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Magnetic phase transitions in the antiferromagnet CuB,0, optically detected via Frenkel excitons
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The copper metaborate CuB,0, with a unique noncentrosymmetric crystal structure and the two structurally
nonequivalent 4b and 84 magnetic subsystems of Cu®t ions are characterized by several commensurate and
incommensurate magnetic phases below the Néel temperature of 7y = 20 K. Transitions between them can be
induced by varying the sample temperature or the applied magnetic field. High-resolution optical spectroscopy of
the Frenkel exciton states is used to probe the magnetic phase transitions. The absorption spectra are measured in
the temperature range from 4.3 K up to 7y and in magnetic fields up to 2 T. The exciton transitions are observed
in the range of 1.405-1.407 eV and are related to the lowest-energy electronic transition in the 4b magnetic
subsystem of Cu* ions, thus allowing us to monitor the behavior of this particular subsystem. The exciton lines
show abrupt changes of intensity and energy splitting, which can be unambiguously attributed to the magnetic
phase transitions in the 4b subsystem. The magnetic phase diagram reconstructed from the spectroscopic
experiments on the 4b subsystem is compared with those from magnetic measurements, which reflect the
magnetic behavior of both the 4b and 8d subsystems. The suggested spectroscopic approach enables separate
monitoring of the temperature and magnetic field behavior of different magnetic subsystems in structurally and

magnetically complex compounds.
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I. INTRODUCTION

The fundamental study of multiferroic and magnetoelectric
materials, which are typically characterized by complex mag-
netic structures and interactions between different magnetic
and nonmagnetic subsystems, has raised a lot of interest dur-
ing the past two decades due to the possibility of switching
their physical properties under an external influence. Many
studies have shown that besides interesting physical phenom-
ena observed in these materials, they also provide a solid
platform for applications [1-11].

Among the wide variety of multiferroic and magneto-
electric materials, the copper metaborate (CuB,0,4) generates
considerable excitement due to its magnetic, optical, magneto-
optical, and nonlinear optical properties. Below the Néel
temperature of Ty = 20 K, CuB,0,4 is a Heisenberg-type
antiferromagnet that has several commensurate and incom-
mensurate magnetic phases. The first study of these phases
and the phase diagram of CuB,0O4 has been worked out
by magnetic susceptibility and magnetization measurements
[12]. This was followed by applying a variety of experimental
methods for comprehensive investigations of the magnetic
properties of CuB,0O4 and its successive phase transitions,
such as the measurement of high-field electron spin resonance
[13], neutron diffraction [14—-16], magnetization [17], and
thermal conductivity [18]. High-resolution linear and nonlin-
ear optical spectroscopy, such as sublattice-sensitive magnetic
linear dichroism (MLD) [19], Fourier spectroscopy [20], and
magnetic-field-induced second harmonic generation (SHG)
[21-23] were also used to address the magnetic and optical
properties of CuB,0,4 and to detect transitions between the
magnetic phases [24].
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The optical properties of CuB,O4 in the near infrared,
visible, and ultraviolet spectral range are controlled by ab-
sorption of and emission from the electronic transitions within
the Cu®* ions [21]. These ions occupy the two crystallo-
graphically nonequivalent 46 and 8d positions, forming two
magnetic subsystems that contribute very differently to the
magnetic and optical properties. Details on CuB,0Oy4 crystal
cells can be found in Refs. [15,25]. It should be noted that
most of the studies carried out to date on the optical phenom-
ena in copper metaborate have focused primarily on the 4b
subsystem, although studies of the 84 subsystem are also of
great interest.

