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Anisotropic magnetic properties of single crystals of SmRh4B4

H. Zhou, S. E. Lambert, * and M. B. Maple
Department of Physics and Institute for Pure and Applied Physical Sciences, University of California,

San Diego, La Jolla, California 92093

S. K. Malik and B. D. Dunlap
Materials Science Division, Argonne National Laboratory, Ar gonne, Illinois 60439

(Received 17 December 1986)

The magnetic susceptibility of single crystals of SmRh4B4 has been measured for two orientations
of the crystals with respect to the applied field H. At low temperatures, the easy direction of magne-
tization is perpendicular to the tetragonal c axis, while for temperatures higher than 73 K, the easy
axis of magnetization is parallel to the c axis. The data have been analyzed by including intermediate
coupling of the lowest three J manifolds of the Sm'+ ion, crystal-field interactions, and conduction-
electron polarization effects. The anisotropy crossover is shown to result primarily from a competi-
tion between the anisotropy of the crystal-field energy levels in the ground (J = —') manifold and the

anisotropy of Van Vleck terms due to mixing of the J= —' and J= —manifolds.

INTRODUCTION

The interplay of superconductivity and long-range mag-
netic order has been studied extensively in the primitive
tetragonal rare-earth rhodium boride compounds
RRh4B4. ' One of the three members of this family that
exhibit the coexistence of superconductivity and long-
range antiferromagnetic order is the compound SmRh4B4,
which has a superconducting transition temperature (T, )

of 2.7 K and a Neel temperature (T&) of 0.87 K. ' Re-
cently, we prepared single crystals of this compound '

and investigated their magnetic properties with special
emphasis on magnetic anisotropy, the results of which are
reported herein. The data are well described by a theoret-
ical calculation which includes the influence of the crys-
talline electric field (CEF) and conduction-electron polar-
ization effects.

within an error estimated to be 5 . An effort was made to
place one of the a axes perpendicular to the surface of the
sapphire, but this was difficult due to irregular projections
from the surfaces of the crystals. The sapphire plate was
then glued to a 12-cm thin quartz tube which was at-
tached with thread to the sample hook of the magnetome-
ter. The sapphire plate could be unglued and rotated
without disturbing the arrangement of the crystals, per-
mitting the magnetic anisotropy to be determined. Rota-
tion of the sample assembly was limited to +1.5' in the
sample tube of the magnetometer. Measurement of vari-
ous collections of crystals gave results in good agreement
with one another. The typical sample-holder contribution
to the total signal ranged from 13%%uo (15%%uo) at T=300 K
to 19% (6%) at T=2 K with the c-axis oriented parallel
(perpendicular) to the applied field H.

EXPERIMENTAL DETAILS

The samples were prepared by precipitation from a flux
of molten copper using a technique reported by Takei et
al., although we used a crucible made of ThOq rather
than Alq03. The crystals are rectangular parallelepipeds
with dimensions -0.3 )& 0.3 & 5 mm where the tetragonal
c axis coincides with the long axis of the samples. A
metallographic examination revealed that some crystals
contain inclusions of copper estimated to be 5—10%%uo by
volume, and inclusions of RhB may also be present. The
dc magnetization susceptibility 7 was determined in a su-
perconducting quantum-interference device magnetometer
with an applied field of 10 kCx for temperatures 2
K( T (300 K. A thin sapphire plate was used as a sam-
ple holder whose diamagnetic background was compen-
sated by a small spiral of high-purity Pt wire. Approxi-
mately 20 crystals with total mass -9 mg were glued to
the plate with the c axis of the various crystals coincident

RESULTS

Displayed in Fig. 1 is the temperature dependence of
' for single crystals of SmRh4B4 oriented with the c

axis either parallel or perpendicular to the applied mag-
netic field. The error bars represent estimates of the un-
certainty due to subtraction of the sample-holder back-
ground. The unknown content of inclusions and impuri-
ties in our crystals makes it difficult to calculate reliably
the molar susceptibility. Consequently, we have estimated
a polycrystalline average from the single-crystal data us-
ing 7„=7~~/3+27~/3, which is also shown in Fig. 1,
where Y~~ (X~) is the component of X that is parallel (per-
pendicular) to the c axis. This estimate of X„ is in good
agreement with the previously measured data for a poly-
crystalline sample of SmRh4B4 if it is multiplied by a scal-
ing factor of 1.43. The ordinate in Fig. 1 reflects the mo-
lar susceptibility of the polycrystalline sample. These
values should be viewed with some caution since the scale
would be affected by impurity phases and by preferred
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ly reanalyzed to include conduction-electron polarization
effects, which can be large for Sm + compounds. How-
ever, no attempt was made to include crystalline electric
field (CEF) effects in the calculations.

