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Tuning of upper critical field anisotropy in Tb ,Y;_,Ni,B,C
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The effect of paramagnetic Tb ions on the superconducting upper criticalHigldbf Th,Y,_,Ni,B,C
intermetallic compounds has been studied on bulk single crystals, which is an example of continuous tuning of
anisotropic behavior of pseudoquaternary borocarbide compounds. With an increasing Tb xda#n
and the upper critical field., are reduced. Different from YNB,C a reversed large anisotropycgml
>H[C12°°] is induced by the in-plane magnetic moments of the Th ions, which is emphasized by the higher
magnetization in th¢100] direction. The magnitude of the anisotropy depends on the concentradiod the
magnetic coupling between the Tb ions, and exhibits a maximum=dd.2. A theory is presented which
explains the anisotropy of the upper critical field on the basis of magnetization measurements.
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I. INTRODUCTION Il. EXPERIMENTAL DETAILS

Bulk Th,Y;_,Ni,B,C single crystalsX=0, 0.1, 0.2, 0.3,
The intermetallicRNi,B,C (R=rare earth or Y borocar- and 0.4 have been prepared by floating-zone melting. De-

bide superconductols®are having an impact on the study of tails of the crystal preparation and characterization were de-
the interplay of superconductivity and magnetic ordering.scribed elgewherﬂ. Single-crystalline samples of >22
Solid solutions of nonmagneti¢Y, Lu) and magneti¢Tm, X 2-mnT size were subjected to a special high-temperature
Er' HO, Dy, Tb' Gd rare-earth ions provide a unique Oppor- homogenization treatment up to 1435 °C within a resistance
tunity to tune the strength of the mechanism of magnetic paifurnace under a purified Ar atmosphé?eThe nominal Th
breaking®~® and thus to make a detailed study of it. Sing|efractlon x of each crystal was confirmed by electron-beam
crystals are the basis for a determination of anisotropichicroanalysis with an accuracy ef5%. The orientation of
physical propertidswhich can lead to a deeper insight into SiNdl€ crystals was determined by the x-ray Laue back-

the superconducting mechanism. In superconducting Singles_cattering method. The diff_erential_ac susceptibility of the
crystalline YN,L,B,C samples the upper critical field., for samplesyac(T) was determined using a Lakeshore model

H..[001] exceeds that foH|[001].° Even a small in-plane 225 &C Susceptometer at 133 Hz, and an ac-field amplitude

: (1001 Ty =y [120] T q F of 1 Oe in the temperature range from 2 to 17 K and at
anisotropy Hg; (T)>Hc; "(T) was  reported. For several constant magnetic fields. The upper critical fi¢ld

TmNi;B,C, HoNiLB,C, and ErNjB,C superconducting bo- 45 determined as the superconducting onset ofyta€T)
rocarbide single crystals, a large anisotropy of the UPPegyrves. Because of the cubic shape of the samples the de-
critical field H¢,(T) parallel and perpendicular to thieaxis  magnetization factor for the different crystallographic direc-
was revealed The anisotropy is induced by an effective field tions must be taken into account. However, the rather large
caused by the sublattice magnetization of the magnetic rarglemagnetization factoN~0.3 has only a negligible influ-
earth ions Tm, Ho, and Er, respectively. Moreow,(T) in ence on the determination &f.,(T). Assuming thaH , is
ErNi,B,C and HoNjB,C is strongly reduced compared to defined at a susceptibility onset valyd.= —0.1, then the
theH,(T) of the nonmagnetic YNB,C which is associated actual value is only increased by about 3% if the demagne-
with enhanced pair breaking induced by the magnetic ions.tization factor is taken into account. Assuming a supercon-
This paper aims to attack the effect of dilute magnetic Thducting transition width o~1 K, the shift(to higher val-
ions on the upper critical field in pseudoquaternaryueg of the critical temperatur@ (H) for the determination
Th,Y,;_,Ni,B,C single crystals. These compounds displayof H, is less than 0.03 K. For some particular cases-the
superconductivity over a wide composition range upxto Vvalues were also confirmed by resistive measurements. The
=0.4, and permit a tuning of the strength of magnetic pairmagnetization of selected samples was measured as function
breaking over a wide randeThe critical temperatur@, is ~ Of the applied magnetic field at constant temperature.