The efficient photoluminescence [26] and the magnetic-
field-induced directional photoluminescence [27] related to
the lowest in energy electronic transition in the 4b subsys-
tem are surprising observations for CuB,0O4. The material
is also an excellent platform for the study of nonlinear op-
tical phenomena, such as SHG [21-23], the giant optical
magnetoelectric effect [28], one-way light transparency [29],
and for the analysis of optical nonreciprocity phenomena
[30,31]. A huge nonreciprocity has been observed for the
magnetic-field-induced SHG on the lowest-energy electronic
transition [22,23]. Light absorption at this transition gives
rise to observation of the Davydov splitting of the Frenkel
exciton and allows study of the spin properties of the Frenkel
excitons in strong magnetic fields [32]. Theoretical calcula-
tions show that the doublet structure of the Frenkel exciton
in weak magnetic fields is determined by the exchange in-
teractions between the Cu?t spins. Therefore, the Frenkel
exciton can be used as a probe for optical detection of the
magnetic interactions in CuB,Q4, which we explore in this

paper.
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FIG. 1. (a) Scheme of the sample axes orientation relative to the light £ vector and the light polarization vector E. The geometry E || ¢
and k || b is used for measuring the absorption 7 spectrum. (b) Absorption 7 spectrum of CuB,0, (blue line) measured at 7 = 5.5 K in the
spectral range of the lowest photon-energy transition from the ground |e€) = |x> — y?) state to the lowest-in-energy |¢) = |xy) excited state of
the Cu?" ions in the 4b magnetic subsystem. Green and red lines show the deconvolution of the spectrum into the two states of the Frenkel
excitons split by A = A¢ with FWHM s denoted by Wa,. (c) Energy level diagram of the ground |€) = |x* — y?) and excited |¢) = |xy) state
of a single Cu®* ion. The exchange interaction between neighboring Cu* ions in the 4b and 8d subsystems splits the ground and excited states

of the 4b Cu*" ions by A€ and A¢, respectively [32].

In this paper we use the Frenkel excitons as optical probes
to address and distinguish magnetic phases in antiferromag-
netic CuB, 0. The experimental study focuses on the Frenkel
excitons in the 1.405-1.407 eV spectral range of the electronic
transitions in the 4b subsystem of Cu®" ions. It is carried
out in the temperature range from 4.3 K up to the 7y and in
magnetic fields up to 2 T. We reconstruct through the optical
experiments the magnetic field—temperature phase diagram
for the magnetic field applied along and perpendicular to the
tetragonal ¢ axis. This diagram is compared with the one
obtained from magnetic susceptibility data of Ref. [17].

II. SAMPLES AND EXPERIMENTAL DETAILS

We studied a sample prepared from a single crystal of
CuB,04 grown by the Kyropoulos technique using a melt of
B,03, CuO, Li,0, and MoOj3 oxides [33]. A (101) plate with
a thickness of 1.12 mm is cut from the single crystal and ori-
ented using Laue x-ray diffraction patterns, so that the c axis is
parallel to the [001] direction and the a axis is parallel to the
[100] direction, both axes being in the plane of the sample.
A schematic of the sample orientation is shown in Fig. 1(a).
For the absorption measurements, we use a halogen lamp with
low excitation density of 0.5 mW /cm?. Linear polarization of
the light is set by a Glan-Thompson prism and rotated by a
A/2 retardation plate. In this study, only the 7 spectrum is
measured, where the light polarization E is oriented along the
c axis and the light k vector is oriented along the b axis. This
choice of polarization is made to avoid absorption saturation
in the thick sample. The absorption properties of CuB,04 are
described in detail in Refs. [21,22,26,32].

The sample is mounted strain-free in a helium bath cryostat
with a split-coil solenoid. The temperature can be varied from
4.3 up to Ty and the magnetic field can be changed from
zero to 2 T. The magnetic field (B) is oriented perpendicular
to the light k£ vector and is applied in the two geometries
B, || a and B, | ¢. To achieve this, the sample is rotated in
the ac plane by 90°. The light transmitted through the sample

is dispersed by a triple-spectrometer (Princeton Instruments
TriVista TR555) with a total focal length of 1.5 m, which
consists of three 0.5 m single spectrometers. The signal is
detected by a silicon charge-coupled device (CCD) camera
with 512 x 2048 pixels of 13.5 um size, providing a spectral
resolution of about 30 peV.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The absorption spectra of CuB,0y in the 1.4-2.5 eV spec-
tral range exhibit numerous zero-phonon lines that arise from
d — d optical transitions in the 4b and 8d subsystems of the
Cu* ions [21]. In this paper we specifically examine the
lowest energy transition in the 4b subsystem.