Inclusion of CEF terms considerably complicates the
analysis because of the introduction of magnetic anisotro-
py. This is more diScult for Sm than for other rare-earth
metals since the anisotropy will be reflected not only in
the values of magnetic moments within a given J multi-
plet, but also in the Van Vleck —type contributions to the
magnetic susceptibility and in the conduction-electron po-
larization effects. We have therefore employed a numeri-
cal procedure which treats all energy terms on an equal
basis, using procedures described elsewhere. ' '" Taking a
Hamiltonian

FIG. 1. The inverse magnetic susceptibility 7 ' vs tempera-
ture T for single crystals of SmRh4B4 oriented with the c axis ei-
ther parallel (~~) or perpendicular (J.) to the applied magnetic
field H. Also shown by the solid line is a polycrystalline average
of these data, calculated as described in the text, and previous
data measured on a polycrystalline sample (Re&. 2). The P(T)
data for the single crystals have been multiplied by 1.43 to obtain
agreement with the polycrystalline data. The error bars show
the estimated experimental uncertainty due to subtraction of the
sample holder background. See text for details.

orientation of the crystallites in the polycrystalline sam-
ple. Data for a polycrystalline sample of the nonmagnet-
ic, isostructural compound LuRh4B4 (Ref. 8) are at most
S%%uo of the values for polycrystalline SmRh4B4 in the tem-
perature range investigated, indicating that the non-4f
contribution to the magnetic susceptibility is negligible. A
noteworthy feature of these data is the reversal of magnet-
ic anisotropy observed for T=73. At low temperatures,
the easy axis of magnetization is perpendicular to the c
axis, while for T & 73 K, the easy axis is parallel to the c
axis.

ANALYSIS

Previous work has shown that X(T) for polycrystalline
SmRh4B4 can be described by the equation

7= [jef/3( T O) +p~ /o]N „/k~, —

where p,& is the effective magnetic moment, 0 is the
Curie-Weiss temperature, pz is the Bohr magneton, 5 is
an energy scale defined below, Nz is Avogadro's number,
and kz is Boltzmann's constant. The first term represents
the Curie-Weiss susceptibility from the ground-state ener-

gy levels with total angular momentum J=—,', while the
second term is a temperature-independent Van Vleck sus-
ceptibility due to coupling with the J=—,'multiplet at an

energy AE above the ground state, where 6=74F/20.
The Van Vleck susceptibility is very important for Sm +

ions due to the small magnitude of p,z, the rather low
value of b,E( —1400 K), and the relatively large matrix
elements coupling the J= —,

' and J= —', energy levels.
These polycrystalline data for SmRh4B4 were subsequent-

~= A.I,S+~cEF+@AH(L, +2S, ), (2)

1 —yap
(3)

The term containing o. gives a correction for conduction-
electron polarization. The term with y is a correction for
exchange interactions. Both a and y are assumed to be
isotropic, while Xo and & S, & depend on the orientation of
the magnetic field with respect to crystalline axes. The
factor y has been obtained in the mean-field approxima-
tion for this antiferromagnetic material as

(4)

where T& ——0.87 is the antiferromagnetic transition tem-
perature. The calculated susceptibility is again multiplied

where &cEF describes the crystal-field interactions, an
energy matrix is calculated which includes the mixing be-
tween J manifolds by the various interactions. Thus CEF
interactions are included not only in the J=—,