reduced with increasing. The TbNLB,C compound itself

exhibits an incommensurate antiferromagnetic orQer belpw IIl. RESULTS AND DISCUSSIONS
Ty=15.5 K, which may be described as a spin-density
wave longitudinally polarized along the axis® Magnetic Superconducting transition curvgg(T) as function of

order occurs forx=0.3, which gives rise to a coexistence the applied fieldH|[100] are shown in Fig. 1 for the
with superconductivity in compounds with @&X=<0.4. Tby,YqgNi,B,C crystal as an example. The plots display a
From the complex anisotropic magnetic order of TABIC a  transition width of 0.8 K foilH=0. With increasing magnetic
sizable anisotropy of the effective field parallel and perpenfield they exhibit a tail at low temperatures. From fhe(T)
dicular to the ¢ axis may be expected in dilute plots H., values are derived by a tangent construction. In
Th,Y,_«Ni,B,C alloys. Fig. 2 the upper critical fieldH,(T) of a quaternary
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FIG. 1. ac susceptibility vs temperature plats.(T) as a func-
tion of external magnetic fieldsl||[100] for a Thy Y, Ni,B,C

single crystal.

YNi,B,C crystal and a pseudoquaternary,THy ¢Ni,B,C

Temperature [K]

Temperature [K]

FIG. 3. Upper critical fieldHX?(T) and HIX(T) as func-
tions of temperature of a FhYygNi,B,C single crystal for orien-

tations parallel to the axis and thec axis, respectively. The theo-
reticalH,(T) curves[Eqg. (2)] are plotted as dottedH(|[ 001]) and

dashed K|[[100]) lines. For comparisotd?, of the hypothetical
nonmagnetic compound used in E8) is shown in the inset. The

crystal are compared. In accordance with Ref. 8 we reveale@mperature independent reduction $E6H*,(0) [third term in

an anisotropyH < H

100]
2

for YNi,B,C which is small but
clearly visible for all considered temperaturésBy substi-

tuting 10% Tb for Y the magnitude ofl.,(T) has been
reduced, and there is a striking change of the anisotropy fogpectively. The positive initial curvature bf.,(T) nearT, is

T<10 K: HIPU>HE  For T>10 K the slight anisot-
ropy HIPU<HE is maintained. Similar to the case of
YNi,B,C the H.,(T) plots of the Th Y, dNi,B,C single
crystal display a positive curvature negy, which was pre-
viously explained by an effective two-band mod&How- 4,
ever, the shape dfl .»(T) is changed, in particular, the range

of quasilinear slope is reduced.

Increasing the

concentration

of

Th

ions

but

the

Eqg. (2)] of HY,, caused by scattering on the magnetic moments, is
indicated.

retained. However, théd,(T) plots exhibit no extended
quasilinear regions. Insteadi ,(T) levels off nearT

=2 K. With rising x the magnitude of the upper critical
fieldsHIO*Y andH L further slopes down, as shown in Fig.
anisotropy in
Thy 4Y o gNioB,C single crystals is reduced in comparison

TYoNi,B,C and

with Thy .Y gNi,B,C. For comparison the upper critical

in field in the diagonal direction in the basal plarg'® of the

Thy ;Y 0.gNi>B,C crystals, evidently enhances the anisotropyth, .y, /Ni,B,C crystal is presented in Fig. 4, which proves
of upper critical fields, as shown in Fig. 3. The magnitude ofihat the in-plane anisotropy is small.

Hq,(T) is further reduced, approaching maximum values of

pHEM(2 K)=14 T and uoHZ™(2 K)=0.8 T,

re-

TbOJYO.SN iZBZC

1.0

It should be noted that the drop
Th,Y;_«Ni,B,C crystals does not show a plain linear depen-

im, of the
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FIG. 2. Upper critical fieldsHX*(T) and HI’Y(T) as func-
tions of temperature for YNB,C and Th ;Y gNi,B,C single crys-
tals with the orientations parallel to tteeaxis and thec axis, re-

spectively.
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FIG. 4. Upper critical fieldsHX°(T) and HIZY(T) vs tem-
perature of Th3Y o Ni,B,C and Th ,Y¢Ni»B,>C single crystals for
orientations parallel to tha axis and thec axis, respectively. For

comparisonHA%(T) of Thy Yo Ni,B,C is shown.
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FIG. 5. Superconducting transition temperatures of FIG. 6. MagnetizatioM vs external fielcH of Thy Y gNi,B,C

Th,Y;_Ni;B,C single crystals vs the Tb fraction The dashed for orientationsH||[100] and H||[001] at selected temperaturds
line represents the fit according to the Abrikosov-Gor’kov theory=2_8 K.

