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The behavior of the elastic moduli and sound absorption in a terbium orthoborate single crystal
at low temperatures is studied. The components of the tensor of the elastic moduli of this system
are determined. A structural phase transition and a transition of the magnetic subsystem into an
antiferromagnetically ordered state appear in the temperature dependences of the sound velocities
and absorption. The magnetic field dependences of the velocities of transverse sound exhibit sin-
gularities in the form of jumps at a magnetic field equal to the field of the spin-flop transition of
the antiferromagnetic subsystem. Theoretical analysis shows that the observed behavior of the
acoustic characteristics are associated not with the rare-earth subsystem of ferroborate but rather
with the renormalization of the exchange interaction between iron ions as a result of the magne-
toelastic coupling. © 2008 American Institute of Physics. [DOI: 10.1063/1.3009584]

I. INTRODUCTION

The family of crystals RM;(BO;3),, where R=Y or a
rare-earth ion and M=Al, Ga, Sc, Cr, or Fe, is attracting the
attention of researchers for a number of reasons. Different
combinations of R and M lead to a wide diversity of physical
properties, which, combined with thermal and chemical sta-
bility, make these crystals extremely interesting for funda-
mental physics as well as for practical applications. For ex-
ample, because of their specific optical properties Nd-doped
Y (Gd)AI;(BO3), crystals are used in laser technology for
generating radiation at the fundamental frequency and the
second harmonic frequency. 12

Rare-earth borates containing a magnetic iron ion dem-
onstrate interesting magnetic properties because of the pres-
ence of two different forms of the magnetic ions (3d and 4f
elements).> These properties are due to the specific behavior
of the iron magnetic subsystem, the characteristics of the
crystal-field induced electronic structure of the rare-earth ion,
and the f-d interaction. The competition between the contri-
butions of these two subsystems to the formation of the mag-
netic structure presupposes the existence of transitions occur-
ring with a change in temperature as well as the magnetic
field. Investigations of the magnetic structures in crystals be-
longing to this group have revealed a wide range of possible
states: depending on the type of rare-earth ion, these com-
pounds can be easy-axis or easy-plane antiferromagnets as
well as spiral magnets or they can form canted magnetic
structures.

For certain ferroborates (R=Gd,Nd) a correlation has
been established between the magnetoelastic and magneto-
electric proper’ties..s’6 This has enabled the authors of these
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works to classify these compounds as multiferroics, i.e. ma-
terials in which two of the three order parameters coexist:
elastic, electric, or magnetic. Multiferroelectric effects are
most strongly manifested in spontaneous and magnetic-field-
induced phase transitions.

This is why it is of interest to study the elastic properties
of these compounds near the structural and magnetic phase
transitions. The present work is devoted to an investigation
of the elastic properties as well as magnetoelastic effects in
terbium ferroborate (TbFe;(BO3)y).

Il. STRUCTURE AND MAGNETIC PROPERTIES OF
TbFe;(BO5),

At room temperature TbFe;(BO;),4, like all crystals of
this family, possesses trigonal (rhombohedral) crystal-lattice
symmetry (space group R32 (D]) and the structure of the
mineral hantite CaMg3(CO3)4.7 The unit cell contains one
formula unit. Characteristic structural features are helicoidal
chains, oriented along with the trigonal axis ¢, which are
connected along the edges of FeOq octahedra. Three such
chains are coupled with one another by triangular prisms
TbOg¢ and equilateral triangles BO5 unite the iron chains into
a single three-dimensional structure. In addition, equilateral
BOj; triangles couple TbOg¢ prisms and two FeOq octahedra,
belonging to different chains. The FeOg octahedra in the ab
plane lie at the vertices of an equilateral triangle. A first-
order structural phase transition occurs in the crystal at tem-
perature 7,=192 K (Ref. 9) (according to data presented in
the review Ref. 8, 290 K and 196 K). As a result of this
transition, one of the chains shifts along the ¢ axis with re-
spect to the other two chains, which results in the appearance

© 2008 American Institute of Physics
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TABLE I. Absolute values of the sound velocities measured at 77 K and the elastic moduli of TbFe;(BOs),.

