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We investigate the temperature-dependent resistivity p(7T') of single crystals of the high-
temperature superconducting compound Bag (K 4BiO; with a critical temperature 7,=30 K,
over the temperature range 4.2-300 K. The experimental data are well approximated by

a function p f( T') of Bloch—Griineisen type, which we obtain within the classical model of the
electron—phonon interaction by assuming that the phonon spectrum consists of an

acoustic branch with a Debye dispersion law and a narrow optical-phonon peak located a

large distance away.

1. INTRODUCTION

Ever since the phenomenon of high-temperature super-
conductivity was discovered by Bednorz and Miiller in
1986,! a great number of scientists have spared no effort in
pursuing a multifaceted investigation of this new class of
compounds—the high-temperature superconductors. De-
spite the enormous number of papers published, however,
the mechanism for high-temperature superconductivity re-
mains unclear to this day, and continues to provoke dis-
cussion among supporters of various models, involving,
e.g., pure phonons,? excitons,>> bipolarons,* resonance va-
lence bonds (RVB),’ and other mechanisms. For this rea-
son, there continues to be a pressing need for investigations
of those physical properties of high-temperature supercon-
ducting compounds that yield information about the elec-
tronic structure of these materials, their phonon spectrum,
etc. In particular, the temperature dependence of the elec-
trical resistivity p(T), which in traditional superconduct-
ors is determined by the very same electron—phonon inter-
action as the superconducting state, is of particular
interest. It is not surprising that the purely linear depen-
dence of p(T) on temperature observed in many high-
temperature superconductors (e.g., the yttrium, bismuth,
and thallium systems) has been widely discussed, and con-
tinues to be discussed in the literature; indeed, a good ex-
planation for the behavior of this function is widely re-
garded as the key to understanding the reasons for the high
superconducting transition critical temperatures in this
new class of complex metal-oxides.

Our choice of the system Ba,_,K,BiO; was deter-
mined by the fact that this compound, which is represen-
tative of the class of high-temperature superconductors, at
the same time possesses a relatively low critical tempera-
ture (30 K) and critical fields, which makes it possible,
e.g., to measure the function H,(7) over a wide range of
temperatures. Furthermore, Ba,; _ ,K BiO; has a cubic lat-
tice and does not contain Cu or any other magnetic ions, so
that the features of its high-temperature superconductivity
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cannot be explained by the layered nature of the structure
or the magnetic properties of the system.

In this paper we present the results of experimental
studies of the temperature-dependent electrical resistivity
of single-crystal samples of Baj (K, 4BiO; over the temper-
ature interval 4.2-330 K, along with an interpretation of
our data within the framework of the classical model of the
electron—phonon interaction, using a phonon spectrum
consisting of an acoustic branch with a Debye dispersion
law, and a narrow optical-phonon peak located far away
from the acoustic branch. By analyzing the function p(7T),
we determine the Debye (®p) and Einstein (®f) temper-
atures of the model spectrum for the acoustic and optical
phonons respectively; the values of these quantities coin-
cide with the results of neutron studies of the phonon spec-
trum of Ba,_ K BiO;.%” We then determine the ratio of
the electron—phonon interaction constants for acoustic and
optical phonons A,,/A,.. We use the Allen-Dynes
intermediate-coupling formula for 7', to obtain absolute
values for the electron—phonon interaction constants 4,,
and A,. under the assumption that the mechanism for su-
perconductivity in Ba,_ K,BiO; is purely due to the
electron—phonon interaction.

2. METHODOLOGY AND EXPERIMENTAL RESULTS

The experiments were carried out on single-crystal
samples of Bag¢K,4BiO; with characteristic dimensions
2X2X2 mm’, grown using the method described in Ref. 8.
X-ray structural analysis revealed that the samples were
single-phase and single-crystal. The critical transition tem-
perature to the superconducting state for these samples
was 7,.=30 K, and the width of the transition based on
levels 0.1 Ry to 0.9 Ry was, AT =3 K. The resistivity was
measured using a four-contact scheme for an AC current
of 1 mA at a frequency 370 Hz over the temperature range
4.2-330 K.

The functions p(7T) measured from several samples
were identical. In Fig. 1 we show the function p(T') for
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FIG. 1. Temperature dependence of the normalized resistivity in single
crystals of Bay (K, 4BiO; (B—our data, *—data of Ref. 9) and resistivity
of Nd, 45Ceq ;sCuQ, in the ab plane given in Ref. 10 (—).

one of these samples along with the published data of Refs.
9,10.

