PHYSICAL REVIEW B

VOLUME 24, NUMBER 7

1 OCTOBER 1981

Magnetic properties of the reentrant ferromagnetic superconductor HoMogSg

J. W. Lynn
Department of Physics and Institute for Physical Science and Technology, University of Maryland, College Park, Maryland 20742

G. Shirane and W. Thomlinson
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

R. N. Shelton
Ames Laboratory— U.S. Department of Energy and Department of Physics, lowa State University, Ames, Iowa 50011

D. E. Moncton
Bell Laboratories, Murray Hill, New Jersey 07974
(Received 27 February 1981)

Neutron diffraction and ac susceptibility techniques have been used to study the magnetic and
superconducting phase transitions in the ternary Chevrel phase system HoMogSg. The material
first becomes superconducting at T,; =1.82 K. With further decrease of temperature ferromag-
netic correlations develop, with a correlation range in real space which increases with decreasing
temperature. On further cooling, a long-wavelength (~ 230 /&) oscillatory magnetic state forms
(T,s=0.71 K) in the superconducting phase, with a wavelength which increases with the appli-
cation of a magnetic field. At still lower temperatures the superconductivity is destroyed
(Tc(;C) =0.612 K) as long-range ferromagnetic order sets in. The ferromagnetic phase at low
temperatures is characterized by a saturated magnetic moment u, =9.06 £0.3 pp, with the spins
directed along the unique [111] trigonal axis. When the material is warmed from the ferromag-
netic state, no oscillatory magnetic phase appears to form, with the system passing directly from

ferromagnetism to superconductivity at Tc(zm

1. INTRODUCTION

The possible coexistence of long-range magnetic
order and superconductivity on a microscopic scale
has been an intriguing and at times controversial sub-
ject since the discovery of the (Ce;_x Ry)Ru; (R a
rare earth) system, where it was found that rather
large concentrations of heavy rare-earth ions could be
accommodated in the lattice substitutionally without
adversely affecting the superconducting properties.! =
These substitutional alloys, however, undergo a
ferromagnetic-cluster spin freezing at low tempera-
tures rather than a conventional transition to long-
range ferromagnetic order.*® The subject has re-
ceived renewed attention with the discovery of ter-
nary superconducting compounds in which the mag-
netic rare-earth ions reside on a periodic lattice.”®
For all of these materials the localized 4 f electrons
have only a small interaction with the superconduct-
ing electrons, leading to a weak spin-depairing
mechanism® as well as low magnetic transition tem-
peratures. If the ordering is antiferromagnetic, the
superconductivity is preserved so that there is true
coexistence.!? If the interactions are ferromagnetic,
however, the associated dipolar field is strongly com-
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=0.668 K.

petitive with the superconducting state. We find that
for HoMogSg a conventional uniform ferromagnetic
state does not coexist with superconductivity, but
rather an oscillatory magnetization first forms in the
superconducting phase. As the magnetic state con-
tinues to develop with decreasing temperature, the
preference for ferromagnetic alignment eventually
dominates energetically and the sample is driven back
to the normal conducting state.

In the following section we will discuss the basic
ferromagnetic phase transition and the magnetic
properties at low temperatures. We will then provide
a detailed examination of the reentrant transition and
the interplay between the ferromagnetic and super-
conducting states. We will compare the behavior of
HoMo¢S3 with some of the theoretical expectations
and with the behavior observed in the related
ferromagnetic-superconducting system ErRh4B,,
where the effects of the interaction between fer-
romagnetism and superconductivity have also been
observed recently.!! Finally we will briefly remark on
the behavior observed in the other ferromagnetic su-
perconductors ErRh; ;Sn3 ¢ and (Ce;_,R,)Ru,. Some
portions of our work on HoMo04Sg have been briefly.
reported in the literature previously.'? 13
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TABLE 1. Lattice parameters and superconducting transition temperatures for our HoMogSg

sample.

T =1.30 K (neutrons)
T =295 K (x rays and neutrons)

=(6.427 £0.003) A
a=(6.458 £0.004) A

a=1(89.31+0.04)°
a=1(89.52+0.06)°

T, Center at 1.82 K; Width: (1.894 —1.754)
T, (cooling) Center at 0.612 K; Width: (0.646 —0.577)
T,, (warming) Center at 0.668 K; Width: (0.692 —0.634)

II. SAMPLE PROPERTIES AND
EXPERIMENTAL PROCEDURES

A polycrystalline sample weighing about 4 g was
prepared by powder metallurgy. Binary compounds
of HoS and Mo, ¢¢S3 (Ref. 14) were synthesized from
high-purity elements including H,-reduced Mo.
Stoichiometric amounts of these constituents and the
Mo powder were then thoroughly ground together,
densified into pellet form, and sintered at 1250 °C for
24 h. The resulting powder was reground, pressed,
and sintered for an additional 24 h at 1250 °C to pro-
mote homogeneity. The nominal starting composi-
tion of the material was Ho; ;Mo0¢Sg; however there is
no evidence in the crystal structure data, or in our
own data, for more than one Ho ion per formula
unit. We will therefore take the sample concentra-
tion to be the stoichiometric HoMogSg. This con-
sideration affects only the determination of the low-
temperature saturated magnetic moment from the
diffraction data. We will discuss this assumption fur-
ther at that time.

