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The main components of the tensor of the moduli of elasticity and the piezomodulus have been
measured in monocrystals of the ferroborate HoFe3(BO3)4. The spin-dependent contributions to
sound velocity, dielectric permeability, and piezoelectric response in the antiferromagnetic state
were studied. The parameters of magnetoelectric and magnetoelastic interactions in an easy-plane
magnetic-ordering phase have been defined. A phenomenological interpretation of observed effects
is given. Published by AIP Publishing. https://doi.org/10.1063/1.5078631

Ferroborates (general formula RFe3 (BO3)4, where R is a
rare earth or Y) are ordered in the antiferromagnetic phase at
Néel temperatures (TN) 30–40 K. The value of TN is deter-
mined by the interaction in the ferric subsystem, and depends
weakly on the type of REM (rare earth metal) ion. Magnetic
measurements to very low temperatures do not detect intrinsic
ordering in a rare earth subsystem that is polarized only due to
f-d interaction. However, the type of REM ion substantially
affects the position of the magnetic moments of iron relative
to the crystallographic axes. In YFe3(BO3)4, the spins of the
iron are ordered in the base plane (easy-plane configuration).
In the case of magnetic ions,both easy-axis (R = Dy, Tb, Rg),
and easy-plane (R = Sm, Nd, Eu, Eg) configurations are real-
ized.1 In Ho and Gd ferroborates, the easy-plane phase that
occurred below TN is transformed at T ∼ 5-10K into easy-axis
by means of spontaneous spin-reorientation transformation. In
turn, the easy-axis phase can be transferred to easy-plane by
imposing a magnetic field parallel to the easy axis (spin-flop).

All ferroborates crystallize in the non-centrally-symmetric
trigonal phase of class 32 (D3). Below TN, in the absence of a
magnetic field the equilibrium state is a polydomain structure;
as a result some physical fields, such as spontaneous polariza-
tion in the base plane, are mutually compensated. The enantio-
morphism inherent in this crystalline class leads to the same
result.2 And if in the first case the imposition of a single-
domain magnetic field eliminates this compensation, it is
impossible to prevent the contribution of enantiomorphism.

Interest in studying rare earth ferroborates is caused first
of all by the significant magnetoelectric effects that occur in
easy-plane phases. The reason for their occurrence is associ-
ated with the very small anisotropy in the base plane, due to
which the significant magnitude of the “electric susceptibility
of rotation”3 is manifested, i.e., the abnormally large effect
of the electric field on the orientation of the vector of antifer-
romagnetism in the base plane. In Sm and Nd ferroborates,
static measurements in the single-domain field detect the
value of polarization to be ∼500 μC/m2.3,4 For the same
reason, enormous values of magnetocapacitance (∼100%)3

are observed also in these compounds.
A consequence of small basis anisotropy is likewise the

significant magnitude of the “deformation susceptibility of

rotation”, the strong dependence of the orientation state of a
spin system on its deformation. As a result, in the magnetic-
ordering phase are observed both an enormous renormal-
ization of the nonzero component of the tensor of the
piezomodulus (the so-called magnetopiezoelectric effect),5,6

and the emergence of new tensor components that had been
absent in the paraphase.7

All effects associated with the susceptibilities of rotation
and with an increase in the magnetic field attenuate due to the
increased rigidity of the magnetic subsystem. Nevertheless,
studies of the magnetic-field dependences of magnetocapaci-
tance and the magnetopiezoelectric effect make it possible,
with the appropriate experimental geometry, to find the param-
eters that define the intensity of magnetoelectric and magne-
toelastic interactions.5,6

In addition to susceptibilities of rotation, other mechanisms
are also possible, leading to the “entanglement” of the electric,
magnetic and elastic subsystems of the magnetic-ordering
environment. For example, the coefficients of magnetoelectric
coupling may depend on the deformation, which results in
renormalization of the piezoelectric response up to its emer-
gence in a centrally-symmetric crystal. Such an effect has
been observed in the LiCoPO4 monocrystal.8 The marks of
renormalization of the piezoelectric response are also found in
neodymium ferroborate.6

This article is devoted to studying the magnetocapaci-
tance, magnetoelasticity, and magnetopiezoelectric effect in
HoFe3(BO3)4. The motivation for this study results generally
from the following circumstance. In the work9 devoted to
this compound, it was observed that the dielectric permeabil-
ity increases in the antiferromagnetic phase by a factor of
almost two. At the same time, the measurement results of
polarization presented in Ref. 9 detect an effect that does not
exceed 100 μC/m2. This result is represented as rather
strange, since both effects are controlled by the same parame-
ter of magnetoelectric coupling, and the enormous value of
magnetocapacitance would have to correspond to much
larger values of polarization. In our opinion, the role was
played in this case, apparently, by enantiomorphism.

