Solid State Communications, Vol. 26, pp. 493-496.

O Pergamon Press Ltd. 1978. Printed in Great Britain

0038-1098/78/0522-0493 $02.00/0

DIRECT OBSERVATION OF LONG RANGE FERROMAGNETIC ORDER IN THE REENTRANT SUPERCONDUCTOR HoMo_S

68

*
J. W. Lynn, Department of Physics, University of Maryland, College Park, Md. 20742
D. E. Moncton, Bell Laboratories, Murray Hill, N.J. 07974
W. Thomlinson and G. Shirane, DgRartment of Physics

Brookhaven National Laboratory,

Upton, N.Y. 11973,

R. N. Shelton, Department of Physics, University of California at

San Diego,*

** La Jolla, California 92093

(Received 28 February and in revised form 20 March 1978 by H. Suhl)

The neutron scattering technique has been used to investigate the mag-
netic properties of the ternary Chevrel-phase superconductor HoMogSg.
Magnetic critical scattering is observed in the superconducting phase,
with the magnetic correlation range increasing with decreasing tempera-

ture.

At the transition in which the normal state is reentered, the

system is found to develop long range ferromagnetic order, with a satu-
rated magnetic moment at low temperatures of 9.06 *+ .3 yug and the spin
direction along the unique [111] trigonal axis.

Since their discovery the ternary Chevrel-
phase materials have been found to exhibit a va-
riety of interesting phenomena related to their
superconducting and magnetic properties.l Al-
though their superconducting transition tempera-
tures are not particularly high, they have high
upper critical fields.2 Moreover, the materials
which contain rare~earth elements also display a
strong tendency to order magnetically. This
latter behavior allows a study of the competitive
interplay between these two cooperative phenom—
ena. Neutron scattering is an ideal probe of the
magnetic properties of these systems, and the
first such study on Chevrel-phase materials was
performed on ErMogSeg.” As anticipated on the
basis of specific heat studies,* strong magnetic
Bragg scattering was found to develop at temper-
atures near 1 K, well below the superconducting
transition at T, v 5.5 K. However, the compli-
cated diffraction patterns could not be readily
interpreted and the authors were unable to rule
out the possibility that only impurity phases
were magnetic.

More recently, HoMogSg has been reported5
to undergo a superconducting transition at 1.2 K
and then to reenter the normal state at 0.64 K,
with this latter transition being associated
with magnetic ordering. This behavior is re-
markably similar to that recently reported in
the ternmary superconductor ErRh;B;. In this
case neutron scattering experiments’ have
clearly demonstrated that the system becomes
ferromagnetic as superconductivity is destroyed.
It was therefore of considerable importance to
undertake a neutron examination of HoMogSg to
obtain direct information on possible magnetic
ordering. Our neutron scattering results demon-
strate that the reentrant transition is accom-

panied by a transition to long range ferromag-
netic order.

Powder neutron diffraction measurements were
taken on a triple-axis neutron spectrometer at
the Brookhaven High Flux Beam Reactor. The in-
cident wavelength was chosen to be 2.464 K, with
a pyrolytic graphite filter placed in the inci-
dent beam to suppress higher-order wavelength
contaminations. For the measurements taken at
low temperatures the sample was mounted in a he-
lium dilution refrigerator which has a low tem-
perature capability of ~ 50 mK.

Diffraction measurements above the magnetic
transition confirmed that HoMogSg has the rhom-
bohedral (R3) crystal structure with one formula
unit per unit cell. The Ho ions occupy a simple
primitive lattice which is nearly simple cubic
since the rhombohedral angle is close to 90° in
these materials. A least-squares refinement of
the positions of eight peaks yielded rhombohe-
dral lattice parameters of a = 6.427 + .003 X,

a = 89.31 £ .04 at 1.0 K.

