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Iron sublattice spin waves have been studied in TmFeO, and ErFeO, by inelastic neutron scattering.
In TmFeO, magnon dispersion curves were measured along several symmetry directions and the results

fitted to an isotropic Heisenberg Hamiltonian with near-neighbor exchange constant

J = (—29.1 +0.6)'K and next-nearest-neighbor exchange J' = (—1.9+ 0.2)'K. A detailed

high-resolution study of the long-wavelength spin waves was performed near the moment reorientation

transformation. In TmFeO„ the lowest magnon frequency renormalizes in qualitative agreement with the
"soft"-mode theory of the transformation. In ErFeO, mode softening was observed only at the lower

transformation temperature. Improved estimates are made of the twofold and fourfold anisotropy

energies in TmFe03.

I. INTRODUCTION

Rare-earth orthoferrites exhibit a number of in-
triguing magnetic properties. ' Most notable is the
weak ferromagnetism observed as a result of the
canted antiferromagnetic ordering of the iron mo-
ments. Because of the large anisotropy associated
with this small magnetic moment, the orthoferrites
are the prototype materials for magnetic "bubble"
devices. Other materials have since replaced
orthoferrites in bubble technology but there still
remain many interesting problems in understanding
the magnetic interactions in the orthoferrites.
Particularly intriguing is the existence in certain
rare -earth orthoferrites of spin-reorientation
transformations, in which the ordered spins rotate
with respect to the crystal axes. It is thought that
these spin-reorientation tran. sformations are
driven by soft spin-wave modes quite analogous to
certain structural phase transformations which are
known to result from unstable phonon modes, and
which have been extensively studied by inelastie-
neutron-scattering experiments.

The rare-earth orthoferrites (RE Fe03) crystal-
lize in an orthorhombically distorted perovskite
structure with four molecular units per unit cell
and having a space-group symmetry D~„-Pbnm. '

The iron moments order antiferromagnetically at
temperatures between 600 and 700'K in all the
RE FeO, compounds' and, since the ordering of the
rare earths, if they do indeed order, ' occurs at
low temperatures (T- 5 'K) we shall be concerned
only with the magnetic interactions of the iron sub-
lattices. Figure 1 shows the iron atoms in the unit
cell which are located in the octahedral positions
of the undistorted cubic perovskite structures.
The + and —signs refer to the relative direction of
the spins. In this G-type configuration, each iron

atom has six near neighbors (nn) with oppositely
directed spins and the 12 next-near neighbors
(nnn) with spins parallel, and results from the
strong antiferromagnetic coupling between nearest-
neighbor Fe sublattices. There is, in addition, a
weak antisymmetric exchange coupling" which
causes a canting of the spins on different sublat-
tices. Of the possible resulting spin configurations
compatible with crystallographic symmetry we are
concerned with two, ' shown schematically in Fig.
2. The first (G,) consists of a. G-type antiferro-
magnetic arrangement with spins slightly canted
from the +x axes, whereas in the second (G,), the
spins lie nearly along the +z axes. The G„con-
figuration is the energetically favored one at high
temperatures for all of the RE FeO, family. There
are, however, temperature-dependent changes in
the single-ion a.nisotropy, which seem to arise in-
directly from induced RE ion polarization, which
may favor the G configuration at lower tempera-
tures. Such spin-reorientation transformations
occur in Sm, Tb, Er, and Tm orthoferrites' and
have two characteristic temperatures, an upper
temperature T„, at which the spins begin to rotate
away from the +x direction and a lower one T, , at
which the rotation is completed and the spins lie
along +z. The rotation is confined to the xz plane
by virtue of the antisymmetric exchange coupling.
The equilibrium configuration in the reorientation
region has been studied by magnetic-torque' mea-
surements, ' Mossbauer effect, "' optical mea-
surements, ' ' and elastic neutron scattering. "
The dynamics of the reorientation process have
been probed by microwave resonance' and indi-
rectly by ultrasound propagation. '8 The advantage
of inelastic neutron scattering over these latter
techniques is the ability to couple directly to anti-
ferromagnetic fluctuations.
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where n(ur) is the Bose thermal occupation factor,
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FIG. l. Unit cell of RE Fe03, symmetry D2k6-Pbnm,

showing only the positions of the iron atoms. The rela-
tive direction of the spins is represented by the + and-
signs. J and ~ are the nn and nnn exchange.