' and J= —',

multiplets, but also when finite matrix elements couple the
two. ' Since J is not a good quantum number in this
case, the magnetic moment is taken to be proportional to
L, +2S, . The spin-orbit parameter has been given a typi-
cal value, A, =410 K. The energy matrix was diagonalized
using the three lowest J multiplets, to obtain the energy
levels and eigenvectors. Neglecting the higher multiplets,
situated at ~ 5000 K above the ground state, introduces
no significant error. The susceptibility for a given temper-
ature was obtained by evaluating the magnetic moment,
p, = —&L, +2S, &ps for each level, performing a thermal
average to obtain the magnetization M, and numerically
calculating 7=M/H. In such a procedure, where the
Zeeman interaction is not treated as a perturbation but as
an integral part of the diagonalized Hamiltonian, the Van
Vleck contributions to the susceptibility appear automati-
cally. In this way, one obtains the susceptibility Xo(T) for
a given set of CEF parameters. In the present calculation,
we have used CEF parameters previously obtained and
successfully used to describe many of the properties of the
RRh4B4 compounds. '

For direct comparison to the data, we have used the ex-
pression

&s, &

&L, +2s, &



596 ZHOU I AMBERT, MAPLE, MALIK, MALIK, AND DUNLAP 36

a =24N(0),

where 8 is the exchan e c e t

(5)

e exchange coupling between then t e spin S of a

1.5,
n

1.0

0
2

0.5

by a temep rature-inde endp

1 t T=80 K.
Equation (3) was used

'

tain
as used in a least-s

parameters are

d t
'

d
d

p
c a. There o e, the

er is t e spin- ola
e only

'd ' b

d d
h

temperature-

pp
p p

s ow the results of g

or 7 I i of the rP
e nature of an

'

p

ars an uncer-

P
p

tions is
o e t at the eAect of

is small due to the lo
f exchange intera

conducti ion-electron ~olar
e ow value of Tz, but inclusion o

th d t i bo th
strated in Fi . 2

orientations ' Th'

b
fi 1 1

'ned by Stewart fr
n the value of 0.022

poy

is given by
e ects. As Stewart h as noted, a

0.0'
0 60 1ro 180

Temperature (K)
240 300

FIG. 3. Comomparison of the calc
„=+~~/3+2+~/3 (solid lin y ry

e c u s ave been

locacal moment and th p

his is substantially lar e
en obtain 4=0.09 eV

( )cF =34 1 eV obtained by an 1

p

i o d to 1 tro po

h b ~f th
een treated in

somew
m t e fit of Fi . 2

suscepti-

h 11 h...h...f 1.43
~

. obtained from the

he molar susceptibilit
purity phases

h ep i y de e
ys a ine data. This can

th 1 1 td oloy ry ep i i ity

o uces the ol1

at such

1 t t I 11y we over the entir
ar suscep-

dd th 1 ltd
1.09.

a e values are scaled bae y a factor of

0.0 I

50 100 150 200
Temperature (K)

I

250 300

FIG. 2. The calculated i

tern erp ature for SmRh 8
inverse ma ng etic susceptibilit
oriented with the c

calcu
d 1 (J) h

ulated results h
li

ave been m
pp 'ed magnetic fi ld H.

lines show the e
multiplied by 1.36.

e . The

tion in the anal ysis.
c ing conduction el tc in

'
ec ron polariza-

DISCUSSION

The annalysis described above
agnetic suscept'b'1'

e rst case in

termedi
Lng a) crystal-fiel

di t o li of h
( hM h -ft 1

o tib tio bt
n to, d (f) h

levels. In
t ermal population

contri
In the present case, (c) and (

ion of the excited J
ributions, but all f ho the other factor

ma~or
actors must be includ-



36 ANISOTROPIC MAGNETIC PROPERTIES OF SINGLE. . . 597

ed to arrive at an adequate description of the data.
The most striking feature of the data for SmRh4B4 is

the crossover in magnetic anisotropy that occurs between
high and low temperatures. Such changes have been ob-
served previously in magnetically ordered materials, '

but the observation in a paramagnetic material clearly re-
quires single-crystal data such as those presented here.
The origin of the anisotropy crossover in the present case
can be understood as a competition between the crystal-
field-induced anisotropy and anisotropy in the Van Vleck
contributions. Consider a simplified case in which the
CEF interaction contains only the axial term
82[3J, —J(J+ I)]. If Bz &0, the system will have its
magnetic easy axis in the basal plane (X, &X~ ) at low tern-
peratures. At higher temperatures, the Van Vleck terms
must be included. These are given by'

