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Measurements have been made of the temperature derivative of the optical birefringence
d(An)/dT of (magnetic) MnF, and the isostructural (nonmagnetic) MgF, and ZnF,. We show that
the lattice contribution to d(An)/dT is not proportional to the anisotropy in the thermal expansion
as had been previously conjectured. Instead, using a suitably weighted Debye plus Einstein phonon
densities of states, a very good fit of the measured d (An)/dT to harmonic excitations of the lattice
can be made for MgF, and ZnF, from 5< T <300 K. For T << ®p, d(An)/dT scales with ®p as
does the lattice specific heat C;. By using this scaling property, the small lattice conbribution to
d(An)/dT MnF, may be deduced. The remaining, much larger, magnetic contribution can then be
compared with the magnetic specific heat C,, over the range 5 K<7 <100 K. The agreement
found between the two is excellent. This definitive result establishes that the proportionality be-
tween C,, and the magnetic part of d(An)/dT extends well outside the critical region.

I. INTRODUCTION

For more than a decade, optical linear magnetic
birefringence (An) has been used to study the magnetism
of insulators. Ferrimagnets were the earliest systems in-
vestigated,! but it was later shown in the pioneering work
of Jahn and Dachs®® and Borovik-Romanov et al.* that
d(An)/dT could be used to study the magnetic heat capa-
city C,, of anisotropic antiferromagnets (AF) both above
and below Ty. In the intervening years, an increasing use
has been made of the An technique in the study of pure
AF systems of different space dimensionalities,*~!! ran-
domly mixed,'? or diluted ones,'® and the effects of pres-
sure and magnetic fields®”'*!> on the properties of some
of these same systems.

There are a number of reasons as to why the An tech-
nique has been so widely applied to AF systems: (1) An
measurements of high precision are easily made, (2) the
temperature dependence of the nonmagnetic (lattice)
birefringence is much smaller, relative to the magnetic
part, when compared to what is found in conventional
specific heat measurements, and (3) a very small volume
of the crystal may be sampled by a focused laser beam in
the linear magnetic birefringence (LMB) measurement.
This latter attribute is particularly important in studies of
mixed or diluted AF systems, where a gradient of the con-
centration causes a rounding of the transition temperature,
thereby limiting the range of reduced temperature
t =(T —Ty)/Ty over which critical phenomena may be
studied.

Although the lattice contribution to the temperature
derivative of the birefringence d (An)/dT is small, it is not
negligible; that is to say, precise comparisons of the mag-
netic specific heat, as measured by conventional tech-
niques, with that deduced from birefringence measure-
ments, cannot be had without some “corrections” being
made for the nonmagnetic background. This is particu-
larly important if the comparison extends over a wide
range of temperature. Only one attempt has been made to
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understand the lattice contribution to d (An)/dT, in a sys-
tematic study of the transition-metal difluorides XF, (with
X=Mn, Fe, Co, and Zn) and MgF,. In that work,’ Jahn
established what he believed was a proportionality be-
tween the temperature dependence of the anisotropy in the
lattice expansion and the temperature derivative of the
birefringence; d(An)/dT =K|[B.(T)—B,(T)] where B,
and B, are the linear coefficients of thermal expansion in
the ¢ and a directions. We will review this in more detail
in Sec. III.

In the present work, we reexamine this problem, from
both an experimental and theoretical point of view, using
new measurements of d(An)/dT vs T in MnF,, MgF,,
and ZnF,. We first show that d(An)/dt and B.(T)
—B4(T) are not proportional to each other over a wide
range of temperatures. Instead, we find that by using a
suitably weighted Debye plus Einstein phonon density of
states, an excellent fit of the measured d(An)dT to the
harmonic excitations of the lattice can be made for MgF,
and ZnF, over the entire range of temperatures. More-
over, d(An)/dT scales as expected with ®,. With this
scaling established, the lattice contribution to d(An)/dT
in MnF, may be calculated and the remaining magnetic
part compared with C,, over the range 5<T <100 K.
The agreement found is most satisfactory.

II. EXPERIMENTAL METHOD AND RESULTS

A. Experimental method

The linear birefringence was measured using the
Sénarmont technique with a photoelastic modulator for
increased sensitivity. The optical arrangement is shown
schematically in Fig. 1. A 2-mW He-Ne laser (A=632.8
nm)- with internal polarization is used to eliminate polari-
zation fluctuations in the emitted light, which is then po-
larized at 45° relative to the sample’s optical axis, by the
first calcite crystal. The light emerges from the sample el-
liptically polarized, with one axis of the ellipse parallel to
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the initial polarization direction. A mica A/4 plate re-
tards the phase of E|| relative to E, by 90°, thereby chang-
ing the elliptically polarized to linearly polarized light.
The angle 6 through which the initial polarization has ro-
tated is equal to half of the relative phase shift ¢ occur-
ring in the sample; 6=¢/2=m Ant/A, where An is the
sample birefringence and ¢ its thickness.

