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Resonance modes that are due to magnetic excitations in the exchange-coupled subsystems of rare-earth ions
(R =Nd*", Sm**, and Gd**) and Fe?" ions have been detected in submillimeter transmission spectra (0.1—
0.6 THz) of RFe;(B0O3), iron borate—multiferroic single crystals. The strong interaction between spin oscil-
lations of the Fe and R subsystems has been revealed, which determines the behavior of the modes depending
on the anisotropy of the exchange splitting of the ground doublet of the R ion. It has been shown that the
intensities of coupled modes (contributions to the magnetic permeability) depend strongly on the difference
between the g factors of Fe and R ions. This dependence makes it possible to determine the sign of the latter
g factor. In particular, a noticeable intensity of exchange Nd modes in NdFe;(BOs), is due to an increase in

their contribution at gf‘” < 0, while in GdFe;(BO3), with gg4 = g, ® 2, the Fe and Gd contributions com-

pensate each other and the exchange (Gd) mode is not observed. In spite of the weak interaction of Sm ions
with the magnetic field, SmFe;(BO;), exhibits resonance modes, which are attributed to the excitation of Sm

ions through the Fe subsystem.
DOI: 10.1134/S0021364011160119

1. INTRODUCTION

Among various magnetoelectric materials that have
been actively studied in recent years [1—4], rare-earth
iron borates RFe;(BO5), attract significant attention
[5—8] due to their interesting magnetic, optical, and
multiferroelectric properties resulted from the
exchange interaction between the iron and rare-earth
magnetic subsystems. They have a noncentrosymmet-
ric trigonal structure (space group R32 or P3,21) [9—
11]. The antiferromagnetic ordering of Fe* ions
occurs in them below 7Ty ~ 30—40 K. The spins of iron
are oriented either along the trigonal ¢ axis (easy-axis
structure) or in the basal ab plane (easy-plane struc-
ture). The magnetic order is also induced in the R sub-
system due to the R—Fe exchange, which is of primary
importance in the stabilization of a certain magnetic
structure and in the formation of magnetic and mag-
netoelectric properties.

These features of the interacting Fe and R sub-
systems should be manifested not only in static mag-
netic and magnetoelectric properties, but also in high-
frequency magnetic resonance phenomena; study of
these phenomena began only recently [12—14]. In
particular, the strong effect of R ions on the modes of
the antiferromagnetic resonance of the Fe subsystem
in the submillimeter wavelength range was revealed in
Tb, Pr, and Eu iron borates [14]. This effect was man-

ifested in an additional contribution to the anisotropy
energy (in Eu iron borate) and in a change in its sign
(in Pr and Tb iron borates), which was clearly seen in
the behavior of the frequencies of antiferromagnetic
resonance. These frequencies were much lower than
the characteristic frequencies of electron transitions in
these R ions. However, according to optical data, split-
tings of lower doublets of many R ions in the exchange
R—Fe field (Ayg = 8.8 cm™! [15], Ag,, = 13.2 cm™!
[16]) are in the submillimeter frequency range and
have transition frequencies comparable with the fre-
quencies of antiferromagnetic resonance of the Fe
subsystem (4—15 cm™') [13, 14]. For this reason, the
magnetic resonance properties of these iron borates
should be determined by coupled oscillations of the
spins of Fe and R subsystems. The aims of this work are
to detect and study these excitations.

2. EXPERIMENT

Iron borate single crystals with R = Nd, Sm, and
Gd, as well as substituted compounds on their basis
with R = Ndy4Yoe GdgosNdg o4, Gdg75Ndg o5, and
Gd, sNd, 5, were grown by the method of crystalliza-
tion from a melt on seeds [17]. The samples were pre-
pared in the form of plane—parallel a-cut plates with
the transverse sizes up to 1 cm and a thickness of about
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Fig. 1. Temperature dependences of (a—c) frequencies and (d—f) contributions to the magnetic permeability of the resonance
modes (h || b, h||c) in (a, d) NdFe;(BO3)y, (b, €) Ndj 4Y ¢Fe3(BO3)4, and (c, f) SmFe;(BO3),. Circles and triangles denote the
submillimeter transmission spectral data, stars are the data from Raman spectra [10], and lines are theoretical calculations. The

. - Nd . . . . .
inset shows the transmission spectrum near the ®_ -~ (h || b) mode, where points are experimental data and the line is the simula-

tion.

