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Dysprosium aluminum garnet is a cubic antiferromagnet with highly anisotropic moments
along *+x, +y, and *z directions. In weak magnetic fields applied along any direction the zero-
field antiferromagnetic state is stable. .In strong magnetic fields, of the order of 10 kOe, applied
along [110] or [001], those spins with a component along the field are driven paramagnetic. Be-
cause of the unusual symmetry of the magnetic lattice, the remaining (transverse) spins are
decoupled from the others and are ordered at low temperatures by their own spin-spin interac-
tions. We have investigated the magnetic phase diagrams with fields along [110] and [001] by
making specific-heat and susceptibility measurements from 0.4 to 4.2 K in applied magnetic
fields as large as 15 kOe. Specific-heat measurements were also made for fields slightly
misaligned from [001], and the entire (110) plane was studied by adiabatic field rotation. The

" phase boundaries separating the simple antiferromagnetic and paramagnetic states contain tricrit-
ical points; the first-order portion of the phase boundary and the associated latent heat were
measured by isothermal demagnetizations and magnetizations. We have analyzed the data to
extract the critical fields and other characteristic parameters for both the simple antiferromagnet-

ic phase as well as the "transverse" ordered states.

1. INTRODUCTION

In dysprosium aluminum garnet (DyAIG) the
unusual symmetry of the crystal field produces
different local anisotropy axes at different sites. As a
result the magnetic ions are constrained to lie along
one of the cubic axes (i.e., +x, ty, or +z),! and
below 2.54 K the magnetic interactions produce an
ordered-antiferromagnetic state with three pairs of
sublattices as shown in Fig. 1(a). Each type of site
also has "local" axes (x',y',z') for the g-tensor, and
the local high-g,' direction may lie in the crystallo-
graphic x, y, or z directions. The application of a
magnetic field in an arbitrary direction may then pro-
duce different effects at different sites. The cubic
space group of DyAIG (0} retains the threefold
symmetry about [111] in going to the magnetic sys-

. tem. Because of this symmetry, all of the sites with a
component of the applied field, Hy, along the spin
direction become equivalent (e.g., for Hy along
[111], +x, +y, and +z are equivalent as are —x, —y,
and —2). In two previous papers** we have con-
sidered this simple case and have reported the results
of extensive magnetothermal measurements and the
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analysis of the measured thermodynamical properties
as well as the accompanying magnetic phase diagram.
(In these papers we also show that below 4 K the sys-
tem can be quite well described by a model of Ising-
like S' =—;— spins. The local z' axis of the effective

spin varies with site as described above.) Several
unusual features of the magnetic and thermal
behavior, as well as the results of neutron scattering’
and magneto-optical experiments,® were explained by
Blume et al.® who noted that the unusual symmetry
in DyAIlG permits a coupling between the antifer-
romagnetic order parameter and the uniform applied
field. Application of the field thus simultaneously in-
troduces an effective "staggered" field. The point at
which the transition changes from first order to
second order is thus a "wing" critical point.” For cer-
tain special symmetry directions such as [001] and
[110], this effect is not allowed® and the observed
behavior should be completely characteristic of a
multiaxis Ising system in a uniform field. The appli-
cation of a magnetic field along "special” directions
other than [111] may then produce a transition from
an antiferromagnetic configuration to the paramag-
netic state (with the spins aligned along a +z' local
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FIG. 1. (a) Zero-field antiferromagnetic-spin arrangement in dysprosium aluminum garnet, shown in a (001) plane projection
of the unit cell. The numbers give the heights above the Z=0 plane. Spins pointing along the z axis are indicated as current
loops in a right-hand sense (as in Ref. 2). (b) Proposed antiferromagnetic arrangement of the x and y spins when the z spins

are aligned by a strong magnetic field along [001].

axis) for either one or two pairs of sublattices while
the other sublattices may become disordered or un-
dergo transitions to a new antiferromagnetic or even
ferromagnetic state.® Motizuki’ has considered similar
multisublattice transitions in methylamine chrome
alum in the molecular-field approximation; however,
since this salt orders near 0.015 K, the different
types of transitions with fields along various direc-
tions have not been studied. We believe then that
the multiaxis phase transitions which are reported
here are the first ones to be studied experimentally.
(In Sec. II we shall see further that DyAIG is highly
unusual in that perfectly aligned paramagnetic spins
are completely decoupled from all spins which are
perpendicular to them.) Preliminary accounts of
some of this work may be found in Refs. 8, 11, and
12. Low-temperature magnetization measurements
and interpretation with fields in the (110) plane have
also been reported by Bidaux er al.'*~'¢ Their experi-
mental results are quite helpful although some of the
analysis is not complete. We shall discuss their work
more carefully in the next paper in this series.

In this paper we shall first indicate the kinds of
effects which we might expect to observe and then
report the results of extensive magnetothermal meas-
urements made with fields along (or near) [110] and
[001]. Effects due to slight misalignment of the ap-
plied magnetic field produce rather bothersome (but
necessary) corrections in the analysis. These will be
discussed where appropriate. We shall then extract a
number of parameters which are characteristic of the
system with fields in these directions. These parame-
ters, along with some of those determined in Paper
11, of this series (Ref. 4) will be used in the next pa-

per in this series in order to determine the spin-spin
interaction constants.

II. BACKGROUND

A. Description of "multiaxis” transitions

Various ordered configurations have been con-
sidered as possible multiaxis ordered states in
DyAIG.!217 These states can be represented by three
letter symbols, with P, A, or F denoting paramagnet-
ic, antiferromagnetic or ferromagnetic order, respec-
tively, at each type of site. An alphabetic subscript d
is used to denote a disordered state and m a magnet-
ized state. Inequivalent antiferromagnetic states are
distinguished by the use of numerical subscripts
(i.e.,A,,44,4;, etc.). Since there are three pairs of
sublattices (corresponding to +x, +y, and *z spins)
we can describe all possible six-sublattice states by a
triad of symbols. For example, the (P,,P,;,P,) state
shown at the top of Fig. 2 is the high-temperature
zero-field paramagnetic state in which all three sub-
lattices are paramagnetic and disordered. With the
application of a strong magnetic field along [111], all
three sublattices become strongly magnetized and the
magnetic state is denoted (P,,,P,,P,). In the zero-
field antiferromagnetic state, each of the three sublat-
tices is ordered in one type of antiferromagnetic
configuration, 4,. In DyAIG, the (4,,4;,4,) state
corresponds to the ordering shown in Fig. 1(a).

