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Measurements of the temperature dependence of AFMR in Fe;BO¢ have been carried out at
submillimeter wavelengths. In addition to the relativistic branch of AFMR known previously, a
new one has been detected and studied. The results obtained are analyzed in terms of the
thermodynamic model of second-order phase transitions.

The compound Fe;BOj is antiferromagnetic with weak
ferromagnetism at temperatures 7 < Ty, = 508 K (Ref. 1).
Its crystallographic symmetry is described by the D 5 space
group. According to the neutron diffraction data of Ref. 2,
the Fe,BO, unit cell contains twelve iron ions, occupying the
nonequivalent positions 84 and 4c, whose magnetic mo-
ments form a four-sublattice magnetic structure which at
temperatures below the spin-flip transition temperature
T,, =415 K is characterized by an ordering of the type
T'\(F,, Ly, foohz),andfor Ty, <T< Ty, T, (F,, Ly, £,
/,,); in both configurations F||f. It should also be noted that
Fe;BOq is the only orthorhombic crystal in which the spin
flip transition takes place via a first-order phase transition.

The static magnetic properties of Fe;BO, were studied
in Refs. 1, 3, and 4. Also studied was the spectrum of a
branch of AFMR in Fe;BO, (Refs. 5 and 6) that softens
completely as 7, isapproached. In addition, Ref. 6 reported
the observation of an additional signal which apparently was
not due to AFMR. However, it is well known that for non-
collinear ferrimagnets’ such as Fe;BOj, the existence of four
branches of AFMR should be expected. Two of them are
exchange branches, and the corresponding frequencies are
usually located in the IR range, and the other two branches
are due to relativistic effects and have lower frequencies. The
relativistic branches of AFMR have substantially different
excitation conditions: one branch, which is usually lower in
frequency, is observed when hlm, where his the vector of the
magnetic component of the microwave field and m is the
vector of the weakly ferromagnetic moment, and the other
branch is observed when h||m; this permits them to be identi-
fied.® Thus, certain questions related to the spin dynamics of
Fe,BO, remain unstudied.

This paper presents new results of a study of AFMR in
Fe,BO, and of its behavior near the spin-flip transition.

EXPERIMENTAL DATA

Fe;BO, single-crystal pellets measuring ~8X8X6
mm?> were synthesized from a high-temperature solution.
The samples to be studied, in the form of plates of thickness
~1 mm and transverse dimensions ~5 X5 mm?, were cut
out in the ac and bc planes, respectively, to an accuracy of 1-
2°, the natural faceting of the initial single crystals being
used.

The temperature measurements were carried out in the
100-510 K range in a thermostat maintaining the tempera-
ture uniform to within ~ 1 K in the sample. The quasi-opti-
cal method® was used to study AFMR in the 75-550 GHz
range, and at frequencies below 75 GHz the studies were
done in waveguides using commercial wide-angle standing-
wave coefficient meters.

783 Sov. Phys. JETP 69 (4), October 1989

0038-5646/89/100783-03$04.00

Since the AFMR frequencies of Fe;BO, changed appre-
ciably with temperature, perference was given to the method
of temperature scanning at fixed frequencies. '’

RESULTS AND DISCUSSION

The AFMR spectrum of Fe;BO is shown in Fig. 1. The
AFMR branch located at lower frequency was excited with
h.lm, which made it possible to identify it as the low-frequen-
cy relativistic branch v,. The temperature dependence of the
frequency for this branch was found to be in good agreement
with the data of Ref. 6. The resonance absorption line width
for this branch, recalculated by allowing for the temperature
dependence of its frequency, was found to be unchanged in
the I', phase and equal to ~6 GHz.

At temperatures greater than 7, and frequencies less
than 75 GHz, we studied the AFMR branch that was excited
only when hlm; this made it possible to identify it as the low-
frequency v, branch in the I'; phase. The general character
of the temperature dependence of the frequency of the v,
branch in the entire range in which magnetic order exists
was identical to the temperature dependence of the thresh-
old field A, inducing phase transitions between the I'| and
I, phases.?

In addition to the low-frequency branch, a new branch
of AFMR in Fe,BOq, v,, was detected and studied (see Fig.
1). It was identified as a second relativistic branch, since, in
complete conformity with theoretical calculations, it was ex-
cited only when h||m. This was manifested in the fact that for
a sample of the ac cut with the magnetic component of the
microwave field oriented strictly either along the a axis for
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FIG. 1. Temperature dependence of the AFMR spectrum of Fe;BO,, and
of the resonance absorption line width of the v, branch.
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FIG. 2. Recordings of the temperature changes in line shape of the AFMR
vybranchnear T, ,: (a) v = 276 GHz; 1—h(|c; 2—h||a; (b) hata 45° angle
to the g and ¢ axes; 3—v = 271 GHz, 4—v = 273 GHz, 5—v = 275 GHz.

the I', phase or along the c axis for the I'; phase, a sudden
disappearance of the resonance absorption line was observed
when T, was reached, as shown in Fig. 2a. The observed
character of the change in the resonance absorption line near
T, resembles the behavior of the AFMR line in CoF, in the
vicinity of the first-order phase transition induced by an ex-
ternal magnetic field.'' The small difference between the
temperatures of the extreme points of the steep slope of the
resonance absorption line was due to the temperature gradi-
ent on the sample. Figure 2b shows the observed behavior of
the resonance absorption line of the v, branch near T, when
the magnetic component of the microwave field is directed at
a 45° angle to the a and ¢ axes. The change in appearance of
the resonance absorption line made is possible to detect a gap
~4 GHz in the spectrum of the v, branch at temperature T,
(see the inset in Fig. 1).

