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Chemical pressure, structural instability, and IR-active phonons
in a series of rare-earth analogues of francisite Cu;RE(Se0;),0,Cl
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ATR and transmission spectra of a series of rare-earth francisite-like phases CusRE(Se03),0,Cl (RE is a rare
earth element, RE =Nd, Sm, Eu, Gd, Dy, Ho, Tm, Yb) were studied. The frequencies of the IR-active phonons of
the crystals under study were determined. In the dependences of phonon frequencies on the ionic radius in a series
of isostructural compounds, two tendencies are observed: a hardening of frequencies due to an increase in chemical
pressure and a softening of the vibration frequencies, in which rare-earth ions are involved, due to an increase in
the mass of a specific rare-earth ion. In the CuzDy(SeO3),0,Cl crystal, an anomalous softening of low-frequency
phonons at low temperatures was observed, which was apparently associated with the structural instability of the

compound.
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Introduction

The phonon spectrum carries important information
about the medium. It is genetically related to the
crystal structure and therefore is a means of the structure
identification and phase transitions investigation. Phonons
are involved in varying degrees in the interactions of
various subsystems: lattice, charge, and magnetic. Such
interactions can lead both to the formation of bound
modes and to unusual behavior of phonons. In the
works of Professor Marina Popova, whose anniversary this
paper is dedicated to, important results were obtained
relating the study of multifunctional materials using the
spectroscopy of vibrational states in the field of lattice
dynamics [1-7], structural [8-10] and magnetostructural
transitions [6,11-13], spin-phonon [4,9,14-16], electron-
phonon [17-20] and interionic (Davydov) [21] interactions,
magneto-dielectric [18] and isotopic [22] effects, bound
electron-phonon [14,19] and magnon-phonon [3] modes. In
this paper, based on the experience gained thanks to the
joint work with the hero of the day, we are conducting the
first study of the spectrum of infrared active phonons of
new rare-earth compounds of the francisite family.

A family of rare-earth analogues of the francisite mineral
with the general chemical formula Cu3;RE(Se03),0,Cl
(RE is rare-earth element, REE) was first synthesized
relatively recently [23,24] and attracted the attention
of the scientific community due to its interesting
magnetic [25-31] and multiferroic [32] properties. The
ancestor of the family is a natural mineral of the same
name (francisite), oxoselenite-copper(I) bismuth chloride
Cus3Bi(Se03),0,Cl1 [33], discovered for the first time in
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1987 at the Iron Monarch mine (Australia) by Glyn Francis,
whose name was included in the name of the mineral. Such
a combination of elements has never been seen before in
mineralogy [34]. Further, chemists were able to synthesize
in the laboratory both the crystal itself, corresponding to
the composition of francisite, and numerous derivatives of
it, replacing chlorine with other halogens (bromine and
iodine) [34], selenium with tellurium [35] and bismuth with
REE. Cu3Er(Se03),0,Cl [36] became the first synthetic
francisite with REE, and almost a complete series of
them was synthesized at the Lomonosov Moscow State
University [23,24]. As a result, a large set of isostructural
compounds is a model range for studying the systematic
features of various properties, including chemical, structural,
magnetic, and vibrational ones.

The crystal structure of the francisite mineral was de-
termined in 1990 [33] and later confirmed in a number
of papers [37-39]. It crystallizes in rhombic system,
space group Pmmn. All currently known francisite-like
phases with REE also belong to this space group at room
temperature. For them, an almost monotonous increasing
of three parameters of the crystal lattice a,b and c, as
well as the volume of the unit cell V is observed with
increasing of REE ionic radius [23]. Figure 1 shows
fragments of the crystallographic structure of francisite. The
main features of the crystal lattice are: I — magnetic
planes of the copper sublattice, 2 — hexagonal channels
containing halogen atoms, 3 — molecular selenite groups
(SeO3)*~. The magnetic planes are arranged in such a
way that copper ions form the so-called kagome lattice (see
projection ab, Fig. 1), which is not 2D, which is clearly
seen in the projection ac, Fig. 1. Frustrations characteristic
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Figure 1. Fragment of crystalline structures of francisite-like
phases Cu3RE(Se03),0,Cl, view along crystallographic axis c
(upper panel) and axis a (lower panel). The triangular distorted
pyramids SeO; and one polyhedron REOg are shown. The nearest
copper atoms are bonded to emphasize the presence of 2D planes
and the nature of the magnetic lattice in plane. Chlorine atoms are
located inside hexagonal channels directed along the axis C.

for the kagome lattice, due to the strong competition of
ferromagnetic and antiferromagnetic interactions in copper
planes, do not manifest themselves explicitly, however, they
must be taken into account, and their role in the magnetism
of francisite and its analogs is widely discussed in the
literature [40-43].

