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Copper metaborate CuB,0, crystallizes in a unique noncentrosymmetric structure, becomes antiferromag-
netically ordered below Ty; = 20 K, and exhibits a great diversity in magnetic, optical, and magneto-optical
properties. In particular, it shows strong photoluminescence rarely observed before in other magnetically ordered
copper oxides in which magnetic properties are defined by magnetic Cu>™ (3d°, S = 1/2) ions. Here we report
on the detailed spectroscopic study of the photoluminescence originating from the Cu?" ions. Our investigations
are focused on understanding the energy-level scheme of the multiple excitations below the energetically lowest,
crystal-field-split d-d electronic transition at 1.405 eV. We identify multiple emission lines, and among them we
distinguish three sets of lines, each composed of an exciton line and a satellite attributed to magnon-assisted
exciton recombination. The emission intensity of the three sets changes strongly in the temperature range
1.7-40 K, showing pronounced correlations with the magnetic phase transitions between the commensurate
and incommensurate phases. Photoluminescence excitation spectra and time-resolved emission dynamics give

closer insight into the energy relaxation channels populating the exciton-magnon sets.
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I. INTRODUCTION

Multiferroic and magnetoelectric materials are character-
ized by mutual interactions between magnetic, electric, and
lattice subsystems, leading to the observation of intriguing
physical phenomena with promising potential for developing
new technologies [1-7]. Along with the studies of their mag-
netic, electric, dielectric, and other properties, over the last
decades significant efforts have been devoted to investigating
linear and nonlinear optical and magneto-optical effects in
multiferroics and magnetoelectrics. Due to the simultaneous
breaking of space inversion and time reversal symmetries, new
types of interactions between the electronic, spin, and orbital
degrees of freedom leading to new optical phenomena have
been highlighted [8—16]. While some of these effects have
been successfully explored, others are still waiting for further
studies and unambiguous explanations, in particular, on the
microscopic scale.

Among the various types of multiferroics, the magne-
toelectric antiferromagnet copper metaborate CuB,04 is a
particularly prominent example. It possesses a unique non-
centrosymmetric crystal structure and a complex magnetic
phase diagram; see the most recent publications [17,18] and
references therein. Many interesting effects were observed in
the studies of linear and nonlinear optical properties. First
measurements of optical absorption and second harmonic
generation demonstrated an exceptionally rich exciton and
exciton-phonon sideband spectra [19,20]. Detailed analysis of
the absorption spectra allowed evaluation of the whole set
of genuine crystal field parameters [21]. Lattice dynamics
of CuB,04 were explored by means of polarized infrared
and Raman spectroscopy to make a reliable identification of
all Brillouin-zone-center phonons and two-magnon excitation
modes [22,23].
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Several other experimental techniques were applied for
investigating CuB,04. Resonant inelastic x-ray scattering was
applied for the studies of the well-isolated low-energy features
[24]. It was concluded that they should be attributed to the d-d
transitions rather than to the charge-transfer excitation dis-
cussed in other copper oxides. The local electronic structure
of copper ions in CuB,04 was studied by using polarization-
dependent x-ray absorption spectroscopy where theoretical
calculations were used for separating the contributions of the
two nonequivalent positions of the copper ions in the unit
cell of CuB,0y to the absorption and x-ray circular dichroism
spectra [25].

In CuB,0,4 below the Néel temperature Ty; = 20 K, spa-
tial inversion and time reversal symmetry are both broken,
opening up new appealing possibilities for the investigation
of various optical effects. For instance, a strong change of
the optical absorption with reversal of the light propaga-
tion direction [12], as well as a directional asymmetry in
the photoluminescence spectra were reported [26]. Here it
is worth noting that some optical effects observed in this
complicated material have raised conflicting discussions re-
garding their physical origin. One of the disputed topics was
the magnetic field control of the crystal chirality reported
in Ref. [27], which was later found to be inconsistent with
the theoretical analysis of the dichroic signals from CuB,O4
[28]. As far as we know, this issue has not been resolved
so far [29-31]. Recent studies of CuB,0, dealt with the
femtosecond activation of magnetoelectricity [32], the ex-
citation of coherent phonons [33], the microwave induced
magneto-chiral effect [34], and besides the optical effects,
the observation of complex behavior of thermal conductivity
with well-pronounced anomalies at several magnetic phase
transitions [18].

