is not an integer

the boundary conditions at infinity and zero for all values of

the parameters. Using the properties of the confluent hypesr(—N—y,|v|+1; x;)~ L=+ Ll ot
geometric functiongsee Ref. bwe can write F(=[»[=N)  T(=N=y)x{
(N
® 1 ( e mt|ml+1 FEN=y~—5— @7
o |Blxi (Al 2 From Eq.(24) we have
e m+|m|+3 Ny |7l
) —W"FT, |m|+1; |,8|X1 _ (=1) X1 F(_|V|)(2®m(§)_|v|) (28)
X ~1], TTNIT (DT (= [/ = N) (20 (D) + [
e m+|m[+1
Q| - er s Iml+1; [Blx On the basis of the asymptotic behavior®(a,c;x) in the
limits x— o andx—0 it can be shown thad ({)>0. Con-
sequently, the numerator in ER8) has no zeros ang is
oy vt|v[+1 always small to the extent thaf" is small. If v is an integer
v/ e 2 ( v—|v[+1 andv#0, then
—_— _8+—
v X1 2 W(=N—17,|v|+1;x,)
(N+|v)t NI
v+|v]+3 ~CON s (D,
4 —e+T,|v|+1; X1 1
” v+ [+ 1 -1, @ L X (N[220 () — [ ) 9
V| —et ——— [+l x N2 (o= D120 (O + V)

The relation(29) is the limiting case of the relatio28)

The equation21) is a complicated transcendental equationWhen v approaches an integer, so that the relat@8) is a
which depends on the solenoid parametérsandx,. Itis  general formula for alb#0. It can be shown that for=0

simpler to study this equation in the limiting case of a small-¥~ = (In Xl)fl, i.e. this case cannot be described as the limit
radius solenoid carrying a finite magnetic flux: of the relation(28). As the matching poink; and therefore

alsoy approach zero, the matched confluent hypergeometric
functions will pass into the corresponding Laguerre polyno-
mials for allm uniformly in x, except the case=_0.

Thus, the states in the field of a magnetic string with
Then instead of Eq21) we obtain approximately |v|>1/2 in an unbounded plane approximately describe the

X1—0, |Bl =, {=x,|p|=const. 23
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corresponding states in the field of a small-radius solenoid. 1 1
The qualitative difference is that the energy levels in the field ~ H=5 7.7+ Shw. (35)
. M
of a solenoid are not degenerate, though they do form close
groups near the Landau levels and at distarfeea from  We introduce the variables and notatigsse Ref. 11
them, while in the field of a string each Landau level is split o P
into two degenerate levels. This occurs because the energy is 2+~ <~ " Gi== LTy,
determined not only by the classical orbit encompassing the 1
solenoid but also by the fact that the wave function in the Wi:ZWixiWiy=m- (36)
solenoid is not zero. R
We underscore that the complex variabfes are not inde-
pendent, since they are complex conjugates of one another.
3. FACTORIZATION OF THE HAMILTONIAN Two independent complex variables would introduce four
independent real variables insteadxondy. We introduce
The Hamiltonian of an electron in a magnetic field, the operators
which is a superposition of a uniform field ahdmagnetic

strings which are parallel to the uniform field, carry fluxes i: E i:i i) (37)
Fi, and are located at the points=({ix,Ziy) in a plane dz. 2\dx dy
]E)erpendlcular to the magnetic field<1.2.... I), has the This is not differentiation with respect to a complex variable
orm but rather a linear combination of operators of differentiation
1 eHy < 2 with respect to the coordinates. Specifically, the functions to
H= 20 Px— T_Z (aj+ aj)wiy which these operators will be applied may not satisfy the
K -t Cauchy—Riemann conditions. From the definiti¢86) and
Hx 2 (37) we obtain
+ py*’%"‘iz1 (a+ap)wix| |, (30) { p ) . o
—,Z2|=1, | =,z |=
where 0z~ 32+
X— Cix so that the action of the operatdi37) on a function of the
Wix:(x_ L) (y—¢i )2 variablesz.. can be interpreted as differentiation with respect
. Y to independent real variableghe derivativesdw. /z. ,
y—diy 31 which are proportional t@ functions, are an exception; but,
(32) as already mentioned, this is of no significance in our space

W4 =
Y (X_gix)2+(y_giy)2 i . )
. . i of the functions. The operatorgr.. in these variables have
are the components of the vectar. It is easily verified that the form

divw;=0 everywhere where the derivatives of the compo-

nents ofw; are defined. At the same time the flux of g 1 N a+a;

through any circle centered at the point containing the me=—ih ZazfipziiZ 7~z

string is 27. Consequently, N mhes s

W AW It follows from Eqs.(34) and(35) that we can write for
ix iy

r + WzZm‘)‘(r—zi). (32)  the functions possessing zeros at points containing strings

(39

divw,=

This Hamiltonian can be factorized by introducing op- ~ [H.p-]1=—tem_, [H. 7 J=hom, . (40)
erators which are a generalization of the operators introducedance it is easy to show that if the functighis an eigen-
in Refs. 10 and 11 to the case where strings are present: nction of the Hamiltonian, corresponding to the eigenvalue

A . |3 i _ E, then the functiorir. ¢ will also be an eigenfunction cor-
me=| Tih | xi| —if 7y 1z (XEiy) responding to the valuE+ % w, provided that it satisfies all
conditions imposed on the solution of the Salinger equa-
N .
tion.
i'ﬁizl (& + @) (Wix £ iwy). (33 For many strings, in the classical cace the integrals of

motion corresponding to the coordinates of the center of a

In contrast to Ref. 10 and 11, the commutafar, ,7_],  classical orbit for trajectories which do not intersect strings
strictly speaking, is not everywhere equal to a consia@¢  can also be found. They are analogous to @y.with Fw,
Eq. (32)]: and Fw, replaced by the corresponding sum&;w;, and

[#, 7 1= —2hpo—4mh? 2Fiwiy, . In' guantum mechanics they 'also' cor'respond to op-

erators which commute with the Hamiltonian in the space of

functions which vanish at points containing strings but which

Xgl (ait+ai) 8(X= L) 8(y=4yi), (34 do not commute with one another. From them we can con-

struct the operators
but, as shown above, since the wave functions must have

zeros at points containing strings, the Hamiltonian just as
in Refs. 10 and 11, can be represented in the form

N

é;ZCXiiCVZi TetZs (42)

i
M
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and the hermetian operator for the squared distance of theandau eigenvalues and all possible lowest eigenvalues and

center of an orbit from any point(,§,) the corresponding eigenfunctions in the sequences of special
1 states.
R%(&,£,)=(C,—£.)(C_—¢£,)+ §|2, (42) The ground state eigenfunction is also an eigenfunction

of the operatoP_ with zero eigenvalue. Solving the corre-
which commutes with the Hamiltonian. From the commuta-sponding first-order equation we obtain
tion relations

N
[|f22,6+]:|26+, [QZ’C_]:_IZé_ (43) |5_ (I)(Z_)E]_ (Z+_§i+)7(ai+ai)/2 =0, (47)

it follows that the o_peratoRz(gx,gy) possesses a discrete \yhere d(z ) is an arbitrary function ofz_ . It should be
spectrum with spacing’; the operator which increases the cposen so that the eigenfunction of the Hamiltonian satisfies
eigenvalue for the set of eigenstate€is and the decreasing all required conditions: )ait should have no poles;)hit
operator isC_ . should decrease exponentially [@s|=r—, i.e. the func-
tion ¢(z, ,z_) can grow no more rapidly than a finite power
of r; c) as the point containing the string is approached it
4. SOLUTION OF THE PROBLEM FOR MANY STRINGS should approach zero more rapidly thaH? (p is the dis-
tance from the string and, d it should be determined
uniquely everywhere to within a constant phase factor. The
last two conditions impose definite requirements on the
exponents in cofactor pairs of the formz,(—¢,)®
X (z_—¢;-)". Switching to the standard variables and trans-
ferring the origin of coordinates to the pointi{,{iy) we

We shall replace the desired wave functions, writing

z.z_

0= ex;{ — W

where the origin of coordinates, =z_=0 is chosen
arbitrarily, and introduce the operators

P, (44)

obtain
J N a; + «; . .
p;—ih(zgxz = : g' , (45) (Zy =GNz =5 =X +iy")(x' —iy")!
F I=14x7 6%
| ) —exi(s—t)¢'Ir' V. (48)
Then the equation for the functiaf has the form
) ) Hence it follows that the difference-t should be an integer
i l%ﬁ’,x,ﬁﬁzjta/f +Ehw¢:E¢, (46) and the sun’s+t.>1/2. If s andt are nelf—integers, then
2p| | 2 s—t ands+t are integers and the conditiet>0 should
or hold. This requirement need not be applied at the first step of
] ) the solution. Then if the obtained wave functions belong to a
1.  2id | 1 degenerate level, their linear combinations which vanish at
—|P.+—52z,|P_y=|E-—Zho|y. . . .
2u | I 2 the required points can be constructed. But branch points

cannot be eliminated by a linear combination of non-single-
valued functions.
Then the desired function has the form

N

It is easy to show from the commutation relatiaidg) and
(40) that if the function¢ is a solution of Eq.(46) with

eigenvalueE,, then the function P+ 2i%z, /1) ¢ is a so-

lution with eigenvalueEy+7% w, provided that it satisfies the

boundary conditions. As one can expect from the precedindf(x,Y)=T(L)H

sections of this paper, on an unbounded uniform plane the o

spectrum of the problem should consist of one or several X (2o — &) @tz — g yat@-a)l2

equidistant sequences of degenerate levels. Then the energy

of the ground stete should lev/2. where k= 6(3— a
Let us consider the problem for an unbounded plane 2

with a finite number of strings. & is the ground state func- andT(z_) is an arbitrary entire function that can be repre-

tion of the system, i.eEq=r%w/2, then the operatoP_  gented as a finite or infinite converging sum of powers of
transformsg into a funﬁcﬂon identically equal to zero, i.é. Consequently, the functions, , which are determined by the

is an eigenfunction oP _ with zero eigenvalue. For other formula (49) with Tk(z,)=zk, and the minimal integek; ,
values of Ey, if P_¢ vanishes at all points containing can be chosen as the complete system of ground state eigen-
strings, then it is an eigenfunction of EGL6) with the ei-  functions on an unbounded plane. The powergz of con-
genvalueE,— % w. The operatoP_ can likewise transform sidered as functions of x(y) or (r,¢), ie. z=exp

the function ¢ into a function which does not satisfy the (—ike)r¥, are orthogonal in a circle of any radius, so that the
conditions. Then, if the leveE, is nondegenerate, then it is functions ¢, for a fixed set of non-negative integeks are

the lowest level of the spectrum of special states; if it isorthogonal with a weighting function and hence are linearly
degenerate, then the operafr could transform a linear independent. The eigenfunctions of _the higher Ieyels can be
combination of its eigenfunctions into a function satisfying °Ptained from the ground state functions by applying powers
the conditions with eigenvalu€,—%w. Therefore, for a of the operatof P, +2i%z, /1]°. The result of operating
complete solution of the problem it is sufficient to find the with P, on a function of the form{49) with T (z_)=2" is
complete system of ground state functions in the sequence afultiplication by the polynominal

, (49




Low Temp. Phys. 28 (11), November 2002 I. M. Dubrovski 851

2k K — o The energy of the ground state of a sequence of special
I I .
Z—+22 T (50 states should be greater thaw/2, and the energy-lowering
- mh e operator P_ should transform this function so that it no
Consequently, in order that the requirements for thdonger satisfies the requirements. The functi®h possesses
eigenfunctions be satisfied here it is necessary to operate ahis property provided that one pair of exponents is chosen in
linear combinations of the functiorig49) which are obtained the form B. Substituting this function into E¢46) and can-
by multiplying them by the corresponding power of the poly- celingV we obtain

nomial HiNzl(zi—gi_), i.e. the quantitiesk; must be in- J 2
. . . - u au d°u

creased bys so that by operating times with the raising vov_f+2v_ —1F'+2v,—1'+4 f’
operator will not cause the functions to violate the conditions 9z 9z 929z
at the points containing a string. U ou . . au

The eigenfunctions found for the energy operator are not + 45 o fr—2 ZV- f —4|—2 7 f!
eigenfunctions of the operat®?. Consequently, the quan- . "
tum numberk is not directly related with the determination 21 o
of the distance of an orbit center from any particular point. - F( B 7>f (55)

Since the operator of the squared distance of the orbit centerrh, . luti v if . .
from the coordinate origin or any other point, as in the case IS equat|on POSSESSES a So l_Jt!on only if besides a ”°”'T“e'
with one string, commutes with the Hamiltonian, a system Ofgral stnng at_the coordinate origin no more than one nonin-
functions which will be eigenfunctions of both operators Cantegr_al string is present at any other poidt {,{;-). Then
in principle be found. However, in the case at hand this is Feting
difficult problem to solve. K1—aq 2B

Proceeding to the question of the special states we place ¥+=2, .z -4
the coordinate origin at a point through which a nonintegral

string passes. We seek a solution in the form Ko—ag 2y z2(z-—{p-)
v_=2 =, U=——%—, (56)
N-1 Zy Zy |
U= Z%Zé’H (Z+_§i+)si+(z—_§i—)si} we obtain
I
1 u u
xf(zy,z-)=V(z;,z-)f(u), (52) f—|27f+|:y2f'+§f'+l—zf'+l—zf”—Izzf—l_zf'
where it is assumed that the functia(z, ,z_) is a product
of cofactors of the formZ. —Z;.). The action of the opera- - * - ﬁ_“’)f
2 2h? 2 )"
tors P.. on ¢ has the form
5 \ie i u w2 +u(y+B+1-u)f' — —E-i—}-i-y u—pBy|f=0.
P.Vf=—i v:(z:)Vf+VEf , (52 heo | 2
(57)
where . . . .
The solutions of this equation can be represented in the form
N-1