For the diffraction data the sample was mounted in
a dilution refrigerator with a low-temperature capabil-
ity of ~50 mK. The incident neutron energy was
13.7 meV, and the horizontal collimation before and
after the pyrolytic graphite monochromator and
analyzer was varied between 10’ and 40’ full width at
half maximum (FWHM) as dictated by intensity and
resolution considerations. A pyrolytic graphite filter
was used in the incident beam to reduce higher-order

. wavelength contaminations. For the study of the os-
cillatory magnetic phase a He? refrigerator was em-
ployed. Most of the small-angle scattering measure-
ments in this case were made with an incident energy
of 3.72 meV, with 10’ FWHM collimation before and
after the sample. A cold Be filter was placed in the
incident beam, and 40' FWHM vertical collimation
was placed before the detector to restrict the vertical
divergence. An air-gap electromagnet was mounted
on the outside of the cryostat with the field directed

" along the scattering vector. Only 400 Oe could be
achieved in this configuration, but this was ample for
our purposes.

Neutron-diffraction measurements at room tem-
perature and 1.3 K confirmed that the crystal struc-

ture is rhombohedral (R3), with one formula unit
per unit cell.’* The Ho ions in this structure 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 posi-
tions of eight peaks at 1.3 K yielded the lattice
parameters shown in Table I. The lattice parameters
at room temperature measured by both x rays and
neutrons are also given in the table.

The positions of the Mo and S in the unit cell have
been determined at room temperature by x-ray
scattering.'® Our neutron measurements of the in-
tensities agreed well with calculations of the nuclear
structure factors based on these positions. In particu-
lar the calculated {200} nuclear scattering is small,
and no {200} peak was observed. This result pro-
vides a sensitive test of the validity of the crystal
structure. We did not, however, have a sufficient
data set to refine the positional parameters. There
was also evidence of a small amount of unreacted
Mo,S; in the sample as well as an unidentified mag-
netic impurity phase (not HoS or Ho,0,S), but their
presence is irrelevant to the behavior of HoMogS; as
far as our neutron measurements are concerned.

Table I also gives the superconducting transition
temperatures measured by ac susceptibility tech-
niques!’ on the same sample used in the present neu-
tron studies. The values for the reentrant transition
are in good agreement with the results of Ishikawa
and Fischer,!® whereas the value of T,;=1.82 K for
the upper transition, while consistent with our earlier
work,!? is considerably higher than their value of
T.1=1.25 K. This difference is most likely due to
differences in the sample preparation. For the reen-
trant transition there is a 56 mK difference between
the curves on heating and cooling, whereas for the
upper transition there is no observed hysteresis.

III. FERROMAGNETIC STATE

The temperature dependence of the {100} Chevrel
phase peak is shown in Fig. 1. Above ~—0.7 K the
scattering is essentially independent of temperature
and originates from the nuclear Bragg scattering, dif-
fuse paramagnetic scattering, and background. Below



=

:

S
3
T

HoMog Sg

Nuclear

1000 . B

{IOO} Peak Intensity (Counts/I000 M= 3.2 minutes)

1
0o ol

(]

1 1 1 1 1 L 1 1 L
02 03 04 05 06 07 08 09 10

T(K)

FIG. 1. Peak intensity of the {100} peak as a function of
temperature. The intensity above T, is due to the nuclear
Bragg scattering, which is temperature independent. The ad-
ditional intensity below T, —0.67 K is magnetic in origin
and is proportional to the square of the order parameter. M
represents monitor.
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~0.7 K there is a rapid rise in the scattering which is
associated with the development of magnetic order.
The magnetic transition occurs at a temperature of
Ty =0.67 K, which is close to the reentrant super-
conducting phase-transition in this material. Further-
more we can conclude that the spin alignment is basi-
cally ferromagnetic in nature since the magnetic peak
position coincides with the nuclear peak. We also
note that there is a small difference in the data on
warming and cooling, corrresponding to a tempera-
ture difference of about 15 mK. We will discuss this -
aspect of the scattering more thoroughly in the next
section, where we will see that there is a marked
difference between the behavior of the magnetism on
warming and cooling in the vicinity of the reentrant
superconducting transition.

To definitively characterize the magnetic state at
low temperature, complete diffraction patterns were
taken from 2 to 80° at several temperatures above
and below the magnetic transition. Figure 2 shows
the diffraction data at S0 mK. For convenience we
have simply labeled the Chevrel phase peaks with cu-
bic indices since the rhombohedral distortion is small
in this system. The effect of this distortion is indicat-
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FIG. 2. Powder diffraction pattern for HoMogzSg below the magnetic phase transition. The peaks are labeled by cubic indices

for simplicity, since the rhombohedral angle is nearly 90°.
again represents monitor.

