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] DyFeO, were investigated in the freThe high-frequency magnetic properties [p1(v),p V ( v )of
quency band Y = 5-33 cm-' and at temperatures 4.2-600 K. Temperature dependences were
obtained for two antiferromagnetic-resonance modes, viz., the resonance frequencies Y!.~' (Y!'
= 12.67 cm-' and vf' = 17.0 cm-' at T = 300 K), the linewidths T".", and the contributions
Aptp2'made to the static magnetic permeability. Anomalies of the indicated quantities were
observed at a Morin-type phase-transition point (a minimum on the temperature dependence of
the frequency v f i ( T )of the quasiantiferromagnetic mode, and discontinuities in T'1.2)and Apts2').
A theoretical analysis within the framework of a simple model that uses the Landau-Lifshitz
equations and a system thermodynamic potential renormalized by the Dy-Fe interaction has
shown that the observed v t x 2 ) ( Tand
) A,uas2)(T)
dependences are well described by this model and
agree with the static magnetic properties of DyFeO,. They can be used to obtain additional
information on the magnetic characteristics of the system, such as the anisotropy constants, the
Fe-subsystem transverse susceptibility, and others.
1. INTRODUCTION

Rare-earth orthoferrites (RFeO,) are weak ferromagnets with rhombic symmetry, in which the exchange interaction between the rare-earth ions and the iron ions governs
the great diversity of their magnetic properties. The interest
in orthoferrites is due for the most part to the various orientational phase transitions (PT)to which they are subject and
near which strongly pronounced singularities are observed
in both the static1 and dynamic2-4 properties of these crystals.
Active research into the high-frequency magnetic properties of rare-earth orthoferrites, particularly antiferromagnetic resonance (AFMR), are being undertaken of late.2-9
The orthoferrite unit cell contains four RFeO, molecules.
The Fe subsystem has accordingly four modes of homogeneous magnetic oscillations, of which two (high-frequency or
exchange modes) have frequencies Y- lo3 cm-', and the
others are respectively the quasiferromagnetic (1) (umode)
and the quasiantiferromagnetic (2) (y mode) of the
AFMR. ''-I2 The frequencies of the last two lie in the submillimeter band. Their characteristic features are that in the
quasiferromagnetic mode the ac components of the resultant
magnetic moment are orthogonal to its dc component (just
as in a ferromagnet), whereas in the quasiantiferromagnetic
mode they are aligned with the dc component."
There are also rare-earth modes whose frequencies
(Y-0.1-lo2 cm-') are determined by the splitting of the
principal multiplet of the rare-earth ion in the crystal field,
in the external magnetic field, and in the effective field produced by the Fe subsystem. We note that by virtue of the
exchange and dipole R-Fe interactions the oscillations of
the Fe and R subsystems are coupled.
When the temperature is lowered, the R-Fe interaction
gives rise to a strong temperature dependence of the thermodynamic-potential parameters (of the effective anisotropy
constants etc.),causing peculiar temperature dependences of
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the AFMR frequencies. This is particularly pronounced in
orientational PT, when softening of the corresponding mode
takes place at the transition points. This softening of the
quasiferromagnetic mode, determined by the anisotropy energy in the ac plane, was observed in TmFeO, (Ref. 3) and
ErFeO, (Refs. 3 and 4) following spontaneous reorientation,
via two second-order phase transitions, of the weakly ferromagnetic moment from the c axis to the a axis. This spin
reorientation is most prevalent in orthoferrites.'
Another type of orientational P T is realized in dysprosium orthoferrite (DyFeO,), which is the only unsubstituted
orthoferrite in which, when the temperature is lowered, an
orientational phase transition takes place at T , = 40-50 K
from the weakly ferromagnetic phase T4(GxF, ) into the antiferromagnetic phase Tl(G,) (Morin-type orientational
PT).'s'3p'4In the course of this transition the antiferromagnetism vector G of the Fe3+ ions is reoriented in the ab plane
of the crystal from the a to the b axis. In DyFeO,, unlike the
previously investigated orthoferrites (TmFeO,, ErFeO, and
others), the PT should be accompanied by a softening of the
frequency of the quasiantiferromagnetic mode determined
by the anisotropy energy in the ab plane. At room temperature, the quasiantiferromagnetic-mode frequency vf) lies
higher than the frequency Y'! of the quasiferromagnetic
mode,4 so that the frequencies of these modes can cross with
decreasing temperature. We note also that since the spin
reorientation in DyFeO, proceeds via first-order PT,14 this
should manifest itself in the behavior of its high-frequency
characteristics at the Morin point.
The purpose of the present paper is the following:
a) Investigate the transmission spectra of DyFeO, single crystals in the frequency range Y = 5-33 cm-' at temperatures from 4.2 to 600 K and determine the temperature
dependences of the AFMR frequencies, of the line widths,
and of the contributions of the corresponding modes to the
static magnetic permeability.
b) Study the anomalies of the high-frequency magnetic
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characteristics of DyFeO, at a Morin-type PT point and
compare them with the static magnetic properties of the systen; ascertain the role of the Dy3+ ion subsystem in the
AFMR region.
2. EXPERIMENT