Wave vector 4 Psy S(m,n) $-10° cm/s C, 10”, dynes/cm2
{100] Cn S(x, x) 7.6 27.2
0.5{Cyq + Ceg + [(Co - Can)’ +4C 1213 Sx, ) 38 68
2 2.1/72 .
05{Ca4 + Cos~ [(Ces— Caa)” +4C141"} 8r,2) 316 47
Cl4 = 4.76
[010] 0.5{Cyy +Caq + [(C1 —Cag)? +4C1 21" 50,) 7.75 283
75
Cee = (Cp1 —C12)2 Sy, 3.99
66~ (C11—-Cpa , x) Cpp=122
2 2,172
0.5{Cy + Cgq—[(Cy1 —Csag)” +4C1471 77} S, 2) 37 6.45
[001] Cy3 Sz, 2) 6.7 211
Caa S(z, %) 4.0 7.54
Cay Sz, ) 40 7.54

of two nonequivalent positions of iron. The transition is ac-
companied by a lowering of the local symmetry of the rare-
earth ion from D3 at T>T, to C, (T'<T,). Thus, as a result
of the structural transition, the unit cell of this compound
remains trigonal: the symmetry space group is R32 at T
>T, and P32, at T< TC.9 The unit cell of the low-
temperature phase contains three formula units.

Antiferromagnetic ordering of the iron subsystem occurs
in all compounds of this family at low temperatures (20 K
<Tx<40 K). In the literature, there are two viewpoints con-
cerning the fate of the rare-earth subsystem. According to the
works analyzed in the review Ref. 8, the rare-earth sub-
system, remaining paramagnetic down to the lowest tem-
peratures, becomes magnetized by the magnetic field of the
ordered iron subsystem. The antiferromagnetic transition
temperature 7y=20-40 K depends only slightly on the form
of the rare-earth ion but the R** ions determine the orienta-
tion of the magnetic moments of the Fe** ions in the ordered
state. For example, the magnetic moments of iron in com-
pounds with Y, Nd, Er, and Tm are oriented in the ab plane,
while in the compounds with Tb and Dy they are parallel to
the ¢ axis. On the other hand, studying the magnetic proper-
ties and performing an experiment on neutron diffraction by
compounds with Tb, the authors of Ref. 10 suppose that
antiferromagnetic ordering of the helicoidal chains of iron
ions arises at 40 K and that magnetic ordering of the Tb ions
arises at the same temperature and results in antiparallel ori-
entation of the magnetic moments of the Fe and Tb ions in
the ab plane at 2 K.

lll. EXPERIMENTAL RESULTS

Isometric TbFe;(BO;), single crystals grown from a
fluxed solution based on bismuth trimolybdate by the proce-
dure described in Ref. 11 reached sizes up to 10—12 mm. We
investigated a crystal which consisted of a transparent green
plate less than 1 mm thick in a direction close to the three-
fold axis of symmetry. Samples with the characteristic di-
mensions ~0.5X 1 X1 mm were prepared from it.

The backward x-ray reflection method (the Laue
method) was used to orient the samples. Measurements using

the “nonius” plrocedure12 were performed to obtain absolute
sound velocities with adequate accuracy (~1%). This pro-
cedure consists in determining the integral number of wave-
lengths n which fit within the sample according to the slope
of its phase-frequency characteristic. The phase-frequency
characteristics were measured in the range 53—55 MHz. The
sound velocity obtained in this manner was then refined us-
ing the real phase shift ®=2n7+ 5P due to the sample
(6P <27 is the phase shift recorded with a phase meter).

The tensor of the elastic moduli of the trigonal group
contains six independent components: Cyj, Cz3, Cus, Ceg,
Cy3, and Cy,. The values of the elastic constants C=ps?,
where p=4.71 g/cm? is the density of the material and s are
the absolute values of the velocities of longitudinal and
transverse sound waves propagating along the x, y, and z
axes of a standard, for a trigonal crystal, Cartesian coordinate
system (yllC, and zl|Cs), were calculated using the relations
presented in Table I. The value of the modulus C;; was not
calculated, since it was impossible to measure the required
sound velocities in the available samples.

