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Neutron scattering study of the magnetic transition in (Hot „Er„)Rh48a alloys

H. A. Mook and W. C. Koehler
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

M. 8. Maple, Z. Fisk, D. C. Johnston, ' and L. D. Woolf"
Institute for Pure and Applied Physical Sciences, University of California, San Diego, La Jolla, California 92093

(Received 10 August 1981)

Using neutron scattering techniques we have examined the magnetic transitions for com-

pounds in the (Ho~ „Er„)Rh484 pseudoternary system. e find a wide variety of behavior

ranging from mean-field behavior for HoRh~B~ to complicated behavior with more than one

type of ordering for Hop3Erp7Rh484. Our results for the pseudoternary compounds are con-

sistent with a model in which Ho orders along the c axis with nearly its free-ion moment, while

ER orders in the basal plane, but with a moment reduced from the free-ion value, Ordering

along the c axis results in the destruction of superconductivity in a sharp transition at the same

temperature that a sharp spike appears in the heat capacity. Because Ho and Er have competing

orthogonal magnetic anisotropies, pseudoternary compounds near the composition

HOQ 3ErQ 7Rh484 are near a multicritical point in the magnetic phase diagram.

INTRODUCTION

Since the discovery of reentrant superconductivity
in ErRh484 (Ref. l) and Ho~ 2Mo6SS (Ref. 2) there
has been considerable interest in the nature of the
magnetic transitions in these types of materials. This
interest has been reemphasized recently with theoret-
ical predictions for a number of different kinds of
magnetic states in the neighborhood of the magnetic
transition. 3 '4 The (Ho~ „Er„)Rh484 pseudoternary
system is an idea1 system in which to study the in-
teraction between magnetism and superconductivity
since a wide variety of phenomena occur throughout
the alloy system. " ' The low-temperature phase
boundaries of this alloy system have been mapped

out by Johnston et al. "using ac magnetic susceptibil-
ity measurements, and a diagram of the phase boun-
daries is shown in Fig. 1. The compositions that we
have investigated by neutron diffraction are shown by
the arrows on the diagram. They represent the end
points of the alloy system and the compositions
Hop 6Erp 4Rh484 and Hop 3Elp 7kh4B4.

The specific-heat anomalies at the transitions for
these materials have been measured by MacKay
et al. "and have served as a guide for the materials
we have chosen to measure. These specific-heat
anomalies show a wide range of behavior and we will

compare our neutron scattering results closely with
the specific-heat results. We will see that the neu-
tron results can be used to help interpret the
specific-heat results, and the two sets of measure-
ments taken together give us quite a lot of informa-
tion about the nature of the magnetic transitions in
these materials.
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FIG. 1. Phase diagram for the (Ho~ „Er„)Rh484 pseu-

doternary system. The arrows show the compositions stu-
died by neutron scattering.

EXPERIMENTAL TECHNIQUE

Except for ErRh484 where a single crystal is avail-
able, all measurements have been made on powdered
polycrystalline material. The materials were prepared
by arc melting the rare-earth tetraborides with Rh
followed by annealing. The rare-earth tetraborides
were prepared as small crystals by precipitation from
molten Al which appeared to remove traces of carbon
which were found in the as-received boron. The "8
isotope was used to decrease the absorption cross sec-
tion for slow neutrons.

The neutron scattering measurements were made
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at the High Flux Isotope Reactor at Oak Ridge using
the standard triple-axis spectrometers. The analyzing
crystal was not used in the experiments, and the
detector was set in the straight-through position so
that the spectrometer was similar to a standard
powder spectrometer. The neutron wavelength used

0
was generally 2.349 A and pyrolytic graphite was used
as a monochromator and as a filter to remove higher
order wavelength contamination. Some high-
resolution work was done with a Be monochromator
and fine collimation to resolve closely spaced peaks
and to measure the spatial extent of the observed
magnetic order. Unless stated differently the mea-
surements discussed below were made with a pyrolyt-
ic graphite monochromator and 40' collimation. Neu-
tron counting times were made versus a monitor
counter placed in the reactor beam to account for any
small variations in reactor power.