A. Optical detection of magnetic phase transitions
via Frenkel excitons

Figure 1(b) shows the absorption 7 spectrum of the Cu**
ions in the 4b subsystem measured at 7 = 5.5 K within the
spectral range of 1.405-1.407 eV. The spectrum is composed
of two lines, the decomposition of which using Gaussian
peaks is shown by the red and green lines. We refer to the
lower energy line at 1.4055 eV as line A and to the higher
energy line at 1.4061 eV as line B [32]. Their absorption
coefficients are apy = 4.7 cm™! and ag = 12.6 cm™!, giving
the ratio of ag/as = 2.68. Note that this choice of the light
7 polarization corresponds to magnetic dipole transitions and
the observed absorption values are much lower than those for
o polarization for which values of 150 cm™! can be reached
[21].

The energy difference between the two lines in Fig. 1(b)
amounts to Ag = 0.57 meV at 5.5 K with similar full widths
at half maximum (FWHM) of Wy = 0.48 meV and Wy =
0.44 meV. Note that these values are subject to slight changes
with temperature and magnetic phase at zero field. The light
is absorbed by Frenkel excitons, associated with the optical
transition between the ground state |¢) = |x*> — y?) and the
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excited state |¢) = |xy) of the Cu®* ions at the 4b sites.
The exchange interaction between the copper ions leads to
a splitting of the ground and excited states by A€ and A¢,
respectively, as shown in Fig. 1(c). In the antiferromagnetic
phase below Ty, the ground state is split due to the exchange
field caused by the neighboring copper spins. This splitting
is approximately 7.2 meV [27]. Therefore, it is assumed that,
at low temperatures, only the lower m; = —1/2 substate of
the spin doublet is populated. The optical transitions from the
lower ground state to the two excited states create the doublet
structure of the Frenkel exciton [32]. Therefore, the splitting
Agr(0 T) = A% provides a direct measure of the exchange
interaction between the Cu?* spins in the excited state and
it strongly depends on the spin structure of the 4b subsystem.

The 4b subsystem consists of the four copper spins in
the unit cell (Sy, Sg, S,, Ss). At equilibrium in zero mag-
netic field, the spins in a single domain antiferromagnetic
state are oriented along the [110] easy axis in the commen-
surate antiferromagnetic phase. It is convenient to describe
the joint orientation of the four spins by using the fer-
romagnetic M =S, +Sg + S, +Ss and antiferromagnetic
L =S, —Sg+8S, —S;s order parameters [15]. The change
of M, L and the exchange interactions between the copper
ions due to temperature and magnetic field variations leads
to a change in the Frenkel exciton parameters, thus providing
optical access to the magnetic structure of CuB,0,4. Below
T < 5.7 K the 4b subsystem is in an incommensurate antifer-
romagnetic phase and when a magnetic field is applied along
the a axis (B,) it orients the copper spins perpendicular to
B, in the basal ab plane along the b axis. This changes the
antiferromagnetic order into the commensurate phase, where
the magnetic order corresponds to the unit cell of CuB,04
along the c axis.

The contour plot in Fig. 2(a) provides an illustrative repre-
sentation of the field evolution of the absorption 7 spectrum.
In this measurement, the temperature was fixed at 7 = 5.5 K.
When the 4b subsystem undergoes a phase transition, the
spectrum displays a distinctly nonmonotonic character, which
can be traced through the alteration of the Frenkel exciton
absorption coefficients, aa g, and the splitting, Ag. Repre-
sentative 7 spectra in each phase are depicted in Fig. 2(b).
The dependences of aa g on the magnetic field B, measured
at T =5.5 K are shown in Fig. 3(a). These dependences
are strongly nonmonotonic. The abrupt jump occurs at B, =
0.78 T and two bends are located at 1.13 T and 1.57 T for both
aa and ap. The splitting Ag between lines A and B in the
presence of an external magnetic field is given by the zero-
field splitting A% and some differences in Zeeman splitting
of the A and B lines [32]. The parameters og/aa and Afp in
dependence on B, show three peculiarities at the same fields
as ap g marked by the arrows in Figs. 3(b) and 3(c). Also the
width of the A and B exciton lines show three peculiarities
at the same fields; see Fig. 4(a). Since the measured Frenkel
excitons are related to the 45 subsystem, we can definitely
interpret them as the phase transitions within this subsystem.
The sharp change of these parameters at B, =0.78 T is a
clear sign of a first order phase transition, whereas the smooth
change at 1.13 T is a sign of a second order transition. A
second order phase transition takes place also at 1.57 T.