The absolute values of the sound velocities measured at
the temperature of liquid nitrogen and the computed values
of the elastic constants Table I. Here and below, as a simpli-
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FIG. 1. Temperature dependence of the velocity and absorption of the sound
mode Cy;.
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FIG. 2. Temperature dependence of the velocity and absorption of the sound
mode Cs;.

fication, the following notation is introduced: S(m,n) is the
velocity of a sound waves in which the wave vector q is
parallel to the direction m, the displacement vector u of the
particles in the sound wave is oriented in the direction n
(m,n=x,y,z).

The measurements of the relative changes of the sound
velocity and damping were also performed using the auto-
mated apparatus described in Ref. 12. The accuracy of the
relative measurements for ~0.5 mm thick samples was
~107* for the velocity and ~0.05 dB for the damping. The
temperature range was 1.7-300 K, the magnetic fields
reached 50 kOe, and the working frequency was 54.3 MHz.

A. Temperature dependences of the sound velocity and
absorption

As temperature decreases from 300 K, jumps are ob-
served in the temperature dependences of the velocities of
longitudinal and transverse sound modes near 200 K. This
attests to the presence of a structural transformation in this
compound. The temperatures at which the features are ob-
served depend on the direction of the temperature scan and
differ by approximately 1 K. We determined the value of the
critical temperature 7.=201 K as the average between the
temperatures at which the singularities are observed on heat-
ing and cooling. Examples of dependences for longitudinal
velocities, corresponding to the sound modes C;; and Css,
are presented in Figs. 1 and 2. The jump-like behavior of the
longitudinal and transverse sound modes near 7. and the
presence of temperature hysteresis make it possible to clas-
sify this transformation as a first-order structural phase tran-
sition. Our result agrees well with existing data showing that
such a phase transition does indeed occur in this compound.
The value obtained for the critical transition temperature in
our experiment differs somewhat from the published values
(192, 198, and 240 K (Refs. 8 and 9)); this difference is
probably due to the fact that the single crystals were grown
by different methods.

As temperature decrease further, right down to the low-
est temperature of the experiment 1.7 K, we recorded the
temperature behavior of the longitudinal and transverse
sound modes that is typical for solids with no anomalies. The
temperature dependences of the velocities of the sound
waves (qlix,ullz) and (qlly,ullz) are exceptions. These
modes demonstrate weak singularities, which can be inter-
preted as kinks (or weak jumps superposed on the variation
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FIG. 3. Temperature dependence of the velocity and absorption of the sound
wave (qlix,ullz).

as a function of temperature) at 40 K (see, for example, Fig.
3, which displays the velocity and damping of the sound
wave (qlix,ullz) as a function of temperature). The informa-
tion showing that a transition into the antiferromagnetic or-
dered state occurs in the compound TbFe;(BO3), at this tem-
perature (according to magnetic measurements performed in
Ref. 10) makes it possible to associate the observed features
precisely to the Néel point.

B. Magnetic field dependences of the sound velocity and
absorption

The magnetic-field dependences of the sound velocity
and absorption at fixed temperatures were measured up to
50 K for two mutually perpendicular directions of the exter-
nal magnetic field (directed along the three-fold symmetry
axis z and in the basal plane). For Hl z all transverse veloci-
ties studied for a definite value of the magnetic field Hg (the
value of Hgp varies with temperature) decrease abruptly (the
magnitude of the jump ranges from 0.2 to 3% for different
modes). The jump in the sound velocity is accompanied by
an absorption anomaly. Examples of magnetic-field depen-
dences of the transverse velocities and absorption of sound
are presented in Figs. 4—8. A temperature increase essentially
has no effect on the magnitude of the jump in the velocity
and simply shifts the jump in the direction of higher fields
(Figs. 4 and 6). A deviation of the vector H away from the z
axis at a fixed temperature likewise shifts the jump in the
direction of higher fields, but the magnitude of the jump

30
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FIG. 4. Magnetic field dependence of the velocity (solid curves) and absorp-
tion (dashed curve) of the sound wave (qllx,ullz) at temperatures 1.7 K and
43 K, Hllz.
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FIG. 5. Magnetic field dependence of the velocity and absorption of the
sound wave (qlly,ullz) at temperature 1.7 K, Hlz.

decreases with increasing angle (Figs. 7 and 8). However,
when the vector H lies in the basal plane, the sound velocity
and absorption do not show any anomalies right up to the
maximum field 50 kOe in our experiment.

