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Heat-capacity measurements on very small single crystals of manganese dibromide tetra-
hydrate have been made using the ac or oscillating-temperature method. These measure-
ments show rounding in a temperature range of about 1 mK at the Néel temperature (2.12 K).
We believe this rounding is due to chemical impurities. Outside this region the data may be
fitted by a power-law singularity, within the experimental error, with 0.08=<qa <0.23,
—0.10=0'=0.03, and 2.1195 =Ty, =2.1203 K. The errors in o, a’, and Ty were obtained
from a x? test for 90% probability that the true values lie within these limits. Comparison
is made to the heat-capacity measurements by Dixon and Rives on MnCl,*2H,0, which is near-
ly isostructural to MnBr,"4H,0. The heat capacity in the critical region of partially deuterated
crystals with 1% deuterium was measured to obtain the effect of this impurity on the rounding.
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No significant effect was observed.

1. INTRODUCTION

It is well known that the heat-capacity singularity
at a second-order phase transition is not a simple
step discontinuity as predicted by the mean-field
theories.! Instead, the heat-capacity anomalies of
the liquid-gas critical point and the order-disorder
transition of B-brass? seem to fit phenomenological
power-law singularities of the form

C=(A/a)[|e|™®-1]+B for T>T,
=(A"/a")[ || -1]+B" for T<T,, 1)
where
€=(T - Tc)/Tc (2)

is the reduced temperature (T, is the transition
temperature), A, B, A’, and B’ are constants; and
« and o' are constants which are called the critical
exponents. Theoretical calculations on various
forms of the Ising and Heisenberg models also
show heat-capacity singularities of the above
form.® Heat-capacity measurements on magnetic
systems,! however, seldom show this ideal power-
law divergence. Rather, most heat-capacity data
can be fitted to a power-law divergence only for
some range of |cl. For large |e!(>1071-107%),
we expect that magnetic systems are not in the
critical region, and hence their heat capacity
would not be expected to follow a power-law singu-
larity.* However, for small |e | (107%-10", de-
pending on the system) deviations from a power-
law singularity are presently not well understood.
This deviation is usually called rounding since it
takes the form of rounding the singularity.

We have studied the antiferromagnetic transi-
tion in MnBr, - 4H,0, which has a Néel tempera-
ture of 2. 12 K. This transition temperature is
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very convenient because of its easy access by
pumping on liquid He*. Also, in this temperature
range the lattice and background heat capacities
are small and can be considered to be included in
the constants B and B’ when the heat-capacity data
are fitted to Eq. (1). Our measurements can be
compared to the heat-capacity measurements of
Dixon and Rives on MnCl;- 4H,0, which is believed
to have the same magnetic structure as
MnBr,-4H,0.° Also, comparison can be made to
the thermal -expansion data of Philip ef al8 on both
MnBr; - 4H,0 and MnCl;*4H;0. Unfortunately,
MnBr, - 4H;0 has a very complex magnetic struc-
ture, so that comparisons to theoretical calcula-
tions are difficult to make.

Since our heat-capacity data on small crystals
show the same rounding as observed in large crys-
tals, we tried to introduce impurities into the sys-
tem to induce more rounding. This was done by
growing partially deuterated crystals with 1-mole%
heavy water. No additional rounding was observed.

II. PREVIOUS WORK

The antiferromagnetic transtions in
MnBr,-4H,0 and MnCl;* 4H;0, hereafter referred
to as the bromide and chloride, respectively, were
first discovered by Henry.” Because the bromide
and chloride are believed to be nearly isostruc-
tural® (monoclinic with space group P2,/n), the
more extensive studies of the chloride are used
to infer various properties of the bromide. Using
a unit cell with space group P2,/a, Spence and
Na.gara.jzu.n9 reported the magnetic space group
P2,/a’ for the chloride, which corresponds to
parallel spins lying in planes perpendicular to the
b axis.

Gijsman et al.'® found both materials to have
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easy.axes of magnetization along the ¢ axis. Be-
cause the free state of Mn** has S=0 and the re-
ported g value for the chloride is 2.011,% we ex-
pect that the anisotropic exchange interaction is
negligible.! Since the g value is isotropic to with-
in 2%, ¥ we expect that the contribution from the
crystalline field to the anisotropy energy is small.
Thus the magnetic dipole interaction can add sig-
nificantly to the anisotropy energy. Evidence of
spin flopping in magnetization measurements has
been observed for the chloride, but not for the
bromide.'** However, antiferromagnetic-reso-
nance measurements’® and optical-absorption mea-
surements showed evidence of spin flopping in
the bromide. Using the results of Bolger®® for the
critical magnetic field to estimate the anisotropy
energy and mean-field theory to estimate the
superexchange energy, we find that the anisotropy
energy for the bromide is about 30% of the super-
exchange energy.’