1 mm. The polarization transmission spectra 7(v)
were measured using the quasi-optical backward-wave
oscillator spectroscopy [18] in the frequency range of
3—20 cm™! at temperatures 3—300 K. In the antiferro-
magnetic ordering range (T < Ty = 35—40 K), reso-
nance lines were revealed in the spectra (inset in
Fig. 1a). These resonance lines were observed at the
polarizations of the magnetic field h || b and h || ¢ and
were identified as magnetic excitations in the Fe and R
subsystems (see below). The spectra were simulated
using the Fresnel formulas for a plane—parallel layer
taking into account the dispersion of the magnetic sus-

ceptibility p(®) = 1 + AR, 0; /(o) — ©F + i0A®,),
where o, Aw,, and Ay, are the frequency, linewidth,

and the contribution to the permeability of the
kth mode, respectively.

In all of the compounds under investigation, the
easy-plane antiferromagnetic structure occurs below
the Néel point. Resonance lines for NdFe;(BO;), are
observed for both magnetic field polarizations h || b
and h || ¢ (Fig. 1a) unlike the easy-plane compounds
YFe;(BO;), and EuFe;(BO;), [14], where only high-
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frequency mode of antiferromagnetic resonance of
iron ions at h || b at frequencies of 4—6 cm~! was
observed. The appearance of two resonance lines at
frequencies of about 12 cm~! in NdFe,;(BO;), at two
different polarizations is apparently due to the excita-
tions of electronic transitions in ground Kramers dou-
blet of the Nd3* ion, which is split by the exchange
Nd—Fe interaction. However, the observed frequen-
cies are much higher than an exchange splitting of
about 8.8 cm~! that was obtained from optical data
[15]. In addition, attributes of a weak line for h||b,
which can be identified as a high-frequency mode of
the antiferromagnetic resonance in the Fe subsystem,
were revealed at a frequency of about 3.5 cm~!. The
contribution to the magnetic permeability from this
mode is much smaller than the contribution observed
in the YFe;(BO;), and EuFe;(BO;), compounds [14].
The behavior of the resonance frequencies (repul-
sion), together with the redistribution of the contribu-
tions (intensities) of the modes, indicates a strong
coupling of the spin oscillations of Fe and Nd sub-
systems.
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Fig. 2. Temperature dependences of the resonance frequencies in (a) GdFe;(BO3)4 and (b) Gd, sNd sFe3(BO3)4 iron borates.

Stars are Raman data from [10], squares are the antiferromagnetic resonance data from [12, 13], circles and triangles are data
obtained in this work, and lines are theoretical calculations. The arrow indicates the spin reorientation temperature 7gg.

The results obtained when Nd is diluted by non-
magnetic Y in Nd, .Y, ¢Fe;(BO;), (Fig. 1b) confirm
this character of spin excitations. It can be seen that,
as the Nd concentration decreases, the frequencies of
high-frequency (Nd) modes decrease at both polariza-
tions and become closer to the static exchange split-
ting of the ground Nd3* doublet and the frequency of
the antiferromagnetic resonance mode approaches the
value for yttrium iron borate. This indicates a decrease
in the interaction between the antiferromagnetic reso-
nance and R modes upon dissolution. Note that this
separation of modes into rare-earth and antiferromag-
netic resonance ones is very conditional, because cou-
pled oscillations of Fe and R spins occur, which will be
discussed in detail below.