The actual rhombohedral peak positions are shown by the arrows. M
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ed by the arrows which locate the ‘‘split>> peak posi- where
tions, which are resolved at the higher scattering an- ye? ,
gles. Note, for example, the separation of the {220} e ]= —0.2695 x 10712 2)
peak into the rhombohedral {220} peak at 65.2° and me
the {220} at 66.1°. (expressed in units of cm) is the neutron-electron

In addition to the peaks from the HoMogSs, we magnetic dipole coupling constant, (u,) is the aver-
also observed Bragg peaks which did not belong to age z component of the magnetic moment, K is the
the Chevrel phase. The peaks at 63.9° and 75.3°, for neutron momentum transfer, and 4 is a unit vector
example, are aluminum peaks from the sample hold- in the spin direction. Here 7 is a magnetic
er, but there are also additional small peaks originat- reciprocal-lattice vector, which for the ferromagnetic
ing from impurity phases in the sample as discussed case of interest coincides with the chemical
earlier. These additional peaks have no temperature reciprocal-lattice vector. Finally T(K) is the magnet-
dependence in the region of interest, and we see in ic form factor, which is the Fourier transform of the
Fig. 3 that the difference between scans at 1.0 and magnetization density. This magnetization density
0.05 K yields a series of resolution limited peaks originates from the Ho?* 4 f electrons and from the
which are associated only with the Chevrel phase. supercurrents. Since the 41 electrons are highly lo-
The magnetic state at low temperature is thus fer- calized, the form factor decreases slowly with increas-
romagnetic, and it is unambiguously associated with ing wave vector. The supercurrents, on the other
the HoMogSg Chevrel phase. The change in the ap- hand, have a very large spatial extent so that the as-
parent ‘‘background’’ away from the Bragg peaks is sociated magnetic form factor will have an appreci-
due to the absence of the diffuse paramagnetic able value only at small wave vectors. Thus at the
scattering at low temperatures. ferromagnetic Bragg peaks only the Ho ions will con-

For a simple collinear magnetic structure the tribute to the intensity, whereas at small scattering
coherent magnetic cross section can be written as® angles both the localized 4/ moments and the super-

2 conducting electrons can contribute.
do | _|_ve °T 21 _(F .22 For powder data the observed intensity of each dif-
[d.Q ]mg B [2 2 () IT(®)] A-(K-2)%) fraction peak corresponds to a sum of intensities

from all reciprocal-lattice vectors of the same length.
x 8(K-7) , (1) In general information is lost in this average, and
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FIG. 3. Magnetic diffraction pattern obtained by subtracting the data taken at high temperature (1.0 K) from the data at 0.05
K. The new Bragg peak positions coincide with the HoMo4Sg nuclear peaks, establishing that the magnetic state corresponds to
long-range ferromagnetic order.
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thus single-crystal data may be needed in order to
determine the spin direction 7. However, for a crys-
tal structure which possesses a unique axis, powder
data are sufficient to ascertain the angle between the
spin direction and this unique axis.2! For the Chevrel
phase the [111] trigonal (rhombohedral) axis is
unique. Thus to determine the spin direction, high-
resolution scans of the (111) and (111) peaks were
taken above and below T), and are shown in Fig. 4.
The subtraction of these data yields the magnetic
contribution, and we see from Fig. 4(b) that there is
no peak at the (111) position. From Eq. (1) we find
that this necessarily implies that 11 (111), so that
the magnetic moments are directed along the trigonal
axis (at low temperatures). We are thus rather for-
tunate in this system that the magnetic structure can
be completely determined from powder data alone, as
there are no single crystals of sufficient size available
yet for neutron studies.

Once the spin direction has been determined, Eq.
(1) may be used to determine the magnetic form fac-
tor. Figure 5 shows the measured square of the form
factor obtained from the diffraction data of Fig. 3
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FIG. 4. (a) High-resolution scans of the (111) and (111)
reflections above and below the transition. The difference
between these two scans (b) shows that the magnetic contri-
bution occurs only for the (111) reflection, so that the easy
magnetic axis is the trigonal [111] direction.
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FIG. 5. Measured square of the magnetic form factor fcr
HoMo¢Sg, showing that there is good agreement between
theory and experiment assuming there is one Ho ion per
unit cell with the spin direction along the [111] direction.

(note: |K|/4w =sin8/\). The reciprocal-lattice
points are designated by the cubic notation since we
did not attempt to extract separate intensities from
peaks which are split by the small trigonal distortion.
The solid curve is the spherically averaged form fac-
tor calculated by Blume, Freeman, and Watson.??
The error bars on the data correspond to one stand-
ard deviation due to statistical uncertainties, so that
we conclude that there is good agreement between
theory and experiment. We should remark here that
these data do not represent a strong test of the
theory; rather the point is that the data agree with the
calculated magnetic form factor, so that the scattering
is unambiguously magnetic in origin, and that a con-
sistent set of data is obtained based on the assump-
tion of one Ho ion per unit cell.