Heat-capacity measurements on the bromide
near its Néel temperature have been made by Kap-
adnis and Hartmans,'® Schelleng and Friedberg, '’
and Miedema et al.’® None of these measurements
has sufficient temperature resolution to fit the data
to a power-law singularity. For the chloride,
however, high-resolution heat-capacity measure-
ments have been made by Dixon and Rives.®

Thermal-expansion measurements have been
made by Philip et al.® on both the bromide and
chloride near their transition temperatures.

From recent work® on the relationship between
the thermal-expansion coefficients and the spe-
cific heat, we expect that the critical exponents
for a power-law fit to the volume-thermal-ex-
pansion coefficient will be the same as those for
the specific heat.?® Dixon and Rives'® compared
their heat-capacity measurements on the chloride
to the thermal-expansion data of Philip et al. and
found that within experimental error they have the
same temperature dependence in the critical re-
gion. :

II. EXPERIMENTAL METHOD

A. Sample Preparation

Crystals for this experiment were grown from
a saturated solution of MnBr;- 4H,0 obtained from
Alfa Inorganic Inc., Beverly, Mass. After several
recrystallizations, crystals of dimension roughly
1 mm on a side were grown for these measure~
ments. In addition, crystals of 1 mole% deuterated
MnBr,-4H,0 were grown from a saturated solution
obtained by dehydrating MnBr,- 4H,0 in a vacuum
and dissolving the anhydrous MnBr, in a mixture
of 1-mole% heavy water and 90-mole% natural
water.

An emission spectrographic analysis showed the
following impurity concentrations in ppm by

weight: Mg, 300; Al, 80; Ca, 80:Si, 80; Cu,60;
Fe, 40; Ni, 40; and Cr, 30. No other elements
were detected. This corresponds to approximately
0. 007 impurity atoms for every manganese ion.
Hence the typical interimpurity distance along any
line in the crystal is 140 spin spacings.

B. Oscillating-Temperature Technique

The method used for these heat-capacity mea-
surements is the ac or oscillating-temperature
technique first used at low temperatures by Sul-
livan and Seidel.? In this method the sample is
weakly connected to a heat sink through a thermal
link of conductance K. A sinusoidal heat input of
frequency w is supplied to the sample. By solving
the energy-conservation equation of the sample for
the amplitude of its temperature oscillations, we
find that this amplitude is inversely proportional
to the heat capacity C of the sample, if w is chosen
such that w > K/C. Thus the relative heat capacity
can be obtained as a function of temperature by
measuring the amplitude of the temperature oscil-
lations.

We have chosen this method rather than the
adiabatic method for several reasons. The oscil-
lating-temperature technique enables us to mea-
sure the heat capacity of a small single crystal,
whereas the adiabatic technique requires a sample
with a large heat capacity. Earlier measure-
ments using the adiabatic technique have used poly-
crystalline samples® or large single crystals. #
Polycrystalline samples are expected to have even
more rounding than a single crystal. Further-
more, a large single crystal is more likely to
have strains and other crystalline imperfections
than a small single crystal. Thus we expect to
have the least rounding in a small single crystal.

Because the uncertainties in the fitting param-
eters of the power-law singularity depend upon the
precision of the heat-capacity measurements, and
because of rounding, we have tried to maximize
the precision of our heat-capacity data rather than
maximize the temperature resolution. Since the
crystals measured showed rounding over the tem-
perature range of about 1 mK, we have used a
resolution of about 100 yK near the Néel tempera-
ture. This permits us to obtain measurements
with errors less than 1% over the temperature
range 10*<| €1 210", Furthermore, the data
can be taken point by point so that the data points
can be chosen to have the temperature distribution
required by the fitting procedure.

C. Experimental Apparatus

Two slightly different designs were used for
heating and measuring the temperature of the crys-
tal. The first, shown in Fig. 1, was used for
measurements on the nondeuterated crystals. It
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consists of a thermometer and heater on opposite
side of a crystal. Thermal contact between the
heater and crystal and between the thermometer
and crystal was made through Cry-Con grease.
Because of the pastelike consistency of Cry-Con
grease and in order to maximize the contact sur-
face area, we enclosed this heater-grease-crys-
tal-grease-thermometer assembly in a cylinder
made from 0. 0005-in. Kapton film wrapped around
itself several times. The thermometer consisted
of a piece of antimony -doped germanium with di-
mensions 3 in. square by 0.010 in. thick. Con-
tacts to the germanium were made with 0. 0025-in.-
diameter Advance wire soldered with Cerroseal
using Divco No. 335 flux. The heater was made
from a 600-Q length (about 18 in.) of very-high-
resistance wire taken from a wire-wound resis-
tor.?® The crystal had typical dimensions of 1 mm
on a side. An adjustable thermal link to the heat
sink was provided by a piece of No. 46 copper wire
approximately 1 in. long in series with a piece of
0. 005-in. -diameter Advance wire about % in. long.
This thermal link was varied by changing the
length of the Advance part of the wire. Typically,
the relaxation time of the crystal temperature to
the heat-sink temperature was 300 sec at the
transition temperature and 30 sec at €=+107".

