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Tuning of upper critical field anisotropy in Tb xY1ÀxNi2B2C
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~Received 1 February 2002; published 31 May 2002!

The effect of paramagnetic Tb ions on the superconducting upper critical fieldHc2 of TbxY12xNi2B2C
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 contentx both Tc

and the upper critical fieldHc2 are reduced. Different from YNi2B2C a reversed large anisotropyHc2
[001]

.Hc2
[100] is induced by the in-plane magnetic moments of the Tb ions, which is emphasized by the higher

magnetization in the@100# direction. The magnitude of the anisotropy depends on the concentrationx and the
magnetic coupling between the Tb ions, and exhibits a maximum atx50.2. A theory is presented which
explains the anisotropy of the upper critical field on the basis of magnetization measurements.

DOI: 10.1103/PhysRevB.65.224416 PACS number~s!: 74.62.Dh, 74.25.Ha, 74.70.Dd
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I. INTRODUCTION

The intermetallicRNi2B2C (R5rare earth or Y! borocar-
bide superconductors1–3 are having an impact on the study
the interplay of superconductivity and magnetic orderin
Solid solutions of nonmagnetic~Y, Lu! and magnetic~Tm,
Er, Ho, Dy, Tb, Gd! rare-earth ions provide a unique oppo
tunity to tune the strength of the mechanism of magnetic p
breaking,4–6 and thus to make a detailed study of it. Sing
crystals are the basis for a determination of anisotro
physical properties7 which can lead to a deeper insight in
the superconducting mechanism. In superconducting sin
crystalline YNi2B2C samples the upper critical fieldHc2 for
H'@001# exceeds that forHi@001#.8 Even a small in-plane
anisotropy Hc2

[100](T).Hc2
[110](T) was reported.9 For

TmNi2B2C, HoNi2B2C, and ErNi2B2C superconducting bo
rocarbide single crystals, a large anisotropy of the up
critical field Hc2(T) parallel and perpendicular to thec axis
was revealed.7 The anisotropy is induced by an effective fie
caused by the sublattice magnetization of the magnetic r
earth ions Tm, Ho, and Er, respectively. Moreover,Hc2(T) in
ErNi2B2C and HoNi2B2C is strongly reduced compared
theHc2(T) of the nonmagnetic YNi2B2C which is associated
with enhanced pair breaking induced by the magnetic io

This paper aims to attack the effect of dilute magnetic
ions on the upper critical field in pseudoquaterna
TbxY12xNi2B2C single crystals. These compounds disp
superconductivity over a wide composition range up tox
50.4, and permit a tuning of the strength of magnetic p
breaking over a wide range.6 The critical temperatureTc is
reduced with increasingx. The TbNi2B2C compound itself
exhibits an incommensurate antiferromagnetic order be
TN515.5 K, which may be described as a spin-dens
wave longitudinally polarized along thea axis.10 Magnetic
order occurs forx>0.3, which gives rise to a coexistenc
with superconductivity in compounds with 0.3<x<0.4.
From the complex anisotropic magnetic order of TbNi2B2C a
sizable anisotropy of the effective field parallel and perp
dicular to the c axis may be expected in dilut
TbxY12xNi2B2C alloys.
0163-1829/2002/65~22!/224416~5!/$20.00 65 2244
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II. EXPERIMENTAL DETAILS

Bulk TbxY12xNi2B2C single crystals (x50, 0.1, 0.2, 0.3,
and 0.4! have been prepared by floating-zone melting. D
tails of the crystal preparation and characterization were
scribed elsewhere.11 Single-crystalline samples of 232
32-mm3 size were subjected to a special high-temperat
homogenization treatment up to 1435 °C within a resista
furnace under a purified Ar atmosphere.12 The nominal Tb
fraction x of each crystal was confirmed by electron-bea
microanalysis with an accuracy of,5%. The orientation of
single crystals was determined by the x-ray Laue ba
scattering method. The differential ac susceptibility of t
samplesxac(T) was determined using a Lakeshore mod
7225 ac susceptometer at 133 Hz, and an ac-field ampli
of 1 Oe in the temperature range from 2 to 17 K and
several constant magnetic fields. The upper critical fieldHc2
was determined as the superconducting onset of thexac(T)
curves. Because of the cubic shape of the samples the
magnetization factor for the different crystallographic dire
tions must be taken into account. However, the rather la
demagnetization factorN'0.3 has only a negligible influ-
ence on the determination ofHc2(T). Assuming thatHc2 is
defined at a susceptibility onset valuexac* 520.1, then the
actual value is only increased by about 3% if the demag
tization factor is taken into account. Assuming a superc
ducting transition width of'1 K, the shift ~to higher val-
ues! of the critical temperatureTc(H) for the determination
of Hc2 is less than 0.03 K. For some particular cases theHc2
values were also confirmed by resistive measurements.
magnetization of selected samples was measured as fun
of the applied magnetic field at constant temperature.