©2020 American Physical Society


https://orcid.org/0000-0001-5473-8383
https://orcid.org/0000-0002-4651-8476
https://orcid.org/0000-0001-7349-2745
https://orcid.org/0000-0003-3944-7443
https://orcid.org/0000-0001-9542-1040
https://orcid.org/0000-0002-8678-4402
https://orcid.org/0000-0002-0893-5949
https://orcid.org/0000-0002-2008-9335
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.035128&domain=pdf&date_stamp=2020-07-16
https://doi.org/10.1103/PhysRevB.102.035128

D. KUDLACIK et al.

PHYSICAL REVIEW B 102, 035128 (2020)

The photoluminescence (PL) technique is widely and effi-
ciently used for characterization of the optical and electronic
properties of solids as well as for investigation of spin related
phenomena [35,36]. Technically, it can be accomplished quite
easily by excitation of the material under study with photons,
either from a lamp or a laser, with energy typically well
above the one where the PL occurs, and analyzing spectrally
the light emitted by radiative recombination of the electronic
excitations. However, the occurrence of PL is not self-evident
as it requires optically allowed transitions with finite quan-
tum efficiency. For magnetically ordered dielectrics PL has
remained a very rare phenomenon. So far, it has been assumed
that the quenching of radiative recombination in these materi-
als originates from strong interactions between the magnetic
ions, electron-phonon and spin-lattice coupling. The reported
experimental data allow one to assume that the PL is more
pronounced in the ionic dielectric crystals, e.g., in the 3d"
fluorides, in comparison to covalent dielectrics such as the
3d" oxides. Therefore, recent observations of bright PL from
the magnetic oxide on the basis of Cu?* ions in the antiferro-
magnetic dielectric CuB,O4 were a big surprise [26,37-39].
To the best of our knowledge, no other reports are available
on PL from magnetically ordered materials associated with
the Jahn-Teller Cu®* ions so far. These observations open
up new opportunities for the studies of electronic structure,
magnetic phase transitions, and other properties of CuB,QOj.
Moreover, time-resolved PL spectroscopy allows one to study
the relaxation dynamics of the different excited electronic
states. So CuB,0y is a very suitable sample allowing one to
leverage these potentialities.

In this paper, we report a detailed PL study of CuB,Oy,
including its recombination dynamics, conducted in a temper-
ature range from 1.7 K up to well above Ty; = 20 K, where
several magnetic phase transitions occur. We put the emphasis
on the origin of the emission lines and determine the energy-
level scheme of the multiple excitations of Cu?* ions below
the energetically lowest crystal-field-split d-d transition, lo-
cated at the photon energy of 1.4052 eV. We identify three
sets of emission lines, each composed of an exciton line and a
satellite attributed to magnon-assisted exciton recombination.

The paper is organized as follows: In Secs. Il A-II C, we
briefly overview the crystal structure, the magnetic and the
optical properties of CuB,04. In Sec. IID we consider the
specifics of the strongly bound Frenkel excitons in magneti-
cally ordered materials resulting in magnon-assisted exciton
recombination. The samples and experimental techniques are
described in Sec. III. The experimental results are collected
and discussed in Sec. IV. In Sec. V we summarize our
conclusions and present a scheme of the electronic levels
contributing to PL.

II. COPPER METABORATE CuB,0,
A. Crystal structure

The dielectric oxide CuB,04 crystallizes in the tetragonal
noncentrosymmetric space group I42d (no. 122) comprising
a large primitive unit cell with 42 atoms [40,41]. The lattice
constants are a = b = 1.1528 nm and ¢ = 0.5607 nm [40].
Temperature variations of the lattice parameters were reported
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FIG. 1. Schematic magnetic phase diagram at B = 0 T of the 4b
subsystem in CuB,0,. At the temperatures 7y, Tn2, and Tys, the
Cu?* ions in the 4b sites undergo different types of phase transitions
at which their spin configuration changes. Starting from high temper-
atures, the magnetic structure evolves from the paramagnetic phase
above 20 K to an antiferromagnetic phase below 20 K and further, to
an incommensurate phase below 9 K. The exact magnetic structure
below the phase transition at 2 K is not known.

in Ref. [42]. The optical ¢ axis is oriented along the [001]
crystallographic direction (c || z || [001]). The basal plane is
perpendicular to the [001] direction and is formed by the two
equivalent a and b axes (a || x || [100] and & || y || [010]). The
structure is characterized by 12 Jahn-Teller Cu®* (3d°) ions
occupying the two nonequivalent 4b and 8d crystallographic
positions. While on the 84 sites each Cu>" ion is surrounded
by six O>~ ions forming a strongly elongated oxygen oc-
tahedron (site symmetry 2), on the 4b sites each Cu>* ion
has only four nearest O%>~ ions in a planar configuration (site
symmetry —4). Due to this exceptional configuration of the
Jahn-Teller Cu®" ions on both crystallographic positions, the
structure of CuB,04 seems to be unique among multiferroic
and magnetoelectric materials. The only known exception
of a similar crystal structure is PdB,0y4 with the Pd**(4d®)
magnetic ions [43]. However, to the best of our knowledge, no
information on its magnetic and optical properties is available.

