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Infrared (IR) absorption spectra of HoFe3(BOs); crystal have been obtained in spectral range
30-7000cm"! at temperatures from 4 to 423 K. Vibrational frequencies have been simulated with ‘Lady’
software package both for high-temperature and low-temperature phases. The experimental spectra have
been analyzed on the basis of calculated data, and interpreted within the framework of internal vibrations
of ionic complexes of HoFe3(BOs )4 crystal lattice. The spectral range under study was observed to have
no Davydov splitting of internal vibrational modes due to unit cell multiplication. No effects of magnetic
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ordering on the IR spectra of the crystal under study were observed in the low-temperature range.
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1. Introduction

Crystal of rare-earth ferroborate HoFe3(BO3)4 belongs to the
family of oxyborates with general formula ReM3(B0O3)4 (where Re
is the rare-earth ion, M=Fe, Al, Ga, Cr) [1-3]. Researchers’ inter-
est to these compounds is generated primarily by applications of
isomorphic alumoborates in optic and optoelectronic devices [4,5],
and by specific magnetic properties of ferroborates, e.g. great mag-
netoelectric effect [6-8]. These properties are assumed to be due
to two interacting magnetic subsystems associated with ions of
iron and rare-earth ions, respectively. In addition, recently several
ferroborates were found to possess spontaneous polarization; con-
sequently, these compounds may be considered as multiferroics
featuring both ferromagnetic and ferroelectric properties [9]; this
makes ReFe3(B0O3)4 crystals attractive not only to develop funda-
mental notions, but also to develop promising applications, e.g. in
spintronic devices. To interpret mechanisms and value of magne-
toelectric relations it is necessary to know the structure of crystal
vibrational spectrum and mechanisms of its formation.

2. Crystal structure

At high temperatures the rare-earth ferroborates exhibit the
structure of huntite crystals that belong to space group R32 (D;)
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with three formula units per unit cell (Fig. 1). Under cooling several
ferroborates (with rare-earth ions of small ionic radius) undergo
structural phase transition with symmetry reducing to P3:21 (D‘3‘).
The temperature of this transition depends on the ionic radius of the
rare-earth ion (the smaller the radius the higher the temperature)
and for HoFe3(BO3)4 crystal it ranges from 360 to 430K depend-
ing on the conditions of crystal growth [11,12]. For our samples
grown by flux-melt technique [12] the structural phase transition
was observed at 360 K.

Main structural elements of rare-earth ferroborates are FeOg
octahedra, BO5 triangles and triangular prisms ReOg. The octahedra
are connected by edges forming helical chains along c axis (Fig. 1).
The chains of octahedra are connected by prisms ReOg and trian-
gles BOs. In the high-temperature phase all three chains running
through the unit cell are equivalent. Local symmetry of the rare-
earth ion (triangular prisms ReOg) is D3. Local symmetry of boron
ions is different: the symmetry of boron ion in 3b position (B!),
whose oxygen environment forms an equilateral triangle and are
connected with the chains of FeOg, is D3 (Fig. 1). The symmetry of
boron ions in 9e position (B2) is C,, isosceles triangles BOs are con-
nected in this case with two triangular prisms ReOg and chains of
octahedra FeOg.

Structural phase transition shifts one of the chains of FeOg
octahedra along the c-axis relative to two others (the shift is
~0.066 A) [13]. Some of the triangular B203 groups (connecting
triangular ReOg prisms and chains of FeOg octahedra) become dis-
torted and turn around their axis by approximately 7°, and their
local symmetry is reduced to C;. The symmetry of triangular B103
groups connecting chains of FeOg octahedra is reduced from D3 to
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Fig. 1. Huntite structure. Crystal unit cell in a hexagonal system; FeOg octahedrons, ReOg prisms and BO; triangles are shown. Chains of FeOg octahedrons are equivalent in
the high temperature phase; different colors correspond to the low temperature phase structure.

C, due to the distortion and shift of the boron ion by approximately
0.12 A. The local symmetry of the rare-earthionis also reduced from
D; to Gs.

The above described changes of local symmetry of the structural
units and tripling of the unit cell volume should bring forth new
modes in the vibrational spectrum.

The factor group analysis performed by Fausti et al. [ 14] predicts
60 normal vibrational modes existing in the high temperature R32
phase:

I' = 7A1(xx,yy, 2z) + 13A3(E |1z ) 4+ 20E(E |x , Ely , Xz, ¥z, XY),

optical vibrations among them are: 7A;, 12A;, 19E. The notations
given in parentheses refer to the allowed components of electric
dipole moment (IR activity) and polarizability tensor (Raman activ-
ity).