Interestingly, the integral intensity of the A exciton line
(I») has the opposite dependence on magnetic field compared
to that of the B line (Ig), see Fig. 4(b), while the integral
intensity of the entire spectrum evaluated as I + Iy, which
is shown by a blue line, is independent of magnetic field. It
is evident that the absorption intensities are redistributed be-
tween the A and B lines when the magnetic phases transition
occurs.

Similar peculiarities in the temperature evolution of the &
spectrum and of the Frenkel exciton parameters are observed
in a magnetic field of B, = 0.4 T; see Figs. 2(c), 2(d) and
Figs. 3(d)-3(f). The abrupt jump in the ws p temperature
dependence at 7 = 5.6 K confirms a first order transition,
while the bend at 7.6 K is typical for a second order transi-
tion. At the same temperatures, phase transitions are seen for
the ap/aa and Ap dependences. These results demonstrate
that the Frenkel exciton is a sensitive tool for monitoring
magnetic-field- and temperature-induced phase transitions,
which are selective to the magnetic subsystems, in our case
to the 4b subsystem. In the following, we reconstruct the
detailed phase diagram and compare it to the magnetic data
for magnetic phase identification.

B. Magnetic field—temperature phase diagram for B, || a

The full magnetic phase diagram in the B,-T space based
on the change of Ag is shown in Fig. 5(a). The dashed lines
highlight the values of B, and T where the peculiarities of
Ar and apg/a occur. They form the boundaries between the
magnetic phases of the Cu®" ions in the B,-T space. The eval-
uation of these phase boundaries is shown in Fig. 5(b), where
the blue symbols correspond to discontinuous changes and the
red symbols to smooth bends of Ap and ap/as. We found in
experiment that the abrupt jumps exhibit a hysteresis behavior,
as shown in Fig. 5(d). Such behavior is typical for a first order
phase transition. For a second order phase transition, a smooth
change of parameters without abrupt jumps and/or hysteresis
is expected. This is what we find for the phase boundaries
shown by the red symbols in Fig. 5(b). The phase boundaries
and the order of phase transitions are in good agreement with
the magnetic susceptibility measurements from Ref. [17],
shown by the green lines in Fig. 5(b).

Comparing our data with those from Ref. [17], we iden-
tify in the presented parameter ranges of 4 K <7 < 10 K
and 0 T < B, <2 T the commensurate phase (C;) with a
weak ferromagnetic moment and two incommensurate phases
(IC; and IC,). The phase transitions from the IC, to IC;
and from IC; to C; phases are of the first order type [blue
symbols in Fig. 5(b)], indicating that the Cu®>" ions experience
a spontaneous spin flop. The amplitude of the jump for the
transition from IC; to C; decreases with decreasing temper-
ature, turning into a second order type transition to C-IC at
6.7 K. The phase boundary between C-IC and C; is observed
only in the change of the ag/oa parameter. Note that the
phase transition between C-IC and C;, shown by the open red
circles in Fig. 5(b), had not been observed in the magnetic
measurements in Ref. [17]. However, this transition had been
detected in thermal conductivity measurements and assigned
to the coexistence of commensurate and incommensurate an-
tiferromagnetic phases [18].
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FIG. 2. Evolution of the absorption 7 spectrum of CuB,0, of the Frenkel exciton in different temperatures and magnetic fields (B, || a).
Panels (a), (c), and (e) are contour plots in which the absorption amplitude is represented by color. In panel (a), the temperature was maintained
at a constant value of 7 = 5.5 K while the magnetic field was increased. (b) Absorption 7 spectra in the IC, (0 T), IC, (1 T), and C-IC (1.5 T)
phases. In panel (c), the magnetic field was maintained at a fixed value of B = 0.4 T while the temperature was scanned in the upward direction
in steps of 0.1 K. The temperature change rate between the measurement of two adjacent spectra was less than 0.1 K/min. Additionally the
temperature was maintained at each data point for a minimum of 10 min. This waiting period ensured a stable temperature of the sample within
the cryostat. (d) Absorption 7 spectra in the IC, (5.2 K), IC; (6 K), and C, (8 K) phases. In panel (e), the temperature was fixed at T = 16.8 K
while the magnetic field was scanned in an upward direction. (f) Absorption 7 spectra in the Cj (0 mT), Cy (25 mT), and C, (58 mT) phase

