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Effect of hydrostatic and chemical pressure on the exchange interaction in
magnetic borocarbide superconductors

H. Michor, M. El-Hagary, L. Naber, E. Bauer, and G. Hilscher
Institut für Experimentalphysik, Technische Universita¨t Wien, Wiedner Hauptstrasse 8–10, A-1040 Wien, Austria

~Received 15 December 1999!

The investigation of pair-breaking effects in magnetic rare-earth nickel borocarbide superconductors reveals
a considerable increase of the magnetic exchange integralJs f by hydrostatic as well as chemical pressure. In
both,Js f is governed by theR-C distance~or lattice constanta) and is described quantitatively by a simple
phenomenological model. Thereby, just two parametersJs f0531 meV andDJs f /Da5165 meV/Å explain
well the influence of chemical pressure upon the initial depression rates ofTc in solid solutionsR12x8 RxNi2B2C
with R5Gd, Tb, Dy, Ho andR85Y and Lu.
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In a first report on the coexistence of superconductiv
and magnetism inRNi2B2C ~with R5Dy, Ho, Er, and Tm!
Eisaki et al.1 pointed out that the antiferromagnetic orderi
temperatures as well as the depression of superconduc
due to the localized moments of the rare-earth sublat
roughly scale with the de Gennes factor DG5(gJ21)2J(J
11), wheregJ is the Lande´ factor andJ is the total angular
momentum of the rare-earthR31 ion. More detailed investi-
gations of solid solutions Lu12xRxNi2B2C (R5Gd, Dy! by
Choet al.2, however, showed that significant deviations fro
de Gennes~DG! scaling occur forTN.Tc and even in the
paramagnetic regime (Tc.TN). As the largest pair-breaking
effect with respect to the DG factor was observed for ga
linium they suggested thatJ(J11) of otherR elements~e.g.,
Dy, Ho! may be reduced by crystalline electric field~CEF!
effects to an effective value@J(J11)#e f f . A numerical
evaluation2 of @J(J11)#e f f using the theory of Fulde an
Peschl,3 however, predicts a minor influence of the CE
upon the DG factor~see also Ref. 4!. A breakdown of the
linear relation betweenTc and the fraction of magnetic ion
was reported also for Lu12xHoxNi2B2C, where Tc.TN
across the whole series.5

It is the aim of this paper to analyze the influence
hydrostatic and chemical pressure upon pair-breaking in
borocarbide superconductors which serves as a probe fo
s-f exchange interaction in the rare-earth ions.

Previous high-pressure studies on borocarbides wit
nonmagnetic rare earth, e.g., on YNi2B2C, revealed a rathe
small effect upon Tc ranging from dTc /dp.290 to
132 mK/GPa.6–8 A small initial increase ofTc was also
reported for LuNi2B2C ~see Ref. 6! showing that the pressur
induced lattice stiffening of the borocarbide superconduc
is small or perhaps compensated by electronic effects. T
magneticRNi2B2C superconductors should be ideal co
pounds to study the effect of hydrostatic pressure upon
pair-breaking exchange interactions with the 4f electrons.

The reduction ofTc due to magnetic exchange with par
magnetic impurities is well described by the Abrikoso
Gor’kov ~AG! pair-breaking theory9 which provides the ana
lytic relation
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whereTc andTc0 are the critical temperatures with and with
out magnetic impurities,C is the digamma function, andr
the pair-breaking parameter given by

r5
cN~Ef !J s f

2 ~gJ21!2J~J11!

kBTc0
, ~2!