The sample assembly, shown in Fig. 2, used for
measurements on the partially deuterated crystals
was slightly different from that described above. Be-
cause of excessive noise in the germanium thermom-
eter,?® 2 330-9 Allen Bradley hot-molded carbon re-
sistor was used for the thermometer., The ceramic
coating onthe resistor was sanded off on three sides.
A piece of 0.0001-in. Mylar film with a 1000-A
copper film evaporated onto it was coated with
Apiezon N grease and wrapped around the resistor
to provide a thermally conducting jacket. The
Kapton-film cylinder was shortened so that it cov-
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FIG. 1. Sample assembly used for heat-capacity
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ered only the heater and the top half of the crys-
tal. Apiezon N grease was used for thermal con-
tact rather than Cry-Con. Although N grease has
lower thermal conductivity than Cry-Con grease,
it was found that N grease provided better thermal
contact since it could be more easily handled,
making possible thinner layers of grease between
the heater and crystal and between the crystal and
thermometer.?

Our greatest difficulty was in obtaining suffi-
ciently good thermal contact between the heater
and crystal and between the crystal and thermom- '
eter.

Two sample assemblies of the type discussed
above are held between two pieces of 0. 0001-in.
Mylar film, which is in turn supported by nylon
frames and nylon rods mounted on a copper-en-
cased bismuth heat sink. This supporting struc-
ture plus the heater and thermometer leads gives
about 10% of the total thermal link between the
sample assembly and the heat sink. The heat sink
is thermally linked to a liquid He* bath by a piece
of stainless-steel tubing, causing the heat sink to
have a thermal relaxation time of about 40 sec at
2 K. A Texas Instruments Type-106 germanium
thermometer is mounted on the heat sink and a
heater made from 0. 002-in. manganin wire, with
a total resistance of 600 2, is wrapped around the
bottom of the heat sink. N grease is used on both
for good thermal contact. This thermometer and
heater are used in a feedback-control loop, shown
in Fig. 3, which is capable of maintaining the heat-
sink temperature to within 10 uK of the desired
value. The region surrounding the heat sink is
evacuated.
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In Fig. 4 is shown the circuitry used to provide
the sinusoidal heat input to the crystal (typically
at 0.05 Hz), to measure the crystal’s mean tem-
perature, and to measure the amplitude of the tem-
perature oscillations. The ac-bridge network for
the thermometer on the crystal is the same as that
shown in Fig. 3. Because of the temperature oscil-
lations of the crystals, the output of the lock-in
amplifier is oscillating. By setting the decade re-
sistance box to yield symmetric oscillations about
zero in the lock-in output, i. e., so that the time-
averaged bridge output is zero, we can determine
the mean resistance of the thermometer and hence
the crystal’s mean temperature. The amplitude of
these temperature oscillations is measured usinga
Fabri-Tek Model-1072 signal analyzer as a very-

low-frequency lock-in detector. Feeding the output
of the lock-in amplifier into the signal analyzer, we
trigger the sweepat the startof every other cycle of
the temperature oscillation using a trigger signal
from the variable-phase output of the Hewlett-
Packard Model-203A function generator. The
sweep speed of the signal analyzer is set so that
two periods of the temperature oscillations cor-
respond to the total sweep time of the signal ana-
lyzer. We set the phase of the trigger signal so
that the signal analyzer starts its sweep when the
temperature is at its mean point. When the aver-
aging is finished (usually after two or four

sweeps), we can eliminate any dc background
(caused by inexact setting of the decade resis-
tance box to the mean resistance value of the ther-
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Nt INPUT INPUT FIG. 4. Block diagram
PRIMARY for the circuit used to mea-
sure the mean temperature
of the crystal and the size
of the temperature oscilla-
VARIABLE- tions.
PHASE
OUTPUT
VARIABLE-
ALT::VNUAT-[(-)R PHASE
HEATER EWLETT- rererence] FUNCTION
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mometer). This is done by subtracting the con-
tents of the second quarter of the memory from the
the first, adding the third, and subtracting the
fourth. The half-cycle in the first quarter is then
integrated to give a number proportional to the
amplitude of the temperature oscillations.

D. Lumped-Parameter Model for the Sample Assembly

We stated above that we required o> C/K; how-
ever, there is also an upper frequency limit due
to the requirement that the sample assembly be in
thermal equilibrium on the time scale of the tem-
perature oscillations. To determine the limiting
behavior in this high-frequency limit, we set up a
lumped-parameter model. The limiting factors
are the thermal contacts between the heater and
crystal and between the crystal and thermometer.
Also, the parallel thermal path from the heater
directly to the thermometer by passing the crystal
must be considered, even though it is much weaker
than the thermal path through the crystal. We pro-
pose, therefore, the model shown in Fig. 5.