To interpret the neutron-scattering results to
follow we adopt the following Hamiltonian

+inoexch++nnti exch +aniso y

where for the present we need consider explicitly
only

+ iso exch ~lk, l'k'
l l~kk~

Here the structure factor

Fa(Q) =fa(Q)&' '"',

f„(Q) being the form factor for the spin density of
an ion on the kth sublattice, and y». (Q, &u) is linear
interlattice susceptibility, i.e. ,

&s(Q, ~) = X» (Q, ~)h (Q, ~),

where &s,(Q, &o) is the space-time Fourier trans-
form of a spin fluctuation on the kth sublattice and

h, (Q, e) is the conjugate staggered magnetic field.
y», (Q, &u) has translational invariance in reciprocal
space

&»~(Q~ ~) =4a~(ll~ ~)~

where q=@ —6 lies in the first Brillouin zone.
The poles of y», (q, ~) are independent of kk' and

coincide with the spin-wave frequencies. Equation
(2) shows all four sublattice interactions are im-
portant for an understanding of the neutron-scat-
tering results at a general Q. This becomes rather
cumbersome using the full Hamiltonian given in
Eq. (1) and fortunately it is not necessary for the
interpretation of the present experiments, because
the general features of the spin-wave dispersion at
high energy is determined by X, ,„,h and the much
smaller splittings due to the remaining terms are
not observed. Section III is therefore concerned

Slk Sl'k' '

s» refers to the spin on the 0th iron sublattice in
the lth unit cell. X„„„~is the familiar isotropic
Heisenberg exchange with a range as yet unspeci-
fied, X «,h the Dzyaloshinskii-Moriya antisym-
metric exchange which is probably of importance
only for nearest neighbors and is nonetheless
smaller by -10 '

than the largest isotropic ex-
change terms. The single-ion anisotropy terms
are smaller still, but it is the temperature depen-
dence of the anisotropy which is responsible for
the spin reorientation.

The inelastic -neutron-scattering intensity due
to one-magnon scattering is proportional to the
scattering function S(Q, u&), which can be written
in the form

Gz

FIG. 2. Two allowed spin configurations in the ortho-
ferrites. G„, the high-temperature configuration, has
the spins aligned along the x axis with a weak ferromag-
netic moment along z. The low-temperature configura-
tion Gg has the spins aligned along a, with a weak ferro-
magnetic moment along x.



2016 3. M. SHAPIRO, J. D. AXE, AND J. P. REMEIKA 10

with the interpretation of the gross (high-frequency)
spin-wave dispersion using a full four-sublattice
model and 3e=3'-„,„,„.

In Section IV the behavior of the low-energy spin
waves, particularly at temperatures near the spin
reorientation, are studied. It is then vital to use
the full Hamiltonian, the consequences of which
have been most extensively studied for two-sublat-
tice models obtained by considering only the motion
of the composite variables

5844 = ( 8 f1+ Sls}

~.g(Q, ~) = Q Fg (Q)Fg (Q) lmX&.'(Q, ~),
X, )t~

where F,(Q) = U~E, (Q), etc. With this representa-
tion a remarkable simplification occurs at recip-
rocal-lattice points, i.e. , when Q=G=(h, I4, l),
namely, that one and only one structure factor
F,(G) is nonsero. We can therefore classify all

TABLE I. Classification of reciprocal-lattice points
for the high-temperature RE Fe03 structure.