B. Magnetic structure and phase transitions

The interlaced 4b and 8d subsystems of the magnetic
Cu®* (S = 1/2) ions are coupled by intra- and intersubsys-
tem exchange interactions resulting in intricate commensu-
rate and incommensurate magnetic structures; see Ref. [17]
and references therein. These magnetic structures and the
transitions between them depend on temperature as well as
an applied magnetic field strength and direction with respect
to the crystallographic axes. The magnetic phase diagrams
differ significantly for magnetic fields applied parallel to the ¢
axis (B || ¢ || [001]) or in the basal plane (B L [001]). These
diagrams have been studied in several publications [10,44—
51]; however, the given parameters slightly deviate from each
other. The most recent comprehensive information, to which
we will refer here, can be found in Ref. [17].

The phase transitions of the magnetic 4b subsystem at
zero magnetic field are schematically shown in Fig. 1. With
decreasing temperature, the structure undergoes at the Néel
temperature Ty; = 20 K the first phase transition from the
paramagnetic to the antiferromagnetic phase due to the ex-
change interactions within the 4b subsystem [17]. A further
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temperature decrease results to the another phase transition
into an incommensurate phase at Ty = 9 K. It is provided by
the exchange interaction between the 45 and 8d subsystems
and results in partial ordering of the 84 subsystem [17,44,52].
Finally, the Cu*" magnetic moments reorient at Tyz ~ 2 K
forming a new state [17,44-46]. In fact, this is a simplified
consideration, which will be sufficient for understanding the
modifications of the optical spectra reported in this paper. The
magnetic properties of CuB,04 are rich, including several
magnetic phases and transitions between them, especially in
an external magnetic field but they will not be discussed here.
The origin of these phase transitions is not fully understood so
far.

C. Optical properties

The particular local symmetry of the Cu®** ions (3d° shell,
S =1/2, L = 0) in the two crystallographic positions leads to
the nontrivial electronic structure of CuB,0Oy4 [20]. Its optical
absorption spectrum shows six zero-phonon (ZP) lines, whose
polarization properties are mostly in accordance with the
electric-dipole (ED) selection rules [21]. The symmetry analy-
sis and their polarization properties allow us to assign these ZP
lines to Frenkel exciton states on the photoexcited Cu** ions.
A detailed group theory consideration shows that excitons at
the I point can be excited either via ED or magnetic-dipole
(MD) processes [53]. The lowest exciton state at 1.4052 eV
belongs to the 4b subsystem and the next one at 1.5767 eV is
associated with the 84 subsystem. Above the exciton lines the
absorption spectrum has a rich fine structure formed mostly
by phonon sidebands. The phonon spectrum in CuB,0O4 has
been studied by infrared Fourier spectroscopy and Raman
scattering [22,23].

The absorption spectra of CuB,0y are strongly sensitive to
the orientation of the linear polarization plane of the exciting
light and the direction of its wave vector k with respect
to the crystallographic axes. Experiments performed at T =
5 K, which are presented in Ref. [21], highlight that in the
spectral range from 1.405 to 1.576 eV absorption is observed
in geometries where the electric field vector of light E is
perpendicular to the c axis, i.e., either for the o spectrum (K ||
¢, E L ¢)orthe o spectrum (k L ¢, E L ¢). The absorption in
this region is nearly absent in the 7 spectrum (k L ¢, E | ¢).

Very bright photoluminescence at low temperatures has
been found in the spectral range below the first d-d elec-
tronic transition at 1.4052 eV, so that it is associated with
the Cu®" ions in the 4b subsystem [26,37-39]. It shows a
very rich structure of narrow and broader spectral lines and
extends down to 1.2 eV. We will show that the PL spectrum
originates from emission of Frenkel exciton ZP lines and lines
assisted by phonon and magnon generation. The involvement
of impurity and trap states in the emission process is also
highly probable. At present, a reliable identification of the
PL lines is missing. Hence, our goal is to take the first
steps in this direction: we focus here on the identification
of the exciton and magnon-assisted exciton recombination
lines in the emission, demonstrating their strong sensitivity to
the magnetic phase prevailing for the particular experimental
conditions.
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FIG. 2. (Left) Scheme of the exciton [E (k)] and magnon [g(k)]
dispersions. Small insert to the right displays the magnon density of
states [®(e)] as a function of the energy (¢). Optical transitions are
shown by dashed arrows: (1) zero-phonon and zero-magnon exciton
recombination, (2) exciton-magnon assisted process in the center
of the Brillouin zone, K = —k,, > 0, (3) exciton-magnon assisted
process with K = —k,, < /ay. (Right) Scheme of the emission
spectrum contributed by the exciton (X) and magnon-assisted exciton
(M) recombination where zero energy corresponds to the zero-
phonon transition. The given low-energy shifts are characteristic for
magnons in CuB,0, [61,62].