The analyzing calcite polarizer measures 6 by minimiz-
ing the intensity of the light incident on the photomulti-
plier detector. It is mounted in the hub of a carefully cen-
tered 72-tooth gear. This is driven by a worm gear, cou-
pled to a stepper motor, with 48 steps per revolution,
through an additional 10:1 gear reduction. There are
34560 steps per revolution of the analyzing polarizer.
Backlash in the gears is less than one step of the stepper
motor. This yields an angular resolution of ~0.01°
which, for a typical 4-mm sample, results in a resolution
of approximately 10~® in the birefringence. The photo-
elastic modulator provides a small depth of modulation of
An =§sinwt, at ©=27X50 KHz, which permits use of
lock-in null detection. For small deviations ¥ of the
analyzing polarizer from null, the transmitted light inten-
sity

I «(8%/8)(1—sin2wt) —y8 sinwt .
The lock-in amplifer is set to detect the in-phase com-
ponent at frequency w and hence gives an output propor-
tional to y. The effects of a small variation of An across

the sampled region of the crystal being studied, of imper-
fect optical components or slight optical misalignment, or
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FIG. 1. Schematic representation of the Sénarmont compen-
sator used for measuring d(An)/dT. Lock-in detection of the
©=>50 kHz component of the photomultiplier output (PMT) al-
lows null detection. The sensitivity in An is 10~ for a typical
sample.
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of a small amount of linear dichroism in the sample, are
only to decrease the quality of the null with a resultant in-
crease in the output noise signal.

The cryostat was designed with a tail to fit in a 20-kG
electromagnet; details of the tail and sample holder are
shown in Fig. 2. The fused quartz windows on the outer
wall are mounted in a strain-free manner and produce
negligible residual birefringence. No windows are used on
either the nitrogen or sample heat shields. The sample
holder is supported by the 0.010-in.-thick stainless-steel
wall of the heat exchanger, and the heat flow from the
sample block to the liquid-helium reservoir is determined
by the pressure of the He exchange gas. To provide good
thermal contact with minimal strain, the sample was held
in place with a light coating of Apiezon-N grease and the
slight pressure of the Cu-Be spring.

A commercial carbon glass resistor was used as the pri-
mary thermometer both for its good sensitivity over the
(1.5—-300)-K temperature range and its relatively small
sensitivity to magnetic fields. Thermal cycling effects,
which occur when the carbon glass resistor is brought
back to room temperature, limit the reproducibility of a
repeated measurement at 70 K to about +30 mK; hence
for critical phenomena studies, all measurements were
made in a single run at low temperatures. Four-wire mea-
surements were made at a low frequency (17 Hz), to take
advantage of the higher sensitivity and accuracy of ac
resistance measurements, using a current ratio generator'®
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FIG. 2. Tail of the optical cryostat. Residual birefringence in
the quartz windows is negligible. The temperature could be sta-
bilized to 100 uK at 70 K.
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and lock-in null detection. Sample temperatures could be
stabilized to within 100 uK at 70 K. The absolute accura-
cy of the temperature measurement was +0.1 K at 70 K.

The MnF,, MgF,, and ZnF, crystals were grown in the
University of California (Sante Barbara) Physics Depart-
ment Materials Preparation Laboratory using a stationary
solidification = modification of the Bridgemann-
Stockbarger method. Oriented samples cut from the boule
were typically 4 mm thick. Optically flat faces were
ground, first with a 3-um, then a 1-um, and finally a 0.3-
pm alumina power placed on cloth pads on glass. A spe-
cial sample polishing holder was used so that the faces
could be kept parallel to each other to within one part in
500, as determined from the coincidence of the back re-
flection of a laser beam from the two faces.

