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RESONANT AND NONRESONANT MICROWAVE LOSSES IN TmFe03
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Experimental and theoretical results are presented which show that a pair of closely
spaced resonant loss peaks at microwave frequencies in TmFe03 can be transformed in-
to a single nonresonant loss peak by rotation of the applied field through as little as 3
deg. These findings provide the basis for understanding some previously puzzling mi-
crowave absorption measurements in the rare-earth orthoferrites.

Recent microwave absorption measurements'
ir. several rare-earth orthoferrites have shown
loss peaks which have not been adequately ex-
plained. Torque measurements' on these mate-
rials show that the crystalline anisotropy has
components of both twofold and fourfold symme-
try and that the twofold component changes sign
in the temperature range where the loss peaks
are observed. The orientation of the spontaneous
magnetic moment changes from one crystalline
axis to another over the same temperature range.
It was tentatively suggested initially' that the mi-
crowave loss peaks were associated with max-
ima in the susceptibility arising from the reor-
ientation of the magnetic easy axis.

In a subsequent effort to interpret the micro-
wave results, ' Shane' extended Herrmann's' anal-
ysis of resonance in canted antiferromagnets by
including the fourfold anisotropy terms. While
Shane's calculation leads to a reasonable result
for the temperature dependence of the applied
field required for resonance, two absorption
peaks as a function of field are predicted' while
only a single peak was reported. ' Moreover,
Shane's absorption peaks are associated with
resonances, whereas the early observations' in-
dicated that the phase relationship between the
real and imaginary parts of the susceptibility
was not characteristic of resonance. We report
in this Letter some new results which resolve
these questions and which clarify the nature of
the microwave losses reported previously' in
Tm FeCS.

We have found that small changes in the direc-
tion of the external magnetic field (Hdc) can lead
to dramatic changes in the microwave suscep-
tibility of TmFeO, at temperatures near the spin
reorientation range. (In this range the sponta-
neous moment rotates from the a to the c direc-
tion with increasing temperature. ) Specifically,
we find that rotation of Hdc through three de-
grees transforms a pair of closely spaced reso-
nant absorption peaks into a single, nonresonant
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FIG. 1. Plots of the experimentally measured real
(X') and imaginary (y") susceptibilities for TmFeO& at
81'K as a function of field +dc~ In (a~ Hdc wa al "g
the c axis. In (b) and (c), Hdc was in the ac Plane,
1.5' and 3', respectively, from the c axis. The ordi-
nate scales for each p' and p" are arbitrary, but re-
main the same for the different angles,

absorption peak. This effect is illustrated in
Figs. 1(a)-1(c), where we show tracings of the
experimentally observed real (y') and imaginary
(y') parts of the susceptibility plotted as a func-
tion of Hdc. A single crystal of TmFeO, mount-
ed in a TE„, rectangular cavity operated at 57.7
Gc/sec was used for these measurements. The
temperature was 81'K, and the orientation of

Hdc in the ac plane was (a) along the c axis,
(b) 1.5' away from the c axis, and (c) 3' away
from the c axis.

It is seen that the double peaks in y" when Hdc
is parallel to the c axis [Fig. 1(a)j merge into a
single peak when Hdc is 3' from the c axis [Fig.
1(c)]. The correspondence in Fig. 1(a) of the
zero crossings in y' with the peaks in X" iden-
tifies these as resonances. On the other hand,
y' and X" pass through positive maxima sirnul-
taneously in Fig. 1(c), leading to the conclusion
that the well-defined loss peak seen there is not
due to a simple resonance phenomenon.
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These effects were predicted in an analysis'
of resonance and susceptibility in canted anti-
ferromagnets. The analysis was stimulated by
the observation' of single absorption peaks in
TmFeO, and was specifically directed toward
those canted antiferromagnets whose spontaneous
moments (ms) undergo reorientations with tem-
perature change. (Torque measurementsm have
shown that m~ in TmFeO, rotates smoothly from
the a axis at 81.5'K to the c axis at 94'K, in the
absence of an external magnetic field. ) Our anal-
ysis includes a fourfold crystalline anisotropy
term to account for the reorientation. Other-
wise, we use a two-sublattice model similar to
that of Herrmann. However, we have extended
our analysis beyond that of Herrmann and of
Shanes (who also used a fourfold anisotropy
term) by including phenomenological damping, by
allowing Hdc to have any orientation in the ac
plane, and by obtaining complete expressions for
the susceptibility.

The method of analysis is similar to that fol-
lowed by Herrmann and starts from a general
expression for the magnetic free energy of the
two-sublattice system. Equilibrium orientations
for the two sublattices are found by minimizing
the total energy. After expanding around the
equilibrium orientation, linearized solutions of
a phenomenological equation of motion are found.
From these solutions, expressions for the sus-
ceptibility and resonance frequency are obtained.