The feature of the SmFe;(BO;), compound is that

the Sm3* ion has very small Landé factor and makes an
insignificant contribution to the static magnetic prop-
erties [8], which are similar to YFe;(BO;),. Neverthe-

less, the role of Sm3* ions is strongly manifested in the
submillimeter properties. Resonance modes were
revealed for both polarizations (Fig. 1c). For h || c,
when the low-frequency mode of antiferromagnetic
resonance, which is much lower than the range under
investigation, is usually excited, we observed a pro-
nounced mode with a frequency of about 16.6 cm™! at
low temperatures. This mode can be attributed to elec-
tronic transitions inside the Kramers doublet of Sm3*.
The fact that its frequency is higher than the exchange
splitting of the doublet Ag,, = 13.2 cm~! [16] is appar-
ently due to the interaction (repulsion) with the low-
lying antiferromagnetic resonance mode. It is surpris-
ing that the Sm mode has a noticeable intensity in
spite of the weak interaction of Sm3* ions with the
magnetic field (see the contribution Ap, (h || ¢) in

Fig. 1f). This can be attributed to the excitation of
electronic transitions in Sm3* through the Fe sub-
system due to their exchange interaction (see below).
For another polarization, h || b, two modes are
observed, one of which (with a lower frequency) was
clearly manifested in a wide temperature range, while
the other mode had a much smaller intensity and was
only manifested at low temperatures. The appearance
of these modes is apparently due to the coupled oscil-
lations of the spins of Fe** and Sm3*. Note that the
repulsion of the frequencies is manifested insignifi-
cantly for these modes.

Other iron borates that surprisingly exhibit reso-
nance properties are GdFe;(BO;), and a number of
substituted compounds based on it. In pure
GdFe;(BO;),, a spontaneous spin-reorientation tran-
sition from the easy-plane to uniaxial state occurs at
Tr ~ 9 K [19] due to the competition of the competi-
tion between the contributions from the Fe and Gd
subsystems to the anisotropy energy. According to
[13], the high-frequency mode of the antiferromag-
netic resonance of the Fe subsystem does not exceed
1 cm~! (30 GHz) and is softer near Ty. According to
the estimate of the Gd—Fe exchange field (~70 kOe)
based on the static properties [20], the characteristic
frequencies (level splittings of about 6.5 cm™!) of the
Gd subsystem should be much higher and should lie in
our frequency range. We tried to detect Gd modes in
the submillimeter range in GdFe;(BO;),. However, we
have found no resonance excitations. At the same
time, Gd modes in the substituted compound
Gd, sNd, sFe;(BO;), were clearly manifested along
with Nd modes for both polarizations at frequencies
much higher than the static splitting of the levels of
Gd** ions (Fig. 2b).
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3. THEORY AND DISCUSSION
OF THE RESULTS

To describe the observed magnetic resonance prop-
erties of iron borates, we use the nonequilibrium ther-
modynamic potential of the system ® = @, + Op. In
the two-sublattice approximation, the thermody-
namic potential of the Fe subsystem can be repre-
sented in the form [20, 21]

@ (M, L) = dy(L) + %AMZ ~ M,MH + %KAQLﬁ
| (D
L \6 . \6
- EKA6[(LX + lLy) + (Lx - lLy) ]a

where M and L are the ferromagnetic and antiferro-
magnetic vectors, respectively; A =2H M, = M(Z) /%L 1S
the isotropic Fe—Fe exchange constant; H is the cor-
responding exchange field; ¥, is the transverse mag-
netic susceptibility of iron; K, > 0 is the anisotropy
constant that stabilizes the easy-plane antiferromag-
netic state; Ky, is the anisotropy constant in the
ab basal plane (|K,s| < Kj5); My~ 3ggSgcupN is the
saturation magnetic moment of the Fe subsystem; and
®y(L) is the exchange part of the thermodynamic
potential, which determine the length of the vector L.

