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The high-frequency magnetic properties of the orthoferrite HoFeO, have been investigated in the
frequency range 70-800 GHz at T = 4.2-300 K. The transmission spectra reveal two AFMR
modes (quasiferromagnetic and quasi-antiferromagnetic) and two modes due to electronic
transitions inside the ground quasidoublet of the Ho? * ions (R modes). The temperature
dependences of the resonance frequencies, of the line widths, and of the mode contributions to the
static magnetic permeabilities have been obtained. These dependences have anomalies at
T,=58+2K,T,=514+1K,and T; = 39 + 2 K. Itisshown that anew I, canted phase is
realized in HoFeO, in the interval T,—T,, and that spin reorientation is effected in the form of
three phase transitions (I',-I',,—I"|,—T',) rather than the two (I",-I",,—T",) heretofore assumed.
A theoretical analysis and a numerical calculation of the frequencies, linewidths, and mode
contributions describe well the experiment and yield the parameters of the magnetic interactions
in HoFeO;. Important features of the dynamics of the investigated phase transitions are a strong
interaction (hybridization) of the AFMR and R modes and the presence of soft modes of various

types.

I.INTRODUCTION

The magnetic properties of rare-earth orthoferrites
[RFeO,, where R is a rare-earth ion (REI)], which are
weak ferromagnets of rhombic symmetry, are known to de-
pend substantially on the type of the REI (Ref. 1). This is
particularly strongly manifested in the dynamic magnetic
properties, particularly for orientational phase transitions
(OPT).*'® Thus, the behavior of the antiferromagnetic-res-
onance (AFMR) frequencies of the Fe-subsystem in various
orthoferrites can differ qualitatively even for OPT of one and
the same type (Refs. 3, 5, 7-9, 11, 13, 14). The apparent
reason is the interaction of the AFMR modes with the rare-
earth modes caused by electronic transitions within the
ground multiplet of the REI, which is split in the crystal and
bulk fields. Recognizing that the cause of the spin reorienta-
tion in orthoferrites is exchange interaction of the Fe and R
subsystems, ' considerable interest attaches to investigations
of the behavior and interaction of the corresponding reso-
nance modes of these subsystems. At present, however, there
are few investigations of these questions.

A convenient object for this purpose is the orthoferrite
HoFeO, in which, according to optical-research'’-'° data
and our first results,'® the energy of the splitting of the
ground quasidoublet of the Ho?* ion is located directly in
the AFMR frequency region. This orthoferrite is of interest
also from another point of view. It has been assumed (e.g.,
Refs. 1 and 20), that in HoFeO, the antiferromagnetism vec-
tor G of the Fe subsystem is spontaneously reoriented at
T=50-60 K in the ac plane from the a axis (the [',(G, F,)
phase) to the c axis (I',(G, F, ) phase) via the canted phase
I,4(G,, F,,). Our first spectroscopic investigations'® of
HoFeO,, however, have revealed features typical not only of
this phase transition (PT), but also typical of another PT,
the Morin-type transition in DyFeO, (Ref. 1), which is
characterized by reorientation of the vector G to the b axis
and vanishing of the weakly ferromagnetic moment F. This
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is attested to also by the results of investigations®' of the
mixed compound Ho, Dy, s FeOs.

The aim of the present study was an exhaustive investi-
gation of the high-frequency properties of HoFeO; in the
submillimeter band and of the dynamics of the OPT in this
orthoferrite, and also a search for the reorientation connect-
ed with the rotation of the vector G from the ac plane to the b
axis.

Il. EXPERIMENTAL DATA AND DISCUSSION

The investigated HoFeOj, single crystals were grown by
float zoning with radiative heating.?”> The samples cut from
the initial ingot were a-, b-, and c-cut plane-parallel slabs
with transverse dimensions ~ 10 mm and thickness =~ 1 mm.
An “Epsilon” backward-wave-oscillator submillimeter
spectrometer®?® was used to measure the transmission spec-
tra T(v) of the HoFeO, slabs, with frequency scanning in
the range v =70-800 GHz in a zero external field at
T = 4.2-300 K. The measurements were performed for all
three orientations of the high-frequency magnetic field h
(h|ja,b,c) by a standard procedure used by us many times to
study the spectra of other orthoferrites (see, e.g., Ref. 10).

We observed altogether four absorption lines in the
transmission spectra. Two of them, quite narrow (Av/
v<1072) and observable in the entire investigated tempera-
ture range, constitute the quasiferromagnetic (M, ) and qua-
siantiferromagnetic (M,) AFMR modes of frequencies
v, , (Fe), excited respectively at him and h||m, where m is
the weakly ferromagnetic moment. The two other lines, ex-
cited respectively by fields h||a and h||b, are broader (Av/
v~1) and are observed only at low temperatures (7 < 120
K), when their intensities are high enough. In the I', phase
at T <40 K their frequencies are practically equal, while in
transitions to the ', phase (7> 60 K) there is observed in
the investigated frequency band only one mode in the h||b
polarization, whose frequency decreases from 200 to 100
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FIG. 1. Temperature dependences of the resonance frequen-
cies: I—v,(Fe), 2—v,(Fe), 3—v;(R), 4—v,(R). The inset
shows the character of the rotation of the vector G in the
course of the spin reorientation I",-I",,~I"|,-T,. The points
in Figs. 1-3 are experimental, and the curves calculated.