In addition, as measurements have shown,10 compounds
based on Sm and Nd turned out to be rather strong piezoelectric
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materials, which can find practical application at usual room
temperatures. For this reason, there is a certain interest also
in the clarification of the value of the piezomodulus for
holmium compounds, all the more as in this case there was
also a theoretical estimate.11

Experimental equipment

Monocrystals of HoFe3 (BO3)4 are grown by the method
described in Ref. 12. The samples under study were cut from a
monocrystal bulk and were oriented by means of radiography
using the Laue method. Samples had a form close to a rectan-
gular parallelepiped, with characteristic edge sizes ∼2mm. The
sides of the samples were orthogonal to the main crystallo-
graphic directions. Accuracy of orientation was ∼1°.

All measurements were performed on equipment oper-
ating in pulsed mode and representing bridge or compensa-
tory schemes, automatically balanced by amplitude and
phase.13 The working frequencies were ∼55 MHz. In order
to separate the analyzed signals from adjustments due to
the excitation pulse, as well as for time division of various
acoustic modes, delay lines were used. In measuring abso-
lute values of sound velocity, the use of delay lines is criti-
cally necessary.13 Delays are made from a monocrystal of
Mo orientation [110]. The material of the delays is suffi-
ciently polluted for suppression of electron attenuation in
the helium region of temperatures.

The measurement procedure included:

1. Measurements of both absolute sound velocities and of
their relative changes. Absolute measurements included
determination of the piezomodulus. Lithium-niobium pie-
zoelectric transducers were used to generate acoustic
signals. Silicon-organic GKZh-94 fluid was used as the
acoustic binding.

2. High-frequency measurements of the relative changes of
dielectric permeability in the magnetic-ordering phase,
depending on temperature and the magnitude and direc-
tion of the magnetic field. Here, the studied sample was
located between the electrodes forming the capacitance of
the differentiator circuit.

3. Measurements of the relative changes of the piezomodu-
lus in the antiferromagnetic state. In this case, the electric
response arising in a sample due to its excitation by
elastic deformation was recorded. More detailed descrip-
tion of the measurement procedure according to items 2
and 3 is provided in Ref. 5.

Moduli of elasticity and the piezomodulus

Measurements of the absolute values of sound velocities
S are performed at liquid nitrogen temperature. Table 1 pre-
sents the results.

Here L, T, QL, and QT designate purely longitudinal,
purely transverse, quasi-longitudinal and quasi-transverse
modes, respectively. The vectors of displacements for q ||
[010] in the QL and QT modes lie in the plane (100), and
the vector of displacements in the T mode is orthogonal to
this plane. Measurement precision is ∼0.3%. The chief
contribution to this error is systematic error. Let us recall
that the phase-frequency characteristics (PFC) of the studied
sample in the procedure in Ref. 13 are obtained by the

subtraction, from the PFC of a sandwich made of the
sample and two delay lines, of the PFC of just the delay
lines. However, in the formation of the diverse PFC, a “spare”
layer of acoustic binding not compensated for by the subtrac-
tion procedure also participates. The thickness of this layer is
∼1.5–2 μm, but since the sound velocity in the hardened
cement is approximately three times slower, this leads to the
specified systematic error.

An algorithm for finding the elastic modulus and the
piezomodulus with reference to the specific symmetry of the
studied crystals is described in Ref. 10. The x-ray value of
density ρ = 4.52 g/cm and dielectric permeability ε = 20 is
used in the calculations.8 Table 2 shows the results by com-
parison with theoretical calculation.11

The value of the piezomodulus e11 ≡ exxx was defined
from the ratio10,14

4πe211
ερ

¼ S2L[100] � S2QL[010] þ S2T[001] � S2QT[010]: (1)

Clearly, there is no accumulation of systematic errors in cal-
culation (1), and we estimate the accuracy of definition of e11
as approximately 10%.

