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Antiferromagnetism and the Magnetic Phase Diagram of GdA103
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Measurements of the magnetization and differential susceptibility of GdA103 have been made in pulsed
magnetic 6elds in the temperature range 1.3—100'K. It is found that GdA103 is a uniaxial antiferromagnet
with the easy axis of magnetization along the orthorhombic b axis. The Neel temperature is found to be
3,89'K and the Curie-Weiss 0= —4.6'K. The gradient of the inverse molar susceptibility shows the ionic
moment of Gd to be 7 p~, but this full moment is never observed in the high-Geld magnetization, even in
fields of 200 k0e at-1.3'K. The differential susceptibility has been used to observe both the antiferro-
magnetic-to-spin-Qop and the spin-Qop-to-paramagnetic phase transitions, and to determine the phase
diagram in the H-T plane. The molecular-field parameters have been calculated from the antiferromagnetic-
to-spin-Qop transition and the angular variation of the spin-Qop-to-paramagnetic transition.

INTRODUCTION

~

CONSIDERABLE attention has recently been given
M to the magnetic phase transitions of uniaxial an-

tiferromagnets and the resultant phase diagram in
the II-T plane. ' The number of uniaxial antiferro-
magnets with a combination of readily attainable ex-
change fields, Neel temperature, and easy growth of
chemically stable single crystals is, however, rather
limited. Here we report the magnetic properties of
such a material, the perovskite GdA1O3.

Magnetic materials with the perovskite structure
ABO3 have been extensively studied in the past. '
These studies, however, have been made primarily
on compounds with either transition-metal ions on
the 8 site as the only magnetic ion present, or a com-
bination of transition-metal ions on the 8 site and
rare-earth ions on the A site. Only recently have
studies of the magnetic properties of perovskites con-
taining only rare earths as the magnetic ion been
initiated.

The x-ray analysis of GdA103 and a wide range
of analogous materials has been reported by Geller
and Bala.~ They found that GdA103 is orthorhombic,
isostructural with GdFe03, and belongs to the space
group D~~"-Pbnm with four distorted perovskite units
in the crystallographic unit cell. It has previously
been reported that GdA103 shows a transition to
antiferromagnetism at low temperatures. ' Here we
wish to report its magnetic properties in more detail.

The susceptibility, magnetization, and differential
susceptibility have been measured in pulsed magnetic
6elds up to 200 kOe in the temperature range 1.3—
100'K. It is found that GdA103 is a uniaxial anti-
ferromagnet with a Neel temperature of 3.89'K and
that the highest field-induced phase transition occurs
at 42.0 kOe at O'K. These two properties, plus the
fact that single crystals are readily grown, make

' F.B.Anderson and H. B.Callen, Phys. Rev. 136, 1068 (1964).
2 J. Feder and E. Pytte, Phys. Rev. 168, 640 (1968).
J. S. Smart) ln Mcg'pM$$$tÃ) edited by G. T. Rado and H. Suhl

(Academic Press Inc. , New York, 1963), Vol. 3.
4 S. Geller and B. Bala, Acta Cryst. 9, 1019 (1956).
~ K.W. Kazey and H. Rohrer, Helv. Phys. Acta 40, 370 (1967).
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GdA103 an attractive material for an experimental
study of antiferromagnetism.

The magnetic phase transitions can be observed in
both the magnetization a,nd the differential suscep-
tibility. At the antiferromagnetic-to-spin-flop first-
order phase transition, where the spins change their
alignment from parallel to perpendicular to the easy
axis of magnetization, the magnetization shows a dis-
continuity and the differential susceptibility a sharp
peak. The spin-Aop-to-paramagnetic transition, where
the angle between the two sublattice magnetizations
goes to zero, is a second-order phase transition. In
this case only the differential susceptibility gives
a satisfactory and accurate location of the transition.

The basic measurements of the pulsed-field tech-
nique are the time derivatives of the magnetic 6eld
dH/dt and the magnetization dM/dt. Division of these
two signals gives directly the differential susceptibil-
ity dM/dII. Thus the critical fields for these transi-
tions were determined as a function of temperature
and the phase diagram in the H-T plane determined.
The determination of the critical fields from the dif-
ferential susceptibility has the added advantage that
the detailed form of the transition itself may be de-
termined, but this will be reported in another paper.