Finally we can put the magnetic intensities on an
absolute basis by comparison with the nuclear inten-
sities. The cross section for nuclear Bragg scattering
is given by??

2

do ik 7

dQ

=|FN|2= J

nuc

, (3)

Nl
3 cbje
=1

where Fy is the nuclear structure factor, b, is the
coherent nuclear scattering length, and c; the occu-
pancy probability for the jth atom located at T, and



3822 LYNN, SHIRANE, THOMLINSON, SHELTON, AND MONCTON 24

TABLE II. Magnetic moment per Ho ion measured by different techniques.

p(pg) Method

Reference

9.06+£0.3 .
ferromagnetic phase
9.040.1 Neutron-diffraction-induced
moment
991 Susceptibility
6.1 Low-temperature magnetization

Neutron-diffraction low-temperature

Present study

Lynn and Shelton (Refs. 23 and 24)

Pelizzone et al. (Ref. 25)
Ishikawa and Muller (Ref. 26)

the sum is over all N’ atoms in the unit cell. The &
are known, so that if the coordinates T, of the atoms
have been determined from crystallographic studies
then Fy can be calculated. We explicitly assume that
all the ¢; are unity. For any particular Bragg peak we
then have

Pu)UTE (- (G- )?)
| Fy|?

Imug = ,yeZ

4)

y . 2mc?

and we see that the temperature dependence is pro-
portional to the square of the magnetic moment w,.
We emphasize that this is the z component of the
magnetic moment, which for a free ion would be
given by gJ, and not the ‘‘effective’” moment
gNI(T+1).

For the crystallographic coordinates given by
Yvon,!6 the {100} nuclear cross section is calculated
to be 1.762 b. This in turn gives from Eq. (4) a
value of u,f =(8.85+0.3) up. The quoted error
represents one standard deviation due to the statisti-
cal error and does not include estimates of possible
systematic errors such as might be introduced
through uncertainties in the nuclear structure factors.
At small momentum transfers the aspherical contri-
bution to the magnetic form factor is small, so to a
very good approximation f {100} is given by the
spherically averaged value of 0.977. The resultant
saturated magnetic moment is u, =9.06 up per for-
mula unit, which is the value of the Ho moment as-
suming one holmium ion per unit cell. Comparisons
with other determinations of the moment are given
in Table II. The present determination is in very
good agreement with the neutron determination at 5
K by inducing the moment with a magnetic field.2>2*
This induced moment value is also subject to the
same assumptions concerning the nuclear structure
factors; however, it does prove conclusively that the
entire sample has ordered ferromagnetically at low
temperature, independent of any assumptions about
Fy. These values determined by neutron scattering
are in reasonable agreement with susceptibility mea-
surements,2® but are substantially higher than the
value determined by low-temperature magnetization

measurements.?® In the magnetization measure-
ments, however, complete saturation was not ob-
served. We remark that the neutrons directly mea-
sure the moment in the Chevrel phase material only,
while bulk techniques will also be sensitive to mag-
netic impurity phases. A small concentration of a
magnetic impurity phase has been observed in the
neutron induced-moment studies??* as well as in the
present data. _

One final point is that at these low temperatures
the Ho nuclei will become aligned.?” For an unpolar-
ized neutron beam this will not affect the coherent
nuclear scattering cross section, so that no effect will
be found in the present measurements. For a polar-
ized neutron beam, however, the nuclear Bragg cross
section would be dependent on the degree of nuclear
polarization since the nuclear force is spin dependent.

1IV. FERROMAGNETIC CORRELATIONS AND
THE OSCILLATORY STATE

As the magnetic phase transition is approached
from high temperatures, spatial correlations between
the Ho spins develop as evidenced by enhanced
scattering at small wave vectors. Figure 6(a) shows!2
the temperature dependence gf this scattering at a
momentum transfer of 0.09 A~!, where the critical
scattering peaks near the phase transition as would
be expected for a conventional ferromagnetic phase
transition. We also note that there is a large. intensity
at low temperatures, which is clearly not due to criti-
cal scattering. This scattering is present in all our
measurements at low temperatures, and it is not par-
ticularly sensitive to the application of a modest mag-
netic field. The origin of this scattering is most likely
from domain walls, which have been seen in other
ferromagnets such as EuO and EuS (Ref. 28) as well
as ferroelectrics such as lead germanate.?”’ High-
resolution measurements capable of probing smaller
wave vectors would be most useful in unambiguously
establishing the nature of this scattering.

For the usual ferromagnetic phase transition the
wave-vector-dependent correlation function is of the
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FIG. 6. Temperature dependence of the small-angle
scattering. At a wave vector of 0.09 A1 there is a com-
ponent to the scattering which peaks at the transmon as ex-
pected for a ferromagnetic transition. At 0.04 A~ we see
quite a different behavior to the scattering, which is strongly
dependent on whether the data are taken on heating or cool-
ing. The curves are simply guides to the eye.