We investigated DyFe, single crystals grown by noncrucible zone melting and radiation heating. l 5 The samples
were cut from the ingot and finished by optical methods to
form plane-parallel a-cut plates 1 cm square in cross section and 0.5 to 1.5 mm thick.
A submillimeter "Epsilon" BWO spectrometer2' (Ref.
16), with a frequency range 5 to 33 cm-I at zero external
magnetic field, was used to measure the transmission spectra
of the DyFeO, plates at two polarization orientations of the
rf magnetic field, hllc and hllb. We used a standard measurement procedure which we employed many times in the past17
to study the properties of nonmagnetic dielectrics at submillimeter wavelengths. In this procedure a simple optical system is used to transmit directly through the plane-parallel
plate a beam of monochromatic linearly polarized radiation
whose frequency is automatically varied during the measurements. The sample transmission spectrum T (v)is calculated as the ratio of the receiver signal with and without the
sample in the measurement channel. The measurements are
carried out in free space. The crystallographic axes of the
samples are oriented relative to the polarization of the working radiation by birefringence. The sample is rotated
between perpendicularly oriented polarizers around the axis
normal to its surface, until a minimum receiver signal is obtained. One of the principal axes of the dielectric indicatrix is
then directed along the polarization of the radiation.
The main quantities characterizing our D Y F ~ experiO~
mentS were: signal/noise ratio lo5, frequency re~olution
-0.001 cm-I, radiation polarization -99.99%, time to record a T(v)Spectrum consisting of 100points 10 s, error in
sample-axes setting not worse than lo,range of sample tem-

-

-

-

peratures from 4.2 to 600 K, and temperature-stabilization
error in the range from 0.1 to 1 K, depending on the absolute
value of the temperature.
Figure 1shows two fragments of T (v)dependences measured at room temperature. A common feature of such spectra in the entire frequency range from 5 to 33 cm-' is the
presence of periodic oscillations that result from interference of the waves within the plane-parallel plates and demonstrate thereby the very high transparency of DyFeO, to
submillimeter radiation. Besides the oscillations due to interference, the T (v)spectra show two pronounced featuresnarrow resonance absorption lines at 12.6 cm- ' (at hlc) and
17.0 cm-' (at hjc). The depths of the resonance minima are
found to be very sensitive to the excitation conditions, and it
can be seen from Fig. 1 that only one of the lines is observed
when his orientedexactly along thec axis, and only the other
at hlc. These conditions for the excitation of the observed
modes coincide with the conditions for the excitation of the
quasiferromagnetic (hlc)and quasiantiferromagnetic modes
(hJJc)
of the AFMR in the orthoferrite in the r,(G, F, ) phase,
thus pointing to their magnetic origin. Further evidence is
the increase of the frequency of the lines observed by us in
the dc magnetic field Hllc.
To determine the parameters of the observed AFMR
modes, we reduced the T (v)spectra by least squares, using a
simple damped harmonic oscillator as the model for the
magnetic permeability p(v) = pl(v)- ip "(v), which we
specified in the form
p ( v )= 1 + A p o ~ 0 2 / ( v o Z - ~ 2 + i ~ v ) ,

