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comes

Eq=rAq-(l&, t + IDql) ]'~ .
Here A~ and D~ are just the first and second parts of our
Eq. (6), and B is an intrasublattice anisotropic exchange
term of the form

J (q) —P' (q) +sf'~(q) +J '"(q)].

Since lD l is very small, it is clear that lB~ l would have
to be anomalously large in order to produce an observable
splitting.
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In Paper I it has been shown that the critical behavior of FeC12 in zero field should be that
appropriate to the three-dimensional S =1 Ising model. This paper reports a detailed study
of the critical behavior of the sublattice magnetization below T~ together with a qualitative
survey of the wave-vector-dependent susceptibility above T&. The sublattice magnetization
is found to follow the power law Mz/Mo-—-D(l —T/TN), with D=1.47+0. 02, TN=-23. 553
+ 0. 01 K, p = 0. 29+ 0. 01, over the range 0. 1 to & 0. 001 in reduced temperature. The ex-
ponent P is in reasonable agreement with the rigid-lattice Ising value of 0.313+0.003. The
regular behavior of Mz together with the unusual metamagnetic properties of FeC1& make
this an ideal system for a study of the critical behavior of the order parameter around a tri-
critical point. The wave-vector-dependent susceptibility g (Q) above TN is found to exhibit
typical behavior for a three-dimensional anisotropic antiferromagnet Only Z . (v), the com-
ponent along the anisotropy axis, diverges at the phase transition. Furthermore p~(Q) is
found to be fully three dimensional; that is, it has the form of a peak rather than a ridge, in
spite of the fact that the spin waves are essentially two dimensional in form.

I. INTRODUCTION

The critical properties of FeCl, in zero field are
of interest for two principal reasons. As we have
seen in the previous paper, the spin waves have a
pronounced two-dimensional character with the
inter- and intraplanar interactions differing by
about a factor of 20. FeC12 thus lies intermediate
between such antiferromagnets as KNiF~, which is
fully three dimensional and K2NiF4, which exhibits
a "two-dimensional" phase transition. The be-
havior of both the order parameter in the antiferro-
magnetic regime and the correlations in the para-
magnetic phase in such an intermediate-dimension-
al compound should be quite interesting. In par-

ticular, one anticipates that the critical behavior
will be fully three dimensional in spite of the di-
rectional nature of the interactions.

A second motivation for studying the critical be-
havior of FeC13 in zero field is, of course, to
evaluate the suitability of FeC12 for detailed tri-
critical-point studies. The critical behavior may
be affected both by Fe ' contamination and by spin-
phonon effects. The latter could be particularly im-
portant in this case because of the extreme soft-
ness of the lattice and the large orbital contribution
to the effective S= 1 moment. Such effects could
manifest themselves either through a smearing of
the phase transition or renormalization of the
critical exponents.
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FIG. l. Typical p and 0-20 scans through the (1, 0, 1)
superlattice reflection in FeCl& below TN As is evident
from part (a), the mosaic is both double peaked and dis-
tinctly non-Gaussian. The dotted line in (c) is the esti-
mated critical-scattering contribution.

The order parameter in. an antiferromagnet is
simply the sublattice magnetization M &. In the
asymptotic limit the sublattice magnetization should
exhibit a power-law dependence on the reduced
temperature

M r/cVI o D(1--—T/ T„) (1)

In the previous paper, it was shown that the low-

lying states in FeCI~ could be adequately described
by an effective-spin S= 1 Hamiltonian with Heisen-
berg exchange and a strong uniaxial-anisotropy
field. The latter originates both from the crystal
fieM and from bilinear-anisotropic-exchange terms
in the effective-spin Hamiltonian. As first shown

by Jasnow and Mortis, the asymptotic critical be-
havior of such a system should depend on the sym-
metry of the Hamiltonian alone and not on its de-
tails. Thus the critical behavior of FeC12 should
be that appropriate to a three-dimensional S= 1
Ising model.