We describe the R subsystem in the single-doublet

approximation using the effective spin Hamiltonian
[22]

H<Rl’2) = _&1,2heff1,2 = —&1,2(FA[H +aM + I;L)’ 2)

where 6, and 6, are the Pauli matrices of the ground

doublet for R ions in sublattices 1 and 2, respectively;
hg, , is the effective field [6, 20, 21] in which the mag-

netic moment 1 = %épg is determined by the g tensor

of the doublet (g,, = g,, =8, &, =g)); and a and b are
the diagonal matrices of R—Fe exchanges (a,, = a,, =
a,,az=a;b,=b,=b,b,=b). Inthe nearest neigh-
bor approximation, a = b . The average Pauli matrices
G, = (&1’2) or their linear combinations m = (6, +
6,)/2 and 1l = (o, — 6,)/2 are used as the dynamic vari-
ables of the R subsystem. The rare-earth part of the
thermodynamic potential, which is due to the ground

doublet, can be represented in the form (molecular
field approximation) [22]

Dy = N{— m({tH + aM) - 15L — %kBT 3 S(c,)} (3)
i=1,2

where S(6) = In2 — %(1 +6)In(l +6)— %(1 —o)In(l —

o) is the entropy of the two-level system and N is the

number of R ions. The contribution of the excited
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states of the R ion can be taken into account by the
renormalization of @g,. The equilibrium state of the
system is determined from the condition of the mini-
mum of ®. At H = 0, when M = m = 0, the equilib-
rium value 1 = (L/L)tanh(|bL| /kzT) is certainly
related to L. The dynamics of the Fe and R subsystem
is described by the Landau—Lifshitz equations [23]

(My/vp)M = [M®y] + [LD, ],
(My/vp)L = [M®] + [LDy],
(mo/y)m = [m®,] + [1®,],
(mo/PI = [m®,] +[1®,,],

where @y = 0®/0M, etc., my = UV, Yr. = grelip/f,
andy =2ug/h. We consider spin oscillations of the sys-
tem in the easy-plane state L | c, taking L = (L,, 0, 0)
and 1 = (/, 0, 0) for certainty, which is stabilized at
K> 0. The linearized equations of motion are sepa-
rated into two groups that correspond to modes of dif-
ferent symmetries I (AM,, Am,, AL,, Al)) and II (AM,,
Am,, AL,, Al), which are excited by the ac magnetic
field h || e (z) and h|| b (), respectively. For oscillations
of each symmetry, there are two resonance modes with
the frequencies

1 1/
(Di(l, ) = EBI,IIii Bil]_4cl,lls (3)

where By = (046 0 + OrN(Of + ©OgN) + 20r0OgM +

“4)

2 2 2
O, Cp 1 = OrO 6 plOf O + N(OR — Og))], O =
Yred + Kug L) L/ My, 0,40 = Yee( Ky + Kug Ly ) Lo/ Mo,
Wy6 = 6YFeL)5c K6/ My, O, R| = YLb, H/ up=2Lb, H/ h,
N = YeMoly/YMyL,, and [, =tanh(L,b, /kgT). Each pair
of frequencies m, are the modes of the coupled spin
oscillations of Fe and R ions, which are transformed,

after the dilution of the R subsystem, to the eigen-
modes of antiferromagnetic resonance Fe subsystem

N O 4 460 and R modes, which are determined by the

splitting of the doublet by the static exchange field
wg = 2L.b,/h, respectively. The contributions from
resonance modes I and II to the corresponding com-
ponents of the high-frequency magnetic permeability
are given by the expression

Apa(L 11 = ApAE(L D) + Apf  f2(L D), (6)
where

£ = {007 aol[(1+gn)°
+2ng(0r/og— 1)1}/ (0] - 0l),
£

a

[+(1-3") or T a0 ]/(0) - o),

1/[1+n(0f - 0g))/0 o] ~ 1
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for modes I (h|| ¢) and
£20) = [f0,,0,7 (1+gm) 0;]/(0) - o),
A = [0l £ (1-2,) ok

+28, og(0r ~ Og)) 1/(0} ~07)
for modes II (h || b) and

Ap=dny, = dnyeMyLy/op,

R R 2
Apy=4ny . = 4nymgl g /4oy,

g\l,J_ = Y8, 1/2Vre = &), 1/8Fc-

In the above analysis, we neglected the magnetoelec-
tric interactions, which are also responsible for the
excitation of modes in the electric field [14], because
their contribution to the dielectric (magnetoelectric)
susceptibility is small for the modes observed in the
range under investigation. Using Egs. (5) and (6), we
analyzed and numerically simulated the observed res-
onance modes (see lines in Figs. 1, 2). Let us discuss
particular iron borates in more detail.