The structure of the ternary borides was deter-
mined by Vandenberg and Matthias. ' They found
that the space group was F42~„,. There are two for-
mula units of RRhgq per unit cell where R is a
rare-earth atom. The structure was assumed to have
8 Rh in the (Sg); 0, x, z, etc. positions and 2 R in

the (2b);0, 0, —,: z, 2, 0 positions. The B atoms were1, 1 1

also placed in the eightfold 8g positions. They found
the best fit was obtained with xR&=0.248, zRh=0. 137
and x~=0.325, and z~=0.847. These parameters
were further refined by Moncton et a/. for ErRh484
to xRh=0. 253, zRh=0. 148 and x8=0.322, z~=0.856.
These latter parameters are only slightly different
than those obtained by Vandenberg and Matthias but
were used to analyze our data for the (Ho~ „Er„)
x Rh484 alloy series. Satisfactory agreement was ob-
tained in all cases by using the above parameters and
an additional refinement was not found to be neces-
sary.

The P4z/nmc space group then gives the following
contributions to the nuclear structure factors for the
various reflections. The A only contributes to the re-
flection of h + k + l = 2n in which case it contributes
a structure factor of 2( —1)' to the reflection. If
h + k + / is even, both the 8 and Rh have structure
factor terms given by 4(cos2mhx+cos2mkx)cos2mlz.
If h + k + I is odd the structure factor term is given
by 4i [(cos2mh—x —cos2mkx)sin2mlz. These struc-
ture factor terms multiplied by the appropriate neu-
tron scattering amplitudes and added together give
the total structure factor for the reflection. The neu-
tron scattering amplitudes used were bRh=0. 584,
bB=0.61, bq, =0.85, and bE, =0.79, all in the units
of 10 "cm. For the first reflection (101),we have
for HoRh4B4 a R contribution of —2(0.85), a Rh con-
tribution of (2.347) (0.584), and a B contribution of
1.391(0.61) for a total contribution of 0.5191. The
nuclear intensity is then the square of the structure
factor F or 0.2695 x10 cm .

The magnetic scattering is given by the square of

the magnetic structure factor F which can be written
as

~F~~ =4
2 p, f(K) [1 —(K p, )']

l
2Ptlc

~here

2
= —0.2695 &10 "cm

2 PIC

p, is the magnetic moment, K is the neutron momen-
tum transferred to the crystal, p, is the moment direc-
tion and f(K) is the magnetic form factor.

If we assume the spin direction is along the c axis,
[1 —(IC j,) l becomes equal to 0.66 for the (101) re-
flection. Actually this term is quite insensitive to
whether the moment direction is parallel to the c axis
or in the basal plane and thus the (101) reflection is
not useful in determining the spin direction. The
form factor f(E) has not been measured for Ho in

HoRh484 so that we have used the values of the Ho+'
and Er+' form factors from Stassis et a/. The mag-
netic contribution to the (101) reflection for a c-axis
ferromagnet is thus given by 0.172 p, . For a mo-
ment of 10@.g on the Ho we thus obtain a ratio of

= -'72 =638F„0.2695

so that the magnetic scattering is much larger then
the nuclear scattering for the (101) reflection. It
turns out that the first three reflections (101), (110),
(002) are mostly magnetic in nature. The first purely
nuclear reflection is the (102) which is again small
compared to the magnetic contribution to the (101)
reflection. The magnetic reflections thus dominate
the diffraction pattern when the material is in the or-
dered phase.