In order to obtain the temperature variations as
a function of the heat capacities and thermal con-
ductances defined in Fig. 5, we can solve the set
of energy-conservation equations for the heater,
crystal, and thermometer using the sinusoidal in-
put voltage V(¢)= V,sin(wt/2) to the heater with
resistance R. In the limiting condition w7 = wC/K
>1; wTr=wCr/Kr<1; 0Ty=wCy/Ky<1; Ky_r
<Ky,Kr; and C>»> Cy, Cp; the temperature varia-
tions as measured by the thermometer are given
by

2

AT(E) = %0— <i + 1

1
2 K w(C+Cp+Cy)

% sin(wt+6) >
{1 + [w'TH +WTp — (KH_T(,,.)C/KTK”) - (l/wT)]z}In_ ’
(3)

where 6 is given by

KygpwC 1 )

6=m-tan™ <w7 FWTp —
H T KTKH wT

)
Thus our lumped-parameter model predicts that
we can measure the total heat capacity to a 1% ac-
curacy if we satisfy the condition

KyqwC 1

WTy+WTyp — -
HTETT Kr Ky T

<7 (5)

In order to find the proper operating frequency
and to show that the above condition is satisfied,
we measure the transient response of the system
to a voltage pulse. Solving the energy-conserva-
tion equations in the same limit for a voltage pulse
of height V; and width Af{, we obtain

1 [/2 K
= — 20 _“*H-T 2
AT(t)—z R C.C t for 0<t<At, (6)

Kh-1
HEATER Ky CRYSTAL Kt THERM
Cy o Cr

K

Y
HEAT SINK

FIG. 5. Lumped-parameter model for the sample
assembly. K, Ky, Ky, and Ky_p are the thermal conduc-
tances of the thermal links shown. Cy, C, and Cp are
the heat capacities of the components shown.

2
aT(r)= 222t [ emtman

+ KH-ZCAt _ 1 e- (t-At)/TT
2C;Cr

for t>at, (7)

where we have assumed 7,274 and A¢<<7,. If

Ky +CAt/2CyCr<1, after At we have an exponential
rise of time constant 7, followed by a slower ex-
ponential decay of time constant 7. If K,_,CAt/
2CyCr>1, we have an overshoot of the tempera-
ture of the thermometer above the temperature of
the crystal during the pulse due to the bypass heat
current through K,_,. After the pulse this over-
shoot decays exponentially with time constant 7;,
followed by a slower exponential decay of time con-
stant 7. The worst case for overshoot is at the
transition temperature where the crystal’s heat
capacity is maximum. To see how this relates

to the steady-state response, we can substitute
AtSTy and w<+7, into the overshoot condition to
obtain the same condition on K_, as required by
Eq. (5).

Thus, to ensure that our heat-capacity measure-
ments were 1% accurate, we measured the tran-
sient response at the heat-capacity maximum to
make sure there was no overshoot, and we mea-
sured the transient response at the highest tem-
perature at which measurements were made (2. 31
K) to obtain 7, and the minimum value of 7(7,;,).
The operating frequency was then chosen to satisfy
the condition for 1% accuracy:

7/7‘mimi‘(“"5 %’TT' (8)
IV. DATA ANALYSIS
A. Calibration of Raw Data

The heat-sink thermometer was calibrated
against the vapor pressure of He* using a Texas
Instruments fused-quartz precision gauge to mea-
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sure the pressure. The resulting resistance-vs-
temperature data were then fitted to the functional
form?®

1/T =C_4(InR)™+ Cy + CyInR + C5(InR)? + C4(InR)? ,
(9)
where the constants C_;, C,, C;, C,, and C; were
determined by a least-squares-fitting procedure.
The errors of this fitting function from the calibra-
tion data were less than 1 mK, whereas the ac-
curacy of the calibration data was about 2 mK.
This calibration was done once and used for all
runs. We expect that absolute-temperature com-
parisons from run to run are limited to about 0.5
mK.%? The thermometer on the crystal was then
calibrated for each run against the thermometer on
the heat sink and fitted to the same functional form.
The size of the temperature oscillations can be
obtained from the size of the voltage oscillations
AV, the sensitivity of the bridge (dR/d V)'l, and
the sensitivity of thermometer (d7/dR)™:
drR dT
AT=AV v R (10)
The sensitivity of the thermometer is obtained by
differentiating the fitting function [Eq. (9)]. The
sensitivity of the bridge as a function of the ther-
mometer’s resistance R is given by

dR R R
Lt 2
av v < N ZRD> ’ (11)

where V is the amplitude of the voltage across the
output of the transformer and R, is the equivalent
input impedance of the lock-in preamplifier paral-
leled by a parasitic capacitance of the transformer.
Typically, R, was about 6 M when the bridge ex-
citation frequency was 38 Hz.

To within 1% error, the total heat capacity of
the sample assembly is proportional to the inverse
of the size of temperature oscillations. By com-
paring our results for this total heat capacity to the
data of Kapadnis and Hartmans,'® we concluded that
the background contribution of the heater, ther-
mometer, grease, Kapton film, and crystal lattice
to the total heat capacity was less than 10% of the
magnetic contribution over the temperature range
1.91<T<2.33K (Il <10™"). Since the background
heat capacity is a slowly varying function of tem-
perature, we did not subtract it out before fitting
a power-law singularity to the data. Thus this
background heat capacity appears as a contribution
to the constants B and B’ of Eq. (1).