Ornstein-Zernike form?2’:

da 1
aa |K|2+KZ ’

where « is the inverse of the correlation range ¢ in
real space (£ =1/k). Since the magnetic energy in
this system is very small compared to the instrumen-
tal resolution, we effectively integrate in our mea-
surements over the fluctuation spectrum. We may
then compare our data directly by convoluting Eq. (5)
with the wave-vector resolution of the instrument.
At each temperature we have done a least-squares fit
with « treated as a free parameter. For T > 0.69 K
relatively good fits to the data could be achieved,
with ¢ increasing steadily with decreasingotempera-
ture. At T =0.69 K we obtained £=19 A. We may
thus conclude that ferromagnetic corrrelations
develop while the material is still in the supercon-
ducting state. Below 0.69 K, however, Eq. (5) did
not adequately represent the data, with the fit being
particularly poor at smaller wave vectors (|K| <0.05
A1), Experimentally this is because there is more
observed intensity at small wave vectors than expect-
ed on the basis of Eq. (5). Figure 6(b) shows indeed
that the scattering at small wave vectors undergoes a

(5)

dramatic increase of intensity below 0.69 K. More-
over the strength of this scattering depends very
markedly on whether we are on a warming cycle or
cooling cycle.

To investigate the origin of this scattering higher
resolution measurements were taken at small angles.
Figure 7 shows the observed scattering as a function
of wave vector for several temperatures, after sub-
tracting the background scattering measured at 1.3 K.
At 0.7 K we begin to detect scattering which has a
maximum at a finite wave vector, and this scattering
grows rapidly in intensity with decreasing tempera-
ture. The observed peak at a wave vector of —0.025
Al corresponds (after correction for instrumental
resolution) to a wavelength in real space of ~ 230 A.
The measured reentrant transition temperature for
this sample is 0.612 K on cooling, so that it is most
definitely still superconducting.

The nature of this scattering is fundamentally dif-
ferent from that expected for a conventional second-
order ferromagnetic transition. Equation (5) shows
that at each temperature the intensity is maximum at
K=0and monotonically falls toward zero with in-
creasing |K|. The overall strength of the scattering
increases as Ty _is approached, and in fact the scatter-
ing diverges at K =0, T = T}, a characteristic feature
of a ferromagnetic phase transition. For a coupled
ferromagnetic superconductor, on the other hand,
one can argue on rather general grounds®*—3¢ that the
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FIG. 7. High-resolution measurements of the small-angie
scattering in the vicinity of the reentrant transition, showing
that upon cooling a peak in the scattering intensity vs wave
vector develops at ~0.027 AL This corresponds to an os-
cillator); magnetization in the system with a wavelength of
~230 A.
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long-wavelength (small |K|) magnetic fluctuations
will be energetically costly for the superconductor,
and consequently they will be relatively unlikely com-
pared to the short-wavelength fluctuations. We
might then expect that Eq. (5) will be modified so
that a maximum will occur at some finite wave vec-
tor. If long-range order is established then there will
be a Bragg peak at this wave vector 5, and the re-
duced wave vector of the fluctuation spectrum should
be taken as K — 3 rather than K itself.

The assumption of long-range order yields a good
representation of the data for T > 0.66 K, and the
solid curves in Fig. 7 are the result of a least-squares
fit of a & function convoluted with the instrumental
resolution (the curve for T =0.64 K is simply a
“‘guide to the eye’’). The asymmetric shape of the
curve is due primarily to the vertical divergence,
which contributes substantially to the resolution at
these small wave vectors. The resulting value for
8=(0.0275 +0.005) A-!, which corresponds to a
wavelength of ~ (230 £50 A). The relatively large
uncertainty®’ is due to the difficulty of the experi-
ment, as can be appreciated by noting the error bars
in Fig. 7. They are shown only for 7 =0.72 K, but
are essentially the same for all the other sets of data
shown. The rapid increase in the error bars at small
K is due to the rapid increase in the background
scattering caused by the incident beam (K =0),
which prohibgted the collection of useful data below
K =0.0075 AL,

The temperature dependence of the intensity of the
scattering at a wave vector near the maximum is
shown in Fig. 8. With no magnetic field applied, this
oscillatory magnetization rapidly develops on cooling
and reaches a maximum at 7 =0.65 K. The reduc-
tion in intensity at lower temperatures coincides with
the temperature region where the bulk susceptibility
measurements begin to show a return to the normal
state. The measured width of the superconducting
transition is +34 mK (see Table I) with the center at
0.612 K on cooling. In this same temperature range
the neutron results reveal that the oscillatory state is
only metastable. For example if the sample is cooled
quickly from the superconducting state to 0.62 K, the
intensity at this wave vector rapidly increases to twice
the peak value shown in Fig. 8, and then slowly de-
creases to ~— 360 counts/min over a period of about
an hour. At higher temperatures the oscillatory state
is stable at least for a time scale of days. There is
substantial scattering remaining at low temperatures
as has been noted earlier in the discussion of Fig. 6.
We have also noted that at 0.690 and 0.635 K the
time needed for the system to come into thermal
equilibrium was about five times longer than at all
the other temperatures.