B. Experimental results

The temperature derivative of the birefringence
d(An)/dT vs T for MgF,, ZnF, and MnF, are shown as
the solid dots in Figs. 3, 4, and 5, respectively. The
derivative was obtained by taking the difference between
successive measurements at T; and T;; and dividing by
the interval of temperature AT =T, —T;; this value of
An/AT was then plotted at the mean temperature
(T; 1 1+T;)/2. Taking small intervals of temperature
tends to increase the scatter in d(An)/dT vs T as com-
pared with what is observed directly in An vs T. For the
subsequent analysis to be given of the nonmagnetic contri-
butions to d (An)/dT, the accuracy with which d (An)/dT
vs T has been obtained is quite adequate.

The high precision of the data obtained in the present
measurements are to be compared with the earlier work of
Jahn.> For example, Jahn could detect no variation in
d(An)/dT in ZnF, below 70 K. Since the interpretation
we will give to d (An)dT vs T depends strongly upon fit-
ting a phenomenological model to both the low- and
high-T behavior of d(An)/dT, it is not surprising that a
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FIG. 3. d(An)/dT vs T for MgF,. The solid curve is a fit us-
ing a Debye-type and an Einstein-type contribution.
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FIG. 4. d(An)/dT vs T for ZnF,. The solid curve is a fit us-
ing C, and an Einstein-type contribution.

more elaborate treatment of the problem can now be given
than was possible with the earlier measurements.

III. ANALYSIS AND INTERPRETATION
OF d(An)/dT

A. Nonmagnetic MgF, and ZnF,

By definition, the optical birefringence is the anisotropy
in the index of refraction (n); for a uniaxial crystal
An=n, —n,, which means An can be positive or negative.
Although formal theories exist for obtaining expressions
for the optical dielectric constant €(w) in ionic crystals,
and hence n (n?=e), they are confined to calculations of
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FIG. 5. d(An)/dT vs T for MnF,. The solid curve is the es-
timated lattice contribution which is negative and very small
with respect to the magnetic part.
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the magnitude of n and still cruder estimates of An at
T=0 K. No attempt has been made, to our knowledge, to
obtain the temperature dependence of d(An)/dT from
first principles. Hence one must let experiment be the
guide in suggesting a phenomenological model for ex-
plaining the observed behavior of d (An)/dT vs T.

It was evident to Jahn® that the shape of his An-vs-T
curves qualitatively resembled the corresponding ones for
the lattice vibrational energy, Uy vs T. However, in the
absence of high-precision measurements of d(An)/dT at
low T, he elected to identify the variation of d(An)/dT
with lattice anharmonicity by comparing the anisotropy in
the thermal expansion B.(T)—pB,(T) with d(An)/dT at
higher temperatures. Within the accuracy of his measure-
ments, and those of B.(T)— B,(T), he showed that
d(An)

dT

/ [B.(T)—B,(T)] 1)

is approximately constant above 200—300 K for nearly all
of the transition-metal difluorides but that « varied con-
siderably both below these temperatures and from com-
pound to compound. The latter property he identified
with the differing degrees of covalency associated with the
X?**—F~ bond.

We tested the above relation, Eq. (1), by comparing
d(An)/dT vs T with accurate measurements of B,(T)
—PB,(T) for MgF,,'” in the range 0 < T <300 K. As seen

T 14
£ o
al Cp(z: 2) / 00
—_—aT ] Lo
// 0.4
//°
—~ 2F
o
= —0.2
= o Z
N S
=) (@]
d o
©
Uk
(o]
® ZnF, do.
o © MgF,
)
0 1
Q.10 Q.25
T/8,

FIG. 6. logd(An)/dT vs logT /®p for MgF, and ZnF, an.
logC, /N vs logT /®p for ZnF,.
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in Fig. 3, —d(An)/dT has a broad maximum in the
neighborhood of 150 K, whereas the anisotropy in the
thermal expansion monotonically increases with 7. Addi-
tional evidence against such a simple proportionality
comes from piezo-optic, uniaxial compression (p) experi-
ments on MnF, (Ref. 18) and MgF, (Ref. 19) at ambient
temperatures. Measurements of d(An)/dp parallel and
perpendicular to the ¢ axis have been made on both crys-
tals. Using the known elastic constants’®2?! to obtain the
anisotropy in the compressibility, one finds that the pro-
portionality ~ between  d(Ina)/dT —d(Inc)/dT  and
d(An)/dT, although comparable in magnitude to the pro-
portionality  between  d(lna)/dp —d(Inc)/dp  and
d(An)/dp, is opposite in sign. We further note that such a
treatment neglects one degree of freedom of the lattice,
namely, the u parameter which specifies the position of
the fluorine ions. Although accurate measurements of
du /dT have not been made, it has been shown that An
may vary strongly with u.?? For these several reasons
there appears to be little merit in pursuing the approach
further; i.e., correlating d(An)/dT directly with lattice
anharmonicity.

