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The heat capacity C, of a single-crystal specimen ofjMnBr;-4H,0 has been measured between 1.4"and
8°K with magnetic fields from 0 to 15 kOe applied along the ¢’ axis. This axis, which is orthogonal to the’a
and b axes of this monoclinic substance, is thought to be close to the direction of preferred spin orientation
in the antiferromagnetic state [T (H =0) =2.13°K]. Temperature changes associated with adiabatic mag-
netization (magnetocaloric effect) have also been observed. For H 20, C, exhibits at 7T (H) a X anomaly
whose maximum shifts to lower temperature with increasing H, tracing out in the H-T plane a portion of
the boundary between antiferromagnetic and paramagnetic phases. Isentropic lines originating within the
antiferromagnetic region of this diagram show cooling with initial increase of H, appear to intersect the phase
boundary at their inflection points with common tangent, and exhibit temperature minima in the paramag-
netic region. The phase boundary is nearly parabolic, with the same curvature as is deduced thermody-
namically from zero-field susceptibility and heat-capacity data.

INTRODUCTION

HE antiferromagnets MnCl;-4H;0 (Tyx=1.6°K)
and MnBr,-4H,0 (Ty=2.1°K) are convenient
materials in which to study the effects of relatively
large applied magnetic fields on phase transitions within
a system of coupled spins. Because of their low Néel
points and the large moment of the Mn*+ ion (S=3%),
the effective molecular fields representing the coupling
of ionic moments are comparable in magnitude
with fields produced by conventional laboratory
electromagnets.!

The behavior of an antiferromagnet in a large ex-
ternal field has been treated theoretically with the help
of various microscopic models.2? A familiar prediction
of these calculations is that the Néel point 75 (H) shifts
to lower temperatures with increasing field, tracing out
in the H-T plane a boundary curve separating anti-
ferromagnetic and paramagnetic phases. When anisot-
ropy is taken into account explicitly, the details of
this phase diagram are found to depend on the relative
magnitudes of the exchange and anisotropy energies as
well as the orientation of the applied field with respect
to the preferred direction of spin alignment. For an
antiferromagnet with comparatively small anisotropy
and the applied magnetic field parallel to the preferred
direction, the antiferromagnetic region of the phase
diagram is itself subdivided by the so-called “spin-flop”

* Work supported by the Office of Naval Research and the
National Science Foundation. Based on part of a thesis submitted
by J. H. Schelleng to the Carnegie-Mellon University in partial
fulfillment of the requirements for the Ph.D. degree. Preliminary
accounts of some of these results have appeared in Bull. Am. Phys.
Soc. 8, 212 (1963), and in Proceedings of the International Con-
ference on Magnetism, Nottingham, 1964 (The Institute of Physics
and The Physical Society, London, 1965), p. 90.
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boundary. This situation is illustrated schematically
in Fig. 1. The spin-flop boundary may be crossed by
increasing the applied field isothermally at a sufficiently
low temperature (I'<T3). The resulting transition is
characterized by the abrupt switching of the anti-
ferromagnetically coupled spins to an orientation
perpendicular to that of the applied field. Further
raising of the field eventually produces another abrupt
but less dramatic transition as the system passes into
the paramagnetic phase.

A phase diagram exhibiting these three regions has
been constructed in some detail for single-crystal
MnCl;-4H,0 from observations of the magnetization,*
proton*5 and antiferromagnetic resonance,*%7 optical
Zeeman effect,® and susceptibility.® In this paper, we
shall be concerned with MnBr;-4H;0, whose phase
diagram has not been fully explored in spite of its more
accessible Néel temperature. Previously,® we reported
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F16. 1. Schematic phase diagram for an antiferromagnet with
weak anisotropy in a magnetic field applied along the preferred
direction of spin alignment.
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heat-capacity and magnetocaloric measurements on a
powder specimen of this salt. These experiments re-
vealed several anticipated features, including: (a) the
shift of the anomaly in C, to lower temperatures with
increasing field; (b) rounding and broadening of the
anomaly due to the distribution of angles between the
field and preferred spin direction in the polycrystalline
specimen and to field inhomogeneity caused by de-
magnetizing effects; and (c) cooling upon adiabatic
magnetization from initial temperatures below T'x(0).