(1)

where v is the radiation frequency, yo is the resonant fiequency, r is the line width, and Ap0 is the contribution of the
mode to the static magnetic permeability. The T (v) dependence was assumed specified by the familiar optical expression for the coefficient of transmission of a plane wave
through a layer of thickness d l and having besides p also a
dielectric constant &(v)= &'(v)- i ~ " ((Ref.
~ ) 18):

I
T ( v )=E[ ( l - R ) 2 + 4 R sinz $ ] / [ ( I - E R ) ' + 4 R E sin2 ( Q f 2 n n dvlc) 1,
E=exp(-4nk civic), R=[ ( a - l ) 2 + b Z ] / [(a+1)Z+b2],
$=arctg [2bl(a2+bz-1) 1, n-ik= ( ~ p ) ' ~a+ib=
,
(p/e)Ih,

(2)

FIG. 1. Transmission spectra of DyFeO, at room
temperature at two polarizations of the rf magnetic
field: points--experiment, solid line-theory.
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FIG. 2. Transmission spectra of DyFeO, for hllc
at various temperatures (in OK).

-

where c = 3 10'' cm/s.
The model T(v)= T (v,d,~(v),
p(v))was fitted to the experimental plots of T (v)in two stages. Polynomials for ~ ' ( v )
and ~ " ( vwere
) first tried a t p = 1 outside the absorption lines
to match the oscillatory experimental T(v) curves. These
polynomials were next interpolated into the region of the
resonances. With E' and E" so determined in the single-oscillator approximation forp(v),the absorption lines of the T(v)
spectrum were next processed and their parameters v,, T,
and Ap, determined. In most cases our measured T (v)spectra were described by the theoretical curves to within plotting accuracy (see Fig. 1).
The measurements of the T(v)spectra, the succeeding
data reduction, and the calculation of the parameters v,, r ,
and Ap, for both AFMR modes were carried out in the temperature interval from 4.2 to 600 K. Figure 2 shows typical

experimental T(v) curves for hllc (quasiantiferromagnetic
mode) at temperatures above and below the transition point.
It can be seen that the line broadens greatly and its intensity
increases on going into the antiferromagnetic phase T,(G, ).
The temperature dependences obtained from the T (v)
spectra for the resonance frequencies v!s2!, for the static contributions A,u~',~!
of the mode to the magnetic permeability,
and for the line widths r"'.", are shown in Figs. 3-5. It can be
seen from Fig. 3 that in DyFeO,, just as in YFeO, (Ref. 8),at
high temperature the frequency vf! of the quasiantiferromagnetic mode in the T,(G, Fz ) phase is higher than the frequency vi! of the antiferromagnetic mode. In DyFeO, at
room temperature v!' = (12.67 + 0.04) cm-' and vf!
= (17.0 + 0.04)cm-'.3' With decreasing temperature, however, the frequency #' decreases sharply, crosses v,!' and
reaches a minimum at the phase-transition point T M z 50 K.

FIG. 3. Temperature dependence of AFMR frequencies in DyFeO,: 1-vp (quasiferromagnetic mode, hlc); 2-di' (quasiantiferromagnetic
mode, hllc).
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3. THEORY AND DISCUSSION OF RESULTS

The main factor that determines qualitatively the magnetic behavior of DyFeO, is the exchange interaction of the
antiferromagnetically ordered Fe3+ ions with the Dy3+ ion
subsystem. Since the R system is paramagnetic at T > 3.5 K,
its magnetic state is uniquely determined by the effective
fields produced by the Fe3+ ions. This allows us to eliminate
in succession, when describing the static magnetic properties
of DyFeO,, the variables of the R subsystems from the thermodynamic potential (TP)and express them in terms of the
Fe-subsystem basis vectors. The effective (renormalized)TP
obtained in this manner, which depends only on the Fe-subsystem variables, is of the
@ (F, G) = '/, AF2

+ ' / z K,,GZL + '/, KabGv2+

I/;

KLGz4

FIG. 4. Temperature dependence of static contribution of two AFMR
modes to the magnetic permeability: 1-Apt1; 2-&a'.