Instead, we note that the low-temperature behavior of
d(An)/dT vs T for both MgF, and ZnF, closely follows a
(T/®p)* law, as does the lattice specific heat Cy, in the
region T <<®p, the Debye temperature, as is shown in
Fig. 6. This suggests that one might try to relate the vari-
ation of An with T to the lattice vibrational energy U with
T; this is to say, we associate the changes in An with T
directly with the harmonic excitations of the lattice.

As the simplest possible model, we approximate the
specific heat C; and d (An)/dT by a combination of a De-
bye and Einstein functions but we allow the factors
weighting the contributions of the two functions to
d(An)/dT to be different from those which are the
prescribed weighting in the case of C;. This may be
viewed as allowing for a different amplitude (and possible
sign) for the optical-phonon contribution, to d (An)/dT as
compared with that produced by excitation of the acoustic
phonons. As is clearly apparent from Fig. 7, the phonon
dispersion curves for these materials are extremely com-
plex. This approach is admittedly simplistic insofar as it
assumes the contributions to d{(An)/dT of all acoustic
phonons may be represented by a single effective acoustic
mode, and likewise in regards to all optical phonons. It
follows then that

and
—d(A
~d—T”—)=AD(xD)+BE(zE) . (3)

The Debye and Einstein functions are defined by

X
Dixp)=3x5" [ x%e*/(e*—1Vdx @
and
E(zg)=[exp(zg)—1]"%2}expzg , (5)

respectively, with xp =0, /T and z; =@y /T. A fit of
the measured C;, vs T for MgF, has given ®, =318 K
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FIG. 7. Acoustical and optical phonon dispersion (@ vs k) in

MnF,; the solid lines are calculated using a simple shell model

(Ref. 31). The dispersion for MgF, is qualitatively similar (Ref.

32).

(Ref. 17) and ®; =553 K.2 Using these values for
and @g, the fit of d (An)/dT vs T to Eq. (3) shown in Fig.
3 yields values of 4 =9.2X10~7 and B =4.0X 10~7; the
units of 4 and B are K™!.

If the same procedure is repeated for ZnF,, a good fit is
obtained for 4 =8.4X10~7 and B =5.6X 107, using the
values @, =250 K and @ =456 K previously obtained
from x-ray studies.?* However, a much better fit may be
made using the measured C;, since the latter is not that
well represented by the Debye approximation at the tem-
peratures of interest here. To accomplish this we used the
empirical relation

—dAn) _ ., CL o,
T =A N +B'E(z)

and obtained the fit shown in Fig. 4 with the values
A'=8.4%10"7 and B’'=11.2Xx10"". Since C/Nk
~D(xp)+2E(zg), it follows that 4 =4’ and B =24’
+B’. The point to be made here is that the strict propor-
tionality between d(An)/dT and C; at low T transcends
the questionable validity of the Debye approximation to
Cp in this temperature region.

Although results have been obtained on only two non-
magnetic XF, compounds with the rutile structure, the
fact that the amplitude of d (An)/dT scales with T /@, at
low T, as demonstrated in Fig. 6, suggests a procedure for
estimating the lattice (background) contribution to
d(An)/dT in the isomorphic antiferromagnet MnF,.
First, assuming that the low-7T nonmagnetic contribution
scales as T /@®p, we take the measured C; /Nk for ZnF,,
rescaled for the small difference in ®, [®,=236 K for
MnF, (Ref. 24)], and the value 4’'=8.4Xx 107, to con-
struct the low-temperature lattice contribution to
d(An)/dT using Eq. (6). To fit the Einstein-type contri-
bution, with @z=413 K (Ref. 24), we have measured
d(An)/dT in MnF, for T up to 550 K (~8.3Ty), at

—_
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which point the magnetic part [d (An)/dT],, is negligible.
A fit to the high-T data, shown in Fig. 8, yields the value
B’'=—-5.4X10"". Figure 5 shows the constructed lattice
contribution [d (An)/dT]; below 100 K.