ZSi;I(ai-l—ai) ZSII(a-I—a) *©

At the points ¢ ,{-), through which integral strings \yneres are the roots of the equation
pass @;=0), we setS.=Fa;/2. Then the terms corre-

sponding to these strings fall out of the sum, and the v+ v(y+B)+By=0. (59

function ¢ will be single-valued in a circuit around these | order forf(x,y) to be a single-valued function at least one
points but will not vanish on the integral strings. A linear ygot of Eq.(59) must be an integral root. In general, this is
combination of degenerate functions satisfies the last Condbossible if3y=0. Therefore, special are possible only if one
tion [see Eq/(48) and below. A linear combination of non-  string is a nonintegral string, specifically, the string where
single-valued functions cannot eliminate branch points. Conhe coordinate origin is placed. FBr=0 andZ,=0 Eq.(57)
sequently, exponent pairs for points containing nonintegrajransforms into the equation for the confluent hypergeomet-

strings, including for the coordinate origin, can be in one ofyic function, and it follows from boundary conditions that
two variants:

z.7_ r2 r?
. ai—l—ai . ai—ai. f |_2 Z(I) _n”y+|!|_2 :Ln |_2 '
A) Si+__ 2 ’ Sf_Ki_F 2 ’
1
a—a; a;+ a; E=fw n+y+§. (60
B) S.=w- o s =t (59

Heren is any positive integer or zero, so that the spectrum
wherex;= 0(1/2— «;). Then, to each nonintegral string there (60) describes an infinite equally spaced sequence. The low-
corresponds a term of the formx(*= «;)/(z- — ¢;+) inone of  est eigenvalue of this sequence is nondegenerate. To any ei-
these sums. genvalue withn=N=#0 there correspond anothbf eigen-
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functions which are obtained from each of the std&d special states are completely impossible, because the “mag-
with quantum numbers=N—L (O<L=<N) by operating netic fluxes” in this case are identical for all strings. Evi-
on them with the operator . +2i#z. /1?)-. Therefore dently, this effect also remains for solenoids with a finite

each level is 1+ 1)-fold degenerate. This can be used toradius.

obtain linear combinations of functions belonging to the

same level which vanish at all points containing integrals. CONCLUSIONS

strings. If there aréV integral strings, then the lowest level ,

for which this can be done isM+1)—fold degeneratéex- 1. It was shown that the formulation of the problem of

cept for cases of a special arrangement of the strings whicWe interaction of an electron with a mf"‘gnet'c string m“?‘t b.e
will become clear beloy For this, it is necessary to con- supplemented by the boundary condition that as the string is

struct from the M + 1) —st function a linear combination that approached the wave functions deqrease in modulus more
vanishes aM pointsz. =¢;.. . Using the system d¥l linear rapidly than the square root of the distance from the string.
=7 6jx -

equations obtained for the coefficients of the combinations 2. Using these boundary conditions the Hamiltonian of

the M coefficients can be expressed uniquely in terms of onén elca:[ctdron for mam]'( te;]rbltranly darrta?ged strmgsdcan be dree- ¢
of them, which then is determined from the normalization' ©S€Nt€d as a sum of the ground state energy and a proauct o

condition. Thus if aside from one nonintegral string there aretW0 conjugate operators. The results of operating with these

M integral strings, then, whatever their arrangem@side gfee ;?;%rseiogn?xn?tzgﬁrsag tilg zn;;r;ﬁgﬁir;r? ftht;:a cgfr?s”tgzlc? ?o
from arrangements which cause the determinant of the cor; ~ . 9 : P

. ! : the eigenvalues increased or decreased by one quantum, pro-
responding system of equations to vapjshe spectrum of

the special states is described by the relaté®) and starts vided that they satisfy the boundary conditions. The Larmor

with n=M, and the lowest state is nondegenerate and it‘L‘requency in a uniform field determines the quantum of en-

. o T L . ergy. Hence it follows that the spectrum of the Hamiltonian
eigenfunction is a definite linear combination of functlonsConsists of one or several equidistant sequences
with n=M and differentL (0<L=<M). g q :

. . . 3. The general form of the ground state functions was
The exact results obtained refute the hypothesis PreViabtained. The eigenfunctions corresponding to other eigen-
ously proposed by the authdsee Ref. 1, p. 148 and in : 9 P g 9

certain cases they contradict the intuitively expected result%/ alues of the mairicoinciding with the spectrum in the uni-
. orm field) sequence can be obtained by applying the corre-
For example, although the lowest special state for one non- d seq y applying

) . ) . sponding powers of the operator, raising the energy.
integral string witha>1/2 [see Eqgs(2) and(12)] localized P 4, Itgvfas shown that Fihere can begonly one %)(liditional
near it in a region with radius of the order &¥y+rg

., A5 .sequence of eigenvalues. It appears only when one of the
fl( ‘F+1/2+ 1/.2)' the appearance of at least one addi- trings possesses magnetic flux which is not a multiple of
“0.”&' integral strlng_at a large d|§tance f.rom thg nonlnt.eg.ra wice the flux quantum. The shift of this sequence relative to
string makes the existence of this state impossible. This is 8. main sequence is a fraction of the energy quantum equal

consequence of the requirement that the wave function MUY the positive fractional part of the quotient obtained by

vanish at a point containing an integral string. It is Charac'dividing the magnetic flux of the string by twice the flux

teristic for all problems where in the absence of this requUirey,antum. The lowest level of the sequence of special states is

ment there s a discrete spectrum with a nondegenerate 10Wiiaq by this amount from the level of the main sequence,
est state. For example, in the problem of a charged particle ihose number equals the number of the remaining strings.
the field of an attractive Coulomb center the ground state g |t \vas shown that these results cannot be obtained by

with the standard boundary conditions at large distances de; gemiclassical quantization method, even though the corre-
creases exponentially but it is impossible to satisfy the congponging classical problem possesses an exact solution.
dition that the function vanish at any distant point. The rea-

son is not, as is sometimes believed, that the wave function

of the ground state cannot have zeros. The ground state func="Mail: lodub@dildub.kiev.ua

tion in the three-dimensional problem with the potential

=A/r’—B/r is proportional to rS, ~ where s

= \2mA/%?+ 1/4— 1/2 (see Ref. 5, the problem for Sec.)36  'I. M. Dubrovski, The Theory of Electronic Phenomena in Deformed
But the requirement that the wave function vanish exactly atz\?ﬂl’(StET"E Rr'IO IlilezT]ieYEs(lgig' Fi277 1032(1979 [Sov. Phys. JETP
a point destroying the symmetry of the unperturbed problem ¢, 52082789;']_0’ - sp. Teor. Rz, ov- Fhys.

is very strong. As shown in Sec. 1 of the present paper it is*s, v, jordanski and A. E. Koshelev, Zh. I&sp. Teor. Fiz91, 326 (1986
duel to the nature of a magnetic; string. Ip contra;t, it can be“[RSOéL ngy“sn JUEsTBéi Z19’3 ;t%S%I.ZQZ (2000

easily shown that a‘—llke.repulswe pptentlal ad.m!ts a.flmte 5L.. D: Landz’au aF:;d E: M. LifshitzQuanturﬁ Mechanics. Nonrelativistic
value of the wave function at a point where it is different 1y,c0\ rizmatgiz, Moscow(1963.

from zero and results in a ground state shift which is all thesa. Messiah,Quantum MechanicsNauka, Moscow(1978, Vol. 1.
smaller, the farther it is located from the center. A noninte- ;L- Schiff, Quantum Mechanicdzd. Inostr. Lit., Moscow(1959.

gral string is an even stronger perturbation. As shown above, ,\DA'O'S'C%'VCC'ZQQ(;?V*FO“”dat'O”S of Quantum Mechanjogysshaya Shkola,
including one such string even at a distance much greatesy gateman and A, &elyi, Higher Transcendental Functions. The Hy-
than the localization radius of the special states annihilatespergeometic Function. Legendre Functipitauka, Moscow(1965.

all special because of the requirement that the wave functiopM- H- Johnson and V. A. Lippman, Phys. R&, 828 (1949.
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1. INTRODUCTION mine the cationic composition are given in Ref. 9. The single
. . : crystals grown had a shiny black color and were nearly cubic
Itis well known that the ideal perovskite LaMa@s an in shape. X-Ray diffraction was used to determine the phase

antiferromagneti€¢AF) dielectric. For metallic and ferromag- " . . .
. . . .. composition, the lattice parameters, and the orientation of the
netic (FM) states to appear in this system manganese with.

the mixed valence Mit /Mn** must be present. There are at single crystals. o .
o . o . The magnetization of a single crystal was measured us-
least three possibilities for this) the substitution of divalent . .
) o . ing a SQUID magnetometgiQuantum Design, MPMS-5

metals for lanthanum;)2the presence of nonstoichiometric . . .

) - . in magnetic fields up to 50 kOe in the temperature range
oxygen; and, Bthe substitution of magnetic and nonmag-

2 . 4.2-300 K.

netic ions for manganese. The colossal magnetoresistancé
(CMR) observed in substituted manganites is ordinarily ex-

plained by the double-volume model in combination with 3- EXPERIMENTAL RESULTS AND DISCUSSION

Jahn-Teller(JT) distortions of the crystal structure. How- X-Ray structural measurements performed on powders
ever, many aspects of the spin/charge/orbital ordering iRy the crystal material showed that LMCO single crystals are
manganites are still not clear. _ _ single—phase and their structure is close to rhombohédral.
The structural ~and magnetic  properties  Of The temperature dependences of the susceptibility of a
LaMn, _,Co,0; have been investigated in Refs. 1-7 10 es-| \cO single crystal, which were measured in a 50 Oe field
tablish the source of the FM in this system. The results of, fc and ZFC regimes, are displayed in Fig. 1. The transi-
these works are quite contradictory. Thus, the ferromagnetigon from the paramagneti®M) into the FM state occurs at
states are attributed to the following interactions: monovalen’q—czlm K. The susceptibilityrc=M/H increases as tem-
Mn®*~O-Mr?** (Cc®" is in the low-spin state and does perature decreases and is close to saturation at all tempera-

. 1 e
not Cont”bgt% to  FM" positive superexchange tyres. The behavior of the susceptibilifyrc(T) differs
Mn**t—Co?t, %% or mixed superexchange

Mn3* —O—Mrf*, Mn®*—O0-Mr**, and Mf* —O—Mr?*.°
Two magnetic phases with rhombohedr@fansition
temperature T,=225 K) and orthorhombic T;=175 K)
structures are found in the compound LaMBo,0;.%* 0.06
Varying the conditions of synthesis makes it possible to '

ZFC

emu/g-Oe
o
e
(2]

obtain only the low— or the high—temperature pha$&Ve 3

note that all investigations known to us of the system g’

La—Mn—-Co-0O were performed on polycrystalline samples. £ 0.04 |-

This makes it difficult to interpret the results obtained. In the - 100 200 300

present work the magnetic properties of a LgMeCo, 503
(LMCO) single crystal are studied. oopl H=509

2. EXPERIMENTAL PROCEDURE

LMCO single crystals with Co content close to 0.5 were 0 100 200 . 1300
obtained by electrochemical deposition in a platinum cru- T,K

cible from a solutlon—ln—melt_ (_)f the bmary system FIG. 1. Temperature dependence of the susceptibilty) of a LMCO
CSZMOO4—MOO3. Detailed deSCprthﬂ of the method used crystal: yec (O) andyzec (A). Inset:yzec(T) in 50 Oe(M) and 1 kOg(A)
to obtain the single crystals and of the method used to detefields.

1063-777X/2002/28(11)/3/$22.00 853 © 2002 American Institute of Physics
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sharply from that ofygc(T)—so-called thermomagnetic ir- &0

reversibility is observed. The disparity first appears at tem- 40r-~<¢

peratures close t®,, and in contrast tavec(T) a sharp peak T, D-M
is observed on the curve,ec(T) at T,,=150 K; belowT,, 20t R T f:ﬂ*’f;’

xzrc decreases. The value @f, depends on the applied 2 T2 K2

magnetic field and shifts to low temperatures with decreasing 5 o £

magnetic field: forH=1kOe T,,=120 K (inset in Fig. 2. s pf’c:%

We note that even in a 50 kOe field irreversibility is observed _20F ppff

betweenygc and yzgc for temperatures below 50 KT, o

=20 K) (Fig. 2). This behavior attests to the presence of _40 . .
magnetic clusters in the crystal. The PM Curie temperature -50 -25 0 25 50
0,=173 K was estimated from the temperature dependence H, kOe

of the inverse susceptibilitd/M measured in a 50 kOe field
under FC conditions. The quanti®y, is positive, indicating
that the exchange coupling between sgimsmagnetic clus-
ters is of a FM character.

