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The heat capacity and magnetization at constant field versus temperature, as well as the
adiabatic variation of temperature with magnetic field, have been determined in fields directed
along the ¢ axis of a large spherical single crystal of MnCl,*4H,0 to virtually the limits of
resolution of the dc methods used. In this study of the behavior of these quantities in the
neighborhood of the antiferromagnetic-paramagnetic transition, one specific goal was to ob-
serve the (near) singularity in (0M/87) y at Ty(H). In addition, we sought to test the predic-
tions that isentropes cross the phase boundary (defined as the locus of maxima in Cp) tangen-
tially, and that this crossing point should prove to be the point of inflection of the isentropes
provided Cy does not diverge too strongly. A test for determining the existence of a diver-
gence without the necessity of measuring infinitely high values is outlined. The fact that the
maximum in the zero-field adiabatic susceptibility occurs at a temperature Tpae> Tx(0) has
been found to be reflected in the persistence of a minimum in plots of the isentropic variation
of T versus Hup to T'=Ty,,. This curious behavior has led us to speculate on a larger co-
existence region of somewhat different character than has heretofore seemed reasonable.

The bulk magnetothermodynamic properties of
antiferromagnetic substances have for some time
been the subject of intensive study. It has been
the practice of those performing these experiments
to summarize the salient features of the resultant
data in a graphical display known as the phase di-
agram in the H-T plane. For a uniaxial antiferro-
magnet of weak anisotropy with the field applied
along this axis, the resultant diagram will be sim-
ilar to that shown in Fig. 1. The letters a, p, and
b will be used to denote the antiferromagnetic,
paramagnetic, and spin-flopped regions. Unfor-
tunately, the phase diagrams derived from differ-
ent types of measured data are not always con-
gruent.

The heat capacities of these materials typically
exhibit A-shape anomalies. In analogy with the
work of Buckingham and Fairbank on He, ! the
maxima in these curves are usually taken as the
Néel temperature [Ty(H)]. The available data on
the in-field heat capacities of oriented single-
crystal antiferromagnets are sparse,?° but that

available data agree well with the estimates of

Ty(H) derived from optical® and radio-frequency’
spectroscopic measurements although more com-

ment is also necessary even here. Large discrep-

ancies appear, however, in attempts at correla-

tions with magnetization data where the maxima in
the observed M versus T isoersteds have been
used as a measure of Ty (H).

The antiferromagnetic-paramagnetic (ap) transi-
tion in antiferromagnets is often referred to as
being of second order. Using the Ehrenfest cri-
teria, this implies that the second derivatives of
the Gibbs function with respect to its intensive
variables are discontinuous. Thus we might ex-
pect the trio

(), -cr Gk (air)~ (7
87%), ™ \of), XT* \omer) \bT),

to exhibit discontinuities if this scheme were ap-
plicable. Cooperative phenomena display, rather,
a divergence of these Ehrenfest derivatives to
hypothetically infinite values where the physical
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FIG. 1. Schematic phase diagram for a uniaxial anti-
ferromagnet with field direction coincident with axis of
maximum anisotropy.

meaning of a discontinuity is not clear. Experi-
mental evidence that Cy exhibits the anomaly char-
acteristic of the continuous phase transition is
readily available. The singular nature of x, has
been viewed in CoCl,+ 6H,0 by Schmidt and Fried-
berg® and in MnCl,- 4H,0 by Rives® however the
divergence in (8M/9 T)y has not been similarly
appreciated. Fisher!®!! has found this behavior

in his two-dimensional superexchange model and
also as a general characteristic of antiferromag-
nets. Schelleng and Friedberg® report a (near)
singularity in the slope of the temperature-suscep-
tibility curve at fields near zero in MnBr,+ 4H,0,
while Sawatzky and Bloom!? have made similar in-
ferences for CoCl, * 6H,0

SAMPLE PREPARATION

The growth of this sample has been described
by Reichert and Giauque? and will not be presented
here. The sample was machined into a 0. 925-in. -
diam sphere and then mounted in a special goni-
ometer whereby the crystal axes were located by
x-ray diffraction. The ¢ crystal axis was marked
by drilling 1-mm-diam X 5-mm-long holes in both

sides of the crystal. The sample thus prepared
was found to weigh 13.6118 g (0. 068 780 moles).
The sample holder consisted of two 1. 125-in. -diam
gold-plated copper hemispheres into which the
sample was inserted under a He* atmosphere. The
sample was supported and aligned by insertion of
gold-plated copper pins and the entire assembly
bonded with a 50% by weight mixture of Shell Epon
828 resin and Shell Versamide 140 hardener.