i.e., by the concentrationc of magnetic impurities, the den
sity of states at the Fermi level,N(Ef), the s-f exchange
integral, Js f , and the DG factor. As hydrostatic pressu
reduces interatomic distances, it increases the orbital ove
and may influence the exchangeJs f which should be visible
by a change of the superconducting transition temperat
Investigations on the magnetic superconductor HoNi2B2C
~single crystal! by Uwatokoet al.10 indeed showed a signifi
cantly enhanced effect of pressure uponTc with dTc /dp
.2500 mK/GPa. A similar result was reported fo
TmNi2B2C, too.8 In a preceding investigation on polycrys
talline HoNi2B2C, however, Carteret al.11 found a signifi-
cant increase ofTc by dTc /dp.1700 mK/GPa, i.e., just
the opposite to the single-crystal result. On the other ha
both studies revealed a pressure induced increase of the´el
temperatureTN by dTN /dp.10.7 K/GPa ~Ref. 10! and
dTN /dp.12.5 K/GPa ~Ref. 11!. The significant sample
dependence of these results may be explained by the c
interplay of superconductivity with rather complex magne
order phenomena which are easily modified by minor co
positional changes.12,13 To simplify the further interpretation
we have studied magnetically dilute pseudoquaternary b
carbides which are closely related to the model of random
distributed paramagnetic impurities in a superconduc
solved analytically by Abrikosov and Gor’kov9 @see Eq.~1!#.

Resistivity measurements under hydrostatic pressure u
1.3 GPa on LuNi2B2C, Y12xGdxNi2B2C with x50, 0.05,
0.15, and 0.2 and on Y0.6Dy0.4Ni2B2C were performed in a
liquid pressure cell~see Ref. 14!. As a typical result the
Y0.85Gd0.15Ni2B2C data are shown in Fig. 1 whereTc was
determined from the midpoint of the resistive transitio
yielding Tc(p) collected together in Fig. 2. As noted abov
Tc of Y- and LuNi2B2C is nearly pressure independent wh
there is a significant pressure effect in the dilute magn
borocarbides revealing a correlation between the reductio
the transition temperature,DTc5Tc02Tc , due to pair-
R6487 ©2000 The American Physical Society
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breaking at ambient pressure and the reduction ofTc by hy-
drostatic pressure. Accordingly, the larger the pair-break
parameterr the larger isdTc /dp of these paramagnetic su
perconductors. Assuming a linear increase of the excha
integral Js f with applied pressure allows a quantitativ
evaluation ofdJs f /dp becauseTc0(YNi2B2C) is almost in-
dependent of pressure. Furthermore,N(Ef).0.34
states/~eV atom spin! is assumed to be constant as demo
strated by a systematic band structure study for the wh
series ofheavyrare-earth borocarbides.15 The concentration
of magnetic momentsc is x/6. Thereby, the analysis o
Tc(p) by a modified AG relation~see Fig. 2! with two free
parameters incorporated into the pair-breaking relation

r5

cN~Ef !FJs f~0!1
dJs f

dp
pG2

DG

kBTc0
~3!

yields a common set of parametersJs f(0).36 meV and
dJs f /dp;1.3 meV/GPa describing the Y12xGdxNi2B2C
results and the same magnitude ofdJs f /dp for
Y0.60Dy0.40Ni2B2C. The transition temperatures, mean su
pression ratesdTc /dp and Js f(p) results are collected in

FIG. 1. The resistivity,r(T), of Y0.85Gd0.15Ni2B2C under hy-
drostatic pressurep as labeled.

FIG. 2. The pressure dependence of the superconducting tr
tion temperature of paramagnetic Y12xRxNi2B2C with R5Gd, Dy.
The solid lines correspond to the fit by the modified AG relati
@Eqs.~1! and ~3!#.
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Table I. The absolute values given fordJs f /dp
.1.3 meV/GPa are perhaps slightly overestimated beca
a minor reduction ofTc due to other effects may be presen

The results mentioned above indicate a rather system
effect of hydrostatic pressure upon the exchange coupl
Thus, a variation ofJs f is anticipated also in the case o
‘‘chemical pressure,’’ i.e., when the lattice paramete
change due to rare-earth substitution in the pseudoquater
systemsRxR12x8 Ni2B2C with R85Y or Lu. Investigations on
the effect of rare-earth substitutions in heavy rare-earth
rocarbides revealed a quite linear variation of the lattice c
stants showing neither a line broadening nor superstruc
reflections in the x-ray-diffraction~XRD! patterns.16 Across
the seriesRNi2B2C with R from La to Lu there is a counter
acting variation of the lattice constantsa and c where the
lanthanide contraction causes a reduction ofa but an increase
of c.17 Hence, chemical pressure acts in an uniaxial man
On the other hand, high-pressure XRD data by Oomiet al.18