D deperderces of e AGneLIEA) Ol ogustes. For the G case, o temperare decreses
K. Figure 3 shows as an example the hysteresis loop for 5 gT<T.°)’ the spins of the clusters .bec.ome O”em?d in the
THe magnetizatioM (H) saturates at 30 kOe, and the co- d|reqt|on of the field and the contribution MFQ will be .
ercive forceH, at low temperatures is large ’and equals 10maxm_1um. For thiFC case, whe.n the_sample 'S cgolgd n
KOe at 5 K Tche quantiti. depends strongly on tempera- zero field, there is no prefgrreq orientation of the spins in the
ture and decreases to 130 Oe Tor 140 K. We note that the | ! clusters and the contribution of the FM phaseMgrc
tpical EM ch ter of the field d -d Ad<H _ for the Iowest_ temperatures will be minimu(kig. 2. If a
ypica character of the field dependenddg ).con weak magnetic field is applied to the crystal, then the mag-
firms that the decrease Mg at low temperaturegFig. 1 netization will strongly depend on the magnetic anisotropy

Iffe:;ii gn%tf tISMar(I:Iqu'\t/le_r:Flgﬂx t??pnoslgltci)r?g t|21lj/t'[()ra;2re(3r ;\e%railgualof the system. For strong anisotropy a weak magnetic field
theM—1M plane in high. fields we obtain the magnetic Satu_W|II not t_)e able to turr_1 the spins in t.he requwgd direction and
ration momenfu.—1.75ug per formula unit. This value cor- Mzec w!II be.smaII. Since the coercive for¢g, is due to the
responds to theS totlal cgntributions of Mn and C3*. In magnet!c gmsotrqpy_of the AF phase, fr<H the thermo-

' magnetic irreversibility betweell - andM ;¢ at low tem-

Ref. 10 it is shown that ax INcreases in the system peratures will be large. As the magnetic field increases, the
LaMn,_,Co0; (x=0.5) the total magnetic moment starts difference betweeM . and M. decreasesFigs. 1 and

to decrease not only t_;e.cau_se thg rat|o _Mn/Co decrea}s.es bﬁﬁt this is characteristic when FM clusters are present in the
also because of hybridization, giving rise to an additional

; matrix !
decrease of the magnetic moments of Mn and Co. The value A Langevin function fits well the temperature depen-

Hs™ 175ug which we obtained for a LMCO crystal Is iden- dence of the magnetizatidvi (T) measured in a 50 kOe field

tical to the theoretical value of the magnetic moment for(Fig 2. The effective magnetic moment of a cluster is
- 10 ; ; Ot ; - - 4.

x=0.54," associated with the Mii —Co™* interactiorf giv ml ug=15, which corresponds to the total moment of several

g [II'?]Z tr(()esF'\I/tls"(])l?taL'rl\]Aecc:i(z;r:yt)séa; lained using the model 0&/In unit cells. Our estimates agree with the results of Ref. 12
u : xplal using ncerning the existence of magnetic clusters in a crystal.

a magnetically two—phase state which presupposes that a? The temperature derivativé(M,c—Mec)/dT of the
sufficiently low temperatures the system separates into an Afee. =y T o thFé:racteFr(i:zes the distri-
matrix and FM clusters in this matrix. The character of the, ..~ "~ temperzaTuCJre"é atF\Svhich as temperature de

. B -
temperature dependenddgc(T) andMec(T) will depend o5 the clusters gradually become blocked according to

on the ratio of the contributions of the matrix and the FMtheir magnetic anisotropy energy. According to Fig. 4, this

FIG. 3. Hysteresis loopM(H) of a LMCO single crystal at 5 K. Inset:
coercive forceH, versusTY2 solid line—fit of the relation(2).
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? " = 0.05} ]‘*
O 0.0006 g
2 © 0.04}
3
£ 0.0004 ., 0.03¢
R e
= N .02t
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FIG. 2. Temperature dependenceyodf a LMCO single crystal in a 50 kO  FIG. 4. d(Mzc—Mgc)dT versus temperature for a LMCO single crystal
field: xgc (O), xzrc (A); solid line—fit of a Langevin function. (H=50 Oe).
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distribution is nonuniform and contains two peaks—a large

sharp peak affg=150 K and a smaller flat peak &tg
=100 K.
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Thus, at least two types of magnetic clusters exist in

LMCO at sufficiently low temperatures. The volumgsam-
eterg of these clusters can be estimated from the valuggof
of a cluster and the curvéd —H measured in strong fields.
The coercive forceH. depends on the effective magnetic
anisotropy constark and the cluster volumy¥ as

He=2K/MJ1—(25kT/kV)*?], 1)

where Mg the saturation magnetization. In the linlit—0
Heo=2K/Mg. From Eq.(1) and the relatiof? 25k Tz=KV
we obtain the following expression fof.. :

He=Hco(1—T/Tp) Y2 2

Clusters in LMCO satisfy this relation: the experimental
values ofH, lie on the straight lineH .=f(T?) and H
=1.24 kOe(see inset in Fig. B An estimate of the anisot-
ropy constantk gives 1.5<10° ergs/cni; the cluster vol-
umes are 3510 ¥%cm® (Tg=150K) and 2.3
X101 cm?® (Tg=100 K) and the corresponding cluster di-
ameters are 87 and 76 A.

4. CONCLUSIONS

The magnetic behavior of a LaMpo 5005 single
crystal grown by electrochemical deposition was studied i

The work in Warsaw was supported in part by the Com-
mittee of Scientific ResearctKBN) as part of grant No.
5P03B0162.
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The magnetic and transport properties of a 20 nm-scale twinnggkCa, ;:gMnO; film are

investigated in a temperature range of 77—300 K. The coexistence of ferromagnetic metallic and
charge-ordered insulating phases is suggested by analyzing the temperature and current
dependences of the resistance at low temperatures. It is shown that thermocycling leads to the
formation of a nonequilibrium state in the ensemble of charge-ordered domains and to

the appearance of a giant switching in resistance of up to 100%. The experimental results are
discussed on the basis of phase separation2002 American Institute of Physics.

[DOI: 10.1063/1.1528578

The hole-doped perovskite manganites are of great curameters evaluated directly from the XRD data were plotted
rent interest not only for fundamental science in connectioragainst co%6/sind. With straight-line extrapolation to
with the discovery of colossal magnetoresistaf@®IR), but  co #/sin =0, a more precise determination of the lattice
also for their potential applications to new devices such aparameter is obtained. The resistance measurements were
magnetic reading heads, field sensors, and memories. Rearried out by using the four-point-probe method in a tem-
cently evidence was presented for the coexistence of ferrggerature range of 77—300 K and a magnetic field upto 1.5 T.
magnetic metalli¢dFM) and charge-ordered insulatif@Ol)  The magnetization curves in a field up to 100 Oe were taken
phases in LgsCa 3Mn0O3 films at low temperatures gov- with a Quantum Design SQUID magnetometer in a tempera-
erned by the lattice strains accumulated during theure range of 50—-300 K.
depositiont? This defies the common knowledge that the Figure la presents the-2¢ XRD scan of the
phenomenon of charge orderif@0O) is observed only in  LaggCa 3gMNnO;5 film. Only the (00) peaks of both the sub-
compounds with a small average A-site cation radiusstrate and the film are significantly manifested, indicating
(rp)=<0.118 nm. However, in view of the very similar ener- that the deposition results in a highly oriented film. The out-
gies of the COIl and FM states in these compodnaise  of-plane lattice parameter was estimatedcas0.3882 nm.
might expect the appearance of the COI region in the comOn the other hand, the splitting of tH603) peak into two
pound with a largeKr ) induced by a structural distortion separated subpeakBig. 1b similar to that in the substrate
away from the ideal cubic perovskite lattit€harge order- (Fig. 10 testifies the formation of twinned microstructure in
ing controlled by lattice strains was observed previously inthe film. The size of the twinned crystallites, estimated from
P 6<Cay 3Mn0O; films.? the XRD data, is~20 nm. Analogous results were obtained

In this paper we report experimental results for the magfor La, 5/ Ca 3dMNnO; films prepared by rf magnetron sputter-
netic and transport properties of a)lg@Cay 3MnO; film pre-  ing using a solid targétMoreover, Ract al.” suggested that
pared by rf magnetron sputtering using a so-called “s@dt” the full width at half maximum (FWHM) for
powde) target® The substrate was a LaA}d001) twinned  La;_,CaMnO; films on LaAlO, substrates would be lim-
crystal with a lattice parametea of 0.379 nm for the ited to between 0.25° and 0.30° due to the twinned structure
pseudocubic symmetry. The substrate temperature duringf LaAlO5. In our case the FWHM for thed02) reflection is
deposition was 750 °C. The thickna$sf the film was about  0.25°, which falls within the suggested range of values.
50 nm. In contrast to the two-step cooling of the chambeiTherefore, one can conclude that we are dealing with a nano-
with a hold at 400 °C for 1 h, which is usual for the prepa-scale twinned LggCa, 3gMnO;3 film. It is reasonable to ex-
ration of films with perfect crystal structure, here one-steppect the existence of the nonunifofmith nano-scale spatial
cooling was employed to enhance the lattice strains. Thenodulation lattice strain distribution that can lead to the
6—20 x-ray diffraction(XRD) patterns were obtained using a formation of a mixed FM and COl state in this fith3.

Rigaku diffractometer with cmal radiation. The lattice pa- Figure 2 displays the temperature dependence of the re-

1063-777X/2002/28(11)/3/$22.00 856 © 2002 American Institute of Physics
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FIG. 1. 6-26 XRD pattern for a LgeCa 3gMnO; film (a). The (003 dif-

fraction peaks of the filnfb) and substratéc) for the cubic symmetry. 100 150 200 250 300

T,K

. . . . FIG. 3. Temperature dependence of the resistance of,gsCa 3MnO;
sistanceR(T) at different applied magnetic fields. The mag- film measured at different transport currents: oA (1) and 1 mA(2).

netic field was directed at right angles to both the film sur-
face and the transport current. The first peaR gt~250 K
is connected with the usual metal-insulattl) transition
that is accompanied by the paramagnetierromagnetic
transition with decreasing temperature. The inset of Fig.
shows zero-field-cooled(ZFC) and field-cooled (FC)
temperature-dependent magnetization curwdgT). It is

other source for the two-peak behaviorR(T) can be grain
éooundaries(GB) that play the role of magnetic tunnel
junctions®~1! The spin-polarized tunneling of carriers be-
tween ferromagnetic grains through an insulating grain
seen that the Curie temperature for the filmTig~250 K boundary leads to the format|on of a peak on m.é—.) curve
S . o at a low temperature, which must be very sensitive to a low
and coincides withl ,; of R(T). The position of the second : o ) .
applied magnetic fielf.However, in our case the resistance

peak is located in the low-temperature rangg;~ 125K, L
and the physical nature needs more discussion, as below. Tltl]éjls a weak dependence on magnetic field figar and the

absence of additional structure on téT) curves indicates magnitude of the negative magnetoresistance in this tempera-

. : I . ture range is much smaller than that observed for manganites

o, s i arfialy grown GBI Ou resuts re concr-
dent with the T—H phase diagram for a nonuniformly

strained Lg gLCa& 3MNnO;5 thin film, which predicts this type
of behavior of the resistance in the COI sta@n the other
hand, Fig. 3 shows that the second peak disappears at a low
electric field. A similar effect was observed recently in epi-
taxial films of charge-ordered rare-earth manganites and it
was shown that the COIl state is destroyed by applying a
small electrical current'** Therefore, we might conclude
that the nano-scale twinned . gCa 3gMnO; film becomes
phase-separated below the Curie temperature and includes
both FM and COI regions simultaneously. There are reasons
for a nonuniform distribution of magnetic moments in the
film and the unusual behavior & (T). The absence of satu-
ration on the FCM(T) curve at low temperatures and the
very large difference between the ZFC and FC values of the

T

FC

emu
N
1

-4

2.0 | ZFC

1
M, 10

—_

T

R, kQ

15

Tp1

BOT

T : g;ﬁ_T s magnetization attest to a spin-glass-liker cluster-glass-
p2 ' like) magnetic state in the film beloW:. In this case the
10 V10T FM clusters are randomly distributed in the antiferromag-
® 157 netic insulating matrix, and the long-range exchange interac-
A T T tion between them is essentially suppressed.
100 150 200 250 300 Figure 4 displays the influence of thermocycling on the
T,K shape of theR(T) curve for the prepared lgg=Ca 3gMnO4

film. In the first cycle(1) the film was cooled down to 77 K

FIG. 2. Temperature dependence of the resistance ofyg{Ca 3gMnO; S ; .
film at different applied magnetic fields. The inset displays the temperaturé'jmd theR(T) curve was recorded with increasing tempera

dependence of the field-cool¢BC) and zero-field-cooledZFC) magneti- ~ tUre. The_ third cyclg(2) means that the f_"m was heated to_
zation. 300 K twice before the measurement. It is seen that the third
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below T, can be attributed to freezing of the COI domains,
as indicated by Moret al®

In summary, we present evidence for the coexistence
of FM and COIl phases in a nano-scale twinned
Lag 6:C& 3gMN0O;3 film, which has been confirmed by mag-
netic and transport measurements. Thermocycling leads to a
giant switching in resistance, up to 100%, between the COI
and FM states. This is explained by the structural perturba-
tion of the COI domains.

This work was supported by a Korea Research Founda-
tion Grant(KRF-2001-015-DS0015and by the Science and
Technology Center of Ukraine through Project No. 1086.

*E-mail: imp.kiev.
100 150 200 250 300 mail: pvg@imp.kiev.ua
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FIG. 4. Temperature dependence of the resistance switching after the first.
(1) and third (2) thermocycles of a LgsCa3MnO; film. Theoretical
curves(3) and(4) describe thermally activated and metal-liRéT) behav-
ior, respectively. N ) . . . )
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Magnetotransport in a nondegenerate quasi-one-dimensional electron system on superfluid helium
is investigated experimentally. The measurements are performed in perpendicular magnetic

fields B<2.6 T in the temperature range 0.48-2.05 K with 100—400 nm wide conducting
channels. In the region where the carriers are scattered by the helium atoms in the vapor
(T>0.9 K) and in the region where the electrons are scattered by ripplba®.Q K) the
longitudinal componenp,, of the magnetoresistance of the conducting channels

predominantly increases witB. The experimental data in the region of carrier scattering by

helium atoms in the vapor agree with the classical Drude law, and in the quantum transport regime
with w.7>1 (w, is the cyclotron frequency antlis the relaxation time of the electron

system the self-consistent Born approximation for & Zlectron system above helium gives a
qualitative explanation of the data. It is conjectured that the quantitative differences

between the experimental data and the theoretical calculations are due to the difference of the
specific features between the experimentally studied and theoretically analyzed systems.