%e have found ferromagnetism for all four compo-
sitions measured across the alloy phase for the lowest
temperature magnetic state, All magnetic reflections
thus coincide with the nuclear reflections and are
based on the primitive cell. This makes the pounder
pattern analysis straightforward and the moment size
and direction are easily found from the powder pat-
terns. Small deviations from ferromagnetism could
be overlooked in the patterns but these deviations
would have to be on the order of a few percent or
consist of very long-range oscillatory structures such
that satellites would be hidden under the ma1n dif-
fraction peaks. No indications of this have been ob-
served as all powder magnetic diffraction peaks for
the lowest temperature are resolution limited. An os-
cillatory structure has been found for ErRhgq in the
neighborhood of the magnetic transition and this will

be discussed later in the paper.
Some impurity phases have been observed in the

x-ray and neutron patterns of our sample materials.
The extra diffraction lines can be attributed to RhB,
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ARh3B2, RRh6B4, and/or AB4 phases. These impur-
ity lines are small and do not affect the analysis of
the data which is based on lines of the R Rh4B4 cell.
The observed impurity lines cannot be based on the
8 Rh4B4 cell and thus it is assumed they have nothing
to do with the structure of interest. %e cannot rule
out the possibility that a small noncollinear com-
ponent of the magnetic structure is responsible for
some of the lines, but we have seen no indication
that this is the case. Straightforward analysis of the
data show that a long-range ferromagnetic structure is
consistent with the intensities observed for the
RRh+4 reflections at the lowest temperatures.

EXPERIMENTAL RESULTS

HoRb484

We can see from Fig. 1 that HoRh4B4 becomes
magnetic at 6.74 K and does not become a supercon-
ductor at any temperature above 0.07 K. This com-
pound has been previously studied using neutron dif-
fraction measurements by Lander et al. ' and the
magnetic structure was found to be ferromagnetic
with the magnetic moment aligned along the c axis.
The extrapolated zero-temperature moment was
found to be 8.7',~ which is nearly the full free-ion
moment for Ho of 10@,~. Our diffraction pattern for
HoRh4B4 taken at 1.7 K is shown in Fig. 2. Large
magnetic (101) and (110) diffraction peaks are visible
but the (002) peak is missing. This means that
1 —(K p, ) is equal to zero for this peak so that the
magnetic moment alighment is along the c axis in
agreement with the earlier measurement of Lander
et al. 5 The diffraction pattern shows some small im-
purity lines but no indication of antiferromagnetic or
spiral ordering is visible.

S —(T, T). , —
so that

Inl —a ln ( T, —T)

(4)

(S)

Figure 4 shows a plot of Inl vs ln( T, —T). The slope
of the curve equals 1.08 +0.1 so that

( T T)1.08+0.1

( T T) 0.54+ 0.05

(6)

(7)

The critical exponent expected from mean-field
theory is 0.5 so that the neutron scattering results ap-
pear to be consistent with a mean-field nature of the
transition. The range of validity of the mean-field

A careful measurement of the magnetic order
parameter was not made in the earlier neutron dif-
fraction work. " In fact the heat-capacity measure-
ments'6 26 2 indicate that the order parameter is quite
interesting in this material. The heat capacity has a
sawtooth-shaped feature arising from magnetic order-
ing that is nearly identical in both shape and rnagni-

tude to that expected for a mean-field ferromagnet.
Equation (1) shows that the magnetic neutron
scattering intensity of a reflection is proportional to
the square of the ordered moment. Thus a measure
of the intensity of the magnetic component of a re-
flection gives a direct measure of the ordered rno-

ment. Figure 3 shows the magnetic intensity of the
(101) reflection plotted versus temperature. We see
a smooth falloff of intensity that decreases directly to
zero at the transition temperature of 6.80 K with no
sign of rounding of the transition by critical fluctua-
tions. The measured transition temperature of 6.80
K is in excellent agreement with the temperature of
the sawtooth edge of the heat-capacity measurements.