III. RESULTS AND DISCUSSIONS

Superconducting transition curvesxac(T) as function of
the applied fieldHi@100# are shown in Fig. 1 for the
Tb0.2Y0.8Ni2B2C crystal as an example. The plots display
transition width of 0.8 K forH50. With increasing magnetic
field they exhibit a tail at low temperatures. From thexac(T)
plots Hc2 values are derived by a tangent construction.
Fig. 2 the upper critical fieldsHc2(T) of a quaternary
©2002 The American Physical Society16-1
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YNi2B2C crystal and a pseudoquaternary Tb0.1Y0.9Ni2B2C
crystal are compared. In accordance with Ref. 8 we reve
an anisotropyHc2

[001],Hc2
[100] for YNi2B2C which is small but

clearly visible for all considered temperaturesT. By substi-
tuting 10% Tb for Y the magnitude ofHc2(T) has been
reduced, and there is a striking change of the anisotropy
T,10 K: Hc2

[001].Hc2
[100] . For T.10 K the slight anisot-

ropy Hc2
[001],Hc2

[100] is maintained. Similar to the case o
YNi2B2C the Hc2(T) plots of the Tb0.1Y0.9Ni2B2C single
crystal display a positive curvature nearTc , which was pre-
viously explained by an effective two-band model.13 How-
ever, the shape ofHc2(T) is changed, in particular, the rang
of quasilinear slope is reduced.

Increasing the concentration of Tb ions
Tb0.2Y0.8Ni2B2C crystals, evidently enhances the anisotro
of upper critical fields, as shown in Fig. 3. The magnitude
Hc2(T) is further reduced, approaching maximum values
m0Hc2

[001](2 K)51.4 T and m0Hc2
[100](2 K)50.8 T, re-

FIG. 1. ac susceptibility vs temperature plotsxac(T) as a func-
tion of external magnetic fieldsHi@100# for a Tb0.2Y0.8Ni2B2C
single crystal.

FIG. 2. Upper critical fieldsHc2
[100](T) and Hc2

[001](T) as func-
tions of temperature for YNi2B2C and Tb0.1Y0.9Ni2B2C single crys-
tals with the orientations parallel to thea axis and thec axis, re-
spectively.
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d

or

y
f
f

spectively. The positive initial curvature ofHc2(T) nearTc is
retained. However, theHc2(T) plots exhibit no extended
quasilinear regions. Instead,Hc2(T) levels off near T
52 K. With rising x the magnitude of the upper critica
fieldsHc2

[001] andHc2
[100] further slopes down, as shown in Fig

4, but the anisotropy in Tb0.3Y0.7Ni2B2C and
Tb0.4Y0.6Ni2B2C single crystals is reduced in compariso
with Tb0.2Y0.8Ni2B2C. For comparison the upper critica
field in the diagonal direction in the basal planeHc2

[110] of the
Tb0.3Y0.7Ni2B2C crystal is presented in Fig. 4, which prove
that the in-plane anisotropy is small.

It should be noted that the drop inTc of the
TbxY12xNi2B2C crystals does not show a plain linear depe

FIG. 3. Upper critical fieldsHc2
[100](T) and Hc2

[001](T) as func-
tions of temperature of a Tb0.2Y0.8Ni2B2C single crystal for orien-
tations parallel to thea axis and thec axis, respectively. The theo
reticalHc2(T) curves@Eq. ~2!# are plotted as dotted (Hi@001#) and
dashed (Hi@100#) lines. For comparisonHc2* of the hypothetical
nonmagnetic compound used in Eq.~2! is shown in the inset. The
temperature independent reduction 3.56rm0Hc2* (0) @third term in
Eq. ~2!# of Hc2* , caused by scattering on the magnetic moments
indicated.

FIG. 4. Upper critical fieldsHc2
[100](T) and Hc2

[001](T) vs tem-
perature of Tb0.3Y0.7Ni2B2C and Tb0.4Y0.6Ni2B2C single crystals for
orientations parallel to thea axis and thec axis, respectively. For
comparison,Hc2

[110](T) of Tb0.3Y0.7Ni2B2C is shown.
6-2
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TUNING OF UPPER CRITICAL FIELD ANISOTROPY . . . PHYSICAL REVIEW B65 224416
dence on the Tb concentrationx as compared to earlier re
sults on polycrystalline samples6 and on single-crystalline
samples grown by the flux technique.14 In particular, the dif-
ference inTc for x50.2 ~9.3 K! andx50.3 ~8.9 K! is smaller
than expected from the interpolatedTc(x) plot ~Fig. 5!.
Therefore, we expect that a slight shift of the Ni/B rat
within the homogeneity range of the intermetallic compou
might be responsible for this deviation in superconduct
properties. Such a phenomenon was already observe
HoNi2B2C by Schmidtet al.15

In any case the upper critical fieldsHc2(T) of
TbxY12xNi2B2C compounds exhibit a monotonic rise wi
decreasing temperature. Furthermore, the extended li
range ofHc2(T) and the positive curvature ofHc2(T) near
Tc , which are very pronounced in YNi2B2C, were reduced
with increasing Tb contentx and vanish forx50.4.

