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sample preparation technique, the annealing of
the cast sodium samples reduced p„, whereas the
annealing of the cast potassium samples did not.
This difference between the two is undoubtedly
due to the low-temperature martensitic phase
transformation of sodium which produces sam-
ples having an unstable array of strains.

To test the effect of the martensitic phase trans-
formation on our results, sample N-1b was cycled
to room temperature and back. The results for
the sample, now denoted as N-lc, show a 6'%%uo in-
crease in both p, and A. This is, of course, due
to the increase in p„caused by the additional
strain introduced by cycling through the phase
transformation, a phenomenon previously ob-
served by Dugdale and Gugan. "

With the assumed starting ratio p, /p, =0.36,
samples N-lb and N-1c (open squares) are seen
to follow the same general behavior as K. This
is in accordance with the expectation that electron-
electron scattering should be quite similar for
both Na and K.
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NMR and magnetization measurements in Y~ „Er„ah&B4 indicate a strong conduction-
electron-local-moment interaction with only a weak depression of the superconducting
transition temperature T,. The appearance of large hyperfine interactions below T indi-
cates that a grossly uncompensated conduction-electron spin state exists in the supercon-
ducting phase of YRh4B4. These results are discussed in terms of both itinerant elec-
tron antiferromagnetism and non-s-wave Cooper pairing.

Since the discovery of re-entrant superconduc-
tivity in the ternary compound ErRh~B~ by Fertig
et al. ,

' there have been extensive studies of super-
conductivity and magnetic order in this class of
rhodium-boride compounds containing a rare
earth with a localized moment. One of the sur-
prising features of this phase is the weak depres-
sion of T, in the presence of localized magnetic
moments, even though there is no obvious crystal-

lographic isolation of the rare-earth ion from the
transition metal atoms as there is in the Chevrel-
phase ternary superconducting compounds. ' In
the present investigation "BNMR and static mag-
netization results are reported for the normal
and superconducting states of Y, ,Er„Hh484 (x
- 0.1). These results show, for the first time,
that the conduction electrons in YRh~B~ strongly
couple to the local moments, yet there is an ex-
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tremely weak dependence of 7, on x. Further-
more, the superconducting state is characterized
by large hyperfine fields at the boron sites; we
show that this novel result is due to an anomalous-
ly large uncompensated conduction-electron spin
polarization state in the superconducting phase.

The samples used in this investigation were
made by repetitive arc melting of the constituent
elements. The buttons were given an ordering
anneal at 1100'C for - 5 days. Metallography and
x-ray powder patterns indicate solid solutions
are formed between YRh484 and ErRh484. Static
magnetization measurements were made on pow-
der samples by use of a Faraday technique. The
NMR measurements were made on powders with
a pulsed phase-coherent spectrometer operated
at 8 and 12 MHz and a Varian electromagnet with

Fieldial control.
In Fig. 1 we show the integrated signal inten-

sity of the "8 nuclear spin echo in Y, „Er„Rh484
(x =0 and 0.01) at 12 and 8 MHz for temperatures

that span T,(H). Because of the inhomogeneous
Knight-shift broadening, we only observe the + —,

'
transition metal atoms as there is in the Chevrel-
is a gradual loss of signal with decreasing tern-
perature between 77 K and T, due to signal com-
ponents suffering Knight shifts in excess of - 1000
Oe. In pure YRh484 and LuRh484, we are able to
see the + 2 —+ 2 transition, and the integrated
signal intensity follows the nuclear magnetic Cu-
rie law above T,. However, as temperature is
reduced, the signal intensity drops rapidly below
T, for all compositions. From the magnetization
experiments we find H„= 1 kOe and II„=20 kOe
at 4.2 K. We estimate the volume flux exclusion
at the resonance frequencies H„«H &H„ to be
less than 1(P/~, i.e. , B= H. The sharp loss of sig-
nal intensity at T, is quite unusual for a strong
type-II superconductor.