B. Determination of Fitting Parameters

In fitting a power-law singularity [Eq. (1)] to our
data, we assume a Gaussian noise distribution with
a variance o?. Thus the most probable values of
the unknown constants Ty, @, o', A, A’, B, and

M. MOCHEL
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B’ are those which minimize the quantity®

XZ - > (Cdata - Cnt)z
data points o (Cdata)

However, we are actually interested in the range
of values of Ty, @, and a’ for which power-law
fits to the data are sufficiently good within the
limits of experimental noise. Our procedure is to
compute the minimum value of x? corresponding

to the values of A and B obtained by the standard
linear procedure® for specified sets of values of
Ty and « for the data points above Ty, and simi-
larly for A", B', Ty, and o’ for the points below
Ty. The results of these computations can be
thought of as a contour map of x% as a function of
Ty and « for the data above T, and another con-
tour map of x2 as a function of T and o' for the
data below Ty . We use the x? test® to determine
the maximum value of x? [for each set of data points
above Ty and (separately) below T,] such that any
set of parameters yielding a x* greater than this
maximum has less than a 10% probability of being
the correct parameters. The results are graphi-
cally displayed by drawing the contour for the data
above Ty (represented by plus signs) with x2 equal
to the maximum specified by the x% test. Thus the
area enclosed by the plus signs (see Fig. 6) repre-
sents the range of values for Ty and « allowed by
the x® test. Similarly for the data below T, the
area is outlined by minus signs. The range of
values for Ty, @, and o’ may be limited further
by assuming that the data above and below T must
be fitted using the same 7T'y. This range of values
is represented by the two shaded areas (see Fig. 6),
and is the range of values we conclude fits the
data.

There are three possible contributions to our
estimate of the variance ¢%. The first comes from
the accuracy of the approximations made in Sec.
111, which gives a contribution to ¢ of 10*C?,
where C is the total heat capacity. Electronic
noise consists of voltage fluctuations which are
nearly independent of C, contributing a term to ¢®
proportional to C*. Temperature fluctuations for
the heat sink yield a contribution to ¢% of
(ATdC/dT)?, where AT is the amplitude of the
temperature fluctuations. This term is negligible
except near the transition temperature where the
heat capacity is changing rapidly.

From a series of successive measurements
(usually three) at each temperature, we computed
an approximate o? for the heat-capacity measure-
ment at each temperature. These results were
then fitted to an expression of the form @,C%+ q,C*
where a, and a, are constants. We did not include
a term proportional to (dC/dT)? because an adequate
fit was possible without it. Since this did not in-
clude errors from the accuracy of the method, we

(12)

’
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FIG. 6. X*-test results for the
power-law-singularity fit to the
heat-capacity data for MnBr,*4H,0,
with 3x10™ = | €| =101,
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increased the value of a, to 10™. Except for the
region near the transition, we found ¢® was domi-
nated by the 10*C? term. This meant that all data
points were nearly evenly weighted by fractional
errors.

Because of the effects of rounding and the limited
size of the critical region, the data at small |e€!
and at large | € | should not be included in the set
of data points used in the fitting. The proper cut-
off values of | € | are not known accurately, so we
have repeated the fitting procedure using several
different ranges of e |. The minimum range in
le | of two decades was chosen because smaller
ranges made the uncertainties in the fitting param-
eters so large as to give meaningless results.

C. Results for Manganese Dibromide Tetrahydrate

The heat capacity of three crystals of
MnBr,- 4H,0 was measured over the temperature
range 1.91<7<2.31 K, which corresponds to
l € 12107, Data points were taken approximately
evenly spaced on a logyl €| temperature scale with
about 20 points per decade in | €} except near the
transition temperature, where the data points were
approximately evenly spaced on a linear tempera-
ture scale with a spacing of about 250 pK.  Within
experimental error, all three crystals showed the
same rounding, which can be seen for one crystal
in Fig. 10.

Analyzing the set of data with the least noise, we
found that no set of values of Ty, «, and o' fit the
data over the entire range in | € | for which mea-
surements were made within the limits of the xa
test. This is a consequence of the rounding at
small |e|. By eliminating a half-decade of data
near Ty, we were able to fit the remaining data
with the results shown in Fig. 6, with the range of
values 0.08<®<0.23; -0.105®<0.03; 2.1195= T

2202 2204 2.1206

<2.1203 K. Eliminating another half-decade of
data near Ty gave us the results shown in Fig. 7.
Because a smaller range in le¢ | was used, there
was a larger uncertainty in all three parameters:
0.05<a<0.26; —-0.18<a’<0.06; 2.1188<7T,
<2.1207 K. For both the above fits we have as-
sumed that the system has critical singular be-
havior for | €| as large as 107!, It is possible that
this is too large a value for le |. Thus we elimi-
nated a half-decade of data for large |¢ | and a half-
decade of data at small | €| and obtained the re-
sults shown in Fig. 8. Again, the uncertainty in
the parameters was larger than our first fit; how-
ever, it is not possible to tell how much of this ad-
ditional range in values for Ty, o, and o is caused
by the smaller range in | € | used in the fit and how
much results from the possible deviations from
critical behavior for |e | >3x 1072, The large os-
cillations in the upper boundary for o’ as a func-
tion of T, would seem to indicate that the extension
of this upper bound to larger positive values in an
artifact of the smaller range in | ¢ |, rather than
an indication that critical behavior does not extend
to e |=10"'. The range of values fitting these
data is 0.04 =@ =0.33; -0.11=0'=0.21; 2.1195
=Ty =2.1203 K.

