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in the Compound ErRhaB4
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The compound ErRh484 becomes superconducting at a critical temperature &,~ of 8.7 K
followed by a return to the normal state at a second critical temperature 'E,

2 of 0.9 K.
The return to the normal state at 'I',

&
is coincident with the occurrence of long-range or-

dering of the magnetic moments of the Er + ions which completely occupy a set of equiva-
lent lattice sites;

Recently, a new crystallographic system of
ternary compounds with the general formula
MRh4B4 was reported, "with M= Th, Y, Nd, Sm,
Gd, Tb, Dy, Ho, Er, Tm, and Lu. Whereas Th,
Y, Nd, and Sm formed superconducting com-
pounds, Gd through Ho yielded ferromagnetic
phases, and Er, Tm, and Lu again formed super-
conducting compounds. ' La, Ce, Pr, Eu, and Yb
do not form MRh, B4 compounds. " This behavior
is in sharp contrast to that previously observed
for the ternary Chevrel-phase compounds
M„Mo,S, ' and M„Mo,Se,.' Here, each rare earth
(M) has been found to form a Chevrel-phase sul-
fide and selenide and, with the exception of the
Ce and Eu members of each series, they are all
super conducting.

A comparison between the two MRh4B4 com-
pounds formed by the neighboring rare earth (RE)
ions Ho and Er is particularly interesting. The
-6-K Curie temperature of the Ho compound is
in juxtaposition with the 8.6-K superconducting
transition temperature of the Er compound, ' even
though the effective magnetic moments of both RE
ions, 20.6p. D for Ho and 9.6p, H for Er, differ by
only 10%. In this Letter we report the results of
new measurements which show that upon cooling
ErRh4B4 far below' its superconducting transition
temperature, a second transition occurs at 0.9 K
where superconductivity disappears and the com-
pound exhibits long-range ordering of the Er'+
magnetic moments.

In the past, efforts to explore the interaction
between superconductivity and magnetic order
were carried out by intr oducing low concentra-
tions of magnetic impurity ions into supercon-
ducting elements and compounds. ' However, in

these dilute matrix-impurity systems, the ran-
dom spatial distribution of magnetic impurity
ions resulted in clustered and/or glassy magnet-
ic structures with ill-defined magnetic ordering
temperatures and other physical properties which
have proved difficult to interpret. In the ternary
RE molybdenum chalcogenides and now the ter-
nary MRh4B4 compounds, the RE ions are dis-
tributed periodically in the lattice, so that order-
ing of the RE magnetic moments should be of
long-range rather than diffuse "spin-glass" type
encountered in a dilute substitutional alloy. Thus
these systems afford a unique opportunity to in-
vestigate the conditions under which supercon-
ductivity and long-range magnetic order can co-
exist.

Samples of ErRh484 were synthesized from the
high-purity elements by conventional arc melting
and annealing techniques. X-ray and metallo-
graphic analysis showed that with the exception
of several percent of unidentified impurity phas-
es, a representative sample possessed the tetrag-
onal YRh4B, structure, ' with lattice constants a
= 5.299(3) A and c = 7.388(4) A. In separate ex-
periments, a 15-Hz biphase impedance bridge
was used to monitor the ac magnetic susceptibil-
ity and four-probe electrical resistance between
0.07 and 10 K. Magnetization measurements
were made between 0.69 and 294 K in fields up
to 10 kG with a Faraday magnetometer. Specific-
heat measurements were performed between 0.7
and 17 K in a He semiadiabatic calorimeter us-
ing a heat-pulse technique.