We now wish to report measurements of the heat
capacity of a single crystal of MnBr,-4H,0 in applied
magnetic fields between 0 and 15 kG at temperatures
from 1.4 to 8°K. These data are supplemented by
magnetocaloric measurements over the same ranges of
field and temperature. One aspect of the latter results
is again the observation of cooling of an antiferromagnet
by adiabatic magnetization. Theoretical attention!!2
given this particular topic has stimulated us to look
for the effect in MnF,. These results will be summarized
briefly.

EXPERIMENTAL DETAILS

These experiments were performed in a vacuum
calorimeter whose sample chamber and Dewar assembly
were designed to fit in the 2-in. gap of a C-type electro-
magnet providing fields up to ~24 kOe. The vacuum
system was unusual in that all seals regularly opened
to load or service the apparatus were of the rubber
O-ring type and were kept at room temperature.

The MnBr,-4H,O specimens employed in this in-
vestigation were prepared by recrystallization from
aqueous solutions of material obtained from the
Fielding Chemical Co. Analysis indicates that the
dominant impurity in this material was zinc, which was
present initially to the extent of <0.2 wt.%. The
specimens contained no more than 0.004-wt.9, Fe,
0.002-wt.9%, Mo, 0.0007-wt.9, Cr, and 0.0005-wt.9, Cu.
No other transition metal impurities were detected
spectrographically. Most of the data to be described
below were obtained on a roughly spherical specimen
having a mass of 7.794 g (0.02718 mole). To prevent
its decomposition, this crystal was covered with a thin
coating of nylon gauze and lacquer. The necessary
calorimetric accessories were attached to a small sheet-
copper holder which was lacquered to the crystal.
These included a 100-Q heater winding of 36 Manganin
wire and a resistance thermometer consisting of a 0.1-W
Allen-Bradley carbon radio resistor with a nominal
value of 57 Q. During each experiment the thermometer
was calibrated against the vapor pressure of the
cryogenic liquid bath at several temperatures, a hydro-
static head correction being applied where appropriate.
Vapor pressures were reduced to temperature in terms

1 E. A. Turov, Zh. Eksperim. i Teor. Fiz. 34, 1009 (1958)
[English transl.: Soviet Phys.—JETP 8, 696 (1958)].
12 R. Joenk, Phys. Rev. 128, 1634 (1962).
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of the 1958 He* scale’® and the National Bureau of
Standards data* for equilibrium liquid hydrogen.
Thermal contact between specimen and refrigerant
during calibration was achieved by introducing a small
amount of helium gas into the vacuum chamber.

Heat capacities were measured by the conventional
method of discontinuous heating. The small heat
capacity of the single-crystal accessories was found by
comparison of the single-crystal and powder results®
in zero applied field.

Adiabatic magnetization measurements were carried
out in discrete steps. Starting at zero external field
and initial temperatures either above or below T'x(0),
the field was slowly increased until a given value was
reached. Upon attainment of equilibrium, the specimen
temperature was noted and the field again increased.
After a series of such steps had brought the field to'its
maximum value, the process was reversed, the rate of
change of the magnetic field being kept of fixed magni-
tude. In most cases the only irreversible effect was a
slight eddy-current heating of the metal parts of the
sample assembly. By combining magnetization and
demagnetization data, a correction could be made for
this effect.

RESULTS AND DISCUSSION

Figure 2 shows the results of heat-capacity measure-
ments on a single crystal of MnBr,-4H0 in applied
fields H, of 0, 5.06, 8.30, 10.01, and 15.00 kOe. The
specimen was mounted so that H, was parallel to the
¢’ axis which is orthogonal to both ¢ and b axes of this
monoclinic structure (8=99°6').15 It lies in the a-c
plane and makes an angle of 9°6" with the ¢ axis. This
orientation was chosen because of optical evidence® of
spin flopping produced by a magnetic field applied
along the ¢’ axis. The ¢ axis had originally been assumed*
to be the preferred direction in the ordered state as it
is in MnCl,-4H,0. However, since magnetic observa-
tions? with Hllc had not revealed spin flopping above
1°K, it appeared likely that the ¢’ axis was closer to
the preferred direction. Recent magnetization datalé
are consistent with this idea, although, as we shall see
below, it is still not clear precisely where the preferred
direction lies or how accurately the field and specimen
must be aligned to permit the observation of spin
flopping in this salt if, in fact, it does occur above 1°K.
Specimen alignment was accomplished using the data
of Groth!® and verified by x-ray back-reflection photog-
raphy. Alignment in the cryostat was believed to be
accurate to within about =£2°.