Recently, series-expansion calculations have
been reported by Guttman et al. and Fox et al.
for the S= 1 Ising model on various cubic lattices.
They find

P = 0. 313+ 0. 003,

in agreement with the S = & value, ' as expected on

general grounds. The coefficient D has also been
evaluated; unlike P, D is both spin and lattice de-
pendent. Since calculations for the actual FeCl&
structure are not available, we can only use the
cubic-lattice values as a qualitative guide.

In this paper we report a detailed study of the
sublattice magnetization of FeCl& in zero field to-
gether with a qualitative survey of the wave-vec-
tor-dependent susceptibility X '(Q) above T~. The
experimental methods are discussed in Sec. II.
Sections III and IV report, respectively, the results
and the analysis of the order-parameter measure-
ments. In Sec. V, the theory of y""(Q) in the mo-
lecular-field approximation together with the exper-
imental results are presented. Finally, the con-
clusions are given in Sec. VI.

II. EXPERIMENTAL PROCEDURE

The sublattice magnetization was measured by
observing the intensity of magnetic-superlattice
Bragg peaks with a double-axis neutron spectrom-
eter. The (311) reflection from a germanium mo-
nochromator was used, providing an incoming neu-
tron beam with 1.03-A wavelength. This reflection
minimized contamination from ~& neutrons, and
measurements above T„showed that this contami-
nation as well as double Bragg scattering was al-
most negligible.

Since the sample mosaic was quite large (-1')
and the sample possibly nonhomogeneous due to Fe '
impurities, it was not obvious that the Neel point
was uniform. . However, the irregular mosaic shape
lsee Fig. 1(a)] enabled us essentially to monitor the

temperature dependence of distinct parts of the
crystal; the constancy of that shape, even very
close to T&, was convincing evidence that the spread
in T& and also any temperature gradient across the
sample were less than 10 mdeg K. The tempera-
ture of the heat sink could be held constant near the
Neel point (23. 55~ 'K) to at least + 10 mdeg K. The
sample was attached by epoxy to the heat sink some
distance from the thermometer so that it was diffi-
cult to estimate the absolute temperature at the
sample to better than 100 mdeg K, although relative
changes were known rather more accurately. After
each temperature change, adequate time was taken
for the sample to reach thermal equilibrium. This
time was empirically defined by observing the mag-
netic Bragg peak and measurements were not begun
until the intensity of that peak remained constant
for several minutes. This, of course, became an
increasingly stringent criterion as the Neel tem-
perature was approached since dI/dT increased as
T~- T decreased.

Allowance must be made for several important
effects when measuring the intensities of the super-
lattice points. There is, first, a temperature-in. —
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dependent background, resulting from 2&, double
Bragg, and incoherent scattering. The strength
and angular dependence of this may be determined
by scanning at a temperature above T~ such that
critical magnetic scattering is not appreciable, but
at a temperature that is still relatively low. This
background can then be subtracted from the Bragg
peak to give the correct magnetic portion. Extinc-
tion of strong peaks may be a more difficult effect
to correct for. However, such eff ects are usually
noticeable only in relatively pexfect crystals; the
large mosaic of our sample suggests that the extinc-
tion should be small. It was possible to check for
extinction by examining the temperature dependence

TABLE I. Intensities and corrections for the (1 0 g
and t'2 0 1) magnetic reflections. The counting time was
doubled above 22. 25 'K and multiplied by five above
23.475 K. The error quoted is consistently larger than
the statistical error, and is estimated to include other
experimental uncertainties such as temperature control.

I
Intensity background (critical

unit time scattering)

of the intensity ratio of two different-strength mag-
netic Bragg peaks. The (1 OT) and the (2 01) re-
flections differed in intensity by about a factor of
7 due to the magnetic form factor at T= 5 'K. %hen
the temperature was increased to 23. 4 K and the
intensity of the magnetic peaks was decreased by
more than a factor of 8, the two peaks still had
the same intensity ratio to better than 2%%uo, there-
fore, extinction was assumed to be absent.