This behavior of the frequency vt'is evidence of a decrease in
the anisotropy energy in the a b plane with decreasing temperature. As for the frequency vt' of the quasiferromagnetic
mode, it has no noticeable anomaly at the phase-transition
point.
The strongest anomalies at orientational PT points oc' ( T )r'X2(T) (Figs. 4 and 5).
cur in the values of A , U ~ ~ ~and
Their characteristic features are strongly pronounced discontinuities at T = TM,which attest to a change of the system's magnetic configuration. Thus, A,$) increases at the
point TM from 7 . l o p 4 to 300. lop4, while the line width
r"' increases from 0.1 to 0.77 cm-'. Discontinuities are observed also on the temperature dependences of E' and E " .
The discontinuities of
and r",'' observed at
T = TM and the fact that the frequency v t ' ( T ) of the quasiantiferromagnetic mode is damped at only one temperature indicate that the spins in DyFeO, are reoriented via a
first-order PT. This agrees with the results of static measurements. l 4

+

where F = (MI M2)/2M0 and G = ( M I - M,)/2M0 are
the dimensionless ferro- and antiferromagnetism vectors,
while M,,, are the magnetic moments of the Fe sublattices
and Mo is the Fe-sublattice saturation magnetic moment
( - 5 pB per Fe3+ ion). The presence of the paramagnetic R
subsystem in (3)renormalizes the Fe subsystem's initial TP
coefficients, thereby making them strongly temperature-dependent, and gives rise to some new terms. Thus, the coefficients T,,, and 7,in (3)are due exclusively to R-Fe interaction. Specific expressions for the TP coefficients for DyFeO,
are given in Refs. 1 and 19. Minimizing the TP (3)with respect to F, recognizing that F * G = 0 and G2 = 1 - F2=: 1,
we eliminate F from the TP and represent it in the form4'

where

are effective second- and fourth-order anisotropy constants
in which d + = d l d,;

+

FIG. 5. Temperature dependence of line widths of two AFMR modes: 1pi);
2-pi,
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are quantities that determine the weakly ferromagnetic moment of the crystal at H = 0 in the phases T2(GzFz)and
T4(GxF, ), respectively
0
( 1 )A
X ~ ' ~ = X ~ O ( I + ~ , ) (I+qk),
x~~=M~~/A=M~/~H~,
(7)
fii,=O
at
i f k and 1
at
i=k.
At H = 0 the equilibrium states of the system are determined by the relations between the effective anisotropy conBalbashov etal.
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stants. Thus the stability (lability)region of the weakly ferromagnetic phase T4(GxF,) is determined by the conditions

@ e e ~ = ~ o z>o,f f

eff

)/vI " .

(2)-

@,qo=Kab >O,

y,

- ( y / 2 n ) ['H, (-K,:-K:~E

and that of the antiferromagnetic phase T,(Gy) by the condition

(13)
0

Thus, when the sign of K ",! is reversed the phase r4becomes
unstable and an orientational transition T4(GxF,)+Tl(Gy )
takes place. In DyFeO,, according to experiment, this transition is of first order, i.e. K ;,, < 0. The temperature of this
transition is determined from the condition that the T P of
the phases r4and rl be equal: K ",f(TM) tK; = 0.
We consider now the dynamic properties of DyFeO,.
To describe the main observable singularities of the behavior
of the resonance frequencies and of the components of the
high-frequency magnetic-susceptibility tensor, we use a simplified model based on analysis of the dynamics of the magnetic moments of the Fe subsystem with the aid of the Landau-Lifshitz equations:

+

1 . = -[FxII,]-[CxHc],
-F
Y

1 .
--G=-[GX

r

HFI-[FXHGI.