EXPERIMENTAL

Measurements were made on both sintered powders
and flux-grown crystals. The starting materials in
both cases were Gd203 of purity better than 99.9%
and A1203 of 99.998% purity obtained from Fluka
Chemicals. The powders were sintered three times at
1400'C after being ball-milled and compressed into
pellet form. The single crystals were grown in this
laboratory by R. Webster using a PbO —PbF2 flux
method as reported by Linares. ' Clear rectangular-
shaped crystals were obtained with side lengths vary-
ing up to 4 mm.

The magnetization and differential susceptibility
measurements were carried out on spheres ground

' R. C. I.inares, J. Appl. Phys. 33, 1747 (1962).
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from the single crystals by the method described by
Bond.

The pulsed-field apparatus used is essentially the
same as that described by Qlsen and Cottis where
a high magnetic 6eld is generated by the rapid dis-
charge of a capacitor bank through R 6eld coil im-
mersed in liquid helium. Inside the 6eld coil are lo-
cated three smaller pickup coils. One coil contains
the sample, the second is used to compensate the
sample coil without sample, and the third to measure
the magnetic 6eld. The signal generated in the 6eld
measuring coil is proportional to dH/Ck and may thus
be integrated to yieM the value of the magnetic 6eld.
Calibration of the 6eld was carried out with the cal-
culated coil factors. s The signal generated by the
other two coils is proportional to the time derivative
of the sample magnetization, which is integrated to
give the sample magnetization. The magnetization
measurement was calibrated against pure iron.

The signals dM/dh and dH/Ck were also fed into
an analog function generator which gave an output
of d3E/dH. This signal, the differential susceptibility,
was used to observe the magnetic phase transitions
of GdA103.

RESULTS

1. SQsceptibilltf

The susceptibility was measured at various temper-
atures in the range 1.3—100'K and at room temper-
ature. Figure 1 shows the inverse molar susceptibility
plotted against the absolute temperature. Above O'K
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FIG. 1. Inverse molar susceptibility of GdA103 plotted
against absolute temperature.

7 W'. L. Bonds Rev. Sci. Instr. 25, 401 (1954).
8 J. L. Olsen, Helv. Phys. Acta 26, 798 (1953); P. Cotti, Z.

Angew. Math. Phys. 11, 11' (1960).

the inverse molar susceptibility increases virtually lin-
early and is independent of crystal orientation. This
bnear part of the graph follows a Curie-Weiss law
with a molar Curie constant C~= 7.99~0.16 cm3
'K/mole which should be compared with the theoret-
ical value of 7.89 cm' 'K/mole assuming a spin of s
for the Gd ions. Extrapolation of this graph gives
a Curie-Weiss 0= —4.6'K.

The inverse susceptibility shows a minimum at
(3.90&0.02)'K, typical of a transition to an ordered
antiferrornagnetic state. This is 0.23 K higher than
reported by Cashion et u1.' Below this temperature
it is seen that the inverse susceptibility for the 6eM
parallel to the orthorhombic c axis varies very little
with temperature, whereas that when the 6eld is par-
allel to the b axis rises steeply. This indicates that
the b axis is the easy axis of magnetization, The value
of the susceptibility at the Ncel teInperature is
0.939+0.02 cm'/mole.

2. Magnetization

The magnetization of the GdA103 spheres was meas-
ured as a function of crystal orientation in 6elds up
to 200 kOC. For applied 6elds outside the spin-Qop-to-
paramagnetic phase transition boundary the magnet-
ization is practically independent of crystal orienta-
tion, whereas inside this boundary the behavior is
strongly orientation-dependent. Figure 2 shows the
low-field magnetization along the L010$ direction, the
easy axis of magnetization for temperatures between
1.44 and 4.16'K. The field axis is the applied field
minus the demagnetizing 6eld of the GdA103 sphere.
The low-6cld magnetization shows a discontinuity Rt
about 11 kOc typical of an antiferromagnetic-to-spin-
flop transition as observed by Jacobs" in MnFs. The
size and sharpness of this discontinuity descreases
rapidly with deviation from the L0101 direction and
disappears completely in directions perpendicular to
the easy axis of magnetization, as shown in Fig. 3
for the L&2, 0, 1j direction. " Above 11 kOe the mag-
netization increases linearly with applied field for a].l
directions. In this region, the magnetization is inde-
pendent of temperature and only weakly dependent
on thc cI'ystRl oi icntRtion. At R ccr tRin 6cld the
magnetization breaks oft' from this line of linear 6eld
dependence and bends over to a region of weak field
dependence. This breako6 6eld gives the spin-Hop-to-
palRIQRgnctic critical 6cld H 2.

