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Low-field susceptibility and high-pulsed-field magnetization experiments have been performed on single
crystals of Tb~Y& ~Sb across the entire composition range from YSb to TbSb. As the terbium concentra-
tion increases, the magnetic behavior shows a transition from Van Vleck paramagnetism to antiferromag-
netism at low temperatures at a Tb concentration of 40.3/&. We attribute this antiferromagnetic ordering
to an induced-moment effect in the I'& singlet crystal-field ground state pertinent to Tb'+ in an octahedral
crystal field. The crystal-held strength remains essentially constant, while the average exchange field
varies approximately linearly with changing terbium concentration. We show that the behavior for small
magnetic fields in the paramagnetic regime (/&0. 403) and at or near the Neel temperature in the anti-
ferromagnetic regime (p& 0.403) can be understood on the basis of a linear molecular-field theory involving
one crystal field and one exchange parameter. Analysis of the small-moment data gives an energy splitting,
in the absence of exchange, of 11.9'K from the FI crystal-field singlet ground state to the F4 triplet first
excited state of the Tb'+ ion. We show that high-Geld anisotropic magnetization measurements at 1.5'K
in the paramagnetic regime Q &0.403) indicate a significant contribution at large magnetization from
higher-order anisotropic effective exchange; and we discuss how such measurements can be used to study
the orbital contribution to effective exchange interaction,

r. INTRODUCTION

~OR rare-earth compounds, it is possible for the
crystal-field eRects to be comparable to, or domi-

nant over, the exchange eBects. Such a situation can
lead to a number of interesting magnetic properties.
The most striking situation occurs when the crystal-
field-only ground state of the rare-earth ion is a singlet.
Then as exchange increases, magnetic ordering at zero
temperature occurs not through the usual process of
alignment of permanent moments, but rather through a
polarization instability of the crystal-field-only singlet
ground-state wave function. '

For such materials, theory' ' predicts the existence
of a threshold value for the ratio of exchange to crystal-
held interaction necessary for magnetic ordering even

at zero temperature. The present paper has two major
features. First, we present the results for and discuss
low-field susceptibility and high pulsed field magneti-
zation experiments on mixed terbium-yttrium anti-
monide (NaCl structure) which directly exhibit the
threshold exchange effect for induced magnetic ordering.
This is done by showing the transition from Van Vleck
paramagnetism to antiferromagnetism at low tempera-
ture as the fraction of terbium increases. Second,
we discuss how high-held anisotropic magnetization

~ For a review of this eGect see B.R. Cooper, J.Appl. Phys. 40,
1344 (1969). The present results are referred to and briefly
discussed in that review.

' G. T. Trammell, J. Appl. Phys. 31, 362S (1960); Phys. Rev.
131,932 (1963).

e 3.Bleaney, Proc. Roy. Soc. (London) A276, 19 (1963).
4 B.R. Cooper, Phys. Rev. 163, ~P (1967).
e Y. L. Wang and 3. R. Cooper, Phys. Rev. 172, 539 (1968);

Phys. Rev. 185, 696 (1969).
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measurements' in the paramagnetic regime can be
used to provide basic information on the orbital effects
on effective exchange interaction.

Both Tm'+ and Tb'+ have J=6 in their ground-state
multiplets. Thus the same crystal-field Hamiltonian
and crystal-held energy-level scheme used for Tm'+ in
the preceding paper' (referred to as I hereafter) apply
to Tb'+ in the NaC1 structure. )See Eqs. (2.1) and
(2.11), and Fig. 1 of I.j As discussed in I, there is
considerable evidence that the crystal-field e6ects for
the Tm—group-V compounds of NaC1 structure are
predominantly fourth order $x= —1, Be=0 in (2.1) or
(2.11) of Ij. We assume in the discussion of this paper
that the same holds true for the corresponding Tb
compounds, in particular TbSb. (Actually, the magneti-
zation has little change from the fourth-order-only
behavior until the sixth-order anisotropy is quite
substantial, say x)—0.6. So this is not a very strong
assumption. Furthermore, in Sec. 33 we show that
sixth-order anisotropy eGects would not explain
anomalous high-field magnetization behavior which
we associate with orbital effects on the exchange. )
Then the crystal-field level scheine for Tb'+ in TbSb is
given by Fig. 1 of I, and we reproduce this hgure as
Fig. 1 of the present paper.