The question arises of whether the observed feature
TbxY12xNi2B2C crystals, especially the anomalous large a
isotropy of the upper critical fieldHc2, are caused by the
interaction of conduction electrons with the magnetic m
ments of theR ions. The density of states at the Fermi lev
in YNi2B2C is mainly governed by the Ni-derived 3d
states,16 but there is also a significant contribution ofR 4d
and R 5p electrons to the Fermi surface.17 Therefore, an
effect of the magnetic moments on the conduction electro
mediated by exchange interaction, is expected. In a first
proximation this exchange interaction can be considered
some effective field. This view is supported by the fact th
some characteristics of YNi2B2C, which are due to specia
features of the Fermi surface, e.g., the positive curvatur
Hc2(T) near Tc , are retained in TbxY12xNi2B2C crystals
whereas the sign of the anisotropy is inverted. Therefore,
suspected that the interaction of magnetic Tb ions with c
duction electrons is not only responsible for the sizable
duction of the upper critical field but also governs the anis
ropy of Hc2(T).

Field-dependent magnetization measurements of
Tb0.2Y0.8Ni2B2C single crystals which display the large
Hc2(T) anisotropy have been performed at selected temp

FIG. 5. Superconducting transition temperatures
TbxY12xNi2B2C single crystals vs the Tb fractionx. The dashed
line represents the fit according to the Abrikosov-Gor’kov theo
@Eq. ~1!#.
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tures. They revealed a considerably higher in-plane mag
tization for Hi@100# than the magnetization forHi@001#
~Fig. 5!. That is, the anisotropy of the spin configuration
TbNi2B2C, characterized by magnetic moments within t
tetragonal basal plane,18 is retained in TbxY12xNi2B2C. This
is not surprising because the crystalline electric fields ac
on the Tb ions should not be much affected by the dilut
with Y. This leads to an enhanced effective magnetic field
Hi@100# which interacts with the superconducting electro
and finally reduces the critical fieldHc2. The fact that there
is practically no in-plane anisotropy ofHc2(T) in
Tb0.3Y0.7Ni2B2C ~compare Fig. 4! is consistent with previ-
ously reported magnetization measurements in some d
TbxY12xNi2B2C compounds which exhibit a nearly isotrop
in-plane magnetization.19

A quantitative relationship between the measuredHc2 and
the magnetization can be developed on the basis of
Abrikosov-Gor’kov theory. For the pseudoquaternary bo
carbidesRxR12x8 Ni2B2C the effect of partial substitution o
the R-sites bymagneticrare-earth ions on the upper critica
field, to the best of our knowledge has not been studied
far. As shown in Fig. 6 in the present case f
TbxY12xNi2B2C the usual Abrikosov-Gor’kov dependence

ln~Tc
0/Tc!5cS 1

2
1

Tc
0r

2Tc~x!
D 2cS 1

2D ~1!

holds in principle, wherer'0.76x is the pair-breaking pa-
rameter obtained from the fit of ourTc(x) data. The
Abrikosov-Gor’kov theory only describes the effect of par
magnetic impurities on superconductivity. However, the
may be additional effects on superconducting properties
to a variable sample composition within the homogene
range of theRxR12x8 Ni2B2C intermetallic compounds which
are not reflected by the Abrikosov-Gor’kov approach. Th
has been shown exemplary for the TbxEr12xNi2B2C series
where differences ofTc up to 2.5 K have been observed fo
samples with exactly the same Tb/Er ratio.20

f FIG. 6. MagnetizationM vs external fieldH of Tb0.2Y0.8Ni2B2C
for orientationsHi@100# and Hi@001# at selected temperaturesT
52 –8 K.
6-3
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H. BITTERLICH et al. PHYSICAL REVIEW B 65 224416
Since the observed anisotropy for YNi2B2C presumably
caused by the anisotropic Fermi surface is weak for a qu
titative discussion we adopt an effective isotropic approac21

for a superconductor with paramagnetic impurities. This a
proach has been applied to closely related magnetic tern
rare-earth transition-metal compounds~e.g., ErRh4B4).22 Ac-
cordingly, the upper critical field can be written as

m0Hc2~T!5m0Hc2* ~T!2m0M ~Hc2 ,T!23.56rm0Hc2* ~0!