For H, along [001] the field acts on only the +z
sublattices, and at a certain critical field Hfy)) (T) it
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FIG. 2. Schematic representation of magnetic states in a cu-
bic three-axis antiferromagnet. States which are believed to
be stable in DyAIG are marked with a star.

will cause the —z spins to reverse, as in the case of a
single anisotropic sublattice pair. To first order the
+x, +y (transverse) spins are unaffected by the ap-
plied field H,, which is perpendicular to the local g,
(and g8 ~—0).* When the z spins have undergone
a transition to the completely magnetized paramag-
netic state (P,,), their coupling to the transverse field
is exactly zero. This is demonstrated in Fig. 3 for
two of the nearest neighbors of a transverse spin.
(The spin representation is the same as in Fig. 1.)
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Of course when the paramagnetic spins are not com-
pletely aligned there will still be some short-range
order coupling to the transverse spins, and we should
expect to see manifestations of this in the thermo-
dynamical behavior. When the applied field is much
greater than the critical field Hfyy (7)), the z spins
will thus be completely decoupled. Hence, the
transverse spins will comprise a new system which
will be paramagnetic at high temperatures and, at
some sufficiently low temperature T[lmu, will undergo
a cooperative phase transition. In this high-field or-
dered state, below T,loo” the transverse spins may
have the same orientation as they do in the simple
zero-field antiferromagnetic state (4,,4,,P,,) or may
form a completely new structure, e.g., (4,,45,P,,).
In Fig. 1 we show a (001) projection of both the
zero-field antiferromagnetic spin arrangement in
DyAIG and a particular, new antiferromagnetic ar-
rangement of x and y spins (predicted on the basis of
dipolar interactions) aligned by a field along [001].
The possible alternatives have been considered in de-
tail!! and will be discussed at length in the next paper
in this series. Low-temperature ordered states were
also considered by Bidaux et al.!® who used a
different notation.

Treating the transition by simple molecular-field
theory, we find that the low-field phase boundary to
the simple antiferromagnetic state (4,,4,,4) should
be parabolic,’ with the transition to the paramagnetic
state (P,;,P;,P,,) being second order near Ty. For
lower temperatures, a tricritical point 7, could appear
below which this transition would be first order
(depending on the ratio of the intrasublattice interac-
tions to the intersublattice coupling).

For H Il [110] the situation is superficially the
same. Once again the transition from the antifer-
romagnetic to paramagnetic state could be first order
below a tricritical point 7, and second order above T,
(up to T=Ty). At low temperatures we expect an
order-order transition in which the transverse spins
become magnetized paramagnetic due to the applied
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FIG. 3. Effect of the phase transition on nearest-neighbor interactions. The notation is the same as that used in Fig. 1:
(a) in the simple antiferromagnetic states the interaction fields H,,, due to two z spins add at an x-spin nearest-
neighbor site, (b) with the two z spins aligned parallel, the interaction fields at the x-spin nearest neighbor cancel out.

The same effect occurs at sites of spins directed in the ty direction.
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field, and the +z spins are cooperatively aligned by
spin-spin interactions with othér z-type spins. Again,
due to the magnetic symmetry, the interaction fields
produced by the transverse spins cancel identically,
and chains of spins pointing in the *z direction
remain (see Fig. 1). The assumption of antifer-
romagnetic chains of z spins [as in the simple antifer-
romagnetic state shown in Fig. 1(a)] yields a positive
internal energy U/R at T =0 K, i.e., the state is un-
stable, on the basis of dipolar interactions alone. In
fact dipolar interactions predict the ordered state to
be composed of ferromagnetic chains which are
aligned in a three-dimensional ferromagnetic state,
i.e., the state (P,,P,,F).

B. Asymptotically exact theories

The effective interaction Hamiltonian for DyAIG
has the form

I = 2 Kyoi0 +%;LBH Eg_,-o-,- , (¢))
i>} i
where o;, o;= %1 and g; is the effective g value in
the direction of the applied field H. The interaction
parameters Kj; include both dipolar and nondipolar
contributions, and their determination will be dis-
cussed in detail in Paper IV. It is nonetheless possi-
ble, using Eq. (1), to derive the general form for
theoretical expressions for thermodynamical proper-
ties; these expressions become asymptotically exact
for some limiting value of field and/or temperature.

These expressions will contain certain "characteristic
parameters” which are simply related to the interac-
tion parameters K;. As this has been examined at
length in Ref. 4, we shall not derive all the formulas
but shall present them and show in particular how
they apply to the more complicated "multisublattice”
nature of the present results.

In such a highly anisotropic system the low-
temperature elementary excitations are single ion
"spin flips" rather than collective excitations. It is
straightforward to determine the low-temperature
thermodynamical behavior in terms of the energies of
the elementary excitations and their relative probabil-
ities. At very low temperatures where only single
spin-flip excitations of energy A are important the
resultant specific heat is

C/R =(A/kT)*exp(— A/KT) . )

As the temperature increases and contributions from
higher-lying excitations become important, Eq. (2)
becomes insufficient although it is still possible to
empirically fit the data to the same form using an
"effective" splitting A.g, which approaches A at 7 —0.
With the application of a small magnetic field the
form of the specific heat depends upon the nature of
the ground state. If the zero-field ordered state is
ferromagnetic, Eq. (2) remains correct but A is re-
placed by A +gugH. However, if the ground state is
antiferromagnetic, the energies of single spin-flip ex-
citations are different for spins which were originally
up and those which were down. The low-tem-
perature specific heat is then!! '8

C/R = (A/KT) exp(— A/KT) [+ (v +y™) + (8/8) (p —y ™) + (/A5 +y™) - - -1, 3)

where we have 8 =g ugH and y =exp(8/kT).

In the presence of a strong magnetic field the spins
will be paramagnetic and the specific heat will be a
Schottky anomaly of the form

A

kT

exp(=A/kT) @
[exp(—A/KT) +1]12°

<
R

where we have A =gug(Ho+h;) and h; is the
effective spin-spin interaction field. In the present si-
tuation it is possible that, due to the field orientation,
different sublattices will be in different states. For
example, with H, along [001], the z spins will be
paramagnetic and aligned, and the "transverse" spins
will be antiferromagnetic. If the field is now slightly
misaligned towards [011], a field component will be
along the transverse-spin local g, axis and Eq. (4)
will therefore be applicable. (We shall see later that

misalignment effects are very important.)

The effect of the small (but finite) g, is also of
concern. The excitation energy for the transverse
spins due to an applied field H, which is misaligned
from the [001] direction by an angle 6 is

A= uglgt (Hosind + h)? + g2H¢ cos?6]'?,  (5)

where A; is the effective spin-sbin interaction field.
The ratio of the terms involving the misalignment
and g, is

R = (g1/8,)2(2h; sin8/ Hy cos?6) =100 (6)

for §~2°. Misalignment effects will then dominate
the effects of g;.

At high temperatures an expansion of the partition -
function yields a specific heat whose temperature
dependence is given by
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C/R =6,/2T*+6:/3T*+ - - -, @)

where ‘
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In the presence of a small magnetic field, Eq. (7) will
include terms like AH¢ /RT?, where X is the Curie
constant.

At T =0 the application of a sufficiently strong
magnetic field H¢ will produce a phase transition
when the energy of the high-field state becomes
equal to that of the zero-field state, i.e.,

MoH = Uy o~ Uy, , ®

where M, is the magnetization of the high-field state,
and Uy .o and Uyo are the internal energies of the

zero-field and high-field states, respectively. Since
these are determined by the interactions (Kj), the
critical field H¢ will provide a direct measure of the
interaction "bonds" which change during the transi-
tion.