Reflection type (hkl)

(even, even, even), (odd, odd, even)
(odd, even, even), (even, odd, even)
(odd, even, odd), (even, odd, odd)
(even, even, odd), (odd, odd, odd)

» 4a =(5sim+ 5s44)

The problem of discussing neutron-scattering re-
sults in RE Fe03 by a two-sublattice model is
somewhat more complex than for measurements of
macroscopic quantities, e.g. , in microwave-reso-
nance experiments. The following is a discussion
of the extent to which a simplification is possible.
Define a new set of spin variables 6s» by a unitary
transformation on 6s~,

5s„=U„5s„(~=O, P, q, ft).

Specifically (suppressing the l index),

5sc= g(5s, +5s, +5s, +5s,)
1= a(5S, + 5S,),

5l = ~(5s, + 5s, - 5s, —5s, ),

5s c = ga5s, —5s2 + 5s, —5s,)
i.= 2(5S4 —5S~),

SR g( sl SR 83+ 84)'

Notice that the variables 5s~ and 6s„cannot be ex-
pressed in terms of the "two-sublattice" variables.
Making the same transformation of variables on

Eq. (3) gives

0 r8
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FIG. 3. Magnon dispersion curve along several sym-
metry directions in TrnFeO& in the G„configuration.
The fits to the data edith only nn exchange (dotted line)
and with nn and nnn exchange (solid line) are also shown.

reciprocal-lattice points by a label O, P, Q, R ac-
cording to whether Eo, E~, Ez, or E~ is nonzero.
The classification is shown in Table I. [Table I
is written for the high-temperature RE FeO, struc-
ture (the G„configuration of Fig. 2). It applies to
the low-temperature (G,) form by interchanging H

and I, components. ] In studying long-wavelength
magnetic fluctuations, the reciprocal-lattice vec-
tors about which the observations are performed
thus divide into two categories: (i) P and R--type
reflections which involve fluctuations that cannot
be treated within the context of a two-spin model.
These are the high-frequency "exchange" modes
which are adequately treated by R=R, ,„~. (ii)
0- and Q-type reflections which involve the low-
lying "antiferromagnetic" modes which are de-
scribable with a two-spin formalism. These
modes have zero frequency in the absence of an-
isotropy.

II. EXPERIMENTAL

The single crystals of TmFeO, and ErFeO, were
grown at Bell Laboratories by the flux method de-
scribed previously. The TmFe03 crystal was
plateletlike with dimensions 12&15&&4 mm and the
c axis perpendicular to the plate. The ErFe03
crystal was considerably smaller and approximate-
ly cubic in shape with a 5-mm edge size. The
measured sample mosaics mere 0. 2' for ErFe03
and 0. 3' for TmFe03. The majority of the mea-
surements were performed in the (hOI) scattering
plane, but a study at several temperatures of the

q = 0 magnons in the (Okl) scattering plane showed
an identical behavior of the frequencies with tem-
perature. The crystals mere mounted in a tem-
perature-controlled Dewar and the temperature
regulated to better than 0. 02 'K.

The neutron-scattering measurements were
made on a triple-axis spectrometer at the Brook-
haven high flux beam reactor. For the high-energy
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spin-wave dispersion measurements, we used an
incident neutron energy (Eo) of 100, 110, 116, or
126 meV provided by the (110}reflection of a sin-
gle-crystal beryllium monochromator. The scat-
tered neutron energy was analyzed by the (002) re-
flection of another Be crystal. A Soller slit sys-
tem with 40' horizontal divergence was used to de-
fine the neutron path. The vertical divergence,
determined by the natural collimator heights and
the size of the crystals was approximately 2. 0'.
Both constant-Q and constant-E modes of opera-
tion were employed.

For the lower-energy magnons and the study of
their behavior in the reorientation region, we used
incident neutron energies of 13.5 and 4. 9 meV.
The monochromator was a bent pyrolytic graphite
(PG) crystal and the analyzer was a flat PG crys-
tal. Higher-order contamination of the incident
neutron beam was reduced by a PG filter 3 at 13.7
meV and a polycrystalline beryllium filter~4 at 4. 9
meV.