Hexagonal channels are clearly visible on the projec-
tion ab (Fig. 1). Inside the channels chlorine atoms are
located, as well as unshared electron pairs of selenium,
which require a certain amount of space. The channels
have different sizes in compounds with various triple-
charged ions, while this size increasing leads to a higher
mobility of halogen atoms, which, in particular, according
to paper [43], is the cause of the structural phase transition
observed in Cu3Bi(Se03),0,Cl with temperature decreas-
ing (Tc = 115K). In this sense, it seems interesting to
compare the phonon spectrum in a series of compounds
with different channel sizes, since the phase transition in
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Cu3Bi(Se03),0,Cl is accompanied by a change in the
spectrum of both IR and RSS active vibrations.

Molecular selenite groups (SeO;)?~ are complexes iso-
lated from each other with the strongest interatomic bonds.
As a rule, such complexes, for example (BO;)?~ [9,14],
(PO,4)3~ [44], (M0O4)?>~ [10], as well as (SeOs3)>~ placed
in a crystalline environment retain vibration frequencies
close to the frequencies of the free complex, which greatly
simplifies the analysis of the phonon spectrum. The
vibration properties of the selenite group (SeOs3)?~ were
previously studied for a number of compounds [45-48]. To
analyze the contribution of the selenite group to the phonon
spectrum of francisite-like phases it is necessary to carry out
a correlation analysis for the normal vibrations of the group
(SeO3)?~ and comparison with experimental data.

The phonon spectrum of francisite-like phases has been
studied in detail only for bismuth-containing compounds,
which can be grown in the form of single crystals, in
contrast to their analogs with REE, which can only be
synthesized in a polycrystalline form. In the paper [48] the
infrared reflection spectra in polarized light were studied,
and the spectroscopic parameters of IR-active phonons
of symmetry Bj,, By, and Bj3, were determined for
Cu3Bi(Se03),0,Cl crystal. In the paper [32] the Raman
spectroscopy (RSS) spectra were studied and information
was given on the frequencies of RSS-active phonons of
symmetry Ay and Byg. Information on the phonon spectrum
of francisite-like phases, as far as we know, is not available
in the literature.

In this paper, for the first time, a systematic study
of infrared (IR) spectra in the phonon region of a
number of synthetic analogs of francisite containing REE
Cu3zRE(Se03),0,Cl (RE=Nd, Sm, Eu, Gd, Dy, Ho, Tm,
Yb) was performed to determine the parameters of IR-
active phonons and search for regularities in the behavior
of vibration modes in a series of isostructural compounds
with different lattice parameters and REE ions of different
masses. For Cu3Dy(SeO3),0,Cl the temperature variations
of the phonon parameters were studied in order to search
for low-temperature anomalies.

Experiment methods

The studied compounds were synthesized using lan-
thanide oxides LnyOs (Ln=Nd, Sm, Eu, Gd, Dy, Ho,
Tm, Yb) (Giredmet, Russia, 99.99% minimum), copper(II)
oxide CuO (purity 9—2), anhydrous copper(II) chloride
CuCl, (Sigma-Aldrich > 99.995%) and selenium(IV) oxide
SeO,, previously obtained from selenious acid H,SeOs
(chemically pure grade) by dehydration in vacuum at a
temperature of 70—90°C and sublimated in a stream of
dried air with NO,.

Samples with SeO, were taken in a dry box purged with
argon. The precursors listed above were used to prepare
stoichiometric mixtures in accordance with the reaction
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equation:

5CuO + CuCl, 4 Ln03 + 4Se0; = 2Cu3Ln(Se0;),0,Cl.
(1)
Precursors were weighed on a Sartorius Gemp' balance
with an error of 0.0002g with a total weight of sample
for each composition 1g maximum. The mixtures of initial
substances obtained for each composition were thoroughly
ground in an agate pounder and placed in quartz ampoules,
which were then soldered under vacuum ~ 10~2mm Hg.
After that, each of the mixtures was annealed in a furnace
in the following mode: heating to 300°C for 12 h, holding
at a constant temperature for 24 h, heating to 575°C for 6 h,
keeping at this temperature for 72 h.

