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where R* is the binding energy of excitons, ~ is
the dielectric constant, and ~* is the reduced
mass of excitons. If we take ~*=0.03@&,esti-
mated from the cyclotron mass of electrons and
holes at 88 T and & =100, we obtain y =2890 at
88 T. The binding energy of excitons is then esti-
mated to be 4.6 meV." Thus it is worthwhile to
investigate in more detail this interesting problem
of the phase transition which might occur near
the gapless state in very high magnetic fields.
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The magnetic response of a single crystal of the tetragonal compound ErRh4B4 in the
c (hard) and a (easy) directions is presented. Extreme anisotropy is found in the mag-
netic and superconducting behavior, allowing a natural separation of the bare supercon-
ducting properties from those affected by magnetism. Below T, &

the data reconcile the
discrepancy between the ferromagnetic moment per erbium atom measured by neutron
scattering and by Mossbauer effect.

PACS numbers: 74.70.Rv, 75.30.Cr

Reentrant superconductivity found in the stoi-
chiometric compounds ErRh4B, and HoMo, S,
provides a unique opportunity to study the interac-
tion of superconductivity and ferromagnetism. "
As the temperature is lowered, ErRh4B4 trans-
forms through four distinct phases: paramagnetic
for T&T„=8.6 K, superconducting for T„-T
~1.2 K, coexistence for 1.2 K~ T& T~=0.7 K,
and normal ferromagnetic for T & T„. Consider-
able work on polycrystalline specimens has yield-
ed much information on the thermal, ' paramag-
netic, ' superconducting, ' ' and ferromagnetic
behavior'" of ErRh4B4. Recently, neutron scat-
tering from a single crystal of ErRh4B, has pro-
vided detailed information on the coexistence

phase. " However, none of this work has exam-
ined the important role that anisotropy plays in
determining the superconducting and magnetic
properties of the various phases.

In this paper we report on the magnetic response
of a single crystal of the tetragonal compound
ErRh~B, in the c(hard) and Fr(easy) directions.
Both ac susceptibility and dynamic dc susceptibil-
ity and magnetization data were obtained in fields
between 0 and 20 kOe and temperatures between
0.4 and 15 K. The ac measurements were ob-
tained with a, mutual inductance bridge operating
at 79 Hz with an excitation field of 1 Oe. The dc
measurements utilized the net signal from a.

balanced pair of opposing coils, one containing
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FIG. 1. Magnetization curves for the c and a direc-
tions of ErRh4B4 in the superconducting phase, as func-
tions of the aPplied field. Note the compression of the
horizontal scale and expansion of the vertical scale for
the c direction relative to the a direction.

the sample, as the external field was varied. A

more complete description of the ac and dc tech-
niques is given elsewhere. '" The single crystal
was grown by solidification of a nonstoichiometric
Er-Rh-B melt. The ingot contained a bicrystal,
which was cut along its grain boundary to yield
two single crystals. The larger of these was
used for neutron-scattering experiments, "while
part of the smaller crystal was used to form a
sphere of diameter =1 mm with less than 5/g
variation in radius for the work presented here.
With this geometry, the internal field H; is re-
lated to the applied field II, by IJ, =H, —4~eM for
all crystallographic directions. In this expres-
sion M is the magnetization and n is the demag-
netizing factor which equals 3 for a sphere.

Typical dc magnetization curves for the a and
c directions are shown in Fig. 1. Unlike the data
for polycrystalline specimens"' the overall
hysteresis due to flux pinning and flux trapping is
relatively mild. At low fields there is a linear

Meissner region where all magnetic flux is ex-
cluded from the sample. Flux begins to enter the
specimen at H„causing the slope of the magnet-
ization curve to change sign as the mixed vortex
phase is established. In this field region the Er
moments inside the vortex cores are polarized
and eventually cause the net magnetization to be-
come paramagnetic as the applied field is in-
creased. At H~, superconductivity is destroyed
and the specimen enters th. paramagnetic phase.
For applied fields up to 20 kOe, the magnetiza-
tion in the c direction remains nearly linear
while in the a direction it shows considerable
curvature as the moments begin to saturate.

