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Measurements of the anisotropy of magnetic susceptibility in antiferromagnetic chromium
show that the magnetic symmetry of a single-polarization domain in the transverse spin-
density-wave phase is orthorhombic, indicating the existence of anisotropic terms in the sus-
ceptibility in addition to the spin anisotropy predicted by simple theoretical models.

We have measured the anisotropy of magnetic
susceptibility in a single-Q crystal of chromium in
both the transverse and longitudinal spin-density-
wave (SDW) phases. In the transverse phase we
apply a field perpendicular to Q large enough to
produce an essentially single- polarization domain
with its polarization dlrectlon ] along the [100]
axis perpendicular to both Q and H. We then find
the magnetic symmetry to be _grthorhomblc, with
Xo— X» and x, — xs, where n LQLS, the same order
of magnitude. At lower fields, we observe a con-
tribution to the anisotropy both from the growth of

the single-polarization domain and from its intrinsic

anisotropy. The data are interpreted using a ther-
mal-activation model for polarization-domain
growth. Comparison of the data with the Fedders-
Martin! model shows the necessity for more de-
tailed models for the antiferromagnetism of Cr,
particularly the necessity for including anisotropy
of effects such as the orbital paramagnetism and
spin-orbit coupling.

Chromium has been shown to have a SDW anti-
ferromagnetic structure? below T, =312°K. The
wave vector Q of the SDW lies along a [100] direc-
tion, and if a single crystal is cooled through Ty
in a sufficiently large field H along a [100] direc-
tlon, Q will lie parallel to H throughout the sam-
ple.® The single- Q state is preserved after H is
removed, so long as the sample is not warmed
through Ty. For Ty>T>Tp=122°K, the SDW is
transversely polarized, while below T the SDW
is longitudinally polarized.

In the transverse SDW phase, the ordered mo-
ments lie normal to @ and prefer to lie near [100]
axes. The symmetry of a polarization domain is
orthorhombic,* with the polarization direction 3
along a [100] direction perpendicular to @, the re-
maining [100] direction being denoted by fi. In gen-
eral, one would expect an equal distribution of po-
larization domains between the two [100] axes nor-
mal to Q in the absence of an applied field. Since
for any antiferromagnet the lowest-energy state is

5

that with the ordered moments normal-to an applied
f1e1d (as x.>xu), the application of a magnetic field
H will tend to align the polarization with the [100]
axis normal to Q along which the projection of His
smallest.”® Below Ty, Q and § are parallel, giv-
ing tetragonal symmetry.

Rice” has shown that a Fedders-Martin—-type
model for chromium predicts that the spin suscep-
tibility should behave like that of an ordinary anti-
ferromagnet, i.e., for those electrons involved in
the antiferromagnetism, the spin susceptibility ap-
proaches zero along the polarization direction § as
the temperature approaches zero, but remains equal
to the Pauli paramagnetic susceptibility in all di-
rections normal to 8. Thus, the susceptlblhty of
Cr along Q 1n the longitudinal phase (where § is
parallel to Q) should be reduced, giving an anisot-
ropy in direct proportion to the decrease in the
electronic specific heat between paramagnetic and
antiferromagnetic Cr.*°® In the transverse phase,
in an applied field large enough to align all the
polarization domains into a single [100] direction
8, this model predicts that the susceptibility y is
isotropic in the plane normal to 8, that is, XQ= Xn+
The experimental results disagree with these pre-
dictions in both the transverse and longitudinal
phases.

Our measurements were made on a single—Q
crystal of mass 2.85 g, using a Condon torsion
balance.'® Similar measurements made by Mon-
talvo'"*!# were inconclusive because of insufficient
Q alignment in his crystals, since the highest cool-
ing field available was 32 kOe. A previous mag-
netostriction experiment* on the same sample
showed that the crystal used in these measure-
ments, which we field cooled in ﬁc =106 kOe, would
then be in a single-Q state and that at 127 °K a field
of 22 kOe along one crystal axis perpendicular to
Q aligns more than 90% of the domains along the
third axis.!® Curves of torque on the sample vs
applied field H were taken with Q in the plane of
H perpendicular to the suspension axis of the tor-
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FIG. 1. Field dependence of magnetic torque in the

transverse SDW phase of single—Q chromium at 129 °K
(raw data). (a) Curve a’ : QL suspension axis; ¢, =45°,
(b) Curve b’: @ Il suspension axis; ¢,=22%°.

sion balance [Fig. 1(a)] and with Q parallel to the
suspension axis [Fig. 1(b)]. The corresponding
measured torques are shown in Fig. 1, curves a’
and b’, respectively. Since the polarization do-
mains are more easily aligned at low temperatures,
all field-dependence measurements in the trans-
verse phase were made at 7=129 °K.