3. DISCUSSION

The temperature dependence of the electrical resistiv-
ity of high-quality samples of Bay(K,,BiO; had a pro-
nounced metallic character, i.e., p increases monotonically
with temperature, in contrast to that of ceramic
samples.!!? In single crystals of Bay (K, 4BiO;, the func-
tion p(T') qualitatively coincides with the temperature de-
pendence of the resistivity of single crystals of the layered
high-temperature superconductor Nd, 3;Ceq ;5CuO, along
the ab plane (Fig. 1). At low temperatures, 7 < 180 K, the
function p(T) is quadratic with temperature, while for
T>200 K p(T) increases linearly with temperature. This
is easily seen in Figs. 2, 3, where the temperature depen-
dences of the derivative dp/dT is shown along with p
plotted as a function of T2. At first glance, the presence of
a broad temperature range (30-180 K) over which a qua-
dratic dependence of p(T') is observed in BaycKg,BiO;
suggests that the mechanism for the electrical resistivity is
electron—electron scattering, as was proposed in Ref. 10 to
explain the analogous temperature dependence p(7T') along
the ab plane in Nd, 45Ce; ;sCuO,. However, if we postulate
a dominant role for electron—electron interactions in the
scattering of electrons when 7 <180 K, it is difficult to
explain the linear increase in the resistivity with tempera-
ture in the range 7 > 200 K. The explanation given in Ref.
10 for the change in character of the function p(T') in
Nd, 35Cep 15CuO, from quadratic at low temperatures (T
<150 K) to linear at high temperatures (7 > 180 K) can
hardly be applicable to Ba,_,K BiO;. According to Ref.
10, the changeover from p(T) < T? to linear behavior at
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FIG. 2. The function dp/dT in single crystals of Bag (K, 4BiO;.

high temperatures is connected with lowered dimensional-
ity of the electronic system in Nd, 3sCeq5CuO,, which as
the temperature increases goes from three-dimensional to
two-dimensional. The compound Ba,_ ,K ,BiO; possesses a
cubic lattice and therefore its electronic system is unlikely
to change dimensionality.

For this reason, we have attempted to explain the ob-
served temperature dependence of the resistivity (Fig. 1)
within the framework of the usual model of electron-
phonon interaction.

The results of neutron-scattering studies and lattice-
dynamics calculations®’ show that the phonon spectrum in
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FIG. 3. The dependence of the resistivity on T in single crystals of
Bay (K 4BiO;.
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Ba,_,K,BiO; is divided into two parts separated by a re-
gion with a low density of states between 500 and 600 K
(Fig. 4). The peak in the phonon density of states in the
energy region above 600 K is associated with a breathing
mode of the oxygen octahedra around Ba (or K) atoms.
The density of states below 500 K is determined by acous-
tic phonons and libration modes of the BiOg octahedron.
In this case it is natural to choose a model phonon spec-
trum in the form of an acoustic branch with a Debye dis-
persion law characterized by the Debye temperature ®p,
and a narrow optical-phonon peak a large distance away
from this branch, characterized by an Einstein temperature
Of.

Following Ref. 13, we analyzed the function p(7") us-
ing this model phonon spectrum. Assuming the correctness
of Mattheisen’s rule, the electrical resistivity of a metal can
be written in the form of a sum p(T') =py+p/(T), where
po is a residual resistance that is temperature-independent
and p,(T) is the temperature-dependent portion of the
resistivity, which is determined by the scattering of elec-
trons by phonons. The value of p,(T) is given by the
expression '

pf=cf o7 F (0) f (fiw/kT ) dw, (1)
0

where F(w) is the phonon density of states, the statistical
factor f(x)=x(e*—1)"}(1—e *)"!, and azT is a trans-

port function which characterizes the electron-phonon in-
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FIG. 4. Density of phonon states in Bay (K, BiO;.”

teraction. This last quantity differs from a?, i.e., the square
of the matrix element for the electron—phonon interaction
entering into the expression for A (where A is the electron—
phonon interaction constant), only by a factor that takes
into account the scattering angle of an electron. The con-
stant ¢ is determined by the optical mass of an electron and
the concentration of charge carriers, and cannot be com-
puted exactly.