N
yV APB ~ yV —E jkT

k+E ~ n I (6)

where

g„;=2+ f
(n /L;+2S; fn')

/

n'

Here,
~

n ) and
~

n') denote the CEF levels of the J= —',

and J'= —', manifolds, respectively, and i'=x and z for P~
and 7~~, respectively. For this simple CEF interaction, the
wave functions are Kramers doublets of the form

~

+J, ),
where J, = —,', —,', and —,

' in the ground-state manifold and

—,', —,', —,', and —,
' in the excited-state manifold. Direct calcu-

lation using the appropriate matrix elements coupling the
two J manifolds gives the contributions to the Van
Vleck susceptibility from each of the CEF doublets,
displayed in Table I. At very high temperatures where all
of the J= —,

' CEF states are equally occupied with a popu-
lation of 1/(2J+ 1), a susceptibility contribution of
20N„pB /7kAE is obtained in both directions. However,
at temperatures where the

~

+—', ) level is weakly occupied,
Table I shows that 7~~ ~gz. The Van Vleck terms dom-
inate in the intermediate-temperature range, while the
ground manifold CEF terms dominate at low tempera-
tures. Since these two contributions have opposite anisot-
ropy, a crossover is observed. By this argument, one ex-
pects the crossover to be a general feature for compounds
having gz~X~~ at low temperatures, while the crossover
should not be expected to occur if the system has g~~ ~ 7z
at low temperatures.
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FIG. 4. Temperature dependence of g for various orientations
of SmRh4B4, calculated with parameters given in the text. The
parameter 0 is the angle of the applied magnetic field with
respect to the tetragonal c axis.
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In SmRh4B4, the CEF Hamiltonian is more complex
than in this simple model, but these results can be used to
estimate the high temperature anisotropy of that material.
If we take the

~

+—', ) doublet at 22 K and the
~

+—', ) dou-
blet at 190 K above the

~

+—,
' ) doublet, corresponding to

the calculated CEF splitting for SmRh4B4, then the use of
Eq. (6) and Table I gives X~~/Xr =1.1 at 300 K. This
should be compared with the experimental value of 1.14.
In view of the approximate nature of the model, one
should not overemphasize the good agreement, but this
does indicate that the explanation of the high-temperature
results in terms of an anisotropy in the Van Vleck suscep-
tibility is correct.

Using the full Hamiltonian of Eq. (2), the temperature
dependence of the susceptibility for various orientations of
H with respect to the c axis has been calculated and is
displayed in Fig. 4. An interesting aspect of the calculat-

TABLE I. Calculated values of Van Vleck susceptibility con-
tributions from the CEF levels of a ground J= —' manifold and

excited J= —manifold, assuming axial symmetry.
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FIG. 5. Angular dependence of g for SmRh4B4 at T= 1 K
and at T=300 K, calculated with parameters given in the text.
The variable 0 is the angle of the applied magnetic field with
respect to the tetragonal c axis.
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ed values for 6=0 is the peak at =10 K, which occurs
when the first excited CEF level of the J=—,

' multiplet, lo-
cated at 22 K above the ground state, is populated. More
detailed experiments in this temperature range are
planned to confirm this feature. Finally, we display in
Fig. 5 the results of calculating the variation of g as the
angle between the c axis and H is changed at low and
high temperatures. This shows, in another fashion, the
reversal of the anisotropy. In all cases, calculations show
that the anisotropy in the basal plane is very small.

CONCLUSION

We have determined the magnetic susceptibility of the
primitive tetragonal compound SmRh&B4 for two orienta-
tions with respect to the applied magnetic field. The easy
direction of magnetization is perpendicular to the c axis at
low temperatures and parallel to the c axis for tempera-

tures higher than 73 K. This behavior is well reproduced
by calculations of the susceptibility including mixing of
energy levels with total angular momentum J=—,

' into the
ground state with J= —,', the influence of the crystalline
electric field, and conduction-electron polarization
through the exchange interaction.
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