The values obtained differ hardly at all from the corre-
sponding values for the Sm and Nd ferroborates.10

Magnetocapacitance

Figure 1 illustrates the nature of the development of
dielectric permeability εxx in various magnetic fields oriented
in the base plane. Qualitatively these dependences are close
to the results presented in Ref. 9. Below the Néel temperature
the spin-dependent contribution to ε increases as the derivative
increases, and at the point of spin reorientation (T ∼ 4.8 K)
the effect abruptly disappears. However, on the scale of
changes these results are approximately 4 times less than
those given in Ref. 9 – if in Ref. 9 for H = 0 the increases is
recorded at 100%, in our experiments the increase of ε in
similar conditions did not exceed 25%. All results given
below and their analysis pertain to the easy-plane phase.

As also in Sm5 and Nd6 ferroborates studied earlier, the
form of these dependences is essentially defined by the ori-
entation of H in the xy plane. For H || x or H || y, the effect
is practically zeroed out upon reaching the field of single-
domain value (H ∼ 0.5 T).

At the same time, for Η || [110] the decrease in the
effect extends to much greater fields.

TABLE 2. Moduli of elasticity (GPa) and piezomodulus (C/m2) of
HoFe3(BO3)4.

Modulus C11 C33 C44 C12 C14 e11

Our data 291.5 202.3 60.2 149.1 43.7 1.48
Calculated11 370 159 68 125 30 0.99

TABLE 1. Velocity of sound (105 cm/s) in HoFe3(BO3)4.

q|| [001] [100] [010]

Mode S L 6.69 T 3.65 L 8.2 QL 8.14 QT 3.4 T 4.3
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The incomplete thermodynamic potential that permits
analyzing the behavior of εxx can be presented in the follow-
ing form Refs. 5 and 6 (Here and thereafter, only the part of
thermodynamic potential that has relationship to the situation
being studied is written. For example, in the case of magne-
toelectric interaction the invariant term relative to symmetry
operations is written as: FME ∼ Ex(lx

2
– ly

2) –2Eylxly. But
since we are interested only in the part of the potential that is
proportional to Ex, the term with Ey is dropped.)

~F ¼ � εpE2
x

8π
þ aFe

2
Ex(l

2
x � l2y )

þ aHo
4

X
i

Ex(μ
i2
x � μi2y )þ Fin � 1

2
MH: (2)

Here εp is the dielectric permeability of the paraphase. The
two following members are the magnetoelectric contributions
from the antiferromagnetic-ordering iron sublattice and the
total contribution of the two rare-earth paramagnetic sublatti-
ces in the magnetic bias field Hex of iron. Fin is the contribu-
tion to the potential of plane anisotropy and internal tensions
of magnetoelastic origin. The last component is the Zeeman
energy (M is the total magnetic moment induced by an exter-
nal field).

The decomposition in (2) is performed using the direct-
ing cosines of the vector of antiferromagnetism (l) and the
magnetic moments of the holmium sublattices (μi). We recall
that, since there is anti-translation in the magnetic symmetry
group of ferroborates, a linear magnetoelectric effect in them
is forbidden.

Due to the maximally large total moment of the Ho ion,
the magnetic susceptibility of HoFe3(BO3)4 is defined pri-
marily by the rare earth. Magnetic measurements9,15 have
shown that up to fields of ∼2 T, the magnetic moment of
HoFe3(BO3)4 changes almost linearly with the magnetic
field. Taking into account the anomalously small value of the
magnetic bias field (Hex ∼2.5 T16), the magnetic moment of
the holmium sublattices can be presented in the form mi =
χHoHeff

i= χHo ((–1)
i Hex +H). Here χHo is the magnetic sus-

ceptibility of the REM in the sublattice, the index i = 1, 2 dif-
ferentiates the ions of Ho that are located in the exchange
field of different ferric sublattices, and the field Hex coincides
in direction with the antiferromagnetism vector. In angular

variables w and wH, representing the deviation from the x axis
of the vectors Hex and H, respectively, Eq. (2) is written as

~F ¼ � εpE2
x

8π
þ aFe

2
Ex cos 2wþ aHo

2
Ex( cos 2wþ h2 cos 2wH)

þ Fin(w)� χ

2
H2 sin2 (w� wH):

(3)

Here h =H/Hex and εp is the dielectric permeability of the para-
phase. Using the relationship

Dx = –4π∂~F/∂Ex,
14 we find the polarization

Px ¼ �0:5(aFe þ aHo) cos 2w� 0, 5aHoh
2 cos 2wH : (4)

The effective dielectric permeability is defined from the
relationship εeff = ∂Dx/∂Ex. These calculations are per-
formed taking into account that the equilibrium value w is
an implicit function of the external variable fields. As
noted in the Introduction, this is also a consequence of the
existence of the electrical susceptibility of rotation. As a
result, we have:

εeff � εp
4π

¼ (@2~F=@w@Ex)
2

@2~F=@w2
¼ a2sin22w

r2 � χH2 cos 2(w� wH)
: (5)

In (5), the designations are entered: a = aFe + aΗο and
r2 = ∂2Fin / ∂w2.