GHz. Based on the frequencies, excitation conditions, and
intensity temperature dependences of these absorption lines,
we have identified them with the rare-earth modes (R;,)
connected with electronic transitions between the energy
levels of the ground quasidoublet of the Ho** ion. Their
frequencies v; , (R) =200 GHz in the I, phase correspond
to Ho®* doublet splitting obtained from the optical investi-
gations (2A = 6-7.5 cm~!'),""'° and the observed de-
crease of v;(R) to 100 GHz on going to the I, phase, due to
the vanishing of the exchange contribution A,, , agrees well
with the quasidoublet splitting in the crystal field
(2Ag =2A,=33cm™")."*

To determine the parameters of the observed modes, the
T'(v) spectra were reduced for each T and polarization h by
the procedure of Ref. 10, using for the dispersion of the mag-
netic permeability u,, (v) the harmonic-oscillator model:

Po(v)=1+ Z ta” vt/ (vi2—vi+iAvw), (1N
Rk

where v, and Av, are the resonance frequency and the
linewidth of the k th mode, and (¥’ is the contribution of this
mode to the static magnetic permeability (a = x,y,z). The
results were the temperature dependences of the resonance
frequencies v, , of the lindewidths Av, , and of the contribu-
tions u*’, which are shown in Figs. 1-3. A characteristic
feature of the behavior of the resonance frequencies (Fig. 1)
is the relaxation of both AFMR frequencies in the region
T = 35-65 K, which attests to a decrease of the anisotropy
energy, but in different planes of the crystal. At 7', = 58 4- 2
K, T, =51+ 1K, and T; = 39 + 2 K the temperature de-
pendences of the resonance frequencies as well as of the
linewidths (Fig. 2) and the mode contributions (Fig. 3) re-
veal anomalies that point to the existence of orientational
phase transitions at these values of T.

We note first of all that the frequency relaxation of the

630 Sov. Phys. JETP 68 (3), March 1989

AFMR M, mode v,(Fe), in which the vector G oscillates in
the ac plane, is evidence of the presence of reorientation of G
in this plane, realized apparently in the interval T',—T), [cant-
ed phase I',,(G,, ,F,,)]. Attention is called to the asym-
metric character of the behavior of v, (Fe): its strong relaxa-
tion on the lower limit 7T, and the absence of relaxation on
the upper limit T,. According to the classical model,?* spin
reorientation in the ac plane, which is effected via two sec-
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FIG. 2. Temperature dependences of the linewidths: /—Av, (Fe), 2—
Av,(Fe), 3—v;(R), 4—v,(R).
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FIG. 3. Temperature dependences of the contributions of the modes to the
static magnetic permeability: a) along the a (x) axis, where /—Ap!"
(Fe), 2—Au? (Fe), 4—AutP (R); b) along the b ( p) axis, where I—
AplP (Fe), 3—Au” (R); ¢) along the ¢ (z) axis, where /—Au"(Fe),
2—Au® (Fe), 4—Aul® (R).

ond-order PT (I',-I",,-T",), should be accompanied by re-
laxation of v, at both reorientation limits. The reason why
the observed behavior of v, (Fe) in HoFeO; differs from the
classical oneis, as will be shown below, the interaction of this
AFMR mode with a lower R mode.

We turn now to the anomalies observed at 7, which are
of fundamental importance for the interpretation of the
character of the spin reorientation in HoFeO;. According to
our data (Figs. 1-3) the following changes take place in the
T, region: a) the M,-mode frequency v, (Fe) passes through
a minimum, while the R,-mode frequency v,(R) rises above
T;; b) the linewidths and the contributions of the M, mode
increase by more than an order, while those of the R, mode,
on the contrary, decrease. The parameters of the remaining
modes change little. Inasmuch as in the I',(G,,F, ) phase
the oscillations of the vector G for the M, mode take place in
the bc plane (symmetry of the I',, oscillations), the relaxa-
tion of its frequency v, (Fe) at T, and other anomalies point
to a transition, at the point 7}, into the canted phase
I',(G,,,F,), in which the vector G is deflected from the ¢
axis in the bc plane. The small changes of the parameters of
the M, and R; modes indicate that the angle of deflection of
G from the ¢ axis in this phase is small ( = 10-20°). Notwith-
standing the small deflection of G from the c axis in the I,
phase, the interaction of the modes M, and R, increases
compared with the I', phase (both modes are excited in the
phases ', and T}, by a field h||a). As seen from Figs. 1-3,
whereas in the I', phase the parameters of these modes
change only weakly in the region of their crossing ( ~30K),

631 Sov. Phys. JETP 68 (3), March 1989

above T, in the transition to the I';, phase, these modes
become strongly hybridized, as manifested both by the in-
creased separation of their frequencies and by the closer ap-
proach of their linewidths and contributions.

Judging from the behavior of the mode parameters, the
canted phase I, exists in the entire interval from T to T5.
The temperature T, (or a narrow region near it) is the
boundary between the canted I',, and I',,,. We have observed
no indication of the existence of a bulk canted phase
I'154(G,,..) near T,. It can therefore be concluded on the
basis of our experimental data that the spin reorientation is
effected in HoFeO, in the form of three PT (I',-I",,-T";,
-I',) rather than two (I',-I',,—I',) as heretofore as-
sumed.'-*°

1II. THEORY AND COMPARISON WITH EXPERIMENT
1. Spin-Hamiltonian of rare-earth subsystem

The central problem in the magnetism of orthoferrites
is the description of the R subsystem with account taken of
the real spectrum of the REI in a low-symmetry crystal field
of C, symmetry and for its exchange interaction with the Fe
subsystem. In HoFeO, the ground state of the Ho** ion in
the crystal field is a quasidoublet (two close singlets), sepa-
rated from the excited states by an energy AE~120 K; the
wave functions of the quasidoublet pertain to two different
representations of the point group C,."'® Thus, at T< AE
the behavior of the R subsystem can be described in the two-
level approximation on the basis of an effective Hamiltonian
with spin S.; = 1/2, which we write, following Ref. 25, in
the form

Koy =— Zl [Acro:'+ (mo’ (H+aF) +BG,) 0]

i
1 o
— 5 Dihaoiod + YA, @
i i

where F and G are the dimensionless ferromagnetism and
antiferromagnetism vectors of the Fe subsystem, which we
describe in  the  two-sublattice  approximation,
o = (0%,0%,0% ) are Pauli matrices of the ith REI, 2A is the
quasidoublet  splitting in  the  crystal field,
o = pgd = (U, & 4,,0) is the quasidoublet magnetic mo-
ment, H is the external magnetic field, @ and B are respec-
tively the isotropic and anisotropic R-Fe exchange con-
stants, and A; are the R-R interaction constants. The ** +”
signs correspond to the two crystallographic nonequivalent
positions of the REIL The quantities AEZ%y
= AE ', (H,F,G) represent the shift of the “center of gravi-
ty” of the REI quasidoublet on account of mixing of the
excited states by the R—Fe interaction and by the external
field. They are obtained in second-order perturbation theory
in these interactions (the analog of the Van Vleck paramag-
netism) and contribute to the susceptibility, the spontane-
ous magnetization, and the anisotropy energy of the system;
this contribution will be taken into account phenomenologi-
cally below.

