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Antiferromagnetism in a Cr,0; Crystal*
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A CryOs single crystal was grown by the flame fusion method. It has rhombohedral symmetry and showed
an antiferromagnetic Curie temperature (T) of 307°K. Below T, the magnetic susceptibility x perpendicular
to the [1117] direction is almost independent of temperature while the value of x parallel to [111] approaches
zero at very low temperatures. According to the Van Vleck theory, this behavior indicates that the spins are
aligned along [1117]. Above 77°K the parallel susceptibility was found to be proportional to the ¢ power of
the temperature. Resonance measurements (23 500 Mc/sec) at the Curie temperature showed a shift in the
peak of the absorption curve as a function of temperature. This shift was towards lower magnetic fields, and
exhibited an anisotropy effect depending on the direction of the magnetic field which is in agreement with
theory. From the temperature dependence of the resonance absorption and the Kittel theory of antiferro-
magnetic resonance, an estimate of the anisotropy constant and its temperature dependence can be made.

I. INTRODUCTION

ROM powder measurements of magnetic suscepti-
bility first made by Honda and Soné,! and neutron
diffraction by Brockhouse,? chromium sesquioxide is
known to be antiferromagnetic with a Curie tempera-
ture in the region of 305° to 315°K. It has rhombohedral
symmetry which can be thought of as a cube stretched
along a body diagonal or along a [111] direction. The
neutron diffraction results show that there is a single
magnetic axis along which the electron spins are aligned ;
however, this axis was not uniquely determined. Green-
wald,® from x-ray diffraction measurements of Cr;Os,
has found nonlinear changes in the lattice parameters
with temperature; an expansion in the [111] direction
and a contraction perpendicular to it. Knowing that a
single magnetic axis exists and using the Li* theory of
magnetocrystalline deformations, the x-ray study gives
evidence that the spin axis is along the [111] direction.
The discovery that electronic magnetic resonance
effectively disappeared in an antiferromagnet was first
made by Trounson ef /.58 using Cr;0s. There is a very
abrupt disappearance of the absorption peak as the
temperature of the material is lowered through the
Curie point. Since the resonance measurements were
made on powder material, detailed information about
the resonance transition is difficult to obtain. This paper
reports on both the magnetic susceptibility and micro-
wave resonance for a single crystal of Cr,O3 and com-
pares the results with existing theory and data on
polycrystalline materials.

* A preliminary report of this work was given at the Baltimore
Meeting of the American Physical Society [Phys. Rev. 98,
1562(A) (1955)7.
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II. PREPARATION OF SAMPLE

The single crystal was prepared by the Verneuil
(flame fusion) technique” using a powder obtained by
the thermal decomposition of ammonium dichromate.?
Chemical analysis® showed impurities of 0.3%, by weight
and a chromium content given by the formula Cry.9503.
Since the oxygen was determined by weight difference
a slight error in the chromium content, about 1%,
could also lead to the above formula. From outward
appearances, as well as from the measurements re-
ported in this paper, the crystal seemed to be in
excellent condition. The sample was annealed from
1200°C at approximately one degree per minute.

III. MAGNETIC SUSCEPTIBILITY

The magnetic susceptibility measurements were made
by the body-force method using fields up to 10 000
gauss. The direction representing the minimum sus-
ceptibility (x) was identified from the symmetry of the
Laue x-ray pattern to be the [111] direction. In Fig. 1
is shown the susceptibility perpendicular (x,) and
parallel (x,,) to [1117]. From 77°K to room temperature,
Xu 1s proportional to T#% while x, is almost temperature
independent. There is, however, a very slight increase
in x, at temperatures near 77°K. In the region of the
Curie temperature the -two susceptibilities differ by
over 19,. At all temperatures, both x, and x, were
independent of the magnetic field. The susceptibility
measurement is difficult to make in the direction
parallel to [1117] because this is an unstable position.
Since the specimen is mounted on the end of a long
thin quartz fiber loosely coupled to a balance arm,
there is a tendency for it to turn in the direction of
maximum susceptibility (x,). Unless considerable care

7A. Verneuil, Ann. Chim. et phys. 3, 20 (1904); J. Strong,
Procedures in Experimental Physics (Prentice-Hall Publications,
New York, 1946), p. 529.
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9 Penniman and Brown, Inc., Baltimore, Maryland.

T, R, McGuire and C. T. Lane, Rev. Sci. Instr. 20, 489
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Fic. 1. Temperature-dependent magnetic susceptibility of a
Crq0; single crystal perpendicular (x.) and parallel (xy) to the
[1117 direction.

is taken this can be misinterpreted as an apparent
magnetic field dependence of x;,.

The theory of antiferromagnetism proposed by Van
Vleck!! predicts that below the Curie temperature the
susceptibility of a single crystal should decrease with
decreasing temperature in the direction that the electron
spins are aligned, while perpendicular to the spin axis
the susceptibility is constant. This means that for
Crs0; the spin system is aligned along the [111]
direction.