region.

The phases IC;, IC,, and C-IC converge at the critical
point Ty with the coordinates 7 =4.5 K and B, = 1.24 T.
The phases IC;, C;, and C-IC converge at the critical point
T, with the coordinates 7 = 6.7 K and B, =0.73 T. It is
stated in Ref. [17] that the phase transition boundary IC,-IC,
terminates at the critical point T, = 5.8 K and B, =03 T.
However, our experimental data show that this boundary is
extended beyond T, and approaches 0 T at 5.74 K, as shown
by the open blue circles in Fig. 5(b). This illustrates that, for
clarifying all details of the magnetic phase diagram, experi-
mental data gained by various techniques are required.

The magnetic phase diagram at higher temperatures 7' >
7 K and weak magnetic fields of B, < 0.08 T is shown in
Fig. 5(c). We identify here three commensurate phases (Co,
C;, and C,) and one incommensurate noncollinear phase IC7.
The contour plot in Fig. 2(e) highlights the field evolution
of the absorption m spectrum at 7 = 16.8 K, which reveals
the distinct transitions between the different magnetic phases.
Absorption 7 spectra in the Cj (0 mT), Cy (25 mT), and C,
(58 mT) phase region are shown in Fig. 2(f). The transitions
between these phases have second order character. In the
antiferromagnetic commensurate phase Cj, in weak magnetic
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FIG. 3. Magnetic field and temperature dependences of the Frenkel exciton parameters at 7 = 5.5 K or B, = 0.4 T. Magnetic field
dependences (B, || a) of the (a) amplitudes of the A and B line absorption, (b) ratio ag /s, and (c) excited state splitting Ap. Arrows highlight
peculiarities related to the phase transitions with the strength of B,. Temperature dependences of the (d) absorption amplitudes, (e) ratio
ap/aa, and (f) Af, all measured at B, = 0.4 T. The temperature in these measurements was increased from 5.2 to 8.2 K. Arrows depict the
temperatures of phase transitions that are of the first (sharp changes) and the second (smooth changes) order, respectively.

fields the antiferromagnetic moment L lies in the ab plane
along the easy [110] axis and the ferromagnetic moment is
M = 0. Increasing the field B, leads to the alignment of L
along the [010] axis with M = 0 forming the Cy phase. In
higher B,, the C; antiferromagnetic commensurate phase ex-
ists with a weak ferromagnetic moment (L || b and M # 0).
We summarize the magnetic phase classification and Frenkel
exciton parameters in Table I. One should note that, above the
Néel temperature of 20 K, the Cu>* ions are in a paramagnetic
phase. In this phase and the chosen B, || a geometry, the
absorption at the 4b Frenkel excitons is very low and it is not
possible to accurately evaluate the exciton parameters.

C. Magnetic field-temperature phase diagram for B, || ¢

The magnetic field—temperature phase diagram is
markedly different from that shown in Fig. 5 when the
field is applied along the tetragonal c¢ axis of CuB;Oj.