2
aMlso

Tc0
@m0Hc2~T!1m0M ~Hc2 ,T!

1m0HJ~Hc2 ,T!#2. ~2!

The Maki parameteraM is defined by the well-known rela-
tion

aM5A2Hc2* ~0!/Hp0 , ~3!

whereHc2* (0)5Hc2* (x50,T50) is the extrapolatedorbital
critical field at zero temperature of the pure stoichiomet
superconductor without magnetic impurities, andHp0 is the
paramagnetic limiting field which in the BCS limit reads

Hp051.84Tc @K#527.2 T. ~4!

In the same approach the relation between the total~mea-
sured! upper critical fieldHc2 and the orbital oneHc2* reads

Hc2* ~0!5Hc2~0!/@12Hc2~0!/Hp0#'11.7 T, ~5!

whereHc2(0)'8.2 T has been estimated. Then with the
estimated values we arrive finally ataM50.607'0.61. The
quantitylso51 denotes a typical value of the spin-orbit co
pling constant, andTc0514.8 K is the critical temperature
without magnetic impurities. Finally, for the case witho
magnetic impurities for the sake of simplicity all field ar
assumed to be isotropic.

With the experimental data ofHc2(T) and the M (H)
curves of Tb0.2Y0.8Ni2B2C and the upper critical field of
YNi2B2C the local exchange fieldHJ can be estimated for
both Hi@100# and Hi@001#. At 2 K we obtain
m0HJ

[100](2 K)51.5 T and m0HJ
[001](2 K)50.5 T. It is

interesting to note that the latter field is similar in magnitu
to the threshold fields of metamagnetic transitions
TbNi2B2C, 1.5 and 2.5 T, forH'@001#.23,24 As the local
exchange field is proportional to the magnetization,HJ(T)
can be calculated for the whole temperature range inve
gated. With these data based on Eq.~2!, the theoretical
Hc2(T) curves have been calculated for both directio
which are shown in Fig. 3 as dashed and dotted lines
comparison with the experimental data reveals that the th
retical values fit the experimental data well for low temper
tures ~where the parameterHJ has been determined!. The
de
s

V
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results apparently reflect the anisotropy ofHc2(T) for the
@001# and @100# directions, respectively, which is caused
the magnetic moments of the Tb ions. The simple appro
fails to describe theHc2(T) plots if the critical temperature
Tc is approached. In particular, the plain one-band mo
applied is not able to reproduce the experimentally obse
positive curvature ofHc2(T). A theoretical two-band mode
which well describes the positive curvature ofHc2 was re-
cently presented for nonmagnetic compounds
YNi2B2C.13 However, a more sophisticated two-band mo
involving magnetic effects, which can reproduce all featu
of the Hc2(T) plots, is still a challenge for future theoretic
work.

The increasing fraction of Tb ions leads to a rising anis
ropy of the upper critical field up tox50.2. Forx.0.2 the
anisotropy again declines. This may be explained by m
netic ordering of Tb ions, suggested by specific heat m
surements which display a peak due to a magnetic orde
transition in Tb0.3Y0.7Ni2B2C (TN53.6 K) and
Tb0.4Y0.6Ni2B2C (TN55.2 K) single crystals.25 In the case
of TbNi2B2C temperature-dependent magnetization m
surements have revealed that the transition from param
netic to antiferromagnetic ordering leads to a higher red
tion of M for H'@001# than for Hi@001#.26 This might
explain the decrease of theHc2(T) anisotropy for higher Tb
fractions (x>0.3).

IV. SUMMARY

To summarize, we have shown that the anisotropic m
netization is a key quantity which determinates the an
tropic upper critical fields in rare earth–transition-metal b
rocarbides containing paramagnetic impurities. The theor
Fischer, which is strictly valid fordirty limit superconduct-
ors, leads to reasonable quantative results even for theclean
limit borocarbides. We may conclude that theHc2(T) anisot-
ropy of the pseudoquaternary compounds mainly res
from the polarization of the conduction electron spin@the
fourth term in Eq.~2!#. The local exchange fieldHJ which
exceeds the magnetizationM by roughly one order of mag
nitude has been revealed as the decisive quantity. The
nitude of the anisotropy is governed both by the fractionx of
Tb ions and magnetic ordering effects. This series
TbxY12xNi2B2C single crystals represents a prominent
ample how the anisotropy of superconductivity can be tu
by the strength of magnetic interaction.
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Krämer, and L. Schultz, J. Cryst. Growth213, 319 ~2000!.
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