D. Exciton and exciton-magnon emission in antiferromagnets

In typical antiferromagnetic crystals, such as MnF,, FeF,,
RbMnF;, CoF,, et al., particular optical features attributed
to exciton and exciton-magnon transitions in the near in-
frared, visible and ultraviolet spectral ranges were reported
[54-57]. They are related to electronic excitations within a
3d" magnetic ion, resulting in formation of a Frenkel exciton
of small radius, which in turn may interact with magnons
[58]. The theoretical approach for describing the exciton and
exciton-magnon states in magnetically ordered crystals and
their contribution to the absorption and emission spectra was
developed in several publications; see, e.g., Refs. [57,59,60].

With regard to the pure electronic transitions, as conse-
quence of the electric-dipole (ED) approximation, exciton
recombination is parity forbidden for ions with a partially
filled 34" electron configuration. Most of exciton observa-
tions were made in centrosymmetric crystals, e.g., in the
antiferromagnets MnF; and RbMnF; [54-56]. Here the ex-
citon absorption line has polarization properties compatible
with an allowed MD transition, while the magnon-assisted
sidebands are polarized as expected for an ED transition due
to the specific magnon-assisted ED mechanism, which lifts
the restrictions on the parity-forbidden process [59].

Model considerations and schemes for exciton and
magnon-assisted exciton absorption in a MnF, antiferromag-
netic crystal can be found in Ref. [58]. Since we investi-
gate emission spectra in our paper, we need to modify this
consideration for photoluminescence. The respective scheme
is given in Fig. 2 including the characteristic energies for
the excitons and magnons associated with the Cu®* ions in
CuB;,0y4. The exciton and magnon dispersions are shown on
the left side. The exciton band is indicated almost as a straight
line, as it has a much smaller dispersion than the magnons.
The optical transitions with emission of photons with k ~ 0
obey the momentum conservation law. For exciton recombi-
nation without additional phonon or magnon involvement, the
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resulting selection rule simply is K = k &~ 0, where K is the
exciton wave vector. This optical transition is shown by the
arrow 1 in Fig. 2 and leads to a narrow exciton emission line.

In the case of the magnon-assisted exciton recombination,
momentum and energy is shuffled into the system of magnetic
ions in form of magnons with momentum k,,. The momen-
tum conservation law K — k,, = k ~ 0 leads to a low-energy
shift of the magnon-assisted exciton recombination line from
the zero-phonon exciton emission line given by the magnon
energy. While magnons in the center of the Brillouin zone
k,, = 0 (optical transition 2 in Fig. 2) have an energy of
about 2.6 meV, magnons at the edge of the Brilloiun zone
have 7.9 meV energy. Here we use the magnon dispersion
parameters measured for CuB,O4 at T =2 K [61,62]. As
a result the exciton-magnon emission forms a band that is
extended over 5.3 meV, and its shape is determined by the ex-
citon and magnon dispersions, the transition matrix element,
temperature, and other factors. It has an asymmetric shape, as
schematically shown in Fig. 2.

III. SAMPLE AND EXPERIMENTAL METHODS

We studied single crystals of CuB,O4 grown by the Ky-
ropoulos technique from a melt of B,O3, CuO, Li,O, and
MoOj; oxides [63]. For this study, a plane-parallel polished
(010)-plate with the thickness of 1.12 mm was cut out of
the single crystal and oriented using Laue x-ray diffraction
patterns. The crystallographic ¢ axis (c || [001]) called the
optical axis of a uniaxial crystal was in the plane of the
sample. In the experiments reported here the wave vectors of
the excitation laser and of the emitted photons were always
perpendicular to the c axis (k L ¢); see Fig. 3(a).