Of interest is the fact that the strongest hysteresis with
increasing and decreasing magnetic field is observed for the
sound velocity and absorption of the modes C,4 and Cgg
(Figs. 6 and 7). This hysteresis in the behavior of the sound
velocity remains for small (~5°) deviations of the direction
of the magnetic field away from the z axis and with decreas-
ing magnitude of the jump with increasing angle (Fig. 7a).
As far as the behavior of sound absorption is concerned, as
the angle of deviation increases, the form of the singularity
changes substantially starting at small values of the angle
(Fig. 7b).

We note that the magnetic field behavior of the elastic
moduli Cyy and Cg¢ demonstrates a loop feature in fields
above the field at which a velocity jump was observed (Figs.
6 and 7).

Of the three longitudinal modes the velocities of the
sound waves (q,ullx) and (q,ully) demonstrate very weak
features (jumps less than 0.1%) in the magnetic field depen-
dences for Hllx (Fig. 9). These anomalies are much weaker
than for transverse modes.

The critical fields of these singularities which we ob-
served in the behavior of sound modes and the corresponding
temperatures correlate well with the values of the fields and

i
T=17K Hs‘F
0}— " 160
— ‘\I.A R :l'z 8.5K
s £° g 5
< 4 E 405
%ﬁ 2_2 T=65K °
Q-2 g
; {20°°
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3L ' | Hkos “/ . ]
i MR 1o
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FIG. 6. Magnetic field dependence of the velocity (solid curves) and absorp-
tion (dashed curves) of the sound wave (qllz,ullx) at temperature 1.7 K,
Hllz. Inset: Magnetic field dependence of the velocity of the same mode at
temperatures 6.5 and 8.5 K.
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FIG. 7. Magnetic field dependence of the velocity (a) and absorption (b) of
the sound wave (qlly,ullx) at temperature 1.7 K inclination of the direction
of the external magnetic field away from the z axis carrying with step 3° in
the range 0-15°.

temperatures for which, according to the magnetic measure-
ments performed in Ref. 10, a spin-reorientation phase tran-
sition of the spin-flop type occurs in the compound
TbFe;(BO3),.

IV. DISCUSSION

The changes, which we measured, in the sound veloci-
ties and absorption are associated with the elastic, magneto-
elastic, and magnetic subsystems of the substance being
studied. In terbium ferroborate the magnetic subsystem con-
sists of iron and terbium ions. The magnetic interactions in
the experimental material can be classified according to their

0.5
T=17K Hgp 130

o 0
=
2

4-05

~1.0

0 10 20 30 20
H, kOe

FIG. 8. Magnetic field dependence of the velocity and absorption of the
sound wave (qllx,ully) at temperature 1.7 K. ¢—angle of inclination of the
direction of the external magnetic field away from the z axis; ¢=0° (solid
curves) and ¢=30° (dashed curves).
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FIG. 9. Magnetic field dependences of the velocity and absorption of lon-
gitudinal sound waves: (a) (q,ullx) at temperature 1.7 K, Hllz; (b) (q,ully)
at temperature 1.7 K, Hl z.

strength in decreasing order. The main interaction which de-
termines the presence of magnetic order in the system is the
exchange interaction of the iron ions with one another. Iron
and terbium ions interact with one another via the weaker f-d
exchange. As for relativistic interactions, iron ions in fer-
roborate at low temperatures are in a singlet orbital state, so
that single-ion magnetic anisotropy is negligibly small for
these ions. For terbium ions, conversely, the strong spin-orbit
coupling results in large magnetic anisotropy of the easy-axis
type, with the easy axis oriented along the ¢ axis of the
crystal. The weakest magnetic interaction in the system is the
magnetic-dipole interaction.

In ferroborate, the magnetic subsystem can interact with
the elastic subsystem by means of two basic mechanisms. In
the first place, a change of the positions of the nonmagnetic
environment of magnetic ions (ligands) as a result of an in-
teraction with sound can change the electric fields of the
ligands, which, because of the spin-orbit coupling, can
change the magnitude of the single-ion magnetic anisotropy
of terbium ions. In the second place, elastic strain can change
the degree of overlapping of the wave functions of the ions
participating in exchange, which will change the effective

5 1 5
pPs12 =

) 6

(%c“u—c
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exchange integrals between iron ions. It seems to us that in
the leading approximation the effect of sound waves on the
essentially local exchange interaction between iron and ter-
bium ions can be neglected. We shall analyze systematically
how these possible mechanisms are realized in terbium fer-
roborate, relying on the results of our measurements of the
variation of the sound velocities and absorption as a function
of temperature and external magnetic field.