(8)
is
the
gyromagnetic
ratio,
and
H, = - M; 'd@/d F and H, = - M; 'd@/d G are the
effective fields calculated on the basis of the T P (3).The influence of the rare-earth ions on the dynamics of the Fe subsystem is taken into account here only via the T P (3)which is
renormalized by the R-Fe interaction. This approach yields
a direct connection between the principal dynamic properties of the system with the static ones determined by the T P
(3)and (4).The range of validity of this approximation and
some additional dynamic effects connected with the R subsystem will be discussed below.
Linearizing and solving Eqs. (8),we obtain the following expressions for the resonant frequencies vtz2'and the
components X!I1of the high-frequency magnetic-susceptibility tensor (at H = 0):
a) the phase T4(GxF,) ( T >TM):

y

where

(1)-

to

eff

- ( y / 2 a ) [ 2 H b(K,, l M o )I",

0

Y,,,

where

eff

/I

~,,"'=m,'/ (K,, f K i e f f-Kab
eff

x . . " = ~ , ' / I K , ~ +Kieff

eff

-K?

I

e f f) ,

1.

The quantities x?, x'', xfzare defined in Eq. (7).Damping is
taken into account in the high-frequency magnetic susceptibility by introducing additional phenomenological coeffithat determine the width of the corresponding
cients r'ls2'
AFMR line.
Let us analyze the experimental results on the basis of
the equations given for v/,'x2' and i ( v ) . We note first that the
observed damping of the frequency v r ' ( T )as the phase-transition point is approached reflects, according to (9)and (12),
the temperature dependence of the anisotropy constant
K z t ( T )which reverses sign near TM. At the transition point
(K :T(TM)= - K ,, /2) the frequency of the soft mode is
finite and continuous, but its slope dv:/dT reverses sign.
The frequency at the transition point

is determined by a fourth-order effective anisotropy constant, so that K ;,, can be directly estimated if X: = M,/
2HE is known. The latter can be easily estimated from the
measured for the antiferromagnetic mode at
values of
T- 300 K, when 7, > 1 and xf ZX?. AS a result, putting
= 7 l o p 4 (see Fig. 4), X: = Apf'/4?rp = 0.7 .
cm3/g ( p z 8 . 0 g/cm3 is the density of DyFeO,), and
y = 1.76. lo7 Hz/Oe we get K;.. = 3.5 lo4 erg/g, which
agrees with the data of Ref. 1 (K ;,, = 2 . lo4 erg/g).
The frequency v t ' of the other mode has at the transition point, according to (9)and (12),a discontinuity equal to

Apt1

Apt1

-

(9)

Failure to observe this discontinuity in experiment (see Fig.
I < K This is indeed the
3) indicates that lK Fe, I K
case for DyFeO, at T-TM.
We consider now the behavior of the magnetic permeability tensor in a Morin-type phase transition. The largest
discontinuity is observed here in the component Ap:= =Apt'
of the static contribution to the magnetic permeability. According to (lo),(1I), (13), and (14)we get