The Fi singlet ground state means that there is no
permanent moment associated with either a Tm'+
or a Tb'+ ion in the octahedral crystal field. However,
an applied magnetic field mixes some F4 state into the
I'i state, and Lsee Eq. (2.10) of Ij this polarization

O. Vogt and B. R. Cooper, J. Appl. Phys. 39, 1202 (1968).
B. R. Cooper and O. Vogt, preceding paper, phys. Rev.

&» 1211 (1970) (r«««d to as & throughout the present paper).
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process gives rise to the Van Vleck temperature
independent susceptibility at low temperature. In a
similar way a molecular field can induce a moment in
the F~ state. However, in the absence of applied field,
the existence of a molecular field presupposes the
existence of an ordered moment. This leads to a
threshoM condition on the exchange for magnetic
ordering by such a process.

Now TbSb orders antiferromagnetically with T~
=15.1 'K, while TmSb does not order magnetically at
all. In fact, such a comparison holds for all of the Tb
and Tm—group-V compounds of NaCl structure. ' The
Tb compounds order, and the Tm compounds do not.
Qualitatively this is quite reasonable in the induced
magnetization picture. Both Tm'+ and Tb'+ have
J=6; however, for Tb'+ L=.3 and 5=3; while for
Tm'+, L=5 and 5=1. Since one expects the strength
of the exchange to increase with 8, and the strength
of the crystal Geld to increase with increasing L, one
expects the ratio of exchange interaction to crystal-
Geld energy to be decidedly larger for Tb'+ than for
Tm'+. Then the fact that the Tb compounds order,
and the Tm compounds do not, can be understood by
the ratio of exchange to crystal-field energy exceeding
the ordering threshold for Tb, and being below threshold
for Tm.

The motivation for studying the magnetic behavior
of the Tb~Y& t.Sb system as terbium concentration
varies is then quite simple. Yttrium is essentially
identical to the heavy rare earths in its valence electron
behavior, but has an empty 4f shell. Thus substituting
Y for Tb essentially does not change the crystal field,
but does reduce the effective exchange field acting on a
given Tb'+ ion. In this way one can hope to reduce the
exchange below the critical value necessary for magnetic
ordering. As discussed below, we Gnd that thIis picture
is quite well justified, and experimentally the transition
from Van Vleck paramagnetism to antiferroniagnetism
occurs as the Tb concentration increases above 40.3%%u~.

For Tb concentrations below threshold, analysis of
the upward shift of the inverse susceptibi:l. ity with
increasing Tb concentration allows determination of
the exchange parameter giving the effective exchange
field when that effective field varies linearly with the
magnetization. The analysis also yields the value of 5',
the parameter giving the crystal-6eld splittings. Quite
good agreement is found between the experimental
behavior of 1/X versus T as f increases toward the
ordering threshold value and the theoretical behavior
expected for a molecular field varying linearly with the
magnetization. For |above the threshold value for
antiferromagnetic ordering, correspondingly good agree-
ment is obtained for the values of T~. However, for the
high-field anisotropic magnetization in the para-
magnetic regime, there is significant departure from the
linear molecular field theory behavior. This is expected

s G. Busch, J. Appl. Phys. 38, 1386 (1967).

Th IN TbSb {J6)

I"xo. 1. Crystal-6eld level scheme for
Tb3+ in a site of octahedral symmetry.
Order of levels shown is for pre-
dominantly fourth-order anisotropy.
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to be the case in systems such as this, where there are
large orbital contributions to the n1agnetic moment.
We then discuss how such high-Geld anisotropic magneti-
zation experiments may be valuable in providing ba,sic
information on the orbital effects on effective exchange
interaction.

2. EXPERIMENTAL PROCEDURE AND RESULTS

Mixed crystals of TbgY& gSb have been made across
the entire composition range. The samples are prepared
by reacting appropriate amounts of Tb and Y turnings
(not thicker than 2/100 mm) with chunks of Sb in
closed evacuated silica tubes. All the metals used were
of the highest commercially available purity. The
primary reaction is complete after about 10 days at
600'C. The resulting powder (90% of which has the
NaCl structure) is pressed into pellets of 8 mm diam
and 6—8 mm length. These pellets are placed in a
40-mm-long tubular molybdenum crucible with an
outside diameter of 14 mm and a 1-mm wall thickness.
An insertion cap, which is 20 mm long with a —,-mm
wall, is placed in the crucible leaving an open space of
20 mm. The cap is sealed under vacuum to the crucible
by welding their top edges in an electron beam. The
sealed crucibles are then placed in a vacuum graphite
furnace with the crucible and heating elen1ent in a.
coaxial configura, tion. The heating element of the
furnace is a double helix with 30-mm i.d. and 80-mrn
heating length. The bottom of the crucible, where the
pellet is located, is in the center of the heating element,
which is brought to approximately 2200'C. Under
the inQuence of the temperature gradient between the
bottom and the top of the crucible (the top of
the crucible being the bottom of the insertion cap), the
pellets evaporate and within about one week crystals
are deposited at the top of the crucible (colder end).