The details of the calculation, along with gen-
eral expressions for the resonance frequency
and for the complex susceptibility, will be pub-
lished elsewhere. %e will show here some re-
sults obtained by evaluating our expressions
with parameter values which are appropriate for
TmFeO, at 81'K. In Fig. 2, we plot the calculat-
ed resonance frequency f~ as a function of Hdc
with the angle (in degrees) between Hdc and the
c axis as a parameter (Shane's. ' calculation is
for the cases where this angle is either 0' or
90'. ) It is seen that the minimum f~ increases
rapidly from zero as Hdc is moved away from
the c axis, reaching a value of 80 Gc/sec for 5'.

Our analysis shows that the susceptibility
changes character when realigning Hdc causes
the minimum fz to pass through the fixed operat-
ing frequency. From Fig. 2, it is apparent that
the minimum fz is near 60 Gc/sec (the operating
frequency for Fig. 1 was 57.7 Gc/sec) when Hdc
is about 2 from the c axis. For larger values
of this angle, resonance will not occur at all as
the magnitude of Hdc is changed, provided that
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FIG. 2. Calculated resonance frequencies for a
material similar to TmFe03 near 81'K as a function
of field (Pdc). The Parameter is the angle in degrees
between Hdc and the c axis, with Hdc in the ac plane.

the operating frequency remains unchanged. In
such cases, the minimum fz is always larger
than the operating frequency. However, anom-
alies in g' and X" still occur even though the
minimum fr is always larger than the operating
frequency. For this case, the anomalies will
occur at the same location on the field axis for
any value of the operating frequency less than
the minimum fz. This type of behavior was re-
ported in Ref. 1.

Calculated plots of y' and y as a function of
Hdc are shown in Fig. 3, where we have used
the same material parameter values as in Fig. 2.
A damping constant was selected to approximate
the experimental linewidths in Fig. 1. All the
essential features of the experimental results
shown in Fig. 1 are seen in Fig. 3. Most of the
detailed structure, such as the local maximum
in y' between the two zero crossings in Fig. 1(a),
can also be identified with similar structure in
Fig. 3. It should also be noted in Fig. 3(d) that
the calculated X' and y" simultaneously exhibit
single peaks for sufficiently large misalignment
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FIG. 3. Calculated values of y' and X" for the pa-
rameter values used in Fig. 2. The angles in the ac
Plane between &dc and the c axis are (a) 0', (b) 1',
(c) 2', and (d) 3'. The ordinate scales for each y' and
y" are arbitrary, but remain the same for the differ-
ent angles.

between Hdc and the c axis, anomalies which
are definitely nonresonant.

The major source of the discrepancies which
do appear between Figs. 1 and 3 is probably in-
homogeneity in the direction of the c axis of the
crystal, which was a flat plate with the c axis
normal to the surface. The crystal was prob-
ably mechanically strained either during mount-
ing or during the cooling process, thereby intro-
ducing some bending. %ith inhomogeneity one
would expect the experimentally observed plots
of y' and y" to be weighted averages of the cal-
culated values that occur within the distribution
of angles. As a result the very sharp features
of Fig. 3(a) are not observed experimentally.
Another important result of this averaging pro-
cess is that one will not be able to resolve the
double peaks in y" below a certain operating fre-
quency, depending on the degree of inhomogene-
ity.

The crystal used in the present work has a
linewidth' of 0.37'K at 17 Gc/sec. No evidence
of splitting in y" is observed in this crystal at
17 Gc/sec, while only a small notch in )(" ap-
pears with the optimum-field orientation at 35
Gc/sec. Most crystals exhibit broader absorp-
tion peaks, thus exhibiting only single peaks even

at 57.7 Gc/sec. These latter observations indi-
cate the presence of crystal inhomogeneities and
provide a basis for a satisfactory understanding
of the initial results, ' where only single absorp-
tion peaks were reported.

One important conclusion we draw from these
results is that the locations on the field axis of
the loss peaks in Ref. 1 do not uniquely deter-
mine the material constants as a function of tem-
perature. This point is clearly illustrated in
Figs. 3(a) and 3(b), where the separation between
the double peaks in X" is decreased by moving

Hdc away from the c axis by 1'. A similar de-
crease in separation occurs if one calculates y"
using a larger value for the symmetric exchange
constant of TmFeO, . As a consequence, de-
tailed knowledge about angular inhomogeneity in
the crystal will be required in order to use the
microwave results for making accurate deter-
minations of the material constants.

A second important aspect of the results con-
tained in Fig. 1 is that we exhibit there a trans-
formation between gyromagnetic resonance re-
sponse and essentially quasistatic response to
an alternating magnetic field at microwave fre-
quencies. This transformation is brought about
by a small reorientation of Hdc. Very high res-
onance frequencies are typical in antiferromag-
netic resonance because of the dominating role
played by the exchange interaction. In the cant-
ed antiferromagnets which exhibit spin reorien-
tation as a function of temperature, the several
large terms which make up the resonance fre-
quency expression' ' can be made to cancel each
other entirely under certain very specialized
conditions with quite modest values of Hdc. The
cancellation is extremely sensitive to the align-
ment of Hdc, however, and allows one for the
first time to show the connection between reso-
nant and nonresonant magnetic losses in the
same materials by simply rotating Hdc through a
small angle.
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