The sample was mounted strain-free in a split-coil magnet
cryostat, which allowed us to perform optical measurements
in the temperature range from 1.7 up to 300 K. The tem-
perature was monitored with a sensor mounted in the sam-
ple vicinity. In the absorption measurements, a laser-driven
plasma white lamp was used as exciting light source. For
excitation of the PL a continuous-wave Ti:sapphire laser
tunable in the range from 1.3 up to 1.5 eV was applied. The
laser light was linearly polarized and its polarization was kept
perpendicular to the ¢ axis (E L ¢) to optimally match the best
absorption conditions of the crystal-field-split d-d transition
in the 4b subsystem [21]. The power density at the sample
surface was typically set to about P = 1 mW /cm?, unless
specified otherwise. The laser power was stabilized by a
liquid-crystal variable attenuator. For most PL. measurements
presented here nonresonant excitation with the photon energy
of Exc = 1.42 eV was used. PL excitation (PLE) spectra were
measured by detecting emission of specific emission lines
while tuning the laser photon energy. The transmitted light
(absorption measurement) or the PL were spectrally resolved
by a 1-meter double monochromator (Model U1000, Jobin-
Yvon) equipped with a liquid nitrogen cooled charge-coupled
device (CCD) detector. The double additive mode of the
monochromator provides a spectral resolution of 0.1 meV
and a high stray light rejection. To be able to resolve all
features in the PL and PLE spectra with sufficient resolution,
the measurement time per spectrum with the CCD was 4 min.

sample
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FIG. 3. (a) Sample orientation and experimental geometry.
(b) Photoluminescence spectrum (black line) and o absorption spec-
trum (red line, k L ¢, E L ¢) of CuB,O4 in the energy range of
the lowest-in-energy d-d transition of the 4b subsystem. 7' =5 K,
Ee. = 1.45eV. Arrows and numbers indicate the position of the ZP
line in absorption (a transition between the ground (x> — y?) state
and the first (xy) excited state) and the exciton transition (X;) in
luminescence.

In order to ensure a stable detection position on the sample
surface, the sample was covered by a mask containing a hole
of 500 um diameter. The laser spot diameter on the sample
surface was 250 um. The central part of 100 x 100 m?
of this spot was selected by a cross slit positioned in the
intermediate focus of the detection optical scheme.

In the time-resolved PL measurements we used a laser
system generating 5-ns pulses with a repetition rate of 0.1 Hz.
The laser wavelength was 532 nm (Ee. = 2.33 V). Unless
specified otherwise, the total average power of the laser was
set to about Pu. = 1 mW/cm? at the sample surface. The
PL was detected by a 1.5-m triple monochromator equipped
with a gated CCD detector having a time resolution of 1 ns.
We investigated two time ranges more closely. On the one
hand the sub-us range, which provides information about fast
carrier recombination processes and population times, and on
the other hand the ms range, which was used to analyze the
long carrier recombination times of up to 250 us. To resolve
effects in the us range, we used a measurement window of 0 to
30 us with a measurement time per PL spectrum of 100 ns and
30 000 repetitions. The step between two measurements was
0.2 us. For the investigation of the ms range the measurement
window was increased to 1 ms and the measurement time per
PL spectrum was increased to 1 us. Here the step between two
measurements was 2 (LS.

IV. EXPERIMENTAL RESULTS

A. Temperature dependence of photoluminescence

Absorption and PL spectra of CuB,04 measured at 7' =
5 K are shown in Fig. 3(b). The absorption spectrum, which
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FIG. 4. (a) PL spectra at various temperatures measured for nonresonant excitation at E.,. = 1.42 eV using P.y,c = 1 mW /cm?. All lines
are labeled and marked by the vertical arrows. The red PL spectra in panel (a) are shown in panels (b)—(e) for better comparison.

in general shows features in a wide energy range from 1.35 to
2.5 eV [21], is shown here only in the low-energy range. It has
a sharp, intense line at 1.4052 eV accompanied at high-energy
side by a rich phonon sideband structure. The line corresponds
to the ZP exciton absorption and originates from the lowest-
in-energy d-d exciton transition of the Cu?* ions in the 4b
subsystem. More information on absorption can be found in
Refs. [20-22].

PL is observed energetically below the ZP line in absorp-
tion; see Fig. 3(b). As stated above, efficient emission is very
unusual for magnetic oxides with Cu®* ions because we are
unaware of any report on PL in such compounds. The PL
spectra comprise many distinct lines of various shape and
intensity in the range from 1.4052 down to 1.3 eV continued
by a structureless band extending down to 1.2 eV (not shown
here). Our goal in this paper is to understand the origin of
the PL lines and to investigate their properties in the different
magnetic phases. For that we will focus on the spectral range
1.365-1.405eV. At T =5 K, the most intense PL line is
located at 1.3935 eV. It has a linewidth of 1.1 meV, identical
to the exciton absorption line at 1.4052 eV. We will show
below that this line can be assigned to a particular exciton
line (namely, X,) and the broad satellite line on its low-energy
side (M, line) to the magnon-assisted recombination of the X,
exciton.