Two possible causes of signal loss can be ruled
out. First, the loss of signal due to a rapid
shortening in the spin-echo lifetime T, below T,
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FIG. 1. The reduced temperature T/T, (Jl) depen-
dence of the normalized integrated resonance intensity
of B obtained from the spin echo in YBh4B4 and
Yp BBErp pf R14B4 at 8 and 12 MHz. From susceptibility
measurements 7.', was determined to be 8.2 and 7.2 K
at H = 6 and H = 8.8 koe, respectively.

F&G. 2. Reciprocal susceptibility vs temperature data
for two Y& „Er„ah4B4 compounds. The uncorrected data
for x= 0.01 represent the experimentally measured sus-
ceptibilities; to obtain the corrected values, which rep-
resent the susceptibility per Er ion, a point-by-point
subtraction of the measured susceptibility of Yah484
was made. The corrections for the x= 0.1 sample were
small.
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can be eliminated since we find 2, constant at
176 ~ec (YRh,B4) both above and below T, for 8
and 12 MHz. Second, the effect of field inhomo-
geneity associated with the vortex state has been
estimated following de Gennes' for the intermedi-
ate field range H, ] «H &H„. Using a value of the
field penetration length g =1500 A, we find the
root-mean-square second moment (~')"'= 40
Oe. This amount of line broadening would not re-
sult in signal loss in our experiment. A larger
broadening would be predicted for a much small-
er X, but this would be inconsistent with the
strongly type-II behavior, i.e. , H„/H„R 20.

Another striking feature of our results is the
effective moment IL(,,«per Er atom in the Y, „Er„-
Rh484 alloys determined from the Curie-Weiss
susceptibility obtained in the temperature range
15 to 300 K and fields of 500 to 15000 Ge, Fig. 2.
The giant effective moments (see Table I, line 4)
can be compared with the Er" free-ion moment
of 9.58p8, which is experimentally found for
ErRh484. In addition, the "Brelaxation rate
T, ' shows a giant impurity enhancement in the
Er-doped compounds and a non-Korringa-like be-
havior, i.e. , T, T e const (Table I). A clustering
of Er ions would not be expected to have such a
strong effect on T,. Further, since ErRh, B, fer-
romagnetically orders at -1 K,' we would not ex-
pect that Er substituted on the Y sublattice forms
superparamagnetic clusters at elevated tempera-
tures. High-field magnetization results (90 kOe,
2.1 K) yield a saturation moment of 9.85pH/Er in
the 1 at.%%uoErcompoun d, compare d to th e free-
ion value of 9pH. However, for the tetragonal
site symmetry of the Er, crystal field interac-
tions are important. Mossbauer hyperfine split-
ting of Er in the rhodium-borides indicates a
saturation moment of 8.3(2)pa. ' Thus, the satu-
ration magnetization indicates a polarization of

the conduction electrons of -1.5pa/Er. These re-
sults taken together indicate a strong polarizabil-
ity of the YRh484 susceptibility. [The measured
YRh484 susceptibility increases in a non-Curie-
Weiss manner from 9(2)x 10 ' emu/mole at room
temperature to 60(2)x 10 ' emu/mole at 15 K.]
The large interaction of the host susceptibility
with the Er ions appears at odds with the negligi-
ble reduction of T, with Er addition (see Table I),
since both are expected to depend on the strength
of the conduction-electron-local-moment interac-
tion H = -Zs ~ 5.

The sharp drop in signal in Fig. 1 is quite sim-
ilar to the "Bresonance in CrB, at the incom-
mensurate itinerant-electron antiferromagnetic
transition. ' The loss of signal with little shift in
position can be ascribed to an extremely broad
distribution of magnetic hyperfine fields (» 100
Oe) at the boron nuclei. A description of YRh4B,
as an itinerant-electron antiferromagnet could
partially explain a number of the results present-
ed here. The normal-state susceptibility y(q)
would then have a tendency to go critical in the
Stoner sense at finite q =Q. For the case when
the superconducting coherence length $»Q ', it
has been shown' that superconductivity and spiral
magnetic order can coexist. However, in the
case of YRh4B4 and LuRh484, the magnetism would
be associated with itinerant electrons instead of
localized 4f electrons. It is difficult, however,
to explain why the apparent Neel temperature TN
(as determined from the sharp loss of the "8 sig-
nal) would be depressed with application of a mag-
netic field in the same manner as T,. Further-
more, the "B relaxation rate T, ' near T, in
YRh~B„which is proportional to Q, X(q, o.„),
where w„ is the nuclear Larmor frequency, has
a functional dependence expected of a type-II su-
perconductor and does not show the critical be-

TABLE I. Experimentally determined parameters for Y~ „Er„RbgB4.