‘The evolution of the scattering from low tempera-
tures is quite different. The scattering monotonically
falls to zero with increasing temperature with no indi-
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FIG. 8. Temperaturg dependence of the scattering at a
wave vector of 0.0275 A~!. On cooling the intensity in-
creases rapidly as the oscillatory state develops, then de-
creases as ferromagnetism sets in and the superconductivity
is destroyed. An applied field is seen to suppress the oscilla-
tory state (at this wave vector), and no oscillatory state is
observed on warming. The reentrant superconducting tran-
sition temperatures on cooling (C) and warming (W) are in-
dicated at the bottom. The curves are simply guides to the
eye.

cation of the oscillatory magnetization. There is also
no peak at finite wave vector as evidenced from the
data of Fig. 9. There is, however, a considerable
amount of small-angle scattering, which could be due
to ‘“‘domain wall scattering,’’ or to an oscillatory peak
at a smaller wave vector. We can say definitely that
the wavelength A of §uch an oscillation, if it exists,
must exceed — 800 A.

The oscillatory magnetization is affected markedly
by an applied magnetic field. We see in Fig. 8 that
the intensity at 0.0275 A1 decreases rapidly with in-
creasing field, and extrapolation to higher fields sug-
gests that for H > ~ 500 Oe the scattering would fol-
low a single reversible curve on warming and cooling.
We also note that the field has little effect on the
‘““domain wall scattering’’ at low temperatures. Fig-
ure 10 shows that the principal effect of the magnetic
field is in fact to shift the scattering to smaller wave
vectors. This corresponds to an increase in the
wavelength of the oscillation in real space toward the
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FIG. 9. Scattering intensity as a function of wave vector
at a temperature of 0.66 K, showing that no oscillatory state
is observed on warming. At this temperature the sample is
superconducting on the cooling cycle, but not on the warm-
ing cycle.

ferromagnetic limit (A = o). The magnetic field is
also found to be detrimental to the superconducting
state,’ but 300 Oe is not sufficient to completely des-
troy the superconductivity.'

We have also been able to observe the effects of
the oscillatory state around the {100} powder Bragg
peak. Figure 11(a) shows the net intensity distribu-
tion observed upon cooling to 0.68 K after subtrac-
tion of the scattering at 1.0 K. For comparison the
peak intensity of the {100} nuclear peak was 7678
counts/10 min, and its position is indicated by the ar-
row at the bottom of the figure. In zero field there
are two peaks present on either side of a central com-
ponent whose position coincides with the nuclear
peak position. It should be kept in mind that the
central component here does not necessarily imply
that there is a ferromagnetic component. (It would,
however, if there were a central component at all
peak positions such as in Fig. 3.) In a powder we can
only measure the projection of & perpendicular to the
powder ring, i.e., we can only measure the length of
7+ 5. For example if § were along the [100] direc-
tion, then we would have the possibilities
(1+5,0,0), (1, +5,0), and (1,0, +58) (and cyclic
permutations). The combinations 1 % § will give d

T T T T
1000} N .
X HoMog Sg
900k T=0.67K N
E{=3.72 meV
800} S
700} -
X

. 600 «
= R
c
3
o
© 500 X =
-
3 H=0

400} \ =

? H=100 Oe
\
3001 ° .
i \AK/H: 200 Oe
200 .9 g
\\}
1oof | N .
\f&
) 1 ] | \%‘)‘04’
0 - 00l 002 003 004 005
1K1 (&™)

FIG. 10. Scattering as a function of wave vector at
several fields, showing that the intensity shifts to smaller
wave vectors with increasing field. Thus with the aid of a
field the wavelength of the oscillation increases toward the
ferromagnetic limit A = co.

spacings on either side of the {100} peak, as & is
parallel to 7. The other four peaks have essentially
the same d spacing as the nuclear peak since 517
with |§ | << |7|. This example will certainly give a
three-peaked structure. The solid curves in Fig.
11(a) are in fact the result of a least-squares fit of
three Gaussian peaks whose widths were fixed to the
instrumental (Gaussian) width. The resulting value
for 3 in this case is 0.0166 A~!, which is considerably
smaller than the value found from the data of Fig. 7.
A more compatible value can be obtained if we as-
sume that & is along the unique [111] direction,
which then gives 8 =3 x0.0166 =0.0287 A~! (see
also Ref. 37). However, this assumption would pro-
duce only side peaks with no peak in the center.
Thus §11[111] could only be consistent with the data
if there were in addition a ferromagnetic component
of the magnetization. The possibility of a macroscop-
ic magnetization coexisting with superconductivity can-
not be ruled out experimentally at this time.