The crystals have a, cubic shape with a few mm cube
length. They always cleave in (100) planes, making
shaping easy and permitting orientation by the Laue
technique. The homogeneity of the samples was tested
by a microprobe analysis. In the worst cases a concen-
tration gradient of 2% along the whole crystal was
observed. The Sb concentration remained constant
while the intensities of Tb and Y decreased and in-
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FIG. 2. Susceptibility per
mole Tb as a function of tem-
perature for Tb~YI ~Sb.
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TAaI.E I. Tb~Y& t Sb. Summary of sample concentrations, lattice
parameters, and Weel temperatures.

from high g from high
nominal T moment co(A) Tx('K) nominal T moment, ao{A) Tu('K)

1
0.95
0.90
0.80
0.70
0.60
0.50
0.48
0.46

1
0.95
0.93
0.77
0.72
0.64
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0.05
0
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0.396
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0.22
0.10
0.05
0
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6.170
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6.167

6.165

2.75
2.3
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creased consistently. The concentration gradient can be
minimized by annealing the crystals in the above
mentioned molybdenum crucibles at 1400'C for about
two days. The concentrations we obtained from our

magnetic measurements compare fairly well with the
compositions determined from the weights.

The concentrations of the samples made and their
Neel temperatures are given in Table I. Nominal
concentrations were obtained by choosing the propor-
tion of Tb and Y mixed in each batch. The actual
concentrations for the crystals obtained were then
found by using the high-temperature (i.e., between

liquid nitrogen and room temperature) susceptibility
behavior to hand the effective molar moment. (It is

worth noting that in analyzing the magnetic behavior

of the low Tb concentration crystals, the greatest
uncertainty is the actual value of the Tb concentration. )

As also shown in Table I, the lattice constant has

only a small variation across the entire composition

range for Tb~V1 ~Sb.

Susceptibility measurements have been done for all

the compositions shown in Table I. Magnetic suscepti-
bilities were measured by the Faraday balance method
in a conventional electromagnet with suitably shaped
pole pieces. The strength of the applied field was from
3 to 13 kpe depending on the specific requirements.
I.ow-field susceptibilities (magnetic field about 10 Oe)
were measured by the mutual inductance method using
a commercial ac bridge.

The results of some of the susceptibility measure-
ments (with applied field from 3 to 13 kOe in the
various cases) are shown in Fig. 2 to indicate the
behavior found. The measurements were done on all

samples for temperatures up to 300'K, but only the
lower temperature results are shown. It is zznportant to

note that in Fzg. Z the szzsceptibitities baize been norrrzatised

to Tb coecerltratiorj, .
In Fig. 2, at high Tb concentration one has the peak

in susceptibility characteristic of antiferromagnetic
materials. This shifts to lower temperature as the Tb
concentration decreases, and at the same time the peak
value of susceptibility per mole Tb shifts upward.
However, in distinction to magnetic ordering in
permanent moment systems, the susceptibility (normal-
ized to Tb concentration) peak does not grow in-

definitely as the Neel temperature goes to zero. In-
stead, at a concentration of about 40 j~ Tb, the Ne. el
temperature goes to zero; and for Tb concentration
below that, one has a Van Vleck susceptibility which
approaches the Gnite crystal-Geld-only limit at zero
temperature as Tb concentration decreases further.
Specific-heat experiments9 confirm this picture and the

9 W. Stutius, Physik Kondensierten Materie 9, 34k (1969).
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essentially constant behavior of the crystal field with
variation of Tb concentration.

