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Thermal conductivity of type-II superconductors in the mixed state: Electron-vortex scattering
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Two types of electron scatterers, free (unpinned) vortices and pinned (via extended defects) vortices,
are considered and their contribution to the electronic thermal magnetoconductivity of type-II super-
conductors is discussed. The theoretical predictions are found to be in reasonable agreement with some
experimental data on the thermal conductivity of twinned and tweeded high-T, superconductors in high

magnetic fields.

I. INTRODUCTION

As is known,' ™* fluxoids (quanta of applied magnetic
field penetrating a type-II superconductor) can affect the
thermal conductivity (TC) providing extra scattering
mechanisms for phonons and electrons. In contrast to al-
loys (and ‘“‘dirty” superconductors), where the phonon-
fluxoid scattering dominates the observable TC, the case
of “pure” type-II superconductors (including high-T’, su-
perconductors®~®) suggests another possibility. For in-
stance, in this case the conductivity is essentially due to
electrons with mean free path much longer than the vor-
tex core size. The BCS excitations outside the cores,
apart from being scattered by impurities, will also be sen-
sitive to the presence of nonsuperconducting (NS)-type
boundaries between the superconducting matrix and the
normal core of each fluxoid (as we shall see below, ex-
tended defects, as pinning centers for vortices, can essen-
tially modify these NS boundaries). In general, the total
TC « consists of an electronic contribution «, limited by
impurity scattering and a lattice contribution «,, limited
by electron scattering. The first monotonically decreases
with temperature due to the BCS pairing of electrons,
while the second monotonically increases with T. As a
result,* at low temperatures (T << T,), Kp, dominates the
Meissner state and region near B,,, whereas at high tem-
peratures (T2T,./2), k, is the dominant contribution
for all fields.

A very interesting study®!° has been that of the TC in
an applied magnetic field (up to 5 T) for twinned and
untwinned single crystals of Y-Ba-Cu-O samples. It was
shown that the behavior of «(B) departs from conven-
tional superconductor models which predict a linear
dependence for thermal magnetoresistivity (TMR)! ~*

AW(T,B)=W(T,B)—WI(T,0)=Cy(T)B , (1)

assuming that the field just adds a term to W (T,0) de-
pending on the number of vortices. In the Y-Ba-Cu-O
samples examined in Refs. 9 and 10, such a behavior was
found up to B=1 T, but markedly reduced thereafter.
To fit the data, an unusual phenomenological form has
been proposed for the observed TMR,* 1©

AW ,(T,B)=C(T)B exp(—pBY) , (2)
with ¢ =1.
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To clarify the role of extended defects in high-
field thermal conductivity of high-temperature super-
conductors (HTS’s), Bougrine et al.l! have
measured the TMR of twinned YBa,Cu;0; and tweeded
YBa,(Cug gsFeg o5);0; crystals in applied magnetic field
(up to 5 T). In accord with the interpolation formula sug-
gested by Eq. (2), they found a hierarchy of the stretched
exponential laws with ¢ dependent on the type of the de-
fect, namely, g was found to cross over with field from 1
to + and from 1 to } for pure and iron-doped samples, re-
spectively. Regarding a possible explanation for such an
unexpected, defect-sensitive behavior of the observed
TMR, we would like to point out that both conventional
scattering mechanisms, that is, phonon-vortex and
electron-vortex, result in the same linear law dependence
(1) only (see, e.g., Refs. 1-4) and thus none of them can
account for the observed stretched exponential behavior
(2). At the same time, an exponential field dependence is
known'? to be a characteristic feature of the so-called
vortex-limited proximity effect which is essentially elec-
tronic by its nature [since it is based on the local (near a
defect) modulation of the superconducting order parame-
ter], and which is proved to be quite active and significant
in intrinsically defected (twinned) HTS crystals (see, e.g.,
Refs. 13 and 14). Besides, any reasonable scenario for the
TMR of type-II superconductors in the mixed state
should account for the pinning ability of the material un-
der discussion. To take advantage of the above-men-
tioned dualism of extended defects (as pinning centers
and as proximity-mediated structures at the same time)
and to provide a plausible explanation of the unusual,
stretched exponential high-field dependence of the ob-
served TMR in intrinsically defected HTS crystals, in the
present paper a modification of the conventional
electron-vortex scattering mechanism is considered by
taking into account the existence of two types of electron
scatterers, free (unpinned) vortices and pinned (via ex-
tended defects) vortices.