Any reasonable measurements of the parameters of mag-
netoelectric interaction are possible only in a single-domain
sample, i.e. in the spin-flop phase. In this case w = wH + π/2,
and (5) is rewritten as

δε

4π
;

εeff � εp
4π

¼ a2sin22wH

r2(wH)� χH2
: (6)

It is clear that in the cases wH = 0, π/2 the recorded
changes to εxx

eff are reflected in the general single-domain
process and do not permit estimating the parameter of mag-
netoelectric association. As emphasized in Ref. 5, the
optimal choice in that case is wH = π/4. Figure 2 visually
illustrates these reasons, and it is specifically by them that we
were guided in the representation of results in Fig. 1.

Figure 3 presents the magnetic-field dependences of ε at
various temperatures and wH = π/4. In the limit of a large
field, the change in ε represents a linear function of H–2, by
the slope of which, knowing the susceptibility χ, it is possible
to determine the parameter of magnetoelectric coupling a.
But since in this region of fields the spin-dependent response
is already rather small, it is more convenient to introduce a
new field function y(H) = 1/(H0

2 +H2) (χH0
2 = r2(wH)) and to

select an H0 parameter that makes it possible to present
change of ε in the form of a linear dependence on y(H)
throughout the interval of existence of the single-domain
phase.6 An example of such a construction is given in the
inset to Fig. 2.

Using reference data on the values of χ and εp= 20,9 the
development of the parameter of magnetoelectric coupling a
with temperature (Fig. 4) is easily determined. From these
data, in accordance with (4), the expected maximum value
of polarization (∼0.5a) in a single-domain field (T = 6 K,

Fig. 1. Temperature dependences of relative changes of dielectric permeabil-
ity for various values of the magnetic field H || [110].
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H = 0.5 T) is Pmax ∼ 400-500 μC/m2. As measurements in
Sm5 and Nd6 ferroborates have shown, the estimate Pmax that
is analogous in the method obtained is underestimated by
approximately a factor of two by comparison with static data,
evidently as a consequence of frequency dispersion.
However, in the case of Ho, static measurements of polariza-
tion provided values an order of magnitude smaller.9 One
may assume that because of enantiomorphism the sample
investigated in Ref. 9 had approximately an equal ratio of left
and right modifications, which then resulted in almost com-
plete compensation of the effect. At the same time, as noted
above, the increase in dielectric permeability measured in
Ref. 9 for H = 0 significantly exceeded our result. Since the
change εeff ∼ a2, enantiomorphism plays no role. It remains
thus to assume that the samples studied in Ref. 9 and in this
article differed essentially both in the domain structure, and
in the value of the parameter r2. Note that extrapolation of
the linear course of δε/εp in the region of small fields (inset
in Fig. 2), which would correspond to measurements in an
initially single-domain sample, also results in almost double
increase in ε.

Magnetopiezoelectric effect

Figure 5 shows the development of the piezomodulus
e11
eff ≡ exxx

eff in the antiferromagnetic phase for H = 0. Its com-
parison with the background dependence obtained by measure-
ment in the stronger field indicates the nonmonotonic nature of
the change of ε11

eff with temperature: the initial decrease in the
piezomodulus is replaced by its rapid increase. A similar effect
has been observed earlier in NdFe3(BO3)4.

6 Figure 6 shows the
magnetic-field dependences of e11

eff at various temperatures. As
the field increases, the effective piezomodulus approaches its
value in the paraphase. Therefore, in the low-temperature
region, e11

eff decreases as H increases and conversely increases
for T > 20K. The inset in Fig. 6 shows this increases in an
expanded scale.

