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The investigation of pair-breaking effects in magnetic rare-earth nickel borocarbide superconductors reveals
a considerable increase of the magnetic exchange intggydly hydrostatic as well as chemical pressure. In
both, J5; is governed by th&k-C distance(or lattice constana) and is described quantitatively by a simple
phenomenological model. Thereby, just two parametgfs=31 meV andA 7 /Aa=165 meV/A explain
well the influence of chemical pressure upon the initial depression rafgsiofsolid solutionsR; _,R,Ni,B,C
with R=Gd, Th, Dy, Ho andR’=Y and Lu.

In a first report on the coexistence of superconductivitywhereT. andT, are the critical temperatures with and with-
and magnetism ifRNi,B,C (with R=Dy, Ho, Er, and Tm  out magnetic impurities¥ is the digamma function, angl
Eisakiet al! pointed out that the antiferromagnetic ordering the pair-breaking parameter given by
temperatures as well as the depression of superconductivity
due to the localized moments of the rare-earth sublattice cN(Ef) J3(g;—1)23(I+1)
roughly scale with the de Gennes factor BGy;—1)2J(J p= T : 2
+1), whereg;, is the Landefactor andJ is the total angular B0
momentum of the rare-earR®" ion. More detailed investi- i.e., by the concentration of magnetic impurities, the den-
gations of solid solutions Lu ,R,Ni,B,C (R=Gd, Dy) by  sity of states at the Fermi leveN(E;), the s-f exchange
Choet al?, however, showed that significant deviations fromintegral, Js;, and the DG factor. As hydrostatic pressure
de GennegDG) scaling occur forTy>T, and even in the reduces interatomic distances, it increases the orbital overlap
paramagnetic regimeT(>T,). As the largest pair-breaking and may influence the exchanggs which should be visible
effect with respect to the DG factor was observed for gadoby a change of the superconducting transition temperature.
linium they suggested tha(J+1) of otherR elementge.g.,  Investigations on the magnetic superconductor HBMC
Dy, Ho) may be reduced by crystalline electric fig)dEP  (single crystal by Uwatokoet al'® indeed showed a signifi-
effects to an effective valu¢J(J+1)]ers. A numerical ~cantly enhanced effect of pressure upbpn with dT./dp
evaluatiod of [J(J+1)].s; Using the theory of Fulde and =—500 mK/GPa. A similar result was reported for
Peschf however, predicts a minor influence of the CEF TmNi,B,C, too? In a preceding investigation on polycrys-
upon the DG factolsee also Ref. 4 A breakdown of the talline HONi,B,C, however, Carteet al'* found a signifi-
linear relation betweeii, and the fraction of magnetic ions cant increase off; by dT./dp=+700 mK/GPa, i.e., just
was reported also for Lu,Ho,Ni,B,C, where T.>Ty the opposite to the single-crystal result. On the othe’r hand,
across the whole seriés. both studies revealed a pressure induced increase of e Ne

It is the aim of this paper to analyze the influence oftemperatureTy by dTy/dp=+0.7 K/GPa(Ref. 10 and
hydrostatic and chemical pressure upon pair-breaking in thg Ty/dp=+2.5 K/GPa(Ref. 11. The significant sample
borocarbide superconductors which serves as a probe for tiglependence of these results may be explained by the close
s-f exchange interaction in the rare-earth ions. interplay of superconductivity with rather complex magnetic

Previous high-pressure studies on borocarbides with @rder phenomena which are easily modified by minor com-
nonmagnetic rare earth, e.g., on ¥R;C, revealed a rather positional change¥:**To simplify the further interpretation
small effect uponT, ranging from dT./dp=—90 to Wwe have studied magnetically dilute pseudoquaternary boro-
+32 mK/GP&~8 A small initial increase ofT, was also carbides which are closely related to the model of randomly
reported for LUNjB,C (see Ref. §showing that the pressure distributed paramagnetic impurities in a superconductor
induced lattice stiffening of the borocarbide superconductorsolved analytically by Abrikosov and Gork8ysee Eq(1)].
is small or perhaps compensated by electronic effects. Thus, Resistivity measurements under hydrostatic pressure up to
magnetic RNi,B,C superconductors should be ideal com-1.3 GPa on LuNiB,C, Y;_,GdNi,B,C with x=0, 0.05,
pounds to study the effect of hydrostatic pressure upon th8.15, and 0.2 and on gDy, 4Ni>B,C were performed in a
pair-breaking exchange interactions with the electrons. liquid pressure cellsee Ref. 14 As a typical result the