In the low temperature P3;21 phase comprising three formula
units per the unit cell, 180 normal vibrational modes are predicted,
accordingly:

I" = 27A; + 33A; + 60E,

optical vibrations among them are: 27A1, 32A,, 59E. Here A, and
twice degenerate E modes are active in IR absorption spectra; trans-
verse (TO) E modes propagate along the c-axis (k|c), while LO E
mode go perpendicular to c-axis. The results of symmetry analysis
for the vibrational modes of high and low temperature phases and
the correlation diagram are given in ref. [14].

Raman scattering investigations of HoFe3(BO3); below the
transition temperature [ 12] have shown soft mode restoration con-
nected supposedly with this structure transformation. Restoring
mode was found in xx, yy, zz Raman components and attributed
to A; representation; therefore it should be inactive in IR absorp-
tion spectra. Possible mechanism of this structural transition was
discussed in [15], where it was attributed to the instability of
transversal acoustic mode at k=(bq +b, +b3)/3. This assumption
cannot be verified by IR spectroscopy where phonons of the cen-
ter of Brillouin zone only are active. Therefore below the structural
phase transition we can expect only appearance of some new lines
in IR spectra due to unit cell multiplication.

Beside the structural phase transition, an ordered antiferromag-
netic state has been found in this crystal below 38 K. The major
feature of the spin ordering observed in Raman spectra was the

arising of a broad structured scattering band around 60cm™!
ascribed to two-magnon Raman scattering involving the creation of
magnon pairs. Below Ty this is a characteristic feature for all investi-
gated compounds of the ReFe3(BO3 )4 family[14], but this “magnon”
mode as well can be observed in Raman spectra only.

Another interesting feature is the dielectric anomalies below
the Neel temperature transition observed in HoFe3(BOs3)4 [16]. The
similar behavior of the dielectric constant has been observed in
TbFe3(BOs3)4; both materials exhibit an increase of ¢, below Ty,
which is truncated by spin-reorientation transition (Ts;=5K) in
HoFe3(BOs3)4. Adem et al. [17] observed the shift of the transverse
phonon frequency 200 cm~! at Ty in TbFe3(BO3)4. This anomalous
softening of the TO phonon mode is a possible reason for the behav-
ior of the dielectric constant. This behavior of dielectric constant
looks very much alike in both compounds, so analogous depend-
ence is quite probable in HoFe3(BO3 )4, too.

3. Experimental results and calculations

IR spectra were experimentally studied with a VERTEX 80V
(Bruker) Fourier-transform spectrometer in the spectral range from
30 to 7500cm~! with spectral resolution 0.2 cm~!. Temperature
studies were conducted with an Optistat™ AC-V 12a 0.25W4K
cryostat in the temperature range from 4 to 423 K.

The spectra in the mid-IR range (370-7500cm~!) were stud-
ied in KBr pellet samples, 13 mm in diameter and ~0.55 mm thick.
To prepare the pellets, the compound under study was thoroughly
ground in a mortar with 0.2 g of KBr at 1:100 ratio. The mixture
produced was vacuum-pressed with hydraulic press at a pressure
of 10 x 10% N/cm?2. To produce the mid-IR range spectra, a Globar (U
arc of silicon carbide) was used as a light source, with RT-DLaTGS
sensor and Ge/KBr beamsplitter.

The spectra in the far IR (30-100cm~') and far-middle IR
(85-680cm~1) ranges were studied on compressed pellet samples
13 mm in diameter and ~0.8 mm thick. The tablets were prepared
as follows: the compound under study was thoroughly ground in
a mortar with 0.1 g of fine polyethylene at 1:100 ratio. The mix-
ture was pressed in a mold at 423K temperature by hydraulic
press at a pressure of 2 x 104 N/cm?2. To produce the spectra in
the 30-100cm~! spectral range, an ultra-high pressure mercury
lamp was used as light source, with a RT-DTGS FIR detector, and a
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Fig. 2. Experimental and simulated IR spectra of HoFe3(BOs3)4 crystal in the high
temperature phase R32 (a) and low temperature phase P3;21 (b).

Mylar Multilayer beamsplitter. In the 85-680 cm~! spectral range,
we used a Globar (U arc of silicon carbide) for light source, a Mylar
Multilayer beamsplitter, and a RT-DTGS FIR detector.