2_Equations of motion and thermodynamic potential of the
nonequilibrium state

The R subsystem will be described with its nonequilibri-
um state defined by the mean values of the Pauli matrices
{o') of the ith ion, omitting henceforth the averaging sym-
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bol ({¢’) = ¢'). The dynamic equations for o', which can
be obtained as in Ref. 26 by the nonequilibrium-statistical-
operator method,?”?® are of the form

!/,he'=—[0'D, ] +R,, (3)

where @, = d ®/do’, ®(F,G,0") is the thermodynamic po-
tential (TP) of the nonequilibrium state of the system, and
R; are terms due to relaxation, which we shall describe phe-
nomenologically (see, e.g., Ref. 29) by writing for R, the
following simplest expansion in terms of ®;:

Ri=—2'®, A, °[ (¢')* @, —0'(0' D) ] -), 6 (6'DS), (4)

where A 1, are the dissipation constants. Changing over to
the approximation of two R-sublattices corresponding to
two nonequivalent positions of the REI (o, = o' for i from
the first sublattice and &, = ¢’ for i from the second sublat-
tice), and introducing the variables f = (o, + 0,)/2 and
¢ = (o, — 0,)/2, we obtain for them from (3) the equations

(Ms/y) I=—[1®,]—[c® ] +R(f, ¢, ®,, D.),

(Ms/y)e=—[i®.]—[c®,] +R(c, {, ., D)), @
where
R(x, y, ®., ®,)=—AD.—A {(z*+y*) D +2(xy) D,}
— (A=) {x(x®.)
+x(y®@,)+y(x®,) +y(y®.)}, )

O.—30/0x, ®,=00/0y, Aory=ho./2N,

y=2ug/fi, Mg = ugN, pg is the Bohr magneton, and N is
the number of ions per cm®.

We describe the dynamics of the Fe subsystem on the
basis of the Landau-Lifshitz equations, which are similar to
(5) when account is taken of the longitudinal relaxation:

(M/y)F=[F®:]+[GD:] +R'(F, G, Dr, D¢),

(7
(My/y) G=[F®;]+[GD;]+R’ (G, F, ®;, ®y),

where R'is defined by (6) with 4, | replaced by the dissipa-
tion parameters A, of the Fe subsystem; M, = ug.N,

luFe = SluB
We represent the nonequilibrium TP in the molecular-
field approximation in the form?*
O(F, G, f, ¢)=®(F, G)—N{f:[p.(H.+aF.)+BG.]
+f€ Acf+c€“‘v(Hv+a’Fv)
Fahfett fohec®+ T[S (01) +8(02) 1}, (8)

where
S(0)=In 2—!/,(1+0)In(1+0) —/»(1—0)In(1—0),
0y,.=|f+e|,

A, and A, are the R-R interaction constants,
Ope=0p + Z, AE='/,AF*+'/,D (FG)*—d (F.G,—F.G,)

—MFH—-1"YH.G,—%," H,G.—"/, ZXGV"H:HDA(G),

(%)
0.4 (G)=":K:'G*+'.K.°G*+'[.K,G.*

+/K,' G+ K, GG, (10)
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and (‘f)Fe is the TP of the Fe subsystem, renormalized by the
Van Vleck corrections to the quasidoublet energy. The most
important for us is renormalization of the anisotropy con-
stants (K2, =Kf e+ KV K% =KEs + KYY).

ac ’ a

3. Static magnetic properties. Spin-reorientation mechanism

We calculate the equilibrium values of the order param-
eters in the phases I',,I",,T"}, and I',, and analyze their sta-
bility. Minimizing (8) with respect to F, f, and ¢ under the
conditions G2=1— F?>=1 and F-G =0 (since the tem-
peratures are low enough and the Fe sublattices are satu-
rated (D— «)), we find for the phases I',, I',,, and I, that
fo=F,=c=0,

f§=f0 sin ¢EAexoGz/ (T““Xf) N f(=fo CcoS 'lp,
F.=F\G,, F.,=—FG, (11)
where

Fo=(d+Nap.f:G.) /A,
sin p=Ac:/Ar,

T=Axr/th(Ax/T), fo=th(AR/T),
cos p=A_/Ar, AR=A+AL (12)

In the phase I' |, the order parameters are determined also by
expressions (11) and (12), except that

G:=Fz=0, F,=(dG,+Nap,,f5)/A, x/=A,+A}\,]

Substituting (11) in (8) we obtain a TP that depends only on
G. In collinear phases we have G, = + 1, G, =0 (I',) and
G, =0,G, = + 1 (I',). The stability of these phases is de-
termined from the conditions that the increment of ® (G) be
positive-definite when G deviates from the equilibrium val-
ues:
AmI'(=‘/zKacAGzz-i-l/ZKubAGyzq Aml‘;=l/2KcuA Gx2+l/2chAGv29
(13)

where

KM=KMD__N(AH‘0)2/(T_A¢) 9 Kab=Kab0+d2/A =RabFe+Kabvv,
Kca=N(Azxo)2(1+8)/(T_zl) —Kaco_sz

K=K+ K, —K..'—K,+N(A..*)* (T—%,),
E=AA:¢/(T'—X,¢), AZ,=M+A7~,, KabF°=KabFe+dz/A-

(14)