APPARATUS

The apparatus used in this study has been de-
scribed elsewhere, !® however, a few remarks are
perhaps in order at this time.

The magnetization measurements were obtained
by hand control of the pumping rate to maintain a
constant sample thermometer resistance value.
This was found to be superior to automatic control
of the cooling chamber He vapor pressure by servo
control of current to the sample heater. The
manual control restricted the temperature devia-
tion over a measurement to less than 50 udeg
while the automatic system fluctuated as much as
200 pdeg.

The heat-capacity data were obtained using a
fully automatic measurement and data-acquisition
system which allowed the thermometer circuit to
be monitored continuously. The method was the
standard dc potentiometric method with an inte-
grating digital voltmeter replacing the potentiom-
eter. The data thus obtained were automatically
punched on cards and were later reduced by com-
puter.

The same automatic data-acquisition system was
used to obtain the temperature and magnetic field
data upon adiabatic magnetization and demagne-
tization of the sample. This method resulted in a
T-H definition which greatly exceeds any previous-
ly reported. This is shown in Table I which gives
the data for series 21 of the adiabats. The adia-

TABLE 1. Adiabatic demagnetization temperature as a function of applied magnetic field (series 21).

H T H T H T H T

(&) (°K) @ (°K) @) °K) (G) °K)
9982.7 2.093 7593.7 1.763 5142.8 1.618 2649.0 1.607
9824.0 2.075 7396.5 1.744 4966.7 1.615 2463.2 1.609
9642.6 2.044 7206.8 1.726 4773.3 1.611 2279.4 1.610
9459.4 2.014 7016.1 1.711 4579.8 1.609 2089.7 1.612
9284.7 1.984 6828.2 1.696 4389.0 1.607 1897.8 1.613
9139.5 1.959 6633.6 1.683 4197.1 1.605 1702.5 1.615
8951.5 1.933 6449.4 1.671 3999.3 1.604 1503.6 1.616
8760.7 1.905 6266.0 1.661 3799.4 1.604 1305.1 1.617
8568.8 1.878 6085.4 1.651 3596.7 1.604 1115.6 1.619
8381.3 1.853 5914.7 1.643 3398.9 1.604 939.7 1.620
8188.0 1.829 5722.4 1.637 3203.7 1.604 773.7 1.623
7992.3 1.806 5525.1 1.630 3015.8 1.605
7793.9 1.784 5328.2 1.624 2833.7 1.606
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bats were spaced as closely as the heat leak

(60 ergs/sec) would permit. No unexplained ther-
mal losses were observed in the adiabats.
Therefore, we shall use the terms adiabatic and
isentropic interchangeably.

The carbon thermometer was calibrated against
the vapor pressure of He? using the 1958 tempera-
ture scale.

Adiabatic data below 300 G have not been re-
ported as the results were erratic in this region.
The exact cause of this is as yet undetermined.
However, superconducting solenoids are known to
produce nonuniform field profiles at very low
fields and this may be the source of the difficulty.
Studies are now in progress to evaluate this possi-
bility.

DISCUSSION

Given the shape of a typical trace of the adia-
batic variation of temperature with magnetic field
for fields directed along the axis of maximum
anisotropy, it is apparent why the magnetization
maximum was ever considered as a means of
some sort of phase delineation. Reference to any
of the lower curves of our data for the adiabatic
demagnetization of MnCl,* 4H,0 which is given in
Fig. 2 shows clearly that as the field is lowered,
the temperature decreases approximately quadrat-
ically passing through a clearly rounded minimum

AND SCHILLER 1

and thence through a point of inflection so that
zero field is approached with downward concavity.
Given the fact that Cy possesses at least a near
singularity and the magnetocaloric equation

(Z) - Z (2

8H)s Cy <8T),,’

the assumption that magnetization, heat-capacity,
and isentrope extrema all coincide seems most
reasonable. In fact, if C; max does not coincide
with (8M/8T), =0, the absence of another minimum
in T versus H requires that (8M/87T), must diverge
near Ty in a manner similar to Cy.