The positions of the Mo and S in the unit
cell have been recently determinedd at room tem—
perature by X-ray scattering measurements. Our
measurements of the intensities at low tempera-
tures agreed relatively well with the intensities
calculated assuming the Mo and S positions were
identical to those at room temperature, confirm—
ing that these positions are not strongly temper-
ature dependent. In particular, the calculated
structure factor for the {200} reflection was
very small, and no {200} peak was observed in
the data. This result provides a sensitive test
of the validity of the crystal structure. We
note that there was evidence of small amounts of
secondary phases in the sample. Because they
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Fig. 1 Magnetic diffraction pattern for HoMogSg.
Data taken at 1.00 K (Above Ty) have
been subtracted from the data taken at
0.05 K. The new Bragg peaks which de-
velop below Ty coincide with the posi-
tions of the HoMogSg nuclear peaks, es-
tablishing that the tramsition is to a
state of long range ferromagnetic order.
were observed to have no magnetic component, how- d 2 32 2 aa2
ever, their presence is irrelevant as far as our a0 - {XE—YJ u2 ? (E 1-(R-n) 6(?—? 1
neutron measurements are concerned. dn 2me ) bt : ) @
Complete diffraction patterns were taken where
from scattering angles of 2° to 80° at 1.30 K e? ] _ -12
and 0.05 K. The difference between these two omeZ| = ~0-2695 - 10 cm , (2)

patterns is shown in Fig. 1 and reflects the
changes associated with the phase transformation.
The data clearly reveal that a new set of Bragg
peaks have developed below the phase transition.
The positions of these peaks coincide with pos-
itions of the HoMogSg nuclear peaks demonstra-
ting conclusively that the material has become
ferromagnetic. Further, the observed widths of
the peaks in all cases agree with the calculated
widths due solely to instrumental resolution, so
that the magnetic order is of long range. To be
more precise, the limitation on the instrumental
resolution places a lower limit on the magnetic
correlation range £ = k=1 which we can estimaté
by the following procedure. We assume that the
observed width has contributions both from the
instrumental resolution and an intrinsic width.
Since the observed width appears to be only in-
strumental in origin, the intrinsic width k can
certainly be no larger than one-half this value.
High resolutiop measurements place such a limit
on k of 0.003 A~1l, which yields a lower limit o
the correlation range in real space of 1> 300 A.
For a simple ferromagnetic structure the
neutron cross section for magnetic scattering can

be written as

u is the magnetic moment, i is the neutron momen-
tum transferred to the crystal, n is the spin

igection, ¥ is a reciprocal lattice vector and

(K) is the magnetic form factor. For a powder
the observed intensity of each peak is a sum of
intensities from all reciprocal lattice vectors
of the same length. In general information is
lost in this powder average, and thus the spin
direction fi may not be uniquely determined.
However, for a crystal structure in which there
is a unique axis, powder data is sufficient to
ascertain the angle between the spin direction
and this axis, which for HoMogSg 1s the [111]
trigonal axis. Fig. 2 shows a scan of the (111)
and (111) reflections above and below Ty. We
see that there is no magnetic contribution to
the (111) reflectign, and therefore we have from
Equ. (1) that K «+ A = 1. Thus the spin direc-
Zion is along the trigonal axis.

The magnetic intensities can be put on an
absolute basis by comparison with the nuclear
intensities. The ratio of these intensities can
be written as

w2 (|2 <1e(ien)?>
ENR

I, o2 2
T " - 3)

nuc 2mc2
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Fig. 2 a) High resolution scans of the (111)
and (111) reflections above and below
the transition. The difference between
these two (b) scans shows that the mag-
netic contribution occurs only for the
(111) reflection, so that the easy mag-
netic axis is the trigonal (111) dir-
ection.

With the spin direction n known, the powder aver-
age can be calculated for each observed Bragg
peak. Having calculated the nuclear structure
factors Fy as described above, only the magnetic
moment u and the form factor £(t) remain as un-
knowns. For the {100} reflection we find a value
for uf of (8.85 + .3) u,. The quoted error repre-
sents one standard devigtion due to the statisti-
cal error and does not include estimates of pos-
sible systematic errors such as might be intro-
duced through uncertainties in the nuclear struc-
ture factors Fy. At small momentum transfers the
aspherical contributions to the magnetic form fac-
tor are very small, so to a good approximation
4 0} is given by the spherically averaged val-
ue” of 0.977. The resultant magnetic moment is
then u = 9.06 up. This value is close to the
free ion value of 10 ug for Ho3+.