The experimental values of the electron mobilities at low temperatures and in weak magnetic
fields agree with theoretical calculations for a quasi-one-dimensional system. Weak

carrier localization in the experimental electron system explains the negative magnetoresistance
of the conducting channels, which was observed in the gas and ripplon carrier scattering

regions. ©2002 American Institute of Physic§DOI: 10.1063/1.1528579

1. INTRODUCTION teristics. Under these conditions the magnetoresistance
) _ (correspondingly, the magnetoconductivity, alsg of a 2D
Surface electrondSE9 on superfluid helium are a electron system is due to the interaction of carriers in Landau

unique clz_assmal low-dimensional system bec_ause of the favels whose width is determined by electron scattering by
treme purity of the substrate, the high uniformity of the eIec'various nonuniformities. It has been shown that the longitu-

tron layer, apd_the vv_eak interaction of the carriers with thedinal magnetoresistance behaves anomalously in the ripplon
surface of liquid helium. The electron mobility in such a

system can reach record high values. At temperature%Catterlng region—as temperatur_e decrea_lﬁgsat first in- .
T>0.1 K (gas scattering regionihe interactions between the creases and then decreases. This behavior can be described
) on the basis of a theoretical modiéhat takes account of the

carriers and the helium atoms in the vapor and at tempera- . . ) .
turesT<0.9 K (ripplon region of scatteringsurface oscilla- predominant scattering of electrons by ripplons with charac-

tions of the liquid helium—ripplons—Ilimit the electron terlsltlc V\:ja:jyglengthsr]equal Itlokthe magnetlp Iengc;h. ional
mibility. Since the maximum admissable electron density, " addition to the we -Inown quasi-one- |men5|cr3pa
determined by the development of electrohydrodynamic in{Q1D) and one-dimensional @) systems based on thin

stability of the charged surface, on liquid helium is relatively Metal wires, semiconductor heterostructures, organic con-
low, the SEs form a gas of particles which are separated b uctors, and so on, analogous systems based on surface elec-

distances much larger than the de Broglie wavelength, ~ rons on superfluid helium are of substantial interesQ¥D
Magnetic transport in a two-dimensional electron systengl€ctron system on helium can be obtained by linear modu-
(2D) on superfluid helium has been investigated quite wellation of the properties of the substrate in one direction along
both theoretically and experimentdili? in the gas and rip- its surface. Since the interaction of the SEs with various
plon carrier scattering regions. It is well known that chargescatterers in the two-dimensional system on liquid helium
transport in a perpendicular magnetic fi@ldliffers substan- has been well studied, effects due to a decrease in dimension,
tially from that in a zero magnetic field because of the ap-specifically, a transition from a two- to a one-dimensional
pearance of discrete energy levélsandau levels It has  sSystem, can be observed in the present electron system.
been established that fas,7<1 (w.=eB/m is the cyclo- A variant of a quasi-one-dimensional electron system us-
tron frequency,e and m are the free electron charge and ing surface electrons on liquid helium has been proposed in
mass, respectively, andis the relaxation time of electrons Ref. 6 and realized in Ref. 7. The quasi-one-dimensional
on elastic scatterersnagnetotransport follows the classical electron system was obtained by electron localization in the
Drude law and in the opposite limitp.7>1, a transition “troughs” of the curved surface of liquid helium flowing
occurs into the quantum transport regime with a more comunder capillary forces in small channels of a shaped dielec-
plicated magnetic field dependence of the transport charadric substrate. The transverse size of the electron conducting

1063-777X/2002/28(11)/5/$22.00 859 © 2002 American Institute of Physics
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channels on helium can be easily varied over wide limits byquality, for which the maximum mobility in a zero magnetic
varying the height of the substrate surface above the heliurfield was=160 nf/(V-s). A series of experiments was per-
surface or the intensity of the confining electric fiefd formed on a substrate with low—temperature mobility
directed perpendicular to the substrate. 90 n?/(V-s). The difference between the experimental and
A special feature of one-dimensional conducting systemsheoretical values of the mobility is due to some random
is that processes associated with carrier localization, specifinodulation of the potential along the channels because of
cally, weak localization processes which influence chargeurface nonuniformities of the nylon filaments comprising
transport, are strong in such systems Weak localization is duthe substrate.
to the interaction of surface electrons with nonuniformities, = The experiments were performed in a system of rectan-
resulting in interference processes between electron wawgular measuring electrodes at 100 kHz. Changes in the am-
packets. Weak localization is characterized by the conditiomplitude of the 0° and 90° components of the electric signal
kilo>1 (hereks is the electron wave numbég, is the mean transmitted through the cell when it was charged by the elec-
free path length of carriers between elastic scatteransl  trons were measured. The guiding electric field was directed
can be destroyed by inelastic scattering of electrons by varialong the conducting channels. The data obtained made it
ous scatterers or a magnetic field as a result of a decreasepossible to determine the real and imaginary parts of the
the size of the localization region of the electron wave func-conductivity of the cell with the electrons and, from these
tion and a decrease ¢f. Q1D systems based on a nonde- data, the values gf,, and the effective mobility of the elec-
generate electron gas, such as SEs on liquid helium, have thi®ns (the computational procedure is similar to that de-
advantages that the thermal velocify and the mean—free scribed in Ref. 10 The error in the determination of the
path length of the electrons can be varied over wide limits byalues ofp,, and x was about 30%. The results of the ex-
varying the temperature or scatterer density and therefore thgerimental investigations are displayed in Figs. 1—4. Figures
quantityk{l,. It is of great interest to investigate localization 1 and 4 show the experimental data obtained on a substrate
processes in &1D system based on surface electrons orwhereu, reached the values 16(°fiV-s). Figures 2 and 3
liquid helium. show data obtained with a substrate with maximum mobility
Preliminary measurements of the magnetoresistance inia zero magnetic field=90 n?/(V-s).
Q1D electronic system on superfluid helium were performed  Figure 1 shows the temperature dependences of
in Refs. 8 and 9. The present work is a continuation of a(nep,,) ! in magnetic fields 0, 0.68, 1.36, and 2.05 T. These
series of experimental investigations of magnetotransport inlependences were obtained for the confining electric field
a quasi-one-dimensional electron system on superfluid hé=, =460 V/cm. It is evident that at temperaturés-0.9 K
lium. The investigations were performed in magnetic fieldsthe dependence ofgp,,) ~* onT is essentially exponential,
up to 2.6 T in the gas and ripplon scattering regions at temindicating that helium atoms in the vapor predominantly in-
peraturesT=0.48—2.05 K. The conducting channels were
100-400 nm wide, depending on the conditions and the
problems of the experiment.

2. EXPERIMENTAL DATA AND DISCUSSION e ®

A quasi-one-dimensional electron system on liquid he- 100
lium was obtained using a shaped substrate with a small
dielectric constant. The structure of the substrate and the [

o O
Oppo 00y

A
A
BAAA

method for measuring the magnetoresistance are similar to i 22, , .
those described in Ref. 10. The substrate consisted of 150 - A
nylon filaments, each 10@m in diameter, arranged in a row > © %004
on a 24.5¢19.1x 1.2 mm glass plate and placed on a system NE
of rectangular measuring electrodes. -
The quality of the conducting channels of the quasi-one- "'}
dimensional electron system based on SEs on helium de- §

pends directly on the quality of the substrate and the process
used to prepare the electronic conducting system. A minia-
ture 5um in diameter tungsten heating filament, whose heat-
ing power was negligible, served as the electron source. To
eliminate random charging of the substrate or sections of the I
substrate covered with a thin helium film, the filament was ) .

briefly heated afT=1.3 K. The electric field was weak 0.4 0.6 0.8 1.0 1.2

(=0.1 V/cm), which prevented electrons from penetrating TK

directly into the substrate. Next, the electric field was in-

creased to higher values. It was found that the quality of thé&IG. 1. Temperature dependence ogf,,) ~* for a quasi-one-dimensional
substrate decreased from one experiment to another. TH¢ctron system on helium in magnetic fields T: O (®); 0.68 (L); 1.36

L

maximum mobili in the Q1D channels at low tempera- (A); 2.05 (O). The distance between the electrons in a channel is
tyw P 5.10"4 cm. The lines denote the theoretical calculation of this quantity for

: ol 8,10
Fures in a zero magnetic field is 216V - s).>*°However, 42 system performed in accordance with Ref. 12B0iT: 0.8(1), 1.5(2),
in the present work we used a substrate of a somewhat lowend 1.9(3).
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fluence the carrier scattering. For<0.9 K the dependence B
of (nepy) * on T is flatter. Electron—ripplon interaction Pxx=Po, ny:n_ee’ 2
predominates in this temperature range.
The average electron localization length in the first en-whereoy=1/pg=nepu.
ergy level in a direction perpendicular to the channey{s The experimentally measured valuespQf made it pos-
= (f/mwo) Y28 The effective width of the conducting chan- sible to determiner,, from the expression
nels isy,=Yo(kT/Awo)*? (k is Boltzmann’s constant and
hwo=n(eE, ImR) is the splitting between neighboring lev- _ Pxx
: : Oxx="72 . 2 - (3
els in the energy spectrum of the electronic systdm the Pixt Pix
experimental temperature range this quantity is 200400 nm
a confining electric field, =460 V/cm and substrate height ~ Such calculations can be performed if the Lorentz force
above the helium level 8 mm. In a zero magnetic field,  !B/N2yn (I is the electric current along the conducting chan-
=0.13 K. The lineal electron density in the channel washels andh, is the effective two-dimensional electron dengity
~10° m~ L. Correspondingly, the Coulomb interelectron in- is weaker than the effective force due to the presence of the
teraction energy is several Kelvins. For the present experiPotential energy of a particle in a channel. Estimates show
mental conditions the minimum carrier mean free path lengtfihat these conditions hold in magnetic fields exceeding 0.2 T.
in the gas regiont K is [ ;< 10~ m, which is less than the Figure 2 shows the values eof,,’ computed using Eq.
width of a conducting strip. AF increasesl, increases and (3) versus the magnetic field in the gas region of carrier
in the ripplon scattering regioy>y,. In the presence of a Scattering for different temperatures.
magnetic field the magnetic length<y,, starting with fields The properties of electron transport in the quantum limit
~10°2T. for short-range scatterers, which, specifically, helium atoms
Thus, the experimental electron system at sufficientlyin @ vapor are, are determined by carrier scattering in Landau
low temperatures and in weak magnetic fields is nearlyevels, which, in turn, gives rise to broadening of the levels.
quasi-one-dimensional in the ripplon-scattering region, and N magnetoconductivity,, in a two-dimensional electron
in the gas carrier-scattering region its properties are probabl§yStém under quantum transport conditions has been studied
close to a D system, the only difference being that the in the self-consistent Born approximatibhA theory of
electrons in a conducting channel are in the narrow paraboliguantum magnetotransport in the gas region of electron scat-
potential well which forms the channel. Variations of the tering has been developed in Ref. 14. This theory is appli-
potential resulting in lower mobility in a zero magnetic field cable in a wide range of magnetic fields. According to this

occur along the conducting channels. theory the expression far,y is
Figure 1 showgsolid lineg the results of a theoretical 9
. -1 . . e n 14 ff
calculation of fiep,,) ~~ for a two-dimensional electron sys- To=—— %
tem in magnetic fields close to those used in the experiments M o+ veg

performed in Ref. 12) In this theory only the scattering of
electrons by helium atoms in the vapor and by ripplons as 2 costif w /2KT) cos}‘(i) _ k—Tsim{£>

well as many electron effects, which result in additional eff l(T/KT) kT r kT
broadening of the Landau levels, were taken into account. It ) . o

should be noted that the decreaseréd, )~ in the ripplon Here vgg IS th.e effective _coII|S|on freq.uency betW(_eer! elec-
region with decreasing temperature which according to th&ons and helium atoms in the vapor in a magnetic field as-
theory should occur in two-dimensional systems was not ob-
served in the experiments. Quantitative differences are also
observed between the theoretically calculated and experi-
mentally measured quantities. FB=0.8 T the theoretical
values of fiep,,) ~* are greater than and f&=1.5 and 1.9

T less than the experimental values. Thus, the experimentally
obtained dependence pf, on B is weaker than theory pre-
dicts. The difference in the behavior of the values of
(nepy,) ! measured experimentally and computed theoreti-
cally for a 2D system could be due to the fact that in the
guasi-one-dimensional conducting channels studied the elec-

- (4

trons are localized in a direction perpendicular to the chan- ‘,‘
nels and variations of the potential along the channels are 0 05 70 15 30 2%
observed. BT

In the classical limit the Drude model describes well the
electron transport in a magnetic field in ® Zlectronic sys- FIG. 2. 1k, of conducting channels vers@sin the gas region of electron
tem on liquid helium. The components of the resistivity andscattering aff, K: 1.3 (M); 1.63(A); and 2.05O). The numbers denote the

L . theoretical dependences referring to the corresponding valu€s Kf 1.3
conductivity tensors can be represented in the forms (1), 1.63(2), and 2.05(3). The solid lines represent Drude model calcula-

tions, the dashed lines represent calculations performed using the expression
(4). The experimental electron mobilities in zero magnetic field are 11, 4.0,
and 2.0 m/(V-s) for temperatures 1.3, 1.63, and 2.05 K, respectively. The
electron density in the channels is 212" m~2.

