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Measurements of the superconducting transition temperature 7, vs purely hydrostatic pressure

(P<0.6 GPa) on specimens of

compositions

YBa, ,La,Cu;O;_5 (0=<x=<0.14) and

Y,_,Ca,Ba,Cu;0,_; (0=y <0.06) yield an approximately linear relation between dT. /dP and the car-
rier concentration induced in the CuO, planes by chemical substitution with dT, /dP ranging from —0.6
K/GPa (y =0.06) to +2.2 K/GPa (x =0.14). A simple phenomenological model clarifies the dT, /dP
behavior and provides a physical origin for the observed anomalous peak in 7,(P) at P ~4 GPa [Klotz,

Reith, and Schilling, Physica C 172, 423 (1991)].

After almost six years of experimental and theoretical
work,! a good qualitative understanding of the pressure
dependence of the superconducting transition tempera-
ture T, for the oldest high-7, superconductor with
T, >90 K YBa,Cu;0,_;, still lies beyond our grasp. A
step forward has been made by scientists who have sug-
gested that dT,./dP may be strongly influenced by a
pressure-induced alteration of the holelike carrier concen-
tration. ' This proposal is supported by two experimen-
tal observations: (1) the hole concentration increases
under pressure as ascertained by measurements of
the Hall constant’s pressure dependence’*> and
valence-bond-sum calculations® and (2) T, is strongly
dependent on the hole concentration.”®  An
investigation® of a YBa,Cu;0,-like system,
(Yb, ,Cag 3)(Bag ¢Sty 5),Cu30,_5, showed that through
variation of the oxygen concentration an approximately
linear relation existed between hole concentration and
dT,/dP and that negative values of dT, /dP could be ob-
tained. In YBa,Cu;0,_;, reduction of oxygen content,
and thereby reduction of the hole concentration, is
known to increase d7T,/dP dramatically'®~!? although
reduction of oxygen concentration increases the mobility
of the remaining CuO chain site oxygen atoms and can
lead to time-dependent T, values.!® In principal, these
oxygen reordering effects may be strongly influenced by
pressure in the YBa,Cu;0,_5 system as was observed in
T1,Ba,CuO, by Sieburger and Schilling.'* With the ob-
jective of limiting these effects we focus our study on only
Sfully oxygenated specimens. We present a simple
chemical-substitution experiment designed to highlight
and isolate the influence of the change in the hole concen-
tration under pressure dn /3P on dT,/dP. Our herein-
presented phenomenological model (1) provides a physi-
cal understanding of the observed linearity between
dT,/dP and the carrier concentration induced by chemi-
cal substitution, (2) yields an estimate of dn /0P showing
clearly that it reduces dT, /dP in undoped YBa,Cu;0,_s,
and (3) describes T.(P) of YBa,Cu;O,_5 in the range
0 <P <20 GPa yielding excellent agreement with experi-
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ment!>1® and a physical origin for the observed anoma-

lous peak at P ~4 GPa.

Specimens of composition YBa,_ ,La,Cu;0,_;
(0=x=0.14) and Y,_,Ca,Ba,Cu;0,_5 (0<y=0.06)
were prepared as already described!’” except that Al,O,
crucibles were used for the 0=y <0.06 specimens.
Powder x-ray diffraction indicated that all specimens
were single phase. Iodometric titration'® was utilized to
determine the oxygen concentration (7—38) to an estimat-
ed accuracy of £0.01 under the assumption that Y(La),
Ba(Ca), Cu, and O in the presence of excess I in acidic
solution under Ar atmosphere have the valences of +3,
+2, +1, and —2, respectively. Electrical resistivity at
ambient pressure was measured with a standard four-
contact dc technique whereby reversal of the current can-
cels out thermoelectric voltages; typical current densities
were 300 mA/cm?. Temperature was measured to an ab-
solute accuracy of +0.05 K with a calibrated Pt ther-
mometer which was thermally anchored next to the
specimen on the Cu sample holder. The values of T, un-
der high pressure were determined by measurements of
the electrical resistivity at a frequency of 18 Hz; typical
current densities were 30 mA/cm®. High pressures
(P <0.6 GPa) were generated with a He gas compressor
and transmitted through a Cu-Be capillary to the pres-
sure cell in a He flow cryostat. The pressure was con-
stantly monitored during the experiment to an accuracy
of £3 MPa with a calibrated Manganin resistor residing
at the compressor side of the capillary which is at room
temperature. As long as one remains at any temperature
above the melting curve of “He,!® which is always the
case in the temperature and pressure ranges of this study,
the pressure transmitting medium is purely hydrostatic
and pressure may be varied with the compressor. Mea-
surement of T, at ambient pressure, before and after
pressure was applied, yielded identical T, values indicat-
ing that the pressure medium has no influence on super-
conducting properties.