For such an induced moment system, the apparent
Keel temperature, particularly when T~ is smail, is
sensitive to the value of applied 6eld. Therefore, the
way in which the Neel temperature goes to zero with
Tb concentration has been studied by the induction
technique in a field of 10 G. The results are shown in
Fig. 3. The arbitrary units for each susceptibility curve
shown differ, so the difference in size of peak between
curves has no significance. The significant point is the
shift of the peak toward lower temperature. For a
terbium concentration of 40.3%%u~ there is no peak down
to a temperature of 1.5'K, the lowest temperature
reached. Thus the susceptibility measurements shown
in Figs. 2 and 3 directly confirm the theory of a threshold
value of exchange necessary to go from Van Vleck
susceptibility to antiferromagnetism at very low

temperatures; and this is also verified by specific-heat
measurements. '

High-pulsed-field magnetization measurements have
also been used to study the magnetic behavior with
varying Tb concentration. Magnetization curves were
measured in pulsed fields up to about 120 kOe. The
pickup system consisted of two concentric, oppositely
wound, coils with a diameter ratio of 1:2.The signal
obtained by placing the sample in the null-balanced
coils is integrated and displayed versus the applied
held on an oscilloscope. Calibration of the magneti-
zation was done either by comparison with the moments
measured by the Faraday method or by gauging the
sensitivity of the pickup coils with a Nickel sample.
The crystals under investigation were x-ray oriented
and sealed in plastic material of about 10 times the
volume of the crystal. This encapsulation allowed
heating effects to be avoided as much as possible.

Such high-Geld magnetization measurements have
been performed for crystals with most of the concen-
trations shown in Table I.The results for a few concen-
trations are shown in Fig. 4. As Tb concentration is
lowered, the behavior varies smoothly from that of
pure TbSb. For concentrations equal to or below
40.3% Tb, that is equal to or below that necessary for
antiferromagnetism at zero temperature, one obtains
anisotropic magnetization behavior qualitatively similar
in character to the crystal-field-only behavior found for
TmSb. (The anisotropic magnetization behavior for
four of the concentrations equal to or less than the
critical concentration. of 40.3% Tb are shown in Sec. 3
in connection with the discussion. )

3. ANALYSIS AND DISCUSSION

%e now analyze the susceptibility, Neel temperature,
and high-fieM anisotropic magnetization data in order
to quantitatively develop our picture of the approach
to the threshold for magnetic ordering in induced
magnetic systems, and also to find the quantitative
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I''iG. 4. Magnetization per Tb ion for Tbt Y~ ~Sb at 1.5 K.
)

information yielded about the crystal-field and ex-
change effects in a system such as Tbt-V& tSb. To
proceed in this aim we need a quantitative theoretical
description for the approach to the ordering threshold.
The theory of this threshold has been treated by several
authors' ' both in molecular field theory and in various
theories including correlation effects with varying
degrees of sophistication.

In this paper we shall use a molecular field theory.
In doing so, besides neglecting exchange correlation
effects, we shall neglect any effects associated with the
inhornogeneous distribution of Tb through the samples
true even for an ideal alloy (i.e., all Tb sites do not have
the same arrangement of Tb neighbors). Thus we shall
treat the exchange field as depending linearly on Tb
concentration. The longer range the exchange, the more
justi6ed is the neglect of correlation and inhomoge-
neity effects. $Tbr Y& rSb is an intermetallic compound,
and the exchange mechanism is quite likely to be some
variant of the Ruderman-Kittel-Kasuya- Yosida mecha-
nism (RKKY) via polarization of the conduction
electrons. ]
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and
H,g&=H+XM

3f= XcpHeff —XQF (H+XM),

(3 1)

(3.2)

Thus, dividing through by M and transposing terms
gives

(3 3)

Then if X scales linearly with concentration,

(3.4a)

A. Molecular Field Theory for Paramagnetic
Susceptibility and Heel Temperature

In this subsection we treat the situation where the
moment is small, that is for low field in the para-
magnetic regime or at T~ in the antiferromagnetic
regime. We consider the effect on an induced moment
system of an exchange 6eld linearly dependent on
magnetization. (In Sec. 3 C, when discussing the non-
linear anisotropic magnetization, we will generalize to
higher-order dependence on magnetization. )

In this case

or

Thus,

g~ (J )= —x .(2s8&J )/g )

2z g)/g'Ig, ig'= —1/xoi .

X,i= —1/XcF(T=O)

(3.8a)

(3.8b)

(3.9)

is the critical value for X for antiferromagnetic ordering
of this type to first occur at T=O.