[Ea. (1)].

dence on the Th concentrationas compared to earlier re- [Urés- They revealed a considerably higher in-plane magne-
sults on polycrystalline sampfesnd on single-crystalline fization for H[[100] than the magnetization foH [[001]
samples grown by the flux techniglfeln particular, the dif-  (Fi9- 9- That is, the anisotropy of the spin configuration of
ference i, for x=0.2(9.3 K) andx=0.3(8.9 K) is smaller ~ 1PNi2B2C, characterized by magnetic moments within the
than expected from the interpolatéti(x) plot (Fig. 5. tetragonal basal plarté is retained in TRY; _«Ni;B,C. This
Therefore, we expect that a slight shift of the Ni/B ratio IS NOt surprising because the crystalline electric fields acting

within the homogeneity range of the intermetallic compound©? the Tb ions should not be much affected by the dilution
might be responsible for this deviation in superconductin ith Y. This leads to an enhanced effective magnetic field for

properties. Such a phenomenon was already observed ||[1QO] which interacts V\{iFh th(_a superconducting electrons
HoNi,B,C by Schmidtet al1® fand flnal!y reduces t_he critical f|ellldcz. The fact that thgre

In any case the upper critical field#,(T) of IS Ppractically no in-plane anisotropy ofHc,(T) in
Th,Y,_,Ni,B,C compounds exhibit a monotonic rise with 1P0.3Y0.7Ni2B2C (compare Fig. #is consistent with previ-
decreasing temperature. Furthermore, the extended lineQHS!y reported magnetization measurements in some dilute
range ofH.,(T) and the positive curvature ¢i.,(T) near Tbel,XNIZBZC (_:om_pounds which exhibit a nearly isotropic
T., which are very pronounced in YN,C, were reduced [N-Plane m.agnenzath?ﬂ ,
with increasing Tb content and vanish fox=0.4. Aquantltgtlvg relationship between the measUﬁleand

The question arises of whether the observed features 6he'magnetlza,tlon can be developed on the basis of the
Tb,Y,_,Ni,B,C crystals, especially the anomalous large an—Ab”I_‘OSOV'G,Or kov theory. For the pseudoquaternary boro-
isotropy of the upper critical fielH.,, are caused by the carbldgsRXRl_xN|sz_0 the effect_of partial subs'ututlon_of
interaction of conduction electrons with the magnetic mo-the R-sites bymagneticrare-earth ions on the upper critical
ments of ther ions. The density of states at the Fermi level field, to the best of our knowledge has not been studied so
in YNi,B,C is mainly governed by the Ni-derivedd3 far. As shown in Fig. 6 in the present case for
states'® but there is also a significant contribution Rf 4d ~ 18xY1-xNi>B,C the usual Abrikosov-Gor’kov dependence
and R 5p electrons to the Fermi surfaéé Therefore, an
effect of the magnetic moments on the conduction electrons, 1 1% 1
mediated by exchange interaction, is expected. In a first ap- In(TS/TC)z P §+ 5T (x)) —w(i) 1)
proximation this exchange interaction can be considered as c
some effective field. This view is supported by the fact that
some characteristics of YpB,C, which are due to special holds in principle, whergp=~0.76x is the pair-breaking pa-
features of the Fermi surface, e.g., the positive curvature ofameter obtained from the fit of oulf (x) data. The
Heo(T) nearT,, are retained in TP, ,Ni,B,C crystals Abrikosov-Gor’kov theory only describes the effect of para-
whereas the sign of the anisotropy is inverted. Therefore, wenagnetic impurities on superconductivity. However, there
suspected that the interaction of magnetic Tb ions with conmay be additional effects on superconducting properties due
duction electrons is not only responsible for the sizable reto a variable sample composition within the homogeneity
duction of the upper critical field but also governs the anisot+ange of theR,R;_,Ni,B,C intermetallic compounds which
ropy of Ho(T). are not reflected by the Abrikosov-Gor’kov approach. This

Field-dependent magnetization measurements of thhas been shown exemplary for the,Eb, _,Ni,B,C series
ThyoYgNioB,C single crystals which display the largest where differences of ;. up to 2.5 K have been observed for
H¢,(T) anisotropy have been performed at selected temperaamples with exactly the same Th/Er r&ffo.
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Since the observed anisotropy for Y,B,L,C presumably results apparently reflect the anisotropy téf,(T) for the
caused by the anisotropic Fermi surface is weak for a quarf001] and[100] directions, respectively, which is caused by
titative discussion we adopt an effective isotropic appréach the magnetic moments of the Tb ions. The simple approach
for a superconductor with paramagnetic impurities. This ap{ails to describe théd.,(T) plots if the critical temperature
proach has been applied to closely related magnetic ternafy, is approached. In particular, the plain one-band model
rare-earth transition-metal compour(ésgy., ErRhB,) .22 Ac-  applied is not able to reproduce the experimentally observed
cordingly, the upper critical field can be written as positive curvature o ,(T). A theoretical two-band model

which well describes the positive curvature ldf, was re-
poHca(T) = poHG(T) — oM (Hez, T) — 3.560 uoHE(0) cently presented for nonmagnetic compounds like
YNi,B,C .13 However, a more sophisticated two-band model