The quantitiesX,., K, , K.,, K., determine the AFMR fre-
quencies and characterize the rigidity of the system when G
deviates from equilibrium, provided that F, f, and ¢ follow G
in equilibrium fashion. For 7> Ag, where T T, they go
over into the usual effective anisotropy constants in the cor-
responding planes. The TP of the system can be represented
in this case in the form (10) ®(G) = &, (G), in which we
must substitute K% ., - K K,-K,q,and K5 =K},

ac,ab ac,ab»

where K, ., is defined in (14) and

K, .« =K,—2AK, K, . =K,"—AK,
AK=A}»; (Azxo) 2/ (T—A'f) 2'

The stability of the phases and the character of phase
transition for spin reorientation can be illustratively tracked
on a phase diagram in the space of the anisotropy constants
K,. and K,, (Fig. 4) obtained by minimizing ®(G). We
have assumed here that K ,.x = Ko + K} — 2K % >0, as
follows from the condition that the canted phases I',, and
I}, existand that K'; <0 according to the data of Refs. 1 and
10 for DyFeO;. In this case the stability-loss lines of the
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FIG. 4. Phase diagram of orthoferrite in the space of the second-order
anisotropy constants K,. and K, (numerical calculation for HoFeO,);
the solid lines correspond to a second order PT, the dashed to a first-order
PT, and the dotted to stability-loss lines. The point coordinates are:
Q(—Kierr —Kieg)s M(— K 5g, — K3), PUK ; — K 3o, — 1K 3).

phases I'y (K, (T,)=0) and TI,(K,X(T;)=K,
—K,. — K, + Kj.; =0) are lines of the second-order
phase transitions I’y — I',, and ", — I',, respectively, while
the regions of the existence of the phases I' |, and I, overlap
and a first-order phase transition takes place between them.
The angles that determine the orientation of G on the planes
ac (T',,) and bc (T',,) are given by cos’0, — K. /K ,.; and
sin0, = — k., /K,q. Note  that for K,
K;>0and K ,4K5 > (K,q)? the reorientation from the
phase I',, into I, is a smooth one via the bulk canted phase
T,4(G,,.) (seealsoRef. 30). In the case of HoFeO;, how-
ever, we favor first variant, which corresponds to the more
realistic condition K} <0 and, as shown by calculations,
agrees better with experiment.

It can thus be concluded that spin reorientation in
HoFeO, proceeds in the form of three PT (I",-I',,-T",-T",),
in the course of which the vector G is deflected from the a
axis (I',) at the upper boundary 7, and rotates smoothly in
theac plane (T',,) and then, without reaching the c axis (10—
20°) it is jumpwise reoriented at T, into the bc plane (T"},) in
which it already rotates smoothly to the c axis at T (T,).

As follows from Fig. 4, a feature of the spin reorienta-
tion in HoFeO, is that the thermodynamic path of the sys-
tem on the K,,—K . plane passes near the origin, where both
anisotropy constants K,. and K, reverse sign. The mecha-
nism of the K. (T) temperature dependence is determined
mainly by the Zeeman contribution due to the anisotropy of
the exchange splitting of the ground quasidoublet of the
Ho?** doublet [see (14)]. Asfor K, (T), according to (14),
there is no such contribution here. Therefore the observed
decrease of K, when T'is lowered can be naturally attribut-
ed to the temperature dependence of the Van Vleck contri-
bution K ' (T) due to the change of the population of the
excited Ho* " levels (as, e.g., in DyFeO,, Ref. 1). We express
the displacements of the gravity centers of the ground
(i = 1) and excited (i>2) quasidoublets as

AE® —const+AES G+AELS G2,

where AE (2, are phenomenological constants. In this case
we have, by analogy with Ref. 25, for the K, ,. (T) depend-
ence
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i E? E/
Kapao (T) =2 EAEA,L exp (—T‘)/ Z exp(— T_‘) ,

where E ¢ is the energy of the gravity centers of the unper-
turbed quasidoublets of the Ho®™* ion in the crystal field:
E® =0,E9 =120 K (Ref. 17), and numerical calculations
show that it suffices to take the remaining levels into account
by introducing their gravity center E?~300 K.

4.Dynamic properties of rare-earth subsystem

Let us calculate the high-frequency magnetic suscepti-
bility of the R subsystem relative to the external field h, as-
suming F and G to be equal to their static values. Linearizing
the equations of motion (5), which break up into two groups
corresponding to the Af oscillations excited by the field h||a
and to the Ac oscillations excited by the field h||b, and omit-
ting the inessential y", we get

%" (p) = (Nfops*/ps) [AL(p) (pF0,) cos®
+8,A,(p) sin® $]/A(p), (15)

where

p=io, A(p)=(pto.)AL(p)—80 A, (p)sin® 2y,
A, (p) =p*t+oror’ (1+6,*) +pAor,
AL’(P)=U)R(1+6L2)+6LP1
0=—Mfo/B, @r=2Ar/%, or =0rt20,cos’,

(16)

o, =o,"—8,0, sin* ¢,
A(J)R=6_L((1)1(+(1)R') y

0,=w,"+8,0, sin® |,
(1),0=26||Tf0/7i( 1—f02) )

8. ;=oAL yfe®)/fo

The quantities Ag, ¥, and f; are defined in (11) and (12).
The susceptibility along the y axis (b axis) is also defined by
expressions (15) and (16) in which we must substitute
u, —p, and A, —A.. Expression (15) describes the suscep-
tibility frequency dependence due to the REI effective-spin
longitudinal and transverse oscillations that interact with
one another. For weak interaction (|4, | € T) their frequen-
cies are characterized respectively by the longitudinal-relax-
ation frequency w, and by the resonance (complex) fre-
quency

ot == [oror (116,%) —Awx/4) *+idox/2,

which is determined by the electronic transitions between
the energy levels of the quasidoublet, and represents in fact
the paramagnetic-resonance frequency. At low frequencies
(w~w, L|og])

X (p) = (%) L+ (") @/ (®+p), (17)
where

(%) 1 =X (8, 08"/ 0%’ @) sin® ¥,
&, =0,"+6,0,(0./0, )sin*y,  (18)

(X") L=X=" cos® ¥,
X,:OR=Nfo'YP:x2/H-B(DR’7
( Xf )., arethe contributions of the transverse and longitudi-
nal oscillations to the static susceptibility with which y % (p)
coincides in the limit as p - 0:

(") o =% (0) = (x=") L1 (x=")

—N 2[ TAx Y ]_l
Ha Tfy cos® p+Ag (1—fo*) sin* !