Van Vleck also calculated x,, as a function of tem-

perature:
3So(So+1)7'B'(5")

M 3S0(So+1)-1B (30

(1)

Xnu=

where C is the molar Curie constant, y°= 225|J,So| /& T,
S is the spin-only value which for Crt++is £, and B’ is
the derivative of the Brillouin function. The above
equation is for a body-centered cubic lattice and is not
strictly applicable to the corundum structure of Cr;Os,
but it gives some idea of the behavior predicted by
theory. Using the value §=-—360 and 7,=307°K,
Eq. (1) is plotted as the dashed curve in Fig. 2. The
curve shown is actually a reduced plot in the sense
that the susceptibility from Eq. (1) at the Curie tem-
perature is made to agree with the single-crystal value
at T, and the rest of the curve is proportionately re-
duced. It is seen from the shapes of the two curves

1 J. H. Van Vleck, J. Chem, Phys. 9, 85 (1941).

IN Cr:0; CRYSTAL 1001
-6 o A
25-XI10°  powpER DATA
N (HONDA 8 SONE)
- ,
Seol ]
§ rd
E
st 1
3
p)
()
s o} ]
<
[+
(L)
sl |
) 100 200 200

TEMPERATURE °K

F16. 2. Various magnetic susceptibility curves for Cr:Os.

that there is only approximate agreement. Smart!? has
pointed out a similar behavior for MnO.

To compare the powder susceptibility with the single-
crystal susceptibilities, the following relation is used:

Xe= %XII_I_%X-L' (2)

Xc is plotted in Fig. 2 in comparison with the experi-
mental data of Honda and Soné.! Powder Cr.Os;
measured by us was also high in comparison with x..
The lack of agreement is significant in that it illustrates
the difficulty of using powder and (x,—x,) measure-
ments on a single crystal to obtain x, and ¥, indi-
vidually.

Bizette and Tsai’® have discussed the lack of agree-
ment of susceptibility data between powder and single
crystals of MnF,. They conclude that in measurements
of powder susceptibility the larger value of x is due to
reorientation of the small crystallites of the powder in
favor of x;. Thus x can increase with increasing mag-
netic field. According to them, if particle motion is
prevented by fixing the grains in paraffin, the suscepti-
bility remains field-independent.

Nagamiya!* has obtained formulas for the dependence
of the susceptibility with the applied field which shows
that it varies proportionally to the square of the field
and inversely as the anisotropy constant. For those
compounds such as Cr;0; which show no field de-
pendence of susceptibility, a large anisotropy might
therefore be expected.

IV. MICROWAVE RESONANCE ABSORPTION

The microwave study of CryO; crystal was made
with apparatus described by Maxwell and McGuire®
using a frequency of 23 500 Mc/sec. At approximately
34°C the resonance disappears as the temperature is
lowered. Its disappearance has three important charac-
teristics. The resonance curves become broader and at

2], S. Smart, Phys. Rev. 86, 968 (1952).
13 H. Bizette and B. Tsai, Compt. rend. 238, 1575 (1954).
4 T. Nagamiya, Progr. Theoret. Phys. (Japan) 6, 350 (1951).
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F1c. 3. Microwave resonance absorption at 23 500 Mc/sec with
the static field parallel and perpendicular to the [1117] directions
for a series of temperatures.

the same time shift toward lower magnetic fields as
shown in Fig. 3. In addition, there is a temperature
difference between equal g values (Fig. 4) depending on
whether H is parallel or perpendicular to [1117]. In
powder measurements the shift in resonance as well as
the anisotropy of g were not explicitly observed.®

The two sets of absorption curves (Fig. 3) were taken
under identical conditions except that the crystal was
rotated from [111] parallel to [111] perpendicular to H,
the applied static magnetic field. The specimen was
located in the center of a full-wave cavity, and the
microwave field was perpendicular to H. During a
measurement sequence involving a rotation of the
crystal, the temperature of the cavity was maintained
constant within approximately 0.03°K and the micro-
wave power was also kept constant. This means that
the relative amounts of absorption can be compared.
We see that the absorption is strongest for H per-
pendicular to [1117]. The nonsymmetry of the absorp-
tion as it shifts to lower magnetic fields makes it
difficult to estimate half-widths.

The disappearance of the resonance absorption below
the Curie temperature was explained by Kittel,!5 who
derived the resonance condition:

w/y=Ho[Hs(Ha+2Hg) 3)

where H4 and Hp are the anisotropy and exchange
fields, respectively, and v is the gyromagnetic ratio.
There is an effective field added or substracted from
the applied field Ho which can account for a shift as
found above. Although Eq. (3) will be applied to these
data measured near the Curie temperature, it must be
remembered that (3) was derived for magnetic satura-
tion and a cubic lattice.

If H, is considerably smaller than Hg, the effective

15 C. Kittel, Phys. Rev. 82, 565 (1951).
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field reduces to
Hey==4[2H Hp '=+[2AK ]}, (4)

where we have made the substitutions K=H M and
Hp=\M, with M the magnetic moment per unit volume
for a sublattice, K the anisotropy constant, and A the
molecular field coefficient.