for YNi2B2C and by Jaenicke-Ro¨ssleret al.19 for TbNi2B2C
revealed a reduction of both the lattice constanta and c.
Thus, the lattice compression by hydrostatic pressure
much more isotropic than by chemical pressure. The co
pressibilities reported for YNi2B2C and TbNi2B2CDV/Dp
.20.8 ~1! Å 3/GPa andDa/Dp.6.2 ~2! mÅ/GPa are simi-
lar and shall hold approximately (65%) also for the other
RNi2B2C compounds as well as for the pseudoquaterna
RxR12x8 Ni2B2C. These compressibilities can be used to c
culate the hydrostatic pressure required to reduce either
volumeV or the lattice parametera of YNi2B2C towards the
smaller value of LuNi2B2C; hence, one obtains quite differ
ent values of 4.3 GPa and 9.8 GPa, respectively.

In order to analyze the effect of chemical pressure
compare the data available for the solid solutio
R12x8 RxNi2B2C with R5Gd, Tb, Dy, Ho, Er andR85Y, Lu
~for references see Table II!. For each of them we evaluat
Js f using Eqs. ~1! and ~2! with N(Ef)
.0.34 states/(eV atom spin) to fit the reportedTc(x) data
in the dilute paramagnetic limit, i.e.,x,0.3 andx,0.5 for
R5Gd, Tb andR5Dy, Ho, Er, respectively. The values thu
obtained forJs f and the relative difference between the ion
size of R and R8 indicated by the change of thea-lattice
constant,Da, are collected in Table II. The comparison
Js f with the relative compression ofa ~i.e., of theR-C bond
for x→0) generally reveals largerJs f values in the Lu sys-
tems and also an overall correlation ofJs f and Da. Note,
there is a good quantitative agreement forJs f

si-

TABLE I. The transition temperatureTc at ambient pressure
dTc /dp, the exchange integralJs f(p50) and its pressure depen
dencedJs f /dp obtained by fitting the modified AG relation.

Tc(p50) dTc /dp Js f(0) dJs f /dp
~K! mK/GPa meV meV/GPa

LuNi2B2C 16.5 ;0680
YNi2B2C 15.5 ;0680
Y0.95Gd0.05Ni2B2C 13.7 2120 (50) 36.8 1.22
Y0.60Dy0.40Ni2B2C 10.25 2430 (50) 32.7 1.24
Y0.85Gd0.15Ni2B2C 10.2 2430 (50) 36.0 1.26
Y0.80Gd0.20Ni2B2C 8.0 2630 (80) 36.2 1.33
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;37–38 meV in the Y/Gd and Lu/Ho series whereDa
.0.055 Å is of the same magnitude. The significance of
Js f values given for rare earths with small de Gennes fac
~i.e., for Er with DG52.55 compared to DG515.75 for Gd!
is, of course, reduced because other effects gain importa
e.g., a dip of about 1.5 K inTc(x) observed for
Y12xLuxNi2B2C.16

A simple quantitative estimation of the relative increa
of ‘‘chemical pressure’’ in Lu12xGdxNi2B2C compared to
Y12xGdxNi2B2C is obtained by replacing the above res
Js f548 meV for Lu/Gd by an expressionJs f ~538 meV in
Y/Gd! 1dJs f /dp(51.3 meV/GPa)3P0

chem(12x), where

TABLE II. The exchange integralJs f of the solid solutions
RxR12x8 Ni2B2C with R5Gd-Er andR85Y, Lu obtained by fitting
the Tc(x) data by the AG relation~for details see text! and Da
5ax512ax50 the change in the lattice parametera. TheTc(x) data
are taken from this work, El Massalamiet al. ~Ref. 20!, Choet al.
~Ref. 2!, Bitterlich et al. ~Ref. 21!, Eversmannet al. ~Ref. 22!, and
Freudenbergeret al. ~Ref. 5!.