The first mechanism, i.e. the effect of the magnetoelastic
interaction on the single-ion magnetic anisotropy of terbium
ions, was examined theoretically in Ref. 13, where the pos-
sible magnetostriction in ferroborates was investigated. The
behavior of the elastic subsystem in a trigonal crystal is as-
sociated with the behavior of six elastic moduli which are
related with the measured sound velocities by the following
relations.

1. The direction of propagation of sound along the z axis
(three-fold symmetry axis)

1 —
psi= S (€ #2072 +2\2C)
—Ilongitudinal wave;
1
2 _ "¢
=—C
P23 3

—two transverse waves.
2. Direction of sound propagation along the x axis

1 1 5 1
pst= —(cal +-C* - 2\2cal2) +=C°
3 2 2

—Ilongitudinal wave;

1 1 1
pss 3= ch + ZC§ + Z\s'z(cs — C%% 4+ 16(C%%)?

—two transverse waves.
3. Direction of sound propagation along the y axis (two-

fold symmetry axis)

_\/g C ai2 + l

pst =Lewly Lo ct+les
276 12 3 4 4

2
c1 i lear 1 a2 -‘—@c“” cLles et s ac®y?
2\l 6 12 3 4 4
(+)—quasilongitudinal wave, (—)—quasitransverse wave,

pSZ — lcs
372
—transverse wave.

4. Direction of sound propagation in the yz plane at an
angle of 45° to the z axis

a2 +%C8 +C&+2C%)

4 3

3 2

2 2
41 (___;_CaZ _ﬂcalz+%ce+ce§] _'{%Cal_zcod _&Ca12+ce+zce§)
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(+)—quasilongitudinal wave, (—)—quasitransverse wave,
1 1
2__pe, € eé
=—C°+-C*-C
PR=4" Ty

—transverse wave,

where C¥', C92, C*2 &, C¥, and C*¢ are the six elastic
moduli of a trigonal crystal written in terms of the normal
coordinates for this system. The standard elastic moduli
which we mentioned previously are related with these

moduli by the following relations:
Ci =l(ca1+lca2 _2J§Ca12)+lce;
3 2 2
1 1

Cp =§(c°‘1 +5C°‘2—2\/§C°‘12)—§C5;

C33=2(C™ 4209 +242C%1%);

3
Ci; =1(Ca1—Ca2+£C°‘[2);
3 2
Ce =—C%;
Cus =%cé,
C -lC‘:

The authors of Ref. 13 assumed the existence of a cou-
pling between the elastic subsystem of ferroborates and the
magnetic single-ion anisotropy of rare-earth ions. In accor-
dance with these calculations, the strongest changes should
be manifested in the temperature behavior of the elastic
moduli (3)C*!, C%?, and C*'"? (see Eq. (16) and Fig. 3 of
Ref. 13). As follows from the relations (1), in accordance
with these results the strongest temperature should be ob-
served in the longitudinal sound velocities Cs3 and Cy, and
the transverse modes should change more weakly. However,
the strong changes predicted for longitudinal sound by the
theory of Ref. 13 are not observed experimentally (Figs. 1
and 2). In addition, as one can see in Figs. 1-3, the changes
occurring in the longitudinal and transverse elastic moduli in
the temperature range predicted in Ref. 13 are of the same
order of magnitude. This probably means that the authors of
Ref. 13 used values of the magnetoelastic coupling constants
between the lattice vibrations and magnetic single-ion aniso-
tropy of the terbium ions which are slightly too large. The
theory of Ref. 13 predicts singularities, associated with the
single-ion anisotropy of the rare-earth subsystem, in the
magnetic-field behavior of the sound velocities also, but first
and foremost in the longitudinal sound velocities, as one can
see from the relations given for them in Ref. 13. However,
no substantial anomalies were observed in the magnetic-field
dependences of the longitudinal velocities in our experiments
(Fig. 9). The strongest variations in the sound velocities as a
function of an external magnetic field are observed for trans-
verse sound modes (see Figs. 4-8). Thus, the experimental
results attest to the fact that the coupling with the single-ion
magnetic anisotropy of the rare-earth subsystem of terbium
ferroborate is not the main mechanism by which the mag-
netic subsystem influences the phonon subsystem of this
crystal. Another possible explanation of this discrepancy be-

Zvyagina et al.

tween the theory and our experiment could be a coupling
between the single-ion anisotropy and optical rather than
acoustic oscillations in the experimental system.

