PHYSICAL REVIEW B

VOLUME 47, NUMBER 18

1 MAY 1993-11
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The previously published constant-pressure temperature dependences of the resistivity eigenvalues and
Hall coefficient of untwinned single-crystal YBa,Cu;0;_; are used, together with the coefficient of ex-
pansion and the compressibility, to calculate the constant-volume temperature dependences of these
transport coefficients, since the constant-volume values are the quantities that have been predicted by
theories of high-temperature superconductivity. It is found that the in-plane resistivity eigenvalues at
constant volume are slightly lower and more nearly linear in the temperature than at constant pressure.
The c-axis resistivity at constant volume is also slightly lower than at constant pressure, and approxi-
mately as linear. Gy, the reciprocal of the Hall coefficient Ry, at constant volume is slightly higher and
just as nearly linear in the temperature as at constant pressure. The cotangent of the Hall angle, as a
function of T2, is essentially the same at constant pressure as at constant volume, and remains linear in

T2

I. INTRODUCTION

Many of the normal-state properties of high-
temperature superconductors are qualitatively different
from those of ordinary materials. It is widely believed
that an understanding of these unusual normal-state
properties will be of great importance in the development
of a complete microscopic theory of high-temperature su-
perconductivity. We concentrate here on electrical trans-
port properties, and focus the discussion on the electrical
resistivity! p and the Hall coefficient? Ry;. In the high-
temperature superconductors, p varies linearly or nearly
linearly over a wide range of temperatures. Ry is also
very unusual in these materials, varying approximately as
1/T over a wide temperature range. In other words, the
reciprocal Hall coefficient, G;; =1/Ry, is linear in 7.

The linear temperature dependences of p and Gy that
we discuss here are followed particularly precisely for
untwinned single-crystal YBa,Cu;0,_g5 with §=0.1 and
T,=90 K.>* This compound has been carefully investi-
gated by various groups because it can be prepared in the
form of very pure, single-phase, untwinned, single crys-
tals with no appreciable antisite disorder and with excel-
lent morphology showing no visible stacking faults.>® We
therefore devote our discussion to electrical transport in
this compound.

The published temperature dependences of p and Gy
were measured at a constant pressure p,, equal to either
zero or one atmosphere.>* (These two pressures would
give indistinguishable results.) The crystal expands
beyond its initial volume ¥V, as it is heated from the ini-
tial temperature T, to obtain the temperature depen-
dence of p or Gg. On the other hand, the theoretical ex-
pressions for the temperature dependences of these pa-
rameters are calculated for a sample at constant volume.
It is therefore useful to calculate the predicted constant-

4

volume parameters p(V,,T) and Ggx(V,,T) and their
temperature derivatives from the measured constant-
pressure parameters p(p,,T) and Gg(p,,T). We show
how to make these transformations and determine wheth-
er the temperature dependences are changed appreciably
by them.

It should be noted that we correct only for the volume
expansion of the sample, not for its change of shape,
which would be a result of the anisotropy of the thermal
expansion coefficient’ and compressibility.® The shape
correction cannot be made at this time, since the resistivi-
ty and Hall coefficient have not been measured yet for a
sampler under uniaxial pressure in the three directions.
Since both the thermal expansion coefficient and the
compressibility are roughly twice as high in the ¢ direc-
tion as in the a and b directions, the change in shape is
roughly, but not exactly , taken into account. Because
YBa,Cu;0,_5 is orthorhombic, the resistivity is aniso-
tropic. In our discussion, ‘“resistivity’”’ refers to any of
the three eigenvalues of the resistivity tensor, p,, p, (for
current in the Cu-O chain direction), and p, (for current
perpendicular to the Cu-O planes). The Hall coefficient
referred to here is measured with the magnetic field in the
¢ direction.

II. METHOD

The transformations of p and Gy are done the same
way, so we will discuss the calculation as being carried
out on any state function f(p,V,T). Standard thermo-
dynamic analysis’ shows that
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Furthermore, one has available the usual relation’
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3p | _ —@VAT), 4 2 lows. We co;ld heat the .crystal athconsta;nt volume from
arT |, @V /)y xp ’ (Vo,Ty) to (Vy, T, ), causing f to change by an amount

where a is the volume thermal expansion coefficient (the
sum of the three linear expansion coefficients) and «kr is
the compressibility:
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Equations (5) and (6) can be used to find the constant-
volume temperature derivatives that are predicted by
theories. One may, on the other hand, wish to find the
constant-volume functions p(V,,T) and Gy (V,, T) them-
selves. We use a “thought experiment” to do this as fol-
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FIG. 1. Percentage volume change on heating a crystal of
YBa,Cu;0;_5 up from 115 K to temperature 7.
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On the other hand, we could accomplish the same pro-
cess in two steps by heating the crystal at constant pres-
sure from (pg, T) to (pgy, T1) and then squeezing it down
to its original volume V, at constant temperature T,.
The first of these steps would change f by an amount