R R85Y R85Lu

Js f Da Js f Da
~meV! (1022 Å) ~meV! (1022 Å)

Gd 38 5.5 48 11.6
Tb 36 2.7 8.8
Dy 33 0.9 39 7.0
Ho 31 20.6 37 5.5
Er 33 22.4 40 3.7
e
rs

ce,

t

the factor (12x) accounts for the gradual release of chem
cal pressure within the solid solution,Pchem(x)5P0

chem(1
2x). Thereby, the relative ‘‘chemical pressure’’ in the L
based solid solution compared to the Y based one,P0

chem, is
found to be about 10 GPa. We note that just the same m
nitude of hydrostatic pressure is required to reduce the lat
parametera of YNi2B2C to that of LuNi2B2C indicating that
the key distance which modifies thes-f exchange in theR
ion is theR-C bond length. The significant influence of th
bond upon the intra-atomic exchangeJs f may be explained
by its shortness and covalent character.15

In order to achieve a quantitative description of the eff
of chemical pressure we propose a simple phenomenolog
relation for the pair-breaking parameterr. Thereby, we in-
troduce a linear dependence of the exchange integralJs f on
the lattice parametera

r5

cN~Ef !FJs f01
dJs f

da
Da~12x!G2

DG

kBTc0
~4!

with Da[ax512ax50 and two parameters:Js f0 is the ex-
change integral of unalloyedRNi2B2C, where theR-C dis-
tance corresponds properly to the individualR-ion size~i.e.,
a53.588 Å for GdNi2B2C,a53.560 Å for TbNi2B2C, and
so forth; see Ref. 17! anddJs f /da accounts for the effect o
chemical pressure due toR/R8 substitution. These two pa
rameters shall be valid for a set of pseudoquaterna
RxR12x8 Ni2B2C with R5Gd-Ho andR85Y and Lu. The
solid solution without chemical pressure~i.e., Da→0) is ap-
FIG. 3. Comparison ofTc(x) calculated with Eqs. 1 and 4~solid lines! and the experimental data as labeled. For Lu12xGdxNi2B2C, the
AG prediction forJs f0531 meV without taking into account chemical pressure is shown by the dashed line.
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proximately realized by (Y,Ho)Ni2B2C yielding Js f0
531 meV, which is assumed to be constant within t
heavy rare-earth seriesRNi2B2C. The second paramete
dJs f /da, should be related to the pressure effect via
compressibility of the lattice constanta, i.e., dJs f /da
.dJs f /dp3dp/da, but as we noted abovedJs f /dp51.2
21.3 meV/GPa may be overestimated. In fact, a sligh
reduced value of 1.0 meV/GPa times (6.2 mÅ/GPa)21

yielding dJs f /da5165 meV/Å gives satisfactory agree
ment between the calculatedTc(x) using Eqs. 1 and 4@solid
lines in Figs. 3~a!–~d!# and the experimentalTc values of the
solid solutionsR12x8 RxNi2B2C (R5Gd, Tb, Dy, Ho and
R85Y, Lu!. Of course, a phenomenological approach ba
on the AG theory which eschews all magnetic correlatio
cannot account for the influence of long-range magnetic
der whenTN exceedsTc as, e.g., inY12xDyxNi2B2C for x
.0.6 @see Fig. 3~c!#. Nevertheless, the comparison of th
model curves with the experimental data demonstrates
the simple two parameter account for the chemical pres
describes reasonably well the initial suppression rates oTc
in the magnetically dilute limit (x→0). Even the pronounced
curvature inTc(x) of Lu12xHoxNi2B2C can be traced bac
e

e

y

d
s
r-

at
re

to the release of chemical pressure within this series.
present approach explains a number of features of the p
diagrams in Figs. 3~a!–~d! showing thatJs f0.31 meV is
indeed constant within the heavy rare-earth seriesRNi2B2C
and that the CEF influence uponTc(x) is small as predicted
theoretically.3

In conclusion, we have shown that the reduction ofTc in
solid solutions Y12xRxNi2B2C by hydrostatic pressure is sig
nificantly enhanced compared to YNi2B2C. This enhanced
reduction can be traced back to a pressure induced incr
of the magnetic exchange integralJs f . The corresponding
effect of ‘‘chemical pressure’’ arising from the change of t
lattice parametera due to rare-earth substitution is eve
quantitatively in line with that of hydrostatic pressure. Th
can be accounted for by a simple phenomenological mo
where Js f increases linearly as the lattice parametera
shrinks with respect to that of unalloyedRNi2B2C.
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