Results of the iodometric titration measurements for
the La containing specimens have been published else-
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where;!” we simply state the result that the oxygen con- n(x,y)

centrations for 0=<x =<0.14 are scattered with 012 -008 -004 0.00 0.04
7—8=6.961+0.02. The oxygen concentrations for the ashba T ' i ' ]
»=0.015, 0.03, and 0.06 specimens are 6.98, 6.97, and ' s YBalaCxOre Y1yCayBaCusOr
6.97, respectively. The observation that no oxygen is sys- " b

tematically absorbed or liberated in order to compensate
for the holes filled or created indicates that the Cu valen-
cy (and holelike carrier concentration in the CuO, planes)
decreases and increases for La and Ca substitution, re-
spectively. This point has already been discussed in de-
tail.®!” More precisely, if we approximate the change in
the carrier concentration in the CuO, planes per formula
unit induced by chemical substitution and pressure as

n(x,y,P)=n(x,y)+(dn /3P)P , (1)

where n(x,y) is the carrier concentration induced by
chemical substitution,?® at ambient pressure on /dx ~ —1
and 9n /3y =~ 1 for the ranges of x and y here considered.
In Fig. 1 our results of T, vs x and y are displayed. In
this discussion we define the temperature T, as the tem-
perature at which the electrical resistivity reaches the
fraction z of the extrapolated normal-state resistance
(T,=Tgys) and the transition width AT =T, T,
(denoted by the error bars in the figure). One sees that T,
clearly passes through a maximum as a function of the
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FIG. 1. Superconducting transition temperature T, vs La (x)
and Ca (y) concentrations (bottom axis) and hole concentration
induced by chemical substitution n(x,y) (top axis) at ambient
pressure. T, is defined as the temperature at which the electri-
cal resistivity reaches the fraction z of the extrapolated normal-
state resistance (7T,=T,s) and the transition width
AT.=Tyo— Ty, (denoted by the error bars in the figure). The
solid line is a fit to the data. In the inset normalized electrical
resistivity vs temperature is plotted for Y ¢;Cag 03Ba,Cu;304 97
at the indicated pressures.
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FIG. 2. dT,/dP vs La (x) and Ca (y) concentrations (bottom
axis) and hole concentration induced by chemical substitution
n(x,y) (top axis). T, is defined as the temperature at which the
electrical resistivity reaches the fraction z of the extrapolated
normal-state resistance. The triangles, filled squares, and the
open squares are determined from the Ty ,(P), T, s(P), and the
Ty.o(P) values, respectively. The solid line is a least-squares fit
to the dT, s /dP points.

hole concentration with T, for YBa,Cu;0,_; residing on
the n (x,y)> 0 side of the peak. This particular point was
suggested by an independent investigation.® A recent
study!” illustrated that lattice compression due to the
substitution of the smaller La®>" ion for Ba?" cannot ac-
count for the increase of T,. We note that an increase of
T, of ~2 K with a slight reduction of hole concentration
has been observed with substitution of La®*" for Ba?*
(Refs. 17 and 21) as well as for a slight reduction of oxy-
gen concentration 6.90 <7—8 <6.97 (Refs. 22 and 23) in
YBa,Cu;0,_s. The solid line in Fig. 1 is a fit to the data
at P=0 given by

2

—_— max __ é’l
T.(n)=T; A |la+n(x,y)+ dPP , )

where T**=94.2 K is the maximum T, value, 4=590
K/hole? (all hole concentrations are stated per
YBa,Cu;0,_s formula unit), and «=0.07 holes.