The IR spectra were analyzed with OriginPro 8 software package.
For several frequency ranges complex bands were deconvoluted
into individual Lorentzian contours.

The IR spectra obtained for these spectral ranges and their tem-
perature transformations are shown in Figs. 2-7.

To interpret the results, the vibrational spectrum was simulated
empirically using the ‘Lady’ software package [18] both in the high
temperature and low temperature phases. The calculated vibra-
tional spectra in the high and low temperature phases are in good
agreement with the experimental ones (Fig. 2); the frequencies of
the simulated IR active lines are also given in Table 1. Tables 2 and 3
present the eigenvectors of simulated modes for high and low tem-
perature phases, respectively. It should be pointed out that the
empirical model of lattice dynamics used does not take into account
splitting of degenerate polar E modes into LO and TO components.

4. Discussion

Let’s consider selected spectral ranges in more detail. Temper-
ature studies in the high temperature phase (360-423K) were
carried out both in the medium and the far IR spectra; however
considerable noise in the absorption spectra (see Fig. 2a) in the
lower frequency range (30-600cm~!) impedes deconvolution of
complex bands into individual lines here to perform quantitative
analysis of their parameters. Fig. 3 shows evolution of the absorp-
tion spectra in the range 500-1700 cm~! near the structural phase
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Fig. 3. Temperature transformation of absorption spectra in frequency range
1700-500cm~'.

transition. From the figure it is obvious that spectra do not undergo
any considerable changes under cooling.

As mentioned earlier, the main structural elements of
rare-earth ferroborates are octahedra FeOg, triangles BOs3
and triangular prisms ReOg. Internal frequencies of free pla-
nar group BOs3 are: v1(A;)=1060cm~!, v,(A;)=648-668cm™ 1,
v3(E)=1428-1490cm™!, v4(E)=545-606 cm~! [19)].

At 423K the spectrum was found to have two broad bands
with maxima at 1224cm~! and 1300cm~!. The broad asymmet-
rical band at 1300cm~! is determined by the stretching vibration
v3 of BO3 group with symmetry Cy,. Low site symmetry of BO3
group results in the line splitting. Under cooling below the transi-
tion point site symmetry of BO3 group is reduced to Cy, this splitting
increases and spectral line 1300 cm~! exhibits a distinct shoulder
with maximum at 1347 cm~1.

The broad band with two maxima at about 1224 cm~! is deter-
mined by stretching vibrations v3 of BO3 group with symmetry D3,
the doublet structure of this line seems to be induced by the Fermi
resonance of vibrations v3 and overtone v4 of BO3 group, which
were earlier observed in IR spectra of relative compounds [14]. As
the temperature decreases, lines split because of symmetry reduc-
tion of BO3 to Cy, as a result the spectral line can be observed to
have two arms with maxima at 1200 cm~! and 1253 cm~1.

In the range 900-1000cm~! a new low-intensity line at
976 cm~! emerges in the spectrum below the phase transition. New
emerging lines corresponding to E modes after the phase transi-
tion were observed earlier in this range of the Raman spectrum
of GdFe3(B03)4 [14]. We attribute spectral lines in the frequency
range 650-780 cm™! to bending vibrations v4 of BO3 groups.

Fig. 4 shows IR spectra in the range from 100 to 600cm~! in
the low temperature phase. As seen in Fig. 4, the range from 180
to 500 cm~! exhibits a fairly complex contour comprising a great
number of maxima. This frequency range corresponds to inter-
nal vibrations of FeOg and triangular prisms ReOg, and external
lattice vibrations. As the symmetry of FeOg octahedra and trian-
gular prisms ReOg in the low-temperature phase is quite low (C5),
many internal vibrations of these groups split. The authors of [10],
who studied IR spectra of TbFe3(BOs )4 crystal, interpreted spectral
lines at 280cm~! and 440 cm~! as bending and stretching modes
of (FeOg)?~ octahedron, respectively. In our IR spectrum we also
observe fairly intensive lines at about 280 cm~! and 410 cm™!; tak-
ing into consideration that parameters of (FeOg)°~ octahedra in
our compound and in TbFe3(B0O3)4 are similar we think that these
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Calculated vibrational frequencies of HoFe3(BOs3)4 crystal in the height - (R32 (Dg)) and the low - (P3;21 (Dg)) temperature phases.