NdFe;(BO;), iron borate. As can be seen in Fig. 1a,
modes of the same symmetry have noticeably different
frequencies; for this reason, their frequencies and con-
tributions can be approximately (B% < 4C) represented
in the form

2, Nd\2 2 )

0, =(0,) = og+ 00N+ 200 M, (7a)
2, Fey2 2, 2

0_=(0_) ®0060r/0,

~_1.2

Ap_=Ap" = AP (1+ng)” + ApS - Ap,
for mode I (h || ¢) and

2 _ Ndy2 2 o)
0 =(0,) ®OR+ 00, + 00N + 20ROk M,

(8a)
ey 2
o’ =(0") z(DE[(DAz—n(wfzu—@?z)/ﬁ)k]@fz/@ia
AquE%Am
1 ~_1.2 1 e
=8l -g) or/0l + 380 0 po /0l ()
apf=tap s A aemg )+ At - ap
- =E5AK-~5 1 SRR 5AH

for mode II (h || b). Since the spins of Fe** ions in a real
crystal are oriented along all of the easy directions in
the basal plane at H = 0, contributions (8b) should be
averaged by multiplying by 1/2. The high-lying modes
. can be considered as R modes whose frequencies
are much higher than the static splitting of the doublet
g due to the interaction with low-lying modes. The
modes ®_ can in turn be interpreted as the modes of

KUZ’MENKO et al.

antiferromagnetic resonance renormalized by the
interaction with high-lying R modes due to a factor of
(wg/®,)? in Egs. (7a) and (8a); this interaction is
responsible for their noticeable softening. In addition,
for the ®° mode II associated with the oscillations of
the vector L out of the basal plane, the anisotropy con-

n(@?{” -

0)]2{ )/®g, due to the anisotropy of the R—Fe exchange

(wg# wg), Which can be responsible for the spin reori-
entation in iron borates. The contributions from both
R modes increase with a decrease in 7" proportionally
to the difference between the populations of the dou-
blet levels, which is determined by /(7). On the con-

stant is renormalized, ®w,, — ®,4, —

trary, the contribution of the o' (h || b) mode

decreases in good agreement with the experimental
data (Fig. 1d). The simulation of the temperature
dependences of the frequencies and contributions in
the molecular field approximation yields a satisfactory
agreement with the experimental data at @~ 107 cm™!,
0 ~024cm™, og=8.7cm™!, wp = 9.13cm™!, g~
—0.9, and g, = —2.4 in general correspondence with
the optical and magnetic data for NdFe;(BO;), [15,
24] and the parameters of the Fe subsystem (®,,, ®p)
[14]. The quantity ® 4 ~ 3 x 10~* cm™!, which deter-
mines the low-frequency mode of the antiferromag-
netic resonance and weakly affects the high-frequency
modes, was taken from the data for YFe;(BO5), [13].
Note that, according to Egs. (7b) and (8b), contribu-
tions from (h || ¢ and h || b) high-lying modes depend
not only on the magnitudes of the components of the
magnetic moment of the doublet, but on their signs.
More precisely, these contributions are sensitive to the
ratio of the g factors for the Nd3* doublet (g ) and
Fe3* ions (gg. ~ 2) due to the mixed character of the
corresponding spin oscillations. The negative signs of
the resulting components of the g tensor (g, ) of the
ground doublet of Nd**, which made it possible to
describe the observed contributions of the modes,
reflect this circumstance, and indicate the possibility
of the determination of the absolute values of the g
tensor. Theoretical aspects of this problem and the
methods for determining the absolute values of g ten-
sors were discussed in recent work [25].