The expression for the standard deviation squared
used in these fits is

o?=10"*Cc%+7x10°8Ct. (13)

D. Analysis of Dixon-Rives Data for Manganese
Dichleride Tetrahydrate

We have reanalyzed the raw data for
MnCl,- 4H,0 obtained from Dixon and Rives'® using
the same procedure as for our data on
MnBr, - 4H;0, so that comparisons between these
two experiments would reflect actual differences
rather than artificial differences introduced by dif-
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FIG. 7. X*-test results
for the power-law-singularity
fit to the heat-capacity data
for MnBr, * 4H,0, with 107
=|el=10"
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ferent fitting procedures.

Since the data of Dixon and Rives were obtained
using the adiabatic technique, the data points are
more or less evenly spaced on a linear tempera-
ture scale. To obtain data points evenly spaced
on a logyl €| temperature scale, we selected 30
data points per decade in | €| and averaged any in-
termediate points with the nearest selected point.

The standard deviation squared for these data
was assumed to be proportional to the heat capacity
squared. Comparing the resulting x? with our re-
sults for MnBr,-4H,0O, we concluded that a rea-
sonable valuable is

o?=1.6x10*C?%. (14)

30
2.1188 2J190 2192 294 2J96 2]98 2J200 2/202 21204 2206

Within the y2 criterion, we could not fit all of the
data with any set of values for Ty, a, and a’,
again because of the rounding near Ty. If we
eliminate all data with |e | <2x10™, we obtain the
results shown in Fig. 9. From this figure we see
that, if we assume the same Ty above and below
Ty, the range of values of the fitting parameters
is0.12=a2=0.32; 0.02=¢g’ =0.12; and 1. 6256
=Ty =1.6259 K.

E. Results for Partially Deuterated Manganese
Dibromide Tetrahydrate

From susceptibility measurements on normal
MnBr,- 4H,0 crystals and 96% deuterated crystals,
Turrell et al.®® showed a 2. 3% shift in the Néel
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FIG. 8. X:-test results
for the power-law~-singular-
ity fit to the heat-capacity
data for MnBr, *4H,0O, with
3x107= €| =3x1072.
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FIG. 9. X’-test results
for the power-law-singularity
fit to the heat-capacity data
of Dixon and Rives for MnCl, *
4H,0, with 10%= | e|=2x102,
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temperature showing an alteration in the strength
of interaction. In order to see the possible effect
of this impurity on the rounding of the heat-ca-
pacity singularity, we measured the heat capacity
of partially deuterated MnBr,-4H,0 with 1% deu-
terium. The results in the region of the Néel tem-
perature are shown in Fig. 10 with data for non-
deuterated MnBr,*4H,0 superimposed. Within
experimental error, we see no significant in-
crease in the rounding.

Because of the improved thermometry, the
standard deviation for these data was much less:

o?=10"*C? . (15)

Furthermore, within the x? test we were unable to

obtain fits for data in the range 3x10™* =|e| =107,
The results of fitting to the data in the range 10~
=le|=10" are shown in Fig. 11. From this fig-
ure we see that 0.01=a=0.21; -0.10= ¢’ =0.10;
and 2.1188 =T, =2.1204 K.

In Fig. 12 we show the logarithm of the heat ca-
pacity plotted vs logyle |, where the value Ty
=2.1196 K was used to compute | € |. The solid
curves represent the fitting functions which just
satisfy the y? criterion.

V. DISCUSSION OF RESULTS

We can compare our fitting results for a and a’
to the series-expansion calculations.® From the
results of Jasnow and Wortis* and of Riedel and

1.0

T

10.0+

+ +

gl
+

2 3]

+

8.0
70

T

6.0
50
40
30+
2.0

T
5

C(T)/C(2.307 K)
T
[

T

¢ NON-DEUTERATED
PARTIALLY DEUTERATED |

FIG. 10. Heat-capacity

e data for partially deuterated
MnBr, * 4H,O near its transi-
tion temperature compared
to data for nondeuterated
MnBry *4H,O (latter data

- shifted in temperature to

compare rounding).
S ter e, a0 C

0.0

! 1 1 I l
2114 2116 2.118 2.120 2122

TEMPERATURE (K)

I I
2.124 2.126



- 296 R. D. HEMPSTEAD AND J.