R32 (D;) P3:21 (D‘a‘)
A; Raman active A IR active E doubly degenerate, IR A; Raman active A3 IR active E doubly degenerate, IR and
and Raman active Raman active
178.1 100.6 120.4 139.2 132.7 540.2 141.7 320.9 627.1
3275 169.3 170.3 163.1 149.0 599.7 154.7 333.7 633.6
486.6 2121 214.6 183.3 162.7 615.3 171.2 340.0 656.0
645.7 233.7 2293 208.8 183.1 626.5 180.5 344.1 673.1
941.7 258.9 261.8 234.8 204.3 665.4 197.8 362.6 690.7
973.5 273.7 285.1 279.7 249.0 676.7 204.4 404.0 704.1
1233.8 298.3 3135 295.9 256.2 677.6 207.8 419.7 724.2
3313 354.6 321.0 277.0 727.9 224.6 430.2 740.7
630.1 378.3 332.8 278.0 955.7 230.2 4554 948.9
709.0 464.8 357.0 290.4 1194.2 241.9 469.5 951.8
726.4 566.7 3913 295.0 1269.0 255.2 476.8 963.4
1270.6 637.6 450.8 302.5 1347.0 268.5 498.6 995.0
657.3 482.4 314.2 1378.8 2721 513.1 11934
685.4 513.3 350.9 275.1 521.7 1195.2
708.1 528.5 372.7 2932 538.7 1265.6
947.4 633.4 3774 300.4 564.5 1269.3
1231.0 638.9 454.0 305.3 575.0 1286.6
1255.3 646.8 474.6 307.7 594.5 1347.1
1271.9 705.0 497.5 3129 604.6 1376.3
731.4 616.5 1378.8
946.6
965.6
989.2
1195.8
1266.8
1286.2
1376.5

lines are bending and stretching vibrations of (FeOg )°~ octahedrons
as well. The lowest-frequency vibrations (Fig. 5) are associated
with external lattice vibrations and vibrations of triangular prisms
RGOG.

Only minor transformations, like line splitting or new line
appearance, were found in IR spectra below structural phase tran-
sition, as seen in Figs. 2-4. Some spectral ranges with new weak
lines appearance or slight splitting of broad bands below the struc-
tural phase transition are shown in Figs. 5-7.To distinguish changes
induced by magnetic ordering spectra obtained below 38K are
shown by bold lines.

Table 2
Eigenvectors of lattice modes for the high temperature phase (R32).

Fig. 5 demonstrates appearance of two new lines, 66 and
77 cm~!, that we attribute to external vibrations together with
the line at 59cm~!. No anomalies induced by magnetic ordering
were observed in this low frequency range. Within our precision,
frequencies of all these lines do not change under cooling, which
correlates with minor distortions of lattice parameters: according
toRitteretal.[13], cooling from 520 Kdown to 2 Kdecreases param-
eterafrom 7.57 to 7.54 A and parameter c from 9.53t09.51 A, which
is less than 1%.

Interesting anomaly was found earlier in Raman spectra of
TbFe3(BOs3)4 crystal below magnetic phase transition: frequency

Wyckoff sites and coordinates of atoms (hexagonal cell)

Eigenvector components; two eigenvectors are given for doubly degenerate E modes (hexagonal cell)

Ay

A2 El E2

Re(3a), (0,0, 0) B'(3b) (0, 0, 1/2)

(0,0,0)

Fe(9d), O(9e), B2(9e)

1(x,0,2)

2(0, x,2)

3(—x, —X, 2)

0(18f)

(x,¥,2) (-a-b,-a,c)
(=¥, x—-y,z+1/3) (a,-b,c)
(y-x,—x,z+2/3) (b,a+b,c)

v, x, —2) (-a,—a-b, —c)
(x-y, =y, —z+2[3) (=b,a,—c)
(=x,y-x,—z+1/3) (a+b, b, —c)

(0,0,¢) (a,a,0) (b, b, 0)

(a,b, c) (m,n, k)

(b, a,—c) (=n, —m, k)

(d,d,0) (I, -Lv)
(-a-b, —a,c) (a, b, c) (i,j, 0)
(a,=b,c) (g fih) (u,w, q)
(b,a+b,c) (k, I, m) (s,p, t)
(a,a+b,c) (b, a, —c) (—j, =i, 0)
(b, —a,c) (f.g —h) (-w, —u,q)
(—a-b,—b,c) (L k, —m) (=p, =5, t)
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Table 3
Eigenvectors of lattice modes for the low temperature phase (P3121).