The heat capacity (Fig. 3) and isoerstedic mag-
netization have been determined for a spherical
single crystal of MnCl, - 4H,0 with applied mag-
netic fields of 3, 5, and 6 kG directed along the
¢ crystallographic axis. A low-resolution plot of
M versus T is presented in Fig. 4. The positions
of the corresponding heat-capacity maxima are
marked by arrows. The uncertainty in the posi-
tion of the heat-capacity maxima is 2 m°K. Clear-
ly in each case M increases with temperature
above Tpy ¢ -

We shall now examine the behavior of (0M/87T),
near Ty(H). Applying the identity
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FIG. 2. Isentropic variation of temperature with the applied magnetic field parallel to ¢ axis.
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to S and incorporating the device of the neighbor-
hood temperature, ! ¢= |T - Ty |, we obtain

&) -(2)- (&) (&)

8T/y \8T/), \8H),\oT/,’

However, (8H/87T), is just the slope of a line par-
allel to the locus of C, maxima, thus

#- (- Gal(em) S

Buckingham and Fairbank® have shown the first
term to vary slowly as ¢— 0 for a broad class of
systems so that at finite fields we may neglect
this term for small £, Here it is clear that
dH/dTy is not infinite, as only for H=0 does that
possibility arise for most substances thus far in-
vestigated. It should be noted for future reference
that Eq. (1) implies a linear relationship between
Cy and (8M/87T), .

Sawatzky and Bloom!? have shown that a similar
relationship exists between the specific heat and
(8M/8H),, namely,

C dH \*/aM .

T - m) <8—}7)T+ slowly varying terms
and have verified this relationship, at least for
T < Ty, using the heat capacity and the adiabatic
susceptibility for CoCl,* 6H,0. Of course, the

linear relationships demand that all three quan-
tities Cy, (8M/8T),, and (9M/9H), diverge with
identical exponents.

Fisher!'? has obtained expressions for the vari-
ation of x, (T) of the form x, ¢ *for H=0in both
two- and three-dimensional antiferromagnets.
This would appear to conflict withthe results of
Sawatzky and Bloom.!? Skalyo et al.’® corroborate
the Fisher relationin CoCl,* 6H,O and, in addition,
the zero-field functionalform has beentested by
Wolf and Wyatt!® on DAG with quite good agreement
both above and below T (0). For a two-dimensional
superexchange antiferromagnet, however, Fisher
finds just the anticipated divergence in nonzero
field y,(H, T) <t~ %.

The abrupt behavior in (8M/8T), has been ob-
served for MnCl,- 4H,0 at 6000 G as a (near)
discontinuity in M versus T. These data are pre-
sented in Fig. 5. The experiment is extremely
difficult and only at this field were results of suf-
ficient stability obtained. A direct measurement
of (8M/8T), is much to be preferred and prepara-
tions are under way for this determination using
the standard moment measuring configuration and
sampling the induced voltage of the bucked coil
pair while the sample is heated at a constant rate.

Skalyo et al.'® have given a theoretical argu-
ment stating that isentropes cross the phase
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boundary tangentially and Griffiths!” has shown, in
addition, that this crossing is the point of inflec-
tion of these adiabats provided that C, diverges as
#~® where « is <3. Both of these features have
been detected in isentropes of MnBr,. 4H,0 by
Schelleng and Friedberg.®* It has recently been
put forth that the heat-capacity anomaly becomes
less abrupt for antiferromagnets with increasing
field. One of us'® has shown thatan analysis of the
heat capacity of MnCl,. 4H,0 using the scaling law
formalism yields a uniform decrease in a from a
value of ~0.3 in zerofield so thatthese predictions
are applicable to this salt.