PL spectra measured in the temperature range from 1.7 up
to 28 K, which cover all magnetic phase transitions, are shown
in Fig. 4(a). In order to avoid laser heating of the sample, the
excitation power density was kept constant at the low level
of Peye = 1 mW /cmz. For the line classification we marked
all distinguishable emission lines by arrows and labeled them
in ascending order with U;, X;, or M;. The meaning of these
labels will be explained below. The spectral positions of these
lines are given in Tables I and II. The PL spectra are greatly
modified by the temperature increase. While at 7 = 1.7 K 12
lines are clearly distinguishable, at T = 25 K only the X3 and
M3 lines remain. With increasing temperature the PL lines
vanish successively starting from higher energy ones, e.g., the

U, line disappears already at 7 = 2.2 K. In more detail we
will consider that below in Fig. 6.

For a closer look at the temperature-dependent changes,
we plot the PL spectra for the specific temperatures of 1.7,
7, 15 (below Tx1), and 25 K (above Ty;) in Figs. 4(b)—4(e).
One can distinguish in the spectra two types of lines. One
type comprises the spectrally narrow lines with widths of
0.5-2.2 meV, which have no partners. We label them as the
U; lines. The other type includes the lines associated with a
partner for which three sets are seen, each one consisting of a
narrow line and a broad low-energy satellite. They are labeled
with X; and M;, respectively, and we assign them to exciton
(X;) emission and magnon-assisted exciton (M;) emission.

1. Exciton and magnon-assisted exciton emission

We will focus next on the properties of the X;-M; sets of
PL lines. As indicated, three of them can be identified in
the studied spectral range. Their relative intensities strongly
depend on temperature, but not the ratio of intensities of the
X; and M; lines within each set. The latter fact indicates that
the X; and M; lines are closely linked to each other within the

TABLE I. PL line properties of the X;-M; sets at T = 2.5 K. In
the fourth column the PLE energies (Ep_g) for the X; lines are given.
AE,,s denotes the shift of the respective line from the ZP line in
absorption (ZPL ).

E FWHM Epr g AEps AE*
Line V) (meV) V) (meV) (meV)
ZPL s 1.4052 0.8 0 -
X, 1.4020 0.7 1.4027 32 6.6
M, 1.3954 3.1 9.8
X5 1.3938 1.3 1.3941 11.4 6.1
M, 1.3877 4.7 17.5
X3 1.3743 1.7 1.3742 30.9 6.5
M, 1.3678 3.7 374
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TABLE II. U; line properties at T = 2.5 K. The data for the U,
line are given for T = 1.7 K. AE,, denotes the shift of the respective
U; line from the ZPL line in absorption at 1.4052 eV energy. In the
last column the PLE energies (Ep;g) for the U; lines are given.

Line E (eV) FWHM (meV) AE,s (meV) Ep g (eV)
UL 1.4052 2.2 0 1.4052
Ui 1.4032 1.2 2.0 1.4039
U 1.4008 4.4

Us 1.3989 1.6 6.3 1.3996
U, 1.3975 1.8 7.7 13974
Us 1.3966 1.5 8.6 1.3962
Us 1.3837 1.3 21.5 1.3855
U 1.3780 26.2

same set and that they may belong to the same exciton state.
We attribute the X; lines to zero-phonon (and zero-magnon)
emission from the different exciton states whereas the M; lines
can be attributed to magnon-assisted exciton recombination.
This is a plausible assumption already at this stage, but we
will show below that further experimental data support well
this interpretation. In order to illustrate all three sets, we show
in Fig. 5 the profiles of the X;-M; sets for T = 2.5 K where
the intensities of the different sets are quite comparable. Here
the background emission and the U; lines are subtracted for
convenience. The spectral characteristics of the X; and M;
lines are summarized in Table I.