We shall now analyze how a renormalization as a result
of sound waves can influence the behavior of sound veloci-
ties and absorption. This has been studied theoretically in a
general form in Ref. 14, where it is shown that the change
occurring in the sound velocities due to renormalization of
the exchange interaction constants of the magnetic sub-
system has the form

As=(85)+(89),
(As) =-{p¥sCenp)* a2 Rleo@l (gn s (S5 )1
+T;Z|gk(q)l2(x?)2],
(85) =120 ¥s(gup) a1 (hf(a)an 5 (55 )
+TY > hE@nfl
ko (2)

where the magnetoelastic coupling coefficients are given by
the formula

o
gila) = 3 e, - 1u, o, ®
j R,
where &} is defined as

hg =2 e M Ry(e R, — 1) (e — Dugu Iy (4)

k J Jt Jt Jt q q_] aRl{?R] .

In these formulas V is the volume of the crystal, g and up are
at the g factor and the Bohr magneton, ij- are the exchange
interaction integrals between the sites i and j, a=x, v.z2,R;
is the radius vector of the site i, Rj; is the vector connecting
the sites j and i, q is the wave vector of the sound wave (g is
its modulus), uy is the polarization factor of the sound wave,
(S§) is the average moment at one site, and yg is the uniform
and x; the nonuniform magnetic susceptibility. In the rela-
tions (2) a change of the sound velocity appears as a result of
the dynamical coupling between the spin subsystem and the
acoustic phonon branches. It is evident from these relations
that the change in the magnitude of the sound velocity is
proportional to the squared magnetization. Since the magne-
tization of the system undergoes a jump at the critical field of
the spin-reorientation (spin-flop) transition, as one can see
from our experiments (see Figs. 4-8) the velocities of sound
waves also undergo a jump in this critical field. On the other
hand, since the magnetization of the antiferromagnetic sys-
tem vanishes at T=T), according to the relations (2) the
sound velocities show a very weak singularity at this point,
which is in fact observed experimentally (see Fig. 3). It fol-
lows from the relations (3) and (4) that the largest changes of
the sound velocity should occur for longitudinal sound
waves. As one can see from Fig. 9, this does not happen.
Such behavior of the sound velocities probably attests to the
fact that in terbium ferroborate the exchange interaction be-
tween the iron ions is not a direct interaction (along chains)
but rather an indirect interaction, which is stronger for inter-
action with transverse sound modes. It was also found in
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FIG. 10. Illustration of the two-sublattice model of an antiferromagnet.

Ref. 14 how the absorption of sound waves is related with
the change of the exchange integrals between magnetic ions.
It was shown that this absorption is actually proportional to
the change of the sound velocities but multiplied by the ratio
of the relaxation rate of the magnetic oscillations to the
squared sound speed. The fact that the singularities which we
observed in the temperature and magnetic field behavior of
absorption are much weaker than the analogous singularities
in the behavior of the sound speeds shows that apparently the
relaxation rate of the magnetic oscillations is less than sound
speeds in terbium ferroborate.

We shall now examine as an alternative to the theoretical
description of our experimentally observed singularities a
very simple phenomenological model of a two-sublattice
easy-axis antiferromagnet interacting with an elastic sub-
system.