For a phenomenological description of magnetopiezoelec-
tric effect (MPE) (3), it is necessary to add the thermodynamic
potential by means of components that describe both the pie-
zoeffect (e11Exuxx, where e11 is the piezomodulus of the para-
phase), and magnetoelastic interaction. This last is represented
by components that are analogous to magnetoelectric ones,
replacing Ex by deformation uxx and the coefficients of magne-
toelectric coupling a by the partial magnetoelastic coeffi-
cients b.5,6 The piezomodulus is calculated within the

Fig. 3. Magnetic field dependences of relative changes of dielectric perme-
ability for various temperatures. The maximum on each curve corresponds to
the field of spin reorientation. (For T = 6.5 K, the dependence in Fig. 3 and
the analogous one in Fig. 2 differ slightly because they were measured on
different samples).

Fig. 2. Magnetic field dependences of relative changes of dielectric perme-
ability for various orientation of the field in the base plane (T = 6.5 K). Inset:
dielectric permeability as linearizing coordinates y(H) = 1/(H0

2 +H2) (details
in text).

Fig. 4. Temperature dependence of the parameter of magnetoelectric
coupling.

Fig. 5. Temperature dependence of relative changes of the piezomodulus
(H = 0). The dependence for H = 4 T (wH= 0) is presented as the reference
line, deviations from which indicate the change in direction of the
piezomodulus in the magnetic-ordering phase.
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framework e11
eff = ∂σxx/∂Ex = ∂2F / ∂Ex∂uxx (where σxx is in this

case a real component of the tensor of the stresses). As a result,
we derive:5

δe11 ; eeff11 � e11 ¼ � absin22w
r2 � χH2 cos 2(w� wH)

: (7)

In (8), b ≡ bFe + bHo is the parameter of magnetoelastic
interaction.

Using the linearization procedure described above for
wH = π/4, combining (6) and (7), and bringing in the values
of the parameter a (Fig. 4) and e11 (Table 2), we obtain an esti-
mate of the parameter b (Fig. 7). The nonmonotonic change
of e11

eff noted above is associated with the fact that the coeffi-
cient b changes sign, passing through zero at T ∼ 15–20K.

Neutron experiments17 have shown that in HoFe3(BO3)4,
as well as in NdFe3(BO3)4, there is a helicoidal phase below
20 K. It is clear from general considerations that anisotropy
in the base plane must be minimal for this to be available.
Evidently, the chief contribution to this is brought by hetero-
geneities of magnetoelastic origin, the scale of which is
defined by the same parameter b,3 and consequently the
zeroing of the latter also provides, in our opinion, the neces-
sary conditions for the occurrence of a helicoid.

Spin-dependent effects on sound velocity

Figure 8 illustrates the nature of the temperature changes
of velocity of longitudinal sound extending along the x axis.
At first, the velocity hardly changes below TN, and a rapid
fall begins below 20 K. Then, for Tsr ≈ 4.7 K, there is
observed a sharp decrease of velocity corresponding to a
spontaneous spin-reorientation transition from the easy-plane
to the easy-axis magnetic configuration.

We bring attention to the fact that the effects caused by
the susceptibilities of rotation practically disappear upon
transition to the easy-axis phase; both the dielectric perme-
ability (Fig. 1) and the piezomodulus (Fig. 5) exceed slightly
their values in the paraphase. At the same time the spin-
dependent contribution to sound velocity even increases in
this phase (Fig. 8, jump with reduction of velocity at Tsr,
H = 0) and remains significant while the system is in this
state (T≤ 5 K, H≤ 1 T). In large fields, the spin reorientation
into the easy-plane state that is stimulated by this field is
completed, and the sound velocity approaches the value in
the paraphase.

Figure 9 shows an example of the magnetic field depen-
dences of velocity for various orientations of the field in the
basic plane.

Fig. 6. Magnetic field dependences of relative changes of the piezo-
modulus for various temperatures. Inset: expanded scale for higher
temperatures.

Fig. 7. Temperature dependence of the parameter of magnetoelastic
association.

Fig. 8. Temperature changes of the velocity uxx of the mode for various
magnetic fields. In the paraphase, the velocity of sound does not depend on
H, but for convenience of consideration the curves are displaced relative to
each other.