In the paramagnetic region when H ~H~, the
slope and magnitude of the magnetization curve
are far smaller along c than along a, implying
a much smaller magnetic susceptibility in the c
direction. (In Fig. 1, the normal-state suscepti-
bilities for the two directions differ by more than
a factor of 10.) Thus, apart from a small pa-
ramagnetic component for H &B„, the magnetiza-
tion in the c direction is very similar to that of
an ordinary type-II superconductor. In sharp
contrast, the a-direction magnetization displays
unusual features which are not found in ordinary
superconductors. In particular, the downward
curvature in the magnetization extending from
about 1 kOe to H~ is opposite to that expected for
bare superconducting behavior, and is absent in
the c-direction data. It is observed in the a-
direction magnetization curves for all tempera-
tures between T„and about 1.4 K, becoming
progressively more prominent as the temperature
is lowered. Below 3 K, the downward curvature
culminates in a discontinuous drop of the mag-
netization at H,» implying a first-order phase
transition into the normal state. This is different
from type-I superconducting behavior since, for
the temperature range 3-1.4 K, H„ is consider-
ably larger than H„as illustrated in Fig. 2 be-
low. A first-order phase transition at B„is un-
usual in superconductivity, and implies an attrac-
tive interaction between the vortex lines. "'"

From the magnetization curves we have deter-
mined the superconducting critical fields for both
directions as functions of temperature (Fig. 2).
Because of rounding in the magnetization near
H„, there is some uncertainty as to where the
Meissner region ends. We have taken H„ to be
the field at which the magnetization first deviates
from linearity. However, even this method may
well overestimate the value of A„since flux en-
try into the specimen is inhibited by pinning and
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surface barriers. The upper critical field B„is
identified by the break in the slope of the mag-
netization curve when the sample enters the pa-
ramagnetic state. In the c direction this change
in the slope at H„ is less obvious than in the a
direction, but can be identified in the dc suscepti-
bility signal. The upper and lower critical fields
measured by ac susceptibility confirm the dc re-
sults.

The critical field in the c direction rises nearly
parabolically as the temperature is lowered from
T„ to about 1.2 K as in ordinary type-II super-
conductors. The absence of any obvious magnetic
effects is consistent with the low value of the in-
duced moment along e. However, the critical
field falls sharply at about 1.2 K where neutron
measurements show the first appearance of an
ordered moment signifying the onset of the co-
existence phase. " A similar drop also occurs in
H„at T=1.2 K.

In the a direction H„behaves quite differently
from ordinary superconductors, displaying a
peak at 5.5 K. This peak and the much smaller
upper critical field can be understood qualitative-
ly by a simple free-energy argument. ' The mag-
netic contribution to the Gibbs free energy of the

1344

—0.2

0 I 2 3 4 5 6 7 8 9
T {K)

FIQ. 2. The upper critical field &
&

for the c and
a directions of ErHh484 as a function of temperature.
The right-hand vertical scale is for the a direction and
has been expanded by a factor of 5. For clarity, the
lovrer critical Geld II« is shown for the a direction
only. The magnitude and temperature dependence of
II« for the c direction are similar to those for the a
direction.

normal. state is given by —foM dH = —-', yH' in the
presence of a field. Since y is small along c but
very large along a, the normal state is energeti-
cally favorable with respect to the superconduct-
ing state at a much smaller field along the a di-
rection. The peak in H„can be attributed to the
dramatic increase in X as the temperature is low-
ered toward 1.2 K which makes the normal state
favorable at successively lower fields.

In the vicinity of 1.4 K, H„joins H„, indicating
a transition to type-I behavior, similar to that
reported for polycrystalline specimens. " Since
there is some uncertainty in values of H„ from
the magnetization curves, it is impossible to
determine from our data whether H„meets B~
at the onset of the coexistence phase or slightly
above it.

The anisotropy in H„ for the two directions ex-
plains some puzzling features of the polycrystal-
line results. ' For example, typical magnetiza-
tion curves for polycrystalline samples show a
large hysteresis loop followed by a less prom-
inent hysteretic tail. ' The main l.oop is due to the
a-direction behavior while the long tail reflects
the much larger H„associated with the c direc-
tion. The large discrepancy' in the resistive and
magnetic measurements of H„ in polycrystalline
samples is also due to the large anisotropy in B~.
The resistive method measures the large values
of H~ in the c direction while the magnetic meth-
od measures the much smaller values associated
with the a direction.

Figure 3 shows the induced moment as a func-
tion of the internal field for both directions. The
c-direction data imply that the spontaneous mo-
ment is confined to the basal plane, consistent
with neutron-scattering measurements' "which
show that the moments are polarized along a.
Although at this temperature the crystal is in the
ferromagnetic state, the c-direction behavior is
similar to that for a weak par amagnet with a
small induced moment which increases linearly
with the field.