The data for H,=0 agree well with the powder data

13 H. van Dijk, M. Durieux, J. R. Clement, and J. K. Logan,
Natl. Bur. Std. (U. S.) Monograph 10, (1960).

4 H. Woolley, R. B. Scott, and F. G. Brickwedde, J. Res.
Natl. Bur. Std. (U. S.) 41, 379 (1948).

15 P, Groth, Chemische Kristallographie (Engelmann, Leipzig,
1906), Vol. 1 p. 245.

(1;66% A. Schmidt and S. A. Friedberg, J. Appl. Phys. 38, 5319
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F16. 2. Heat capacity of a single crystal of MnBr,-4H,0 as a
function of temperature for several values of magnetic field
applied along the ¢’ axis. The same vertical scale applies to each
curve with the zero displaced as shown.

of Kapadnis and Hartmans!” as well as our own.”® The
latter results were obtained on a 12.886-g (0.04493-
mole) sample of the same material employed in this
work. Since they have been reported only in graphical
form, we list them in Table I together with the zero-
field single-crystal C, values. In both cases the anom-
alous  maximum locates the Néel point Tx(0) at
(2.134+0.01)°K.

The most striking feature of these results seen in
Fig. 2 is the fact that the specific-heat anomaly in non-
zero applied magnetic fields retains the sharp A char-
acter it has for H,=0, at least to the resolution of our
experiments (AT=102°K at T'y). As expected, de-
pression of the peak temperature for given applied
field H, is larger than that seen for a powder specimen.
For H,=15.0 kOe, the peak, and thus T'x(H), is
already shifted below the range of our measurements.

The portion of the antiferromagnetic-paramagnetic
phase boundary corresponding to the locus of these
maxima is shown in Fig. 3. Here, H, at the transition
has been plotted against transition temperature. For
purposes of comparison with theory, it may be necessary
to correct these fields to the values appropriate to an
infinitely long needlelike specimen, the internal fields
H;. This may be done using the magnetization data
of Schmidt and Friedberg!® and the relation H;=H,
— DM, where, in this case, the demagnetizing factor D

17 D. G. Kapadnis and R. Hartmans, Physica 22, 181 (1956).
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is roughly that of a sphere. The open squares in Fig. 3
indicate the corrected transition points.

From our zero-field measurements on powdered
MnBr,-4H,0, we concluded that, between 6 and 14°K,
the heat capacity could be represented as a sum of where
lattice and magnetic parts, namely, C,/R=aT?4bT2,
where ¢=2.8X10~* (Kdeg) and $=2.24 (Kdeg)?. As-
suming the same lattice term to be valid below 6°K and
to be unaffected by applied magnetic fields, we have
separated out the magnetic contribution to C, for
each set of single-crystal data. Evaluating ASpag
=/ 1.47 (Cmag/T)dT, curves of magnetic entropy versus
temperature have been constructed for each value of
H,. As before,!° the positions of these curves relative to

TasLe 1. Heat capacity of MnBr,-4H,0 without applied field. C,
in cal/mole deg. Temperature in °K.

A. Powdered specimen (0.04495 mole)

T Cy T Co T Cy
1.373 2.366 2445 09919  10.178  0.608
1.454 2.631 2.537  0.8648 10178  0.579
1.533 2.575 2786  0.6542 10468  0.579
1.604 3.261 2908 05827  10.600  0.684
1.694 3717 3021 05324 10766  0.751
1.805 4.353 3139 04857 10844  0.756
1.918 5.253 3255 04447 10987  0.705
2.012 6.343 3367 04123 11264  0.781
2.026 6.519 3470 03835  11.398  0.812
2.041 8.669 3.582 03581  11.573 0827
2.045 6.831 3937 02073  11.864 0949
2.063 7.325 4117 02382  11.888  0.991
2.071 7.627 4289 02460 12317  1.102
2.084 7.975 4477 02297 12699  1.181
2.090 7.937 4660 02163  13.048  1.303
2.096 8.745 4871 02030 13451  1.29
2.105 9.633 5047 01972 13864  1.712
2114 10464 5187  0.921 14209  1.501
2119  10.380 5300  0.1814 14580  1.776
2.131 3.179 5676 01840  14.901 1.99
2.142 3.251 5925  0.85¢ 15284  2.04
2.152 2.443 6269  0.190 15.807  2.26
2.179 1.958 6.688  0.198 16328  2.62
2.187 1.896 7.065 0219 16.788  2.52
2.234 1.560 7482  0.246 17278 285
2.242 1.519 7920  0.286 17462 2.61
2.309 1.264 8432  0.376 18219  3.37
2.319 12603 8971 0413 18783  2.72
2.331 12111 9423 0.488 19364  3.23
2439 09950 9826 0515 19978  3.50