Fig. 9. Magnetic field dependences of relative changes of the velocity uxx of
the mode at various orientations of H in the base plane.
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For wH = π/4, the result is linearized by the same func-
tion y(H), and for field direction along the coordinate axes
the change is more complex. A characteristic property of the
presented dependences is the fact that within a strong field
the velocity depends on its orientation (Fig. 9). A similar effect
was observed earlier in neodymium ferroborate6 and is associ-
ated with direct renormalization of the piezoelectric interaction
in the spin-ordered phase. The corresponding contribution to
~F is described by the term ~e11Exuxx cos 2w by symmetry with
reference to concrete deformation. This can be examined as the
result of the decomposition of the parameter of magnetoelectric
coupling a into a series by deformation.

Calculation of the spin-dependent effects in the moduli
of elasticity is performed on the basis of the thermodynamic
potential presented above, augmented with a component that
corresponds to elastic energy. For a mode with shift ux
extending in the xk direction, it is necessary to calculate the
restoring force:

fi ¼ @σik
@xk

¼ @2~F

@uik@xk
¼ @2~F

@uik@Ek

@Ek

@xk
þ @2~F

@u2ik

@uik
@xk

: (8)

We define the derivative ∂Ek / ∂xk entering (8) from the equa-
tion of electroneutrality div D = 0:

@Ek

@xk
¼ @2~F=@Ek@uik

@2~F=@E2
k

@uik
@xk

:

Substituting this expression into (9), we obtain:

fi ¼ 4π(eeffkik)
2

εeff
þ @2~F

@u2ik

� �
@uik
@xk

: (9)

The expression in curly brackets in (9) also represents the
effective modulus of elasticity Cik. In the paraphase, with
deformation uxx this results in the well-known renormali-
zation of sound velocity due to the piezoeffect:14 ρs2 ¼
C11 þ 4πe211=ε: In the magnetic-ordered state this is supple-
mented with a contribution from magnetoelastic interaction.
Within a strong field, all renormalizations associated with
rotary susceptibility are set to zero, and there is only a con-
tribution from ~e11. For ~e11=e11 � 1, the velocities of sound
for wΗ = 0, π/2 differ by the value

δs

s
¼ 8π

εp

e11~e11
ρs2

: (10)

It follows from the data presented in Fig. 9 that at 6.5 K,
~e11=e11 � 1, 7%, which exceeds by a factor of two the
similar estimate for NdFe3(BO3)4.

5

A neutron experiment15 observed that in the easy-plane
phase with H = 0, the vector of antiferromagnetism exits the
base plane by a small angle. Generally speaking, such an
effect is characteristic for trigonal and hexagonal antiferro-
magnets, and is associated with the very weak basic anisot-
ropy of these objects (see Ref. 18).

In the absence of external perturbations, the situation is
described by the addition to the thermodynamic potential of
the invariants associated with the z-components of the vector
of antiferromagnetism L:

~F(lz) ¼ . . .
β

2
l2z � γlz sin 3w: (11)

In (11), 1z is the directing cosine of the vector L in relation
to the z axis. The first component (β > 0) restrains the mag-
netic system from transition to the easy-axis phase, and the
second represents an addition to the energy at an exit of
spins from the base plane. Since spontaneous polarization P
appears in the compounds under study below TN, one should
add to the energy the component Pzlz cos 3w, but such added
complexity does not introduce changes in principle.
Minimization of (11) determines that lz = γ/β sin 3w << l. In
the homogeneous state for H = 0, the state with lz ≠ 0 is
achieved when certain restrictions on the parameters of easy-
plane anisotropy are satisfied,18 but the effect always exists
in the helicoidal phase. This reduces to modulation of L with
a variable-sign exit from the base plane.

In a single-domain magnetic field, the angle w is specified
(w =wΗ + π/2), and lz ≠ 0 almost always, and so therefore the
question reduces only to the effect of the size. Measurements
of magnetic field changes of sound velocity make it possible to
be convinced of the possibility of detecting it.

We presume at first that lz= 0 and we will examine the
change of velocity of the C44 mode extending along the z
axis. For this purpose, it is necessary to add to the thermody-
namic potential the fragments of invariant components that
correspond to the magnetoelectric and magnetoelastic inter-
action that are of current interest for the geometry discussed
with this mode: ~F1 ¼ . . . a1Ez sin 6wþ b1uxz sin 2w . . .. For
the calculations in (9), there will necessarily be multipliers
@2~F1=@E@wand @2~F1=@u@w: After selecting wΗ= π/4, we
see that the contribution to sound velocity in this geometry is
set to zero, i.e., one should not expect characteristic depen-
dences proportional to H–2.