II. ELECTRON-VORTEX SCATTERING

Since the electron mean free path is limited by scatter-
ing with fluxoids and electrons, we can write in terms of
thermal magnetoresistivity and assume the collision pro-
cesses independent,

3614 ©1995 The American Physical Society



52 THERMAL CONDUCTIVITY OF TYPE-II SUPERCONDUCTORS . . . 3615

AW(T,B)=W(T,B)—WI(T,0)=W,.(T,B) . (3)

Here we made an assumption that the resistivity due to
the impurity scattering, W (T,0), is field independent and
hence all the field dependence of the observable TMR
comes from the electron-vortex scattering, W,.(T,B). To
get the explicit form of W (T, B), we assume that elec-
trons are scattered by the vortex cores which behave as if
they were cylinders of normal metal. The order of mag-
nitude and the temperature and field dependence of the
electron-vortex thermal conductivity can be deduced
from the kinetic theory expression’

Ko =W'=1C,vpl, @)

where C, is the electronic specific heat per unit volume,
vr the Fermi velocity, and / £ T, B) the electron mean free
path due to the scattering of electrons by vortices.

A. Defect-free case

Let us consider first the case of electron scattering by
unpinned vortices. In this case vortex-limited electron
mean free path reads>

a(B)

2wl (T,B)=a(B) | T

, (5)

where a (B)=1/¢,/B is the vortex lattice spacing, and
(£/a) the probability that an electron intersects a vortex
core of size &(T) [E(T)=E&,/V 1—T?*/T? is the super-
conducting coherence length].

Inserting expression (5) into Eq. (4), we get for the
TMR due to the scattering of electrons by unpinned vor-
tices

W (T,B)=W,(T)

(6)

*
c2

Here W, (T)=«x_,(T), k., =(1)C,vpl; is the electronic

thermal conductivity in the normal state, I; is the elec-

tron mean free path due to the impurity scattering, and
5 =go/2mEl,.

At this stage, it is interesting to point out that Eq. (6)
strongly resembles the known expression for the so-called
flux-flow resistivity in the mixed state of type-II super-
conductors, ! ps(T,B)=~p,(T)B/B,), where p, is the
normal-state resistivity. In view of Eq. (6), we can write
approximately W, (T,B)/W,~=ps(T,B)/p,.

B. A single defect

The above-mentioned analogy between electrical and
thermal resistivities suggests a way to describe the role of
pinning in the mixed state electronic TMR. Indeed, ac-
cording to the so-called thermal assisted flux-flow
(TAFF) model,!> which is a natural generalization of the
flux-flow regime, the existence of pinning [with a force
density per unit vortex length f,,(T,B)] results in the fol-
lowing modification of the magnetoresistivity:

PTAFF( T,B)zpff(T,B)exp[—U(T,B)/kBT] y (7)

where U(T,B) = f,(T,B) is the pinning energy. In terms
of the thermal magnetoresistivity, the TAFF mechanism
brings about the corresponding change of the electronic
TMR due to electron scattering by pinned vortices,

WEA(T,B)~W,/(T,B)exp—U(T,B)/ksT], (8

with W,.(T,B) given by Eq. (6). Thus, if our analogy is
correct, the measurement of the thermal conductivity in
applied magnetic field can provide interesting (and direct)
information about the pinning characteristics of the ma-
terial. If, however, we deal with the extended defects
(such as dislocations, twin boundaries, etc.) as pinning
centers for vortices, there exists another scattering mech-
anism which contributes to the observable TMR in in-
trinsically defected material. This mechanism is originat-
ed from the scattering of electrons by the vortices
confined within a defect-mediated NS boundary. Indeed,
the proximity-induced depletion of the superconducting
order parameter near such a NS boundary will affect the
probability of the electron scattering by pinned (via NS
barrier) vortices and, in turn, results in the following
change of the electron-vortex contribution to the observ-
able TMR (cf. Ref. 12):

W (T,B)=W ;(T,B)exp[ —Ky(T,B)8] , ©)
where
KN(T,B)=L\/1+6Bﬁ/mef . (10)
N

Here B=1/kyT, Ky(T,B) is the inverse decaying length
of the proximity coupling, 8 and &y =pBfiv,/m are the
thickness and coherence length of a normal metal, re-
spectively, W,,(T,B) is given by Eq. (6), and # /7, is the
depairing energy which in the vortex state of type-II
superconductors reads' #/ T.(T,B)=2eBDy, where
Dy =vgl; /3 is the diffusion coefficient. Notice a formal
analogy between Egs. (8) and (9). In fact, both of them
describe the modification of the electron-vortex scattering
in the presence of defects. At the same time, for the
defect-free limit, when 8—0, Eq. (9) coincides with the
conventional expression (6).