- a-’\l/l-—)\so[ﬂoch(T)ﬂL,qu(ch,T) involving magnetic effects, which can reproduce all features
c0 of the H.,(T) plots, is still a challenge for future theoretical
+ moHy(Hez 112 (2 work,

The increasing fraction of Tb ions leads to a rising anisot-
The Maki parametetry, is defined by the well-known rela- ropy of the upper critical field up ta=0.2. Forx>0.2 the
tion anisotropy again declines. This may be explained by mag-
. netic ordering of Tb ions, suggested by specific heat mea-
am= \/Ech(o)/Hpo’ ©) surements which display a peak due to a magnetic ordering
where H*,(0)=H*,(x=0T=0) is the extrapolatedrbital ~ ransition — in ~ Th3YoNi,B,C (TN=3-E.,5 K) and
critical field at zero temperature of the pure stoichiometric! P0.4Y 0.6Ni2B2C (Ty=5.2 K) single crystalg: In the case
superconductor without magnetic impurities, atg is the of TbNi,B,C temperature-dependent magnetization mea-

paramagnetic limiting field which in the BCS limit reads ~ Surements have revealed that the transition from paramag-
netic to antiferromagnetic ordering leads to a higher reduc-

Hpo=1.84T; [K]=27.2 T. (4)  tion of M for HL[001] than for H||[001].2® This might
explain the decrease of tli¢,,(T) anisotropy for higher Tb

In the same approach the relation between the totea- fractions &=0.3).

sured upper critical fieldH, and the orbital onéi}, reads

H%,(0)=Hp(0)/[1~Hep(0)/Hpol =117 T,  (5) V. SUMMARY

whereH,(0)~8.2 T has been estimated. Then with these 10 Summarize, we have shown that the anisotropic mag-
estimated values we arrive finally at,=0.607~0.61. The netization is a key quantity which determinates the aniso-

quantityhs,=1 denotes a typical value of the spin-orbit cou- tropic upper critical fields in rare earth—transition-metal bo-
pling constant, and .o=14.8 K is the critical temperature rqcarbldes containing paramagnetic impurities. The theory of
without magnetic impurities. Finally, for the case without Fischer, which is strictly valid fogj|rty limit superconduct-
magnetic impurities for the sake of simplicity all field are ors, leads to r_easonable quantative results even foml_dw
assumed to be isotropic. limit borocarbides. We may conclude that thg,(T) anisot-
With the experimental data df,(T) and theM(H) ropy of the p_seu_doquaternary compounds mainly results
curves of Tly,Y o eNi,B,C and the upper critical field of from the polarization of the conduction electron spthe

YNi,B,C the local exchange fieltl; can be estimated for fourth term in Eq.(2)]. T_he local exchange fieltl, which
both H|[100] and H|[001]. At 2 K we obtain exceeds the magnetizatidh by roughly one order of mag-

woHE(2 K)=1.5 T and woH®Y(2 K)=0.5 T. It is nitude has been revealed as the decisive quantity. The mag-

interesting to note that the latter field is similar in ma nitudenitude of the anisotropy is governed both by the fract
to the tﬁreshold fields of metamagnetic transiti%ns inTb lons and magnetic ordering effects. This series of
TbNi,B,C, 1.5 and 2.5 T, forH.L [001] 22 As the local Th,Y;_,Ni,B,C single crystals represents a prominent ex-

exchange field is proportional to the magnetizatibiy(T) ample how the anisotropy of superconductivity can be tuned

can be calculated for the whole temperature range invesut-)y the strength of magnetic interaction.

gated. With these data based on E#f), the theoretical
Hq(T) curves have been calculated for both directions
which are shown in Fig. 3 as dashed and dotted lines. A This work was performed with financial support of the
comparison with the experimental data reveals that the thed®FG within SFB 463 “Rare-earth intermetallics: Structure,
retical values fit the experimental data well for low tempera-Magnetism and Transport.” Discussions with S.V. Shulga, A.
tures (where the parametdfl; has been determingdThe  Morozov, and M. Divis are gratefully acknowledged.
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