Near the transition we can assume that the mag-

netic intensity I is given by

900

800

700

I (I0I) I

I4 Ko Rh+B4

~ 600
O

o~ 500
K
I—

w 400

300

(IIO)

~I
~ (002)

e

(200)

200

I5 20

4)4

0 I
-

I
--- —-l- -- --r

IO 25 30 35 40
SCATTERING ANGLE 28

45

(102)

0

I

50 55 60

FIG. 2. Powder diffraction pattern for HoRh484 measured at 1.7 K.
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FIG. 3. Magnetic intensity of the (101) reflection for
HoRh, B4 as a function of temperature.

model and other evidence for the mean-field nature
of the magnetic transition is the subject of a paper by
Ott et al. ' and thus we will not discuss this aspect of
the magnetic ordering any further here.

ErRh48g

ErRh4B4 becomes a superconductor at about 8.7 K
and orders magnetically below about 1 K.' Neutron
scattering measurements by Moncton et al. ' showed
that this material developed long-range ferromagne-
tism in which the Er+' moments ordered in the basal
plane with a saturation moment of 5.6p,s per Er atom
at low temperatures. Further measurements' ' on
this material revealed that peaks in the neutron
scattering pattern developed at small scattering angles
for temperatures near the transition, thus confirming
theoretical predictions by Blount and Varma' that an
oscillatory magnetic state may develop in the neigh-
borhood of the transition. We have not made
powder diffraction measurements on this material ex-
cept for magnetic field dependent measurements at
1.79 K which is above the magnetic ordering tempera-
ture. ' From these measurements it was found that

c 6

6
In (Tc T)

FIG. 4. Intensity vs temperature relation for HoRh4B4.

long-range magnetic order occurs for fields larger
than 0.75 kOe, again with the moment direction
oriented in the basal plane, Large thermal hysteresis
was found in the magnetic order parameter.

Recently, a single crystal of ErRh4Bq has been
grown and neutron scattering measurements have
been made which give a clearer picture of the nature
of the magnetic transition in this material. " We shall
only summarize some of the main features of the
magnetic scattering found for this single-crystal ma-
terial since full details will be published elsewhere.
For temperatures below 1.2 K but above 0.7 K,
ErRh4B4 shows both long-range ferromagnetic order
and superconductivity. A transverse, linearly polar-
ized, sinusoidally modulated structure with a
wavelength of 100 g and making a 45' angle with the
c axis and each of the equivalent a axes is also found
in this temperature region. This structure disappears
rapidly below 0.7 K leaving only long-range fer-
romagnetism. Superconductivity is also destroyed at
this transition. The order parameter curve deter-
mined from the (101) reflection shows considerable
hysteresis in the temperature region between 0.9 and
0.7 K. Other features of the magnetic transition have
been measured using the single crystal but the above
information is sufficient for comparison with our
measurements on the Ho~ „Er„Rh4B4 alloys since
only powder measurements have been made in this
alloy system. The heat-capacity measurements on
ErRh4B4 (Refs. 16 and 33) show a sharp spike-shaped
anomaly at 0.93 K superimposed on a rather broad
structure. This broad structure is obviously an indi-
cation that the magnetic transition for ErRh+4 is not
a simple nature.

Hop parp 4Rh484

This compound is a reentrant superconductor with
the reentrant superconducting transition taking place
at 3.60 K. The heat-capacity measurements show the
same type of sawtooth-shaped feature that was ob-
served for HoRh4B4 but, in addition, there is a large
narrow spike at the reentrant transition tempera-
ture, ' A preliminary account of our neutron scatter-
ing measurements for this compound is given in Ref.
34.

A number of different diffraction patterns were ob-
tained for this compound with various resolutions.
Most of the data were taken with the usual setup us-

ing pyrolytic graphite as monochromator and filter,
but some data were obtained with a Be monochroma-
tor which gave better resolution. Figure 5 shows a
high-resolution powder diffraction scan of the (101),
(110), and (002) peaks at 4.2 and 1.6 K. These
peaks all have small nuclear components as observed
in the 4.2 K data. Large magnetic (101) and (110)
peaks are found at 1.6 K showing long-range fer-
romagnetic order; however, no (002) peak is found.
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FIG. 6. Higher angle high-resolution diffraction scans for
Hoo t,Er04Rh484 showing that the magnetic order is long

range.