Starting from the first (X;-M;) set, shown in black in
Fig. 5, one notes that the X; emission line is Stokes shifted
by 3.2 meV from the ZP line in absorption at 1.4052 eV (in
red). For convenience, in Fig. 5 we display the energy scale
both in absolute values and as Stokes shift relative to the
absorption line (AE,s). The shifts of the X, (orange) and X3
(purple) lines are 11.4 and 30.9 meV, respectively. The exciton
X, line has a linewidth of 0.7 meV, which is close to that of
the absorption line. The X, and Xj lines have larger widths of
1.3 and 1.7 meV, respectively.
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FIG. 6. (a) Contour plot of the temperature-dependent PL in-
tensity. Ey = 1.42 eV, Py =4 mW/cm?. (b—d) Temperature de-
pendence of the exciton and exciton-magnon X;-M; integral PL
intensities in the (b) low (<7 K), (c) medium (< 25 K), and (d) high
(<42 K) temperature range. The results pertain to the X;-M; lines
depicted in Fig. 4. (e) FWHM and (f) peak energy of the exciton
lines as function of temperature. The magnetic phase transition
temperatures (7n; = 20 K, Tno = 9 K, and Ty; = 2 K) in CuB,04
are shown by the vertical dashed lines. The error bars do not exceed
the symbol size.
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FIG. 5. Close-ups of the X;-M; emission sets plotted vs the en-
ergy shift from the ZP absorption line (red) at 1.4052 eV. The shown
lines are obtained from the PL spectrum measured at 7 = 2.5 K, by
subtracting the background and the contribution of neighboring lines.
The numbers above the horizontal arrows give the energy differences
AE; between X; and M; in meV.

We suggest that the considered X; lines are Frenkel excitons
at the Cu”" ion sites of the 4b subsystem. This gives rise to
several questions about their properties that can be formulated
as follows:

(i) What is the origin of their shift from the absorption
line? Can all of them be considered as phonon-assisted or
magnon-assisted satellites of the very same exciton state at
1.4052 eV? Can the shift be related to a configuration shift or
is the shift related to impurities or defects?

(i) The X;-M; emission intensity depends strongly on tem-
perature and has clear correlation with the magnetic phases.
Are specific X; states stable only in specific magnetic phases?
Alternatively, one could suggest that the X; states are present
at all temperatures (in all phases), but the energy relaxation
between them is strongly controlled by temperature and/or
magnetic ordering, determining the state population and,
therefore, the relative PL intensities.
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(iii) What are the population channels for the X; states for
nonresonant optical photogeneration with E¢y. > 1.4052 eV?

(iv) What controls the linewidth of the X; lines, the radia-
tive decay, the inhomogeneous broadening or the magnetic
interactions? Note that the radiative broadening can be ex-
cluded, as the measured recombination times are very long,
corresponding to homogeneous widths smaller than a ueV;
see Sec. [IVD.

From results of our studies we can address at least some
of these questions. In the following we discuss changes in PL
spectra with increasing temperature. In addition to Fig. 4, we
present them as a three-dimensional contour plot in Fig. 6(a).
One can clearly see here that the intensities of the differ-
ent X;-M; sets increase and decrease in specific temperature
ranges, which are well correlated with the different magnetic
phases. The integral PL intensities of the X;, X;, and X3 lines
are shown in Figs. 6(b)-6(d) as a function of temperature. The
X intensity increases by 30% from 1.7 to 2.5 K and then
decreases and diminishes above 7 K [Fig. 6(b)]. The X, line
triples its intensity up to 7 K, where it has a maximum. For
further temperature increase its intensity decreases and the
line disappears at 23 K, i.e., slightly above Ty; [Fig. 6(c)].
In turn, the X3 intensity reaches a maximum at 23 K and stays
significant even for temperatures above 40 K [Fig. 6(d)]. The
temperatures at which the maximal intensities are approached
and at which the PL lines disappear are in close agreement
with the phase transition temperatures: Ty3 =~ 2 K, Tno = 9K,
and Ty, = 20 K. Furthermore, one notes a kind of cascaded
behavior between the X; lines: the temperatures at which the
X; (X) line disappears correspond to the maximal intensity
of the X, (X3) lines, respectively. The difference in these tem-
peratures does not correspond to the energy splitting between
the states, so that the behavior cannot be assigned to thermal
dissociation. We discuss below whether it can be explained by
a successive energy transfer between these states, for which
the results of time-resolved experiments will be considered.
One can see in Figs. 6(b)-6(d), that the M; line intensities
follow with good agreement the temperature dependencies of
the X; lines.