As a result, powdered compounds of green color with
uniform color were obtained. X-ray phase analysis per-
formed using STOE Stadi-P diffractometer (source CuKy)
confirmed the single-phase nature of the obtained com-
pounds. The X-ray patterns of all products were similar to
each other and were fully indexed in the space group Pmmn.
The unit cell parameters fully correspond to the data of the
paper [23].

To study the IR spectra of total internal reflection, an
ATR accessory with a diamond prism was used, the angle
of incidence was 45°. The measurements were carried out
on a BRUKER IFS66 v/s Fourier spectrometer in a wide
spectral range from 50 to 2000cm™! in two steps: in the
far IR range from 50 to 550 cm™! and in the mid IR range
from 400 to 5000 cm ™!, the spectral resolution was 4 cm™!.
In both cases, the radiation source was a globar, which is a
silicon carbide (SiC) rod heated to high temperatures. In the
long-wavelength spectral region, a lavsan beam splitter with
a coating of germanium and a pyroelectric receiver based on
DLATGS (deuterated triglycine sulfate with an admixture of
L-a-alanine) were used; KBr beam splitter and pyroelectric
receiver based on DTGS (deuterated triglycine sulfate
(NH,CH,OO0H); - H;SO4) were used in short-wavelength
region. To reduce noise in the low-frequency region,
the spectra were additionally measured using a helium
bolometer, at that the measurements were carried out on
BRUKER IFS125HR Fourier spectrometer.

The temperature-dependent diffuse transmission spec-
tra of the dysprosium analogue of the francisite min-
eral Cu3Dy(Se03),0,Cl were measured on BRUKER
IFS125HR Fourier spectrometer. The polycrystalline sample
was crushed in an agate pounder, after which a finely
dispersed suspension of the compound under study in
alcohol was prepared. The suspension was deposited on a
diamond plate and, after drying, a thin uniform film formed
on the diamond surface. After that, the diamond with the
formed film was tightly pressed using an indium spacer
to the cold pipe of CRYOMECH PT403 optical helium
cryostat with polyethylene optical windows.
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Figure 2. Experimental spectra of ATR for rare-earth analogues
of francisite CuzRE(Se03),0,Cl (RE =Nd, Sm, Eu, Gd, Dy, Ho,
Tm, Yb) in wide spectral region measured at room temperature.
The spectra are arbitrarily shifted along the ordinate axis for
clarity. Dashes with falling vertical dashed lines correspond to
TO frequencies for Cu3Bi(Se03)>0,Cl crystal [48]. Above, the
frequency intervals for internal vibrations of molecular complexes
(Se03)*~ are shown.

Study results and discussion

The spectra of attenuated total reflection (ATR) of
francisite-like phases CusRE(SeO3),0,Cl (RE = Nd, Sm,
Eu, Gd, Dy, Ho, Tm, Yb) in a wide spectral range are
shown in Fig. 2. The spectra for the eight compounds
presented are similar, this was expected for a series of
isostructural compounds. This fact is also an indirect
confirmation of the fact that, indeed, all compounds have
the same crystallographic structure.

Factor-group analysis gives the following formula for
the optical vibrational modes of francisites with structure
Pmmn [32,48]:

Copt = 14B1u(E || 2) + 14Bou(E || y) + 11B3u(E || x)
+ 12A4(XX, VY, 2Z) 4 6B14(Xy, yX) + 9Bag(Xz, zX)
+ 12B3g (XY, YX) + 9Ay,. (2)
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The activity of vibrational modes is indicated in parentheses:
in the direction of the electric field E of the light wave for
IR-active phonons and in the direction of the electric field
of the incident and analyzed radiation for RSS-active modes.
Symmetry modes A;, are optically inactive.