M. MOCHEL

|~3

040 -
0.30
020 -
0.0 |-
0.00+"""

0.0 |- ===~
-0.20 -
-0.30 |-

CRITICAL EXPONENTS a AND o'

-040+

] I L | 1 |

FIG. 11. X*-test results
for the power-law-singu-
larity fit to heat-capacity
data for 1% deuterated
MnBr, *4H,0, with 10
=lel=10",

-0.50 b1

21188 2190 2,192 294 21196 2198 2200 2,202 2,204 21206

TEMPERATURE  (K)

Wegner,* we expect @ and o' to be Ising-like,
since the magnetic-dipole interactions induce a un-
iaxial anisotropy. Since the magnetic interactions
are not nearest-neighbor only, we expect from the
results of Domb and Dalton®® that the effect of
further-neighbor interactions is to reduce the larg-
est value of | €| for which the critical singularity
dominates the heat capacity. However, the work
of Joyce®” indicates that the effect of the long-range
nature of the magnetic-dipole interactions may be
to alter the values of « and o' found in the Ising
model. Finally, the work of Domb and Sykes®® in-
dicates that the effect of the spin 3 of the manganese
ions compared to the spin  used in most Ising-
model calculations may be to increase the value of
a. The effect on o' is not known.

The best-fitting results for MnBr;,-4H,0 are
those shown in Fig. 6, from which we conclude
that 0.01 =@ =0.21 and - 0.10 =o' =0.10.

This result for o compares favorably with the
three-dimensional spin-} Ising-model series-ex-
pansion results for a face-centered-cubic lattice:

0.10 =@ =0. 14.%° However, this result for o is
not consistent with the series-expansion results for
the three-dimensional face-centered-cubic Heisen-
berg model for spin 3: -0.25=a =-0.15,* or for
spin ©: - 0,20 =@ =-0.00.*! Qur result for o’
compares less favorably than @ with the three-
dimensional spin-; Ising-model series-expansion
results for a face-centered-cubic lattice: 0. 026
=a’ =0.226.%

We can also compare our results to the scaling-
law prediction®® :

’
a=oa .

From our best results for @ and o’ we conclude
that the scaling-law prediction may be correct.
However, our data would seem to indicate that «
is somewhat larger than o' .

Comparing our results for MnBr,* 4H,0 with our
fitting results of Dixon-Rives data for MnClL,* 4H,O,
we see that they are very similar and have a high
probability of having equal values for « and for ¢’.
If we were to compare our fitting results for the

1073 2x102 41072
[T-TJ 7 Ty

| ; .
1074 2x107% ax1074

T<Ty

ol T>Tyn %M |
Toag to several power~law-

FIG. 12. Heat-capacity
data for 1% deuterated
MnBr, *4H,0 on a logy,| €
temperature scale, with
Ty=2.119600 K, compared

fitting functions.

T

02 2xi02ano? o



7 HEAT-CAPACITY MEASUREMENTS ON MANGANESE DIBROMIDE. ..

bromide with Dixon and Rives’s fitting results for
the chloride (¢=0.35; a’=0.0), we would have con-
cluded that @ was larger for the chloride than for
the bromide. We make no special claims for our
fitting procedure; however, we believe that our
study shows that comparisons between fitting re-
sults for different materials can be misleading
when different fitting procedures are used. This
conclusion also applies to a comparison of our
heat-capacity measurements with the thermal -ex-
pansion measurements of Philip et al.,® especially
since Philip et al. appear to set Ty at the maximum
of the singularity.

We summarize the results of the critical expo-
nents using our fitting procedure along with the re-
sults for the Ising and Heisenberg models in Table 1.

We have found that the heat-capacity singularities
of our crystals of MnBr; - 4H,0 are rounded over
the region | €| <3x10™*. There are many possible
sources of this rounding, including chemical im-
purities, crystalline imperfections, isotopic im-
purities, and thermal distortion of the lattice at
the transition temperature.

McCoy and Wu** have tried to find the effect of
random impurities by a study of a two-dimensional
Ising model on a rectangular lattice with constant
interactions in one direction and randomly varying
interactions in the other direction. Because of the
complexity of their functional form for the heat
capacity and the lack of any relation between their
random variation in interaction strength with the
impurity concentration, we have not tried to fit
their functional form to our data.

Fisher and Ferdinand®® have calculated exactly
the interfacial and boundary free energies for vari-
ous two-dimensional Ising lattices. They inter-
pret their results in terms of the rounding and dis-
placement of the heat-capacity maximum. The
rounding should begin when the spin-spin correla-
tion length reaches the size of the mean linear
dimensions or, if applied to impurities, the mean

207

interimpurity distance. From Fisher and Bur-
ford,*® for rounding at | € | ~3x 10, we expect that
the spin-spin correlation Jength is limited to about
200 spin spacings. Since this is comparable to the
typical interimpurity distance for chemical im-
purities of 140 spin spacings, our results are con-
sistent with Fisher and Ferdinand’s model. How-
ever, in the partially deuterated crystals the aver-
age distance between heavy-water molecules along
a line is 25 spin spacings. From the above we
would expect rounding at | €| ~2x 10, However,
since we observe no increased rounding, either
deuterium is too weak an impurity or the above
model is not valid.