Let us analyze the obtained results [Egs. (9) and (10)].
At relatively small magnetic fields (so that B <<By,
where By =¢,/4ml;Ey ), we get in linear approximation

WZ(T,B)~C\(T)B exp(—p,B), B<<By, (11)

where C(T)=c(T)exp(—8/&x), c(T=[W,(T)/
B%(T)), and B*=1/p,=¢o/2wl;8 is the so-called'>'*
proximity breakdown field.

At the same time, at large magnetic fields (when
B >>By ), Egs. (9) and (10) suggest the following behavior
of the defect-mediated electron-vortex contribution to the
TMR:

W (T,B)~C,(T)B exp(—p,VB), B>>By (12)

where C,(T)=c(T) and p,=V"28p, /&y. In Sec. III the
above-obtained expressions (11) and (12) will be used to
discuss some experimental data on thermal magnetoresis-
tivity in defected high-T, crystals.
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C. Lattice of defects

Turning to a more realistic situation, let us consider
now the case of electron scattering by a lattice of extend-
ed defects. To apply our scenario of proximity-mediated
electron-vortex scattering for a multidefect situation, we
assume that the electron scattering occurs in the normal
regions distributed with an effective lattice spacing
a.q(B) such that a_' (B)=a !(B)+d !, where a(B) is
the field-dependent vortex lattice spacing, and d the
(field-independent) distance between extended defects. As
a result, the thermal magnetoresistivity due to electron
scattering by pinned vortices in the presence of the lattice
of correlated defects reads [cf. Eq. (9)]

W (T,B)=W,;(T,Blexp| —K (T,B)8] , (13)
where
1 § 1/2
i N
=——11+4 . 4
K 4(T,B) . [1 T 2B (B) } (14)

Notice that a single defect case considered in Sec. II B
corresponds to the limit d — o when a.4(B) coincides
with the vortex lattice spacing a (B).

Depending on the relationship between two charac-
teristic lattice parameters, a(B) and d, there exist two
distinctive regimes:

(i) a(B)<<d; in this case there is no correlation be-
tween defects so that a.z(B)=~a(B) and the observable
thermal magnetoresistivity will be dominated by a single
defect electron-vortex scattering. Hence, in this limit
We’f(T,B) reduces to the single defect TMR expression
[see Egs. (11) and (12)]. Figure 1(a) illustrates the field
dependence (B, =By ) of the normalized thermal magne-
toconductivity «(B)/k(0)=W (T,0)/W (T,B) calculated
according to Eq. (13) with d =10a for different tempera-
tures. As is seen, in this case thermal conductivity gradu-
ally decreases with applied field and the higher the tem-
perature is, the less field dependent «(B) becomes.

(ii) a(B)>>d; in this case a 4(B)==d so that the densi-
ty of defects is quite large and as a result the electron de-
fect (rather than electron-vortex) scattering will dominate
the observable TMR. The latter, in view of Egs. (13) and
(14), can be approximated for two field regions as follows:

C,(T)B exp(—p;V'B), B <<B}/B,

1 ~
WerlT,B)> ¢ (T)B exp(—p,B'/*), B>>B3/B,

(15)

where Bd=¢0/d2, C3(T)=C1(T), C4(T)=C2(T), P3
=pV ¢o/d? and p,=p,V p;/p,. Figure 1(c) depicts
the field behavior (with By=B;) of the normalized
thermal magnetoconductivity «(B)/«(0)=W(T,0)/
W(T,B) given by Eq. (13) with d =0. 1a for different tem-
peratures. Notice that, in contrast with the previous case
[Fig. 1(a)], the defect-dominated thermal conductivity
shows some peculiarities in the applied magnetic field
(similar to the ones observed in the mixed state of type-II
superconductors! ~4). For example, with increasing field,
«x(B) first falls, then reaches a minimum (which shifts to
lower fields and becomes more shallow with increasing
temperature), and finally gradually increases towards the

normal-state value. For completeness, the intermediate
case, when d =a, is shown in Fig. 1(b).