For the MnO-type antiferromagnetic ordering perti-
nent" to TbSb, half of the 12 nearest neighbors of a
given moment are parallel and half antiparallel to it;
while the six second nearest neighbors are antiparallel. "

In the paramagnetic regime all the moments are
aligned parallel; and if we consider only exchange
with nearest and next nearest neighbors, for small
moments,

H+2L12&i i+6823
&~)=g~ (~.) =&o (3 1o)

gPa
so that

ment in zero applied field. At the antiferromagnetic
threshold:

1/X = 1/Xoi; —C,„t, (3 4b) 2L12g,+6/2 j
(3.11)

where C, is constant as Tb concentration varies. Here
Xzp is the crystal-field-only susceptibility given by
(2.6), (2.7), and (2.9) of I. As shown by (3.3), the
effect of exchange in the linear molecular field approxi-
mation is to simply rigidly shift the curve of 1/X versus
T downward for ferromagnetic exchange, or upward
for antiferromagnetic exchange. '

For ferromagnetic ordering, the threshold value of X

(i.e., the value for which ferromagnetism first occurs
at T=O) is that for which 1/X diverges at T=O. This
threshold value for ferromagnetism is

Kg=1/Xop(T=O) . (3.5)

For antiferromagnetism, the threshold value of A.

depends on the particular type of antiferromagnetic
ordering. The simplest situation corresponds to order-
ing where the moment of any ion is antiparallel to the
moments of all neighbors with which it has exchange
interaction (i.e., most-simply when there is exchange
with only one type of neighbor, and that exchange is
antiferromagnetic). In the paramagnetic regime all
moments are aligned parallel by the applied field, and
for small moments"

so that

2zgl

&gg&=gga&g, )=gt'Fl gg+ &g,
&)gps

X= 2s gi/gag'.

(3.6)

(3 7)

Here the angular brackets denote the thermal average.
Equation (3.6) applies to a concentrated (i.e., homoge-
neous) magnetic system, where s is the number of
neighbors to which each ion is coupled with exchange
constant gi. Antiferromagnetic ordering occurs when
the moments align antiparallel with infinitesimal mo-

This is for a homogeneous system with nearest- and
next-nearest-neighbor exchange constants given by gli

and 8'&, respectively. Antiferromagnetic Mno-type
ordering occurs when,

or

12/2
g~ &g.) = —gee &g.))

12gI,/g'y~' = —1/Xox (T=0)

(3.12a)

(3.12b)

is the critical relationship between the exchange and
crystal-field parameters for MnO-type induced anti-
ferromagnetic ordering with infinitesimal sublattice
magnetization at T=O. Since X, the effective field
exchange parameter in the paramagnetic regime, de-
pends on both gii and gi2, there is no simple relationship,
such as that in (3.9), relating the value of X when
Mnp-type-induced ordering at T=O first occurs to
XoF at T=O. However, as 12&i) becomes negligible
compared to 6gi&, the simple relationship of (3.9) is
recovered. Using our assumption of the effective ex-
change coupling scaling linearly with concentration,
then in a diluted system (with f being the concen-
tration of magnetic species), in Eqs. (3.7), (3.8),
(3.11), and (3.12) we replace the various exchange
constants g by f gI.

The Weel temperature for Mno-type-induced order-
ing is determined by the generalization of (3.12b)
to finite temperature.

H. R. Child, M. K. Wilkinson, J. W. Cable, W. C. Koehler,
and E. O. Wollan, Phys. Rev. 131, 922 (1963).

1 For a discussion of antiferrornagnetism in the molecular Geld
model, see J. S. Smart, Spectre Field Theories of 3IIagnetism
(W. B. Saunders Co., Philadelphia, 1966).
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XCP (TN)

12ggg

g pg
(3.13)

[In the limit where Tz is sufficiently high so that Xoz
has approximately Curie law behavior, this gives the
usual expression" for T& with MnO-type ordering. In
this limit TN= —4$2J(1+1).j

Tbr Yi rSb: W= —0.396'K, (3.14a)

Tbr Yi rSb: )i=C,j'= —0.697)& 10'f Oe/tea. (3.14b)

For this value of S', X~p as a function of temperature
is determined from (2.6), (2.7), and (2.9) of I. In Fig. 5
we compare the theoretical behavior of 1/X versus T
for varying Tb concentration as found from (3.4b)
with the experimental results for (&0 403 (For. the.

nominally 36%%u~ Tb sample, the scatter in the data is
rather large, and we regard the composition of the
crystal as questionable. For that reason, we have not
included that data. ) The over-all agreement of theory
and experiment is quite good considering the large
amount of data to be fit. The microprobe analysis
indicated less uniform distribution of Tb in the 31%
sample than in the others, and that may explain the
scatter in data and consequent poorer agreement with
the theory for that sample. Since the data are normal-
ized per Tb ion, the experimental points at low concen-
tration are quite sensitive to the correct determination
of the Tb concentration; and therefore determination
of that concentration is the largest source of possible
experimental uncertainty.