III. SHORT-WAVELENGTH SPiN-WAVE
DISPERSION

(Ku},~ (A +C) —(B+D),

where

A = 2S12[-SJ+J'(6 —cos8,
—cos8„}]),

B = —2S(2J'cos8,'),

C = —2S(6J' cos8 „' cos8,' cos8,'),

D = —2S(4J cos8 ', cos8,'),

with

(4)

8„=q„a = 2'„, 8~ = q~b = 2wg~,

p„' = pq„a = mf„, 8' = zq~b = n(y,

The measured spin-wave dispersion at
T = 102. 5 'K along several symmetry directions in
TmFeO, is shown in Fig. 3. The sample was ori-
ented to give an (h0l) scattering plane. The ver-
tical error bars indicate the result of "constant-Q"
scans, and the horizontal error bars denote data
obtained by "constant-energy" scans. In accor-
dance with the discussion in Sec. I, the data were
fit using a four-sublattice model having only iso-
tropic Heisenberg exchange with nn and nnn ex-
change constants (Fig. 1), which we denote as J
and J', respectively. The spin-wave spectrum
consists of two doubly degenerate branches with
eigenvalues given by"

IY. LONG-WAVELENGTH SPIN WAVES AND SPIN
REORIENTATION

The spin-reorientation phenomenon is always
discussed in the long-wavelength limit of the two-
sublattice model. That is, it is assumed that the
relevant variables are the q = 0 components of the
normalized composite spin variables

and

So = (1/2S)(s~+ ~s,)

S2 = (1/2S) (sa + s4)

= —1.9(+0.2) 'K. For comparison, the dotted
curve is the best-fitting solution allowing only nn

exchange. In reality, the nearest-neighbor ex-
change constants are distinct by virtue of the dis-
tortion from cubic symmetry, and there are also
two nnn constants, but attempts to refine these four
parameters separately produced nearly identical
exchange constants without a statistically signifi-
cant improvement in fit. This is consistent with
structural information which shows that Fe-O-Fe
angles and distances and thus the superexchange
paths are nearly identical for the two types of nn

configurations. Similar results are obtained for
nnn configurations.

The negative (antiferromagnetic} nn exchange is
predicted by the Goodenough-Kanamori (GK) rules
and the magnitude is in reasonable agreement with
that deduced from the value of the Neel tempera-
ture (T„}using mean-field theory. " The measure-
ments suggest that J' is approximately P of J and
also antiferromagnetic. The only other reliable
estimates of nnn exchange in perovskites come
from studies of the magnetic properties of ordered
binary compounds AB(I)O, -AB(II)O„where B(II)
is diamagnetic and the structure is so arranged
that the magnetic B(I}ions occupy nnn sites. 28

The materials order with T„"20times smaller
than the pure AB(I)03, implying values of J'/J con-
sistent with our estimate.

Notice that although J' is antiferromagnetic,
nnn nonetheless have spins parallel, since to be
otherwise would necessitate the breaking up of
some nn antiparallel couplings. Thus although the
spin arrangement in Fig. 1 represents the ground
state as J'/J-0, it is clear that in the opposite
limit, some other ground state exists. This has
been studied in mean-field theory by Ter Haar and
Lines who showed that the configuration of Fig. 1
is stable as long as J~ 4J', which is easily satis-
fied in the present case.

The solid curve in Fig. 3 shows the best least
square fit to the data which were obtained by set-
ting J2= Jz4-- J= —29. 1(+0.6) 'K and J~~= J~s= J'

The magnitude of the spin of a single Fe" ion is
S=-,'. In particular, the term X, in Eq. (1)
may be written '
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X, = -g [A„,(SO„)~+A (So ) ]