1II. EXPERIMENTAL METHODS

The apparatus used for these experiments, as well
as the techniques used, were explained in detail in a
previous paper® and will be discussed only briefly
here. A large single-crystal ellipsoid of DyAIG was
supported in the cryostat with a (110) plane horizon-
tal. This plane contained the minor axes of the ellip-
soid, and the classical demagnetizing factor in this
plane was N =5.35. The sample could be cooled to
0.4 K with a He?® cryostat surrounded by a He* bath.
Magnetic fields up to 15 kOe were supplied by an
electromagnet which could be rotated so that the field
could be aligned along any direction in the (110)
plane. The location of the [001], [111], and [110]
axes was deduced from the results of adiabatic field
rotations. (This method was described more fully in
Ref. 3.) The specific heat of the sample was meas-
ured in magnetic fields up to 15 kOe and at tempera-
tures between 0.4 and 4.2 K, using the standard-heat
pulse method.> Values obtained for the specific heat
are accurate to better than +2%. The data were
corrected for contributions from the addendum, the
lattice, and the hyperfine interactions as described in
Refs. 3 and 4. The results reported here are the net
resultant values for the (electronic) magnetic specific
heat. A far more important source of error in these
measurements is the determination of the actual
orientation of the applied magnetic field. Above 1.1
K, the only stable orientation of the magnetic field,
with respect to creation of a torque due to the field
not being parallel to the moment, is [111]."® This
means that the application of a magnetic field near

[110] or [001] (but not exactly along these axes) will
tend to rotate the entire sample so that the [111] axis
would be parallel to the field. The resultant torque
was sufficiently great to shatter several sample sup-
ports (%-in.-phenolic tubing). The effects of this

misorientation will be discussed at length in Sec. IV.
At low temperatures any misalignment of the field
will produce a component of the field parallel to
those spins which are ostensibly in a zero-field state
(i.e., the local g, is perpendicular to Hy). The form
for the low-temperature specific heat will then be
changed, and this too will be discussed in Sec. IV.
For at least one set of experiments we wanted to
insure that the sample support was absolutely rigid.
This rigidity was achieved by using an 8-cm length of
%-in.-o.d. stainless-steel tubing (0.010-in. wall thick-

ness) as a support. The heat leak with respect to the
sample with this support was quite large (as much as
10—20 ergs/sec), and it was impossible to use our
standard-heat pulse technique for specific-heat meas-
urements. Instead we adopted the continuous heat-
ing technique (see Refs. 20 and 21 for details con-
cerning this technique). Heating rates were typically
500 ergs/sec although very near the transition rates
as small as 100 ergs/sec were used. These heating
rates were far too large to allow high-resolution
measurements to be made, but were quite reasonable
for allowing us to determine the location of the tran-
sition temperature to +5 mk and the maximum value
of the specific heat to £10%. An additional series of
adiabatic rotations showed no evidence of sample ro-
tation even in fields of 12 kOe and at temperatures as
low as 0.6 K. The torque produced under these con-
ditions was calculated to be almost a factor of 2 larger
than those which had caused previous sample sup-
ports to shatter.

Isothermal-field sweeps were made by varying the
field such that the magnetocaloric effect caused the
sample to cool and then, by supplying heat electrically
through a feedback loop, keeping the sample tem-
perature constant. The heat supplied Q was meas-
ured as a function of field, thus allowing us to deter-
mine

(0S/0Ho) r=(1/T)(8Q/8H) ¢

to +5%. The technique was described in Ref. 3.
Susceptibilities were measured by observing the
change of mutual inductance of a pair of astatic coils

with the sample centered in one of the secondaries.
Measurements were also made in the presence of ‘a
magnetic field aligned perpendicular to the coil axis.
Changes in mutual inductance were made in part us-
ing a Hartshorn bridge?? and in part by phase locking
onto the inductive component of the signal from the
secondary using a PAR HR8 lock-in detector. In ord-
er to measure the susceptibility along a [001] direc-
tion with the large static field along [110], it was



4810 D. P. LANDAU AND B. E. KEEN 19

necessary to support the sample at 90° to the
configuration described above. The sample was first
oriented by Laue backreflection x-ray patterns to
have the [001] axis vertical and then encased in a
Teflon sample holder. 1t was estimated that the sam-
ple was actually within +5° of the desired orientation
when in situ. As we shall see, the question of orien-
tation near [001] is quite important. In all cases the
measured mutual inductance included a constant con-
tribution from the cryostat. This contribution was re-
moved by normalizing the high-temperature results
to the known form of the high-temperature suscepti-
bility plus a constant. This procedure also served to
establish an absolute scale for the susceptibility of the
sample.

IV. EXPERIMENTAL MEASUREMENTS: RESULTS

A. Thermal measurements with applied fields along [001]

1. Specific-heat measurements

Specific-heat measurements were made in constant
applied fields from 1 to 15 kOe at temperatures
between 0.5 and 4.2 K. A variety of results were ob-
tained and typical data are shown in Fig. 4. Prelim-
inary results have already been presented in Ref. 8.
For relatively small fields, single sharp peaks were
observed whose height decreased as the applied field
was increased.?? For fields between 5.8 and 7.0 kOe a
sharp low-temperature peak appeared followed by a
broader less prominent peak at higher temperatures.
For fields above 7 kOe only a single very sharp peak
was present; these A-like peaks showed rather
anomolous behavior as a function of increasing field.
We shall discuss the results in more detail later. The
various specific-heat maxima were taken to indicate
phase transitions whose locations are plotted in the
magnetic phase diagram shown in Fig. 5. It would,
of course, be desirable to show curves of the shape-
independent specific heat at constant internal field
C,,’; however, we lack the extensive information

about the magnetization derivatives which is needed
in order to correct C”o to CH,,. (See Refs. 3 and 25

for discussion of the complex relation between the
two quantities). The location of the phase boun-
daries was also carried out by making a series of
isothermal field sweeps as described in Sec. III. The
data indicate that for

165K <T < Ty (=253K)

the transition to the paramagnetic state [i.e.,
(4,,4,,4)) — (P;,P;,P,)] is of second (or higher)
order. These two phases are shown schematically in
Fig. 2. The data also suggest that a tricritical point

occurs at T,~1.65 K (Hy,~5.30 kOe) below which
the transition is of first order. (More recent measure-
ments? made with a carefully aligned sample and
very high resolution suggest that the discontinuity in
the magnetization approaches zero linearly with tem-
perature and that the value of 7, with the field per-
fectly aligned is 1.80 K.) The tricritical temperature
is almost exactly the same as the temperature for
which the first-order transition with Hq !l [111] ap-
pears.>2 28 The first-order transition below T, is
spread out into a coexistence region due to the
demagnetizing field in a sample with finite-demag-
netizing factor N. In this mixed phase region the
(A1,A1,4,) and (P,;,P,,P,) phases coexist. (For

Ho 11 [111] the field affects all three pairs of sublattices
equally and the coexistence region consists of a mix-
ture of (P, P, P,) and (4;,4,,41)%} At low tem-
peratures the application of a strong magnetic field
produces the (4,,4,,P,,) state. Previous ground-
state calculations®!! using dipolar coupling only have
predicted that this rather unusual transition should
include the appearance of a antiferromagnetic-
ordered state in the two sublattices which are perpen-
dicular to the applied field. Preliminary neutron
scattering results?’ tentatively confirm this. Due to
the demagnetizing field this transition is also spread
out into a coexistence region combining (4,4,4,)
and (4,,4,,P,). This transition is bounded above
and below by fields Hy" and Hy given by )

Hgi = Hf + NMY )

where Hf is the critical-internal field and M* and M~
correspond to the upper and lower values of the mag-
netization at the transition. The sharp transition
which was found at ~1 K with Hy <7 kOe indicates
the transition between two different sets of mixed,
coexisting phases

(Al,Al,Al) + (Az,Az,Pm) —’(Al,Al,Al) + (Pd,Pd,Pm) .