The correction for critical magnetic scattering
is somewhat more difficult. This scattering has
Lorentzian line shape and is strongly temperature
dependent, diverging at T„and decreasing rapidly
both above and below T . However, by utilizing
the distinctive line shape of the Bragg scattering,
it was possible by successive approximation to es-
timate the additional Lorentzian component in the
scattering at each temperature. This process was
aided considerably by the fact that near T„[ seeFig.
1(c)]the tall of the Lorentzlan was prominent. In

any case, only the final two data points were ap-
preciably affected so that these corrections played
the role of a consistency check rather than actually
altering the final values of D or P.

(1 01} 5, 0
9.0

13, 0
16, 0
18.0
19.0
20. 0
21, 0

21, 5
21.75
22. 0
22. 25
22. 50
22, 75
23. 00
23. 10

23. 20
23.30
23. 35
23.40
23. 44
23. 475
23. 500
23. 525
23. 550

5, 0
9. 0

13, 0
16.0
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20. 0
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21, 50
21.75

22, 00
22. 25
22. 50
22. 75
23.00
23. 10
23.20
23, 30
23.40

172 273
167047
162 539
150 004
136 621
125 3S1
114417
100676

90 474
84 481
78 045
71 207
64 143
54 201
43 593
38317

33 650
27 930
25 501
20 668
17264
14 561
11969

8 441
6208

24 577
24 131
22 791
21 351
19455
18 232
16424
14 336
12 736
11 962

11064
9 873
8 S77
7 761
6 209
5 565
4 882
4 029
3 106

100
350
504
840

3 624

1,000
0.988
0.971
0.933
0. 891
0. 853
0. 815
0. 764

0, 725
0, 700
0, 673
0, 643
0.610
0.561
0, 503
0.472

0.442
0.403
0.385
0.346
0.317
0.287
0, 255
0.210
0. 122

l. 000
0.991
0.963
0.932
0.890
0. 861
0. 817
0, 764
0, 720
0.698

0.671
0.634
0.604
0.562
0.503
0.476
0.446
0.405
0.355

0.25
0.25
0.25
0.25
0, 25
0.25
0.5

0, 5
0.5
0.5
0, 5
0.5
0.5
0, 5
0.5

0.5
0, 5
0.5
0, 5
0, 5
0.5
l~ 0
1, 0
2, 0

1.0
1, 0
1.0
l. 0
1, 0
l. 0
1.0
1, 0
1.0
l. 0

1,0
1,25
1, 0
l. 0
1, 0
1, 0
l. 5
1, 5
2, 0

III. RESULTS

In the temperature interval 5-23. 4 'K (7„=23, 553
'K), the intensities of both the (1 0 1) and the (2 0 1)
reflections were measured (Se.e Figs. 1 and 2 of
the previous paper for the crystal structure and the
corresponding reciprocal lattice. ) Both of these
are purely magnetic peaks, so background consisted
of double-Bragg- and incoherent-scattering con-
tributions, which were small. At 23. 4'K (M/Mo
= 0. 35), the intensity of the (2 0 1) reflection was
only eight times the background and the accuracy
was no longer sufficient to warrant higher-temper-
ature measurements, Qn the other hand, at 23. 525
'K (M/Mo= 0. 21), the (1 0 1) reflection was still
sufficiently intense to ensure reasonable accuracy.
Below 23. 475 'K no correction was made for the
critical scattering; above, the effect was significant
and the correction was made. In order to calculate
the magnetization, integrated rather than peak inten-
sities of the p scans were used. %e restricted
ourselves to the region out to twice the full width
at half-maximum, however, in order to keep the
background from becoming important. Taking the
integrated intensity reduced the statistical erxor
Rnd RverRged the effects of not measuring Rt pre-
cisely repeatable points on. the peak.

As the intensity of the magnetic peak decreased,
the counting time was increased in order to mini-
mize the stat~sticaE error, relative to the various
other uncertainties. The critical scattering was
assumed to be accurate to only +20%%uo. TaMe I
gives the intensity and the critical-scattering cor-
rection at each temperature. In order to compute
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FIG. 2. Reduced sublattice magnetization in FeCl& as
a function of temperature. A single filled dot is shown
when the difference between the values of M&/Mo deduced
from the (1, 0, 1) and (2, 0, 1) reflections is less than
0. 005.

