then in the solution of the one-dimensional scattering
problem the polarization potential U,(z) can be omitted.

Finally, the conditions for the applicability of the sin-
gle-center approximation (5) is usually well satisfied in
semiconductors. Thus, at H=6X10* G and T =1 K the
estimate (5) yields n,<<10'® cm™ in Ge.
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Magnetic resonance at frequencies 10-37 GHz is used to investigate the behavior of the spin-wave
frequency in the vicinity of the low-temperature spin flip in a zero magnetic field. A decrease in the
frequency of the “soft mode” down to 15 GHz at a temperature 4 K is observed, in correspondence with

the ordering of the spin system of Er.

PACS numbers: 75.30.Ds, 76.50. + g

One of the distinguishing features of a definite class
of ordered magnets is the presence of an energy gap
in the spin-wave spectrum even in a zero external mag-
netic field H (see, e.g., Ref. 1). This circumstance is
connected with the presence of a nonzero anisotropy
field H,. Among these magnets is included, in par-
ticular, the rare-earth (RE) orthoferrite ErFeO,, which
is a weak ferromagnet with a residual moment m.
When no account is taken of the magnetoelastic inter-
action and of anisotropy of order higher than the fourth,
the field H, vanishes in various kinds of phase transi-
tions (PT), including orientational PT which take place
in this crystal. This means that the frequency v, of the
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“soft mode” of the spin-wave spectrum should also van-
ish in the PT (y,~H, at H =0).2 A direct method of de-
termining the spin-wave frequency is the method of
homogeneous antiferromagnetic resonance (AFMR).

It is known that in ErFeO, there take place a number
of orientational PT with change of only the temperature
(H =0), and these were investigated in sufficient detail
by various methods.®~® Two such PT occur in the tem-
perature region 90-100 K and manifest themselves,
with decreasing temperature, in a smooth rotation, of
the magnetic moment of the iron sublattice by an angle
7/2-from the a axis to the ¢ axis. The change of orien-
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tation proceeds here via two second-order phase transi-
tions at temperatures corresponding to the start and
end of rotation of the magnetic-moment vector. A study
of the magnetic resonance in a number of orthofer-
rites® in this temperature region has shown absorption
to take place when the radiation frequency is decreased
to 5 MHz. It must be noted, however, that in this tem-
perature range the reorientation is connected only with
the iron sublattice. The rare-earth spin system, on the
other hand, is still practically in the paramagnetic
state, and the contribution of its magnetoelastic energy
to the anisotropy energy cannot exert a substantial
influence on the spin-wave frequency. Inthese PT the
frequency should therefore decrease to zero.

A different situation can arise when the rare-earth
system becomes ordered,®” resulting in an additional
rotation of the magnetic-moment vectors of the iron
lattice in the bc plane (low-temperature reorientation).
The considerable magnitude of the magnetostriction
connected with the ordering of the RE subsystem can
lead in a given PT to the onset of an effective aniso-
tropy field, which in turn limits the decrease of the
frequency of the homogeneous AFMR to zero.

We investigate here by the AFMR method frequency
dependence, of the “soft mode” of the spin waves in
the region of low-temperature spin reorientation, due
to the ordering of the RE system.

EXPERIMENTAL PROCEDURE

The AFMR was investigated with a direct-amplifica-
tion spectrometer operating in the frequency band
10-37 GHz, in the frequency range 1.65-4.2 K, and at
magnetic fields H=0-14 kOe. The diagram of the mea-
surement cell is shown in Fig. 1. The ErFeQ, sample
1-2 mm? in volume was placed on a rotating table 2
placed at the center of a plunger 3, which short-cir-
cuited a rectangular waveguide 4. The sample was
cleaved from a bulky single crystal and was secured
with epoxy adhesive to table 2 in such a way that the
crystal plane ac lied in the plane of rotation of the elec-
tromagnet 5. Such an experimental geometry made it
possible to establish any angle between the direction of
the constant magnetic field H, the magnetic component
of the microwave field h, and the a axis of the crystal
along which the weak ferromagnetic moment m was
directed. In another modification of the measuring cell,
the rotating table was placed in the center of the broad
wall of the waveguide. In the latter case, it was pos-
sible to study resonance only in the polarization Hlh,
but on the other hand it was possible to orient with suf-
ficient accuracy the sample in two planes (by rotating

—

FIG. 1. Diagram of meas-
¥ uring cell: 1—sample,
2—rotating table, 3—
short-circuiting plunger,
4—receiving-transmitting
wave guide, 5—poles of
permanent magnet.