+2K4 Q(SO, )'.
k=1, 2

tm;y, r

In both TmpeO3 and ErFeO3 the spin reorienta-
tion occurs near 90'K with 7'„—T, 10 K. Both
Mossbauer and neutron diffraction studies have
shown the reorientation to occur by a smoothly contin-
uous coherent rotation of all the spins. Horner
and Varma' showed that this behavior could be

understood using a free energy of the form

F(T)=F + gK (T)cos28+K cos48,

where 61 is the angle between the z axis and the
weak ferromagnetic moment and Kz(T) = —2(A„„
-A, ). Levinson et al. ' showed that this free en-
ergy could be derived from a Hamiltonian of the
form of Eqs. (l) and (5) by thermodynamic pertur-
bation theory to lowest order in (anisotropy ener-
gy/exchange energy). Applying equilibrium con-
ditions to Eq. (6) we find three distinct tempera-
ture regions, distinguished by the value of 0:
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TABLE II. Reorientation temperatures, exchange,
and anisotropy energies for TmFe03 and ErFe03. (For
conversion into energy density, 1'K~ 0.62x106 erg/
cm3) .
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FIG. 8. High-resolution q= 0 spin-wave spectrum of
ErFeOp at T = T1 .

8=0, T» Tu

II: &=g& T~ T

III: cos28 = Ka(T)/SK-4, T, ~ T~ T„

with T„and T, determined by the conditions K,(T„)
= —8K4 and Ka(T, ) = 8K4.

The spin reorientation is on this basis expected
to show two second-order transformations at T„
and T, with order parameters 8 and &m —8, re-
spectively. The temperature dependence of 8 in
the "ordered" phase (III) is determined by K,(T)
which was shown to vary approximately linearly
with temperature in SmFeO3, the only ortho-
ferrite in which it has been measured.

&~,~, in addition to determining the ground
state of the system by removing the rotational de-
generacy, causes an energy gap (in fact a pair of
them) to appear in the q = 0 "antiferromagnetic"
spin-wave branches. The frequencies of the two
low-lying q = 0 spin-wave branches are given ap-
proximately by'8'9 3o

(a(o,)' = I4E/2S)'](- —.'K, cos2e —4K, cos4e),
( I)

(h~2)' = t4E/(2S) ](Ko —4K, cos2le -K, cos48),

where K, = &(A„„+A,) and E = —6J(2S)' is the effec-
tive two-sublattice exchange constant. Equation
(7) has been simplified by again dropping terms
smaller by the order (anisotropy energy/exchange
energy). Note, however, that the relations de-
termining T„and T, are such that oP, -O at T„and
T, . Thus the dynamical instability which is in-
ferred by the vanishing of the force conjugate to
8, —8'F/88, is manifested as a "soft-mode" be-
havior in one of the q= 0 "antiferromagnetic" spin
waves. The "soft" mode with frequency v, has
large fluctuations in the x-z plane, ' whereas the
remaining mode, with a large y component of spin
precession is predicted to stay nearly temperature
independent throughout the spin reorientation.

Figure 4 shows the inelastic magnetic scattering
about the (1, 0, 1) reciprocal-lattice vector, which is
suitable (Q type) for studying the low-lying "anti-
ferromagnetic" modes, at a temperature far above
the reorientation region. As expected, two q = 0
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FIG. 9. Magnon energy vs temperature for q= 0 spin
waves in ErFe03. The solid curve is calculated from
Eqs. {7) using parameters similar to those in Table II.

FIG. 10. Intensity of neutrons Bragg reflected from
(101) reciprocal-lattice point in ErFe03 vs temperature.
Inset shows the angles between 'Q(gp~) and the x and z
axis.
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modes are observed. The magnon groups are
asymmetric toward higher energy due principally
to the interaction of the finite spectrometer Q res-
olution with the rather steep magnon dispersion. '
The true q=0 frequency thus corresponds more
nearly to the maximum than to the center of gravity
of the observed scattering. This is moderately
high-resolution data taken with an incident neutron
energy of 13.7 meV. Figure 5 is a representative
sample of higher-resolution data taken in the re-
orientation region. The results of all such mea-
surements are shown in Fig. 6. It is clear that
the lowest-lying mode is indeed "soft" and in qual-
itative agreement with theory, showing pronounced
frequency minima near T„and T,. The higher-fre-
quency mode is essentially temperature indepen-
dent, again in agreement with theoretical expecta-
tion. It is clear, however, that the soft-mode
frequency does not go to zero but remains finite at
both transformation temperatures.