-

where

b) the phase T1(Gy)( T < TM)
577
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The quantity x:; is the static differential susceptibility in the
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antiferromagnetic phase Tl(G,,)relative to spin rotation in
the ab plane, and is inversely proportional to the anisotropy
constant in this plane. Since the anisotropy constant decreases at the PT point, this causes a large jump of the susceptibility on going over to the T I phase. In contrast to the
antiferromagnetic phase T,, the susceptibility along the a
axis above the PT point, i.e., in the T, phase, is independent
of K and is determined only by the value ofx;' [see Eq. (1I)],
and it is this which makes it small. Knowing the susceptibilcm3/g) and
ity jump at the PT point (Xy:(TM)= 3.1
the value of K ;,, we can estimate the weakly ferromagnetic
moment along the c axis, viz., m, = 2.3 G cm3/g = 0.1 1p, /
ion; this agrees with the data of Refs. 13 and 14.
The antiferromagnetic-mode jump Apa' observed at the
PT point likewise agrees qualitatively with the model considered. The fact that in the antiferromagnetic phase I', the
observed value of Apt' does not vanish, as it should according to (13)and (14)at hJJb,can be due to an inaccurate orientation of the sample or to a contribution of the parallel susceptibility (Xf) of the Fe subsystem to Apt'.
Besides the Morin PT temperature, DyFeO, has one
more singular point, To=: 150 K, at which the frequencies of
the quasiferromagnetic and quasiferromagnetic modes cross
(see Fig. 3). According to (9), the effective anisotropy constants in the ac and ab planes become equalized at this temperature. This manifests itself in the static magnetic properties as a restructuring of the domain walls, viz., at T > To
(Kz; > K the stable domain wall is the one with rotation
of the ac-plane spins (its energy is a,, -(K ),eff 112), and at
T < To (K < K the stable wall is the one with spin rotation in the ab plane (a,, -(K z!)'"). Restructuring of the
domain walls in DyFeO, was observed by the NMR method
in Ref. 20 at T- 150 K.
We discuss now in greater detail the role of the dynamics of the Dy3+ subsystem in the DyFeO, properties observed by us. We have already noted that the oscillations of
the Fe and R subsystems are coupled by virtue of the R-Fe
interaction. The model used above is in fact the quasistatic
limiting case of allowance for this coupling, wherein the
magnetic moments of the R subsystem follow "instantaneously" the magnetic moments of the Fe3+ ions. The renormalized TP (3)can be used in this case to describe the dynamics of the variables F and G . Obviously, the condition for the
validity of this approximation is vj;i )vtx2',where vj;i are the
R-subsystem resonant frequencies corresponding to various
transitions between the energy levels of the ground multiplet
R3+ split by the crystal and exchange fields." The dynamic
susceptibility of the rare-earth ion differs little then from its
static susceptibility.
The Dy3+-ion spectrum in the crystal field consists of
doublets with energies El = 0, E, = 52 cm-', E, = 147
cm- I , etc. (Ref. 21). The exchange and dipole R-Fe interactions give rise to a doublet splitting, but a small one (- 1
cm- ')and even zero for the lower Dy3+ doublet in phases T,
and I',.Thus, the resonant frequencies vg connected with
the doublet splitting are small compared with vts2),but the
frequencies due to transitions between different doublets, on
the contrary, substantially exceed viz2'.
A characteristic feature of DyFeO, is that the principal
578
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role in the formation of its static magnetic properties is
played by the shift of the "centroids" of the ion doubThis shift is deterlets by the R-Fe interaction (RR-,,).
mined by the matrix elements of the operator 2FR-,,
between the wave functions of the different doublets and by
the distances between them.'*I9It reverses, in particular, the
sign of the anisotropy constant K and determines the appreciable contribution of the Dy3+ subsystem to the magne. means that an
tization m, and to the susceptibility ~ 5 ;This
equally important role will be played by transitions between
'.
different Dy3+ doublets having frequencies v g ) v ~ ~ *This
justifies the use of the model above. We note, however, that
this applies to a greater degree to the quasiantiferromagnetic
mode, whose parameters (T,, v,, etc.) receive rare-earth contributions determined by the matrix elements of the operator
PR-,,
between the ground and excited doublets.'*19The
foregoing estimates and a comparison with the static magnetic characteristics confirm this conclusion.
As for the quasiferromagnetic mode, the model is apparently only partially applicable (at high temperatures).
The point is that the quasiferromagnetic-mode parameters
contribute to transitions between two states of the lower
doublet (or of other doublets) of the Dy3+ ion. Since their
frequencies vg are low, their contribution to the dynamic
susceptibility at v%vg is negligibly small compared with its
static value. This should lead at low temperatures to some
deviation of the quasiferromagnetic-mode parameters from
their values (12)-(14)calculated within the framework of the
approximation used above and based on the TP (3),(4).This
deviation is negligible at high temperatures ( T k 50 K), as
attested by the fact that the crossing of the frequencies v t '
and vt', which we observed, occurs at the same temperature
at which the restructuring of the domain walls is observed.20
In view of this, we can use in the calculations of the DyFeO,
anisotropy constants the resulting temperature dependences
of the frequencies vt' and v f ' ,as well as the value ofx?. Their
temperature dependences are shown in Fig. 6.
We call attention to the appreciable growth of the anisotropy constants (and of the corresponding resonant frequencies in Fig. 4) at helium temperatures. The temperature
dependence of the threshold field H f,, ( T )that induces the
T,+T, tran~ition'.'~
and is proportional to K is similar.
These data do not fit the DyFeO, model used in Refs. 1 and
19, according to which K should decrease at low temperatures and Kz; is independent of temperature. A possible
cause of the observed behavior of the anisotropy constants is
the additional contribution made by impurity ions (such as
A13+)or defects, to which DyFeO,, as shown in Ref. 22, is
very sensitive.
With regard to the peculiarities of the behavior of the
AFMR line widths (see Fig. 5 ) , it should be noted that here,
just as in the static properties of DyFeO,, an important role
is played by the rare-earth subsystem, which is apparently
one of the main relaxation channels of the Fe-subsystem spin
excitations. Thus, the discontinuities of T'1s2'at the Morin
point can be due to a change in the rate of this relaxation as a
result of the change of the magnitude (amplitude)of the interaction between the Fe3+ and Dy3+ ions in the course of
appears at hereorientation. Another peculiarity of T'1s2'(T)