The first point to be noted is that the relative nonmag-
netic contribution to the measured d (An)/dT is extremely
small below 200 K, and any moderately accurate pro-
cedure used to correct for it would certainly make possible
a rather precise determination of [d (An)/dT],,. Second-
ly, the ratio [d (An)/dT], /[d (An)/dT],, is much smaller
than the corresponding ratio C; /C,, of lattice to magnet-
ic contributions to the total specific heat; thus we expect
the separation of lattice and magnetic contributions can be
made more accurately for d(An)/dT than for the mea-
sured specific heat. However, if we assume C,, can be ac-
curately separated from C;, as was done by Boo and
Stout,” then we are in a position to test whether the mag-
netic part of the birefringence [d(An)/dT],,, is propor-
tional to C,,, i.e.,

d(An)

C, -
K Tar

Nk (7)

If the proportionality in Eq. (7) holds, K may be deter-
mined without regard to the measurements of C,. Since
the total magnetic entropy S,, =Nk In(2S +1), it follows
from Eq. (7) that, with S = %,

= _1d(An)

n6=K [ “dTT 7 (8)
With the entropy to be gained above 550 K being less than
1073 of the total, as estimated from high-temperature ex-
pansions,® it is accurate to replace the upper limit by
T=550 K in Eq. (8); then numerically integrating the data
shown in Figs. 5 and 8 we obtain K =5.68%x10~* K. If
the nonmagnetic part had not been subtracted before in-
tegrating over this temperature range, the calculated K
would have been only 6% smaller. We therefore believe
the procedure used to determine K must be accurate to
about 1%.

We may now directly test Eq. (7) by taking the ratio of
Cp, as determined from C,, to C, =NkK[d(An)/dT],,
and plotting it versus 7. This is shown in Fig. 9 for the
range 10 < T <100 K. Remarkable agreement is found in
that the ratio is scattered within +5% of unity, which is
within the error for the determination of C,, directly from
C, in this temperature range; the corresponding uncertain-
ties in [d(An)/dT],, are considerably less. The agree-
ment confirms that the correction of d(An)/dT for the
nonmagnetic lattice contribution and the normalization of
[d(An)/dT],, to the magnetic entropy are most adequate.

A completely independent test of Eq. (7) and determina-
tion of K may be had from a study of the critical behavior
of C, and An in region very close to Ty. It is well
known?’ that, for small values of |z | = |(T —Ty)/Ty|,
C, may be fit to the expression

G (A4/a)|t| " *+B+E 9
Nk a)|t| ~®*+B+Et

for t>0 and with amplitude 4’ for t<0. The B +Et
terms are an adequate representation of the slowly vary-
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FIG. 8. d(An)/dT vs T for MnF, at high temperatures. The
solid curve is an estimate of the lattice contribution.

ing, nonsingular magnetic and large nonmagnetic lattice
contributions. Likewise, the birefringence results may be
expressed as

iﬁiz(l/a) |t|~*+B+Et (10)

for t>0 and with amplitude 4’ for t<0. The B+ Et
terms are an adequate representation of the slowly varying
nonsingular magnetic and small nonmagnetic lattice con-
tributions. Note that the B +Et terms in Eq. (9) are not
related to the B +Et terms in Eq. (10) by the same factor
K that we postulate for the ratios 4 /A and A'/A', a point
to which we will return.

In the analysis of the birefringence data it is more con-
venient to use the results for An vs T directly and hence
the temperature integral of Eq. (10) was first obtained.
Since our main purpose is to compare 4 and 4, we have
fixed the parameters a=0.11 (Ref. 28) and
A/A'=A/4A'=053 (Ref. 5) to their known three-
dimensional Ising values. The values obtained for the am-
plitudes and ‘“background” constants from the separate
fits of the C; and An are collected in Table I. The pro-
portionality constant K=4 /A (5.51+0.03)x107* K
differs by 3% from the value K =5.68x 10* K obtained
independently from the entropy normalization considera-
tions. The errors quoted for the critical parameters are
standard errors obtained from the nonlinear least-
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FIG. 9. Ratio of C,, determined solely from Arn data to C,,
determined from C, data for 5< T < 100 K for MnF,.

squares-fitting routine. They reflect neither the systemat-
ic errors in the measurements nor deviations of the data
from pure Ising behavior. MnF, exhibits pronounced
Ising-to-Heisenberg crossover effects within the critical re-
gion. Even for |t | <<1072, for which the crossover ef-
fects are less important, larger systematic errors are evi-
dent for MnF, than for the more Ising-like isomorphic an-
tiferromagnet FeF,.°> Hence, we consider the value of K
determined from the critical behavior to agree quite well,
within experimental uncertainty, with the value of K de-
rived from the entropy arguments presented earlier.