According to formula (2), total number of IR-active
modes to be observed in the crystals of the studied phases
of the structure Pmmn should be 39. However, as it follows
from the data of paper [48], the IR modes are strongly
overlapped in Cu3Bi(Se03),0,Cl crystal: some vibration
frequencies of different symmetry have very close values.
Moreover, the authors of this paper, having registered in two
polarizations exactly as many IR-active modes quantitatively
as expected from the factor-group analysis, could detect
only 11 out of 14 IR-active modes of symmetry B, in
the third polarization, as likely also due to the closeness of
the frequencies of some modes. Besides, we emphasize that
the data in this paper were obtained at helium temperature
(7K), when the damping of phonon modes is minimal. At
room temperature, the overlap increases due to phonons
widening. Indeed, a comparison of the transmission
spectra of CuzDy(Se03),0,Cl crystal measured at room
(300K) and low (15K) temperatures clearly shows that
due to thermal widening and overlapping many lines
(marked by arrows in Fig. 3,a) become unresolvable at
high temperatures. With such a large number of phonons
and the impossibility of measuring polarized spectra on
polycrystalline samples, it can be assumed that in rare-earth
analogues of francisite at room temperature the number of
recorded IR modes will be significantly less than the number
of modes expected from the theoretical group analysis.

In the ATR spectra measured at room temperature
depending on the compound we were able to detect up
to 25 peaks, including ,.branches” on the wings of strong
absorption lines, the frequencies of which are summarized
in a Table, which, for comparison, includes data on IR-
active phonons for Cu3Bi(Se03),0,Cl from paper [48].
For clarity, Fig. 2 shows a comparison with the data for
Cu3Bi(Se03),0,Cl single crystal available in the literature.
A good agreement between the obtained data and the
literature data is observed, especially if we take into account
the frequency shifts caused both by the difference in the
crystal lattice parameters and by the weight of the three-
charged REE ion.

Note also the well-known fact that the minima in
ATR spectra are near the TO-frequencies, but do not
coincide with them. To demonstrate this fact we simu-
lated the transmission and ATR spectra using the optical
parameters obtained in the paper [48]. The permittivity is
determined by the dispersion relation in terms of the sum
of contributions N of independent damped oscillators:

where &4, is the permittivity at high frequencies, w;, Sj and
yj are the frequency, oscillator strength, and half-width for
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Figure 3. (a) Diffuse transmission spectra of polycrystalline
Cu3Dy(Se03),0,Cl at room and low (15K) temperatures. (b)
Calculated ATR (thick gray line) and transmission (thin black line)
spectra of the Cu3Bi(Se03),0,Cl crystal.

j-th phonon. The ATR spectra and transmission spectra
were calculated using the SCOUT program [49]. Figure 3,5
compares the calculated ATR and transmission spectra for
phonons of symmetry By, in a limited spectral region. It
can be seen that, for low-intensity lines, the position of the
minima of the transmission peaks practically coincides with
the TO frequencies. For more intensive lines, insignificant
shifts are observed in the ATR spectrum.

Note that the spectra in Fig. 3 show several groups of lines
separated by small intervals. The presence of line groups
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Frequencies of IR-active phonons (in cm ™!

TO-phonons in Cu3Bi(SeO3),0,Cl [48]

) of phases with structure of francisite Cu3RE(Se03),0,Cl and their correlation with