(19)
For w ~wx >, we have when the longitudinal oscilla-
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tions are “frozen”
12 () = (M) Lox' AL (p) AL (D). (20)

Let us analyze on the basis of (15)-(20) the observed
high-frequency properties of the R subsystem in HoFeO,.
We use as an example the R; mode excited by a field h||b and
interacting weakly with the AFMR modes. We note first
that the frequency of this mode (Fig. 1), which is propor-
tional to the splitting 2A; of the ground quasidoublet of
Ho?*, follows well the variation of the latter in the course of
the spin reorientation. The increase of v;(R) on going from
the phase I', to the phases I',,, I'y,, and T, is due to the
growth of the exchange splitting, A,, < G,. The small de-
crease of v;(R) with decrease of T is due to the antiferro-
magnetic character of the R-R interaction (4. <0), which
decreases A somewhat (see also Ref. 17).

Consider the behavior of the contribution
ApfY (R) =4m(yy), of this mode (Fig. 3b). Its increase
(< 1/T) when T is lowered is due to the decrease of the
Ho?* quasidoublet upper-level population, as a result of
which the total static susceptibility (y)),, also increases.
The Auf> (R) anomaly observed in the spin-reorientation
region is due to the strong dependence of the contributions of
the considered resonance R-mode on the angle
=tan"'(A. /A ), and also of the low-lying relaxation R
mode. According to (18), on going from the I', phase where
A., =0and cos ¥ = 1to the phases I',,, I',, and I',, where
A, #0and cos ¢ < 1, the contribution Au (> (R) of the reso-
nance R-mode should decrease, as is indeed observed in ex-
periment. It follows also directly that in the phase I',, T,,,
and T, where (x}), < (x5)4, there exists a low-lying re-

TABLE I. Parameters of magnetic interactions in HoFeO, and YFeO,
(per formula unit)

laxational R-mode excited by a field h||b and “frozen” in the
frequency range investigated by us. In the I', phase this
mode also exists, but cannot be excited by an external mag-
netic field.

We turn now to the behavior of the linewidths Av; , (R)
of the observed resonance R modes. In the I', phase, at low
T, they increase rapidly as ¢ is raised and subsequently satu-
rate to 160 and 130 GHz for the modes R, and R,, respec-
tively. The most probable causes of so large an R-mode
width are, in our opinion, the dipole and exchange R-R in-
teractions, since the scatter (fluctuations) of the local effec-
tive fields (AH =~ 1-5 kOe) which they produce at the REI in
a concentrated system is of the same order of the observed
linewidths of these modes. The temperature dependence of
the linewidths in the I', phase can be explained on the basis
of the moment theory used in EPR to analyze line shapes in
spin—spin interactions. According to Ref. 31, the tempera-
ture dependence of the second moment that determines the
square of the linewidth is of the form M,~1 — f2(T), in
good agreement with the observed behavior of Av; 4 (R) in
the I', phase. ’

An important feature of the behavior of the linewidth
Av,(R) is its noticeable decrease as G becomes reoriented
from the c to the a axis in the interval T, < T < T, (Fig. 3a).
Since this is accompanied by a decrease of the quantity
A, <G, that determines the effective field h.,s = (A,
0,A., ) acting on the effective spin of the Ho>* quasidoublet,
we can conclude that the relaxation rate in the R subsystem
depends on h 4 or, in this case, on G, . In the context of our
phenomenological description of the relaxation, this can be
taken into account by introducing the dependences of the

HoFeO; YFeO;

Parameters };;;Seim (18] (98] [34]
A, K 2.4 2.30.2 -
ALK 47 4.8+0.3 -
Bx) Bp 3.25 3.60.1 -
By Pp 7.2 7.9+0.5 -
A K -35 - -
A, K -25 - -
KO = KFe L 2aEYD) K 0.30 - 0.23 0.29
AED K 0.36 - 0 0
AE® K 0.3 - 0 0
Ko =KX, K 0.07 - 0.175
K% = KE2 - 20ED) R -0.173 - -
AEQ K 1.35 - 0 0
AES), K 0.6 - 0 0
Ky, K —0.12 - -
Ky, K -0.07 - -
Hpg, Oe 8-108 - - 6.4-10¢
Hp, Oe 1.2.10° - - 1.4-105
@ Oe ~0.8-108 - 0
Mo BB 0.039 - -
ma W 0.07 - 0.059
634 Sov. Phys. JETP 68 (3), March 1989
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corresponding dissipation constants in (4) and (6), and
hence also of the R-mode linewidths, on G,, viz.,
Avg =Avg, (14 kG + ..), where vy, and k are in the
general case functions of T. For v, (T) with allowance for
the foregoing, we can use a dependence in the form
Avg, (T) = Av}, [1 —f3(T)]"2. A satisfactory quantita-
tive description of the R-mode linewidths (Fig. 2) is ob-
tained for k=0.9 and v} =73 GHz for Av,(R) and
vk, = 90 GHz for Av,(R) and the remaining parameters of
the table. The frequencies and R-mode contributions calcu-
lated for the same parameters also agree well with experi-
ment (Figs. 1 and 3). It can be seen that the behavior of the
R, mode in the I', phase does not differ qualitatively from
the considered R, mode, but in the phases I',, I",,, and T, it
turns out to be substantially different because of the interac-
tion with the AFMR modes.