With the gratifying agreement in the value of the pro-
portionality constant K obtained from the two indepen-
dent methods, we should also expect consistency between
the values of B and E and those of B and E. The non-
singular magnetic contributions to these terms are simply
related by K. The lattice contributions are not related, but
they have been determined for C; and Boo and Stout?’
and for d(An)/dT using Eq. (6), as previously described.
In Table II are shown the values of B, E, B, and E ob-
tained from the critical region fits of the data. Also
shown are the calculated lattice contributions for each pa-
rameter and the magnetic contributions which are simply
obtained by subtraction. While the magnetic parts of B
and B agree quite well, those of E and E differ somewhat.
However, for the small range of reduced temperature
(107*< | £ | <5X107?) used in the fitting, we do expect
the terms Et and Et to be most susceptible to systematic
errors, and deviations from the true value of the order of
two standard deviations are not serious. We have, then,
complete consistency in the determination of the magnetic
and nonmagnetic parts of C and d (An)/dT in the critical

TABLE I. Parameters obtained from fits of the An and C, data to Egs. (10) and (9), respectively, for

reduced temperatures 10~*< | ¢ | <5X 1073,

CP
Nk An
Ty 67.270+0.002 Ty 67.360+0.001
a 0.11° a 0.11#
A/A’ 0.532 A/4’ 0.53¢
A’ 0.245+0.001 A (K™Y (4.45+0.01)x 10~
B 1.83+0.01 B K™Y —(1.1340.01)x 103
E 5.26+0.51 E K™Y —(4.22+1.94)%x 10~°

?Fixed to d=3 Ising values.
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TABLE II. Magnetic and nonmagnetic contributions to the nonsingular terms of Egs. (9) and (10).

Normalized magnetic

Total Nonmagnetic Magnetic K=5.51x10* K
B 1.83+0.01 2.43+0.12° —0.60+0.13 —0.60+0:13
B —(1.131£0.01)X10-%/K  —0.06Xx10"%/K  —(1.07£0.01)x10~%/K —0.59+0.01
E 5.26+0.51 3.57+0.36° 1.7+0.9 1.7+£0.9
E —(42241.94)x1075/K —0.008X1075/K —(4.1+£1.9)x107%/K —2.3+1.1

2Assuming an accuracy of 5% and 10% in the determination of the non-magnetic parts of B and E,

respectively.

region and over the large temperature range 5<7 <100
K.

IV. SUMMARY AND DISCUSSION

Two mechanisms have been identified”* as contribut-
ing to the magnetic part of d (An)/dT, exchange striction
and excited-state exchange interaction (Cotton-Mouton ef-
fect). The latter is closely related to two-magnon inelastic
Raman scattering. In either case, for crystals of symme-
try lower than cubic, it can be shown that?

d(An)m -3s E __@ an

t>J

Since the magnetic specific heat C,, can be expressed as

Cn=31a3 j";(“s?,.-s,-)a : (12)
a ij
i>j
it follows that d (An)/dT will be proportional to C,, only
if either of the two conditions hold:

(i) each J, is proportional to the corresponding g, in
exactly the same way as every other—a rather unlikely
event unless, of course, only one J,, and g, are of any im-
portance, or

(i) all of the spin-spin correlations (S;-S;), have the
same temperature dependence.

If all of the J, are short ranged (as, for example, is the
case of MnF,), then close to the phase transition, where
the correlation length becomes larger than the range of
any exchange interaction, the second condition above will

be obtained. Hence for |t | <<1, the critical behavior of
[d(An)/dT],, and C,, should be proportional to each oth-
er and the correct critical exponents and amplitude ratios
should be obtained from birefringence measurements.
Indeed this has been shown to be the case for MnF, and
FeF,.> From the analysis given above it is clear that the
proportionality extends well outside the critical region for
MnF,, from which we must conclude that condition (i) is
satisfied as well. This implies the dominance of the next-
near-neighbor exchange interaction in this particular case.

In conclusion, we have demonstrated that for MnF, the
small lattice contribution [d (An)/dT]; can be adequately
estimated and subtracted from d(An)/dT, leaving only
the magnetic part [d (An)/dT],,. We have shown that the
proportionality between C,, and [d(An)/dT],, is not lim-
ited to the critical region but is valid over the entire tem-
perature range 5<7 <100 K, with the proportionality
constant independently obtained from total entropy con-
siderations. This demonstration gives credence to the use
of d(An)/dT vs T data not only for obtaining the asymp-
totic behavior of C,, in the critical region but also for ex-
amining magnetic crossover behavior as |t | increases.
Such an analysxs of the MnF, and FeF, data has been per-
formed.’
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