The intensity of the {100} Bragg peak is
shown in Fig. 3 as a function of temperature.
The intensity above Ty 1s due to nuclear scatter-
ing, which is temperature irdependent,
while the additional intensity observed below Ty
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Fig. 3 Peak intensity of the {100} peak as a
function of temperature. The intensity
above Ty 1s due to the nuclear scatter-
ing, which is temperature independent.
The additional intensity below Ty v
0.67 K is magnetic in origin and is pro-
portional to the square of the order
parameter.

is proportional to the square of the order par-
ameter. The ferromagnetic transition temperature
is Ty ~ 0.67 K, which agrees well with the re-
sults of Ishikawa and Fischer® for the reentrant
transition. Thus the transition to ferromagnetism
destro¥s the superconductivity, which is also the
case® / for ErRh4B;. We note that there is a
small but significant hysteresis (v 15 mK) ob-
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Fig. 4 Temperature dependence of the diffuse

scattering at a wavevector of 0.09 g1,
There is a "critical" component which
peaks in intensity near the transition
temperature, and additional scattering
which builds up at low temperatures.
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served, suggesting the magnetic transitfon is
first order.

In addition to the magnetic Bragg peaks,
the data in Fig. 1 show that there is a substan-
tial change in the intensity of the "background"
scattering. This decrease 1s due to the absence
of paramagnetic scattering in the ordered phase.
The temperature dependence of thg scattering for
a momentum transfer |K| of 0.09 A-1l is shown in
Fig. 4. We note that there is the usual in-
crease in the intensity of the scattering in the
vicinity of the transition temperature as would
be expected from critical fluctuations at a
weakly first-order transition. We also note a
large increase in the scattering at low tempera-
tures, whose origin is clearly not due to criti-
cal fluctuations. This scattering is also evi-
dent in Fig. 1 at small scattering angles. The
origin of this scattering is most likely due to
domain wall scattering, which has _been seen in
ferromagnets such as Eu0 and EuS, and ferro-
electrics such as lead germanate.

Since the magnetic ordering temperature is
very low, the energy of the magnetic fluctua-
tions in the system is expected to be small in
comparison with our instrumental resolution.
Thus at a fixed momentum transfer |R| we effec-
tively integrate over all energies of the mag-
netic excitation spectrum. Above the phase
transition we may expect as a first approximation
that the wavevector-dependent correlation func-
tion will be of the Ornstein-Zernike type:

do 1
o T Bvron e (4)
da |ﬁ|%+K

This cross section has been convoluted with the
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instrumental resolution function and compared
with the wavevector dependent intensity data in
a least-squares fit, allowing at each tempera-
ture the inverse correlation range k to vary.

For T 2 0.69 K a good fit to the data was ob-
tained, with the correlation range «-1 steadily
increasing with decreasing temperature. At

T = 0.69 K we found =1 = 19 &. Thus we may con-
clude that the magnetic correlations develop
while the material is still in the superconduc-
ting state. On the other hand, for temperatures
closer to the transition Equ. 4 did not give a
good fit, with the flt being particularly poor at
small wavevectors (]K| <0.05 3‘1). This is most
likely due to the additional small angle scatter-
ing discussed above.

The present results establish unambiguously
that HoMogSg becomes ferromagnetic at low temper-
atures. We note, however, that the observed mag-
netic transition occurs at a somewhat higher tem-
perature than the reentrant transition tempera-
ture found by Ishikawa and Fisher, Although this
difference could be ascribed to differences in
sample composition or thermometry, a similar dis-
parity was also observed in the case of ErRh;B;.
This suggests the possiblity that there is a
temperature region where both ferromagnetism and
superconductivity coexist, with the superconduc-
ting state being quenched only after the ferro-
magnetism becomes sufficiently well developed.
Additional measurements will be undertaken to as-
certain if this is indeed the case.
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