For Hy > 7 kOe the almost vertical phase line begin-
ning at Ty'=1.01 K shows the transition from the
(transverse) ordered multisublattice state (4,,4,,P,,)
to the paramagnetic (P;,P;,P,) phase. Just above
H{ the specific-heat anomaly was quite sharp but not
particularly large. As the value of the applied field
was raised, the maximum increased in magnitude and
moved first to higher and then to lower temperature.
The initial increase in T iLOOH was almost certainly
caused by the proximity to the mixed phase region
and short-range order in the z spins. We believe that
the bending back of Ty at high fields is due to a
small misalignment of the applied field with respect
to the [001] axis. In order to test for this possibility
we made a detailed study of this upper-phase arm for
fields applied at several different angles with respect
to [001]. The resultant-phase boundaries are plotted
in Fig. 6.
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FIG. 4. Specific heat of DyAIG with applied magnetic fields along [001]. The peaks found above 1.65 K correspond to the tran-
sition (4,,4,,4,) — (P4,P;,P,). (See Fig. 2). Between 1.1 and 1.65 K the transitions are
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In several sets of experiments the peak value of
the specific heat became quite large (C/R . > 5) at
Tﬁ)o” for applied fields on the order of 10 kOe or
above. (We now believe that in these cases the field

was actually misaligned by the order of 2°, and the
unusual phenomenon which we shall now describe
further emphasizes the importance of correct align-
ment in studying the multisublattice transitions.)
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FIG. 5. Magnetic phase diagram for DyAIG with applied magnetic fields along [001]: open circles are the maxima of C”o vs T

curves such as those shown in Fig. 4, and closed circles are the end points of first-order transitions determined from isothermal
field sweeps. The broken line is the phase boundary calculated from the experimental data of Wyatt (Ref. 24) for the case of

N=0.
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When the field was increased to 12 kOe or above, the
specific heat actually became negative at the critical
temperature. The effect was clear and reproducible:
during a heating interval the sample would begin to
cool. When the heating stopped the sample tempera-
ture reached equilibrium rather quickly but then
cooled further when the heat was turned on again.
Eventually the sample temperature began to increase
when the heat was applied. The total amount of en-
ergy involved varied with field magnitude and orien-
tation but was about 0.04R or less in all cases. Four
different runs made with the field orientation fixed
are shown in Fig. 7. An explanation of this
anomalous behavior will be given in Sec. V A 2.

2. Latent-heat measurements

The latent heat associated with the first-order por-
tion of the critical-field curve was examined by
means of isothermal-field sweeps, and the result is
shown in Fig. 8. The unusual characteristic of these
results is that below 0.9 K the latent heat becomes
negative. A positive latent heat means that heat

140 \\ |
| \

120 \
110
Ho o, -+ 4° 4
(kOe)
100
6
o9 -
o 9 =
90 Lo
s @ =
® 9 =
a e =
80
70
60

100 102 104 1.06 108 110 112
T (K)

FIG. 6. Dependence of low-temperature high-field phase
boundary in DyAIG with direction of the field near [001]. @
is measured with respect to the magnet and therefore, bears
no relation to crystal axes. i
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FIG. 7. Apparent "negative" specific heat of DyAIG with
13.46 kOe slightly misaligned from the [001] direction.

must be supplied to convert the antiferromagnetic
state to the disordered phase. From the magnetic
Clausius-Clayperon equation
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FIG. 8. Experimentally measured latent heat in DyAIG as-
sociated with the first-order phase transition in magnetic
fields along [001].
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we see that this implies 9H;/dT > 0 although there is
no magnetization data from which the latent heat can
be calculated. However, by 0.5 K the latent heat is
essentially zero, indicating that H{y,, (7 —0) has zero
slope (see Fig. 5). The dashed portion of the curve
shows a reasonable extrapolation of the data in the
region of temperature for which irreversible effects
make measurements impossible.

Adiabatic-field sweeps show irreversible effects
caused by entering the mixed phase. Similar irrever-
sibilities had been found when we have Hyll [111], in
which case a comparison with the entropy-temper-
ature curves derived from the integrated specific heat
showed the effect on the isothermal-latent-heat meas-
urements, was somewhat less than on the adiabatic-
field sweeps.® Based on these results and less exten-
sive measurements in the [001] direction, it appears
likely then, that the latent-heat curve shown in Fig. 8
is correct to within an error in entropy AS of 0.02R
where L =TAS.

B. Thermal measurements with applied fields along [110]

1. Specific-heat measurements

The specific heat of DyAIG with fields up to 12
kOe along the [110] axis was measured down to 0.4
K. The results (see Fig. 9) are quite similar to those
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(4,,A,4) —(P,,P,.P,) (see Fig. 11). The transition at
0.6 K for Hy=5.52 kOe is
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FIG. 10. Magnetic phase diagram for DyAIG with applied magnetic fields along (110]: open circles are the maxima of C”o vs T

curves such as those shown in Fig. 9, and closed circles are the end points of first-order ‘transitions determined from isothermal
field sweeps. The broken line is the phase boundary calculated from the experimental data of Wyatt (Ref. 24) for the case N=0.
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found for the [001] case. Again the specific heat
showed relatively sharp peaks, and the phase boun-
dary traced out by the specific-heat maxima and
latent-heat measurements is shown in Fig. 10. The
low-field transition from the simple antiferromagnetic
state is to the (P,,,P,,P,;) state, whereas the low-
temperature high-field state is (P,,,P,,F) (see Fig.
2). The specific-heat peaks encountered upon cross-
ing the vertical phase boundary at 7'[;j9) were quite
sharp, although the maximum values were much
smaller than the equivalent [001] values. The curva-
ture of the upper-phase arm is appreciably less than

for HIl [001]. The insensitivity of the specific heat to

the magnitude of the applied field (for Hy > 8 kOe)
is shown in Fig. 11.

2. Latent-heat S

The latent heat associated with the first-order phase
transition was measured in an identical manner as for
the [111] and [001] cases. The results of these meas-
urements are shown in Fig. 12. Here, too, the rather
abrupt decrease of the latent heat at low temperatures
is probably due to irreversibilities (with an associated
change in entropy as AS =<0.02R) and the dashed
line shows a reasonable extrapolation to 7 =0.