The expression for the energy of the system has the form

F=AM,M,) - Z—ZZ[(W + (M5)?]— H(M, + M)
0

+ By, (MM + M{M3) + Bou, (M{M + M3M?)
+ 2C66u)2cy' (5)

Here A is the exchange constant of the antiferromagnetic
intersublattice interaction, K is the easy-axis magnetic aniso-
tropy constant (K,A>0), B, and B, are the magnetoelastic
interaction constants, and Uyy is the deformation in the xy
plane. Let the magnetic field H be oriented along the z axis,
and let the sublattice magnetizations M; and M, make with
this axis the angles 6, and 6,, respectively (see Fig. 10). Let
AMy=Hg, K=MH,, B ,=MyHp, ,, where M, is the mag-
netic moment of the sublattice. We shall find the minimum of
the energy F with respect to 6, 6,, and u,,, assuming that
By, B,<A,K,H. Then there are three possible configurations
for the ground state of the magnetic subsystem:

1) antiferromagnetic phase (AF), here 6,=7-6;
2) spin-flop phase (SF), here 6=—6;;
3) paraphrase, here 6,=6),.

The energy in the AF phase has the form
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F=M0[— HE COS 201 + HA Sin2 01 + Z(HBI
+ HB2)Mxy Sin2 01] + 2C66u)2cy' (6)

In the SF phase

F=My[Hgcos 26, + H, sin> 6, — 2H cos 6, + 2(Hp,
— Hpp)uty, sin? 6]+ 2Coeu3,. (7)

We shall find the renormalization of the elastic modulus Cgg
due to the interaction with the magnetic subsystem:

(i)
O')M.W(QHI

ﬁ, 9
o6,

k
C66 = C66 -
alzaleq.

where the equilibrium value of 6, in the corresponding phase
is used:

0,=0 in the AF phase and cos 6,=H/(2Hp—H,) in the
SF phase.

In the AF phase we have CZ6=C66, i.e. the modulus of
Cee in this phase remains unchanged. In the SF phase we
obtain

H2
1 S —
C* = Co 8(Hg - Hg)’H* (2Hp—H,)?

66~ " (o, —H,)? H?
(2Hg+ H,)?

(Hpi — Hy)*H
=~ Ce6— (8)
i,

Thus, in the SF phase the elastic modulus Cgs changes
abruptly at the spin-flop transition field. We note that the
critical field H,, below which the AF phase is table, equals
V(2Hg+H,)H,, and the field H, above which the SF phase
VQHp—H,)H,/(2Hg+H,), so that a first-

is stable equals
occurs at  Hg=VHH,

order  phase  transition
=\H,(2Hp~H,)

It follows from Fig. 7a that the behavior of the modulus
Cgs corresponds to the simple phenomenological model pro-
posed above.

The model for renormalization of the modulus Cyy is
analyzed similarly, but for this model it is necessary to take
account of the weak effects of the elastic subsystem on the
configuration of the magnetic moments in the ground state.

The observation of hysteresis (i.e. a first-order transition)
for small angles of deviation of the direction of the magnetic
field from the z axis corresponds completely to the results of
the theoretical analyses.15

Hysteresis phenomena, which were observed in the be-
havior of certain transverse velocities of sound for H> Hgp
(Figs. 6 and 7) can be explained by the presence of domain
structure in the intermediate state of the antiferromagnetic
system under study.16 We note that magneto-optical investi-
gations of a terbium ferroborate single crystal have revealed



908 Low Temp. Phys. 34 (11), November 2008

the presence of domain structure in the intermediate state
near the spin-flop transition."”

V. CONCLUSIONS

In summary, the following conclusions can be drawn
from the measurements of the magnetic field and tempera-
ture dependences of the sound velocity and absorption in
terbium ferroborate. In the first place, apparently, magneto-
elastic coupling is manifested most strongly in this material
not as a result of the influence of displacements of nonmag-
netic neighbors (ligands) of rare-earth ions, as previously
thought, but rather as a result of the renormalization of the
exchange interaction between iron ions, and this interaction
is not direct but rather indirect. The magnetic field behavior
of the transverse sound modes is described well within the
framework of a phenomenological model of two sublattices
of iron ions interacting with the elastic vibrations of the lat-
tice.

In the second place, the relaxation rate of magnetic ex-
citations in this system is weaker than in other systems with
magnetoelastic coupling (see, for example, Ref. 16), as a
result of which sound absorption reflects the special nature of
the magnetic system under study more weakly than does the
behavior of the sound velocity.

Finally, the domain structure of terbium ferroborate,
which exists in an intermediate state, is probably manifested
in the hysteresis which was observed in the magnetic field
behavior of certain transverse sound velocities in fields
above the spin-flop transition field.
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