7
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the magnet and by rotating the table). The aggregate
of these experimental possibilities made it possible,
in final analysis, to obtain a sufficiently accurate

Hl m orientation and to perform the measurements at
arbitrary polarization of H relative toh. The accuracy
of the orientation (H||m|| @) was monitored against the
symmetry of the trace of the absorption signal on the
recorder chart. The spectrometer operated in all the
experiments “in reflection.” The sufficient intensity
of the signal made it possible to dispense with a re-
sonator, making it quite simple to tune the spectro-
meter frequency and to operate in the necessary fre-
quency band. The external magnetic field was modu-
lated at a frequency 18 Hz, so that the quantity regis-
tered in the experiments was the derivative of the ab-
sorption signal with respect to the magnetic field.

EXPERIMENTAL RESULTS

A direct measurement of the frequencies of the
homogeneous AFMR at H=0 (of the initial splitting) en-
tails great difficulties, since the resonance lines
broaden greatly when a procedure with scanning of the
magnetic field is used, and their amplitude decreases.
Therefore the temperature dependence of the energy
gap v, at H=0 was determined in the present study from
the temperature dependences of the gap in the magnetic
field. To this end, the temperature dependences of the
resonant field H, was measured at a large number of
frequencies from the indicated band and extrapolation
of each of the dependences to zero magnetic field
yielded in fact, at a certain accuracy, the value of
uo(T) at the given radiation frequency v. By way of
example, Fig. 2 shows the temperature dependences
of the resonant fields H, for two frequencies: 25 and
16 GHz. As seen from this figure, each of the fre-
quencies corresponds to two resonant fields. Extra-
polation of the temperature dependences to a zero field
yields at all frequencies at which resonance is observed
certain values of the temperatures T, and T,, which
are so arranged relative to the ordering temperature
of the rare-earth system T,,~=40 whose K, that T,
<Ty,<T,. Lowering the frequency v brings these char-
acteristic temperature closer together until at a cer-
tain frequency v, the resonance lines merge to form
one. The lines then broaden considerably and decrease
in amplitude. No resonance is observed at lower fre-
quencies. The plot of the frequency of the homogeneous
AFMR at H=0, constructed from these data, is shown
in Fig. 3. As seen from this figure, the temperature
dependence of v,(T) has a rather clearly pronounced

H,kOe
0+
FIG. 2. Temperature de-
pendences of the resonant
field H,, for two frequen-
o \ cies v: ®—25 GHz, O—16
\r, Y\ GHz.
\\‘ \\‘ \
Vi ! |\ AN 't
7 7 7 5
K
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¥, CH2 FIG. 3. Temperature de-
pendence of the frequency
of homogeneous AFMR at
H= 0 (of initial splitting).
E/A The experimental points
were obtained from the
temperature dependences

é of the resonant field at
zr i various frequencies. The
| horizontal bars show the
maximum temperature
w 1 ! L width of the absorption

lines at the corresponding
! frequency.

minimum, which corresponds to the temperature 4 °K,
at which, as is well known,® an orientational magnetic
phase transition takes place, due to the ordering of the
rare-earth system of spins in ErFeQ,. It is possible

to state definitely that in this phase transition the fre-
quency of the spin wave “softens.” However, as fol-
lows from Fig. 3, the value of the energy gap decreases
not to zero but only to a certain value corresponding to
v,=15 GHz.

It should be noted that in the present paper we dis-
cuss the temperature dependence of only that AFMR
spectrum branch which is observed in sufficiently weak
magnetic fields, so that it is possible to extrapolate
the temperature dependences to a zero field. This
branch has a rather definite temperature dependence in
the region of the ordering temperature of the RE sys-
tem. On the whole we are interested only in the de-
pendence of the initial splitting on the temperature. In
fact, experiment reveals also other spectrum branches
whose resonant fields depend little on the temperature,
or which exist only in sufficiently strong magnetic
fields. However, their interpretation and detailed dis-
cussion are beyond the scope of the present article.

To identify the absorption lines from the soft mode
of the spectrum, we plotted the dependence of the amp-
litude of the AFMR signal against the mutual polariza-
tion of H and h, as is shown in Fig. 4. As seen from
this figure, the largest amplitude of the absorption
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A,rel. un.

FIG. 4. Dependence of the
amplitude of the AFMR
signal on the angle 6 be-
051 tween H and h. The solid
line corresponds to the
function A= cosf, v=18.6
7 GHz.

7 E744 x/2
,rad

lines of interest to us corresponds to the polarization
Hl hiim, whereas whenthe angle between H and h is
increased to 7/2 the amplitude decreases to 0, (with
the orientation H|l m preserved).

Thus, the frequency of the homogeneous AFMR soft
mode of the spin-wave spectrum decreases also in the.
phase transition due to the ordering of the rare-earth
spin subsystem, but does not vanish. One of the causes
of the appearances of the gap v_ in low-temperature
reorientation may be the magnetoelastic interaction.
Then its value should characterize to a certain degree
the contribution of the magnetoelastic energy to the
anisotropy energy.
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