This is caused by the collective reordering of the magnetic
moments in the 4b and 84 Cu’>* subsystems [15,17]. In
zero magnetic field the spins of the 4b subsystem lie within
the ab easy plane, but the spins of the 8d subsystem are
directed predominantly along the tetragonal c axis. Such a
predominantly orthogonal orientation of the spins in both
subsystems makes coupling between them complicated
[15,17]. In a field applied along the ¢ axis the spins of the
4b subsystem are subject to the perpendicular susceptibility.
In contrast, the spins of the 8d subsystem are subject to
the parallel susceptibility. Both subsystems tend to be
oriented along the ¢ axis, but to a different degree because
of their different magnetic susceptibilities. Above 9 K the 84
subsystem is in a paramagnetic state, the coupling between the
two subsystems is weak, and the phase diagram of CuB,O4
is rather simple, as can be seen in Fig. 6(c). However,
below 9 K the 8d subsystem becomes partially ordered, so
that the interaction between the two subsystems becomes

TABLE 1. Parameters of the Frenkel excitons (ag/aa and Ag) in different spin phases for the magnetic field applied along the a axis (B,). C
and IC denote the commensurate and incommensurate antiferromagnetic phases in the ab plane. The parameters are presented as ranges of the
largest and lowest values detected for the respective magnetic phases. The last column gives the magnetic phase labels used in Ref. [17]. Note
that the phases C-IC and C; are not resolved in the magnetic measurements in Ref. [17], but are resolved in thermal conductivity measurements
[18]. The antiferromagnetic C-IC phase is assigned to the coexistence of commensurate and incommensurate phases.

Magnetic phase Order parameters ap/aa Afr (meV) Magnetic phase [17]
Co L | [010],M=0 2.0to 4.7 0.50 to 0.62 AF,

C§ L|[110],M=0 1.1t02.0 0.22 to 0.50 AF;

C, L | [010], M # 0 37t07.0 0.54 to 0.60 AF,

C-IC 2.0t0 3.0 0.59 to 0.62 AF,

1C, Helical order 0.3t03.1 0.39 t0 0.68 P,

IC} Elliptical order 09t0 1.9 0.391t00.48 P,

1C, Helical order 1.5t02.5 0.56 to 0.59 P,
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FIG. 5. Magnetic phase diagrams of CuB,0O4 measured for B, ||
a. (a) Color-coded dependence of the splitting Ar on temperature 7'
and magnetic field B,. Dashed lines show the phase boundaries. The
critical points 7y and 7, where several phases converge, are high-
lighted. (b), (c) Boundaries between magnetic phases obtained from
Af and ag/as for 4 K< T < 10K (b)and for 7K < T <19 K
(c). Symbols are the experimental data and green lines are data of
the magnetic moment measurements from Ref. [17]. Open symbols
highlight the optically detected phase transitions. Symbols of blue
and red colors encode the first and second order types of phase
transitions, respectively. C and IC with indices denote the commen-
surate and incommensurate antiferromagnetic phases, respectively.
A detailed definition of the indices can be found in the text and in
Table 1. (d) Hysteresis in the Ar dependence on B,, measured at
T=55K.

important and consequently the phase diagram becomes more
complicated.

The experimental data for the magnetic phase diagram for
B. || ¢ are shown in Fig. 6. The color coded contour plot of
Ar as a function of T and B, is presented in Fig. 6(a) for
SK<T <15Kand 0 T < B, < 1.6 T. The black dashed
lines highlight the phase transition boundaries, serving as
guides to the eye. Their evaluation is shown in Fig. 6(b) by the
red circles. All phase transitions are of the second order type
and show no abrupt change of Ag and/or hysteresis behavior.

In total seven phases are recognized: ICY, ICS, and IC,
which are incommensurate antiferromagnetic phases, and C,

6", C{, and C{j, which are commensurate antiferromagnetic
phases. The previous magnetic susceptibility measurements
[17] had led to the conclusion that these phases originate from
partial ordering of the 8d copper spins below 9 K and the
interaction between both copper subsystems.