Figure 11(b) shows the effect a magnetic field has
on this scattering. These data were obtained by cool-
ing to 0.68 K in a field of 300 Oe, and then subtract-
ing the data obtained by cooling in zero field. The



3826 LYNN, SHIRANE, THOMLINSON, SHELTON, AND MONCTON 24

r T I T I T
HoMogSg
E;=13.68 meV
| 20'-20'-20'-40 |
1500 T=0.68K T=0.68K data
minus T=1.0K
c data
£ %
(@] - . _
z 1000 (a)
: \
: %
(o]
(@] /
+—
2 500 % =
v }M
0 :§§_§_§_§_§’ %\% }_ﬁ %% 5
J., A
d ,1/
500} Field-on data =
% (300 Oe)
L minus zero-field _|
400 data
|
E 300 (b) 7
N
~
2 200+ -
fos
3
(&)
. |00k -
[
2
Of-—-7-———f———1-—-— 3739
ﬁ‘%& ;s \ £, o
-100} % %’Vﬁ
| | | t | L
21.0 22.0 23.0
26

FIG. 11. Observed scattering around the {100} Bragg po-
sition (indicated by the arrow), showing the effect of the os-
cillatory state on the magnetic scattering at 0.68 K. (a) The
difference between the scattering at 0.68 K and the nuclear-
only scattering at 1.0 K. (b) The difference between field-
on and zero field, showing that the side peaks found in (a)
shift to coincide with the nuclear position (i.e., ferromagnet-
ic alignment) when the field is applied.

effect of the magnetic field is to make |5 | smaller,
so there is a loss of intensity where the side peaks
used to be and an increase of intensity at the central
position. These data also reveal that 300 Oe is not
sufficient to align the magnetic moments along the
field direction, since if alignment were achieved then

#-7n=1 and the intensity would vanish [see Eq. (1)].
An analogous argument shows that the oscillatory
state must also be transversely polarized to be ob-
served around the forward direction. We believe
these data around the {100} peak provide strong evi-
dence that the oscillatory state is in reality long range
in character, as diffuse critical scattering with a peak
at finite wave vector, after doing a powder average,
would not yield the structure observed. Our best es-
timate for the lower limit of thoe coherence length for
the oscillatory state is ~ 1500 A, or about six
periods.

For the ferromagnetic case the widths of the peaks
are also resolution limited. If we assume no transi-
tion has actually occurred, but rather an intrinsic
breadth to the critical scattering is hidden in our reso-
lution, then we obtain from Eq. (5) a lower limit of
~ 300 A to the correlation range £. Alternatively, if
the scattering were actually oscillatory (8 2 0) rather
than ferromagnetic but with a 8 too small to produce
any breadth to the peak, then the estimated mini-
mum wavelength would be ~10° A.

V. DISCUSSION

In these magnetic-superconductor materials the
Abrikosov-Gorkov spin-depairing mechanism is not
effective in destroying the superconductivity because
of the effective isolation of the rare-earth ions from
the superconducting electrons. This is certainly a
necessary condition for the presence of superconduc-
tivity in these magnetic systems. If the magnetic sys-
tem prefers to order as a compensated antiferromag-
net then there is no macroscopic magnetic field asso-
ciated with the magnetic order and consequently no
strong interaction with the superconductivity. There
are now in fact a rather large number of examples of
antiferromagnetic superconductors.°

The behavior in the case of ferromagnetic align-
ment may be quite different since the macroscopic di-
polar field associated with this system should perturb
the superconducting state in a fashion similar to an
externally applied field. To understand qualitatively
the nature of the competition between these two
cooperative phenomena, we note that above the mag-
netic ordering temperature T), the long-wavelength
fluctuations for an unperturbed ferromagnet are en-
ergetically the most favorable and thus they dominate
the spectrum as in Eq. (5). The response of the su-
perconductor to these fluctuations will depend on
their wavelength; if the wavelength is less than some

‘characteristic length A (which in the local approxima-

tion is the London penetration depth) then the
response will be weak; while if the wavelength is long
compared to A the response will be strong. The
essential point is that the magnetic fluctuations which
are energetically the most favorable for ferromagne-
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tism are the most unfavorable for superconductivity.
This should result in a maximum in X(|K|) at finite
|K|, which at lower temperatures may trigger a phase
transition to an oscillatory magnetic state rather than
a transition to a conventional uniform ferromagnetic
state.

A number of calculations have appeared recently
which predict the possibility of a nonuniform ‘‘fer-
romagnetic’’ state.’*~3¢ Blount and Varma?®! point out
that electromagnetic effects should dominate the en-
ergetics in these low T, systems. Using a Ginzburg-
Landau (GL) approach they find that depending on
the value of the parameters there is either a transi-
tion to a uniform ferromagnetic state along with a
reentrance to the normal conducting state, or that an
oscillatory state forms in the superconductor. In ei-
ther case they expect the precursor critical scattering
to have a peak at finite |K|. Kuper er al.? have
found using a very similar GL approach that the
lowest energy state may correspond to the formation
of a spontaneous vortex lattice, and a spontaneous
vortex lattice has also been anticipated by Tachiki
et al. ¥ Ferrell et al.’? have used an approach to the
spin-spin correlation problem which emphasizes the
importance of nonlocality in calculating the diamag-
netic response of the superconducting electrons, as
well as the modification to the Ruderman-Kittel-
Kasuya-Yosida (RKKY) exchange interaction. The
change in the RKKY interaction is what led Ander-
son and Suh!®*® to propose the ‘‘cryptoferromagnetic’’
state. In the present case, however, the effect on the
exchange interaction should be small in comparison
to the electromagnetic effects.