The a-direction data show ideal ferromagnetic
behavior with the magnetization rising smoothly
from a spontaneous value of (5.7+0.2) p. &/Er at
zero internal field to a saturation value of (8.5
+0.2) p, ,/Er at 7 kOe internal field. The arrows
in Fig. 3 indicate the value of the spontaneous
moment where the magnetization curve begins to
deviate from the vertical H,. = 0 axis. Although
this feature is difficult to see in Fig. 3, it is
clearly evident in the raw data where the magnet-
ization is recorded as a function of the applied
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FIG. 3. Magnetization curves for the0 ~

tions of
e c and a direc-

t ~ ~

o ErRh484 in the ferromag t' hne xc p ase, as a func-
tion of the internal field. The arro
of the s on

e arrows indicate the value
o e spontaneous moment as discus sed in the text

field. The complete absence of hystersis in the
a-direction data indicates that the me magnetic do-
main boundaries move freely as the applied field
is varied. The free movement of the domain
boundaries is consistent with th lde mi hysteresis
in the supercondueting phase d

'
, an implies a low

eoneentration of defects in thin e specimen which

may serve as pinning centers.
The large magnetic anisotropy in ErRh4B4

arises naturally in a crystal-field model devel-
oped by Dunlap and Niarchos" where a doublet
composed of angular momentum states 4, =+2
and + & lies 1.4 K above a doublet having states

and + — TThis model fits our magnetization
ata in the paramagnetic state and can be gen-

eralized to account for data th ton o er ternary
bor ides.

The a-d-direction spontaneous and saturation mo-
ments are in excellent agreement with values
measured by neutron scattering' (5.6p, /Er) and

Mossbauer effect" (8.3 I,/Er). Our measure-
ment thus reconciles this basic discrepanc and

gg hat a neutron measurement of the satu-
ration moment would agree with the M"

result. Howe ver, the neutron measurement

at 5.6
ie is constantshows that the moment in zero fi ld

t 5. p, /Er for T & O. 4 K, implying that the
spontaneous moment never equals the saturation
moment, even at T=o. The reason for this un-
usual behavior remains to be explained

(a)On leave from University of Wisconsin Park

~~~present addre~ ~Present address: Sperry Univac, P.O. Box 3524~ ~ ' t

FertiW. A. Fertig, D. C. Johnston, L. E. DeLong, R. W.
McCallum, M. B. Maple, and B. T. Matatthzas, Phys.

, 987 (1977).
2

ent
. Fischer, A. Treyvaud R. Chev l,evre, and M. Ser-

gen, Solid State Commun. 17, 21 (1975) ~

Q. Shirane'
ane, W. Thomlinson, and R. N. Shelton Ph s

3L. D. Woolf, D. C. Johnston, H. B. MacKa R. W

ohnston, Phys. Rev. Lett. 42, 918 (1979).
4F. Behroozi, G. W. Crabtree, S. A. Campbell,

M. Levy, D. R. Snider, D. C. Johnston and B T
thias Solid

, an . T. Mat-

, S lid State Commun. 39, 1041 (1981).
5H. R. Ott . A. Fertjg, D. C. Johnston M. B

Maple, and B. T
j ~ ~ p ~ ~

159 (1978).
. Matthias, J. Low Temp. Ph . 3ys. 3,

6 F. Behroozi M. L. Levy, D. C. Johnston, and B. T.
Matthias, Solid State Commun. 38, 515 (1981).

YH. Adrain, K. Muller and
P

, and Q. Saemann-Ischenko
hys. Rev. B 22, 4424 (1980).
'F. Behroozi Q. W.. Crabtree, S. A. Campbell D. R.

Snider, S. Schneider, and M. Lev J. Loevy, J. Low Temp. Phys.

D. E. Moncton D, D. B. McWhan, J. Eckert G Sh
ane and W

D, , xr-

(1977).
. Thomlinson, Phys. Rev. Lett. 39, 1164

10D . Moncton, D. B. McWhan P H h
G.

y ~ ~ ny ~ o Schmldty
. Shzrane, W. Thomlinson, M. B. M

ay, . D. Woolf, Z. Fisk, B,nd D. C. Johnston Ph s

"S.K. Sinh. Sinha, Q. W. Crabtree, D. G. Hinks, and
H. Mook, Phys. Rev. Lett. 48, 950 (1982).

'2S. A. Campbell, J. B. Ketterson, and G. W. Crab-
tree, to be published.

M. Taachro. , H. Matsumoto, and H. Umezawa Ph
Rev. B 20, 1915 (1979).

14' M. Tachiki in PrProceedUigs of the Fourth Conference
on Superconductivity in d- and -B don, — n — an Metals, Karls-
ru e, West Germany 20-30 June 1982 (to bo e pub-

"B.D. Dunla p and D. Niarchos, to be published.
'6Q. K. Shenoy, B. D. Dunlap, F. Y. Fr d

Sinha W
ra in, S. K.

. Potzel, F. Prdbst, and G. M. Kalvius Ph
Rev. B 21, 3886 (1980).

1345