This paper [48]
Yb Tm Ho Dy Gd Eu Sm Nd Comment Bi
32 326 31.1 Branch 36.3 (Bou)
48.7 45.5 451 484 40.7 422 427 414 52.8 (Bsu)
- 56.8 54.1 - 56.5 56.7 56.1 532 (By)
70.4 69.5 68.4 69.1 69.2 69.5 69.2 69.1 68.3 (Bau)
89.3 86.9 85.6 85.7 84.7 85.5 843 844 89 (Bsu)
104.5 104.9 105 1053 104.8 106.8 104.8 104.5 99.8 (Bu)
116.6 116.2 116.1 116.7 117.2 118.7 118.6 120.1 Branch 1152 (Boy)
143.7 144 144.1 1449 1453 1459 145.1 1452 133.5 (Bou)+
137.6 (Bsy)+144.8 (B1u)
1764 | 1755 | 1723 | 1734 | 1709 | 1706 | 1679 169 Branch 161.9 (B3,)+161.5 (Byy)
187.1 187 188 188.2 189 190 190 190.5 185.8 (Bay)+191.6 (B3y)
2016 | 2026 202 202 207 2057 | 2049 204 Branch 202.1 (B3y)+204 (Byy)
245 244.8 244.7 245.1 245.8 246.5 2454 246.1 256.9 (Baw)
266 265 263.2 263 261.8 2629 260.5 260.1 "
282 281.7 281 280.5 280.5 2809 280.2 279.7 2844 (By)
298.1 2979 2975 296.5 2953 296 2929 2915 Branch 300.3 (Bow)
316.6 316.5 316.3 316.2 3159 314.6 3143 3129 3139 (Bow)
348.5 348.1 346.9 3459 344 343 341.1 3392 Branch 331.1 (B3u)+337.6 (Biw)
4264 4284 426.8 4259 423.6 4212 424 4183 4229 (Bay)
454 451.8 448.8 447.1 4443 440.1 438 4334 456.3 (Bay)+433.5 (Bw)
511 512 513 514 507 508 502 500 Wide 4702 (B3y)+507 (Bay)
553 553 550.8 549.9 546.9 5449 545.8 538.7 5284 (Bi)
604 605.4 600.1 596.6 591.2 586.4 584.5 576.9 5423 (Ba)+
557.3 (B3u)+5544 (B1u)
717 712 714 712 716 715.5 718.6 717 688.2 (B3u)+730 (Bay)
803.9 804.2 805.3 806.6 8074 808 808 809 811.3 (Bou)+794.9 (Biu)
840 839.8 840.8 8413 842.5 8424 8423 843.7 825 (Ba
is associated with the possibility of phonons separation Mode Molecular Site Crystal
into types: into internal vibrations of the molecular group symmetry  symmetry symmetry
(Se03)?~ and external with respect to it. o
The free complex (SeO3)?~ has the symmetry C3, and 450, G Cs Doy
has 4normal vibrations: nondegenerative v; and v, of 4 Vi Vo Va. V
. g 1> V2: V3, Vg
symmetry A; and degenerative v3 and v4(E) [50]. We follow y V3, Vg
this §ystem of notgtiop, althqugh there are discrepagcies in ViV, A A Bl;} Vi, Vy
the literature. Oscillation v; is often called symmetric (vs), B & v Ve VeV
vy — asymmetric (vas), and v3 and vy — valence (§ — BI” v]’ vz’ 34
bending). The frequency of each of the normal vibrations E A" 28 34
. - ) V3, Vy By VI,V V3 vy
changes slightly when the molecular group is in a particular B Ve v v v
matrix. Based on the papers [45-47], in which the vibration B3g v;, Vi’ S
3u ’

frequencies of the molecular group (SeO;)*~ in different
crystals were studied, we determined the approximate
frequency range for each of the vibrations shown on top in
Fig. 2. The internal vibrations of the group (SeO3)?~ occupy
the highest frequency interval in the phonon spectrum of
francisites, while the vibrations v; and v, have the highest
frequencies.

To determine the number of modes corresponding to
internal vibrations of the selenite complex (SeO;)?~, we
performed a correlation analysis in each of the crystal
representations. Figure 4 shows a part of this analysis
related to internal vibrations (SeO;3)?~. The unit cell of

Figure 4. Correlations of internal normal vibrations of group
(Se03)*~ in crystals of tetrahedral symmetry Dan.

francisite crystals of structure Pmmn contains 2 formula
units and, accordingly, 4 molecular groups SeOs;. In crystal
the symmetry of a free molecule Cs, decreases to Cs. This
distortion is small: if in undistorted molecule three distances
Se-O are similar, then in crystal they slightly differ: one dis-
tance (calculated for the structure CuzBi(SeO3),0,Cl [34])
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is 1.73 A, while the other two are equal (for symmetry Cs)
and are 1.69A. As follows from the correlation scheme,
IR-active phonons (2) include two modes for the highest
frequency vibrations v; and v,, which is in good agreement
with the spectra obtained in this paper. Indeed, in the
spectral region of frequency v;, two absorption bands are
observed in the spectra of all eight compounds, while
only one band is observed for the vibration v,, which,
apparently, is a common outline for two overlapping bands.
Absorption bands for totally symmetric vibrations v; of
various molecular groups are low-intensive (see examples
in [14,44]) due to the fact that in free molecule the totally
symmetric vibrations do not create a dipole moment, which
is necessary for electric dipole interaction with a light wave.
A small dipole moment of normal vibrations, correlating
with the vibration v;, appears when the molecule is in
crystal, and its symmetry is lowered.