Baker and Essam®” have analyzed the effects of
lattice compressibility on the specific-heat singu-
larity for a compressible Ising lattice with a rigid
constraint on the surface spins. They find that
the model satisfies Fisher’s criteria®® in deriving
the critical-exponent renormalization. Using the
values for the three-dimensional face-centered-
cubic spin-} Ising model, their model predicts

a'=0.0713:9% (16)

=-0.143+0.020 . (17)

Although our results for o' satisfy their prediction,
the results for @ clearly do not. Therefore, we
have not tried to fit our data to their functional
form for the specific heat at constant pressure.
Wagner*® has used a unitary transformation to
decouple the spin system from the lattice. Using
a droplet model® for temperatures below the tran-
sition temperature, he finds that a critical reduced
temperature | €|, exists such that the specific-
heat singularity is unaffected for le| >lel ., but
for |e| < | el the heat capacity approaches a finite
value linearly with Je| as €| - 0. Using Wagner’s
expression for le|l,, we find | €| ,~5x 1078 for
MnBr,- 4H,0." Thus this model predicts a round-
ing at a much smaller value of | € | than observed.

TABLE 1. Critical exponents.

Materials Range of | €l Range of o Range of o’

3x10"4-10-! 0.08 — 0,23 —0.10-0.03

MnBry 4H,0 10-%-101 0.05-0.26 -0.18-0,06
3x1074-3 x10"? 0.04-0.33 —0.11-0.21

1% deuterated MnBry4H,0 10-3-10"! 0.01-0.21 ~0.10-0.10

MnCly4H,0 2x10"4—2x107? 0.12-0.32 0.02~-0.12

Model

3-dim. fcc spin=4 Ising 0.10-0.14 0.026 — 0. 226

3-dim. fcc spin=3 Heisenberg -0.25-0.15 R

3-dim. fcc spin=~ Heisenberg —-0.20-0.00 oo
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VI. CONCLUSIONS

Even with the increased precision of heat-ca-
pacity measurements available from the oscilla-
ting-temperature technique, the uncertainties in o
and o’ are still very large. This is due to the
presence of rounding and the uncertainty in the
‘range of | €| over which the heat capacity obeys a
power-law singularity. We have shown that the
rounding present in a small single crystal is not
less than for a large single crystal. Further-
more, the rounding is not influenced by the pres-
ence of deuterium isotopes in the waters of hydra-
tion in concentrations up to 1%. The rounding is
consistent with the model of Fisher and Ferdi-

|=a

nand,*® where the spin-spin correlation length is
limited by the chemical impurities.
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Azbel-Kaner cyclotron resonance was studied at 277 GHz and 1.5 °K in a (100)-plane single-
crystal specimen of Ni. Resonances from both the neck and belly of the Cu-like majority-
spin s-p—band Fermi surface were seen. The neck yielded m*/my=0.35+0. 014 when H was
along (011). Beat structure in the subharmonic resonances suggested that belly orbits on
both the majority- and minority-spin s-p—band Fermi surfaces were observed for H within
28° of {001y, As Ti was rotated away from (001) the heavier mass increased smoothly from
m*/my=5.09 to 5.9 while the lighter mass increased from 4.33 to 4. 86, Only one of the
three pairs of symmetry-related minority-spin d-band hole pockets were seen. The pockets
having their greatest dimension along (001) yielded an effective mass which increased from
m*/my=0.75+0.03 at (001) to m*me=1.11 when H was 34° from (001).

I. INTRODUCTION

We report the first experimental study of Az-
bel-Kaner cyclotron resonance in a ferromagnetic
metal. This study, in the {100} plane of Ni, has
yielded effective masses from 0. 35m to 7. 5m,,
where m, is the free-electron mass. The varia-
tions of the effective masses with magnetic field
orientation are consistent with a model Fermi
surface for Ni proposed by Hodges, Ehrenreich,
and Lang. 2 Using their model Fermi surface,
the observed resonances are identified as arising
from orbits around the central sections of the s-
p—band Fermi surfaces as well as orbits around
the smaller sections of Fermi surface which were
observed earlier by others in de Haas—van Alphen-
effect (dHvA) studies.

In the remaining paragraphs of this section we

describe the model Fermi surface (FS) of Hodges
et al. In Sec. II, we give a brief account of the
experimental details. Our experimental results
are presented in Sec. III together with our identi-
fication of each observed effective mass with an
orbit around the FS. Additional implications of
our results are discussed in Sec. IV. A summary
and acknowledgments then complete this work.
The current itinerant-electron or band model
of the electronic structure of nickel has grown
out of an interplay between theory and experiment.
The high-field galvanomagnetic studies of Fawcett
and Reed showed that both the s-p and d electrons
form bands with a net conduction-electron density
of one electron per atom, and that one sheet of the
FS has necks in the (111) directions like the well-
known FS of copper.® The necks in Ni were ob-
served in dHvA studies by Joseph and Thorsen. *