Shown in Fig. 1 are plots of the ac magnetic
susceptibility y„and electrical resistance of
ErRh, B4 as functions of temperature in zero ap-
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FIG. 1. ac magnetic susceptibility p~, and ac elec-
trical resistnace vs temperature for Erah484 in zero
applied magnetic field.
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FIG. 2. ac electrical resistance vs temperature for
ErHh484 in various applied magnetic fields between 0
and 15 kG.

plied magnetic field. Both measurements reveal
a normal- to superconducting-state transition at
8 7 K=—T followed by a loss of superconductiv-cl~

ity at 0.9 K—= T~. In addition, y„exhibits a large
positive value just below T„and rapidly becomes
less paramagnetic with decreasing temperature,
The latter behavior indicates that a transition to
a magnetically ordered state accompanies the
superconducting- to normal-state transition at
T~. A noteworthy feature of the electrical re-
sistance data is that the value of the resistance
below T~ = 0.9 K is -40% of the value above the
upper critical temperature T„. This is consis-
tent with the above indication of magnetic order-
lrlg a c2~ Sit T s nce the spin-disorder contribution
to the resistance should disappear below the mag-
netic ordering temperature.

Three other salient features of the resistance
data near T„are (1) the marked hysteresis (-0.1

K) which occurs as this transition is traversed
with increasing and decreasing temperature;
(2) the small peak at the transition; and (3) the
constancy of the resistance below 0.7 K. Further
measurements of the electrical resistance as a
function of temperature were made in various
fixed magnetic fields between zero and 15 kG.
The measurements were made on a sample of
nonuniform geometry with an uncertain demag-
netizing factor, and the results are shown in Fig.
2. In magnetic fields of 0, 1, and 2 kG, the
transitions at T„are relatively sharp; in fields
of 0 and 1 kG, the transitions at T„are also rel-
atively sharp and still appreciably hysteretic. In
a 1-kG field, the peak which is clearly evident in
the zero-field data at T„has disappeared and is

replaced by a steplike feature. In fieMs between
3 and 8 kG, the data indicate that the sample no
longer becomes completely superconducting at
any temperature; the latter data exhibit minima
at temperatures between 3.5 and 5 K. In the tem-
perature range below 0.4 K, the resistance is in-
dependent of temperature at each applied field;
its magnitude increases monotonically with in-
creasing field and tends to saturate above 5 kG
to a constant value which is slightly lower than
the normal-state value near 9 K. The sign of the
magnetoresistance below T„may reflect either
antiferromagnetic order, or superconducting
fluctuations' extending into the temperature re-
gion below T„.

Shown in Fig. 3(a) is a, plot of the inverse low-
field susceptibility as a function of temperature
for ErRh4B4 between 7 and 294 K. These data
can be described by a Curie-Weiss law with an

2+ 0.15effect'ive magnetic moment p, ,ff of . 2+ . p, ~

E '
and a small Curie-Weiss temperature

of 1+1 K. The value of p, ,f~ is identical within
experimental error to tha. t (9.58', , per Er ion)

d' ted for the Hund's-rule ground state of
Er

Plots of the magnetization M versus applied
magnetic field obtained below 9 K are shown in
Fig. 3(b). The apparent negative M intercepts of
the low-field data at temperatures between T„
and T„reflect the superconductivity of the sam-
ple in this temperature range. Below 1 K, the
data indicate that the Er moments are not easily
saturable in the magnetic field, and the magnet-
ization at each applied field below 1 K is nearly
independent of temperature.
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FIG. 4. Specific heat t" vs temperature for ErRh484
in zero applied magnetic field.

I I

2 3 4 5 6 7 8 9 l0

H(kG)

FIG. 3. (a} Inverse static low-field molar magnetic
susceptibility pz"' vs temperature &' for ErRh484. The
solid line represents a Curie-%eiss law with p,gf ~ (9.62
+0.15)ps per Er ion and II=I+ I K. (b) Magnetization
&~ vs applied magnetic field H isotherms for ErRh494
at temperatures between 0.69 and 8.96 K. Data were ob-
tained with increasing field.