5. Dynamics of interacting Fe and R subsystems

Analysis of the equations of motion (5) and (7) shows
the presence in the system of four resonance frequencies, two
(M, , ) corresponding to the AFMR modes of the Fe subsys-
tem, with frequencies w,, (Fe), and two resonance rare-
earth modes (R;,) with frequencies w;, (R). Note that
even when the modes M, , and R;, are coupled, their pa-
rameters (linewidths, contributions) differ strongly as a
rule, so that this distinction between the modes is justified.
Besides the resonance mode there are also relaxation modes
due to longitudinal oscillations of the alternating Fe and R
subsystems. In our case, however, as shown by an analysis of
the R subsystem, longitudinal oscillations having frequen-
cies on the order of the resonance ones can be treated as
frozen by subjecting the dynamic variables to the constraints

AFG,+AGF,=0, AFF,+AGG,=0,
Afe,tAef,=0, Aff,+Ace,=0,

where F,, G, f,, and ¢, are the equilibrium values of the
order parameters." In this case, eight out of the 12 equations
of motion are independent. In the canted phase I',, all the
equations are coupled, while in the collinear phases I', and
I', and in the canted ', they break up into two groups corre-
sponding to modes of different symmetry, which we charac-
terize, in analogy with Ref. 6, by representations of the crys-
tal group D 5.

Inthe ', and Iy, phases there are two modes of symme-
try 'y, (AF,, AG,,, Af;,.), representing M, and R,
modes, and also modes of symmetry TI';, (AF,,,
AG, ,Ac;, . ), which represent also interacting M, and R,
modes. The complex frequencies of these modes are given by

pt+Asp*+A.p*+ A, pt+A,=0, (21)
where
p=im, Ao=0)102(1)202—(0124, A1=A(DmGJzaz'*'A(l)zo(ﬂwz_A(ﬂtzsy

A3=A(1)10+A(l)zo.
(22)

A2=(D102+ﬁ)202+A(1)mA(l)zg—A(lJiz”,

The quantities @,o,, and Aw,q,, are respectively the fre-
quencies and linewidths of the Fe- and R-subsystem modes if
they do not interact dynamically, while w,,, Aw,,, and Aw1,
determine the latter interaction. Depending on the magnetic
phase and on the oscillation symmetry, they take on the fol-
lowing values:
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I', phase. M, and R, of T',, symmetry:

01°=0z0a(11TAL?), @*=wror (1+8,2),
A(O‘0=AJ_’((1)E+mcb) , A(l)zo=6_1.((l)n+mﬂ’)y
012 = 0RO Wax0ex (11TA, ") (146,2),
(23)
A 12’ =0axax [8( 1+AJ.”) ﬁ)cb+AJ_’ ( 1+6.L2) or],
Aoy "=A,"0,0u0u, A=A,tA, w:=YA/M,=2yH,
0o=1K/My, ©ax=Yals COS P/Ure, ©ax =Yalsft/ 5.

For modes M, and R; of symmetry I';, the corresponding
values are determined by (21)-(23) with the substitutions

0> Oe=YK/My, or =cr =0r—2Af, cos P/h,

’ ’
Wax=> Wqy, Wax > Waqy ,

where w,, and w;, differ from w,, and o, in that u, is
replaced by i, .

I',; phase. M, and R, modes of symmetry T, ,:

(1)102=(1)E(l)bc0(1+A_1_”), W20°=OROR (1+6_L2),
Aow=A, (0ztms’), Awp=0, (0stor),
(l)lz‘:(l)EJ(I)RGyz((l)ez(l)ez,+(0bco(l),az(0u,/(')x) (1+6_L2) (1+AJ_'2) y
Amlzazmezwe:’sz [‘SJ_(1+A.L’2) mE+A.L,( 1+6J.2) 0)11] y (24)
A0 *"TA 8, Gl 0ex®e:’y  Wex=YA.:" COS P/ hpe,
O’ =YAcfo/ s,
('-)bco:’Y (Kaco_Kab+Kz,,_Kz,+3Kszz)Gyz/Mo-

Modes M, and R; of symmetry T';,:

01" =0r0s (1T+AL"?), 0x*=oror’ (1+6.2),
Aow=A," (0st0wm), Aw0zx=0 (0rtwr”),
0i2' =OrRMsaWay®ay (1+AL %) (1+6,2), A@ "8 0ay®ay B,
(25)
Aw* O A 0ayay’y,  Boe=0psGs* T 0axe’ [ ’G)} 0O,
(l)ba='Y(_Kab_KzlGuz—Kz”Gzz) /Mo+(l)axozf§z/ﬁ)a,

Daxo=" A/ [hre.

In the I',, phase all four modes are generally speaking
interacting (the oscillation symmetry correspond to the
I" ;34 representation). They differ, however, in the degree of
interaction. The strongest interaction is that of the modes
M, and R,; it is determined principally by an anisotropic R-
Fe interaction exchange-enhanced on account of wg
(0}, ~wpwgrw. 0!, ) and exceeds substantially their inter-
action with the M, and R, modes and the interaction of the
latter with one another. Taking this into account and ne-
glecting the interaction of M, and R; with M, and R, we can
determine the frequencies of the latter from an equation of
type (24) with parameters

(ULOZZ(DEG)acO(1+A-L’2)7 (1)202:(‘)1‘(01" (1+6_L2)1
Aow=A" (0t ®e’), Aww=0,(wrtor),
A0 =0r0rO:0e G (1+8,%) (1+AL"?), (26)
A(l)i'_‘sz(l)f‘xmex,ze [6J_(1+A_L'z) mE+/\-J_, (1+6J.2) mR] k)
A0 =A"8,0c:0er' Gs*y  Bae"=7 (Ko’ +3K,G£*) GE[ M.

The frequencies of the M, and R; modes, neglecting their

interaction, determined for the M, mode by the equation
0*— iAo —0*=0,

where

(1)02=(1)E6)ab(1+AJ.’2)7 A(’)=1\‘J-,((’“)""'-i-(;)“b)’
®Dar="4 (Kab+Kz”Gzz)/M01
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and for the mode R, by

ol=oror (1+6,%), Aw=6 (ortor").

In the I, phase there is for the oscillations of symmetry
I's (AF,,AG,,) only one AFMR mode M,, and for the
oscillations of symmetry I',; (AF,,, AG,, Afg_,,, Acg',, )
there are three modes, the AFMR mode M, and the two
rare-earth modes R; 4. Just as in the I',, phase, one of these
(R;) interacts weakly with M, and R,. The corresponding
frequencies are therefore determined by the same equations
asin the I',, phase, in which we must put |G, | = 1, G, =0,
cosy=1.