The dilution of the Nd subsystem in the
Ndy4Y, ¢Fes(BO;), compound leads to a noticeable
decrease in the difference between the frequencies of
Nd and Fe modes. This system is well described by the
theory (Fig. 1b) with the following parameters close to
the pure NdFe;(BO;), compound: @y ~ 110 cm™!,
0~ 020cm™, g #8.2cm™!, o x 8.2cm™, g~
—1.4, and g, = —2.3. However, these parameters
should be considered to be effective because this com-
pound is in the structure phase P3,21 and the local
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crystal symmetry of R and Fe ions in the

Nd, 4Y, ¢Fe;(BO;), compound is lower.

In SmFe;(BO;), (Fig. 1c), the behaviors of the fre-
quency and contribution of the mode observed in the
h || ¢ polarization are similar to the respective behav-
iors for neodymium iron borate and are determined by
Egs. (7a) and (7b), respectively. Since the Landé factor
of the Sm** ion is small (g, = 2/7) and makes almost
no contribution to the magnetization [8], the observa-

tion of a fairly intense Sm mode (oim is obviously due
to its excitation through the Fe subsystem, Auim ~

(4nNpsl/b ) (on/o ). The picture for modes in the
h || b polarization is noticeably different; namely, the
frequency of the m_ mode does not decrease as in
NdFe,;(BO,),, but increases and is noticeably higher
than the eigenfrequency of the antiferromagnetic res-

onance of the Fe subsystem ,/®,,®y. This mode
makes a noticeable contribution to the magnetic sus-
ceptibility Ap~ as compared to the high-frequency
mode o, . This behavior is due to the strong anisotropy
of the exchange splitting of the ground state, ®g > g
Since the resonance frequencies o, and w_ are close
to each other, initial expression (5) rather than
Eq. (8a) should be used and, taking into account that
or > ogand g | <2, the contributions of modes I1
(h || b) can be estimated as Ay, =

ApS (@4 0p/00) |0 - of] /(0> — o). It can be
seen that Ay, for the high-frequency mode o, is small
because it is close to wi. The quantitative description
of the frequencies and contributions for SmFe;(BO;),
(Figs. lc, 1f) is obtained with oy ~ 114 cm™, 4, ~
0.22cm™, g~ 13.2 cm™, og = 1.3 cm™, g = 0.3,
and g, = 0.3.

To analyze the resonance modes in GdFe;(BO;),,
we used the same approach, but took into account that
the ground state of the isotropic ion Gd** is the %S; ),

multiplet with Sgq = 7/2. The vectors mgy = ({S;) +

(S )/(2864), lga = ({(S1) — (S1))/(285c4), where

(S, ,) are the average spins in two Gd sublattices, are
used as the order parameters. In the absence of the
external magnetic field, mgy = 0 and 14 = (/,, 0, 0),
where [, = By(L,b,/kgT) is determined by the effective
field of the Fe subsystem in the state L = (L,, 0, 0),
where By is the Brillouin function for S = 7/2. The
equations of motion for mgy and lg, are similar to
Eq. (4b), where my = SgagcattsN, ¥ — YGa = 8cakts/ T,
and g, | — &gq ~ 2 should be substituted. The fre-
quencies and contributions are also determined by
Egs. (5) and (6), respectively. Taking into account that
YGd ® Yre (€ca * &), We get an almost annulment (com-
pensation) of the contributions of the high-frequency

JETP LETTERS Vol. 94

No. 4 2011

299

(Gd) mode w, for both polarizations, A, = Apf (1-
yFe/de)zcoi / mi , which explains their absence in the

transmission spectra of GdFe3(BO3)4.1 A similar situ-
ation occurs in the uniaxial state at T'< Ty. However,
weak Gd modes were observed in the Raman spectra of
GdFe;(BO,), [10] at frequencies near 18 cm~!. Using
these results and data reported in [13] for the low-fre-
quency mode of antiferromagnetic resonance (h || b),
which is below the available range, we simulated the
temperature dependences of all modes in both easy-
plane and uniaxial states. These dependences are
shown in Fig. 2a and generally well describe the exper-
imental data at oz~ 124 cm™, 0,4, # 0.21 cm™!, g ~
50cm™, og = 5.2cm™!, and oy — wg # 0.23 cm™.