The magnetization was fitted to the power law

[Eq. (1)]by the method of least squares. In deter-
mining the appropriate weighting factors for the
(1 0 1) reflection the magnetization at 23. 55 K was
assumed to be known to no better than +2/p, at
23. 525 and 23. 50 to +1'%%, and at all other temper-
atures to + 2/o. In addition, temperatures below
21. 5 'K were not included in the final fit, because
when they were included the quality of the fit de-
creased appreciably. This simply reflects the
breakdown of the power law [Eq. (1)] away from Tz.
Above 21. 5 'K any point could be removed without
affecting either the quality or the results of the fit.

The result for the best fit shown in Fig. 3, with
all parameters allowed to vary freely, is

the relative magnetization [M& &(Ir) ], it was as-
sumed that the magnetization at 5 'K was the sat-
uration value. Taking M5OK=Mo, then at each
temperature Mr/Mo= (Ir/I, .K)", and this quantity
is plotted in Fig. 2. Only at 23. 525 and 23. 55

K was there a significant uncertainty associated
with the estimation of background and critical scat-
tering for the (1 0 1) peak. At most other points
the uncertainty in temperature was the largest
source of error.

IV. ANALYSIS

by others, ' but as discussed previously it is not
considered as an absolute value, because of the
possible existence of a temperature gradient be-
tween the sample and the thermometer. The value
of D depends, of course, on the assumption that

F5 'K= Mo. Other measurements' report a tern-
perature-independent magnetization from 2 to 6 'K
so that M, .K most certainly differs from its 0 K
value by much less than the quoted error in D. The
results for D and P are both satisfyingly close to
the theoretical values and serve to verify that the
Ising model for FeC12 is a good description.

The value we find for P, 0. 29+0. 01, does, of
course, differ from the theoretical rigid-lattice
Ising value of 0. 313+0. 003 by an amount greater
than the quoted errors. However, we do not believe
that this apparent discrepancy should be overinter-
preted. Indeed, in at least three other Ising sys-
tems [dysprosium aluminum garnet (DAG), ~2

P

brass, ' Coo' ] the bare values for p (0. 26+0. 02,
0. 305+0. 005, 0. 244+0. 015, respectively) are con-
sistently lower than the theoretical rigid-lattice
value. In the latter two materials this difference
has been explained on the basis of lattice effects.
Given the complexity of the magnetism in FeC12
and the fact that the spins are strongly coupled to
the lattice, it seems likely that such exponent-re-
normalization phenomena are playing a role here
as well. "

It is of interest to compare these results for FeCla
more directly with theory and with other experimen-
tal systems. The value of D we obtain agrees to
within experimental error with that deduced by Es-
sam and Fisher for the body-centered-cubic (bcc)
8= ~ Ising model. We choose, therefore, to com-
pare our results directly with this model; the re-
sults are shown in Fig. 4. From the figure it may
be seen that the bcc 8= & Ising model gives a good
description of the order parameter in FeCl~ at all
temperatures. There is a small systematic dis-
crepancy at intermediate temperatures which origi-
nates in the slight differences in D, P for the two
systems. Calculations have also been performed

P= 0. 286+0. 003, T~= 23. 553+0. 002 K,

D= 1.469+0. 003,

IO—
0.8—
0.6

T 0.4
M

I T I I I I I 1 I I I 1

where the error bars are one-standard-deviation
s tatis tical errors. Taking into account possible
systematic errors together with the uncertainties
in the temperature measurement, we believe that
more realistic values with errors are

0.2

O.OOOI O.OOI

(T —T)/T

O.OI O. I

p= 0. 29+0. 01, TN= 23. 553+0. 01 K,

D= 1.47+0. 02 .
(4)

The value of T'& is well within the limits established

FIG. 3. Best fit of the reduced subiattice magnetization
to the power law M~/MO=D(1 —T/T~) with a=1.469, T&
=-23. 553'K, P=0. 286. Points below 21.5 K deviate from
the straight line, reflecting a breakdown of the power-law
behavior,
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by Fox, Guttman, and Gaunt for the simple-cubic
S = 1 Ising model. They find the values D = 1.43,
P= 0. 313, again similar to our results for FeClz,
albeit outside of the error limits. The consequent
order-parameter curve is similar to that shown for
the bcc S= 2 Ising model although it lies slightly
below the exhibited curve, thus enhancing the dis-
agreement at intermediate temperatures. Never-
theless, the agreement in the critical region is suf-
ficiently satisfactory that one would hope that tri-
critical-point series-expansion calculations for
these models might be directly applicable to FeCl~.
This represents an important simplification since
the corresponding calculations for the true FeCl2
structure and Hamiltonian would be extremely dif-

ficultt.