The reduction off, due to magnetic exchange with para- Y0.855th.15Ni>B,C data are shown in Fig. 1 whefl, was
magnetic impurities is well described by the Abrikosov- determined from the midpoint of the resistive transitions
Gor'kov (AG) pair-breaking theoywhich provides the ana- Yielding T¢(p) collected together in Fig. 2. As noted above,

lytic relation T, of Y- and LUNipB,C is nearly pressure independent while
there is a significant pressure effect in the dilute magnetic
In<E> I\I’(h;ﬁ }) _q,<}> (1)  borocarbides revealing a correlation between the reduction of
T 2T.7 2 2) the transition temperatureAT.=T,—T., due to pair-
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12 . . TABLE I. The transition temperatur&. at ambient pressure,
Y0‘85Gd dT./dp, the exchange integrafs;(p=0) and its pressure depen-
_tor denced.7.;/dp obtained by fitting the modified AG relation.
E gl
8" T(p=0) dTc/dp Ju(0) dJ/dp
3 6l 017 (K) mK/GPa meV  meV/GPa
>0 = 0.40 GPa | LuNi,B,C 16.5 ~0+80
- 0.60 GPa YNi,B,C 155  ~0%80
2t fl)-gg g?a- Y0oGthoNi,B,C 137  —120(50) 36.8 1.22
. L : a YoePYouNiB,C  10.25  —430(50) 32.7 1.24
8.0 85 9.0 9.5 10.0 105 11.0 11.5 12.0 12.5 Y 0.8550h.1Ni2B,C 102 —430(50)  36.0 1.26
T (K) Y 0,850 2Ni»B,C 80  —630(80) 36.2 1.33

FIG. 1. The resistivity,p(T), of Yg:Gd,1Ni,B,C under hy-

drostatic pressurp as labeled. Table 1. The absolute values given fodJ/dp

_ ) ) =1.3 meV/GPa are perhaps slightly overestimated because
breaking at ambient pressure and the reductiomcdby hy- 5 minor reduction off, due to other effects may be present.
drostatic pressure. Accordingly, the larger the pair-breaking The results mentioned above indicate a rather systematic
parametelp the larger isdT./dp of these paramagnetic Su- effect of hydrostatic pressure upon the exchange coupling.
perconductors. Assuming a linear increase of the exchanggn,s a variation of7.; is anticipated also in the case of
integral Js¢ with applied pressure allows a quantitative “chemical pressure,” i.e., when the lattice parameters
evaluation ofd.Js¢/dp becausel¢o(YNi,B,C) is almost in-  change due to rare-earth substitution in the pseudoquaternary
dependent ~of pressure. ~FurthermoreN(E()=0.34  gystemR R]_,Ni,B,C with R’ =Y or Lu. Investigations on
statesfeV atom spin is assumed to be constant as demon-he effect of rare-earth substitutions in heavy rare-earth bo-
strated by a systematic band structure study for the wholg,carhides revealed a quite linear variation of the lattice con-
series ofheavyrare-earth borocarbide$ The concentration  siants showing neither a line broadening nor superstructure
of magnetic moments is x/6. Thereby, the analysis of reflections in the x-ray-diffractiofiXRD) patterns® Across
Te(p) by a modified AG relatior(see Fig. 2 with two free  {he serieRNi,B,C with R from La to Lu there is a counter-
parameters incorporated into the pair-breaking relation acting variation of the lattice constandgsand ¢ where the

lanthanide contraction causes a reductioa bfit an increase

2
CN(E;)| o)+ dijp} DG of ¢.!" Hence, chemical pressure acts in an uniaxial manner.
B d 3 On the other hand, high-pressure XRD data by Oetral.
p= KsTeo @ for YNi,B,C and by Jaenicke-Rsleret al® for TbNi,B,C