Now let lz ≠ 0. We add to ~Fin addition to ~F1 the correspond-
ing components: ~F ¼ . . . a2Ezlzcos 3wþ b2uxzlz cosw . . . .
In substituting the equilibrium value lz ∼ sin 3w, the com-
ponent b2 γ/β sin 4w appears in ~F2. In the same geometry
(wΗ= π/4), the calculation in (9) has a nonzero result due to
this component. Returning to the velocity C44 of the mode,
we arrive at the relationship

δs

s
¼ �

2 b2
γ

β

� �2

χ(H2
0 þ H2)ρs2

: (12)

It follows from (12) that the sound velocity must
increase as the field increases. The scale of changes is
defined by the combination of constants b2 γ/β. Figure 10
shows the results of measurements for the corresponding
geometry in HoFe3(BO3)4.

The characteristic increase of velocity in the fields that
exceed the magnetic spin-flop field HSF is observed at both
low and high temperatures. However, in the region of inter-
mediate temperatures (10–18 K), the effect is practically
absent. We presume that the parameter b2 (T), as well as
b(T), passes through zero value in this temperature region.
Nonmonotonic change of the parameter γ is possible as well.
As also earlier, in the region of existence of the effect, the
field dependences are linearized by the function y(H). An
example of such construction is given in the inset to Fig. 10.
The parameter b2 γ/β ≈ 4.6 • 106 J/m3 is defined at 6 K from
the slope of the straight line. If we assume that the
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coefficients b2 and b are of the same order of magnitude
(3 · 107 J/m3, see Fig. 7), then we obtain at this temperature
the estimate γ/β ∼ 0.1–0.2, i.e., the vector of antiferromag-
netism is inclined from the base plane at an angle ∼5°.

It follows from the above-mentioned that similar depen-
dences must also be observed in other ferroborates that are
ordered in the easy-plane configuration. Measurements in the
same geometry of the velocity C44 of the mode in samarium
ferroborate (Fig. 11) were performed in order to verify this
statement.

From the given dependences, one may conclude that,
unlike HoFe3(BO3)4, the parameter b2(T) in SmFe3(BO3)4
changes monotonically, as also the parameter b(T).5 At 6 K,
the combination b2 γ/β ≈ 2 · 106 J/m3. With the same assump-
tion for the order of magnitude b2 ∼ b, (∼1.8 · 107 J/m35), we
find γ/β ∼ 0.1.

Let us say a few words about the velocity of the uxx
mode in the easy-axis phase (Fig. 8). The appearance of the
component –vExuxxlz2, which is actually also a renormalization
of the piezoelectric interaction under the influence of magnetic
ordering, is possible by symmetry in the decomposition of
the thermodynamic potential in this case. Calculating (9) in
accordance with the result of Fig. 8, we obtain the estimate
ν/e11 ∼ 0.1 for lz = 1.

Conclusion

The main components of the tensor of the moduli of elas-
ticity are measured in HoFe3(BO3)4 monocrystals. The value
of the piezomodulus found in the paraphase exxx = 1.44 C/m2

makes it possible to relate this association, as well as the ferro-
borates of samarium and neodymium, to the class of strong
piezoelectric materials. The constants of magnetoelectric and
magnetoelastic interactions that exceed the analogous values
for ferroborates of samarium and neodymium are measured in
the antiferromagnetic phase. One may expect that the value of
electric polarization in the studied connection with a predomi-
nance of right- or left-handed isomers must reach the values
of ∼1000 μC/m2. The constant of magnetoelastic interaction at
T ∼ 15–20 K changes sign, leading it appears to the appear-
ance of a helicoidal type of magnetic ordering. The spin-
dependent effects in the behavior of the velocity of sound
were studied. Experiments were performed, confirming the
exit of the vector of antiferromagnetism from the base plane at
an angle ∼ 5° in the crystals in the spin-flop state.
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Translated by CWS
Fig. 11. Magnetic field dependences of relative changes of the velocity C44

of the mode in SmFe3(BO3)4 for various temperatures (wΗ= π/4).

Fig. 10. Magnetic field dependences of the relative changes of the velocity
C44 of the mode in HoFe3(BO3)4 for various temperatures (wΗ= π/4). The
spin-flop field for each dependence is specified by an arrow. Inset: velocity
as a function of the linearizing function y(H) = 1/(H0

2 +H 2).
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