In Fig. 4, the neutron-diffraction data of Nor-
vell and Als-Nielsen on the order-disorder tran-
sition in P brass (CuZn) at 736 'K are also dis-
played. The temperature variations of the normal-
ized order parameters in FeCla and P brass are
indistinguishable not only in the critical region but
in fact at all temperatures. This is a remarkable
result especially when one considers the extreme
difference in the nature of the two systems; this
universality is, of course, the essence of critical
phenomena. It should be noted, however, that
Chipman and Walker' using x-ray techniques have
obtained results for brass which differ signifi-
cantly from both the neutron results and the Ising
theory. We cannot resolve this discrepancy here.

Finally, it should be emphasized that the critical
behavior in FeCl~ is clearly three dimensional in

spite of the fact that the in-plane coupling is 20
times larger than the interplanar interaction. The
three dimensionality of the critical behavior is even
more clearly manifested in the wave-vector-depen-
dent susceptibility which we discuss in Sec. V.

V. WAVE-VECTOR-DEPENDENT SUSCEPTIBILITY T & T

For a system of localized spins, with an inter-
action Hamiltonian of uniaxial symmetry, the neu-
tron-scattering cross section in the quasielectric
approximation is given by'

d„(Q)=A(k, k') „' ~ ~ (l —Q'. ) X"(@),
(5)

where A(k, k') is a constant and y'"(Q) is the wave-
vector-dependent susceptibility. In the molecular-
field model, for

the wave-vector-dependent susceptibility is given
simply by

C/T,
(T-T )/T I.J"( )-J "(&)VJ"( )

'

(6)
where J' (Q)= g; e'u' J' (r) and 7 is a reciprocal-
lattice vector. With IJ"I & I

J""I, IJ' I, only It"(T)
diverges at T,.

For J„(r)= 6J, —6 J", , where J& and J& are the
nearest-neighbor-intraplanar and interplanar ZZ
exchange constants, respectively, it can be shown
easily that

y"(Q, s 0, 0) =A/(/c, s+ Q, +)

and
I I I

y "(0,0, Q,+) = A '/(/c, *+ Q,*),
where

A'= —r' (J~/J~') (6a/c) A

(6)

CL'
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~ Fe Cl
&

———bcc s= 1/2

ising Model
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T/T,

I

II—
I

I

1.0

FIG. 4. Normalized order parameter vs reduced
temperature in FeC12, in P brass (Ref. 13) and in the bcc
8= 2 Ising model.

z, e/v, * = (c/6a)(- ', J,'/J, )" . — (10)

ln FeC12, Bc = 5. 6l A, a= 3. 58 A, and J',/Jq= —0. 05;
therefore v, */z, *= 0. 44.

Thus, within the context of molecular-field theory,
the critical scattering along both the a* and c*
axes should have the form of simple Lorentzians
with the full width at half-maximum (FWHM) of the
former approximately one-half of that of the latter.
Furthermore, only the Ising component, y"(r),
should be divergent at T„.

It is interesting to note that the interplanar cou-
pling is much more important for y(Q) than for
k~,„(Q), the spin-wave energy. This is due to the
fact that J& enters the former as (-J(/Jq) =0. 2,
whereas it enters the latter as (J,'/J&) =,0. 002.
Thus the susceptibility is predicted to be fully
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sity which increases drastically near T„and a
width which concomitantly approaches that of the
instrumental resolution.