Jo
Uxx:mv ny:ﬂBUxxv 1)
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suming a semielliptic density of states for the Landau levelsthe absence of a field. It is evident that in the weak magnetic
I" is the effective half-width of a Landau level, ahgis a  field limit, in the region where the theory is applicablB (
modified Bessel function. =<0.03 T), the experimental data agree with the theoretical

Figure 2 shows for comparison the theoretical calcula-calculation.
tions performed using the Drude model and the expression The effect of a magnetic field on the rajiQ,,/pq in the
(4). In these calculations it was assumed that the effectivgas carrier—scattering region at 1.2 K and in the ripplon re-
half-width of the Landau levels iE= \T2+T?Z, wherel'yis  gion atT=0.6 K is shown in Fig. 4. The data were obtained
the Landau-level half-width due to carrier interaction with for a relatively clean substrateu& 160 nf/V-s) at (T
helium atoms in the vapor anb is the broadening of a =0.5K). At T=1.2 K, asB increases t=0.6 T the ratio
Landau level as a result of substrate nonuniformities. They/po decreases te=0.9, after whichp,,/po<B?2. In rela-
mobilities in zero magnetic field, which at temperatures 1.3fively strong fieldsp,/po>B. The negative magnetoresis-
1.63, and 2.05 K are, respectively, 11, 4.1, and 20w  tance at this temperature is due to weak electron localization
-s) were used to calculafé It was assumed that the values on helium atoms in the vapor. As stated above, the weak
of 7 determining the electron mobility have the formr1/ localization is due to the interference of the electronic wave
=1/74+1/75, wherery and 75 are the relaxation times due function in the presence of randomly distributed elastic scat-
to, respectively, the interaction with helium atoms in the va-tering centers. Weak localization introduces corrections in
por and the random potential due to substrate nonuniformithe kinetic coefficients, specifically, it decreases the
ties. It is evident that the experimental valuesogf’ agree conductivity’® The suppression of weak localization by a
well with the Drude calculationsee Eqgs.(1)—(3)]. This  magnetic field increases conductivity. Thus, negative magne-
shows that the expressiofis)—(3) are applicable under the toresistance can serve as an indicator of the influence of
present conditions. It is also evident that the experimentalveak carrier localization. The further experimentally ob-
values ofo,, disagree quantitatively with the data obtainedserved increase in the ratjg,/p, with increasing magnetic
on the basis of Ref. 14; in addition, the discrepancy increasefield B>0.6 T is due to a transition from the classical to the
as temperature decreases. This difference is probably due gantum charge transport regime. Weak localization for a
the specific nature of the present experimental system, whef@1D electronic system on liquid helium at temperatures
the carriers are in a parabolic potential well with narrowranging from 1.3 K and higher has been studied experimen-
conducting channels, and possible to the effect of the randoially in Ref. 17. It should be noted that weak localization can
variations of the potential along the channels on magnealso increase the differences between the experimental data
totransport. and the theoretical calculatiorisee Figs. 1 and)2*

Figure 3 shows the resistivity,, of the conducting The quantum transport regime predominates in the rip-
channels in a magnetic field versus the magnetic field aplon scattering region dt=0.6 K. In relatively strong fields
T=0.6 K. In the ripplon carrier scattering regipp,=B pre- & monotonic increase gf,/po with increasingB is ob-
dominantly for magnetic fields 0-2.6 T. served in the experiments, and as noted above this depen-

Carrier transport in a quasi-one-dimensional electrorfence is less steep than for & Zlectronic system. In the
system on liquid helium in a magnetic field parallel to the present work detailed investigations @f, versus the mag-
confining field was studied theoretically in Ref. 15 on thenetic field were performed in magnetic fields up to 0.2 T with
basis of the Boltzmann kinetic equation, taking account ofelatively strong confining electric fieldsip to =2 kV/cm)
the electron distribution over the energy levels of the oneto intensify the interaction of the electrons with the ripplon
dimensional-system. The electron—electron interaction wasystem. The corresponding mobility was60 n#/(V-s).
also taken into account in the calculation. The inset in Fig. 3The width of the channels for this value Bfis 100 nm. The
shows the magnetic fielB dependence of the ratio of the results obtained are displayed in the inset in Fig. 4, which
electron mobilityx in @ magnetic field to the mobility in

5
14p MO - < 2"
. if 08 ‘ :'n 4 _2?1_() ey - ’:‘ - . .
12| osf g 2
G o4k 0.2"“- e «© 3L 08 : ’,.'
=~ 1.0} syl YA \)>§ B,1OT’ 2
- (o1 e _- -
& 0.8k .- 2¢ /,’ /—'u
- ,“' ,F"/
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FIG. 3. Longitudinal magnetoresistance for a quasi-one-dimensional elec-

tron systemp,, versusB in the ripplon scattering region &@=0.6 K (ug FIG. 4. Reduced magnetoresistapgg/ pg in a quasi-one-dimensional elec-
=90 n?/(V-s)). Inset: Field dependence pf u,—the ratio of the electron  tron system versus the magnetic fieldratk: 1.2 (CJ) and 0.6(®). The data
mobility in a magnetic field to the mobility in the absence of a field— were obtained on a freshly prepared substrate. Insgtip versusB for
detemined experimentally®); the broken line was calculated theoretically weak magnetic fields at=0.6 K; broken lines—least-squares computer fit
following Ref. 15. to the experimental data.
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showsp,,/pg versusB. The measurements were performedmagnetoresistance was found in the ripplon region. It is con-
at the limit of sensitivity of the measurement system, so thajectured that it is also due to weak electron localization at
a variance was observed in the obtained values. The brokdaw temperatures as a result of electron scattering by rip-
line is a least-squares computer fit to the experimental datglons or nonuniformities of the solid substrate.

It is evident that a weakly expressed negative magnetoresis- S ) )
tance, whose minimum value is about (bg5at B We thank Yu. P. Monarkha for showing interest in this

=0.02 T, is observed ip,,/p, versusB in relatively weak work. This work was supported in part by an INTAS Net-

magnetic fields. This effect is also probably due to weakVOrk grant, program 99—1643.
carrier localization at low temperatures and could be due to

ripplons or substrate nonuniformities. The experimental in-'E-Mail: nikolaenko@ilt.karkov.ua

e | | : 1) - ’
vestigations of this effect will be continued. \C/\;TC;T;?:n;(u. M. Monarkh for providing the data from the theoretical
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The low-temperature plasticity and fracture of polycrystals of coarse-gra®@&gand
nanostructura(NS) technical-grade titanium of two structural modifications with grain size 0.3
and 0.1um, which were prepared by equal channel angular pres&@AP) with

additional thermomechanical treatment are studied. The measurements are performed at
temperatures 300, 77, and 4.2 K with uniaxial compression at deformation xat6 4 s ..

The “stress-plastic deformation” hardening curves are obtained, the macroscopic yield

stress, and the ultimate plasticity are measured for samples with compression axis orientations
parallel and transverse to the ECAP axis. It is found that the yield stress for NS titanium

is 1.5—2 times higher than for CG titanium and the yield stress on cooling from 300 to 4.2 K.
Plasticity anisotropy is also observed in NS titanium—the yield stress is 1.2—1.5 times

greater when the compression axis is oriented perpendicular to the ESAP axis than for parallel
orientation. The ultimate plasticity with such changes in the structure of samples and

under the experimental conditions systematically decreases, but the deformation to fracture
remains above 4%. Nanostructural titanium does not show cold-brittleness right down to liquid-
helium temperatures, but at 4.2 K plastic flow becomes jumplike, just as in CG titanium.

It is established that for low-temperature uniaxial compression NS titanium fractures as a result
of unstable plastic shear accompanied by local adiabatic heating of the material. This
phenomenon is not characteristic of CG titanium. A study of the morphology of the shear-
fracture surfaces using a scanning electron microsope shows a characteristic “vein” pattern,
attesting to local heating at temperature800 °C. It is established that plastic deformation

in NS titanium is thermally activated at low temperatures. It is shown that microstructural internal
stresses due to thermal anisotropy and possible microtwinning affect the yield streX3020
American Institute of Physics[DOI: 10.1063/1.1528580

1. INTRODUCTION by the ECAP method is more than two times higher than that
in coarse-grainedCG) titaniun?*® and approaches the value

Bulk polycrystals of metals and alloys with ultrasmall of the theoretical shear strength of titanium single crystals. It
grain size of the order of 100 nm, which are called nanowas established a long time ago that CG titanium possesses
structural(NS) materials, are finding increasing applications high plasticity at room temperature and this property remains
as structural materials in modern technoldgyor applica- (and even increasgsn cooling to 77 K*® so that it is re-
tions, a very important property of these materials is thegarded as a promising structural material in cryogenic
optimal combination of high strength and high plasticity. technology In this connection there arises an obvious inter-
Equal channel angular pressifl§CAP) is an effective tech- est in studying the mechanical properties of NS titanium at
nological method which gives a combination of theselow temperatures and the possibilities of using this material
properties- in cryogenic technology.

Nanostructural titanium is of special interest among the  There are several other factors stimulating interest in the
many NS materials obtained up to now. The room-plasticity and fracture of NS titanium at low temperatures.
temperature yield stress in samples of NS titanium obtained In the first place it has been found that titanium single

1063-777X/2002/28(11)/11/$22.00 864 © 2002 American Institute of Physics
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crystals with substantially different grain sizes possess difECAP passes followed by cold rolling to 75% deformation,
ferent tendencies toward twinning: for CG samples the twinfollowed by annealing at 300 °C for 1 h.
ning intensity increases on coolin§,and for NS samples The mechanical characteristics were studied under
obtained by ECAP twinning is impedéahough the possi- uniaxial compression with a relative deformation rate of
bility of twinning at the microlevel cannot be ruled out.. about 4<10 % s™! (quasistatic deformatioron a deforma-
Since the parallel flow and interaction of slipping and twin-tion machine with stiffness 13 kN/mm at temperatures 300,
ning play a primary role in the formation of the plastic and 77 (liquid nitrogen, and 4.2 K(liquid helium). The samples
strength properties of crystalline materials, the differencesised for compression consisted 0k2X7 mm rectangular
noted cast doubt on the possibility of predicting the properprisms. The stress was measured to withiB MPa and the
ties of NS titanium on the basis of results obtained by studydeformation to within=0.1%.
ing CG samples. Samples cut from rods both parall¢) and perpendicu-
In the second place there now exists experimental evilar (1) to the ECAP axis were studied. The following char-
dence of unstable plastic shear in NS titanium. This evidencacteristics of the samples were determined:
was obtained by studying the fracture of NS titanium under the deformation diagramiB(t), whereP is the deform-
quasistatic uniaxial compression at 77 &d highspeed im- ing load andt is the deformation time, were recorded;
pact compression at room temperattilecalized shear, re- the strain hardening curveqe), whereo is the deform-
sulting in fracture of the samples by slipping of part of theing stress and is the plastic strain, were found from the
sample along the plane of maximum tangential stresses, wakeformation diagraméin the uniform deformation approxi-
observed in both cases. Such shear fracture of the samplestion);
has been interpretéan the basis of considerations formu- the conventional macroscopic yield stresswas found
lated in Ref. 7 as being due to thermal and mechanical instay the method of intersection of tangents to the deformation
bility as a result of local adiabatic heating in a catastrophiadiagramP(t) on its initial and stationary sections;
shear band propagating along integrain boundaries. In this the maximum plastic deformation up to fractunati-
connection it is of interest to study the characteristic featuresnate plasticity ¢ ;
of the fracture of NS titanium under uniaxial compression at  the form of the fracture was determined and the mor-
liquid helium temperature 4.2 K, for which the specific heatphology of the fracture surfaces was investigated using a
and thermal conductivity of the material are much lower thanTESLA BS-300 scanning electron microscope.
at 77 K, which is favorable for the appearance of localized The quantitative characteristics of the deformation and
heating’ fracture were found by averaging the data for five or more
The ECAP method for obtaining NS titanium results in samples.
strongly expressed anisotropy of the substructure and me-
chanical properties of the sampfe€onsequently, one inter- 3. EXPERIMENTAL RESULTS AND DISCUSSION
esting problem is to study the characteristics of the plastici%
and fracture of NS titanium with the samples undergoin
deformation parallel and perpendicular to the ECAP axis.
Finally, of special interest is a question which has essen- The mechanisms of strain hardening of coarse-grained
tially remained unstudied: the role of grain-boundary dislo-Polycrystalline titanium under tension were studied previ-
cations and internal stresses in plastic flow and fracture opusly for strain rates I0°—~8x10* s™* and experimental
NS titanium at low temperatures. temperatures 77—-1000 KIn a number of samples, for a
In the present work a systematic experimental study an@lefinite combination of strain rate and testing temperature,
comparison of the mechanisms of deformation and fracturéhe curveso(e) showed the standard three-stage character.
of NS and CG titanium are performed in a wide range of lowHowever, in other cases, for relatively low strain rates
temperatures. We pursued two goals in discussing the resull® >—10"* s™* and temperature 77 K the curve$c) were
obtained: expanding and deepening the understanding of tHearabolic. Parabolic hardening was also observed with high
mechanisms of deformation of NS materials and showing thétrain rates X 10°-8x10° s™* and temperatures 77, 298,

prospects for using NS titanium in cryogenic technology. and 398 K® The hardening curves obtained in the present
work with compression of CG titaniurfstructural state )1

agree with the results of Refs. 3 and 6 with comparable de-
2. MATERIALS AND METHODS formation rates and temperatures.
The study of NS titaniuntstructural states 2 and @ith
The investigation was performed on samples cut fromstrain rate 4 10 # s~ which we chose revealed a substan-
14X14X160 mm bars of technical-grad€T-1-0) polycrys- tially different character of hardening and its response to a
talline titanium. The deformation and fracture of titanium temperature change. In the entire temperature range 300—4.2

