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MAGNETIC AND SUPERCONDUCTING PROPERTIES OF RARE
EARTH OSMIUM STANNIDES

Z. Fisk, " S. E. Lambert, M. B. Maple
Institute for Pure and Applied Physical Sciences
University of California, San Diego, La Jolla, CA 92093

J. P. Remeika, G, P, Espinosa, A, S. Cooper, H, Barz
Bell Laboratories
Murray Hill, NJ 07974

S. Oseroff
Departmento de Fisica
Instituto Venezolano de Investigaciones Cientificas, Caracas, Venezuela

We present data on the magnetic and superconducting properties of

rare earth osmium stannides,.

The compounds of Th and Ho are

superconducting only, those of Er and Tm are reentrant supercon-
ductors, and those of Gd and Dy appear to exhibit some type of short
range magnetic order at low temperatures,

Introduction

The heavy rare earth (RE) rhodium stan-
nides of approximate formula RERh; Snj g
discovered by Remeika et al, ! crystallize in a
cubic structure (ghase III, aj =~ 13,7 A) or a
closely related tetragonal structure (phase II,
ag~ 13.7 A, cq~ 9.7 A). 2,3 The Er com-
pound of this series is a reentrant supercon-
ductor with an upper superconducting critical
temperature (Tcl) of 1.3 K and a lower super-
conducting critical temperature (T_,) of 0.6 K.
Below TcZ' the Er compound was found to ex-
hibit short range ferromagnetic order, The
Tm analogue has a superconducting critical
temperature (T_) of 2, 3 K and is reentrant in a
magnetic field.Z There is no indication of mag-
netic order at temperatures down to 80 mK in
the Tm compound,

It has proved possible to prepare the cor-
responding compounds of Gd through Tm in the
Os series, 5 All these materials crystallize in
phase III, The properties of the REOs, Sn, ter-
nary compounds differ substantially from those
of either their Rh analogues or the previously
investigated REM°6S8’ REM065e8 or RERh‘}B4
ternary compounds.
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Experimental

The Os compounds were grown from ex-
cess Sn as in ref. 5. Os is only sparingly sol-
uble in Sn, and the clusters of small crystal-
lites recovered contained small amounts of un-
reacted Os. X-ray analysis revealed no addi-
tional phases.

Results

(i) Superconductivity. ac magnetic sus-
ceptibility (X ,.) measurements in zero and
applied magnetic field (H) were made at temper-
atures between 70 mK and 2.0 K in a 3He-4He
dilution refrigerator cryostat. The data ob-
tained are shown in Fig. 1 and summarized in
Table 1. The chemical formulae for the com-
pounds in all the figures is abbreviated as
REOs,Sn_ . Both the Er and Tm osmium stan-
nides exhibit reentrant superconductive behav-
ior in zero field, This is the first reported
case in which two pure compounds in a rare
earth ternary sequence are reentrant. The re-
entrant transition at T2 is evidence for the
onset of ferromagnetic order, probably of short
range, in analogy with the behavior previously
reported for ErRh; 15n3 ¢. More surprising
is the occurrence of superconductivity with no
suggestion of magnetic ordering down to 70 mK
in the Tb and Ho analogues. No sign of either
superconductivity or obvious magnetic ordering
down to 70 mK was found for the Gd or Dy ana-
logues. We note that there is some unexplained
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Fig. 1  ac magnetic susceptibility x,. vs
temperature for phase III osmium stannides
of Tb, Ho, Er and Tm. The numbers label-
ling the curves denote the values of the
applied magnetic fields in Gauss,

Table 1
Gram Superconduct-
a Lattice Curie- Curie ing Critical
Compound Parameter Constant Weiss 8(K) Temp. (K)
-3
Gd 13.835 8.633x10 -10
TbO S 3.81 1.378 x 1072 7 1.4
sl. 5 n2.6 13, 2 . - .
DyO S 13.79 1.687 x 1072 7
Y-85, 5 172 y -
-2
Hoosl.ZSHZ.S 13.776 1. 297 x10 -2 1.4
-2
ErOsl.ISnZ.7 13.760 1.229x 10 -3 1.3, 0.5
-3
Tm 13,744 7.712X10 -1 1.1, 0.6

2Gd and Tm compounds not analyzed. Formulae given for other com-
pounds derived from wet chemical analysis.
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structure in the X ,. vs temperature curves of
the Er and Tm compounds, Part of this may be
due to the presence of unreacted Os (Tc =
0.66 K, H, =70 Oe) as noted above,