This shows that the moment is parallel to the c axis.
Figure 6 shows a high-resolution scan of some higher
angle peaks taken at 4.2 and 1.6 K. No additional
peak broadening is found upon magnetic ordering
showing that long-range ferromagnetic order has
been established. We can put a lower limit on the

range of the magnetic order by using
AQ = (4m/X)cos868, where k is the incident neutron
wavelength and 8 is the scattering angle. The peak
halfwidth is 0.3 deg giving a momentum uncertainty
AQ of 0.01 A . This width is the instrumental reso-
lution which is consistent with the width of the nu-
clear peaks in the diffraction pattern. We should be
able to easily see broadening equal to one-half our
resolution giving us a correlation range of 2/0. 01
A-' =20OA.

An analysis of the diffraction pattern has been per-
formed to give us the ordered moment. The diffrac-
tion pattern was obtained by placing the sample in a
thin flat sample cell. For this geometry the scattered
intensities for the nuclear peaks are given by

sin 8

where j is the multiplicity factor for each reflection, t
is the sample thickness, a is the linear absorption'
coefficient, and C is a constant. The coefficient a
was determined by transmission measurements
through the sample cell, awhile the constant C was es-
tablished for each reflection from the measured in-

tensity of the 4.2-K powder pattern. The magnetic
structure factors F could then be established from
the 1.6-K diffraction pattern and a magnetic moment
determined for each reflection using Eq. (1). Good
internal consistency is obtained for the various reflec-
tions and the data are consistent with a moment of
(S.O +O.S)ya at 1.6 K. This moment is considerabiy
below the free-ion moment for Ho or Er but similar
to that found for ErRh484. One possibility is that
only the Ho ions are magnetically ordered at 1.6 K,
in which case the magnetic moment per Ho ion
would be 8.3p, q which is in reasonable agreement
with the value found for Ho in Hokh4Bq. " We will

see that in Ho03Er07Rh484 magnetic ordering first oc-
curs along the c axis and then within the basal plane
at a lower temperature. This suggest that the Ho,
with its preference for ordering along the c axis, or-
ders first at a higher temperature and then Er, with
its preference for ordering within the basal plane, or-
ders at a lo~er temperature. Thus, while the neu-
trons cannot distinguish between Er or Ho, it is
reasonable to assume a model for the Ho~ „Er„R.h484
alloy system in which Ho is responsible for magnetic
ordering along the c axis and Er responsible for or-
dering perpendicular to the c axis.

Figure 7 shows the intensity of the (101) powder
peak as a function of temperature. This gives us a
measure of the order parameter for the magnetic sys-
tem. Upon cooling no long-range magnetic order is
found above 3.60 K. At 3.60 K the magnetic intensi-
ty jumps suddenly to a finite value and then increases
nearly linearly as the temperature is lowered to about
2.5 K. Below 2.5 K the intensity rounds off and ap-
pears to saturate at about 1.6 K which was the lowest
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FIG. 7. Magnetic intensity of the (101) reflection for
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FIG. 8. Expanded view of the temperature dependence of
the (101) reflection for Ho06Er04Rh4B4 in the neighborhood
of the transition.

temperature attained in the experiment. As men-
tioned above, the magnetic order parameter might in-

crease again at some lower temperature but the heat-
capacity measurements' show no anomalies between
0.5 K, the low temperature limit of the heat-capacity
experiments, and 1. .6 K.

Figure 8 shows a more detailed plot of the magnet-
ic intensity in the neighborhood of the transition.
The error bars are about the size of the points and
the temperature stability better than 0.005 K. We see
clearly the jump in the magnetic intensity at 3.60 K
and the change in slope of the intensity-versus-
temperature curve in the neighborhood of the transi-
tion. Since the magnetic scattering intensity is pro-
portional to the square of the magnetic moment the
fast rise in intensity signifies a rapid increase in the
ordered moment. In fact the system develops almost
half its saturated moment in a temperature interval
of about 0.05 K. Little hysteresis is found in the
transition temperature, but hysteresis is found in the
magnetization developed at a given temperature.
This hysteresis disappears around 2 K as saturation is