z;

z;

:z
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particular, they permit direct determination of the anisotropy constants and identify the contribution to them from the
can yield such charrare-earth system. The values of
acteristics as the transverse susceptibility and the Fe-subsystem spin-rotation susceptibility, which are difficult to determine from purely static magnetic measurement because of
the large contribution of the rare-earth ions to the susceptibility of the system.
We are grateful to G. V. Kozlov and A. K. Zvezdin for a
discussion of the work and for a number of valuable remarks.

Aptz2'

FIG. 6. Temperature dependence of DyFeO, anisotropy constants: 1K z ; 2-Kzt + K i e U ;~ - K Z ; ; ~ - - K ' ~ : + K ; , , -KZ! -K;,u.

lium temperatures. The reason is the difference in the character of this dependence with decreasing temperature (T"'
increases and l?"' decreases). A possible cause of this behavis the approach to the point of antiferromagnetic
ior of r",2'
ordering of the Dy subsystem (T,, = 3.5 K), in conjunction
with the strongly anisotropic (Ising)properties of the Dy3+
ions at low temperatures.
4. CONCLUSION

We summarize our results.
Two AFMR modes were observed in the submillimetertransmission spectra of DyFeO,, quasiferromagnetic and
quasiantiferromagnetic. Measurements of the DyFeO,
transmission spectra in a wide range of frequencies (v = 533 cri-') and temperatures ( T = 4.2-600 K ) yielded the
temperature dependences of the AFMR frequencies, of the
linewidths, and of the contributions of the corresponding
modes to the stztic magnetic permeability. Anomalous behavior of the parameters of both modes was observed at the
points of orientational Morin-type phase transitions. The
character of these anomalies indicates that the T,-+T1 reorientation proceeds via a first-order PT, thus confirming the
results of investigations of the static magnetic properties of
DyFeO,. Crossing of two AFMR modes was observed at
T- 150 K. This is the same temperature at which res~ructuring of the domain walls was detected by a NMR method.,'
The AFMR frequencies vcs2'(T)were observed to increase
noticeably at liquid-helium temperature.
The static and dynamic magnetic properties of DyFeO,
were self-consistently described using a T P with parameters
renormalized by the R-Fe interaction and using the LandauLifshitz equations for a two-sublattice antiferromagnet. It is
shown that most observed dynamic properties of DyFeO,,
particularly the behavior of v r i ( T )and A,uti(T),agree well
with the model employed and with the static magnetic properties of the system. The values obtained for V!,~~(T!and
Apc32i(T)
can be used to extract additional information 011
the parameters of the magnetic interactions in the system. In
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"For example, in the T,(G,F,) phase, in which the antiferromagnetism
vector G is directed along thea axis and the weak-ferromagnetism vector
F along the c axis, the oscillating quantities are F,, Fy , and G, in the
quasiferromagnetic mode and F,, G, , and Gy in the quasiantiferromagnetic mode (two-sublatticeapproximation).
2'BWO-backward-wave oscillator.
3'The AFMR frequencics in DyFeO, measured in Ref. 4 at room temperature by a Raman-scattering method were v? = 9.1 cm- ' and vf' = 16.5
cm-I. Their values, however, differ somewhat from ours by amounts
exceeding our experimental error.
4'Since we are considering the behavior of the system at relatively low
temperatures ( T I TN/2), the Fe-sublattice magnetic moments can be
regarded as saturated, i.e., / M I /= M,I = M, or FZ GZ= 1,
F.G=O.
"We note that rare-earth modes can also be relaxational. In this case the
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