LPart of the difficulty may also be to define a mean-
ingful X in a situation where the 3f-versus-II curve at
low T has significant nonlinearity even below 10 kOe.

- This nonlinearity is discussed further below. The
experimental X given in Fig. 5 was defined as X, ~~
=M/& ) io~rr. In each case, the low B was taken as the

B. Analysis of Experimental Susceptibility ((&0.403)
and Neel-Temperature (()0.403) Behavior

Using (3.4b) we can analyze the inverse suscepti-
bility behavior as a function of Tb concentration in the
paramagnetic regime (t'(0.403). For a fourth-order-
only crystal field, the theoretical behavior then depends
on only two parameters: 8" specifying the crystal Q.eld
Lsee (2.1) and (2.3) of I] and X, proportional to terbium
concentration, giving the exchange.

We attempt to fit the experimental behavior by
determining C,„andW entering (3.4b) as follows. We
choose C, to fit the shift in 1/X between the |=0.403
and |=0.05 crystals at the lowest temperatures (i.e.,
essentially at T=O). Then from (3.4b) this value of
C, together with the experimental value of X at the
lowest temperature for f= 0. 403serves to determine
1/Xoi-(T=O). From the value of Xov(T=O), by use of
(2.10) of I we determine W. The values of W and )~

so found are

L

0.75

0.50

0.25

EXP. THEORY

0 403
0.3I 0

022 x

0.I0
%.05

~o

Tb CONCENTRATION
INCREASES

lowest value below which there was no experimentally
significant deviation of the iV-versus-H behavior from
linearity. For the t'=0.403, 0.22, and 0.10 crystals
this low H was 5 kOe at the low-T values (1.5 to 8'K)
and 13 kOe thereafter; for t'= 0.05, it was 4 kOe at the
low-T values shown in Fig. 5 and 13 kOe at higher T;
and for )=0 31 and. 0.396, it was 2.5 kOe at the low-T
values shown in Fig. 5 and 13 kOe at higher T.j

The 8' found in our analysis corresponds to a F~
to F4 splitting of 11.9 K. This is less than half the value
for TmSb.

For a critical concentration of )=0.403, Eq. (3.9)
is exactly satisfied for the values of H/' and C, given in
(3.14). This indicates that nearest-neighbor exchange
(di) is negligible compared to second-neighbor exchange
(ttm). Then in theory the variation of TK with f is
determined by the generalization of (3.9) to finite
temperature.

1/xcF(Tx) = —C,l . (3.15)

)The fact that (3.9) is exactly satisfied should probably
not be taken too seriously; however, even approxi-
mately satisfying (3.9) allows us to use (3.15) as a
very simple approximation giving T~. It is quite
possible that the exchange is rather long range and
oscillatory, so that exchange beyond the second
neighbor is significant. Then satisfying (3.9) could come
about through cancellation effects between some of the
exchange interactions. ) We emphasize that the resulting
absolute determination of T~ as 1 varies involiies no further
parameters other than the same W and C, giiiing the

paramagnetic behavior.

W=-0.396 K

)i=-0.697{IO )( Oe/p& t THEORY

I/X = I/X F
I I I I

0 2 4 6 8 IO l2
T('K)

I ro. 5. Inverse susceptibility per Tb ion as a function of tem-
perature for TbgYI ~Sb. Experiment is compared to molecular
Geld theory for /&0.403.
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TbtYI (S
EXPER AMENT o

THEORY
~W=-O. &96 K, i=-O.

Io —
)Hp)) = H+ kM

Fio. 6. Variation of N eel tempera-
ture with concentration of terbium in
Tb)Vg gSb for |)0.403.
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EXPERIMENT
THEORY-----
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In I ig. 6, the values of TN obtained from (3.15) for
the parameters of (3.14) are compared to experiment.
LThe experimental values were found by simply taking
T~ as the temperature for the peak in the curve of X

versus T. In light of other uncertainties, it did not seem
worthwhile to perform a more sophisticated analysis"
to find the experimental T~.]Once again, the agreement
of experiment and the linear molecular field theory is
quite good.