. revealed a reduction of both the lattice constanand c.
yields a common set of parametefg{(0)=36 meV and Thys, the lattice compression by hydrostatic pressure is
dJss/dp~1.3 meV/GPa describing the ;Y,GdNi;B,C  much more isotropic than by chemical pressure. The com-
results and the same magnitude daJs/dp for  pressibilities reported for YNB,C and TbNiB,CAV/Ap
Yo.600Y0.4Ni2B2C. The transition temperatures, mean sup-~—0.8(1) A%/GPa andAa/Ap=6.2 (2) mA/GPa are simi-
pression ratesiT./dp and Js¢(p) results are collected in |ar and shall hold approximately{5%) also for the other

RNi,B,C compounds as well as for the pseudoquaternaries

14 E— . T RR;_,Ni,B,C. These compressibilities can be used to cal-

sl LYO 95(}&0 05N12B2C | culate the hydrosta}tic pressure requirgd to reduce either the
< ) ' volumeV or the lattice parametex of YNi,B,C towards the
~ 12l smaller value of LUNiB,C; hence, one obtains quite differ-
=l ent values of 4.3 GPa and 9.8 GPa, respectively.

11k i In order to analyze the effect of chemical pressure we

Ni_B,C compare the data available for the solid solutions
R;_,RNi,B,C with R=Gd, Th, Dy, Ho, Er andR’ =Y, Lu
. (for references see Table)llFor each of them we evaluate
9l e 0,86 0,167 22 Jsi using Egs. (1) and (20 with N(Ej)
v Y _ Gd _ Ni B, C =0.34 states/(eV atom spin) to fit the reporfedx) data
8 ’ ] in the dilute paramagnetic limit, i.ex<<0.3 andx<0.5 for
v\‘\ﬂ\w\ R=Gd, Th andR=Dy, Ho, Er, respectively. The values thus
70‘0 52 04 o065 08 10 1z 14 obtained forJss a/m_d the relative difference between the ionic
pressure (GPa) size of R and R’ indicated 'by the change of tmtlaytme
constant,Aa, are collected in Table Il. The comparison of
FIG. 2. The pressure dependence of the superconducting transilst With the relative compression af(i.e., of theR-C bond
tion temperature of paramagnetig Y,R,Ni,B,C with R=Gd, Dy. ~ for x—0) generally reveals largefs; values in the Lu sys-

The solid lines correspond to the fit by the modified AG relationtems and also an overall correlation gf; and Aa. Note,
[Egs.(1) and(3)]. there is a good quantitative agreement fafg;
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TABLE Il. The exchange integralfs; of the solid solutions the factor (1-x) accounts for the gradual release of chemi-
RR},Ni,B,C with R=Gd-Er andR’ =, Lu obtained by fitting  cal pressure within the solid solutio®"®"x)=PS""(1
the T.(x) data by the AG relatior{for details see textand Aa —X). Thereby, the relative “chemical pressure” in the Lu
=8y-1~ax-o the change in the lattice parame&heTc(x) data  a5eq solid solution compared to the Y based @§8™, is
are taken .from. this work, El Massalared al. (Ref. 29, Choet al. found to be about 10 GPa. We note that just the same mag-
g?:lfj' di)hs'et:ggé(;haft(gléf@;f' 23, Bversmanret al. (Ref. 22, and nitude of hydrostqtic pressure is requi'red tq re.duc'e the lattice
parameten of YNi,B,C to that of LUNjB,C indicating that

R R=Y R =Lu the key distance which modifies tlsef exchange in theR
ion is theR-C bond length. The significant influence of this
Tst Aa Tst Aa bond upon the intra-atomic exchangg; may be explained
(meV) (1072 A) (meV) (1072 A) by its shortness and covalent character.
od 38 o 48 116 In ord_er to achieve a quantitative o_lescription of the effe_ct
: : of chemical pressure we propose a simple phenomenological
Th 36 2.7 8.8 relation for the pair-breaking parameter Thereby, we in-
Dy 33 0.9 39 70 troduce a linear dependence of the exchange intgfizabn
Ho 31 —06 37 5.5 the lattice parametex
Er 33 —2.4 40 3.7
2
cN(Ey) .75f0+%Aa(1—x) DG