III. DISCUSSION

To compare the above model predictions with some
experimental data, in Fig. 2 we present the log-log
plot of the reduced excess TMR, —In[AWI(T,B)/cB],
versus applied magnetic field observed by Bougrine
et al.!' on the twinned YBa,Cu;0, (a) and tweeded
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FIG. 1. Field-dependence of the normalized thermal conduc-
tivity, «(B)/k(0), for three distinctive regions (see text): (a)
d=10a, (b) d=a, and (c) d=0.1a. The curves, calculated ac-
cording to Eq. (13), correspond to the following temperature (up
todown): T/T,.=0.9, 0.7, and 0.5.
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FIG. 2. The high-field data on reduced excess thermal mag-
netoresistivity of twinned YBa,Cu;O; (a) and tweeded
YBa,(Cug gsFeq 05)307 (b) from Ref. 11 along with the best fits
(solid lines) according to Egs. (11), (12), and (15).

YBa,(Cug ¢sFej g5)304 (b) crystals. The solid lines repro-
duce the best fit according to the asymptotic expressions
(11), (12), and (15). To justify the applicability of the
model equations to the description of the above experi-
mental data, we propose the following scenario.

According to the measurements,'® the twin structure
was found to be enhanced and replaced by finer tweed
structure upon 5% Fe doping. Furthermore, as the
high-resolution electron microscopy studies revealed,'’
the mean intertwin distance d and twin-boundary thick-
ness & in pure Y-Ba-Cu-O are d=200 nm and
86=1-2 nm, respectively. These should be compared
with the inter-tweed distance d =20 nm and tweed-
boundary (dislocation core) thickness §=2-3 nm for
iron-doped Y-Ba-Cu-O.
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Let us consider first the case of pure Y-Ba-Cu-O.
When the applied field exceeds 1 T, vortex lattice param-
eter a (B) becomes smaller than the interdefect spacing d,
that is a.4(B)==a(B); hence the electron scattering by un-
correlated pinned vortices starts to dominate the
behavior of W (B) [see Egs. (11) and (12) and Fig. 2(a)].

Turning to the iron-doped case, we notice that up to
the highest magnetic fields used in the experiments by
Bougrine et al.,!! the opposite situation takes place,
namely, d <<a(B), leading to a.4(B)~d. Thus, in this
case the electron defect scattering will dominate the ob-
served W (B) for all fields and the corresponding model
expressions (for two distinctive crossover regimes) are
provided by Eq. (15) [see Fig. 2(b)].

According to Egs. (11) and (12), it follows from Fig.
2(a) that for pure Y-Ba-Cu-O, crossover (from g=1 to
g=1) occurs at BE =By~1T. Taking into account
that for Y-Ba-Cu-O 0v,=2X10°m/s and thus
&x(T=40 K)=10 nm, the above crossover field predicts
1P=¢y/4m& B2 =16 nm for the electron mean free path
in pure Y-Ba-Cu-O, in a reasonable agreement with the
observations.” Furthermore, taking the above 17 and us-
ing 8=2 nm for a twin boundary thickness,!” we get an
estimate for the breakdown field B*=¢,/27If6=10 T,
which is quite comparable to the value deduced from the
critical current measurements in pure Y-Ba-Cu-O. In a
similar way, Fig. 2(b) along with Eq. (15) suggest that for
Fe-doped Y-Ba-Cu-O crossover (from g=1 to ¢=1)
takes place at B% =B%/B,=1T. Using d=20 nm
(which corresponds to B; =5 T) for the intertweed dis-
tance,!” the above equation provides an estimate of the
electron mean free path, [?=¢,/4mE NV B,BY | in Fe-
doped Y-Ba-Cu-O. The result is /?/If=0.5. To provide
a more detailed verification of the model predictions,
more experimental data on the thermal magnetoconduc-
tivity of superconductors with different (but well-
controlled) defect structure are required.

In summary, incorporating two types of electron
scatterers, free (unpinned) vortices and pinned (by the ex-
tended defects) vortices, into the conventional picture of
the electron-vortex scattering mechanism, the electronic
contribution to the thermal conductivity of type-II super-
conductors was discussed. The model predictions were
compared with some experimental data on the thermal
conductivity of twinned and tweeded high-T, supercon-
ductors in high magnetic fields.
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