We should point out that a necessary consequence
of a linear molecular fieM theory with exchange param-

eters scaled linearly with concentration is that the type
of magnetic ordering at T~ is unchanged as Tb concen-
tration varies. This should be amenable to examination

by neutron diffraction.
The results of the subsection then show that one can

understand the induced magnetization behavior of the
Tb~Y~ ~Sb system for small moments on the basis of
a simple linear molecular held theory where the crystal
field is constant, and the exchange parameter varies
linearly with Tb concentration. In particular, using
only two parameters for all Tb concentrations, one has
good agreement for the threshoM behavior for the
magnetic ordering (T~) and for the behavior below the
exchange threshoM (X) at low field where only a small

magnetization is developed.
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Fxo. 7. Magnetization per Tb ion for Tb~Y1 ~sb at 1.5 K for
/&0.403. Experiment is compared to linear molecular Geld theory.
Each panel shows anisotropic magnetization for the indicated
concentration.

'~ H. Callen, W. P. Wolf, and J. S. Kouvel, J. Appl. Phys. 31,
j.i72 (1966).

C. High-Field Nonlinear Anisotroyic
Magnetization (((0.403)

Using the linear molecular field theory of (3.1) and
scaling the exchange parameter with concentration
as in (3.4a), it is a simple matter to find the magneti-
zation behavior in the nonlinear regime. For the g
of (3.14a) one can obtain the variation of M with
H if using (2.1), (2.4), (2.5), and (2.11) of I and the
calculational method described in Sec. 2 of I. Since X

is known, and since for specified M, H, g~ is also known,
H for each 3E is easily found from (3.1).

In Fig. 7 the experimental curves of 3f versus B
for Tb~Y~ |Sbin the regime below the ordering threshold

(f(0 403) are com. pared to the theoretical curves
found in this way. The theory uses the same parameters
given in (3.14), which gave good agreement with the
experimental 1/X versus T and T~ behavior as I varied.
In each panel of Fig. 7, the curves of M versus H are
shown for all three principal directions for a concen-
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tration less than or equal to the critical concentration
of Tb for antiferromagnetism. This is a useful mode of
presentation for seeing the development of the aniso-
tropic magnetization. As shown in Fig. 8, it is also
useful to show the variation with concentration for
each principal direction. In Fig. 8, the crossing of the
experimental curves at high fields for the differing
concentrations, which occurs for the (110) and (100)
directions, probably rejects the uncertainty in measure-
ment in that regime of magnetic field.

We see that the behavior at high fields in the non-
linear regime is not explained by the linear molecular-
field theory using the values of crystal field and
exchange parameters that describe the susceptibility
and Neel temperature behavior. (Our criterion for
"good agreement" between theory and experiment is
that obtained' ' for TmSb at 1.5'K.) In particular,
there is an indication that the nonlinearity and anisot-
ropy of the magnetization develops at somewhat
lower fields than expected from the linear molecular
field theory.

We note that one might be tempted to improve the
agreement between theory and experiment by intro-
ducing some sixth-order crystal-field anisotropy, letting
x vary from —1 toward 0. However, to lower the
theoretical (111)high-field inagnetization by varying x
would involve going quite close to @=0, almost com-
pletely sixth-order anisotropy. From our studies'»"
of TmSb and TmX, this appears unlikely. Also, if one
went to @=0, the (100) magnetization would increase
markedly, giving poor agreement, with theory. (See
Fig. 4 of I.) In fact for x=0, there is very little anisot-
ropy in the magnetization, and the hard directions
are (110).

The behavior shown in Figs. '7 and 8 suggests the
impori. ance of higher order (in the ma, gnetization) ex-
change eRects than those leading to a linear molecular
field. To see the sort of eRects found on the theoretical
behavior by adding higher-order exchange, in Fig. 9
we include a term in the eRective Geld. with cubic de-
pendence on the magnetization such as would arise
from a biquadratic exchange. )The crystal-field param-
eters are the same as in Figs. 5—8, and the exchange
parameters have been chosen so that the low-field be-
havior is well matched. Then the kind of agreement
found in Figs. 5 and 6 (with x defined as M/H at low
field) would continue to hold. j

The third-order exchange field parameters D(i~j),
D(iip), and D(happ) have been taken to scale with concen-
tration, and have been chosen as described below to
satisfy cubic symmetry.

For a cubic material, the fourth-order contribution
to the free energy from exchange takes the form

F4= aM4+b(M. '+M„'+M.4) . (3.16)

Then the corresponding eRective field giving an in-
» @. R. Cooper, R. C. Fedder, and D. P. Schumacher, Phys.