.1. Special features of strain hardening of NS titanium at
Gow temperatures

were studied in three structural states: K a single stable stage of linear hardening was observed on
initial state 1—average grain sizk=15 um, obtained the hardening curves after a narrow transitional stage near
by hot pressing; the yield stresgFig. 1). The expression

state 2—average grain sizke=0.3 um, obtained by in-
tense plastic deformation of the initial titanium by means of
eight ECAP passes at 450 °C; where 6 is the strain hardening coefficient, fit the depen-

state 3—average grain sizk=0.1 um, obtained by in- denceso(e) quite well. This expression describes the hard-
tense plastic deformation of the initial titanium by eight ening curves of all experimental samples of NS titanium, but

o(e)=o0y+ b, (1)
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qualitatively to a source model of plastic deformation and
strain hardening, as previously proposed by one df us-
cording to this model the “parabolic” hardening curveée)

were observed when slip bands, arising from discrete sources
at a certain threshold value of the deforming stress, subse-
quently undergo gradual development, increasing their con-
tribution to the deformation as the deformation stress in-
creases. When the slip bands give only a one-time
(“discrete”) contribution to deformation on nucleation with
no further development and the nucleation sources are dis-
tributed throughout the volume of the sample statistically
homogeneously and act independently, a “stagewigethe

fo 1 e det on of NS ttani 21, orientation particular case—linearcurve o(¢) should be observetd.

i the deformation o titaniustate . orientation at i S H n H i
temperatul:'g:z(())ol), 77 (2), and 4.2(3) K. The jump-liké character of the This 'dlscrete nature of .deformatlon deve.|0pment IS
curve (o,¢) at 6.2 K is shown in the inset. probably inherent to NS materials. The observation of acous-

tic emission, which was accompanied by plastic deformation
of NS copper, can serve as additional experimental confirma-

its parameters—the conventional yield stress and the straition of the discrete character of plastic deformation in NS
hardening coefficient—depend strongly on the temperafure materials:* It is natural to conjecture that the source regions
and the average grain sigde and they show anisotropy with in NS titanium are individual, favorably oriented grains
respect to the ECAP axis. Figure 1 shows that for NS titawhere plastic shear starts and then develops along the bound-
nium at room temperature there is virtually no hardenthg aries of many grains. The propagation of such shear can be
(300 K)=0; a similar phenomenon was observed with NSjudged by observing the amplitudes of the deformation
titanium under tensidh and nanostructural iron under jumps at 4.2 K.
compressionl. However, the hardening coefficient increases  The curves in Fig. 2 make it possible to compare the
as temperature decreas@s77 K)=5.7 GPa and (4.2 K) character of the jump-like deformation for titanium samples
=8.8 GPa. with different structural states and different orientations. For

An interesting feature of the low-temperature plasticity example, for the structural state 2 in samples with “perpen-
of single crystals and polycrystals of VT-1-0 titanium underdicular” (L) orientation the number of load jumps per unit
uniaxial stretching and compression is the unstdplep-  plastic deformation is almost 1.5 times smaller than for “par-
like) character of the plastic flow at liquid-helium ajlel” () samples. For the same-orientation a transition
temperaturé:'®?At 4.2 K the plastic deformation of NS from state 1 to state 2 is accompanied by a decrease in the
titanium is also jumplike, starting at the yield stress. Figure Zrequency of jumps by almost a factor of 2. This shows that
shows typical examples of uniaxial compression diagramgne number of sources responsible for the initiation of an
P(t) at 4.2 K for titanium samples with various grain sizesindividual act of plastic deformation and the corresponding
(in different structural Statéfand various orientations of the load Jump is smaller in “perpendicular” Samples; corre-
Compression aXiS relative to the ECAP aXiS. Note that th% Onding'y’ for these Samp|es the average amp“tudes of the
characteristic amplitudes and frequency of the jumps depen mps are almost twice as large. The measured amplitudes of
appreciably on the grain size and compression axis orientane first jumps are of the order of 60 N, which corresponds to
tion. a~0.1% contribution to the plastic deformation of a sample,

The above-described features of the deformation diagng prior to fracture the jump amplitudes increase approxi-
grams and hardening curves for NS titanium correspondgately by a factor of 10. It is obvious that such a substantial
plastic deformation in an individual jump should be of a
cooperative character and encompass many gransn

8l 3(]]) boundariesin the deformed sample. However, the available
information is still inadequate for identifying unequivocally
2(1) the sources of grain-boundary shears which propagate along
Z 3(1) 2(11) many grain boundaries and transform into a localized shear
o 6 1) band, resulting in jumps.

The ultimate plasticity , to fracture under compression
of NS titanium is quite high and comparable to the plasticity
4k of coarsegrained rod titanium under uniaxial tension
(18—2098). The plasticity resource systematically decreases

with decreasing grain size; this is evident in Fig. 2. However,
0 2 4 6 8 10 12 even in the least plastic structural state 3 at 4.2, Kis 12%
t,min for I and 4% forL orientations. This shows that bulk nano-
structural titanium obtained by equal channel angular press-
compression at 4.2 K of titanium samples in different structural states ancljng does not tend toward cold-brittleness. . .
with different orientation of the compression axis relative to the ECAP axis In summary, the ECAP method makes it possible to ob-
(see text tain bulk nanostructural titanium, which can be regarded as a

FIG. 2. Sections of diagrams of jump-like deformati®(t) during uniaxial
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TABLE |. Yield stresso, of titanium versus temperature, grain size, and 20
orientation of the compression axis.
R4
2 % o, GPa
T y
%Q Be< ]
SSa 00 o
®E Sauw O]
B8 oo .
5 - E >
= O % Q_O (o)
SE SE2 lsok| 77K 42K
&% o Ccg
£33
[
I 0.44 [ 0.78 (0.98) | 0.97 (1.22) 0.4 X k . | , A
1 0 100 200 300
1 0.30 | 0.90 (1.10) | 1.03 (1.28) T, K
[ 0.65 | 0.87 (0.85) | 1.24 (1.22) FIG. 3. Temperature dependences of the yield stresses of titanium in differ-
2 ent structural states: () (A); 1 (L) (A); 2 (L) (@); 2 (L) (O); 3 () (m);
1 0.87 | 1.33(1.39) | 1.47 (1.54) 3() ).
[ 1.00 | 1.32 (1.52) | 1.67 (1.92)
3
1 114 | 1.55 (1.75) | 1.79 (2.04)

Note For temperatures 77 and 4.2 K the valueso§t=o,— o} are pre-  thermally activated. The same mechanism is also character-

sented in parentheses. Har' are the characteristic values of the micro- istic for CG titaniunt’ and single-crystal titaniur®
structural thermoelastic stresses due to thermal expansion anisotropy of

titanium grains(see Sec. 3.3)3 At the same time the temperature dependences of the
yield stresses of NS and CG titanium have definite differ-
ences. In the first place, at a fixed deformation temperature

potential structural material for applications in cryogenic 7y Systématic increases with decreasthgnd when the ori-

technology. entation is switched from parallel to perpendicular. Another

noticeable feature is the large incredseveral-fold in the

derivativedo, /JT in the temperature range 77—-4.2 K when

The conventioanl yield stress,, was found by the the structural state changes from CG to NS.
method of intersection of tangents to the computer deforma- |t js natural to attribute these differences to a difference

conventioanl yield stresses at 300, 77, and 4.2 K for the thregs titanium. In CG titanium grains mechanical twinning in-

experimental structural statéwith different average grain tensifies as temperature decreat®is; NS titanium obtained

sized) under uniaxial compression paraII_eI and perpend|cu-by ECAP this is difficult to achieve because of the small
lar to the axis of the rods are presented in Table I.

The yield stress in the initial CG titanium is in good grain size’ Thi.s behavipr .is si.milar o the previgusly Ob._
agreement with published daband the yield stresses in NS served cessation of twinning m polycrystalline titanium in
titanium are substantially higher than for the initial state 1.th€ process of devegloped plastic deformatitor deforma-
Substantial anisotropy of the yield stress is also observgd: tions exceeding 0 and to the development of slipping
is substantially higher for the perpendicular orientation tharflong twinning boundarie®. This slipping is a manifestation
for the parallel orientation of the compression axis relative toof integrain deformation due to the motion of grain-boundary
the ECAP axis. In the entire low-temperature rangen the  dislocation$"#?in the twinning direction. The appearance of
structural state 3 is approximately 1.7—2 times higher than imicroscopic twins(which do not develop with increasing
the initial state 1. deformation of the materiplalso cannot be ruled out in

We note thatr, in the state 3 is comparable to the yield nanostructural titanium, but final judgment requires electron-
stress in strongly alloyed VT-6 CG alloy{0.9 GPa at 300 microscopic observations of the deformed material. There-
K, 1.4 GPa at 77 K, and 1.6 GPa at 4.2°% This observa-  fore the quantitative differences in the absolute values of

tion makes it possible to draw another conclusion which is Ofay(T) and the derivativelor, /dT in the temperature range

interest for the technology of producing titanium materials 7-4.2 K are probably due to a difference in the activation

with a high yield stress: the effectiveness of ECAP technol- : o : . . .
L . X energies and activation volumes for intragrain and intergrain
ogy is in certain respects comparable to that of alloying.

To illustrate more clearly the differences in the yield (grain boundaryslipping in CG and NS titanium and prob-

points of NS and CG titanium the curves(T) constructed aply fqr thermally activated processes of nucleation of twin-
on the basis of the data in Table | are presented in Fig. 3. Nng dislocations. _

According to Fig. 3, the character of the temperature ~ We also note that the comparatively large value of the
dependence,(T) remains the same as the grain size variesderivativeda, /JT for NS titanium below 77 K strongly in-
for samples of all types the yield stress increases monotonfluences the appearance of unstable plastic shear, which de-
cally with decreasing temperature. This dependence shovigsrmines the low-temperature fracture of this matefsale
that the elementary acts of plastic shear in NS titanium ar&ec. 3.8.

3.2. Conventional yield stress in NS titanium at 300—4.2 K
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TABLE 1. Anisotropy coefficientys for the yield stress of titanium poly- pendence off, is nonmonotonic: at 77 K, reaches 53%,
crystals and/® of titanium for a hypothetical state of the material with no substantially exceeding the anisotropy at 300 and 4.2 K. For
internal thermal-anisotropy stresseee Sec. 3.3)3 . X L

by . ) the structural state 3, which was obtained from the state 2 by

o rolling and short-time annealing, the ECAP-induced anisot-

State Y Y ropy is virtually eliminated as a result of the fragmentation
300K | 77K | 42K | 77K 42K of the elongated grains by rolling. Consequently, the anisot-

{ 014 0.15 0.06 0.12 0.05 ropy coefficienty; is comparatively small and close in mag-

) nitude toy, for all experimental temperatures.
2 0.34 053 0.18 0.63 027 The anisotropy effects reflected in Tables 1 and 2 and in
3 0.14 0.17 0.07 0.15 0.06 Figs. 2—4 can occur for diverse physical reasons:
a) shape anisotropy of grains elongated along the ECAP
axis?®
3.3. Anisotropy of the yield stress in NS titanium b) crystallographic texture in the grain volume after

ECAP* and associated anisotropy of intragrain plastic
shears, due to the high plastic anisotropy of the crystal lattice
of titanium?®

The measurements presented in Figs. 2 and 3 and in  ¢) complicated system of internal stresses due to ECAP
Table | indicate the presence of more or less substantial arand the |arge anisotropy Of the therma' expansion Coefﬁcient
isotropy of plasticity and the yield stress in CG and NS tita-of grains at low temperaturés;
nium. This anisotropy is manifested as a dependence of the ) polarity of mechanical twinning, which can contribute

mechanical characteristics of the experimental samples of deformation and accommodation of internal stresses; and,
the orientation of the compression axis with respect to the ) polarity of the motion of grain boundary

axis of the rods from which the samples were @he latter  gislocation<?
was the same as the ECAP direction and the rolling direction
in the process of preparing the rodé\t 4.2 K the yield A . .

. L . 3.3.2. Internal stresses arising in grains on cooling as a
stress, the hardening coefficient, and the parameters of jump: ) . -
. . . . . .. Tesult of the thermal expansion anisotropy of titanium
like deformation are anisotropic. The anisotropy coefficient

3.3.1. Quantitative characteristics and temperature
dependence of the anisotropy effect

o for the yield point Ar_walys!s of the nonmonotonic_temperature (_jgpendence,
described in Sec. 3.3.1, of the anisotropy coefficigp{T)

_TyL1 " Oy @) of NS titanium in the structural state 2 shows that the com-

ay bined effect of two factors could be an important reason for

can serve as a quantitative measure of this anisotropy. Tﬁge anisotropy:

values ofy for all types of experimental samples and defor- crystallographic texture, which is greatest in the state 2;
mation temperatures are presented in Table II appearance of internal microstresses, which are due to

To illustrate the anisotropy effect more clearly we the thermal expansion anisotropy of titanium at low tempera-

. . . . 1
present plots of the temperature dependences fofr each ~ tUres: in grains during cooling below 300 K.

structural state. These dependences were constructed using SUCh stresses were called thermal anisotropy stresses.
the data in Table IlFig. 4). Ordinarily, they arise in polycrystalline materials with non-

cubic symmetry because when temperature changes, the
sizes of grains change differently in different crystallo-
graphic direction€® The method proposed by Likhachev in

It is interesting that for the initial state 1, which was
obtained without ECAP, the anisotropy is small and the an
isotropy coefficienty; varies little with temperature and is X ) i
only 6% at 4.2 K. The yield stress anisotropy is much largefR€f- 27 can be used to estimate the magnitude and sign of
for structural state 2, for which the grains are characteristit®S€ microstructural internal stresses. _
cally elongated along the ECAP a%&The temperature de- The principal components of the_tenS@fﬂ(T) of inter-

nal thermal-anisotropy stresses, which appear in individual

grains of polycrystalline titanium when the titanium is
cooled from room temperature 300 K to liquid-nitrogen tem-
vor perature 77 K and liquid-helium temperature 4.2 K, are cal-
culated in the Appendix using the most reliable daam the
thermal expansion coefficient of titanium single crystals at
temperatures 300—4.2 K and the anisotropy of this coeffi-
cient. They are presented in Table (Hee Appendix The
calculations were performed using Likhachev’'s meffidar

an hcp structure, which titanium possesses. The cooling is
accompanied by the appearance of compressive stress
o-t3h3(T)<O in grains along the crystallographic direction
[000]] (six-fold axi9 and tensile stresses, equal in magni-

04

0.2

—e

0 T00 200 300 tude, ol)(T)=0UyT)>0 in perpendicular directions
T,K [1,2,1,0] and[1,0,10].
FIG. 4. Temperature dependences of the anisotropy coeffigiémt differ- It is known that CrySta”c’graph'C texture appears In tita-

ent structural states of Ti: (@), 2 (H), 3 (A). nium rods subjected to ECAPRstructural state 2 In this
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TABLE IIl. Elastic constants;, of titanium, the integral (T), and the computed principal thermal anisotropy stresdesnd o'l
at 77 and 4.2 K.