(ii) Static magnetic susceptibility and
EPR, The results reported above prompted us
to measure the static magnetic susceptibility
(X) of these phase III Os stannides. These
measurements were made between 1.4 K and
300 K using a Faraday magnetometer in fields
up to 10 kOe, The results obtained are shown
in Fig. 2 and partially tabulated in Table 1. We
have not computed an effective moment for
these compounds due to the inaccuracy with
which the formula is known from wet chemical
analysis (also given in Table 1). We note that
some uncertainty in these analyses arises from
the difficulty of dissolving Os.
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Fig. 2 Inverse gram magnetic susceptibility
versus temperature T of the phase IIl osmi-
um stannides of Gd through Tm. Inset in
(b) shows low temperature data for the Ho
and Dy compounds.
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The points of interest in Fig, 2 are the
conformity of the data to a Curie-Weiss law at
high temperature with a small value for the
Curie-Weiss temperature (8), and deviations
from Curie-Weiss behavior at low temperature
for the Tb and Ho compounds that are reminis-
cent of singlet ground states. This was further
investigated using a vibrating sample magnetom-
eter, and these results are displayed in Fig, 3(a).
The flattening out of the ¥ "1 vs temperature
data for the Tb compound is strongly indicative
of a singlet ground state. The situation for the
Ho compound is not as clear cut. The site sym-
metry for the rare earths in these compounds
is predominantly 3 m, but there alsc appears to
be some disordering between RE and transition
metal sites, ® a point which we return to below.
This symmetry can give a singlet ground state
for Tb and Ho.

Magnetization (M) vs H data for the Gd
compound measured at 1.6 K in the vibrating
sample magnetometer are shown in Fig. 3(b).
The nonlinearity of the M vs H curve coupled
with the low temperature deviation from Curie-
Weiss behavior seen in Fig, 1(a) is suggestive
of some type of short range magnetic order,

We observed no hysteresis or time dependent
effects, The high degree of internal disorder
revealed by the poor electrical resistance
ratios of the Rh analogues, the occurrence of
short range ferromagnetic order below T, in
ErRh; 5n3 ¢, and x-ray evidence for struc-
tural disorder © are all consistent with the pos-
sibility of short range magnetic order,

We also shown in Fig, 3(c) EPR data for
the Gd compound. The linewidth is very large,
and the Korringa constant indicates an extreme-
ly small value for the product of the Gd spin-
conduction electron coupling constant and the
density of states at the Fermi surface. This
small value would also be compatible with some
type of short range magnetic order.

Finally, we show in Fig. 4 a X ,. vs tem-
perature curve as well as an M vs H curve at
1.6 K obtained with the vibrating sample mag-
netometer for the Dy compound. There is a
feature in the X . vs T curve near 4.2 K, be-
low which X ae Fises continuously with decreas-
ing temperature. The M vs H curve is again in
this case both nonlinear and nonhysteretic.

Summary

We have studied the magnetic and super-
conducting properties of six rare earth osmium
stannides formed with the heavy rare earth
elements Gd through Tm. ac magnetic suscep-
tibility measurements down to 80 mK reveal
that the compounds of Tb and Ho are supercon-
ducting only, those of Er and Tm are reentrant
superconductors, while those of Gd and Dy do
not become superconducting, To our knowledge,
no other ternary RE system has Tb and Ho com-
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Fig. 3 (a) Low temperature magnetic suscep-
tibilities of the Tb and Ho phase III osmium
stannides, These measurements were made
with a vibrating sample magnetometer.

The susceptibility axis units are arbitrary,
Dashed lines show normalized extrapola-
tion of susceptibility from higher tempera-
ture data shown in Fig, 2.

(b) Magnetization of phase III GdOs Sny
versus applied field H at 1.6 K,

(c) EPR linewidth versus temperature T for
phase III GdOsxSny.



Vol. 41, No. 1

T T

T
Dy Os,Sny ]

r——T— T
Dy Os,Sny
T=1.55K ’

{a) ‘

B
600 F

L)

5001 : 1

)
+

L. - H increasing
+ H decreasing

ES

[
I=}
S

T

o

T

Xgclorb. units)
M (arb. units)

—
o Q
S &
T T
1 L
T T
+
-

{ L L L L | 1 Lo L | L

8 10
T(K} H{kOe)

Fig. 4 (a) ac susceptibility of phase III
DyOs,Sn,, versus temperature T,
(b) Magnetization of phase III DyOsxSn.y
versus applied field H,

pounds which are superconducting but not mag-
netically ordered. Magnetic susceptibility
measurements indicate that the ground state of
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the RE jons in the Tb and Ho compounds is
a singlet which is consistent with the occur-
rence of superconductivity and the absence of
magnetic order in these two compounds. The
reentrant transitions at T, in the Er and Tm
compounds are probably due to the onset near
T.2 of short-range ferromagnetic order, in
analogy to the behavior previously reported for
ErRh; ;Sn3 4. Magnetic susceptibility meas-
urements suggest that the Gd and Dy compounds
display some type of short range magnetic ord-
er, not of the usual spin-glass type, that arises
from the site disorder and small exchange coup-
ling inferred from the EPR measurements.
This short-range magnetic order presumably
prevents these two compounds from becoming
superconducting.
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