This tangential crossing further requires
(aM/aT),, to diverge like C;. The only other al-
ternative being that neither of these quantities
[and by extension (9M/8H);] diverges even for a
perfect crystalline antiferromagnet for H#0, but
rather they attain some finite value. Thus it is
not required that an infinitely high value of these
quantities be measured to assert that divergences
occur (or would but for the rounding due to im-

perfections and such), but it is sufficient to dem-
onstrate simply that at least two of these quanti-
ties approach the transition with identical govern-
ing exponents.

Figure 6 is a plot of (87/8H)g versus T at con-
stant external field. The derivatives were ob-
tained numerically from the point by point isen-
tropic data of Fig. 2. Each curve in Fig. 6is a
vertical cut across the isentropes. The cusp to
larger negative values of (37/9H), may be seen to
appear precisely at the temperatures of the max-
ima in C;. This is also the temperature of the
point of inflection of the adiabats themselves,
(9%T/8H?)g~+». The locus of these points of in-
flection is presented as a dashed line in Fig. 2.
The constant-temperature view of this quantity is
presented in Fig. 7. Fisher'® has shown the para-
bolic H-T curve to be characteristic of the two-
dimensional superexchange model, while Bienen-
stock!® has suggested the form Ty(H) = T(0)

x[1 - (H/H,)*} from a study of Ising lattices which
reduces to a parabolic form for H small compared

10 T
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FIG. 6. (8T/0H)g versus T at constant applied fields.
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to H,. Experimentally both MnBr,+ 4H,0 * and
CoCl, - 6H,0O 15 also appear to possess quadratic
H-T curves. Thus fortified, it is no surprise to
find that the curve is nearly exactly described by
Ty(H) = Ty(0) - AH?, where A =(6.5%10"°) °K/G?.
(dTy/dH) is then just — 2AH. The solid line in
Fig. 6 outlining the cusp envelope gives the values
of (dTN/ dH) thus calculated and allows a compari-
son with the cusp heights as derived from the slope
analysis of the isentropic data. Although our data
do not allow very careful definitions of these
cusps, it is clear that the slopes of the isentropes
passing through the phase boundary are a good
estimate of the slope of the critical curve as pre-
dicted by Skalyo et al.®

The introduction of the phase boundary in Fig. 2
produces, however, several distressing asides.
It may be seen that several complete adiabats
which lie wholly above the dashed line possess
distinct minima. Thus, we have a nominal para-
magnet both cooling and heating as the field is
changed in only one direction. Putting aside for
a moment the discussion of this curious “phase,”

REICHERT, BUTERA, AND SCHILLER 1

the question of the behavior of (87T/8H)s as H ap-
proaches zero must now be considered. Unfortu-
nately measurements below 300 G cannot be re-
ported due to the effect of the superconducting
magnet.

The usual observation that (8M/87T), is identi-
cally zero at zero field, and from the magneto-
caloric equation, that (87/8H)g is also every-
where zero, is duly noted. However, the locus
of Cy maxima has been identified with the locus of
points of inflection in T versus H, and the former
terminates on the H axis at T(0)=1.620 °K.
Since the arguments of Skalyo ef al.® and Grif-
fiths!” do not break down as H~0 [indeed at H=0
they no longer require the divergence of Cy if
(dTN/dH) =0], there is no reason to suppose the
coincidence ends.

If the locus of Cy; maxima is indeed parabolic,
the requirements of tangential crossing at the
point of inflection would dictate that the three fea-
tures, in the in-field minimum, the point of in-
flection, and any maximum inside the critical
curve, would coalesce at zero field. Griffiths
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has stated that for @ >%, the curvatures of the
isentropes and the phase boundary would coincide
at the crossing point. From the Maxwell rela-
tion (8M/8T), =(8S/0H),, the latter quantity is
zero at H=0. The parabolic boundary requires
further (8S/8H), and the change in entropy along
the boundary Sj(H) to be zero at H=0. Refer-
ence to Griffiths’s expression for the curvature of
the isentropes,

().~ (). (),

2
- 25£(H){—-—~ﬂa(“;/}?5) } sy (7).

(where s denotes the neighborhood entropy), shows
that the curvature of the two curves coincides at
zero field for all @>0.