The curve of 7, vs H (Fig. 1, curve a) is seen
to have two distinct points of inflection. The first
is due to the saturation of the number of polariza-
tion domains aligned parallel to [001]. The posi-
tive curvature of T, above the second point of in-
flection indicates that xo - x, is nonzero, since if
X Were isotropic in the plane normal to § the torque
curve would turn downward and approach zero as
H is increased.

To interpret the torque quantitatively, we develop
a model for polarization-domain orientation based
on the thermal-activation model discussed by
Werner, Arrott, and Kendrick.!* In their model
the number of domains having a given polarization
is proportional to the Boltzmann factor exp|-
X (8, $)6v/kT], where E(6, ¢) is the sum of the
crystal anisotropy and magnetic energy densities
for a domain with polarization §(9, ¢), where ¢
specifies the field direction, @ specifies the polar-
ization direction, and v is the average volume of
a domain. If one calculates the energy F of such
a collection of domains, then 7=-§F/5¢ gives the
torque on the sample. Our model®® differs from
that of Werner, Arrott, and Kendrick in two im-
portant respects: First, we assume that yq - x,
is not identically zero, and second, we assume that
the range of fields used in this experiment remains
in the low-field region in which s always lies along
a [100] direction.'® Under this assumption, which
is equivalent to the assumption that the magnetic
energy density is much smaller than that of the
crystal anisotropy, an exact solution for 7 is pos-
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sible for all orientations of 6 with respect to H.
The question of whether § prefers to lie _parallel
to a [100] dlrectlon or perpendlcular to H 1s irrele-
vant when Q lies in the plane of H since S must be
perpendicular to Q, the spins are driven along the
third crystal axis, which is perpendicular to both
H and Q.

Using this model one obtains for the fraction of
domains N having an energetically unfavorable po-
larization

3 {1 - tanh[(x, - x,)H%,, 6 V/4kT]} , (1)
where HZ,;, the square of the effective field felt
by the spins, is given by

HE . =H%sin%p, , @)
HE ;. =H? cos2¢, .
The torques for the two orientations are then
7.7 = 3mH?sin2¢ , {(xo = xa) +3 (xn = Xs)
X[1-flaB%0)]}, (3)
To= = 3mH?sin2¢,(x, — xo) f(aHE ¢p) ,

where f(aHZ,) is the distribution function for the
polarization domains,

FlaH?;)=(aHE,) +tanh(aH %)
_(aHeff) anhz(a'H ﬁ)’ (

where a= (x, - X,)06v/4kT and m is the mass of the
crystal.

In Fig. 2, we plot the data of Fig. 1 in terms of
Eq. (3), showing the intercepts and asymptotes
which we use to evaluate the susceptibility anisot-
ropies xo—x, and y, - x,. The shapes of the ex-
perimental curves of Fig. 2 are in excellent agree-
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FIG. 2. Field dependence of anisotropy of susceptibility

of Cr plotted 1n terms of the model discussed in the text,
(a) Triangles: QL suspension axis [see Fig. 1(@)]; ()
Circles: Q I suspension axis [see Fig. 1(b)]. Dashed
line, theoretical curve based on expressions (3) using
measured values of Xg =X, X,—Xs,» and a. HZ, defined
in Eq. (2).
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ment with that predicted by Eq. (4). Values of the
sample-dependent parameter «, evaluated from the
slopes, intercepts, extremals, and inflection points
of Fig. 2 and Eq. (4), are consistent to within+10%
for both orientations, giving

a=(0.31+0.03)x10"8 Oe? .

The extremals of these plots should occur at the
same value of HZ%,; experimentally, they differ
by about 15%. Three out of the four independent
methods of determining o above are independent
of the values of y, — x, determined below.

Figure 2 shows clearly that xo—x,#0. From
Fig. 2(a) we obtain the following values for the an-
isotropies of the susceptibility at 7=129 °K:

Xo = Xs=0.061x107% emu/g ,
Xn—Xs=0.110x10"% emu/g ,
and from Fig. 2(b) we obtain

Yn— Xs=0.065%10% emu/g , 7T=129°K,

where emu/g =dyn cm/gOe?.

The discrepancy in the values of y, — x, obtained
from the two crystal orientations can be partially
accounted for by spin pinning. Strains and imper-
fections in the crystal would be expected to pin po-
larization domains; such pinned domains would re-
quire a higher field to align. Before taking the
data for 7,, the crystal was heated through 7T
with H=29 kOe along the crystal axis perpendicular
to 6, thus making it difficult for domains to become
pinned in this direction. When the crystal was not
so treated, the second inflection point was not
clearly observed, demonstrating the existence
of pinning effects. This treatment was not used in
taking the data for 7,. If 10% of the spin domains
were pinned along each axis perpendicular to Q,

Xn — Xs Calculated from 7, would be 20% lower than
the true value. In addition it should be noted that
the value of y, — xs obtained from Fig. 2(a) alone
is a sensitive function of how one chooses the in-
tercept.