B. Single-crystal specimen (0.02718 mole)

T Cy T C» T C,

1.352 21857  2.083  7.7419 3.009 04776
1.397 23114 2108 87718 3.243  0.6313
1434 24192 2131 9.4026 3407 0.4092
1.450 26501 2142 3.3535 3614 0.3589
1.476 26479 2154 4.8054 3838  0.3182
1.503 29258 2200  2.0071 4078  0.2812
1.570 31943 2201 27641 4338  0.2506
1.611 49441 2267  1.5017 4639 02264
1.669 36187 2271 1.4956 5332 0.1190
1.762 39701 2339 1.2851 5582 01152
2.002 59055 2447  1.0484 6203 0.1880
2.026 59043 2583  0.8754 6.654  0.2007
2.055 6.7481 2715 0.7374 7.024 02133
2.060 7.0381  2.824  0.6489 7.398 02372
2.082 7.9060 2921  0.5735 7.800 02533
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that for H=0 have been fixed by magnetocaloric experi-
ments. One notes simply that adiabatic magnetization
to the field in question from H =0 determines a point
through which the entropy-temperature curve for that
field must pass. A plausible extrapolation of the cor-
rected C, data for H=0 to 0°K permits the establish-
ment of a zero of magnetic entropy reliable to within
about 29,. The results are shown in Fig. 4. Since the
lattice entropy at 4°K amounts to about 4X103
cal/deg mole, Fig. 4 is nearly equivalent to a diagram
of the total entropy.

We note in Fig. 4 that all the entropy curves for
H,>0 cross the curve for H,=0. Thus, for T<Tx(0),
the entropy of an antiferromagnet increases upon
isothermal magnetization (vertical displacement in
Fig. 4) at least until the system is forced into the
paramagnetic phase. Correspondingly, adiabatic mag-
netization (horizontal displacement in Fig. 4) from
an initial temperature T;< T (0) produces cooling while
the material is in the antiferromagnetic phase. The
possibility of achieving cooling by this process appears
to have been first recognized by Kurti'® in a study of
systems becoming antiferromagnetic well below 1°K.
As one would anticipate, the cooling accompanying a
given adiabatic field increase from the same initial
temperature, 7;<7T'y(0), is greater for the single-
crystal specimen with parallel field orientation than was
observed for a powder specimen. The observed cooling
agrees well with that calculated with the usual thermo-
dynamic expression for the magnetocaloric effect using
measured values of the temperature coefficient of
magnetization and the heat capacity.
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Frc. 3. Portion of the phase diagram for MnBr,-4H,0 with
H]l¢'. Solid squares give the positions of the maxima of the heat-
capacity curves of Fig. 2. The open squares represent these points
after correction of the field to Hiat. The dashed curve is a parabola
as described in the text.

18 N. Kurti, J. Phys. Radium 12, 281 (1951); A. J. P. Meyer,
Compt. Rend. 248, 202 (1959).
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F16. 4. Entropy of a single crystal of MnBr,-H,0 as a function
of temperature for several values of applied field.

A proper microscopic calculation of the magneto-
caloric effect in an antiferromagnet is practical at
sufficiently low temperatures where the spin-wave!!
approximation is valid. Such a calculation would prob-
ably not be useful in the present case because the data
have been obtained rather close to Tx(0). However,
Joenk? has used a spin-wave model of MnF, (Tw
=67°K) to predict the magnetocaloric cooling of that
salt. We have verified these predictions in fields up to
20 kOe at temperatures below 4°K. These results are
summarized in Appendix A.