Again following Skalyo et al .,

T T » oM

(3~ o8 wnere =),
The adiabatic susceptibility has not been mea-
sured for this salt, but Lasheen et al.? in an at-
tempt to measure the isothermal susceptibility
note that their relaxation measurements show a
relaxation only at frequencies lower than that used
in their susceptibility experiments. Their mea-
surements thus might well be x5 or are probably
at best some mixture of the two. For our purpose
here, the difference is of no concern. We shall
make reference only to their zero-field data. It
may be seen therein (Fig. 2 of Ref. 20) that at
temperatures below T, the slope of x, versus T
is positive so that the concavity of our isentropes
below the dotted line should be downward at H=0.
In the region immediately above Ty, (8xs/87T)y is
still positive so that we would again expect a max-
imum in T versus H at zero field up to the tem-
perature of the maximum in yg where the approach
to zero field smoothly goes over into the maximum
expected of a paramagnet.

Series 21 is the first isentrope (Fig. 2) which
lies wholly above the H-T boundary. The curva-
ture estimates obtained from three-point polyno-
mial fits and appropriate differentiation show that
(82T/8H?) ¢ goes through zero at approximately
1500 G. Higher numbered series show an inflec-
tion point at higher fields.

Referring to Griffiths’s!” equation for the slope
of such an isentrope,

<%>s - (%%) = SilH) (‘2‘5‘),, ’ (2)

where s=|S -5, | is the neighborhood entropy.
This may be rewritten

aT T

(8H>s—-2AH+2aH C, (3)
where we have used the field dependency of the
H-T and S-H boundaries. The latter is also em-
pirically determined to be quadratic in H, fitting
an expression of the form

S,(H) =S,(0) —aH?, (4)

where a=6.3%X10"° gibbs/mole G®. The calculated
curve compares well (x 0. 5%) with values of the
entropy at the boundary obtained by picking off the
field of a tangential crossing, noting the temper-
ature at which the same isentrope crosses 5 kG,
and using the table of Reichert and Giauque? to
establish the absolute entropy at the tangential
crossing field.

Cy near the boundary has the form K¢™* + K'.
If we ignore the possible reduction in amplitude
and scaling index with field, the variation of Cy
with field may be approximated by

Cy=K(ty +K; H?)®+K' | (5)
where #y= | T - T(0)!1. Thus for high fields,
AT\ 2aT 1420
aH){ 2AH+K1K5a Hi*2 (6)
while at low fields
aT 2aT
<aH)s“_2AH+K1t5°‘+K’ H. (7

With increasing field then, (87/8H)g starts at
zeroat zerofield, goes negative led by the linear
term, and thenthrougha minimum as the higher pow-
er term asserts itself. As ¢, becomes large, the
second term in Eq. (3) approaches a linear varia-
tion in H (Cy is nearly constant with field). The
coefficient of this term increases with T (Cy also
decreases in value) and the minimum disappears.
We can assert that the boundary entropy has the
form of Eq. (4), at least for low fields, on the
following basis:

(a) S4(0)=0 so that no term H%(5< 1) may be in-
corporated.

(b) The eventual disappearance of the in-field
minimum in T versus H with increasing tempera-
ture depends upon the exponent of the second term
in Eq. (6) becoming <1. Thus values of 5> 2 are
excluded in the expression for S,(H). This leaves
1<6<2.

Two further observations are of interest here.
The locus of minima in (87/8H)g is a parabola
displaced from the locus of points of inflection a
distance of 0.057+ 6. 0% 10"1® H%(x0. 004) °K
(dotted line in Fig. 2). Extrapolation of this line
below 2 kG was accomplished using Eqs. (3) and
(5). The two constants, X, and K’ were taken
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from a linear interpolation of the values of Reich-
ert’® at 0 and 5 kG. The agreement with the ob-
served values of the minima is well within the ex-
perimental error for all fields >2 kG. The H in-
tercept of this curve corresponds to the maximum
in x4(7). Unfortunately, the data of Lasheen

et al.?® do not permit close comparison though the
value obtained here [(1. 677+0.004) °K] is quite
reasonable.