C. Adiabatic-field rotation with Hy in the (110) plane

An independent check on the thermal properties
with fields along (or near) [001] and [110] is provid-
ed by placing a field along [111], where the entropy
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FIG. 11. Specific heat of DyAIG with 11.6 kOe along the
[110] direction. The dashed line shows a Schottky specific-
heat curve for the transverse spins. The solid curve shows a
Schottky curve for the transverse spins modified by the
effects of short-range order in the "parallel" spins. High-
resolution insert data: (+) Hy=8.860 kOe, (®) Hy=9.051 kOe,

(O H¢=10.227 kOe, (x) Hy=11.945 kOe.
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FIG. 12. Experimentally measured latent heat for DyAIG
associated with the first-order phase transition in fields along
[110].
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FIG. 13. Adiabatic-field rotations in DyAlG: (a) Variation
of temperature with angle with Hy=12.2 kOe. S/R=0.054
for Hy along [111] and T=1.88 K. (b) Variation of tem-
perature with angle for Hy,=4.0 kOe; S/R=0.185
and T=1.50 K.
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and energy characteristics are known,’ and rotating
the field adiabatically to other positions. Previous
measurements®3® had shown that the magnetocaloric
effect is quite big in DyAlG. We have studied this
effect in detail by carrying out a series of adiabatic-
field rotations for various values of applied field (up
to about 12 kOe) and for different fixed values of en-
tropy. (Alternatively, this may be viewed as begin-
ning at different initial temperatures for a given mag-
nitude and direction of field. In Fig. 13 we show
results for two different rotation experiments:
Hy=4.0 kOe and S/R ~0.185, and Hy=12.2 kOe
and S/R ~—0.054. (Note the change in scale between
the upper and lower portions of Fig. 13). Examina-
tion of the phase diagrams shown earlier suggests
that during the low-field rotation the sample
remained in the simple antiferromagnetic state, but
the high-field rotation enters both the paramagnetic
state and the "multiaxis" states near [110] and [001].

D. Multiaxis-susceptibility measurements

We have described the phase diagrams and have
indicated proposed spin arrangements for all phases
with fields in the three principal directions. The most
desirable method of checking these predictions would
be neutron diffraction but this is not possible to do
with the facilities in our laboratory. The only means
of obtaining information concerning the magnetic
state of the system is by making measurements of
the susceptibility with a large static field, H,, perpen-
dicular to the ac measuring field A. Unfortunately
our apparatus does not exclude temperature-in-
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FIG. 14. Susceptibility of DyAIG with large static-magnetic
fields along [110] .and [001] (ac measuring perpendicular to
the large field and in zero field.) The results have been
corrected to a spherical sample with N = %471-.

dependent "background" contributions. However, the
zero-field susceptibility is well known,! and by com-
paring with a zero-field measurement on our ap-
paratus, we may determine the size of our suscepti-
bility "units" on absolute scale, provided the same
current and frequency are used for all subsequent
measurements. The mere presence of the magnet
changes the zero dramatically as does the subsequent
application of a field. The only tenable solution to
this problem is to normalize the results with the
zero-field curve at 4.2 K. In DyAIG the Weiss O is
determined by spins which are parallel to those being
measured. Because the large applied field constrains
only those spins perpendicular to those being meas-
ured by the measuring field, the Weiss O is un-
changed due to the application of the field. Thus
only the terms of second order and higher in interac-
tions will be different in zero field and with fields
parallel to [001] and [110]. To a good approximation
the zero-field susceptibility obeys a Curie-Weiss law
at 4.2 K. (This clearly is not exact, but it does pro-
vide a reasonable estimate for the true absolute
scale.) The results of susceptibility measurements
are shown in Fig. 14 for: (i) zero field (X is isotro-
pic) (ii) h1I[110], Hy![001], and (iii ) K 11 [001],

Hy 11 [110], where Hj is the large static field and & the
ac measuring field. The results have been corrected
10 a spherical specimen using the relation

xs?);\ere=xe_x})+(';‘47f—Nexp) . an

The data in Fig. 14 show unambiguously that the
ordered state for Holl [001] is antiferromagnetic. The
susceptibility has a maximum about 15% above the
ordering temperature and decreases as the tempera-
ture is lowered. Within experimental error the max-
imum slope of XT coincides with the ordering tem-
perature.

The interpretation of the results for Hyll [110] and
hll [001] is more difficult. At first glance the
behavior seems to indicate antiferromagnetic order;
however, Xmax is very close to 1/N, which would be
the maximum for a ferromagnetic state. In addition
the transition temperature coincides more closely
with the maximum in X than the maximum slope of
XT. Both of these facts would suggest ferromagnetic
ordering.?! Very recent preliminary neutron scattering
experiments?® show that the alternative structures
which appear possible based on the dipolar interac-
tions!! are not consistent with the neutron data. In
addition, measurements of the magnetic moment
with strong fields applied near a [110] axis indicate
that the long-range order is ferromagnetic.3? This is
consistent with the results given here, and we.there-
fore conclude that the low-temperature high-field
state is ferromagnetic (i.e., Py,Pn,F).
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V. ANALYSIS AND DISCUSSION

A. Phase diagrams

1. Low-field boundaries

The behavior of the critical field as T — Ty (i.e.,
H*¢—0) has been examined for the three principal
directions: [110], [001], and [111]. The intrinsic
quantity of interest is the internal field Hf and in ord-
er to correct our results at constant external field H,
we used the magnetization data of Wyatt.2* The criti-
cal field Hf is expected to behave as

H=A( —T/Ty)'? (12)

as T — Ty. The data were therefore analyzed by
plotting Hf (Ref. 2) vs Ty—T. The results for [110]
and [001] are plotted in Fig. 15. For comparison we
also show the variation of the "ghost" of the transi-
tion? which appears when the applied field is along
[111]. The data are consistent with Eq. (12) with a
single value of 4'=6.6+0.1 kOe, independent of
direction. The observed tricritical temperatures in
the [001] and [110] directions are also almost identi-
cal, and we estimate that the location of the tricritical
point in the [111] direction would also be quite simi-
lar if it were experimentally accessible. Bidaux

et al.'* have explained this behavior using the
molecular-field theory; the close agreement in the
three directions is fortuitous.

