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Neutron Scattering Study of Magnetic Ordering in the Reentrant Superconductor ErRh484
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Using neutron scattering techniques, we show that the destruction of superconductivity
in ErRh4B& at T 2

=1.0 K is accompanied by the development of long-range ferromagnetic
ordering of the Er sublattice. The observed magnetic Bragg intensities indicate that the
Er ion has a moment of 5.6p, & which is oriented in the tetragonal basal plane. The mag-
netic transiton appears second order, but shows anomalously strong precursor scatter-
ing.

Synthesis of new ternary superconductors has
recently led to new materials which exhibit a ten-
dency toward both superconductivity and magnet-
ic order when one of the constituent ions is a
rare earth with a large magnetic moment. ' ' Al-
most two decades have passed since the initial
work on the "coexistence" problem began. How-

ever, the substantial research effort' conducted
over this period has revealed no stoichiometric
superconducting system which is also an ordered
magnet either under the same or different ther-
modynamic conditions.

All work preceding the study of ternaries has
involved systems in which the magnetic ions were
introduced randomly in a superconducting host
lattice. As a result, these studies of the interac-
tion between magnetism and superconductivity
have been studies of the single magnetic ion (Kon-
do systems') or of ordered magnetic clusters
(spin-glass systems') within the superconducting
matrix. The recent discoveries that supercon-
ductivity in the ternary compounds ErRh, B4 (Ref.
1) (T„=8.5 K) and Ho, +„Mo,S, (Ref. 2) (T„=1.2
K) is quenched by a magnetic ordering transition
(T„=0.9 and 0.64 K, respectively) thus provide
the first opportunity to examine the superconduct-
ing- magnetic transition, and to do so in ordered
materials.

In this Letter we present the initial results of
neutron scattering experiments on powdered
samples of ErRh4B4 which demonstrate that the
destruction of superconductivity occurs during
the transition to a fe~romagneti cally ordered
state. In addition, the observation of instrumen-
tally narrow Bragg peaks implies that the mag-
netic order is of long range (greater than 200 A).
Quantitative analysis of the magnetic Bragg in-
tensities gives a saturation moment of 5.6p,8.

This value is considerably below the free ion mo-
ment of 9.6@8, indicating the importance of crys-
tal-field effects. Furthermore, we observe anom-
alously large precursor scattering which may de-
rive either from a distribution of ordering tem-
peratures or from potentially interesting fluctua-
tion effects.

Our experiments were performed on a triple-
axis neutron spectrometer at the Brookhaven
National Laboratory high-flux-beam reactor. A

pyrolytic graphite monochromator, analyzer,
and filter were used. All data were obtained with
the spectrometer set for elastic scattering with
incident wave vector k, = 2.5474. Temperatures
were varied between 60 mk and 1.5 K with use of
a dilution refrigerator. The sample was pre-
pared by conventional arc-melting techniques
and then crushed into a powder. The B" isotope
was used to decrease the absorption cross sec-
tion. X-ray films showed a few weak extra lines
which derive from a small amount (less than 10/q)
of an impurity phase, most likely RhB,+„All
other lines are consistent with the tetragonal
structure previously determined by Vandenberg
and Matthias, ' (a = 5.292 A, c = 7.37 A). The su-
perconductivity of the powdered material was ex-
amined with ac susceptibility techniques. A sin-
gle transition was observed with slight broaden-
ing over the range 8.5-8.2 K. Some attempts to
prepare the sample produced specimens which
showed multiple superconducting transitions.
This sensitivity to secondary phases increases
the confidence gained from neutron and x-ray dif-
fraction data that the sample used in the present
experiment was predominantly ErRh4B4.

In Fig. 1, we show neutron diffraction scans
through four Bragg peaks at temperatures above
and below the magnetic transition at T„=1.0 K.'
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TABLE I. Calculations of E„„~) and F~a are com-
pared with the appropriate measured quantities.
is obtained by using the values XRh = 0.253, Z&& =0.148,
X& = 0.822, and ZB = 0.856 which are only marginally
different from those given in Ref. 7.
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FIG. 1. Four powder peaks are shown at temperature
above (T =1.4 K, open circles) and below (T = 0.07 K,
filled circles) the magnetic transition at T, = 1.0 K.

