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Abstract—Francisites, CusM(YO3),0,X (M = Bi or rare earth, Y = Se, Te, X = Br, Cl, or I), attract close
attention from researchers because of their interesting magnetic properties, such as metamagnetic transitions
in relatively weak magnetic fields and magnetic phase transitions with spin reorientation; they also can serve
as model systems for the study of two-dimensional and frustrated magnetism. In this work, we have per-
formed a low-temperature optical spectroscopic study of erbium francisite, Cu;Er(SeO;),0,Cl. The
observed splitting of spectral lines corresponding to f—f transitions in the Er’™ Kramers ion unambiguously
indicates the magnetic ordering of the crystal at a temperature of 7y = 37.5 K. The temperature dependence
of the splitting of the ground doublet of the erbium ion is determined. The contributions of erbium to the heat
capacity and to the magnetic susceptibility of Cu;Er(Se05),0,Cl are calculated.
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INTRODUCTION

Low-dimensional and frustrated magnetic systems
are of great interest for the physics of magnetism [1].
Various non-classical magnetic states are realized in
them, including spin liquids, skyrmions, vortices, etc.
[2—6]. Francisites, Cu;M(YO;),0,X (M = Bi or rare
earth, Y = Se, Te, X = Br, Cl, or I), have been recog-
nized as interesting systems to study two-dimensional
and frustrated magnetism. A synthetic analog of the
francisite mineral, Cu;Bi(Se0;),0,Cl (with chlorine
being replaced by bromine and with a six-sublattice
noncollinear antiferromagnetic system and Néel tem-
perature of 7y = 27.4 K), has been recognized to be a
model system in which the Thouless—Kosterlitz tran-
sition can occur [7]. Later, a structural phase transi-
tion was revealed in the Cu;Bi(Se0s3),0,Cl mineral
itself with an antiferroelectric distortion of the lattice.
Bismuth-containing francisites of various composi-
tions in Y and X turned out to be objects of close atten-
tion for studies of their magnetic and ferroelectric
properties [7—11].

The francisite mineral crystallizes in the ortho-
rhombic space group Pmmn [12—15]. The main fea-
ture of the crystal structure is the occurrence of two-
dimensional layers of copper (Fig. 1), with copper
atoms inside the layer forming a corrugated kagome
lattice with frustrated magnetic interactions. Rare-
earth ions that replace bismuth are located in eight
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oxygen ion coordinated polyhedra, and their crystallo-
graphic position has the C,, symmetry. The first fran-
cisite crystal in which bismuth was replaced by a rare
earth element was Cu;Er(Se0;),0,Cl, which is iso-
structural to the original mineral [16]. Later, about 25
rare earth compounds from the francisite family were
synthesized at the Department of Chemistry of the
Lomonosov Moscow State University [17, 18].

Rare-earth francisites are being thoroughly investi-
gated by various methods [19—25]. They, similarly to
bismuth francisites, are ordered into an antiferromag-
netic phase at low temperatures. The Néel tempera-
ture in them is higher than in Cu;Bi(Se0;),0,ClI (34—
38 K). Magnetic rare-earth ions form an additional
magnetic sublattice, which can actively affect realized
magnetic structures. Spectroscopic studies made it
possible to conclude that, in the case of a strong sin-
gle-ion magnetic anisotropy of a rare-earth ion, spin-
reorientation phase transitions can occur, which are
most pronounced in the case of samarium francisite
[21] and ytterbium francisite [22].

In this work, by using the method of spectroscopy
of Kramers doublets of the Er’" ion, we studied
erbium francisite, Cu;Er(Se0;),0,Cl, to extract
information on the magnetic ordering and magnetic
properties of the crystal under study at low tempera-
tures.
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Fig. 1. Fragment of the crystal structure of erbium fran-
cisite, Cu3Er(Se03),0,Cl. The corrugated two-dimen-
sional copper layers are parallel to the ab crystallographic
plane. Erbium ions are located between the layers.

EXPERIMENTAL TECHNIQUES

Polycrystalline samples of Cu;Er(Se0;),0,Cl were
prepared by solid-phase synthesis at the Department
of Chemistry, Moscow State University. The results of
the X-ray study showed that the sample has a Pmmn
structure and does not contain other phases. A
detailed description of the synthesis procedure can be
found in [17]. To study the transmission spectra, we
used the standard technique for preparing tablets with
potassium bromide filling. To prepare the sample,
polycrystalline powder of Cu;Er(Se0,),0,Cl was
taken in an amount of ~12 mg, was then thoroughly
stirred with ~300 mg of optically pure KBr. Then, the
resulting mixture was ground in an agate mortar,
placed in a mold, and pressed into a tablet of 13 mm in
diameter at a pressure of ~5 at.

Transmission spectra were measured on a Bruker
IFS125 Fourier spectrometer using a liquid nitrogen
cooled InSb detector and a CaF, beam splitter. In low-
temperature measurements, the sample was placed in
an indium envelope with a through hole 5 mm in
diameter. Indium was mechanically pressed against
the cold finger of a CryoMech ST403 closed-cycle
optical helium cryostat. The sample was kept in vac-
uum better than 5 X 10~* Torr. Evacuation was per-
formed using a Varian V70 Turbo turbomolecular
pump. Temperature was controlled with an accuracy
of 0.1 K using a Scientific Instruments controller.