2. Low-temperature high-field transitions

There are a number of interesting features associat-
ed with the high-field transitions between the partially
aligned paramagnetic state and the "multiaxis" phases.
With the field along, or near, [001] the phase boun-
dary bends back in temperature as the field increases.
This can be understood primarily in terms of the
misalignment of the field which introduces a com-
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FIG. 15. Behavior of the critical field as 7 — T for fields
in the three principal directions.
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FIG. 16. Variation of transition temperature with misalign-
ment angle 0 for fields near [001] in DyAlG. The linear
dependence of Tjgg;; vs 6% shows Toey) o H? for small an-
gles. For §=0 ,H| is along [110].

ponent H, = Hysin# along the [110] direction where
6 is the angular misorientation from [001]. This
component lowers the transition temperature of the
transverse antiferromagnetic sublattices of the
(A4,,4,,P,) phase. The effect is to trace out a
critical-field curve analogous to the one for the
(4,,41,4)) phase. For fields not substantially greater
than Hy=7 kOe we expect [in analogy with Eq. (12)],

HJ. = Ho sinf = Al(l - T’/beo” )1/2 ’ (13)

where Ty is the ordering temperature for

6=0, and T' is the transition temperature for a
misalignment by 6. For small misalignment we have
sinf~@ and Eq. (13) becomes

0*H§ = AL/ Tigey) (Tiooy — T') . (14)

The data for Hy=9 kOe and 10 kOe shown in Fig. 6
are analyzed in Fig. 16. (The data should show sym-
metry for misalignment about [001] since [110] and
[110] are equivalent. The best fit occurs when the
magnet vernier reading of 4° is taken as perfect [001]
alignment.) The data show the behavior predicted by
Eq. (14) with T§, =1.113+0.005 K and support the
critical-field interpretation given above. Even when
the field was completely aligned (to within an es-
timated i%°) the vertical phase boundary contin-
ued to bend back for Hy > 10 kOe. We believe that
this is due in large part to the small (but nonzero) g,.
One particularly fascinating feature of this phase
boundary is the negative specific heat which occured
at high fields when the alignment was not perfect.
We believe this is a real effect which results from the
unusual multisublattice nature of DyAIlG, the storage
of energy in the twisted sample support and the rela-
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tive slowness of heat flow. (It is also quite possible
that irreversible effects enter.) Because the magneto-
crystalline anisotropy constrains the sublattice mo-
ments to lie in [001] directions, the sample magneti-
zation will not generally be parallel to the applied
field, and the sample will experience a torque. Sim-
ple mean-field calculations suffice to show that in the
paramagnetic state only the [111] direction represents
a direction of stable equilibrium. Both [001] and’
[(110] are directions of unstable equilibrium: the
torque is zero if the applied field is exactly along one
of these directions, but is nonzero for small misalign-
ment and tends to rotate the sample towards [111].
With T=0.8 K and Hy=10 kOe, torques as large as
5x10° dyne cm can be produced.!?* At low tem-
peratures and large fields near [001], the (4,,4,,P,,)
is realized and the [001] direction also becomes
stable. As the sample is heated through the transi-
tion temperature T', the antiferromagnetically or-
dered transverse spins become paramagnetic. Since it
is also quite possible that a tricritical line appears for
the transverse phase li.e., the (4,,4,,P,) —
(P,,P;,P,) transition becomes first order] the
conversion of one phase to another is "driven" by the
heat. The conversion to the paramagnetic state once
again makes [001] an unstable direction and the sam-
ple rotates. When this occurs, energy is stored in the
twisted support and the sample cools due to the nega-
tive sign of the magnetocaloric effect (note the cool-
ing observed in the adiabatic rotation shown in Fig.
13 as the field is rotated away from [001]).

The high-field phase boundary for H; along [110]
is virtually field independent above 8 kOe. The data
shown in Fig. 11 indicate the multisublattice behavior
with the peak at Tjo;;; ~0.6 K due to the
(Py,P,,F) — (P,,P,,P,;) transition clearly separated
from the rounded Schottky maximum due to the
paramagnetic spins, which are aligned by the field. A
simple attempt to separate out the contributions from
the spins aligned by the field can be made by calculat-
ing a Schottky peak due to energy gap A =g ugH with
H =Hg+ hiy, where h;,‘is the interaction field pro-
duced by the aligned spins. The characteristic form
for this curve [Eq. (4)] is multiplied by —:— since only

% of the spins are involved and is plotted along with

the experimental data in Fig. 11. Since this curve
exceeds the total measured specific heat, the neglect
of interactions with transverse (disordered) spins is
serious. The effect of these interactions may be in-
cluded in a relatively crude fashion through calcula-
tion of the modified Schottky curve determined in
the following way: Since the transverse spins are
disordered, their relative direction (and hence in-
teraction) with respect to the "parallel” (aligned
paramagnetic) spins varies from site to site. It is
straightforward to show that, because of symmetry, at
about 50% of the parallel sites the interaction due to

nearest-neighbor transverse spins cancels out (see
Fig. 3). Conversely at one quarter of the sites they
add a contribution to the gap of A’ and at the remain-
ing sites add a contribution —A’. The "modified"
Schottky curve shown in Fig. 11 is simply the sum of
three Schottky curves with A=guH +A', A=guH,
and A=guH — A’ weighted by —i—% and %, respec-
tively. This approximation should in fact be quite
good as long as the Schottky specific heat is small.

At higher temperatures where multiple excitations of
the parallel spins become important, the modified
Schottky should offer less improvement over the sim-
ple Schottky.

3. Magnetic phase boundaries in the (110) plane

The phase boundaries of DyAIG with fields along
the principal axes have been studied using mean-field
theory.>!1'15 However, these studies as well as the
experimental investigations of Bidaux et al.’? have
been restricted to low temperatures. The extent and
nature of the multisublattice behavior can best be un-
derstood from a diagram which shows phase boun-
daries as a function of both field orientation and tem-
perature. Using our results and those of Bidaux
et al.,’> we have constructed such a three-dimen-
sional plot for internal fields H; in Fig. 17(a). In this
figure the stipled surfaces represent the phase boun-
daries. The (P,,P,,F) state is seen to exist only in
the [110]-7 plane, whereas (4,,4,,P,,) exists in a
three-dimensional volume near [001]. The letters
A—F represent special points on the diagram and will
be useful in interpreting the phase diagram for exter-
nal fields H, shown in Fig. 17(b). Because of the ex-
istence of the demagnetizing field, all first-order tran-
sitions are spread out over a range of external field.
For example point E in Fig. 17(a) becomes a line E-
E' in Fig. 17(b). The effect of the demagnetizing
field on points-B and .C is even more severe and they
are spread out into the surfaces B-B'-B'" and C-C'-
C", respectively. Obviously experiments carried out

. in any single plane (e.g., constant T or constant field

direction) may show very complicated behavior due
to demagnetizing field effects, even though the
underlying intrinsic behavior (i.e., H;-7) is relatively
simple. As an example the reader is urged to com-
pare the phase diagrams in Figs. 5 and 10 with Figs.
17(a) and 17(b).