For HoMo¢S; the observed peak in the scattering
most likely corresponds to an oscillatory state of
long-range order. This statement is based on the fact
that the width of the oscillatory scattering is resolu-
tion limited, because of the strength of the oscillatory
scattering and the rapid development of the intensity
on cooling, and because we observe a rather long
time constant for the system to come into equilibri-
um upon entering and upon exiting the temperature
region where the oscillatory scattering is found. Ac-
cording to theory?! this oscillatory scattering could
originate from either a spiral (S) state, a linearly po-
larized (LP) state, or to the spontaneous formation
of a vortex lattice. The (S) and (LP) states are both
transversely polarized, consistent with our observa-
tions, but our data do not allow a choice between
them. Neither state possesses a ferromagnetic com-
ponent, and one of the unresolved questions is
whether there is a ferromagnetic component experi-
mentally. We can say, though, that the scattering is
likely not due to the formation of a vortex lattice,
since the scattering shifts to smaller |K| with field.
The spacing between vortices would be expected to
decrease with increasing field as more vortices are
formed in the lattice, and thus the scattering peak

would be expected to move to larger |K|.3® We re-
mark that the oscillatory magnetic scattering observed
around the {100} Bragg peak must originate solely
from the Ho ions since the magnetic form factor for
the supercurrents is vanishingly small at any finite
reciprocal-lattice point.

Finally we briefly compare the present results on
HoMoS; with the behavior of the other known
“‘ferromagnetic-superconductor’’ systems>’

(Erl_,, HOx)Rh4B4, (Cel_xRx)Rllz, and

ErRh; ;Sn;6. ErRh4B, is the most closely related in
that it is a reentrant ferromagnetic-supercon-
ductor*®*! and there is a peak in the precursor
scattering'! at 0.06 A~!. According to Ginzburg-
Landau theory®! the wavelength of the oscillation is
of order (y\)'2, where v is the magnetic stiffness
and A is the London penetration depth. Since the ob-
served magnetic transitions are roughly comparable in
temperature for ErRhyB; and HoMogS; the ’s
should be nearly equal, so that the penetration depth
for HoMo4Sg should be ~ four times that for
ErRh4B,;. These two materials differ further in that
the strength of the oscillatory scattering for the
ErRh4B, is considerably less than expected for a
long-range ordered state. Recent measurements*? on
a single crystal of ErRh4B, are beginning to provide
new. details about the magnetic behavior of this sys-
tem.

Preliminary results on a new system, ErRh;Sn3g,
show a reentrant superconducting phenomenon asso-
ciated with the ferromagnetic alignment.*> In this
case, however, the widths of the ‘‘Bragg peaks’’ are
quite broad indicating the ordering is not truly long
range in nature. A similar situation occurs in the
substitutional alloy system (Ce;_, R,)Ru,, where
ferromagnetic correlations develop in the supercon-
ducting state, but long-range ferromagnetic order
does not appear except at high concentrations where
the superconducting state is absent.*~%%

VI. SUMMARY

Our neutron scattering and susceptibility measure-
ments show that HoMogSg exhibits a number of
phase transitions at low temperatures. Upon cooling
the system first becomes superconducting at a tem-
perature of T,;=1.82 K, then formg an oscillatory
magnetic state with A=(230 £50) A while remaining
superconducting. The sample reenters the normal
conducting state at T.5") =0.612 K, where the mag-
netic state appears to become purely ferromagnetic in
nature. At low temperatures the ferromagnetic state
is characterized by a moment u, per Ho ion of
(9.06 £0.3) wp, with the spins parallel to the unique
rhombohedral axis. On warming from low tempera-
tures the oscillatory state appears to be bypassed, and
the system transforms directly from the ferromagnet-
ic state to the superconducting state at TC(ZW) =0.668
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K. With continued increase of temperature the sam-
ple becomes normal again at the same temperature
T, of 1.82 K.

The formation of the oscillatory state is a direct
consequence of the competition between the fer-
romagnetism and superconductivity. Since these data
were obtained on powder specimens it was not possi-
ble to unambiguously determine the crystallographic
direction of the oscillatory wave vector, but the
results are consistent with & along the unique [111]
axis ifthere is a ferromagnetic component of the
magnetization. Whether or not there is a net macro-
scopic magnetization in the superconducting-
oscillatory state is certainly one of the interesting ex-
perimental questions to be resolved. The spiral and
linearly polarized states which have been proposed
theoretically do not have a ferromagnetic component,
whereas the vortex solution does. However, experi-

mentally we find that the oscillatory wave vector de-
creases in magnitude with increasing applied magnetic
field, while the opposite behavior would be expected
for the usual vortex lattice.
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