approached. The linear slope in the temperature
range between 2.5 and 3.4 K is reminiscent of that
found near the transition in HoRh+4. This suggests
that the transition in Ho06Er04Rh4B4 is mean-field-
like in the range below 3.4 K, but above this tem-
perature the mean-field transition is preempted by a
first-order transition. If the linear slopes are extend-
ed to zero counts one obtains a transition tempera-

ture of about 4.0 K which would be the transition
temperature if the first-order transition did not take
place. If one uses 4.0 K for the transition tempera-
ture the exponent a in Eq. (4) again is very nearly
unity confirming the mean-field-like behavior of the
magnetic order parameter over the temperature range
where the slope is linear. We notice the dashed line
in Fig. 1 obtained by extrapolation from the Ho-rich
alloys suggests a transition temperature of around 4.0
K. Our data then suggest that Ho06Er04Rh4B4 would
order magnetically at 4.0 K with a mean-field transi-
tion but that superconductivity reduces the ordering
temperature to 3.60 K. This shows directly how mag-
netic ordering is suppressed by superconductivity.

The heat-capacity spike coincides with the develop-
ment of long-range magnetic order and the disappear-
ance of superconductivity at 3.60 K. There is no
coexistence of superconductivity and long-range mag-
netic order in Ho06Er04Rh4B4. This material provides
an example of long-range ferromagnetic order des-
troying superconductivity with a sharp first-order
transition. Small-angle scattering measurements were
made near the transition to look for low-angle satel-
lites such as those found in ErRh4B4. No evidence
of satellites was found although a better experiment
on a spectrometer designed for small-angle scattering
should be carried out. In any case, this material or-
ders quite differently from ErRh+4 which has a
smooth order-parameter curve with no sudden jumps
in magnetization.
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FIG. 9. Powder diffraction scans for HoQ 3ErQ7Rh4B4 for
0.4 It' and 4.2 K.

The heat capacity of this material shows two
peaks. " A sharp spike superimposed on a broad
feature is found at about 1.2 K; this temperature
coincides with the destruction of superconductivity.
An additional rounded maximum is found at a lower
temperature, with the maximum at 0.74 K. These
two broad heat-capacity features suggest two separate
magnetic transitions and serve to remind us that the
Ho and Er ions may order independently and in dif-
ferent directions in the alloy. In fact, we now know
that the Ho-rich compounds order along the c axis,
while ordering in the basal plane is found in ErRh4B4.
We thus have a magnetic material that has two com-
ponents whose respective magnetic anisotropies are
orthogonal. This is then similar to the Fe[—zCozC12
system studied by Wong et al. , except in our case
we have superconductivity in addition. Thus not only
do we have to consider the problem of the interaction
of magnetism and superconductivity but the interac-
tion of the field produced by one set of ions on the
other set. The mixed anisotropy problem has been
treated by Fishman and Aharony'; ho~ever, the
results of Wong et al. do not seem to support the
conclusion of a "decoupled tetracritical point. "

Powder diffraction peaks for the (101), (110), and
(002) reflection for Hoo, 3Ero,7Rh4B4 are shown in Fig.
9. We see again strong magnetic peaks at 0.4 K and
notice that a strong (002) peak is visible showing that
at 0.4 K there is some ordering that is not along the c
axis. The diffraction peaks are again resolution limit-
ed sho~ing that the magnetic order is long range in
nature.