~37-38 meV in the Y/Gd and Lu/Ho series wheta _ da @)
=0.055 A is of the same magnitude. The significance of the p KgTeo

Js¢ values given for rare earths with small de Gennes factors
(i.e., for Er with DG=2.55 compared to D&15.75 for Gd  with Aa=a,_,—a,—o and two parameters’ss, iS the ex-
is, of course, reduced because other effects gain importancehange integral of unalloye®Ni,B,C, where theR-C dis-
e.g., a dip of about 1.5 K inT,(x) observed for tance corresponds properly to the individéaion size(i.e.,
Y, Lu,Ni,B,C.18 a=3.588 A for GdN}B,C,a=3.560 A for TbNjB,C, and

A simple quantitative estimation of the relative increaseso forth; see Ref. )7andd J;;/da accounts for the effect of
of “chemical pressure” in Ly_,GdNi,B,C compared to chemical pressure due ®/R’ substitution. These two pa-
Y,_«Gd\Ni,B,C is obtained by replacing the above resultrameters shall be valid for a set of pseudoquaternaries
Jsi=48 meV for Lu/Gd by an expressiafi; (=38 meVin  RR;_,Ni,B,C with R=Gd-Ho andR’=Y and Lu. The
Y/Gd) +dJ/dp(=1.3 meV/GPax PS"®"(1—x), where  solid solution without chemical pressuiiee., Aa— 0) is ap-
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FIG. 3. Comparison of ;(x) calculated with Egs. 1 and éolid lineg and the experimental data as labeled. For L&Gd,Ni,B,C, the
AG prediction for J51=31 meV without taking into account chemical pressure is shown by the dashed line.
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proximately realized by (Y,Ho)NB,C vyielding Jo to the release of chemical pressure within this series. The
=31 meV, which is assumed to be constant within thepresent approach explains a number of features of the phase
heavy rare-earth serieRNi,B,C. The second parameter, diagrams in Figs. @)—(d) showing that7s;=31 meV is
dJs:/da, should be related to the pressure effect via thendeed constant within the heavy rare-earth seRbi$,B,C
compressibility of the lattice constard, i.e., d7;s/da  and that the CEF influence updn(x) is small as predicted
=dJ.¢/dpxdp/da, but as we noted above7,;/dp=1.2 theoretically®

—1.3 meV/GPa may be overestimated. In fact, a slightly In conclusion, we have shown that the reductiorTgfin
reduced value of 1.0 meV/GPa times (6.2 mA/GPa) solid solutions ¥_,RNi,B,C by hydrostatic pressure is sig-
yielding dJs;/da=165 meV/A gives satisfactory agree- nificantly enhanced compared to YJ8,C. This enhanced
ment between the calculatdg(x) using Egs. 1 and fisolid  reduction can be traced back to a pressure induced increase
lines in Figs. 8a)—(d)] and the experimentdl; values of the  of the magnetic exchange integrdl;. The corresponding
solid solutionsR; ,R,Ni;B,C (R=Gd, Th, Dy, Ho and effect of “chemical pressure” arising from the change of the
R’=Y, Lu). Of course, a phenomenological approach baseghttice parameter due to rare-earth substitution is even
on the AG theory which eschews all magnetic correlationgyyantitatively in line with that of hydrostatic pressure. This
cannot account for the influence of long-range magnetic ore5n pe accounted for by a simple phenomenological model

der whenTy exceedsT as, €.g., inY;_, Dy Ni;B,C for X \ynere 7 increases linearly as the lattice parameger
>0.6 [see Fig. Qc)]. Neverthgless, the comparison of the shrinks with respect to that of unalloyéNi,B,C.
model curves with the experimental data demonstrates that

the simple two parameter account for the chemical pressure The authors thank R. Hauser for experimental support.
describes reasonably well the initial suppression rateg.of This work was supported by the Austrian Science Founda-
in the magnetically dilute limitX—0). Even the pronounced tion under Grant Nos. P11090 and P12899 and by the
curvature inT(x) of Lu,_,Ho,Ni,B,C can be traced back Karntner ElektrizitasgesellschaftKELAG).
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