The striking series of anomalies (Fig. 6) which
develop at fields > 5.5 kG and at temperatures
well above the extrema in 7T versus H and M ver-
sus T are a complete mystery. These curves are
derived from constant field cuts across the adia-
bat plot of Fig. 2. Thus, the shapes are a result
of points from several adiabats and so would ap-
pear to be real. The effect is completely lost in
the more usual plot of (87/8H)g versus H along
the isentrope itself. In that case, only a single
deviant point appears on each curve which could
easily be dismissed as scatter. Evidently a cor-
responding disturbance will occur in both M and
Cy.

HHaving established that the isentropes above but
near the H-T boundary go through an in-field min-
imum, we would like to address a few comments
to the nature of the material in this region. A
thermally isolated paramagnet in an applied ex-
ternal magnetic field cools as the field is lowered
because the degree of order in the spin system de-
creases as the field is lowered. In systems in
which the degree of order increases as the field
is lowered, i.e., an initial field application tends

to break up the extant order, the substance warms.

There are, of course, spin systems without
spontaneous ordering in which adiabats with well-
defined in-field minima may be observed. The
origin of the effect here is the convergence and
crossing of levels which are split in zero field due
to single-ion anisotropy effects. Indeed, such an
effect might be anticipated in this substance since
the 90-kG heat capacity is exactly described by a
Schottky function of six unequally spaced levels
from which we would infer an effective splitting in
zero applied field of 2.16 cal for the mg=1%3 level
and 0. 88 cal for the m =+3 level, both above the
mg==+3% level. This, of course, presupposes no
further interaction between the Mn** ions.

Assuming the lattice heat capacity is of the form
A- T3 and is not anomalous, this modified Schottky
expression for the heat capacity produces only a
very low-temperature minimum in the adiabats
(about 0. 6 °K for the initial temperature-field co-
ordinates of run 21). Adjustment of the splitting
size does not significantly affect the disagreement
with the observed adiabats.

It is clear then that MnCl,- 4H,0 is still ordered

in some sense above 1. 62 °K in zero external field
and that this ordering is antiferromagnetic. The
observed persistence in several antiferromagnets
of NMR lines of paramagnetic origin®' down into
the antiferromagnetic region and the similar ex-
tension of antiferromagnetic lines well into the
paramagnetic region®®??® would seem to hint at a
coexistence or overlap of the two “phases.”

Marshall and Lowde?* in their recent review of
magnetic correlations point out the lack of qual-
itative difference in correlation in the two regions.
The correlation between nearest neighbors at T
is only ~ %, and it would appear that the clusters
of short-range order are capable of supporting
constructions similar to spin waves — an inher-
ently long-range concept. Neutron scattering ex-
periments too show a tendency in both regions to
“anticipate” the behavior encountered on the other
side of Ty.

These transition lines are often described as a
line of critical points. A critical point is, to most
of us, the end of a line of first-order phase tran-
sitions. These first-order transitions in anti-
ferromagnets have been conceptualized by Fisher?
as a discontinuous change in atomic moment ori-
entation (sublattice magnetization) as an applied
“staggered” magnetic field passes through zero
to negative values. The real world, of course,
coincides to the plane wherein Hg;,p0006¢=0. This
is closely analogous to the first-order line in a
liquid-gas phase diagram so that we might expect
that for an antiferromagnet at any temperature
and real applied field below the line of critical
points, the different staggered phases must be in
mutual equilibrium. Thus, the antiferromagnetic
“phase” is better envisioned as a mixture of at
least two staggered phases.?® At the critical point,
it is the difference between these staggered phases
that disappears.

Returning to the liquid-gas analog again, we
might note that P-V isotherms depart from their
ideal hyperbolic form at a considerable distance
from the critical point; that point being merely the
coordinate of the first horizontal inflection point
in the isotherm sequence. The paramagnetic
“phase” is no more a distinct phase than a fluid
immediately above its critical point is a phase
distinct from either the gas or liquid phases.

The old name for these changes put forward by
Landau?’ was “continuous transitions.” It would
appear that a view of these anomalies as such,
with the lines of phase diagrams taken as merely
the site of the maximum rate of change, or if you
prefer, an infinite gradient in the pair correlation
function (single-particle correlation function in the
case of He) would be more in line with the avail-
able evidence.
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