Rev. Letters 18, "/44 (1967); Phys. Rev. 168, 654 (1968).
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Fio. 8. Magnetization per Tb ion for Tb~VI t-Sb at 1.5'K for
&&0.403. Experiment is compared to linear molecular field theory.
Each panel shows magnetization curves for several concentra-
tions in indicated principal direction.

duced magnetization is

D(ioo&= —4(a+b),

D(»o&= —4(a+-', b),

D(111) 4(a+ sb) I

(3.18a)

(3.18b)

(3.18c)
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= H+XM+DM
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Fxo. 9. Magnetization per Tb ion for TbyYi gSb at 1.5'K for
&&0.403. Experiment is compared to theory including cubic
molecular 6eld. Each panel shows magnetization curves for
several concentrations in indicated principal direction.

BF4
H4.44=DM'= — = 4Met a+—b(si n/) 4cos4eo

BM
+Sin417 Sin4eo+COS40) j, (3.17)

where 0 and q are the usual polar and azimuthal angles
in spherical coordinates with a crystal axis as the polar
axis. LWe note that the effective field defined in (3.17)
is not the same as that entering into the collective-mode
behavior in a permanent moment system, as in ferro-
magnetic resonance, for small angular variation about
equilibrium of the magnetization. ]This gives
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PIG. 10. Magnetization per Tb ion of Tbo.403Y0,597Sb at 1.5'K
compared to theory including cubic molecular field.

so that for cubic symmetry

+(ioo &
=4D &liio &

—3D O.ii &. (3 19)

X=c,g= 0 478)—Oe/. I444,

D &it» = —0.0212)&104$ Oe/I4iip,

D &rip&= —0.0217)&104$ Oe/p4is,

D &i ps I= —0.0232)& 104|' Oe/14gs.

(3.21a)

(3.21b)

The D's so obtained in (3.21b) are almost isotropic.
However, this result should not be taken too seriously
as an indication of isotropy in the higher-order exchange
eQects. Indeed, the agreement between theory and
experiment in Fig. 9, while better than that of the
linear theory of Figs. 7 and 8, still needs improving. In

The theoretical curves in Fig. 9 were then obtained
using the same value of the crystal-Geld parameter,
8'= —0.396'K, used earlier, and taking

(3.20)

where D is allowed to differ for the three principal
directions subject to the condition (3.19).

Once X and D are speciGed, the 3f-versus-H curve is
obtained from (3.20) in a way quite similar to that
used above for a linear molecular field. Since 8' is
specified, the curve of 3f versus H, gg is known, so that
for each M, (3.20) can be used to find the correspond-
ing H.

The values of A. and D used in the calculation were
chosen as follows. The parameters P and D(ii~& were
chosen by Gtting the (111)magnetization for t =0403.
at one low-field and one high-field magnetization. The
D(pip& was chosen by using the same X and Gtting the
t'=0.403 (110) magnetization at one high-field value.
Finally, D&rpp& was chosen to satisfy (3.19).The values
so obtained are:

particular, as shown in Fig. 10, the experimental
magnetization indicates the development of anisotropy
at lower fields than the theory. (This early development
of the anisotropy is borne out by very accurate dc
magnetization measurements currently in progress. ")

The difhculty of finding agreement between the
experimental high-field anisotropic magnetization and
the theory including a linear, or even a cubic, molecular
field is not too surprising. The real description of the
behavior in high Gelds is probably more complex than
can be described by one, or a few, field- and magneti-
zation-independent exchange parameters. Indeed, this
can be expected to be the case in systems such as this
where there are large orbital contributions to the
magnetic moment. The form of the effective exchange
interaction in such systems depends on the detailed
shape of the 4f wave functions, and can have sub-
stantial anisotropic higher-order contributions. "In the
present experiments one knows that in the crystal-Geld-
only limit one changes the nature of the 4f wave
functions drastically on going to the highest fields.
Thus one can expect correspondingly large changes in
the effective exchange.

The point to be stressed, however, is that one is
changing the crystal-field wave functions in a con-
trolled, well-understood way by applying high magnetic
fields. Thus one can hope to explain the changes in
effective exchange as a function of applied GeM on a
Grst-principles basis. This means that anisotropic
magnetization experiments of the present type may be
valuable in providing basic information on the orbital
effects on eAective exchange interaction. In this regard,
very accurate dc magnetization experiments on the
Tb~Y& ~Sb system in fields up to approximately 100
kOe, are currently in progress by Jacobs in coopera-
tion with the present authors. These experiments should
be particularly useful in identifying higher-order ex-
change effects such as the development of significant
anisotropy in the magnetization at relatively low fields.
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