In the absence of dissipation we obtain from (21) for
the resonance frequencies

(Diz=’/z(0)102+0)202)=bA1 (27)
where
A=At a5t Ao=’/z(\0mz“ﬁ)zoz),

and in the linear approximation in the damping constants §,
and A] we have for the corresponding linewidths

Ao:='/:{Aw, A0
:f:[A(l)iza"i"i/z(AﬁJw—A(l)zo) (mloz—(’)zoz)]/A}' (28)

Let us analyze, on the basis of (21)-(28), the observed
behavior of the AFMR and R modes in HoFeO;. In the I,
phase the behavior of the M, and R, modes is determined by
their interaction (w?, ~o. 0., ~AZ /T), which increases
as T is lowered. As a result, the frequency
02 (R) = 0* =g (0f — 0, 0., /32 ) of the lower mode
R, is lowered as T— T, and vanishes at the point T, while
o} (Fe) = 0*, ~wz®), + wgwi remains finite.

In the low-temperature phase I',, conversely, the inter-
action of the AFMR and R modes influence little the fre-
quencies even in the region of their crossing, since it is deter-
mined only by the isotropic R—Fe interaction and not by the
enhanced Fe-Fe exchange (w ) [see Eq. (23)]. In this case
the strong temperature dependence of the AFMR frequen-
cies is determined by the corresponding effective anisotropy
constants K, ., (14) renormalized by the R-Fe interaction:
w}, (Fe) =ywgK_,., /M, The temperature dependence of
the effective anisotropy constant K,, determines also the
behavior of the strongly relaxing frequency of the M, mode
in the phases I', and T',,.

According to (24) and (25), the interaction of the M,
and R, modes in the canted phase I'|, hardly differs from
thatin the [", phase, but for the M, and R, modes it increases
strongly because of the appearance, in @,,, of terms propor-
tional to wg wpw., ®.,, and determined by the exchange-en-
hanced anisotropic R-Fe interaction. Strong hybridization
of the M, and R, modes takes place therefore in the interval
T,-T, and increases the difference between their frequen-
cies.

A general law governing the behavior of the AFMR-
mode linewidths is their noticeable decrease (by 3-5 times)
when T is lowered from 300 to 4.2 K, on the background of
which are observed strongly pronounced anomalies (spikes)
in the spin-reorientation region (40-60 K ), and also a small
increase in the region where the AFMR- and R-mode fre-
quencies cross at 7~ 30 and 40 K. All these anomalies are
due to the interaction and hybridization of the AFMR and R

636 Sov. Phys. JETP 68 (3), March 1989

modes. This hybridization is most strongly pronounced in
the transition into the ', phase at the point T = T’ for the
M, and R, modes, and is accompanied by a strong increase
of the M,-mode linewidth Av,(Fe) and by a decrease of the
R,-mode linewidth Av,(Fe) (Fig. 2). In the other canted
phase (T',,) asimilar behavior is exhibited by the interacting
modes M, and R,: a strong increase of Av, (Fe) is observed
in the T,—T, interval (Fig. 2). This picture of the behavior of
the linewidths of strongly interacting AFMR and R modes is
described by expression (28) (Fig. 2) at A{ = 107* (the
remaining parameters are given in Sec. III.4 and in the ta-
ble).

The situation is different for the weakly interacting
mode pairs M,,R, and M,,R, in the ', phase. In this case the
presence of finite linewidths alters qualitatively the behavior
of the AFMR and R modes in the region of their frequency
crossing at T~ 30 K and 7= 40 K. Analysis shows that as a
result of the strong relaxation in the R subsystem at relative-
ly weak mode interaction the solutions of Eq. (21) show no
mode repulsion in the region where the real parts of the fre-
quencies are equal (Re w; = Re w,), since in the complete
3D space Re w, Im w, T they are separated by a relatively
large distance determined by the difference between their
imaginary parts. This is just the situation for the mode pairs
M,,R, and M ,R; in the I, phase and for M,R, in the I',
phase. In the transmission spectra this is manifested as pas-
sage of a narrow AFMR mode through a broad R mode with
change of temperature. In the calculation of the parameters
of the indicated modes in these phases we have therefore
neglected their interaction (the frequencies of infinitesimal-
ly narrow modes should repel one another, as shown in Fig. 1
by the dashed line for the modes M, and R, at T=40 K).

Let us discuss the behavior of the mode contributions
that range, as seen from Fig. 3, over several orders of magni-
tude. We shall not present all the exact but unwieldy equa-
tions for the contributions used in the numerical calcula-
tions (Fig. 3) (see Ref. 35 for details), and confine ourselves
mainly to a qualitative treatment. In the I", phase the contri-
butions Au (" (Fe) and Au (> (Fe) of the AFMR modes M,
and M,, which interact weakly with the R modes, are deter-
mined by the transverse susceptibility of the Fe subsystem
and are equal to Au{" (Fe) =Au? (Fe) =4my, = (7 —8)
10*. Atadensity p = 8 g/cm’ and at M, = 103.8 G-cm’/
g this yields y, = My/2H; = (0.7 — 0.8)-107° cm®/g and

5
K, 10 erg/g K,K
i 2 Jo.s
as ]
, /l____——l——__
00 Tk |’
2 ]
q4-0.8
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FIG. 5. Temperature dependences of the effective anisotropy constants in
HoFeO,:/—K,., 2—K,, .
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Hy = (7.4 — 6.5)-10° Oe, which agrees with H, = 6.4-10°
Oe for YFeO, (Ref. 33). The same estimate holds also for
the AFMR mode contributions Au{" (Fe) and Ax > (Fe) in
the I', phase.