As was mentioned above, Gd modes in transmis-
sion spectra were detected in mixed compounds that
contain not only Gd, but also anisotropic Nd ions,
e.g., in Gd,;Nd, sFe;(BO;), (Fig. 2b). According to
an analysis and simulation of the system with two types
of R ions (isotropic Gd** and anisotropic Nd**) in the
above approach, the appearance of these modes is due
to the violation of the compensation in the contribu-
tion to p(w) for the high-frequency (Gd) mode, which
occurs for the Gd and Fe subsystems with gg4 = gp.. We
obtained the parameters wy ~ 113 cm™!, ©4 =~
0.25cm™, oGy ® 6.4 cm™, ©gg = 6.7 cm™!, g
Ong |~ 8.2cm™!, gy~ —2.4, and g, = —0.9. The deter-
mined splitting of the levels of Gd** (~6.4 cm™!),
which corresponds to an exchange field of about
69 kOe and coincides with the data reported in [20], is
noticeably lower than the frequency of the Gd modes
due to the interaction between the modes.

We also studied iron borates Gd, osNd, o4 Fe;(BO3),
and Gd, ;5Nd;,sFe;(BO;), with a large Gd content.
However, the Gd mode in them was not observed. This
indicates the importance of having a sufficient amount
of anisotropic Nd3* ions for its observation. From the
frequencies of Nd modes that coincide with the split-
ting of the main doublet of Nd** at low concentra-
tions, this splitting was directly determined in both the
easy-plane and uniaxial states (og ~ wg = 8.2 cm™!)
using the fact that the spin reorientation holds in these
compounds at ~6 K.

Q

4. CONCLUSIONS

Submillimeter spectroscopic studies of rare-earth
iron borates with R = Nd, Sm, and Gd have detected
resonance magnetic excitations in exchange-interact-

I Note that a similar decrease in the intensity (contribution) of
the exchange mode for ferromagnets occurs in the case of the
closeness of the gyromagnetic ratios for their magnetic sublat-
tices [26], which is a manifestation of the sensitivity of contribu-
tions to the ratio of the g factors of the ions of the magnetic sub-
lattices that is mentioned in the case of Nd.
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ing antiferromagnetic (Fe) and paramagnetic R sub-
systems and revealed characteristic features of their
dynamics. We have found the existence of the strong
interaction between spin oscillations of Fe and R ions
that forms the spectrum of coupled excitations in
dependence on the type of the R ion and the anisot-
ropy of the exchange splitting of its ground state (dou-
blet). Due to this dynamic coupling, splittings of the
ground state of the R ion in a static exchange field,
which is determined from optical data, noticeably dif-
fer from the frequencies of excitations observed in the
R subsystem. However, with a decrease in the concen-
tration of R ions, the frequencies of their excitations
approach the corresponding exchange splittings. It has
been shown that the contributions to the magnetic
susceptibility from coupled modes strongly depend on
the difference between the g factors of Fe and R ions;
this dependence makes it possible to determine the
sign of these factors. A relatively large intensity of
exchange (Nd) modes observed in NdFe;(BOs3), is

explained by an increase in their contribution at gidH <
0. At the same time, in GdFe;(BO;), with close g fac-
tors of Fe and Gd ions, the total dynamic magnetic
moment is compensated and the exchange (Gd) mode
is not observed. However, in the substituted compound
Gd, sNd, sFe;(BO;), with anisotropic Nd ions, this
compensation is violated and the Gd mode is mani-
fested. In SmFe4(BO;),, where Sm** ions very weakly
interact with the external magnetic field, their excita-
tion occurs through the Fe subsystem. A detailed the-
oretical analysis of the dynamic properties of the sys-
tem has explained and quantitatively described the
observed effects and has determined the parameters of
the main interactions. We have neglected the magne-
toelectric contribution to the observed excitations,
which is small in the wavelength range under investiga-
tion, but can be manifested at lower frequencies. This
contribution will be considered elsewhere.
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