Additional scans at T = 23.80 'K are shown in Fig.
6. From the figure it may be seen that the critical
scattering observed around (1, 0, 1) arises almost
entirely from y since the corresponding scan at
(0, 0, 9), which measures y', is both flat and rather
weak. We note also that the width of the Q, ~ scan
is indeed somewhat larger than that of the corre-
sponding Q,* scan as anticipated from molecular-
field theory, although any explicit numerical com-
parison of &,+ and &,* must await a proper decon-
volution of data taken with a more perfect crystal.
II (Q), thus, is fully three dimensional; this is to
be contrasted with the critical scattering observed
in the planar antiferromagnet K~NiF4. ' In that
compound y "(Q) is independent of Q, ~ so that the
scattering has the form of a ~idge; no such effect
is observed here.

In summary, the critical scattering in FeCl& is
found to correspond closely to that expected for a
slightly aspherical three-dimensional Ising model.
Detailed measurements of the critical exponents
y, v would be of considerable interest. However,
these necessitate higher-quality single crystals than

I7 I8
I

l9

28

I

20 2I 22 Fe Cl q Cri

thecal

Scat terming, 7 = 23.80 K

FIG. 5. Typical 9-28 critical-scattering scans above
Tz at the (1, 0, 1) position. These correspond closely to
scans along the a* axis so that they measure the correla-
tions within the ferromagnetic sheets. The small shoul-
der above 2&~ =20' originates in a satellite crystal.
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three dimensional, whereas the spin waves simulate
those of a two-dimensional ferromagnet.

We have carried out a qualitative survey of

y ™(Q)above 7„. The experimental configuration
was identical to that used for the sublattice mag-
netization measurements. More detailed quantita-
tive work to determine the explicit critical ex-
ponents y, v characterizing, respectively, the
staggered susceptibility X"(r) and the correlation
length $ = tc

' was precluded by the large irregular
mosaic of our sample. Scans were carried out
mainly around the . reciprocal-lattice points (1, 0, 1)
and (0, 0, 9). At these two reciprocal-lattice points
one measures, respectively, the combinations X

+ y' and 2x, where the superscripts II, ~ denote the
components of y (Q) parallel and perpendicular to
the c axis of the crystal. Typical experimental re-
sults are shown in Figs. 5 and 6. Figure 5 shows
e-28 scans at (1, 0, 1); these correspond to scans
along the a* axis. The data are found to approxi-
mate well to simple Lorentzians with a peak inten-

I

—.20
I I

—.10

(10 f)

j

0.0 ,
a,.(A'-')

I

.10 .20

750-

500—

250—

0
0

0
oo

oo
oooo

ooo

0
o

0 0
o

0
I
I o

oo 0
0

X"+ X

0 0 0 oo o0 0

250—

I I

—.10

(0 0 9)

I

0.0
Q~(A ')

I I

.10 .20

2X

—.20

ooooooooooooo ooo o o o ooo ooo
ooo oo oo 0 0

I

—.10 00 .10
Q (A ')

.20

FIG. 6. Critical-scattering scans at 23.80' K along the a
axis at (0 0 9) and along the p* and a+ axes at (1 0 1).
The latter two scans measure the correlations between
and within the ferromagnetic sheets, respectively. Q~+
and Q, ~ are measured from the indicated reciprocal-
lattic e position.
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those presently available to us.

VI. CONCLUSIONS

As stated in the Introduction and in the previous
paper, this study was undertaken pax"tially to exam-
ine the suitability of FeC12 for tricritical-point stu-
168. The x'68ults Rx'6 extl emely encourRglng.
The sublattice magnetization is found to exhibit a
simple power-law dependence on (T„-T)/T„over
more than two decades with an exponent P= 0. 29
6 0. Ol. Existing theorlj' predicts that p should
chRnge dx'RstlcRlly neRx' the tl lcx'ltlcRl poln
probably to - 0. 15. The wave-vector-dependent
susceptibility is found to exhibit critical behavior

which is both fully three dimensional and which is
highly anisotropic. An Is ing-model description,
therefore, should be appropriate around the phase
transition. We hope that this work will serve to
stimulate theoretical work in the phase-transition
px'opex'ties of Ising antlferromagnets ln a fleM.
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