Wyckoff sites and coordinates of atoms (hexagonal cell)

Eigenvector components; two eigenvectors are given for doubly degenerate E modes (hexagonal cell)

Aq

Az El EZ

Re(3a), B(3b), Fe(3a), O(3b)
1(x,0,2)

2(0,x,z+1/3)

3(—x, —x,z+2/3)

Fe(6¢), B(6¢), O(6¢)

(x,y,2) (-a-b, —a,c)
(=¥, x-y,z+1/3) (a, —b, c)
(y-x, —x,z+2/3) (b,a+b,c)
v, x, -2) (-a, —a-b, —c)
(x-y, -y, —z+2/3) (=b,a,-c)
(=x,y-x,—z+1/3) (a+b,b,—c)

(a, b, c) (m,n, k)

(b, a, —c) (—=n, —m, k)

(d,d,0) L -Lv)
(—a-b, —a,c) (a,b, ) (i,j, 0)
(a,-b,c) (gf.h) (u, w, q)
(b,a+b,c) (k, 1, m) (s,p, t)
(a,a+b,c) (b, a, —c) (—j, —i,0)
(b, —a,c) (f.g.-h) (=w, —u,q)
(-a-b, -b,c) (I, k, —m) (=p, —s, t)

of TO phonon near 200 cm~! increased by several cm~! while cor-
responding LO phonon remained constant at 205 cm~!. The same
spectral range for HoFe3(BO3),4 is shown in Fig. 6: here two spec-
trallines at 205 and 200 cm~! merge under cooling into one broader
band with maximum at 203 cm~!. At the same time the broad max-
imumat 173 cm~! splitsin twoat 173 and 180 cm~!. The intensities
of these lines are quite small, so it is impossible to identify if these
changes are continuous or go step-wise at Neel temperature.

Fig. 7 demonstrates the appearance of a new line at 398 cm™!
below the structural phase transition as well as splitting of the
peaks at 410 and 460 cm~!; no distinct anomalies were found near
the magnetic transition in this range as well.

Comparison of Table 1 and Figs. 2 and 3 show that the tripling
of the unit cell after the structural phase transition results in
emergence of many new lines associated with Brillouin zone reduc-
tion (Davydov splitting), however, this splitting is quite small: e.g.
in range 950 cm~!, where below the transition the experimental
spectrum has a low intensity line at 976cm~1, in the simulated
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Fig. 4. Temperature transformation of absorption spectra in frequency range
600-100cm~".

spectrum before the transition there was one mode with fre-
quency 947 cm~!, and after the transition there are three modes
with frequencies 949, 952, and 963 cm~!. Only slight splitting of
410cm~! have been found in experimental spectra, that we inter-
preted as bending and stretching modes of (FeOg)°~ octahedrons;
while our simulation predicts splitting of the corresponding mode
at 464 cm~! into three at 455, 469 and 476 cm~! below the transi-
tion point.

In general experimental spectra below the structural phase tran-
sition exhibit less lines as compared to symmetry consideration;
we attribute it to the fact that internal vibrations of complexes
(FeOg)?—, (BO3)3~ and (ReOg )2~ are well localized and correspond-
ing splittings are too small to be observed.
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Fig. 5. Temperature transformation of absorption spectra in frequency range
100-40 cm~!. Bold lines correspond to spectra obtained below Neel temperature.
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We have not found any other distinct anomalies in IR spectra
associated with magnetic ordering of the crystal, as some of them,
like magnon effects, are forbidden by crystal symmetry, while oth-
ers, like shifts of TO modes, seem to be too small to be observed.

5. Conclusion

Our investigations of IR spectra of HoFe3(BOs3), crystal per-
formed over a wide range of frequencies and temperatures showed
no Davydov splitting induced by the structural phase transition.
This fact is attributed to strong localization of internal vibrations of
complexes (FeOg)?~, (BO3)3~ and (ReOg)?~, while most observed
vibration modes in the IR spectrum of HoFe3(BOs3)4 crystal are
internal vibrations of these complexes. Higher-frequency IR active
vibrational spectrum of HoFe3(BOs3)4 crystal is formed by ionic
complexes (BO3)?~ mainly, deformed by local static crystal field,
while their dynamic interactions manifest quite insignificantly.

No effects of magnetic ordering in the IR spectra of the com-
pound under study have been found.
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