The intensity for nuclear scattering is weak for
the (101), (110), and (002) peaks, thereby reveal-
ing a magnetic contribution which clearly domi-
nates at temperatures below T„. As expected,
the (102) peak is unchanged because the Er sub-
lattice does not contribute to (hkl) reflections for
which the sum h +k+/ is odd. We have scanned a
total of nine powder lines above and below T„. In
every case in which the magnetic contribution is
important, it has the same angular width as the
nuclear contribution. This result implies that
the low-temperature phase has essentially long-
range ferromagnetic order. More precisely, a
lower limit of 200 A can be set on the correlation
length. To obtain this limit we measure the (101)
peak half-width bQ =2k, (cose)68=0.01 A '. Since
this width is essentially the instrumental resolu-
tion, we make the conservative estimate that the
maximum undetectable width would be bQ„,/2.
Thus we set the limit on the minimum observa-
ble correlation length a;„=2/b, Q „,~ 200 A.

Our data above T„agree with the atomic posi-
tions established by Vandenberg and Matthias us-
ing x-ray diffraction and serve as a calibration
for absolute intensity measurements of the mag-
netic scattering. We note that the neutron mea-
surements, unlike the x-ray results, are sensi-
tive to the positions of the boron atoms, and

therefore our data confirm the positions proposed
by Vandenberg and Matthias on the basis of crys-
tal-chemical arguments. In Table I we show that

the observed structure factors at T = 1.4 K com-
pare well with the values calculated for the nu-
clear structure. A slight refinement of the atom-
ic positions of Vandenberg and Matthias has been
made, but the changes are of marginal statistical
significance. For the calculation of nuclear in-
tensities we use

E„„„(Q)=P,. b,. exp(iQ r,.),
where b, is the coherent neutron scattering length
of the atom at r, We neglect Debye-Wailer cor-
rections at these low temperatures.

In the magnetic state below T„, the relation

2= 2
+tot +nucl +nag

for unpolarized neutrons is used to include the
contribution from the magnetically ordered Er
sublattice. The magnetic structure factor is giv-
en by

F~ (Q) =p; il&p& exp(iQ ~ r&),

where the magnetic scattering amplitude is

p, = (ye'/2mc')p& f&,

and q; is the magnetic interaction vector. ' In the
above expression, p,, is the magnetic moment of
the ith atom, f, is its form factor, and ye'/2~c'
is the neutron-electron coupling constant. Table
I shows the magnetic part of the low-temperature
intensity, E'(0 07 K) —E'(1.4.K), in comparison
with calculations made for I', '. In these calcu-
lations the best fit is obtained when each Er ion
has a moment of 5.6p., oriented in the tetragonal
basal plane. Although it is not possible to dis-
tinguish orientations within the basal plane, the
data elearIy establish that it must lie in this plane
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FIG. 2. The temperatures dependence of the magnet-
ic contribution to the (101) peak intensity.

by virtue of the dependence of F~, on the inter-
action vector q, .

The temperature dependence of the magnetic
intensity of the (101) reflection is shown in Fig.
2. We find smooth, second-order behavior with
no apparent hysteresis, in contradiction with the
resistive behavior reported by Fertig et al. ' How-

ever, the transition is preceded by a large amount
of precursor scattering which manifests itself as
a. rounding of the magnetic intensity above 1.0 K.
This behavior masks the expected temperature
dependence which would presumably be of the
form I rr (T„-T)' with P ~ 0.5, depending on the
details of the magnetic system.

Although our experiments establish several
important facts about the low-temperature prop-
erties of ErRh484, some of the details require
further discussion and continued experimental in-
vestigation. We have observed an ordered mo-
ment of 5.6p8 which is considerably below the
free-ion value of 9.6pB that is required by the
magnetic susceptibility measured by Fertig et al.
down to -10 K. However, these workers also
find that the entropy associated with the magnetic
transition is only about one-half of the value pre-
dicted a.ssuming a. Sixteenfold-degenerate Er"
ground state. %e feel that the low moment and
the low entropy together provide convincing evi-
dence of the importance of crystal-field effects.
However, the fact that the susceptibility mea, -
surements show no deviation from Curie-Weiss
behavior down to 10 K requires the crystal-field
splittings to be unusually small compared to typi-
cal effective point-charge calculations. " It is
not unreasonable to invoke conduction-electron

screening effects" to explain this situation, but
it is premature. Inelastic neutron scattering ex-
periments, should be undertaken to provide more
direct experimental information on the crystal-
field levels. Another a, spect of our research
which requires fur ther study is the observation
of substantial pretransitional scattering. This in-
tensity may arise simply as a result of a distri-
bution of transition temperatures caused by de-
fects or impurities or as a result of enhanced
critical fluctuations, perhaps related to the su-
perconductivity of the system above 7.'„. Obser-
vations of such critical effects in other nonsuper-
conducting rare-earth compounds" are not under-
stood as yet, but they raise the possibility that
large critical effects may be unrelated to super-
conductivity. We hope to explore these precursor
effects in more detail using the small-angle neu-
tron scattering technique.
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