B. Extraction of characteristic parameters

1. Determination of the critical fields as T —0 K

In the molecular-field theory the critical field at ab-
solute zero is determined by the difference in interac-
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FIG. 17. Magnetic phase diagram for DyAIG as a function
of temperature for applied magnetic fields in the (110) plane

(this figure shows a 90° range of field orientation from [110] ‘

to [001]): (a) as a function of H,. Here the surfaces dep-
icted by the grainy surface and by the thin contour lines
coincide. (b) as a function of applied magnetic field H,
with N =5.35. Here the effect of the nonzero demagnetiz-
ing factor is to cause the surface indicated by the contour
lines to separate from those depicted by the grain. This
results from the fact that the passage between phases
proceeds via a first-order phase transition. Thus all points
labeled with the same letter (e.g., B,B',B") coalesce in the
plot as a function of internal field. By taking cross sections
in the [110]-T, [111]-7, and [001]-T planes, one obtains the
Hy vs T magnetic phases diagrams shown earlier (see Figs. 5
and 10 and Ref. 3). The location of the conjectured line of
tricritical points ending in point F is approximate.

tion energy between the perfectly ordered and disor-
dered states, and can be used to yield information
about the spin-spin interactions. We have seen that,
because our sample has a finite demagnetizing factor,
the transition will occur over a range of external field
delineated by Hg" and Hy, i.e., the upper and lower
boundaries. They are related to the actual internal
critical field for 7 =0 by

H =Hg, H*=Hg —NM,, (15)

where M, is the saturation magnetization and where
the two estimates for Hf should be identical at T =0
K. In fact they are not, due only, we believe, to ex-
perimental error. These errors include the difficulty
in interpreting the latent-heat curves, measuring the
field, and determining the saturation magnetization.
In addition our experiments were done at relatively
high temperatures and the critical field is still chang-
ing with temperature. Figures 18 and 19 show plots
of Hy and Hy —NM,, where M, is 545 and 385
Oe for [110] and [001] directions, respectively. From
these we have estimated the critical fields

Hfy10p =4700 +80 Oe, Hfy;, =5150 +100 Oe :

The H™’s were weighed more heavily because of the
possible error in My which must be used to correct
H*. These curves also indicate that dHf/9T is very
small as T —0 and probably zero.
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FIG. 18. Extrapolation of low-temperature critical field to
T =0 K for DyAIG with fields along [110].
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FIG. 19. Extrapolation of low-temperature critical field to

T =0 K for DyAIG with fields along [001].

The effect of misaligning strong fields with respect
to the [001] direction is to put a small applied field

along the high g direction of the transverse spins. As

described earlier, they will react just as any antifer-

1
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Ajoor
e — —
Xp‘ T

T

where Ay is the gap for the transverse spins and
A'=gupg(Hy+ h;p) with a small interaction field Ay,
between z spins. Runs were made down to 0.5 K for
two different values of the applied field, 8.55 and
12.27 kOe. For both cases A’ > 10 K and the contri-
bution of the second term in Eq. (15) is negligible
below 0.8 K. Because of the misalignment of the ap-
plied field, the transverse antiferromagnetically
aligned spins see a small component of applied field
and the up and down spins have different energy
gaps. It can be shown that to lowest order in the
field and interactions the low-temperature specific
heat is then given by Eq. (3) where 8 =g upH,siné.
By fitting the low-temperature data to Eq. (3) we
were able to deduce that the field had been mis-
aligned by ~2.1°. The data were corrected for
misalignment and then fitted to the asymptotic low-
temperature behavior given by Eq. (16) using an
effective value of A. (This procedure was described

romagnet in a small field, and a critical-field curve
will result. The critical field (Hf) o as T—0K
which would be necessary to cause the transverse
spins to become paramagnetic [i.e., the transition
between (A4,,4,,P,,) and (P,,,P,,P,)] can be ob-
tained from Ref. 32 and is (H{) gy =1.05 £0.05
kOe. Because the transverse spin state with Hy along
[110] is ferromagnetic, there is no equivalent
critical-field curve for the transverse spins.

2. Determination of the low-temperature energy gaps

In a highly anisotropic system like DyAIG the low-
temperature elementary excitations are single ion
"spin flips" rather than collective modes. The low-
temperature specific heat is therefore expected to
asymptotically have the form shown in Eq. (2), as
T —0 where A is the energy gap for excitations, i.e.,
the energy required to overturn a single spin in the
ordered state. With strong fields along either [001]
or [110] we expect the low-temperature specific heat
to have two contributions of this form: those spins
which are "parallel" to the applied field will have a
very large energy gap due essentially to the Zeeman
splitting and the contribution at low temperatures will
be quite small. The ordered transverse spin states
will have smaller energy gaps determined by the in-
teractions between the transverse spins. Therefore,
for an applied field along the [001] direction the low-
temperature specific heat should have the form

2
A] e,q,[_.ér_], (16)

in detail in Ref. 3 where the low-temperature zero-
field behavior was analyzed). The temperature varia-
tion of this effective A is shown in Fig. 20. This vari-
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FIG. 20. Determination of low-temperature energy gap
Aqgoy) for DyAIG with large fields along [001].
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FIG. 21. Determination of the low-temperature energy gap
Afy10; for DyAIG with large fields along [110].

ation suggests a value of Aoy /k =3.95£0.25 K
where the ‘major portion of the error comes from the
uncertainty in the misalignment.

With the field along [110] it would be necessary to
go to very low temperatures(~0.3 K) in order to deter-
mine A10;(0) as accurately as Agggj; this was not
possible with our experimental apparatus,** and we
can only make a less precise estimate from higher-
temperature data. Note that because the results in
different fields are almost identical (as shown in Fig.
11), it appears that the correction for misalignment is
very small in this direction. The analysis of the low-
temperature specific-heat data with 11.65 kOe along
the [110] direction is shown in Fig. 21. From this
graph we extrapolate the data in a manner consistent
with Fig. 20 to estimate A;10(0) =2.0 £0.2 K.

3. High-temperature specific-heat coefficients

At sufficiently high temperatures compared to the
magnetic interactions, the specific heat asymptotically
approaches the characteristic form* given by Eq. (7).
Once again for the cases we are considering now,
there are actually two magnetic systems, one com-
posed of the spins which have a component of the
field along their high-g axes and another including
those which are perpendicular to the field. The
specific heat resulting from the first kind of spins will
produce a rounded Schottky curve, and the specific
heat of the spins which are perpendicular to the field
is superimposed on the Schottky anomaly [at high
temperatures adding a contribution of the form given
in Eq. (7)]. For fields of the order of 10 kOe along
either [110] or [001] the Schottky anomaly will ap-
pear at a higher temperature than the peaks due to
ordering of the transverse spins. Since both g, and 4;
were determined previously,* we calculated the
Schottky specific heat using the modified Schottky
method described earlier, and subtracted it from the
total measured specific heat yielding a net specific

ozr Ho along [110]

10
8, =0.48k?
[e]
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FIG. 22. Above: analysis of high-temperature specific heat
with H along [110]; below: analysis of high-temperature
specific heat with H,, along [001].

heat C'/R for the spins perpendicular to the field.
(For Hy=14.73 kOe along [110] the Schottky
comprised 1% of the total at 1 K but 60% at 2 K.
With Hy=14.73 kOe along [001] the Schottky contri-
bution was 4% at 2 K and nearly 31% at 3 K.) From
the plots of C'T?/R vs T~! we have determined the
asymptotic forms of the specific heat (see Fig. 22),

OJ0U=1.9+06K2 ON-_14+10K3;
Oj1101 - 0.48 +0.20 K2, OJ19-0,0+0.20K>.