T, Sy Cior Cipr Cyypr o -9, 1 o}, off =of}

K GPa GPa GPa GPa GPa MPa MPa
300 162.4 91.3 65.3 180.7 81 0 0 0
77 174.7 86.6 67.9 189.3 100.6 3.3:107° -200 52
4.2 176.1 86.9 68.3 190.5 102.6 4.0-1073 =250 64

texture the six-fold axis in the grains is predominantly ori-a favorable orientatioialong the compression axisf the
ented perpendicular to the ECAP afisConsequently, our compressive principal stresses; that deform at the yield
computed values of the internal thermal-anisotropy stressestress. Herery=08+ agg for all orientations of the compres-
must unavoidably enter into the experimentally measuredion aixs. In this case the thermal anisotropy stregses

values ofoy, andoy, for state 2 at any temperature: Table Il) have virtually no effect on the anisotropy coeffi-
0 th 0 th cient: = y°.
=go+ =0, + . ; ;
IY= Ty N1 Tyl =Ty T 933 © In summary, the maximum anisotropy of the conven-

In these expres:sionsgH and 03 , are the yield stresses for tional yield stress in titanium at 77 K, observed for the struc-

parallel and perpendicular orientations of the sample in théural state 2, is not associated with internal thermal-
absence of internal thermal-anisotropy stresses; the coeffanisotropy stresses. It is probably due to microtwinning,
cient 5 takes account of the decreasem'ﬁﬁ as a result of the which is possible in “parallel” orientation samples but is
presence of texture. Following the recommendation made iforbidden in “perpendicular” orientation samples.
Ref. 27, in analyzing our experimental data we shall set
n=1 for weakly textured structural states 1 and 3 and
7n=0.3 for the textured structural state 2. 3.4. Dependence of the yield stress in NS titanium on grain

The quantitieso), and oy, characterizing the yield size
stesses in titanium in the absence of internal thermal-
anisotropy stresses were calculated from the relati@nas-
ing the data in Tables 1 and 3 and are presented in Tdbie |
parenthesgs Table Il gives the corresponding values of the oy=0opt kydll2 ()

renormalized anisotropy coefficient, for a hypothetical  gescribes the dependence of the yield stegssn the grain
state of the material with no internal thermal-anisotropysize d well in many cases. This relation holds for annealed
stresses: CG polycrystals in a wide range of grain sizes but breaks

It is well-known that for polycrystals the Hall-Patch re-
lation

o0 — o0 down ford 100 nm? In Refs. 29-31 it was noted that this
¢°=w—ow. (4) could be due to the specific structure of the boundaries of
Iy such small grains and to internal stresses in materials ob-
Taking account of microstructural thermal anisotropytained by ECAP.
stresses did not eliminate the peakyn at 77 K but rather For the structural states of titanium which were studied

increased the peaksee Table Il. Thus the thermal- inthe present work, the internal stresses arising as a result of
anisotropy stresses cannot be responsible for the nonmon&CAP, the possible appearance of microtwins in axially tex-
tonic temperature of the anisotropy coefficigntof titanium  tured state 2 in “parallel” orientation samples, and the fact
in the structural state 2, and the temperature dependendeat their formation is forbidden in “perpendicular” orienta-
J°(T) has is qualitatively the same for all three structuraltion samples could complicate the form of the function
states. The higher value of for state 2 is also observed at o(d).
300 K, i.e. in the absence of cooling. This could be due to the ~ The plotso,(d) constructed on the basis of the data in
following: Table | in O'y—d1/2 coordinates are displayed in Fig. 5. It is
internal stresses induced by ECAfhe magnitude and evident that the relatiof5) holds satisfactorily only at 300
sign of these stresses could be measured by x-ray diffra@nd 4.2 K for “perpendicular” titanium sampleéthe curves
tion); ay—dl’2 are rectilinear. In all other cases appreciable devia-
microtwinning and grain-boundary shears in the twin-tions are observed from the Hall-Patch relation. This is due
ning direction with compression of the “parallel” orientation to the values ofo, for samples with the structural state 2
samples in state Perpendicular to the six-fold axf§;this  (d=0.3 um).
also explains the small number of jumps, i.e. the difficulty of =~ Thus we observe a substantial deviation from the Hall-
the appearance of grain-boundary shears in “perpendicularPatch law for “parallel” samples, where, is low in the
orientation samples in state 2. structural state 2. This could be due to the possibility of
The weak anisotropy of the yield stresgin the states 1 twinning under compression of axially textured titanium per-
and 3(see Table Il and Fig.)4could indicate the absence of pendicular to the six-fold axi€ Twinning is impossible in
appreciable texture. In this case it is natural to conjecture thdjperpendicular” titanium samplegcompression parallel to
of the randomly oriented grains it is primarily the grains with the six-fold axis in the state)2®
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FIG. 5. Low-temperature yield stress, of titanium versus the average
grain sized under compression paralléland perpendicular to the ECAP
axis: 300 K(ll) (A); 300 K (L) (A); 77 K(I); 77 K (L) (O); 4.2 K(Il) (m);
4.2 K (L) (O).

The observed increase in, with decreasing grain size
can be taken as indirect evidence of intragrain slipping mak-
ing the predominant contribution to the deformation of nano-
structural titanium at the yield stress.

3.5. Low-temperature shear fracture of NS titanium as a
consequence of unstable plastic shear

We first reported on shear fracture by catastrophic slip-
ping of one part of a sample relative to another under low-
temperature quasistatic compression of nanostructural tita-
nium samples in Refs. 2 and 32. This phenomenon was
observed not only at 77 and 4.2 K: under compression of NS
titanium samples in structural state 2 perpendicular to the
ECAP axis catastrophic shear could also be observed at 300
K. At the same time unstable plastic shear can never be ob-
served with quasistatic compression of coarse-grained tita=i. 6. Overall view of a sample after shear fracture under quasistatic
nium (structural state )1 Consequently, it is natural to treat uniaxial compression: NS titanium in state 3, deformation perpendicular to
the observed unstable plastic shear as a phenomenon inhéle ECAP axis at 42 K (a; bulk metalic glass
ent to NS titanium. Zr 41 5Ti138Ni1oClUyp By 5,243 deformation at 300 Kb).

Unstable plastic shear was previously observed with
low-temperature quasistatic compression of rods of bulk me-
tallic glasse¥°and with tension on thin ribbons of metal-
lic glasses® Shear instability was explained by the specific ented at a angle of about 45° to the compression @it
nature of its propagation along intercluster boundaries as @a), similarly to what was observed under compression of
characteristic component of the structure of metallic glassesods of bulk metallic glassegFig. 6b.3*° A study of the
Stable propagation of shear over large distances can be disiorphology of fracture surfaces, using a scanning electron
rupted by an unfavorably oriented triple joint of boundaries,microscope, revealed a characteristic “vein” pattern on all
where the presence of such a joint is due to the randorsurfaces of the shear fracture.
orientation of polyclusterd’ The high stressof the order of In metallic glasses the “vein” pattern is a consequence
G/10,%® where G is the shear modulyisnecessary to over- of the meniscus instability accompanying rupture of material
come such a triple joint determines the subsequent highocally heated up to the quasiliqditsuperplasti®’) state in
velocity propagation of macroscopic shear. This explains th¢he catastrophic shear band preceding fracture. Local adia-
distinct dynamical character of low-temperature plastic sheabatic heating up to premelting temperatures in this band is
in metallic glasses: even under conditions of quasistatic dedue to the specific nature of the process in which the work of
formation macroscopic shear propagates with near-soliglastic shear is dissipated: local heat release is large as a
velocity®® and is accompanied by the emission of a strongesult of the near-sonic shear velocity, the high fracture
acoustic pulse. stress, and the low thermal conductivity of the matetiaf®

We have observed shear fracture of NS titanium undeBimilar physical conditions in the shear band are also real-
compression for compressive stresses ranging from 1.4 to 2ided in NS titanium: high fracture stress, near-sonic velocity
GPa. The shear fracture surfaces, along which slipping obf plastic shear, and low thermal conductivity of the material.
one part of a sample relative to another occurred, were oriconsequently, the observed “vein” pattern on the surface of
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FIG. 7. Morphology of the “vein” pattern on shear fracture surfaces of NS
titanium in state 3 at 4.2 K: smooth “veing8); “veins” with roughness due
to separation on grain boundarigs.

shear fracture of NS titanium can be regarded as indirect
evidence of strong local heating.

The observed “vein” pattern on the fracture surfaces of
NS titanium samples possesses characteristic features. It is
useful to discuss this in greater detail. First, it should be
noted that the observed “vein” pattern is nonuniform: in
individual regions of the fracture surface the “veins” are
smooth and they are similar to those observed on the fracture
surface of metallic glasse@-ig. 7a; in other regions the
veins have a rough surfac¢Eig. 7b).

The spatial distribution of “veins” is different in
samples oriented parallel and perpendicular to the ECARIG. 8. Difference scale of nonuniformities of the “vein” pattern which are
axis. In Ref. 2 it was demonstrated that in the structural statebserved on a shear fracture surface of NS titanium in state 3 under com-
3 the distribution of the “veins” after shear fracture at 77 K Brggg‘;r’]‘rﬁ(ec;pe”d'c“'ar to the ECAP axis at 4.2 K: 0.3-0.1(ab); 0.01—
is more uniform in samples oriented parallel rather than per- '
pendicular to the ECAP axis. This result could be a conse-
guence of more uniform adiabatic heating and more uniform
propagation of catastrophic shear in the first déisas com-  owing to this nonuniformity, the variance of the local shear
pared with the second cage). A similar pattern is also velocities and magnitude of local heating.
observed at 300 K, but in this case the spatial nonuniformi-  In contrast to bulk metallic glasses, the surface of shear
ties have several different scales: from 0.3-0.1 rsee fracture in NS titanium shows no evidence of local melting,
Figs. 8a and 8bup to 0.01-0.005 mniFig. 80. The ob-  specifically, there are no solidified drops of melt. This is
served nonuniformities could be a consequence of the norbecause the melting temperature of titanium (1668 °C) is
uniform distribution of internal microstructural stresses andmuch higher than the melting temperature of metallic
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subsequent analysis of the dynamical behavior of dislocation
ensembles in NS titanium should make it possible to attribute
the observed instability of plastic shear to the characteristic
features of grain-boundary slipping.

Unstable plastic shear, resulting in shear fracture, is ob-
served under quasistatic uniaxial compression of NS titanium
only and has not been observed under compression of CG
titanium. A phenomenological criterion for the appearance of
catastrophic adiabatic heating under deformdtiand the
difference, detected in our experiments, of the values of the
derivativesda, /dT for CG and NS titanium at low tempera-
tures (see Sec. 3)2give a qualitative explanation of this
difference. According to Ref. 7, under tension catastrophic
shear arises as a result of increasing local heating if

co
doyldT 8-8’

e>g.= (6)
where C is the specific heat per unit volume and
0=daolde|,; is the coefficient of hardening in E@l). Ap-
plying the phenomenological criteri@h) to the compression
case it follows that the tendency toward unstable plastic
shear is higher in NS than in CG titanium as a result of the
increase in the absolute value my/ﬁTlsé.