It is known that the ferromagnetic anisotropy con-
stant, K, is strongly dependent on the temperature and
is given at low temperature by the relation K (7T")/K(0)
(M r/Mo)™, where m=10. According to theory'® the
‘“tenth-power” gradually drops with increasing tem-
perature. The above statements refer to ferromagnetic
anisotropy in a cubic crystal.

Near the Curie temperature of an antiferromagnet,
we assumed K (7)=B(T,—T)"; then, from (4),

Hes= (2AB)¥ (T, — T)™'2, (5)

The data shown in Fig. 4 can be used to establish
approximate values for #» and K using (5). This can
only be done, however, if 7, is chosen and for this
analysis a value of T,=34.48°C was taken. Inspection
of Fig. 4 indicates that this T is below the point where
the shift in resonance is first observed. It is perhaps
equivalent to neglecting the small tail that is associated
with magnetization curves at the Curie temperature due
to short-range order. He: is given by the difference in
the resonance fields above and below the Curie tem-
perature. When H,s; is plotted with respect to T.— T
on log-log paper, a value of #=7/2 is found. Fields
below 200 gauss are neglected. Large values of # in
Eq. (5) lead to an estimate that K can easily have
values 10® to 10 ergs/cc at low temperatures. Large
anisotropy energies such as these are in agreement with
values Li# found necessary to explain deformations in
the crystal structure of antiferromagnetics at the Curie
temperature.

In the powder sample of CryOs, no shift in resonance
was observed.® What is observed, however, is a very
pronounced lack of symmetry of the resonance curve
toward lower magnetic fields somewhat similar to that
shown in Fig. 3. This can be interpreted as a distribution
of resonance curves depending on the angle each crystal-
lite of the powder makes with the magnetic field. It is
a direct consequence of the anisotropy occurring when

TaBLE I. Experimental values of the resonant field combinations
expected to equal 1 and 2, respectively, near 7, and 0°K.

T(°C) For T For 0°K
34.45 1.005 1.98
344 1.005 1.97
34.3 1.09 1.98
34.2 1.25 1.99
34.1 1.45 1.95
34.0 1.37 1.62

16 J. H. Van Vleck, Phys. Rev. 52, 1178 (1937).
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H is parallel or perpendicular to [111] as shown in
Fig. 4.

It has been pointed out by Wangsness!’ that these
resonance data obtained just below the Curie tempera-
ture now enable one to make a quantitative test of the
detailed predictions of the semiclassical theory of anti-
ferromagnetic resonance. For this purpose it is most
convenient to use the formula given by Nagamiya!* for
the resonance field Hy as a function of frequency and
the angle § made by the constant field with the direction
of spin alignment:

[e® cos?0+a(1+a) sin? cos? |kt
—[(14-a?+20G?) cos®+ (1—G?) sin0 Jh?
+(1—G22=0,

where h=Ho/H,, a=1—(xu/x.), G=(2H.Hg)}/H,,
and H,=w/v is the resonance field in the paramagnetic
state. If we let 6=0 and /2, we get two equations for
H,, and H,, respectively, from which G can be elimi-
nated to give the following relation which involves only
experimentally determined quantities:

(aHll2+H.L2)/HIIHP= 1+4a. (6)

Since H,>H,,, the above equation is easily seen to
predict that H,> H,, for all values of a0 which agrees
with our results. Near the Curie temperature (a=>0),
we should expect our data to approximately satisfy the
relation H,2/H,;H,=1, and if results were available
near 0°K (a=~1), they would be connected by the
formula (#,*+H,?)/H,H,=2.1In Table I, we give the
experimental values of both of these combinations,
although, of course, our data were obtained only near 7.
We see that the results satisfy the relation applicable
at T. quite well, the agreement being extremely good
very near to the Curie temperature.!® Surprisingly
enough, they also agree closely with the value predicted
for the formula derived for 0°K. In principle, Eq. (6)
could be used to determine o from the resonant fields
and thus should enable one to study the temperature
dependence of the susceptibilities near the Curie tem-
perature where the resonances are observable; in our

17 R. K. Wangsness, Bull. Am. Phys. Soc. Ser. II, 1, 126 (1956).

18 A possible source of the discrepancy at the points furthest
from 7T is that the very broad lines observed make it difficult to

determine the exact values of the resonance fields, and experi-
mental errors in temperature measurement might be present.
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F16. 4. Temperature dependence at the Curie temperature of
the[ resgnant magnetic field both parallel and perpendicular
to [111].

case, the results obtained for @ in this way were not
consistent, since small errors in H,, and H, result in
large uncertainties in a.

Since CryO; is not cubic, the agreement of our data
with Eq. (6), which was derived for cubic symmetry,
seems sufficiently good to show that the semiclassical
resonance theory is quite adequate for use even close
to the Curie temperature.
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