The magnetic intensity of the (101) reflection is
shown in Fig. 10 which gives us the order parameter

16
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I l
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FIG. 10. Magnetic intensity of the (101) reflection for
HOQ 3ErQ 7Rh4B4 as a function of temperature.

of the magnetic system. The (101) reflection is sens-
itive to order both along the c axis and in the basal
plane so that ordering in either direction will make a
contribution to the reflection. We notice that as the
temperature is decreased, magnetic order becomes
evident at about 1.1 K which is the temperature the
ac magnetic susceptibility measurements show that
superconductivity is destroyed. " We note that no
evidence of critical fluctuations is apparent and that
the magnetic intensity curve rises sharply in a
manner similar to that for Hoo4Ero6Rh4B4. At about
0.85 K there is a change in slope in the order-param-
eter curve suggesting another transition. The data
taken upon warming show small hysteresis that
seems to disappear at 0.85 K. Above 0.85 K large
hysteresis is found and the temperature at which fer-
romagnetism is lost is consistent with the tempera-
ture the ac magnetic susceptibility measurements give
for the onset of superconductivity. " The largest hys-
teresis in the ac magnetic susceptibility is found near
this alloy composition. The large spike in the heat
capacity' occurs at the temperature at which fer-
romagnetism is lost and superconductivity regained as
the sample is warmed. The change in slope of the
order-parameter curve in the neighborhood of 0.85 K
occurs at about the same temperature that the round-
ed feature is found in the heat-capacity measure-
ments. '

By looking at the temperature dependence of re-
flections other than the (101) we can examine the or-
dering along the c axis separately from that along the
basal plane. Figure 11 shows the temperature depen-
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ment, it would imply that the Er carries about the
same moment as the Er in ErRh4134 at low tempera-
tures, Since the Ho appears to order first, it means
that we are still on the Ho-rich side of the multicriti-
cal point in the magnetic phase diagram. It would be
interesting to examine other alloy compositions near-
er the multicritical point.

CONCLUSION
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FIG. 11. Temperature dependence of the magnetic com-
ponents of the (002) and (110) reflections plotted as a func-
tion of temperature.

dence of the magnetic components of the (110) and
(002) reflections. As the sample is warmed from
about 0.4 K, we see that the (002) reflection disap-
pears at about 0.85 K while the (110) reflection per-
sists until the temperature is increased to above 1.2
K, This tells us that ordering takes place only along
the c axis above 0.85 K but that ordering exists with
a component perpendicular to the c axis below 0.85
K. It appears then that the Ho orders first in
Ho03EroqRh4134, since Ho favors ordering along the c
axis, and that the Er orders in the basal plane at
about 0.85 K. MacKay et at. ' suggested that this
type of ordering was consistent with the phase boun-
daries for the alloy system. The neutron results now
give us more support for this interpretation of the
magnetic ordering. The two different types of order-
ing complicate the analysis of the low-temperature
diffraction pattern. However, by examining the
strength of the (002) reflection we find that the c-

axis moment is (2.3 +0.5)p, s at the lowest tempera-
ture measured. If the Ho is responsible for this mo-
ment it would mean that the Ho orders with about
the same moment as in HoRh484. The moment not
along c which we will assume is in the basal plane is
(3.6 +0.5)p,s. If the Er was responsible for this mo-

Using neutron scattering techniques we have exam-
ined the magnetic transition for compounds in the
(Ho~ Er„)Rh4114 pseudoternary system. We find a
wide variety of behavior ranging from mean-field
behavior for HoRh4134 to complicated behavior with

more than one type of ordering for Ho03Er07Rh484.
Our results are consistent with the picture that Ho or-
ders along the c axis with nearly its full free-ion mo-
ment in the alloy system while Er orders in the basal
plane but with a moment reduced from the free-ion
value. Ordering along the c axis results in the des-
truction of superconductivity in a sharp transition at
the same temperature that a sharp spike appears in

heat capacity. ' Hysteresis found for the ordering
temperature in Hoo.3Ero~Rh484 is consistent with that
found in the ac magnetic susceptibility measure-
ments. ' The competing anisotropies of Ho and Er in
the alloys are probably responsible for the minimum
in the magnetic ordering temperature between the Er
and Ho end points of the phase diagram. Alloy com-
positions near this minimum are near a multicritical
point in the phase diagram and both orthogonal mag-
netic anisotropies and superconductivity play an im-

portant role in the nature of the magnetic transition.
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