Outside the spin-Qop-to-paramagnetic boundary, at
4.16'K and below, there is only little 6eld dependence
of the magnetization, and the full moment, of jp~
per Gd atom is never observed even at 1.3'K. This

1' J.D. Cashion, A. H. Cooke, J.F. B.Hawkes, M. J. M. Leask,
T. L. Thorp, and M. R. %'elis, J. Appl. Phys. 39, 1360 (1968).I I. S, Jacobs, J. Appl. Phys. M, 61S (1961).

n The t K2, 0, 1j direction in the orthorhontbic celi corresponds
to the [111)direction in the cubic pseudoceli.
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(a) T=3.80'K, Geld scale =1050 Oe per scale division. (b) T=3.50'K, Geld scale=340 Oe per scale division.
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(c) 2'= 2.50'K, 6eld scale =340 Oe per scale division. (d) 2'= 1.23'K, Geld scale =310 Oe per scale division.

Fro. 4. Oscillograms oi d3l/dZ against applied magnetic 6eld showing the growth oi the peak due to spin Qopping at P,q as a function
of temperature. The relative sensitivities (in arbitrary units) of the deaf jdH scale are 20:2:1:1for 3.80, 3.50, 2.50, and
1.25'K, respectively.

%hen a Geld parallel to this easy axis of magnetiza-
tion is increased, the Zeeman energy of the spins
increases less rapidly than if the spins were perpen-
dicular to the applied Geld. This is simply because
the perpendicular susceptibility is generally larger
than the parallel susceptibility. There exists, there-
fore, a critical Geld where the energy is lower if the
spins Qop perpendicular to the applied Geld. This
transition occurs when the combined anisotropy and
Zeeman energies of the spins, when they are parallel
to the applied Gelds, become less than the Zeeman
energy of the spins if they were perpendicular to the
applied Geld. Associated with this Grst-order phase
transition there is a discontinuous jump in the mag-
netization as shown in Fig. 2. DiGerentiation of this
magnetization curve wouM give a peak at the critical
6eld B,j. This is clearly observed in the measurement
of dM/dH as a function of applied field as shown in
Fig. 4. As the temperature is reduced below the Neel
temperature the peak is seen to grow quickly to

a certain magnitude at around 3'K and remain at
this:intensity down to the lowest temperature meas-
ured. Below 3'K the width and magnitude of the
peak are determined by the demagnetizing Geld that
comes with the increase in the discontinuity of the
magnetization.

The width of this transition is critically dependent
upon the crystal orientation. '3 For the photographs
shown in Fig. 4, the crystal was aligned to better
than 0.2'. At high temperatures, where the change in
magnetization is small, the middle of the peak was
taken as the transition Geld. At low temperatures,
where the change in magnetization determines the
observed peak width, both the Gelds at the beginning
and end of the peak are measured. These values a,re
then corrected for demagnetizing Gelds and their mean
value taken as the critical Geld. The width of the
transi. tion so determined is of the order 200—300 Oe.

"S.Foner, in Megeetism, edited by G. T. Rado and H, Suhl
(Academic Press Inc. , New York, 1963), Vol. 1, p. 389.
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(a) T=3.50'K, field scale=430 Oe per scale division.

Thus the variation of the critical field H, & was de-
termined between 1.20 and 3.87'K for the applied
field along the b axis.

At low temperatures, then, dM/dH is small until
a Geld H,& is reached where a peak is observed. Above
this field dM/dH has a constant value close to that
of the perpendicular susceptibility. This region of con-
stant susceptibility is followed by a precipitous drop
of dM/dH at low temperatures as shown in Fig. 5.
This locates the spin-flop-to-paramagnetic transition,
which, as a second-order phase transition should show
such a discontinuity of the differential susceptibility.
At temperatures close to the Neel temperature the
transition is smeared out by the thermal fluctuations,
but an accurate determination of the transition Geld
B.2 is still possible. At still higher fields the diGeren-
tial susceptibility decreases rapidly, corresponding to
the observed bendover in the high-field magnetization
mentioned in the previous section.

The temperature variation of this critical Geld, IJ,2,
has been measured also from 1.2—3.8'I and is shown
in Fig. 6 along with the temperature variation of II,».