Typical electrical resistivity curves under pressure for a
y=0.03 specimen are shown in the inset of Fig. 1 where it
can be seen that pressure reduces T, at this Ca concen-
tration. This is the first observation of dT,/dP <0 in a
fully oxygenated copper-oxide high-7, superconductor
with holelike charge carriers.! Our measurements of T,
under hydrostatic pressure for ten specimens are collec-
tively displayed in Fig. 2. All T,(P) curves were linear in
the range 0 <P <0.6 GPa. The data points represent the
slope of the T ((P), T, 5(P), and the T 4(P) curves and
therefore all information concerning pressure-induced
transition broadening is included in Fig. 2. Generally,
pressure was altered at T~100 K. In three of the
dT,/dP measurements (x=0.11 and 0.14 and y=0.03)
we warmed the specimens to T >290 K under pressure
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followed by cooling and measurement of T,. The T,(P)
points obtained fell on the same curve as those where
pressure was increased at 100 K. We therefore have no
reason to believe that potential oxygen reordering
effects'* are influencing dT, /dP in these fully-oxygenated
specimens. If we focus on the Ca side of the plot, we see
that very small concentrations of Ca cause a depression
of dT,/dP and reversal of sign. On the La side, a de-
crease of the hole concentration causes a slight reduction
of dT, /dP followed by an increase. The scatter in the re-
gion x =y=0 could be attributable to small impurity
concentrations of Al (in the 0 <y <0.06 specimens) or Ca
(in the 0<x =<0.14 specimens) from the Al,O; and Ca-
stabilized ZrO reaction crucibles. A least-squares fit to
the dT, s/dP values reduces the influence of impurity
effects on the following analysis and yield
dT,/dP=0.03—13.32n(x,y). We note that these results
are in qualitative agreement with Miyatake et al.’ but
that our study (1) comprises a range of n(x,y) approxi-
mately half the size with more data points, (2) utilizes un-
doped YBa,Cu;0,_; as the reference specimen, and (3)
utilizes fully oxygenated specimens.

The fact that 7, is dependent on the hole concentra-
tion coupled with the experimental observation* ¢ that
on /0P >0 suggests that dn /9P will influence dT,/dP.
We can separate this effect from all others which
influence d7T, /dP by postulating

dT. dT. |dT,

dP dpP on

on
dP

. (3)

The first term dT} /dP represents the part of dT, /dP not
influenced by dn /0P while the change in T, with hole
concentration is given by 97,/dn. A similar equation
has already been presented!?* although significant
differences exist. Kosuge et al.?* did not include dT; /dP
in their considerations. The term in Almasan et al.'?
which would correspond to the first term on the right-
hand side of Eq. (3), is for dT,/dP at the peak in T, vs
n(x,y). This is an important distinction which reflects
that our objective is to establish d7./dP and dn /3P for
undoped YBa,Cu;0,_s. Through calculation of 3T, /0n
from Eq. (2) and substitution into Eq. (3) we obtain

dT, dT]
dP  dP

on on
aP P . 4)

oP

—2A |atn(x,y)+

Immediately we see that dT, /dP is linear in n (x,y) (Ref.
20) as observed in Fig. 2. In addition, at
n(x =y,y =0)=0, dT,/dP in YBa,Cu;0,_; is reduced
by the positive value of 2 Aadn /dP. This is clear since,
as shown in Fig. 1, T, of YBa,Cu;0,_5 lies on the
n(x,y)>0 side of the T, vs n(x,y) curve where an in-
crease of n (x,y) results in a reduction of T,.

Comparing the slope of our fit in Fig. 2 with Eq. (4) al-
lows us to estimate dn /9P = +0.011 holes/GPa. Taking
the number of holes per formula unit in the CuO,
planes® as 1.0, we obtain (1/2)dn /3P ~1.1%/GPa. We
note that this value is similar to
(1/n)3n /9P =~ 1.3%/GPa obtained by bond-valence-sum
calculations carried out on structure data.® Hall effect

measurements under pressure’*> yield
(1/n)dn /0P <10%/GPa. Use of Eq. (4) and our inter-
sect value of dT, /dP=0.03 K/GPa at x =y=0 allows us
to estimate dT!/dP=0.96 K/GPa. This implies the
dn /0P term in Eq. (4) significantly reduces the observed
value of dT,/dP in undoped YBa,Cu;O,;_5. This is a
crucial point which has not been considered in previous
studies.” 1224