4. Thermodynamic functions for the "multiaxis" transitions

In Sec. V B 3 we saw that the "zero-field" transi-
tions of the spins perpendicular to the magnetic field
were quite similar to the true zero-field transition
(A41,41,4,) — (P;,P;,P;). From the results for
Ho(=8.55 kOe) Il [001], we have been able to deter-
mine the characteristics of the entropy and internal
energy associated with the transition of the +X, +Y
spins to the antiferromagnetic state. The entropy is
determined from the specific heat from the relation

_'S;=fT2____C_ .
R 1, RT dT . an

The entropy associated with the measured specific
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heat was (0.361+0.007) R. Using the low-tem-
perature form determined earlier, we found

S/R =0.003 £0.001 (T < 0.5 K). The extrapolation
at higher temperatures was rather more difficult.
Above 1 K the specific heat from the spins aligned by
the field became significant and the data were correct-
ed for the contribution. using the values for 6,, 0,
obtained in Sec. V B 3. We obtained

S/R =0.063 £0.015 (T > 1.5 K). The total entropy
with this transition is (0.46 +0.028) R or about
0.670R In2. The temperature variation of the entro-
py is shown in Fig. 23. (If exactly —;- of the spins
were involved in the transition, %R In2 entropy
should be involved.) The critical entropy,

(S. — So)/R, is 0.268 +0.008 or about 58% of the to-
tal entropy involved. The internal energy can be
determined from the specific heat from

Uu_(nc
L[ Lar, (18)

where we have taken the zero of the internal energy
to be at T =oo. [Eq. (18) is valid since the portion
of the system under consideration is perpendicular to
the field it is essentially in a zero-field state.] Using
the low-temperature extrapolation, we find

U/R =0.002 (T <0.5 K). In the region actually
measured U/R =0.401 +£0.008 and using the same
high-temperature extrapolation of the specific heat as
we did for the entropy, we find U/R =0.273 +0.040
(T > 2.0 K). The large error in the determination of
this quantity arises from the uncertainty in the extra-
polation of the high-temperature specific heat and will
therefore introduce a large error into the determina-
tion of the internal energy. The total energy is then
U/R =0.702 £0.050. Remembering that only % of a

o7} e A

T (°K)

FIG. 23. Entropy vs Temperature for the case Hy along
[110], [001]. These show the entropy characteristics for the
transverse-ordered states. The solid lines show actual exper-
imental values corrected for the contribution of the spins
aligned by the field. The dashed lines indicate the extrapo-
lated curve for the transverse spins along. The zero-field -
curve is shown for comparison as is the result for a large
field along [111].

mole of spins were involved, we can use the relation*
between the low-temperature energy gap and the
internal energy to estimate

Apor/k =4(U/R)=42104K.

This is in good agreement with the value of
Apppy1(0) =3.95 +0.25 K obtained directly from the
low-temperature specific heat. In view of the sub-
stantial errors the agreement is quite satisfying.

For ﬁo Il [110] the above analysis will be even less
accurate than in the [001] case because of the relative
lack of low-temperature data. From extrapolation to
T =0 K and T = «, we obtain a total
S/R =0.226 +£0.028 and (S, —S¢)/R =0.115 +0.022
or about 51% of the total (see Fig. 23). (If exactly %

of the spins were involved in the transition, the total
energy was found to be U/R =0.201 +0.025), and
the low-temperature energy gap determined from the
internal energy was Apg/k =2.4 £0.3 K. From the
low-temperature specific heat we obtained the value
Aproi/k =2.0 £0.2 K. The agreement is certainly
adequate. It should be noted that for both the [110]
and [001] directions the total calculated entropy is
greater than the allowable total, %R In2 and %R In2,

respectively, and indicates that the values obtained
for U/R and thus A(0) are also too high.

We can obtain a measure of confidence in our
low-temperature entropy determination from the
results of the adiabatic-field rotation shown in Fig.
13. With the field in the [111] direction T=1.88 K,
the entropy was known fairly well to be S/R =0.054
(see Ref. 35). With the field rotated into the [001]
and [110] directions, the temperature fell to 0.82 and
0.51 K, respectively. From the entropy-temperature
relationships determined above, we find that these
temperatures correspond to S/R =0.053 for
Hy 11 [110] and 0.052 for H, 11[001] (see Fig. 23). The
close agreement with the [110] case is particularly im-
portant because it indicates that our low-temperature
extrapolation was probably rather accurate, and any
errors in the entropy are probably due to the high-
temperature extrapolation.

VI. SUMMARY

- A series of magnetothermal experiments on
DyAIG have demonstrated the existence of order-
order and order-disorder transitions involving nonco-
linear sublattices. Phase diagrams have now been
determined experimentally for magnetic fields in the
[111], [110], and [001] directions.> (About 100
points were included in each phase diagram between
0.5 and 2.54 K.) For Hy !l [001], [110] the transi-
tions from the simple antiferromagnetic state to the
paramagnetic state were higher than first order
above 1.66 K, and were of first order below 1.66 K.
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TABLE 1. Characteristic parameters with fields along
[110], [001].

Hfj10 O 4700 + 80 Oe
4700 Oe®
Hfgop; (0) 5150 +100 Oe

5140 =50 Oe®

LHE (0001 1050 + 50 Oeb

Agoon/k 3.95+0.25 K
Apyo/k 2.00 £0.20 K
(T 10011 1.65 +0.01 K¢
(T 110 1.71 £0.02 K¢
6,0 1.9 +0.6 K2
gjiol 0.48 +0.20 K2
(Se/R) 001 0.268 +0.008
(Se/R) 101 0.115 +£0.022
(U/R) 0011 0.70 +£0.05
(U/R) 110y 0.20 +0.025
Ttoon) 11+0.1K
Tl 0.61+0.02 K
g oo ~14+10K3
g ol 0.0 +0.2 K3

2Reference 32.

bEstimates were obtained from the figures in Reference 32.
®Error limits apply to present measurements. Effects of
misalignment are not included.

The latent heats were measured directly fo_{ all three
directions by isothermal-field sweeps; for Hy !l [001]
the latent heat became negative indicating 0H/07T

was positive. At 0.5 K and below, the latent heat
was very small in all cases indicating that 6 /9T was
essentially zero in all three cases and might in fact be
zero at T —0 K. We wish to note that such asymp-
totic behavior is not mandatory. A recent Monte
Carlo study>® on a bcc Ising antiferromagnet yielded a
nonzero asymptotic value of 3H/9T. This behavior
is not inconsistent with the present resuit for DyAIG,
since the model included only nearest-neighbor cou-
pling and the phase boundary remained second order
down to T =0.

The transition from high-field low-temperature
states (for Holl [110], [001]) to the paramagnetic
state was marked by a A-type specific-heat peak,
which was unusually sharp. The low-temperature en-
ergy gaps were measured, and the critical fields
H(T) were measured and extrapolated to 0 K.
Therefore, we conclude that we have observed mul-
tiaxis cooperative transitions and find that to a good
approximation the spins which are not aligned by the
field form a relatively free system with characteristic
parameters such as low-temperature energy gap, ord-
ering temperature, and critical-field curve (see Table
). In the following paper in this series we shall use
these characteristic parameters to determine the
spin-spin interaction parameters.
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