The extrapolation to O'K of the II,2 variation was
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FIG. 5. Oscillograms of dM/dH against applied magnetic field
showing the sharp drop in dM/dH on passing through the spin-
flop-to-paramagnetic phase boundary at H.2. The sensitivity of
dM/dEI is the same in all three photographs.
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TEIVlPERATURE iN 'K

FiG. 6. The magnetic phase diagram of GdA103 for various
directions of applied magnetic field. The arrows show the relative
orientation of the sublattice magnetizations for the Geld applied
along the b axis where the spin flop is observed. For all other
directions only the spin-fop-to-paramagnetic phase boundary is
given.
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done by 6nding the Brillouin function that gave the
smoothest continuation of the experimental curve.
This procedure is necessary since the phase boundary
does not follow exactly a Brillouin function over the
whole temperature range. %hen the magnetic field i's
applied along the b axis, H, m is first seen in dM/dH
on cooling down to 3.65'K, whereas for other direc-
tions it is seen at temperatures as high as 3.80'K.
Above 3.80'K the critical field H,2 was determined
from the temperature dependence of the susceptibility
measured for various 6elds. '4

The angular variation of H, q was measured in the
bc plane and H,2 was found to be a minimum for
applied 6elds along the b axis and a maximum along
the c axis, as shown in Fig. 7. However, in the ac
plane, which is orthogonal to the bc plane, H,2 was
found to be independent of the direction of the applied
field. Such behavior Inay be explained by an anisot-
ropy 6eld acting along the orthorhombic b axis. The
angular variation of H, i was not measured, as the
phase transition is seen only as a wide diffuse peak
for directions not far from the b axis. It may be noted,
however, that the critical Geld H, i does not show
a strong angular dependence in the bc plane.

DISCUSSION

The antiferromagnetic-to-spin-Bop critical 6eld H,»,

and the angular varlRtloI1 of tile spin-Qop-to-para-
magnetic phase transi. tion in the bc plane may be
derived from the free energy of the system in an
applied 6eld H. Comparing the results of such a cal-
culation with the experimentally determined critical
fields yields the exchange and anisotropy 6elds at
T=O'K. The molar free energy of a system of anti-

o 39

O'E O'E 828
&0

80g' 802' 88g80
(2)

and the equilibrium condition

BE/B8I =BE/B82= 0

when Oi ——82. From the above we have

H,2 cosp= cos8[2H +H.Ir(1+ sin'8) —H.L cos'8j, (4a)

H, m sing= sin8[2H, „+H,Ir sin'8+H, L sin'8],

where qb is the angle between the applied magnetic
6eld and the b axis.

Equations (4a) and (4b) immediately give the crit-
ical 6eld H, 2 for the applied 6eld parallel and per-
pendicular to the b axis as

H, (i'm) =2H, +H, Ir H,L, —

H„(J) =2H,„+H,K+H,L.

ferromagnetically coupled spins 5 with uniaxial ani-

sotropy at T=O'K is given by

E= 2 (g+BSE) [Hex cos(81 82) —kHgL(cos 81+ cos 82)

+H,x cos8I cos8~—H„(sin8I

+ SIn82) —H~(cos8I+ cos82) j~ (1)

where 8& and 82 are the angles the sublattice magnet-
izations make with the axis of easy magnetization,
and H, and H„are the components of the applied
6eld parallel and perpendicular to the easy axis of
magnetization. The first term is the exchange energy,
and the second and third terms are anisotropy ener-
gies. Bipolar anisotropy would generally contribute
to both these terms, whereas anisotropic exchange
would contribute only to H,~, and an axial crystal
6eld would contribute only to H I„.The last two
terms are Zeeman energies. The spin-Aop-to-paramag-
netic critical field is obtained from the instability
condition
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FIG. 'l. Angular variation of the spin-Bop-to-paramagnetic phase
boundary in the bc plane at 1.38'K. The points are the experi-
mental measurements and the solid and broken lines are the
theoretical curves derived in the discussion.

'4 W. K. Henry, Phys. Rev. 94, 1146 (1954).

Equations (Sa) and (5b) show that the limits of the
angular variation of H, 2 are determined by H I..