Figure 5 shows the ATR spectra (in narrow spectral
region) of the francisite-like phases studied in this paper.
The spectra in the Figure are arranged in such a way
that the tabular number of the REE ion included in the
compound grows smoothly, when the spectra in Fig. 5 are
reviewed from top to bottom. The value of the ionic radius
was taken from Shannon Tables [51,52], data for eightfold
coordination, which occurs in the structure of francisite
analogs containing REE ions.

The absorption peaks in Fig. 5 also smoothly shift from
compound to compound, and the nature of these shifts
is different. For example, phonon modes near 350, 450
and 500cm~! shift to the high-frequency side with ionic
radius decreasing, while modes near 140 and 170 cm~! shift
to the low-frequency region.

These shifts can be explained if consider, firstly, that the
unit cell parameters also change smoothly depending on
the ionic radius of the rare-earth ion and, secondly, that
the mass of the REE ion in the series of compounds under
study changes by ~ 20%.

The size decreasing of the unit cell with the ionic radius
decreasing of REE can be considered as a phenomenon
of ,chemical compression®. It is expected that chemical
bonds ,,on average* will become more rigid when the cell
is compressed, which should lead to increased (,,stiffening)
of vibrational frequencies, which is easy qualitatively under-
stood for a system of two weights connected by a spring,
according to the following well-known relation:

k

v=y/ )
where v is system oscillation frequency, K is spring stiffness,
mis reduced mass. According to equation (4), the weighting
of atom participating in the given vibration should lead to
the vibration frequency decreasing. Thus, the vibrational
modes, in which REE ions participate, should also be
compound dependent. Since REE is the heaviest of the
chemical elements of the compound, normal vibrations, in
which rare earth participates, will also have low frequencies.
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Figure 5. Experimental spectra of ATR for francisite-like phases
Cu3zRE(Se03),0,Cl (RE=Nd, Sm, Eu, Gd, Dy, Ho, Tm, Yb) in
low-frequency spectral region at room temperature. The spectra
are arbitrarily shifted along the ordinate axis for clarity. The arrows
show the systematic shift of the spectral lines depending on the
ionic radius of the rare-earth ion.

Note that in the series of rare-earth ions relevant to this
study, upon moving from Yb to Nd the ionic radius, as
well as the cell parameters, increases, while the ion mass
decreases. Thus, in the considered sequence it is expected
that the frequency will decrease due to the effect of chemical
compression and increase due to the effect of the ion mass.

Figure 6 shows the dependences on the ionic radius
for normalized lattice parameters and for normalized fre-
quencies (energies) of some normal vibrations from the
frequency range above 300cm~!. The values shown on
the graph were taken as the ratio of the frequency or
lattice parameter in a given compound to the corresponding
values for ytterbium francisite. A slight nonlinearity of the
lattice parameters b and c is observed, which has some
manifestation in the frequency dependences. On the whole,
the frequencies depend almost linearly on the ionic radius,
which fits into the model of chemical compression: the
smaller the REE ionic radius is, the smaller the lattice
parameters are, the denser the packing is, the stronger the
bonds are, and, accordingly, the higher vibration frequencies
are.
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Figure 6. Normalized parameters of lattice (gray symbols)
and frequencies (color symbols) of some vibrational modes of
francisite-like phases CuzRE(Se03),0,Cl depending on the ionic
radius of the rare-earth ion.

Figure 7 shows the normalized frequencies for some low-
frequency normal vibrations of the francisite-like phases
CusRE(Se03),0,Cl.  These dependences of frequencies
on the ionic radius have a completely different nature as
compared to the dependences for modes shown in Fig. 6.
In general, the frequency of each of the presented modes
increases with the ionic radius increasing. We suppose that
these modes are associated with vibrations in which the
rare-earth ion participates. In addition to frequencies, Fig. 7
shows the dependence of the normalized square root on the
reciprocal mass of REE ion (v/My,/MRgg). The frequencies
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1.1 . . '
0 L
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Figure 7. Normalized frequencies of some low-frequency

vibrational modes (colored triangles and squares) of francisite-like
phases Cu3;RE(Se03),0,Cl and the square root of the inverse mass
of the rare-earth ion (gray balls and lines) depending on the ionic
radius of the rare-earth ion. For comparison, the black dashed line
indicates the behavior of the 600 cm™! mode.

of vibrational modes involving the rare-earth ion are affected
by both the ,mass“factor, and the chemical compression
factor; as result upon ionic radius increasing the vibration
frequency increases in lesser degree then it can if only mass
of ion participating in vibration is considered. Thus, the
analysis of the frequency behavior of phonons depending
on the ionic radius allows identification of the vibrational
modes that are genetically related to the motion of the rare-
earth ion.