Now that we have established the parameters in Eq.
(4), let us calculate T.(P) for undoped YBa,Cu;O,_s;.
We integrate Eq. (4) utilizing Ty s=91.30 K thereby ob-
taining

dT; on | an
T.(P)=91.30 K+ — A|2a+2 V) +——P| —P.
) P P— A|2a+2n(x,y) dP aPP

(5)

We point out that the lattice compressibility! in the entire
range 0 <P =20 GPa is a smooth well-behaved function
(i.e., no phase transitions) and make the approximation
that »n(0,0,P) remains linear to 20 GPa. Using our es-
timated value of 0n/dP=0.011 holes/GPa with
dT!/dP=0.96 K/GPa we calculate the T.(P) curves
shown in Fig. 3 in the range 0 <P <20 GPa for three
values of n(x,y). A decrease of n(x,y) moves the T,(P)
peak to higher pressures and strongly increases dT,/dP
at P~0. We stress that only the parameters obtained
from fits to the data in Figs. 1 and 2 and the herein-
presented model are utilized for this calculation. For
comparison, data from Klotz, Reith, and Schilling15 and
Tissen and Nefedoval!® are displayed. The general behav-
ior of the data from both studies, including the anoma-
lous peak in T,(P), is described remarkably well by this
simple model when a value of n(x,y) is chosen in the
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FIG. 3. T, vs pressure for YBa,Cu;O,_;. The data points
are from measurements of the midpoint and onset of 7, by
Klotz, Reith, and Schilling (Ref. 15) (open symbols) and Tissen
and Nefedova (Ref. 16) (filled symbols). The lines are calculated
with Eq. (5) for the indicated n (x,y) values.
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range —a/2<n(x,y)<0 (corresponding to an increase
in § of A§=0.0175). The disagreement in T,(P=0)
values of these two experiments, which causes the data of
Klotz, Reith, and Schilling to lie somewhat below our
curve, is unknown.

The inconsistencies in early measurements of T.(P) in
the range 0<P <2 GPa,?® especially the numerous
values of dT,/dP at P=0, can be qualitatively under-
stood within the framework of the model presented
herein. Any experimental factor which alters the carrier
concentration in the CuO, planes thereby moves 7, on
the parabolic curve and can succeed in changing the mag-
nitude and/or sign of 37, /9n in Eq. (3). Tiny concentra-
tions of impurities (less than a few atomic percent), possi-
bly diffused into single crystals during the growth process
or oxygen deficiency may accomplish this. The result
could be dT,/dP remaining positive to high pressures
and even yielding T, values higher than in YBa,Cu;0,_5
at comparable pressure as observed for §=0.19.!! We
show an example of this behavior in Fig. 3 where T,(P)
was calculated using Eq. (5) with n(x,y)=—2a (.e.,
A8=0.07), which does not alter T,(P=0) but brings it to
the n(x,y)<0 side of the peak, and dramatically in-
creases dT, /dP at P=0.

We have shown clearly that fully oxygenated hole-

doped superconductors can have negative values of
dT./dP. Our experiments indicate that dT,./dP of
YBa,Cu,0,_; is very sensitively dependent on the hole
concentration in the CuO, planes and is certainly also
similarly influenced by small amounts of impurities
which are capable of altering the hole concentration. We
have presented a simple phenomenological model which
successfully describes the influence of the changing hole
concentration on d7T,./dP and utilized the parameters
from our study and this model to calculate T,(P) to
higher pressures, thereby providing a physical under-
standing for the observed!'>!'® anomalous peak in T.(P).
We encourage investigators to measure n(0,0,P) to high
pressures in order to test our assumption of linearity to
P <20 GPa. Most importantly, we have successfully re-
vealed the influence of dn /0P on dT,/dP thereby isolat-
ing dT!/dP=0.96 K/GPa, which reflects a more
significant quantity for describing the influence of pres-
sure on the superconducting state in the YBa,Cu;0,_g
system.
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dres, S. Klotz, M. Kund, and R. Sieburger for informa-
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