EXPERIMENTAL RESULTS

Figure 2 shows the transmission spectra of
Cu;Er(Se0;),0,Cl in the range of the */j5,, — *I3)
transition from the ground multiplet of the Er** ion to
the first excited multiplet at different temperatures.
The three lowest in frequency transition spectral lines
are shown. At a temperature of 7T = 37.5 K, a sharp
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Fig. 2. The three lowest in frequency spectral lines of the
transition from the ground */ 15,2 multiplet to the excited
*1}3/, multiplet in the Er'* ion in Cu3Er(Se03),0,ClL
(a) Transmission spectra at different temperatures and
(b) intensity map.

splitting of the spectral lines occurs, which indicates
magnetic ordering. According to the consequence
from the Kramers theorem, only a magnetic field can
remove Kramers degeneracy, in this case, this is the
internal effective magnetic field (exchange field).

The intensity map presented in Fig. 2b shows that
the three lines split into a different number of compo-
nents: two, four, and three. This is because the split-
ting scheme is specific, namely, the splitting values for
the upper and lower levels involved in a given spectral
transition are different (Fig. 3). For the transition that
corresponds to the spectral line at 6610 cm™!, the split-
ting of the upper doublet is zero; therefore, only two
components are seen in the spectrum of the antiferro-
magnetic phase (7 < Ty). For the transition corre-
sponding to the line at 6624 cm™!, the splitting of the
upper doublet is smaller than that of the lower doublet,
and all the four components are observed. Finally, for
the transition that corresponds to the line at 6640 cm™,
the splittings of the upper and the lower doublets are
the same. As a result, the two components coincide,
and three lines are observed in the spectrum of the
antiferromagnetic phase.

The splitting A of the Kramers doublets is
described by the following relation:

A= [Y (g8, M

J

where g is the Bohr magneton, while g; and B, are
the jth components (j = x, y, z) of the magnetic g fac-
tors and the effective magnetic field that acts on the
rare-earth ion inside the crystal. We note that, first,
relation (1) underlines the anisotropic magnetic prop-

No. 1 2021



OPTICAL SPECTROSCOPY OF KRAMERS DOUBLETS

PM AFM
? A=Ay
1A
L
A <
Ffi e
TR
11 11
oo A=0
| 11 11
—~ LB
VL[]
_— | 11 11
| 11 11
I— | 11 11
| 11 11
U C e
Ao

Fig. 3. Energy level diagram of the Er’t ion in the para-
magnetic (PM) and antiferromagnetic (AFM) phases. In
the AFM phase, the Kramers doublets are split. Different
cases of the relation between the splittings of the lower and

upper doublets involved in the transition are realized.

erties of the rare-earth ion: in the case of zero values of
some components of the magnetic g factor, the effec-
tive field of only along a certain direction can split this
Kramers doublet. In certain cases, this makes it possi-
ble to use a rare earth ion as a spectroscopic probe to
indicate the direction of the crystalline magnetic field
inside the crystal [26, 27]. Second, we understand
that, as a result of the splitting of the ground doublet
A, in accordance with relation (1), the system receives
an energy gain. If this gain is large enough, it will be
profitable for the system to obtain this gain if it is asso-
ciated with the rotation of the field B. Precisely this is
the nature of spin-reorientation transitions, which are
realized, e.g., in the case of samarium francisite [21]
and ytterbium francisite [24]. We emphasize that, for
the erbium francisite, Cu;Er(Se0;),0,Cl, studied in
this work, the ground doublet of the rare-earth ion is
noticeably split along with the ordering of the copper
subsystem. It can be inferred from this that the anisot-
ropy of the magnetic f'subsystem in Cu;Er(Se0O;),0,Cl
either has the same character as the anisotropy of the
magnetic subsystem of copper, or dominates.

Figures 4a and 4b show the temperature depen-
dences of the frequency and half-width of the spectral
line at 6610 cm~! and its split components. These plots
allow one to determine the temperature of magnetic
ordering (7 = 37.5 K) and to extract the temperature
dependence of the splitting of the ground doublet A,
(shown in Fig. 4c¢).

Applying the approach that we developed and that
we outlined in [28, 29] and using the dependence
Ay(T) obtained in this work, we were also able to cal-
culate the temperature dependences for the magnetic
No. 1
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Fig. 4. Temperature dependences of (a) the frequencies of

maxima of observed peaks for the line at 6610 cm ™!, (b) the
half-widths of the peaks of the same spectral line, (c) the

splitting of the ground doublet A of the Ertt ion, (d) the
normalized magnetic moment myg, of the Er*" ion, and the

contributions of the Er** ion to the (e) specific heat capac-
ity C and (f) the magnetic susceptibility of
CU3ET(S€O3)2OZC1.

moment of the Er’" ion in Cu;Er(Se0,),0,Cl
(Fig. 4d) and the contributions of erbium (Schottky
anomaly) to the specific heat capacity C(7) (Fig. 4¢)
and the magnetic susceptibility (Fig. 4f).

CONCLUSIONS

We measured the transmission spectra and their
temperature dependences (down to helium tempera-
tures) of erbium francisite, Cu;Er(Se0;),0,Cl, in the
range of the */;5,, — *I;3,, spectral transition in the
Er** ion. The splitting of spectral lines (at Ty = 37.5 K)
unambiguously indicates the appearance of an effec-
tive magnetic field associated with the antiferromag-
netic ordering of the crystal, which splits the Kramers
doublets of the Er** ion. The single-ion magnetic
anisotropy of the magnetic f subsystem either coin-
cides with the anisotropy of the d subsystem or domi-
nates. The temperature dependence of the splitting of
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the ground doublet of the erbium ion was determined.
It was used to calculate the Schottky anomalies in the
heat capacity and the magnetic susceptibility.
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