In Fig. 5 the results of magnetocaloric measurements
from several initial temperatures above and below
T'n(0) are displayed by plotting experimental isentropic
curves on a diagram of H, versus T. The dashed curve
in this figure is the locus of C, » maxima, i.e., the
empirical phase boundary. Some details of this dia-
gram will be discussed below. We should mention at
this point, however, that one of our primary reasons for
obtaining isentropic curves was the hope that we might
detect spin flopping rather directly by this means. If,
as theory suggests,>® the spin-flop transition is of first
order and accompanied by the release of a quantity
of latent heat, one might expect a temperature jog in
the isentrope as the phase boundary is crossed with
increasing field. One series of magnetocaloric observa-
tions not shown in Fig. 5 apparently gave evidence of
abrupt energy release with hysteresis, suggesting the
occurrence of a first-order phase charge. This effect
seemed to appear for values of H, and T near which spin
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I'16. 5. Results of adiabatic magnetization experimentson single-
crystal MnBr,-4H,0 with Hg||¢’. The solid lines are isentropic
curves. The dashed line represents the empirical antiferromagnetic-
paramagnetic phase boundary.

flopping had been inferred from other work.t:® How-
ever, we were unable to reproduce the effect after
remounting the specimen and cannot conclude that
spin flopping has been confirmed in MnBr,-4H,0,
at least with H,||¢ axis. Subsequent isothermal mag-
netization'® studies give no evidence of spin flopping
above 1.15°K with H,|¢’ or with H,|lc, in agreement
with the original findings of Gijsman et al.*

It is possible, of course, that the range of angles
between the applied field and preferred spin direction
within which spin flopping is readily detectable may be
quite small in MnBr,-4H,0. If this were so and neither
the ¢’ nor the ¢ axis was close enough to the preferred
direction or if misalignment of the specimen were too
great in one or more of the experiments to date, it
would be possible to reconcile the conflicting indica-
tions for and against spin flopping in the salt. Unfortu-
nately, in none of these experiments, including our own,
has it been practical to rotate the specimen % sifu and
establish precisely the preferred axis by detection of an
extremum in a measured property. This is clearly very
desirable and magnetization measurements to this end
are being undertaken.

Evidently, we are concerned in this work only with
antiferromagnetic-paramagnetic  phase transitions.
From the appearance of the heat-capacity anomalies
in Fig. 2, it seems likely that these are of the X type
and not simple second-order transitions as predicted
by molecular-field theory. The thermodynamic theory
of X\ transitions'*® provides a basis for correlating and
interpreting a number of observations in MnBrs-4HO,.

¥ M. J. Buckingham and W. M. Fairbank, in Progress in Low-
Temperature Physics, edited by C. J. Gorter (North-Holland
Publishing Co., Amsterdam, 1961), Vol. 3, p. 80.

% A. B. Pippard, Elements of Classical Thermodynamics (Cam-
bridge University Press, New York, 1957), p. 143.
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One consequence of the theory, adapted to magnetic
state variables, is the relation?

Cuy [ dHN\*/OM
S o
T N\dTw/ \8H/rp
where dH/dTx is the slope of the phase boundary,
(0M/3H)r is the differential isothermal susceptibility,
and K is a group of terms which, though large near Ty,
do not vary rapidly with T for certain classes of systems.
Assuming the A anomalies in MnBr,- 2H,0 to constitute
(near) singularities in Cg, Eq. (1), if applicable, pre-
dicts for H=0 an infinite initial slope of the phase
boundary in the absence of any singularity in (dM/
dH)r. This is certainly consistent with the limited
data available near H=0. For H>0, dH/dTy is clearly
finite and a (near) singularity in Cy should be reflected
in a corresponding peak in (M /dH)r. This has now
been observed directly in the magnetization isotherms.'®
Another consequence of the thermodynamic theory

s the conclusion that if Cx is (nearly) singular at the

transition point, then the phase boundary and any
isentrope passing through that point will have the
same slope.” Referring to Fig. 5, we see evidence for
such behavior both at H,=0 and for at least two non-
zero fields. One of these intersections of an isentrope
and the phase boundary is particularly striking in that
it appears to coincide with an inflection point of the
isentrope. Griffiths® has shown that this is just the ex-
pected behavior if the heat capacity diverges along the
phase boundary as

CII"’IT_TNI—‘X (2)

for @<%. This criterion is satisfied for most model
antiferromagnets, including those exhibiting logarithmic
singularities in Cy. Recent measurements in zero field
suggest that MnBr,-4H,O also satisfies this require-
ment.? Since Griffiths’s argument is not generally
available, we reproduce it, with his premission, in
Appendix B.