Sf
aT

T]
dT . (8)
P =Py

(Afh=[

Ty

During this step, the crystal would expand to a new value
V, given by

T
V=V, exp fTo‘a(po,T)d:r]. ©)

Bringing the volume back to ¥, would require the appli-
cation of a pressure p given by

V0 a
=p,+ 2L dv
r=pot [, |55 -1,
vV
=pot+ [ ' — L —av (10)
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FIG. 2. Pressure that would be required to bring the volume
of the crystal back to its value at 115 K, after heating it to tem-
perature T.
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changing f by an amount

(11)

9
o

T=T,
Thus, equating Af given by Eq. (7) to Af;+Af,, and
noting that

FVo,To)=f(po,To) , (12)

we obtain the desired relations:

pVo, T=plpo T+ [7 || ap (13)
|
and
aG
GH(VO,T1>=GH<po,T1>+fPZ a—p” _pdp, (4
D |

where p is given by Eq. (10). For YBa,Cu;0;_; in the
pressure and temperature ranges we are considering, Ky
is independent of p,'° and therefore of ¥, so
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FIG. 3. Constant-pressure (filled circles and squares) and
constant-volume (open circles and squares) values of the electri-
cal resistivity in the a direction and the b (Cu-O chain) direc-
tion.
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III. RESULTS

In calculating p(V,,T) and Gy(V,,T) and their tem-
perature derivatives, we take data for p(p,,T), (8p/9p )y,
a, Kk, Gy(py,T), and (3G /dp)y from the literature
(Refs. 3, 11, 12, 10, 4, 'and 13, respectively). For the
reference temperature, we take T,=115 K, the lowest
temperature at which data for p and the pressure depen-
dence of G are available.

At 200 K, for example, the compressibility of
YBa,Cu,0,_; is 4.48X 10 */kbar and the thermal ex-
pansion coefficient a is 3.07 X 1073/K, so Egs. (5) and (6)
indicate that the constant-volume derivatives of p and Gy
are different from the constant-pressure derivatives by
—4.88X1072 uQcm/K  (=—11%) and 9250
T/Qcm/K (=15%), respectively, at that temperature.
(It should be noted that the compressibility of
YBa,Cu;0,_5 has been measured not only by Feitz
et al.,'° providing the temperature-dependent values that
we have used in our calculation, but at room temperature
by Olsen et al.'* and by Jorgensen et al.® These two
groups obtained values of k which were greater than the
room-temperature result obtained by Feitz et al. by 31
and 45%, respectively.)

Figure 1 shows the percentage change in the volume of
a YBa,Cu;0,_; crystal as it is heated up above 115 K,
calculated from Eq. (9). Figure 2 shows the pressure that
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FIG. 4. Constant-pressure (filled circles) and constant-
volume (open circles) values of the electrical resistivity in the ¢
direction.
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FIG. 5. Constant-pressure (filled circles) and constant- FIG. 6. Constant-pressure (filled circles) and constant-

volume (open circles) values of Gy, the reciprocal of the Hall
constant Ry with the magnetic field oriented in the c direction.

would be necessary to bring the crystal back to its initial
volume, from Eq. (10). The figure shows that our analysis
involves pressures up to 12 kbar.

Figures 3—5 show the constant-pressure (filled symbols)
and constant-volume (open symbols) temperature depen-
dences of p,, py, p.» and Gy. (For p,, p,, and p,., the
data for sample A in Ref. 3 were analyzed; those for sam-
ple B would yield nearly identical results.) These figures
show that the temperature derivatives of the constant-
volume resistivities and Gy at 200 K are different from
those of the constant-pressure functions by about —11
and 15%, respectively, confirming the results we obtained
above. (Our resistivity results are slightly different from
those of Sundqvist and Andersson;!” they analyzed in-
plane resistivity data only, obtained for a twinned sample
having a resistivity two to four times higher than the data
analyzed here, and they corrected the data only to first
order in the thermal expansion.)

In Fig. 6, similar results are shown for the cotangent of
the Hall angle ®y, which equals p,/p,,. The figure
shows that the correction for the effect of volume expan-

volume (open circles) values of the cotangent of the Hall angle,
with the magnetic field oriented in the ¢ direction.

sion on p, almost exactly cancels that on p,,, leaving
cot(®y ) unchanged.

In summary, the constant-volume resistivity eigenval-
ues are slightly lower than the constant-pressure values.
The constant-volume values of p, and p, are more nearly
linear functions of T than the constant-pressure values.
For p,, the scatter in the data makes the nonlinearity
difficult to discern, but it is approximately unchanged.
For the reciprocal Hall coefficient Gp, the constant-
volume values are slightly higher than the constant-
pressure values, and about as linear in T. The cotangent
of the Hall angle is nearly the same at constant volume as
at constant pressure.
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