0.008 0.08 0.1

T,(a=o) (K)

p, ff {p~/11101)

p«~ {corr) {pz,/mol)

ff {corr) {ps/Er
T&T (sec K) at 77 K
T&T (sec K) at -7.7 K

and 8.8 kPe

10.28

58.9

42.8

10.31
0.60
0.52

175

10.$0
1.17
1.08

108
8.24

0.022

10.86
1.78
1.71

57

10.27
8.07
3.08

BO

0.84

Note, for x=0.5 and 1.0, T, =9.52 and 8.61 K, respectively.
Determined from Uncorrected data (Fig. 2).

~Determined from corrected data (Fig. 2).
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havior anticipated for an itinerant-electron anti-
ferromagnet near T N.

'
Because of the appearance of identical behavior

for the superconducting and magnetic" order pa-
rameters, we propose an alternative explanation
for the "Bsignal loss below T„which can be
cast in terms of a single order parameter asso-
ciated with non-s-wave pairing, i.e. , by consid-
ering p-wave or higher-order pairing. Following
Balian and |l%'erthamer, ' we consider p-wave pair-
ing and the full triplet of states. They show that
in the p-wave paired phase the thermodynamic
properties follow BCS' predictions. However,
the Knight shift of the NMR line should show lit-
tle change below T, inasmuch as the spin sus-
ceptibility in the superconducting state is —, of its
value in the normal state. Our results are con-
sistent with this prediction, but represent a weak
argument since orbital Knight shifts and spin-
orbit scattering can also reduce the fractional
change in Knight shift at T, for the BCS state.
However, in the p-wave paired state the triplet
contains both parallel and antiparallel spin-paired
states. Balian and Werthamer show that the pairs
of parallel spins contribute to the spin indefinite-
ness. We can understand the broad distribution
in hyperfine fields at the boron sites, with the p-
wave pairing model, as being due to the nuclear
coupling to the parallel-spin conduction-electron
pairs below T,. This is consistent with an addi-
tional experimental observation that T,*, which
is inversely proportional to the root-mean-
square moment of the local magnetic field dis-
tribution, is constant above T, but decreases just
as sharply as the integrated resonance intensity
below T,.

Although f -wave pairing has been established"
in 'He, arguments based on the depression of the
p-wave pairing transition in superconductors due
to normal potential scattering from defects'
makes P-wave pairing unlikely, unless some spe-
cial Fermi surface anisotropy" favors the p-
wave paired state over the isotropic s-wave state.
Both phonon-mediated as well as paramagnon-
mediated p-wave pairing have been considered. "
We note that for YRh4B4 we have no evidence for
nonmagnetic impurities depressing T„but we do
have evidence that magnetic solute additions only
weakly depress T, (Table I). Thus, both spin
scattering and potential scattering appear to be
ineff ective.

In summary, we have shown that Er substitu-
tions in YRh, B4 yield large conduction-electron
polarizations due to a strong conduction-electron-

local-moment interaction. Boron NMR below T,
indicates an extremely large distribution of hy-
perfine fields that grows in a manner similar to
the expected superconducting gap behavior. Both
magnetic and nonmagnetic impurities are ineffec-
tive at depressing T,. Two possible explanations
of the unusual behavior have been discussed. One
involves a simultaneous itinerant-electron anti-
ferromagnetic state coexisting with the supercon-
ducting state. The other proposes that an exotic
non-s-wave pairing is responsible for supercon-
ductivity in the rhodium borides. A full account
of the magnetization, NMR relaxation, and high-
field "Band ' 'Rh NMR in the normal and super-
conducting state of Y, „Er„Rh4B4, Y, „Gd„Rh4B4,
and LuRh4B4 will be published separately.
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