Closely associated with the behavior of the isentropes
at their intersections with the phase boundary is the
fact that they have their extrema at points well within
the paramagnetic phase. In other words, adiabatic
magnetization continues to cause the antiferromagnet
to cool even after it has become nominally para-
magnetic. We even see in Fig. 5 one isentrope lying
wholly in the paramagnetic region which exhibits a
temperature minimum for H>0. From the magneto-

caloric relation
<6M) CH< 3T>
or /)y T \oH/§

21 E. Sawatsky and M. Bloom, Can. J. Phys. 42, 657 (1964).

2 J. Skalyo, Jr., A. F. Cohen, S. A. Friedberg, and R. B.
Griffiths, Phys. Rev. 164, 705 (1967).

2 R. B. Griffiths (private communication).

241, Kreps and S. A. Friedberg (unpublished).
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we infer that at the intersection of isentrope and phase
boundary, the (near) singularity in Cy is matched by a
(near) singularity in (M /8T)y. One also concludes
from Eq. (3) that the extremum of the isentrope in the
paramagnetic region of the H-T diagram corresponds
to (M /8T)x=0.

As a further observation on Fig. 5, we note that
isentropes close to the phase boundary near =0 may
well share not only its initial slope but also its initial
curvature. In such a case, Fisher’s relation?® between
Cy and the susceptibility X at H=0,

AXT)  ax
Cp=A——=A4—-A4X, 4)
aT aT
becomes essentially a thermodynamic identity with?
1/A(Tx)=—(&T/dH?) yr—o. 6)

This follows from the differentiation of a Maxwell
relation

<82T> M (GX) <ax> <aT>
om)s aSoH \aS/y \oT/;\aS /4

e, ©

and the observation that the term AX in Eq. (4) is
negligible at the transition temperature T'x(0) in
comparison with 40X/9T. Since H=0, we may inter-
change adiabatic and isothermal susceptibilities in
Eq. (6).

The susceptibility of MnBr,-4H:0 along the ¢’ axis
in nearly zero field has been carefully measured through
Tx(0) by Berger.26 His results are shown in Fig. 6. A
plot of X T versus f1.47 C,dT yields a straight line,
indicating that X, and C,(H=0) satisfy Fisher’s
relation. The slope of this line is 4 =28.89X 107 Oe?/deg.
Let us assume that the phase boundary is parabolic

2% M. E. Fisher, Phil. Mag. 7, 1731 (1962).
26 T, Berger (private communication).

and thus has the same curvature for H>0 as that
determined from A at H=0. We may represent this
parabola as Tw(H)=Twn(0)(1—vH?), where y=3
X ATx(0)=2.64X10—% Oe2. A phase boundary calcu-
lated in this way is shown in Fig. 3 by the dashed line. It
is seen to reproduce rather well the boundary obtained
when demagnetizing corrections are applied to the locus
of heat-capacity maxima. That the boundary should be
so nearly parabolic is consistent with recent calculations
by Bienenstock? for Ising models in large applied
parallel fields. His results for the antiferromagnetic-
paramagnetic phase boundary are summarized by the

formula
Tx(H)=Tx(O)[1—(H/Hc)J,

where £=0.87, 0.35, and 0.36 for the square, simple
cubic, and bec lattices, respectively. For H&KH¢ this
expression reduces to the parabola used above with
y=%/H¢? Considering the nearest-neighbor Ising
Hamiltonian to be an approximation to the Heisenberg
Hamiltonian —2J X ;) Si-S;, we may write He
=—25%7/gus, where J is the nearest-neighbor ex-
change integral and z is the number of nearest neighbors
to a spin of magnitude S. Taking S=3, g=2.00, and
v=2.64X10"* Oe?, one finds 2zJ/k=-—0.31 and
—0.49°K for £=0.35 and £=0.87, respectively.

These numbers may be compared with an estimate
obtained from the simple two-sublattice molecular-field
model of an antiferromagnet with nearest-neighbor
interaction only, which gives z|J|/k=3Tn/25(S+1)
=0.36°K. The agreement with the value inferred above
for three-dimensional lattices is quite reasonable. A
more reliable estimate is obtained from the measured
perpendicular susceptibility* for 7<T'y by means of a
result common to both molecular-field and lowest-order
spin-wave theories,” namely, z|J|/k=Nogluz?/4kX,.
Using this relation, one finds z|J|/k=0.47°K, a value
which is closer to that deduced from the fitting of the