The AFMR absorption line width Av, of the v, branch
as a function of temperature is shown in Fig. 1. It is evident
that, as in other antiferromagnets, the absorption line width
of the v, branch is appreciably smaller than that of the v,
branch, and as the temperature T is approached, a signifi-
cant broadening of the v, branch is observed.

In a theoretical description of the magnetic properties
of Fe;BO,, use may be made of the well-known expansion of
the thermodynamic potential for the D 5 group'%:

E a [4
== mi—d,ml+d,m.l, + _2‘_ L:+ —2L 12

+ -‘flf A+ i; LA+ —’;— L7, —mH, (1
where m=(M, + M, )/M; and 1=(M, — M,)/M, are,
respectively, the ferromagnetic and antiferromagnetic vec-
tors, M, and M, are the magnetic moments of the sublat-
tices, M is their magnitude at the given temperature, E /2
and d,, d, are the effective fields of symmetric and antisym-
metric exchange, a,, ¢, are the effective fields of the bilinear
anisotropy and a,, ¢, fare those of the biquadratic anisotro-
py, and H is the external magnetic field. In contrast to ortho-
ferrites, for which the condition d; = d, holds to a good ap-
proximation in Fe;BO, an appreciable difference is observed
between the components of the effective fields of antisymme-
tric exchange. Taking this fact into account, one can obtain
an analytic form of the dependence of the resonance frequen-
cies on the parameters of thermodynamic potential (1) by
using the familiar equations of motion for vectors m and 1. In
the notation of Ref. 12, these take the form

vi=y*[—A.E+2d,(d,—d,)+H (3d,—2d,)+H*], (2)
vii=y*(—A.E+d,(d,+H)] (3)
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in the ", phase and

vii=x?[A4,E+2d,(d,—d,)+H (3d,—2d,) +H?], 4)
vi=y*[—A.E+d,(d+H)] (5)

in the I'; phase, where

A.=c,t+f—a,—a,, A.=c,+c,—a,—f,

A=a,ta,, A,=ctc,.

We shall find the condition determining the stability
boundary of the I"; and I'; phases. For this purpose, we shall
use the approach developed in Ref. 13 for describing orienta-
tional phase transitions. The anisotropic part of the thermo-
dynamic potential (1) can be transformed to

O =K,sin® p+K,sin* @, 6)

where @ is the angle between axis aand 1, and K, and X, are
the first and second anisotropy constants. The difference
between the magnitudes of the effective antisymmetric ex-
change fields d, and d, gives rise to the folowing additional
terms in the anisotropy constants K, and K:

K,=d,(d,—d,)[E+A,[2, (7)
K,= (dx_d2)2/2E+ (Aa+Ao) /4 (8)

The realization of the transition from the I', to the I';
phase via a first-order transition corresponds to the fulfill-
ment of the conditions'* X, <0 and K, + K, =0, or

E (A +4
d2—d?+ —( : )
2 2

=0. (9)

Comparing the condition for the first-order phase transition
(9) with expressions (2) and (4) for the resonance frequen-
cies of the v, branch, we see that the latter does not undergo a
jump at T,. In the same way, it can be shown that the v,
branchat T, undergoes a jump whose magnitude is given by

vo2(Ty) —v,2(Ts) =4E (a,—¢;)/2, (10)

i.e., is determined by the difference between small constants
of biquadratic anisotropy. The expressions for the threshold
fields in the ", and I'; phases, with allowance for the anisot-
ropy of the effective antisymmetric exchange fields are

H.(Ty)="'/,{—3d,+2d,+[(di—2d,)*—4EA,]"}, (11)
Ho(Ts) ="/ {—3d+2d,+[ (d:—2d,)*+4EA}"}.  (12)

Having made use of our measurements and the results
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FIG. 3. Temperature dependence of the effective anisotropy fields of
Fe,BO, (4, =12.50e¢, 4, = 19.0 Oe).
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of studies of magnetization, susceptibility, and threshold
fields,"** we can use Eqgs. (2)-(5), (11), and (12) to calcu-
late the temperature dependence of the effective anisotropy
fields A, and 4, throughout the region where Fe;BO, exhib-
its magnetic order and the values of fields 4, and 4, at tem-
perature T, (Fig. 3). At the point T, all four effective
fields4,,4,,A4,, A,are in fact determined. Using the identi-

ty
Ao/2+A4./2—A,+A,=(a,—¢,) /2 (13)

and comparing the values obtained with the magnitude of
the jump (10) of the v, branch at T, we obtain satisfactory
agreement.

Thus the static and dynamic properties of Fe;BO, are
adequately described in terms of a two-sublattice model of
an antiferromagnet with weak ferromagnetism.

It is a pleasure to thank V. D. Voronkov for helpful
discussions and L. N. Bezmaternykh for supplying the
Fe;BOg single crystals for the present studies.
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