We also studied the diffuse transmission spectra of
Cu3Dy(Se03),0,Cl crystal upon the sample cooling. Fig-
ure 8 shows the transmission spectra at three different
temperatures: 300, 80, and 7K. We chose two phonons
exhibiting temperature behavior of a different nature. The
phonon with frequency near 350 cm~! demonstrates normal
behavior.  First, the phonon frequency increases with
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Figure 8. Diffuse transmission spectra of polycrystalline
Cu3Dy(Se03),0,Cl at three different temperatures. Two isolated
phonons are shown in different regions of the spectrum.

temperature decreasing due to the effect of chemical
compression mentioned above. When the crystal is cooled,
its size decreases, the interionic bonds become more
rigid, which leads to the vibrational frequencies increasing.
Secondly, the half-width of this phonon decreases with
temperature decreasing. This behavior is normal, since the
number of decay processes of this phonon state decreases
upon cooling. In particular, due to the population decreasing
of vibrational states at low temperatures, only relaxation
decay processes remain. Note that almost all phonons in the
measured frequency range with frequencies above 100 cm ™!
behave in a similar way: as the temperature decreases, their
frequencies increase, while their half-widths decrease.

Phonons with frequencies below 100cm™! behave dif-
ferently depending on the temperature.  Firstly, their
frequencies decrease with temperature decreasing, and
secondly, their half-widths response weakly to temperature
changes, and for some phonons even half-width increasing is
observed upon cooling. The example of such low-frequency
phonon near 70cm™! is shown in Fig. 8.

This behavior is anomalous. The phonon softening,
accompanied by widening, can be regarded as the de-

4* Optics and Spectroscopy, 2022, Vol. 130, No. 1

velopment of structural instability. In particular, in the
paper [14], when studying the structural phase transition
in ferroborates, it was found from the results of studies
by the IR reflection method that the phonon half-width
increases long before the phase transition, being a precursor
of structural changes. Recall that the ancestor of the
family, ie. francisite Cu3Bi(SeO3),0,Cl, experiences the
structural phase transition associated with the mobility of
halogen atoms, in this case chlorine, inside hexagonal spatial
channels. We believe that in the case of CuzDy(SeO3),0,Cl
the structural transition is virtual, impracticable at positive
temperatures, and the behavior of low-frequency phonons is
an indication of the instability development in the positions
of chlorine atoms. The alternative explanation for the
anomalous behavior of low-frequency phonons could be
the interaction of the lattice and magnetic degrees of
freedom in CuszDy(SeO3),0,Cl crystal. Francisites are low-
dimensional magnetics, for which the presence of magnetic
correlations is possible at temperatures much higher than
the Neel temperature. Moreover, in the paper [40] there
are indications of the possible existence of the Thouless-
Kosterlitz transition in the family of compounds with the
francisite structure, which may result in the formation of
correlated magnetic phase with specific vortex excitations.
As a result, the interaction of low-frequency phonons with
magnetic correlations in the paramagnetic phase, as well as
with magnons in the antiferromagnetic phase, can also lead
to anomalous behavior of phonons.

Conclusion

The ATR spectra of series of analogs of francisite
CuzRE(Se03),0,Cl (RE — rare-earth element, RE =Nd,
Sm, Eu, Gd, Dy, Ho, Tm, Yb) were systematically studied.
The obtained dependences of the behavior of phonon
frequencies on the ionic radius fit into the model of chemical
compression, in which the unit cell parameters decreasing
in series of isostructural compounds leads to stiffening of
phonons. Phonons, corresponding to vibrations in which
REE ions participate, are revealed. For these phonons their
softening is observed due to the fact that the influence
of the REE ion mass on the frequency prevails over
the effect of chemical compression. For the dysprosium
compound Cu3Dy(Se03),0,Cl the anomalous softening of
low-frequency phonons was found, presumably related to
structural instability in the positions of chlorine atoms.
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