Substituting the density of states of the Debye spec-
trum, which describes the acoustic phonons very well, into
the expression for p f( T) we obtain the Bloch—Griineisen
law for the temperature dependence of the electrical resis-
tivity

Op/T
pac(Tr®D) =Aac(T/®D)4Tf .)Cs(ex—l)_1
0

X (1—e~*) " ldx.

If, however, the phonon spectrum is Einsteinian, i.e., there
is a local peak due to optical phonons, then the function
ps(T) can be written in the form

Pop(T:Op) =4,,01/T[exp(Op/T) — 117!
X [1—exp(—@g/T)] L

When both an acoustic branch and an optical peak that is
far away in frequency are present in the phonon spectrum,
the function p(7T') can be written in the form of a sum
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pf(T)zpac(T9®D)+p0p(T1®E)s

where p,.(7,0p) is determined by scattering of electrons
by acoustic phonons, and p,,(7,®g) is determined by op-
tical phonon scattering:

pae(T) =cr° @2 F(0) f(#o/kT)do,
0

pop(T)=cf°° AF (o) f(#0/kT)do,

k®p < fiw, < kOf.

By approximating the experimental function p(T)
with the function

P( T,®D ’GE) =P0+Pac( T’GD) +p0p( T,®E)

oy T

—po 44, (T/0p)'T [ 7 (e

0
1) M1=e*)"ldx
+A4,,OLT ' [exp(®g/T) —117'[1

—exp(—Og/T)]7},

in the best possible way, we can determine 4,., ®Op, 4,
and Og. The approximation procedure was as follows. For
certain prechosen values of ®p and ®g, optimal values of
the parameters pg, 4,., and 4,, were determined by the
method of least squares, and the sum of squared deviations
was calculated:

N
z = 2 [p(Ti)_PO_Pac(AawTi’@D)

i=1

- pop(Aop ’TE’GE) ]2'

This calculation was then repeated for other values of ®p
and ®g, until values of ®p and @ were found that corre-
spond to a minimum of . The step size for changing ®p
and O was 10 K. The curves were calculated using 63
points.

The best agreement between the computed results and
the experimental function p(7T") was observed for ®p =320
K and ® =680 K. These values of ®p and ®f, which are
indicated by arrows in Fig. 4, correlate well with the pho-
non spectrum of Ba,;_,K ,BiO; determined from neutron
studies.®” Figure 5a shows the results of our approxima-
tion of p(T') along with the experimental data. The con-
tributions to the resistivity due to scattering of electrons by
acoustic and optical phonons are shown separately (Fig.
5b). Thus, by using a simple model of the spectrum con-
sisting of an acoustic branch with a Debye dispersion law
and an Einstein optical-phonon peak, and the three adjust-
able parameters ®p, O, and the ratio 4,,/4, of the con-
tributions of optical and acoustic phonons to the electrical
resistivity, we have succeeded in obtaining a function p(T')
that describes the experimental data quite well over the
entire temperature range. For comparison we show in Fig.
6 the results of an analogous approximation using a pho-
non spectrum with one branch, either acoustic or optical.

166 JETP 79 (1), July 1994

a3 ,U.Q -Cm
10001

800+ s
600t

400t /

20071

G50 100 150 200 250 300 350

T.K
P Py ,LtQ *cm
1000
b
00
600
1001
200

0 350
T.K

00 150 200 250 30

FIG. 5. (a) Temperature dependence of the resistivity in single crystals of
Ba, (K, 4;BiO; (B—experimental data, (—)—approximation of the exper-
imental data by the function p(7T,0p,0)=py+ p.(T,0p)
+ pop(T,0g), Op=320 K, ®=680 K. (b) Temperature dependence of
the phonon part of the resistivity p, in single crystals of Bag (K 4BiO;:
(—)—approximation of the experimental data by the function
(Pac(T,0p) + pop(T,0g)), Op=320 K, Op=680 K; (....)—p, (T,
®p), ®p=320 K, the contribution of acoustic phonons to the resistivity;
(---—)—pDP(T,(DE), ®;=680 K, the contribution of optical phonons to
the resistivity.