4. CONCLUSIONS

In the present work the low-temperature plasticity and
fracture of an ultrafine-grained structural modification of
polycrystalline titanium—so-called nanostructural titanium
prepared by the equal channel angular pressing method—
was studied systematically. The initial material for obtaining
NS titanium was a coarse-grained polycrystal. The problems
FIG_. 9. Roughr_less of the “vein” pattern of NS titanium due to ind_ividL_JaI of this investigation were to compare the high-temperature
grams(a). Indmdgal grains on the shear fracture surface of NS titanium values of the mechanical parameters of the CG and NS
manifested(tentatively as a result of shear fracture under local heating in . o ) ) .
the temperature range of the phase transitiorb). modifications of titanium and to establish the unity and dif-

ferences of the micromechanisms of deformation and frac-

ture of these structural states at low temperatures. The mea-
glasses. Consequently, melting does not occur on a sheaurements were performed by the quasistatic uniaxial
fracture surface in NS titanium. compression method at temperatures 300, 77, and 4.2 K. The

For large magnifications individual grains can be ob-following basic conclusions can be drawn from the results
served near a surface shear fracture where veins have a roughtained and their analysis:
surface(Fig. 7b: such separation of NS titanium into indi- the smaller(than in CG titanium grains in NS titanium
vidual grains is shown in Figs. 9a and 9b. This effect couldsubstantially increases the yield strélg a factor of 1.5—-p
be due to high-temperature grain-boundary slippimtpich  and decreases the ultimate plasticity in the entire experimen-
develops at 800—940 “€and results in micrograin super- tal temperature range@00—4.2 K;
plasticity of titanium or it could be a consequence of local the strain hardening curve of NS titanium at low tem-
heating up to the temperature of anB phase transition peratures has a single linear stage and differs substantially
(882.5°C), when a decrease in the specific volume ofrom the parabolic or multistage hardening curve of the CG
titaniun? and localized shear in this temperature range actitanium;
company a transition from an hcp to an fcc lattice. Loosening  the observed features of plastic flow in NS titanium at
of the material should accompany plastic deformation at théow temperatures correspond to the source model of defor-
temperature of this polymorphic transformation. This phe-mation and hardening, according to which primary micro-
nomenon explains the separation of grains along their boundcopic slip bands appear in the volume of the materials sta-
aries in the catastrophic shear band. However, this hypothistically independently and give a one-timédiscrete”)
esis requires additional checking in the future. contribution to deformation;

A qualitative theoretical analysis of the propagation of NS titanium samples obtained by ECAP possess a defi-
unstable plastic shear in NS titanitfsuggests that for large nite texture, which is manifested in the dependence of the
plastic deformations unstable macroscopic propagation of loyield stress on the orientation of the compression axis with
calized grain boundary shear is possible by means of highrespect to the ECAP axis;
velocity motion of grain-boundary dislocations. This process  the curves of the yield stress of NS titanium versus the
should result in viscous shear fracture in NS titanium. Agrain size show that intragrain slip makes the main contribu-
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tion to deformation at the yield stress and the observed feadium which simulates the polycrystalline matrix surrounding

tures are due to the possibility of microtwinning under cer-a grain®’ In Ref. 27 the question of the stresse$§ arising

tain conditions; when polycrystals are heated above room temperature was
plastic deformation of NS titanium at low temperaturesstudied, but Likhachev’s results can also be used, with slight

is thermally activated, which is also observed for CG tita-modifications, to estimate the microstructural stressfis

nium but the quantitative differences of the yield stresses andrising when titanium polycrystals are cooled from room

the temperature dependences of the deforming stress shaemperature to liquid-nitrogen and liquid-helium tempera-

that the intragrain and intergrain slipping and also twinningtures.

make different contributions to the deformation of the struc- A rectangularorthohexagonf) coordinate system with

tural modifications of titanium; x, and x, axes oriented in the directionsl,2,1,0] and

_ at_ low temperfitur_es the fracture of_NS titanium U”der[l,OIO] and thexs axis oriented along the crystallographic
uniaxial compression is due to propagation of unstable plasgirection[0,0,0,1 (six-fold axis was used to calculate the
tic shear, which is accompanied by local adiabatic heating ofomponents of the thermal-anisotropy stress tensor for crys-

the material; tals in the hexagonal system. In these coordinates the incre-
examination of the morphology of the surface of sheanants to the diagonal componeratﬁ”, due to small incre-
fracture of NS titanium under an electron microscope show$ants to the temperatureT, have the form

a specific “vein” pattern, analysis of which yields an esti-
mate for the temperature of local heating of the order of or Aot =Ao¥,
greater than 800 °C;

cold-brittleness for NS titanium was not observed down __ (eutCpm2Cg(az—en) AT, (AL)
to liquid-helium temperatures, and the ratio of the yield '
stress and the ultimate plasticity shows that NS titanium is a
promising structural material for cryogenic technology.

In conclusion, we note that in the present work we were
able to measure the low-temperature mechanical characteris-
tics of NS titanium at only three temperatures. This made it
impossible to perform a detailed thermal-activation analysis
of plasticity and to establish unequivocally the microscopicHerecy4, €12, C13, @andcs; are elastic constants of an hcp
mechanisms determining the plastic flow of this material:single crystalc!y andc{) are the average elastic constants
type of dislocations, mechanism of dislocation nucleationpof the polycrystalline medium surrounding a grain; and,
nature and parameters of the barriers which stop slippingand «; are the thermal expansion coefficients parallel and
and so on. This will be done in the future. The experimentgerpendicular to the six-fold axis.
should include detailed measurements of the temperature de- At temperatures above room temperaturg and a4, as
pendences of the yield stress, the rate sensitivity of the dea rule, vary littlé® and the differencars— @, can be as-
forming stress, and thermal-activation analysis of these desumed to be constant, but below 300 & and «; are
pendences using the scheme previously implemented for C&trongly temperature-dependent. Consequently, when the ex-
titanium?!’ Examination of deformed NS titanium under an pressiongA1) and(A2) are used to calculate!(T) for the
electron microscope is also proposed to determine the posase of cooling from 300 K to some temperatdréhe in-

1
3|1+ 5(011"‘ 1ot Cra)/(c) —ci))

4(ci3—cC -
Aaghg,: ) (C13—Cza)(az—ay) AT, (A2)

1
0 0
1+ > (Ci+CiptCia)l(cy —c)

w

sible appearance of microtwins. crement @3— «1)AT must be replaced by the integral
We thank V. Otselik, V. N. Kovaleva, V. A. Moskalenko,

and S. N. Smirnov for collaborating on this work and for I(T)= fT [as(£)— ay(£)]déE. (A3)

fruitful discussions of the results obtained and O. I. Yuzefov- 300

ich and S. V. Bengus for assisting in the preparation of the ) i ,
computer versions of the figures. We calculated the integr&(T) numerically using data on the

This work was partially supported as part of the projectstemperature dependena€T) from Ref. 15. The value of the

INTAS-99-01741. INTAS-2001-nano-320. and VEGA 2101. integral Changes most in the temperature range 300-400 K
’ ' and then changes little with further cooling. The values of

for 77 and 4.2 K are presented in Table Ill, which also shows
5 APPENDIX the values of the elastic constants of titanitfiound by ex-
trapolating the data in Ref. 44 from 73 and 4 &ndc{?
—c{9% for the effective isotropic medium. The values of
c{9—c{9?> were obtained by extrapolating from 300 K us-

In polycrystals of materials with noncubic symmetry, asing the temperature dependence of the quantify- c;,.**

temperature changes, microstructural thermoelastic stresses The principal thermal anisotropic stresséﬁz 0‘2“2 and
appear due to the thermal expansion anisotropy of individuadrtsh3 calculated at 77 and 4.2 K using the scheme described
grains?® Likhachev was the first to perform a detailed quan-above are presented in the last two columns in Table IlI.
titative analysis of this effed’ He called such stresses inter- Evidently, 03;<0 whereaso;; and 01,0, i.e. on cooling
nal stresses due to thermal anisotropy. To estimate the confrom room temperature each titanium grain is subjected to
ponentSJi‘E of the tensor of the thermal anisotropy stressescompressive stresses along the six-fold axis and tensile
Likhachev examined the problem of thermoelastic stresses istresses in a perpendicular direction. It should be noted that
an anisotropic grain embedded in an effective isotropic methe :stresseﬁtlh1 and a§h3 in Table Il were calculated assum-

5.1. Microstructural internal stresses due to the thermal
expansion anisotropy of grains
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ing that there is no crystallographic texture in the polycrys-*A. R. Ki'mametov, V. V. Smolyaroy, L. O. Shestakova, and I. V. Aleksan-

tal. If texture is present, these values are 2—3 times snfaller.
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Coupled magnetoelastic waves in antiferromagnetic crystals withsuBlattice magnetic
subsystem 1{=0, 1, 2,...) arestudied. An explicit relation is found between the interaction
parameters of the subsystems and the phenomenological constants. A dispersion equation
for the characteristic frequencies of the coupled magnetoelastic waves is obtainz@d2©
American Institute of Physics[DOI: 10.1063/1.1528581

Virtually all magnetically ordered crystals contain sev- We shall write the Hamiltoniarfl) in an approximate
eral atoms per unit cell, i.e. they are multisublattice crystalssecond-quantization representatfofhe magnetizations!®
Examples are rare—earth orthoferrites with eight magnetiof the sublattices can be expressed in terms of the Holstein—
sublattices, rare—earth iron garnets with 32 sublattices, thBrimakoff operators® Then the energy of the magnetic sub-
popular antiferromagnet CugCRH,O with four sublattices, system will have the form
and many others? The microscopic theory of a magnet con-
teining more than two magnetic atoms per _uhit cell is tech- HMzz Saﬂycﬁ/cky, (5)
nically extremely complex. It is even very difficult to deter-
mine the elementary excitation spectrum of such a magnef oo M —[CZ ]1/2
to say nothing of analyzing the nonlinear processes. This ky
situation make it urgent to develop methods for finding the 2" 2"
spin—wave spectrum for multisublattice systems. C,= 2 alv,B1AY, D=2, aly,B1B/*, (6)

There exists a developed theory of the spin—phonon in- -
teraction in magnetically ordered crystafs.However, the
maximum number of spin lattices studied did not exceed A= uMg| (x
four®-8In the present paper we study coupled magnetoelas-
tic waves in antiferromagnetic crystals with 8-Qublattice
magnetic subsysterm&0, 1,2, .. .). —5aﬁ( > Xjhesebmt (Ho %)”

We start with a Hamiltonian that takes account of the
energy of the magnetic and elastic parts of the multisublat-
tice system and their interaction energy:

is the spin—wave energy;

*
( eJ_] +aﬁnﬁ1nk knejo_li )efm

* *
BEBZMMO[ijeL] + aljmnkjk el ]efm-

The quantitya[ y, 8], which depends ory and B, deter-
H=Hu+Hy+Huy. @ mines the signs oAl? andBZ#, i.e. it takes on the values 1
—1. Table | must be used to determiagy,3].

B
Hy = ! f dx| XSEMOME + ol —— IMF M We shall now study the elastic subsyst&én Quantizing
2 g% ax, the elastic deformations we find the spectrum of elastic
waves
—22 (Ho,M%)|, 2 "
“ HU:% &xsPrebis- (7)
1
HU=§J dx(pu?+ AjjmnUijUmn), 3 Switching to the second—quantization operatmysand
by the interaction energy of the magnetic and elastic sub-
systems4) becomes
HMU_ j dX)\UmnMianBumna (4)
Huu= 2 ‘I’kyscky[b ks~ byl +h.c. ®
where xji =18+ B 148 is the uniform exchange inter- ksy
action tensorﬁJ ab g the anlsotropy tenson;IJmn is the non- M3
uniform exchange interaction tensdr;;mn, is the elastic con- kys_ i E )\ﬁﬁme&Q el K 9
stants tensor);I hn IS the magnetostriction tensary,, is the
deformation tensorM“ is the magnetization of the sublat- p P o
tices;a,8=1,..., 2% i,j,m,n=x,y,z. Q=€ U, T €7 vigy -

1063-777X/2002/28(11)/2/$22.00 875 © 2002 American Institute of Physics
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TABLE I. Scheme for calculatng[ y,] as a function of the number of lattices.

I. R. Kyzyrgulov and M. Kh. Kharrasov

1 sublattice 2 sublattices 4 sublattices 8 sublattices 2" sublattices
n=0;yp=1 n=1; ,p=12 | n=2;%p=1234| n=3;y,p=1..,8 v B=1..2"
A A B B c C {N} {N}
B:= C:= D:= N +1}:=
A:=1 [A —A] [3 ~B] [c 4] Wt [{N} %N)]
aly,Bl: B aly,Bl: C alypl: D aly,pl: {(N+1}
alypl: A

The transformations have shown that in the present ap- In summary, in this work we have found the spin-wave
proximation only spin waves on the first and secondspectrum for a multisublattice antiferromagnet, determined
branches, corresponding to the operatmgsandc,,, inter-  the coupling parameter between the spin and elastic waves,
act with sound waves. and obtained in general form a dispersion equation for the

Then the antiferromagnetic Hamiltoni&h) assumes the spectrum of coupled magnetoelastic waves.
form

_ M .+ U+
H—E SkkakayJFE &ebisbis * o .
ky ks E-mail: kizirgulovir@ic.bashedu.ru

+| X Wik (b= b +hc|. (10)

ks,y'

y'=1.2
The antiferromagnetic Hamiltoniafl0) which is qua- LE. A. Turov, The Physical Properties of Magnetically Crystaldauka,
Moscow (1963.

d”’?t'c _m the OperatorskV ,and bks can be ql_agona“ZEd by 2J. SmartThe Effective Field in the Theory of Magnetisiauka, Moscow
switching to operators which are superpositions of the opera- (196g.
tors ¢y, and by and applying the Bogolyubov canonical °A.1.Akhiezerand V. G. Bar'yakhtaSpin WavesNauka, Moscow1967.

transformation. Then we obtain the following dispersion 4EHA‘ Lumgeag%?:/(-lgé:;hawow Usp. Fiz. NauldQ 429 (1983 [Sov.
) . . ys. Usp26, .
equation for the frequencies of the coupled magnetoelastleM‘ A. Savchenko, Fiz. Tverd. Tel.eningrad 6, 864 (1964 [Sov. Phys.
waves: Solid State6, 666 (1964)].
5Yu. G. Pashkevich, V. G. Sobolev, and V. V. Shakhov, Fiz. Nizk. Teh2p.
M2 oy, U2 oy M U |\,MU2 962 (1986 [Sov. J. Low Temp. Phys2, 545(1986)].
17_[5 (8k7 ®%)(egs — @) 425 eekd Vias| V. N. Krivoruchko, A. A. Stepanov, and D. A. Yablonskii, Fiz. Nizk.
' Temp.12, 962 (1986 [Sov. J. Low Temp. Phy<l2, 411(1986)].
) U2 8A. U. Abdullin, M. A. Savchenko, and M. Kh. Kharrasov, Dokl. Akad.
(e —0?) [T (s —0?) =42 elbeld Wik? Nauk 342, 753 (1995 [Phys. DokI.40, 285 (1995].
s’ #s B 9A. S. Tyablikov, Methods of the Quantum Theory of Magnetigwauka,
Moscow (1965.
10 : :
M2 2 u? o T. Holstein and H. Primakoff, Phys. Red8, 1098(1940.
X(gp — o )H (8 — ) =0. (11
s’ #s Translated by M. E. Alferieff
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