The situation is much less satisfactory in
ErFeO, as Fig. 7 demonstrates. Well above the
reorientation region, the spectrum closely resem-
bles that of TmFe03. However, the frequency re-
normalization is much less in the region just above
T„, but continues to decrease between T„and T„
until at T, it is sufficiently low to be completely
masked by the strong Bragg scattering when ob-
served with moderate resolution. But higher-res-
olution measurements, Fig. 8, makes it clear that
+,(T,} is still finite. The data for ErFeO, are
summarized in Fig. 9, which is similar to Fig. 6
for TmFeO, except at T„where there is almost no
dip in &u, (T).

It is straightforward using the data of Fig. 6 and
Eqs. (7) to estimate the various parameters in
X „,for TmFeO, . If K4 is assumed temperature
independent and K2 is written as K2(T) =a —bT, K,
is determined from ~, at the midpoint of the reori-
entation region where K2(T) = 0. A knowledge of
K4 and the width of the reorientation region then
suffices to determine K2(T}. Finally, the upper-
branch frequency can be used to determine Ko
which is also assumed to be temperature indepen-
dent. The values obtained for TmFeO, are shown
in Table II, and the calculated temperature-de-
pendent frequencies are shown in Figs. 6 and 9.
The values for the anisotropy energy are roughly
an order of magnitude larger than those measured
in SmFeO, ." These same SmFeQ, values were as-
sumed for ErFeO~ by Gorodetsky and Liithi (GL). '
It is clear from Fig. 6 that the assumed linear
temperature dependence for K,(T) is not satisfac-

tory over a large temperature range.
We have investigated the possibility that the fail-

ure of the soft mode in TmFeQ3 to vanish at both
T„or T, is the result of magnetoelastic coupling.
The consequences of this coupling on the elastic
response of ErFeO, has been examined in detail by
GI., ' who show that coupling with the elastic con-
stant C~, does prevent the soft-mode frequency
from vanishing at T„and T, . However, a quantita-
tive estimate of the effect shows that magnetoelas-
tic coupling constants much larger (B55 1.5&&108

erg/cm ) than suggested by GL for ErFeO~, '8 and

possibly unrealistically large, '6 would be necessary
to account for our observations in this manner. It
seems somewhat more plausible to ascribe the
saturation of the soft mode in TmFeO, to sample
inhomogeneity. A spread of +1' in the transfor-
mation temperatures would be sufficient to produce
this effect. We cannot, however, exclude the pos-
sibility of some more complicated behavior involv-
ing a saturation of the "soft" sidebands together
with the appearance of a divergent quasielastic
peak. Such behavior has recently been observed
in several structural phase transformations. '~

In an effort to understand the peculiar asymme-
try in the behavior of Er FeQ, about T„and T, in-
tensity measurements were performed on the (101)
magnetic Bragg reflection at various temperatures
as shown in Fig. 10. It is possible to sense the
spin reorientation in this way since the scattering
intensity is proportional to sin Q where P is the
angle between the scattering vector Q and the spin
direction. As can be seen fro~ the inset in Fig.
10, ft) decreases as the spins rotate from the x to
the z directions. The values of T„and T, obtained
in this way are reasonably well defined and in
agreement with those obtained by other meth-
ods. '6' '" Furthermore, samples from the same
growth batch show pronounced ultrasonic velocity
anomalies at temperatures equal to those obtained
from Fig. 10. ' It does not therefore appear pos-
sible to account for the small degree of mode
softening at T„by inhomogeneity in the transfor-
mation temperature. In fact, we can offer no sat-
isfactory explanation of this behavior at the present
time, and for this reason it does not seem profit-
able to analyze the existing data for ErFeO, to ob-
tain anisotropy parameters.
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