The values of ®p and @ that correspond to the best ap-
proximations equal 570 and 880 K respectively. It is ap-
parent that the approximation of p(7) using a single
acoustic branch is relatively accurate for this scale of the
figure. However, the following facts are noteworthy: first of
all, in this case the characteristic phonon energy ®p=7570
K is very close to the minimum in the phonon density of
states for the spectrum of Ba,_,K,BiO; (Fig. 4); and sec-
ondly, the value of ®@p determined by analyzing p(7) us-
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FIG. 6. Temperature dependence of the resistivity for single crystals of
Bay (K 4BiO;: (B)—experimental data; (—)—best fit of experimental
data by the function [py+ p,.(T,0p)],©p=>570 K; (----)—best fit of ex-
perimental data by the function [po+ p,,(7,0g)], @ =680 K.

ing a spectrum consisting of an acoustic branch alone de-
pends very strongly on the temperature range over which
the approximation is carried out, changing from 300 to 570
K as the range under study increases from 150 to 330 K. In
contrast, the values of the characteristic frequencies
®p=320 K and ®;=680 K for the two-branch spectrum
are stable with respect to changes in the temperature range
under study.

The expression for the electron—-phonon interaction
constant A characterizing the superconducting properties
of traditional superconductors, A=2[a’F(w)o ™ 'do is
very reminiscent of Eq. (1) for p f( T). At high tempera-
tures the statistical factor in the expression for p f( T) be-
haves as

S (Fw/kT) | r_. o, — (kT/fiw)

and
pAT)| Tﬁwacr QAF () (kT /fiw)do
0
=C'A’T
~C'AT,

ie.at T o0 pf(T) <A.

By analogy with p,(T'), the constant A can be divided
into two terms, i.e., /1=/lac+/lop, that are determined by
the interaction between electrons and acoustic and optical
phonons  respectively: A,.=2[ S’CazF (w)dw/w and
Aop=2[ & @*F(©)dw/w. Then poeop(T) | 7- 00 & Agep and
Aac/iop=pac( T)/pop( T) l T-o =Aac/Aop .

Thus, by taking the ratio of asymptotic forms of the
resistivity functions, i.e., pop( T)/pac(T)| 7., Wwe can de-
termine the relative contribution of acoustic and optical
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phonons to the electron—phonon interaction constant; for
Ba,_,K,BiO; we have 4,,/4,.=1.57. Our lack of knowl-
edge of the constant c in the equation for p(T) prevents
us from determining absolute values of 4,. and 4,,. How-
ever, if we assume that the mechanism for superconductiv-
ity in Ba,_ K BiO; is exclusively electron—-phonon in na-
ture, and take T, for the superconducting transition from
experiment, then 4,. and 4,, can be calculated from the
relation that connects 7., ®p, Of, and A. In this case we
make use of the Allen—-Dynes formula, which gives T, for
superconductors with intermediate coupling:'®

_ Oigg 1.04(1+A)
TC_ 1’2 fle CXP(—A_#*(1_062/1) s

fi1=141%3(2.4649.35u*)?,

1 (wz/wlog—l)/lz
fr= +/12(1.82+11.5‘u,*)2(a)2/a)10g)2’

. " 12
a)z:[ f a*F (0)wdw /( J azF(w)w_lda’)’ )
0 0

Efw azF(w)w‘lln(w)dw]
7 ), ’

W10 =EXp

where p* is assumed to equal 0.1.

The results we obtain are: 4=0.98, A,.=0.38,
Aop=0.6.

Thus, the experimental dependence of p(7) in
Ba,_,K,BiO; can be explained within the framework of
the classical model of the electron—phonon interaction by
using a phonon spectrum that consists of two branches: an
acoustic branch with a Debye dispersion law and a Debye
temperature ®p =320 K, and an optical-phonon branch in
the form of an Einstein peak with ®;=680 K. In this case
we find that the electrons interact strongly with optical
phonons, and that the contribution of the optical phonons
to the electron scattering, and, consequently, to the elec-
trical resistance at high temperatures, is large compared to
the contribution from acoustic phonons. Accordingly, the
optical phonons contribute significantly to the electron—
phonon interaction constant A, which determines the su-
perconducting properties of Ba,_ K,BiO;, since
Aop/Aac=1.57. Under the assumption that the supercon-
ducting properties of Ba,;_,K,BiO; arise purely from
electron—phonon interactions, we have determined the con-
stants 4, 4,., and 4,,.
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