The strong growth of the contribution Au!" (Fe)
= 47y™" of the soft mode M, in the I' |, phase, observed as
T-T, (Fig. 3c), is due to the divergence of the rotational
susceptibility y:* = (m2)*/K,,, since K., «w,, decreases
strongly as T— T,. On the contrary, for the same mode M, in
the I', phase the contribution Au{"’ (Fe), which is also con-
nected with the rotation susceptibility, decrease as 7— T, to
a value

Ap) (Fe) mdmy® (1—e,) Y (1+e,)?,

where
02
rot __ (mx) Nux (‘)exlmﬂ
x T 1 1= )
Kaco mxo (‘)Emaco ’
OrROR’
gy = o
mEGjac

This is due to the strong interaction of the M, mode with the
soft R, mode whose contribution Ap'* diverges as T— T :
AP (R) =4m(yR) 0y /&g — o, where Dp = Wy
— w0, /@ —-0as T- T, and (y¥), is defined in (18).

We note finally the strongly pronounced anomalies of
the contributions Au * = Au'*? of the modes M, and R, at
the point T, which are connected with the new I',-T",
phase transition. The observed strong growth of the contri-
bution of the low-lying mode M, and, on the contrary, the
decrease of the contribution of mode R, are explained by the
strong hybridization of these modes on going into the phase
I',,. The behavior of these contributions is well described by
the equation

Aps*=(4nyfon or/ 0 M) {[ N p: cos pF (M 0z0.G,?
+M0(ﬂbc0(0a:) / (A:FAO) ]2+(‘) :ZGVZ (Momex_mxomu) 2/ (A:FAU) 2}7

(29)

wheren* = (A + A,)/2A, while A, Ay, and w |, are deter-
mined by (27) with6, = A| = 0. In addition, at the point T,
the contribution Au . = Au®’ (Fe) of the soft mode M, un-
dergoes a jump due to the appearance in the I';, phase of an
additional rotation susceptibility Au, =47 (y, + x51') as

T-T, and Au, =4my, as T-T; , where
X:ﬁt = [mxo+Nux(mexl/mR') cos ¢]2/2K2, K2=K2+Kz’_2Kz”-

The modes M, and R, undergo also in the second cant-
ed phase (I',,) a hybridization manifested by an observable
growth of the M,-mode contribution Au'" (Fe) described
by an equation similar to (29).

Our numerical calculations, based on (21)-(29), of the
resonance frequencies, linewidths, and mode contributions
have accounted well for the experimental results (Figs. 1-
3), comparison with which yielded the parameters, listed in
the table, of the principal magnetic interactions in HoFeOs.
The table shows for comparison also some properties of the
Ho and Fe subsystems from Refs. 19, 33, and 34. Note the
good agreement between the obtained parameters that de-
scribe the Ho® * ground quasidoublet, on the one hand, and
the data of Ref. 19, on the other. The obtained HoFeO; prop-
erties have made it possible to calculate the K. ., (T) depen-
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dences (Fig. 5) and determine the actual thermodynamic
path (dash-dot in Fig. 4) along which the OPT I',-I",,—
I',-T, are realized.

IV.CONCLUSION

Our investigations of the high-frequency magnetic
properties of HoFeO, have established the fine structure of
the spin reorientation in this orthoferrite and revealed the
main regularities of the dynamics of orientational transi-
tions and the role played in it by the R subsystem. The ob-
served anomalies of the frequencies, linewidths, and contri-
butions of the AFMR and R modes at 7, =58 +2 K,
T,=51+ 1K, and 7T, = 39 + 2 K lead to the conclusion
that a new canted phase I',(G, ., F, ) is realized in the in-
terval T,—T, in HoFeO,, and that the spin reorientation is
viathree OPT I',-TI',,-T",,-T',, i.e., the vector G is rotated in
two planes, first in the ac plane (T",,) and next in the bc plane
(Ty2)-

Two contributions to the magnetic-anisotropy energy,
due to the R-Fe interaction, have been revealed and deter-
mine the observed OPT pattern. The first is a Zeeman contri-
bution due to the anisotropy of the exchange splitting of the
Ho** ground quasidoublet, and the second a Van Vleck con-
tribution due to displacement of the gravity center of the
quasidoublet on account of an admixture of excited states. It
is precisely the latter which causes the deflection of the vec-
tor G from the ac plane.

Numerical calculations of the resonance frequencies,
linewidths, and mode contributions to the static magnetic
permeability describe well the experimental data and con-
firm the proposed spin-reorientation mechanism. The prin-
cipal parameters of the magnetic interactions in HoFeO,
have been determined and the temperature dependences of
the anisotropy constants obtained.

As shown by a theoretical analysis (see also Ref. 35),
the dynamic properties of orthoferrites in OPT depend sub-
stantially on the ratio of the R-mode frequencies determined
by the splitting of the ground doublet (multiplet) of the REI
and the natural AFMR frequencies of the Fe subsystem. If
the AFMR frequencies are lower than those of the R modes,
they are softened, and furthermore at both spin-reorienta-
tion boundaries, as for example in TmFeO; (Ref. 5). If,
however, the R modes are lower, as in the case of HoFeO;,
the picture becomes qualitatively different and is made com-
plicated by the interaction of the AFMR and R modes and
by the presence of soft modes of various types. Thus, in Ho-
FeO; in the high-temperature phase at T, the soft mode is
the rare-earth mode R, and the frequency of the AFMR M,
mode interacting with it remains finite. In the low-tempera-
ture phases, conversely, the AFMR modes softened at T;
and T, are the M, and M, respectively, which interact weak-
ly in this case with the R modes. The cause of this difference
of the OPT dynamics at T, and T, ; is the strong anisotropy
of the exchange splitting of the REI ground quasidoublet in
the high- and low-temperature phases. The picture consid-
ered explains the anomalous behavior of the AFMR fre-
quencies for OPT also in other orthoferrites (TbFeO,, Er-
FeO,, YbFeO,), which have, just as HoFeO;, low-lying
resonance R modes.

"Allowance for the longitudinal oscillations, which requires a separate
analysis, may turn out to be important in the immediate vicinity of the
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OPT points, where interaction of the relaxation and soft resonance
modes is possible.'*'¢2
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