Shown in Fig. 4 is a plot of the heat capacity of
ErRh484 as a function of temperature between 0.7
and 14 K in zero applied magnetic field. The data
reveal a specific-heat jump at the upper critical
temperature T„=8.7 K, followed by a pronounced
A. -type anomaly at the lower critical temperature
T„=o.9 K. In order to extract the entropy aris-
ing from the magnetic degrees of freedom of the
Er ions, we roughly estimate an upper limit to
the normal-state heat capacity in the absence of
these degrees of freedom to be Co=yT+pT' aris-
ing from electronic and lattice contributions,
where y = 29 mJ/mole K' and P = 3.1 mJ/mole K4.

A lower limit on the magnetic contribution to the
entropy between 0.7 and 15 K was then computed
by substracting the calculated normal-state host
entropy from the measured entropy, and was
found to be S,g(0.7-15 K) =13.6 J/mole K. This
value is 59/q of S=A ln16=23. 1 J/mole K expected

for the entropy associated with magentic ordering
of Er ions possessing the full sixteen-fold Zee-
man degeneracy of the Er' Hund's-rule ground
state.

All of the above data are consistent in reveal-
ing (1) a normal- to superconducting-state trans-
ition at an upper critical temperature T„=8.7 K;
(2) the destruction of superconductivity at a lower
critical temperature T~=0.9 K; and (3) the onset
of long-range magnetic order at T„. The data
thus far obtained do not, however, allow an un-
ambiguous and self-consistent determination to
be made of the type of magnetic order which oc-
curs at T„. The positive Curie-Weiss tempera-
ture obtained from the static susceptibility meas-
urements suggests ferromagnetic order; however,
the magnetoresistance observed below T~ is op-
posite in sign to that expected for ferromagnetic
order. Below T„, the magnitude and tempera-
ture dependence of X„, the temperature indepen-
dence of the magnetization at constant field, and
the difficulty of saturating the magnetization are
consistent with either antiferromagnetic order,
or with ferromagnetic order if the ferromagnet
is of the "hard" type (large coercive force).

Although the disappearance of superconductiv-
ity at a second lower critical temperature T„
has been observed previously, this phenomenon
has always been restricted to matrix-impurity
systems which simultaneously exhibit supercon-
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ductivity and the Kondo effect. ' The disappear-
ance of superconductivity reported here at a sec-
ond transition temperature 1"„in ErRh, B, is due
to a new and entirely different mechanism. The
reasons we exclude the Kondo mechanism for re-
entrant superconductivity in ErRh484 are as fol-
laws: (1) Kondo behavior has been observed only
for the BE ions with unstable valence, i.e. , for
Ce, Sm, Eu, Tm, and Yb ions, but not for Er or
any of the other HE ions. (2) There is no evi-
dence in the resistance data presented here or in
resistance data up to room temperature for a
normal-state resistance minimum which would

suggest a Kondo effect. (3) The static magnetic
susceptibility does not exhibit a negative Curie-
Weiss temperature which might reflect a Kondo
effect. (4) The pronounced specific-heat anomaly
at &„does not even remotely resemble the very
small specific-heat jump previously observed for
superconducting Kondo systems at &„.' (5) T„
is inordinately high compared to the value expect-
ed for a superconducting Kondo system with the
relatively large concentration for RE ions en-
countered in ErRh4B4. '

In contrast to the results reported here, the
long-range magnetic ordering which occurs in the
superconducting state in M„Mo,Se, compounds
(probably antiferromagnetic) does not lead to the
destruction of superconductivity at the magnetic-
ordering temperatures. ' Thus, the type of mag-
netic ordering which accompanies the return to
the normal state at T„ in ErRh4B4 is apparently
different from the type which occurs in the
M„Mo,Se, compounds. The results reported here
are the first evidence for the occurrence of re-
entrant superconductivity associated with mag-
netic ordering in any material. It is remarkable
that the Er ions which stabilize the superconduct-
ing tetragonal phase of ErRh484 are the same ions
which lead to the destruction of superconductivity

in this compound at low temperatures. Experi-
ments are both planned and in progress to further
elucidate the nature and origin of the transition at
T+0
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