From the values of @ and y, - x, given above, we
calculate an average domain size

ov=2,8x10"% cm® to 4.4 %10 cm®, T=129°K.

This is in remarkably good agreement with an esti-
mate by Munday and Street'® of 6v=1.4x10"'° cm?®
using elasticity data and values of the anisotropy

of strain between § and 1 from Ref. 10, as well

as the estimate of the anisotropy energy of Werner,
Arrott, and Atoji.> Moreover, two values of 4a
reported by Werner, Arrott, and Atoji® at 7'=200
and 295 °K are in good agreement with our value at
129 °K. A plot of (x, — xs)6vH?/k vs T for the three
points suggests that the product (y, — xs)6v is an in-
creasing function of temperature.
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The data seem to support the thermal-activation
model discussed above rather than any simple form
of the spin-pinning model such as that proposed by
Bindloss!” and applied to Cr by Werner, Arrott,
and Atoji.® This model, depending on a harmonic
restoring force on domain walls, predicts that the
volume fraction of the crystal having spins along
H should decrease as a linear function of H2,

7/H? in Fig. 2(a) would then also decrease linearly
with H2, This is clearly not the case, as is shown
in Fig. 2.

The temperature dependence of the anisotropy
of susceptibility at 8 and 29 kOe is shown in Fig.
3. Below T, the torque goes strictly as H2. At
1.5 °K, the anisotropy of susceptibility is about
18%X107% emu/mole. As the reduction in the den-
sity of states estimated from electronic specific-
heat measurements of Heiniger!® is about 1.5 mJ/
mole °K?, the anisotropy predicted from the assump-
tion that y, is reduced in direct proportion to this
specific-heat reduction in the longitudinal phase,
and that y, is unchanged from the Pauli paramag-
netic susceptibility, is about 36x10® emu/mole.
This difference is not explained by any of the other
anisotropy components found here, as their mag-
nitudes are all too small.

Two of us (E. F. and M. O. S.) are currently
investigating the origins of the anisotropy by con-
sidering the contributions to the susceptibility from
orbital paramagnetism and the effects of spin-
orbit coupling on the spin paramagnetism. Shimi-
zu'® has discussed the anisotropy in the orbital
paramagnetism. Rice” has pointed out the impor-
tance of including spin-orbit coupling effects in
explaining the spin-flip transition. Such effects
would also be expected to contribute to the anisot-
ropy of susceptibility. Having modified the appa-
ratus for large samples, two of us (C.E.B. and
J.A.M.) are extending measurements of 7, and T,
to three samples in fields up to 45 kOe.

We would like to acknowledge many helpful dis-
cussions with Professor Martin Zuckermann of
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FIG. 3. Temperature dependence of the anisotropy

of susceptibility of Cr for é in the plane of i @ L sus-
pension axis).
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A macroscopic Hamiltonian is used to describe and calculate the deviations from saturation
and phase changes of the magnetization in a ferromagnet with a uniaxial magnetic anisotropy
either parallel or perpendicular to an applied magnetic field. Using Green’s-function tech-
niques, we have solved for the component (time, spatially, and thermally averaged) of the mag-
netization in the field direction, and we have determined the static long-wavelength transverse

and longitudinal susceptibilities (called the isolated susceptibilities).

The stability limits, or

critical fields, determined from the singularities in these susceptibilities occur under the con~

ditions for which the elementary excitation energy vanishes.
the transverse and longitudinal susceptibilities yielded the same stability limit,

We found that the singularities in
Under certain

conditions (field applied along an easy axis of magnetization and for temperatures near the or-
dering temperature) the stability limit is determined by the singularity in the isothermal sus-

ceptibility.

Results of the calculations for the magnetization as a function of applied field, at

various temperatures and with various uniaxial anisotropies, are given.

I. INTRODUCTION

Spin-wave (SW) approaches have recently been
used to investigate the deviation of the magnetiza-
tion M from saturation (zero-point effects) for fer-
romagnets with a uniaxial anisotropy.'? It was
found that the net component of M along the applied-

field direction became unstable when the long-
wavelength S'V energy vanished at a critical field.
The micromagnetic approach has been used to de-
termine the nucleation fields for various modes of
deviation from saturation. In the usual forms of the
micromagnetic approach,’® it is assumed that A2
is a censtant, Recently, Minnaja® removed the re-