The lower critical 6eld H, » may also be calculated
in terms of the exchange and anisotropy 6elds. Since
the Rntiferromagnetic-to-spin-Aop phase transition is
a 6rst-order phase transition, superheating and super-
cooling are to be expected. However, this is not observed
experimentally and, therefore, the observed critical
field is identi6ed as the thermodynamical critical 6eld.
Setting the energy of the antiferromagnetic phase
given by Eq. (1) equal to that of the spin-flop phase,
and using the equilibrium condition [Eq. (3)j one
obtains for the thermodynamical critical 6eld

H,I [(2H, +H~ H,L)——(H,L+H~) jII'. —(6)
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Combining Eqs. (5) and (6), the molecular fields
are expressed in terms of the measured critical fields
at T=O:

(7a)

(7b)

W;th Z„(~)=42.0 ine, a„(ll)=35.5 ine, and
H,j=ij..5 kOC, one obtains

2H, =38.3~0.3 kOe,

H g=3.3+0.2 kOe,

H,~=0.5~0.3 kOe.

Thc crroi s ln Hpx~ Hgl. q
and Hg~ corrcspoDd to an

error of ~% in the relative measurement of the crit-
ical 6elds. The systematic error in the Inagnetic Geld

determination is about 2%.
Now that all the parameters of Eqs. (4a) and (4b)

have been determined, the angular variation of H,2

may be evaluated numerically. The result of such
a calculation normalized to the data at 1.38'K gives
thc solid llDc show11 ill Fig. 7 which agI'ccs with tile

experimental points to better than 1%.
The angular variation of H,2 is determined almost

entirely by the H I.-type anisotropy Geld and only
slightly RQ'ected by Bg. This is also seen in Fig. 7,
where the broken curve corresponds to H~ equal to
H, l., or 6.5 times larger than the value of B,~ used

to compute the solid line.
Using the crystal-structure parameters of DyAlO~

IIlielen et al." have calculated the dipole energies of
the possible Inagnetic structures of TbA103. If their
values of the molar dipole energies are reduced by
the ratio of the squares of the moments of Gd and

Tb, one obtains a value of j.2.2&IO~ erg for the dif-

ference in molar dipole energy for an A„G,order with

spins paralM and perpendicular to the orthorhombic

b axis. This corresponds to a magnetic Geld of 3.3 kOc
acting on each Gd ion, which agrees very weQ with

the value of the anisotropy 6eld determined from the
measured critical 6elds. It appears therefore that the
RDlsotI'opy 1D GdA103 has Its basis in dipole-dipole
interactions.

Extrapolation of the spin-Qop-to-paramagnetic phase
boundary to T=O'K de6nes the critical Geld B,2,

which shows a 20% orientation variation for fields

applied parallel and perpendicular to the easy axis

of Inagnctization. However, extrapolation of the same

phase boundary to H=O shows only a reduction of

"H. J. Bielen, J.Mareschal, and J.Sivardiere, Z. Angevr. Phys.
ZS, a43 (&967).

3% in its intercept with the T axis for fields applied
parallel to the easy axis with respect to the Neel
temperature, which is the intercept measured in fields
applied perpendicular to the easy axis. The suscep-
tibility at the Neel temperature also only shows a var-
iation of 2%, which is as large as the experimental
error. This is an unexpected result since a molecular-
field analysis" including dipolar anisotropy predicts
a fractional variation in the critical Geld H,2 in the
intercept with the T axis and in the susceptibility at
thc Neel temperature of the same order of magnitude,
H, i,/H, . It is thought that this anomaly may be
related to the anomalous magnetization data.

From the experimental data the nearest- and next-
nearest-neighbor exchange interactions have been eval-
uated from a molecular-6eld analysis. Expressions have
been derived for Ncel temperature, Curie-%'eiss 8,
the exchange Geld H, , and the susceptibility at the
Neel temperature for the three possible types of order
of a simple cubic array of Gd ions. Using these four
expressions to obtain the two unknowns, consistent
results are obtained only for the magnetic order where
all the nearest neighbors of any given ion are anti-
parallel. This is in agreement with the optical deter-
mination of the magnetic order by Hawkes and Leask. "
The values obtained for the nearest-neighbor exchange
constant are Ji/k= —0.07'K and for the next-nearest-
neighbor exchange constant Jm/k= —0.003'K.

CONCLUSION

It has been found that GdAlOg is a uniax&al Rnti-
ferromagnet at temperatures below 3.89'K. The mag-
netic phase diagram in the B-T plane has been de-
termined as a function of crystal orientation, and the
critical 6elds determined for T=O'K are found to be
consistent with an exchange 6eld of j.9.15 kOe and
a dipolar anisotropy Geld of 3.3 kOC. A small aniso-
tropic exchange is also found but its existence is not
PI'OVCD.

The magnetization is found to be anomalous in
that the full moment of Gd observed in the suscep-
tibility measurements is never observed in the high-
Geld magnetization at low temperatures.
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