27 A, Bienenstock, J. Appl. Phys. 37, 1459 (1966).

28T, Nagamiya, H. Yosida, and R. Kubo, Advan. Phys. 4, 1
(1955).
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phase boundary assuming £=0.87, i.e., a square lattice.
It is not obvious from the limited number of cases
calculated so far that ¢ is determined primarily by
dimensionality, nor is it clear how realistic it is in this
case to allow only for nearest-neighbor interactions in an
Ising approximation. We conclude only that the
strength of this interaction deduced from a fit of the
antiferromagnetic-paramagnetic phase boundary is of
reasonable magnitude and agrees satisfactorily with
estimates based on other observations. This agreement
extends to additional estimates of nearest-neighbor
exchange coupling in MnBr,-4H,0 deduced from other
data by Miedema et a/.*® assuming z=6.
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APPENDIX A: SOME MAGNETOCALORIC
OBSERVATIONS ON MnF,

Several series of adiabatic magnetization experiments
in fields up to 20 kOe were performed below 4°K on a
single crystal of MnF, of mass 16.354 g (0.180 mole).
The field was applied along the ¢ axis, which is the
preferred direction of spin alignment in the anti-
ferromagnetic state (Tx=67°K). Temperature changes
were measured with a carbon resistor in a small copper
holder lacquered to the crystal. The cooling expected
in these fields is much smaller than that observed in
MnBr,-4H,0 closer to T'x(0). In spite of the relatively
large scatter of the data, we have detected cooling
of the predicted magnitude. For example, at an initial
temperature 7;=4.00°K a field increment AH =20 kOe
produced a fractional temperature change AT/T;
= —0.01224-0.0001, which is essentially the value cal-
culated by Joenk.? At T;=2.155°K the same AH
yielded AT/T;=—0.001+£0.001, the calculated value
being AT;/T'= —0.0018.

APPENDIX B

We consider an antiferromagnet whose heat capacity
at constant magnetic field Cy diverges as the phase
boundary separating antiferromagnetic and para-
magnetic phases is approached from either the high-
or low-temperature side. In Ref. 22 it is shown that for
such a system the isentropes are tangent to the phase
boundary at the point where they cross the latter.
Griffiths has given the following argument to show that
if the divergence in Cg is not too rapid, the crossing
point is also a point of inflection of the isentrope where
(0T/0H) g achieves a (local) minumum, and the second
derivative diverges to +« and —c on opposite sides

2% A, R. Miedema, R. F. Wielinga, and J. Huiskamp, Physica
31, 835 (1965).
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of the phase boundary. In analogy with the work of
Buckingham and Fairbank!® we introduce a new
variable

s=S—Su(H), (B1)

where S3(H) is the entropy on the phase boundary.
The following relations hold:

asS as
()
oH/, oH/

J a

(), Gs), ®
as/g \oS/u

d d d
() sol); e
0H/s \oH/, aS/n

Applying (B4) to the temperature yields

oT oT aT
&) -(5) +svan(s) . @9
0H/, \oH/g oS/ u

Applying (B4) to (BS) and using (B2) and (B3) to
rewrite some of the terms, one obtains

*T o*T oT
() >l
dH?/ s \oH*/, oS/ u
o*T

s lGs) s () - o

Near the phase boundary, the first term on the right-
hand side of (B6) approaches the curvature of the
boundary, and the next two terms, proportional to
1/Cy and its derivative along the boundary, become
very small by our basic assumption. The last term,
which may be written

3°S/9T) u
_[Sb’(H)]Z( /

(3S/8T)

depends critically on the manner in which Cy diverges.
Thus, if Cyx (for fixed H) diverges as

Ca~|T—=Ts|™, (B8)

where T is the temperature of the phase boundary,
(B7) is proportional to

| T—T4 |2 L sgn(T—Ts). (B9)

For a<% (and also for a logarithmic divergence of Cg),
(B7) diverges to + o for T>T; and — o for T<Ts.
Thus, the crossing point of the phase boundary and
isentrope occurs at an inflection point of the latter.
This situation appears to be realized in MnBr,-4H,0,
at least over the portion of phase boundary we have
examined. Note that for «>%, (B7) goes to zero and by
(B6) the curvatures of the isentrope and the phase
boundary coincide at the crossing point. Griffiths has
observed that, since the isentrope and phase boundary
coincide over a finite interval in a first-order transition,
the case @>3% may be regarded as an “incipient” first-
order phase change.

(B7)