Based on Ref. [17], below T =7 K and B, < 0.2 T, the
copper spins in the 8d subsystem have an antiferromagnetic
moment along the ¢ axis, forming the cone incommensu-
rate phase IC{. It was found that an increase of B, leads to
the incommensurate phase ICS, where the spins of the 4b
subsystems become slightly tilted out of the ab plane due
to the relevant magnetic susceptibility along the ¢ axis. For
B. > 0.3 T, the IC5 phase was identified. We see similar
boundaries and phases in the experimental data obtained for
the magnetic phase diagram shown in Fig. 6(b). When the
temperature is increased above 7 =9 K, the spin system
undergoes the transition from the IC§ phase to the com-
mensurate phase C{ with a weak ferromagnetic moment for
B. > 0.4 T and, for B. < 0.4 T, the commensurate antifer-
romagnetic phase Cj without a ferromagnetic moment was
found [34].

The phase boundaries obtained from measurements of
the magnetic moment [17] are shown by the green lines in
Fig. 6(b). Comparing these results with the results of the
optical absorption measurements, we see similar boundaries
and phases detected only optically, but also highlights of the
phase Cf; at B. > 1 T at 9 K, in which we suppose that com-
mensurate and incommensurate phases coexist. Additionally,
we detect a phase (C{*) at B, < 0.08 T of unknown origin.
The large difference to Ref. [17] is that the magnetic moment
data show the boundary between IC§ and C{ at larger B. up
to 6.5 T, as plotted in Fig. 6(c). We can trace this boundary
only up to B, =1 T by detection of the Frenkel excitons’
parameters in the 4b subsystem. This limitation is related
to the complex Davydov-Zeeman splitting at B, > 1.4 T, as
shown in detail in Ref. [32]. In this regime, the parameters
of the Frenkel excitons are mostly determined by the external
magnetic field and become weakly sensitive to the magnetic
interactions between the copper spins.

IV. CONCLUSIONS

We have shown in this paper that the parameters of the
Frenkel excitons in the multifferroic CuB,0,4, measured at
cryogenic temperatures and in magnetic fields below 2 T,
are sensitive to magnetic phase transitions. The Frenkel ex-
citons related to the lowest in photon energy transition, which
belongs to the Cu®" ions in the 4b subsystem, have been
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FIG. 6. Magnetic phase diagrams of CuB,0, measured for B, | c. (a) Color-coded Ar dependence on temperature and B.. Dashed lines
show the phase boundaries. (b) Measured phase boundaries are shown by the circles, where the open circles are for the transitions that have
not been observed in Ref. [17]. Green lines are the results of the magnetic measurements of Ref. [17]. Red color of the symbols corresponds
to a second order phase transition. C and IC with indices indicate the commensurate and incommensurate antiferromagnetic phases. Upper
index “c” defines the change of the order parameters along the tetragonal ¢ axis in the 4b subsystem. (c) Phase boundaries from the magnetic

measurements of Ref. [17] shown for B, upto 7 T.

detected. The absorption amplitudes of the two exciton lines,
their ratio, and their exchange splitting show clear changes,
when the 4b spin system is transformed between different
magnetic phases. This provides a powerful tool for optical de-
tection of the magnetic phase transitions and magnetic phases.
Here it is used to measure the magnetic phase diagrams in
CuB,0; for two different orientations of the magnetic field,
along and perpendicular to the crystallographic ¢ axis. The
comparison of our results obtained from spectroscopic mea-
surements of the 4b subsystem with the recently published
magnetic data that reflect the magnetic properties of both
Cu®* subsystems [17,18] shows that the two types of phase
diagrams coincide in their main features, but there are also
differences. We detect a few phase transitions that had not
been seen in magnetic measurements. Also, we show that the
boundary between the IC;—IC, phases is not terminated at the
critical point Tep, = 5.8 K and B, = 0.3 T, but goes beyond
T¢p and approaches 0 T at 5.74 K. Therefore, for clarifying all

details of the magnetic phase diagram, experimental data
gained by different techniques are required. Optical tech-
niques, in which the Frenkel exciton parameters can be
determined, give direct access to the magnetic structure
of particular subsystems in complex materials with several
nonequivalent magnetic subsystems. This opens up opportu-
nities for the optical study of magnetic structures in magnetic
and multiferroic materials.
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