The linewidths of the X; lines also have a remarkable cor-
relation with the magnetic phases; see Fig. 6(e). We observe
that the widths of the X, and X3 line remain constant at about
1.1 meV in the temperature range from 5 to 20 K, where
the X line is already gone. Their widths strongly increase
above 20 K, where CuB,0, exhibits the transition to the
paramagnetic phase. In this phase, the width of the X, line
reaches 3.1 meV at 23 K, and the X3 line reaches 4.5 meV
at 41 K. At temperatures above 41 K the X3 line strongly
broadens which complicates its evaluation. Below 5 K, the
linewidth of X; undergoes a different change. While the X,
linewidth stays about constant for a temperature decrease
down to 1.7 K, the width of X; decreases down to 0.5 meV.
The width of X3 increases up to 1.8 meV. These characteristics
indicate that a considerable part of the linewidth is controlled
by exchange interactions within the system of magnetic Cu®*
ions. Comparing the data at 7 = 1.7 K, we suggest that the
inhomogeneous broadening of the X; lines does not exceed
0.5 meV, which is the smallest width of the X; line. Thus, one
can conclude that the FWHM temperature dependencies of all
X; lines are provided by the exchange interactions, which in
turn are controlled by the magnetic phases.
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FIG. 7. (a) PL spectra in the energy range from 1.404 to 1.408 eV
for different temperatures, Eq. = 1.42 eV, Poyc = 4 mW/cm?. The
absorption spectrum at 7 = 1.7 K is shown by the dashed red
line. The maxima of the absorption for different temperatures are
highlighted by the vertical red arrows. The UFL emission peak is
attributed to the direct exciton recombination of the light absorbed
at the ZP line at 1.4052 eV. (b) Integral intensity of the UFL line
normalized to the value at 1.7 K as a function of temperature. Phase
transition temperatures are highlighted by vertical dashed lines. The
error does not exceed the symbol size.

The peak energy of the exciton lines changes little in the
investigated temperature range; see Fig. 6(f). With increasing
temperature from 1.7 to 2.2 K the X; lines shift weakly (by
about 0.6 meV) to higher energies. Then their peak energies
remain constant up to 20 K. For T > 20 K, they shift to
lower energies. The shifts of the X, and X3 lines are very
similar to each other. Note that they follow well the shift of
the absorption line at 1.4052 eV reported in Ref. [52].

2. URL emission line

We briefly address the properties of the U;E; emission line,
which has no Stokes shift from the zero phonon absorption
line at 1.4052 eV. One can clearly see in Fig. 7(a) that their
spectral positions and linewidths coincide at T = 1.7 K. With
increasing temperature the Uaﬁ’)l; line broadens. It is no longer
detectable above 22 K. This can be attributed to the fact that
the integral intensity of this line is very small, namely two
orders of magnitude weaker than the X; line.

The integral PL intensity of U:& has a highly nonmono-
tonic temperature dependence; see Fig. 7(b). It increases
twofold with increasing temperature from 1.7 K to 2.2 K and
then drops below its initial value at 3.5 K. It is reasonable
to relate these changes to the magnetic phase transition at
Tns ~ 2 K to which the PL intensity is obviously sensitive.
However, the underlying mechanism requires further investi-
gations. Note that, with further increasing temperature, the PL
intensity reveals a second maximum at about 16 K.

3. U, emission line

The U; emission line is located at 1.4032 eV and has the
smallest Stokes shift of 2 meV from the absorption line. It has
also the smallest linewidth of 1.2 meV among all U; lines; see
Table II. Starting from 1.7 K, with increasing temperature its
intensity increases by 55%, reaching a maximum at 1.9 K, and
then decreasing until disappearance at 2.2 K; see Fig. 6(b).
Therefore, its intensity is closely correlated with the phase
transition at Ty3 &~ 2 K. From the spectra we cannot identify
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the magnon-assisted satellite corresponding to the U line. As
the U, intensity is rather weak (five times smaller than that
of the X line at T = 1.7 K), the satellite could be also simply
too weak to be distinguished in the spectra due to overlap with
the M, and Us lines.

B. Photoluminescence excitation spectroscopy

Photoluminescence excitation (PLE) spectroscopy is a
powerful method to investigate the electronic structure of
specific emission centers, including their excited states, as
well as the transfer of excitation between states. It is com-
plementary to absorption measurements, from which all states
contributing to light absorption can be determined. The PLE
spectroscopy has the advantage of excitation and detection
selectivity, because the signal is detected at a specific emis-
sion line (or in a specific spectral energy), while the photon
energy of the exciting laser is tuned. The intensity of the
lines resolved in the PLE spectrum is not only given by the
light absorption at the specific excited states, but also by
the efficiency of energy relaxation of photoexcited carriers
or excitons to the state where the signal is detected. Using
the PLE spectroscopy, our goal is to obtain information about
the excited states of the excitons resulting in the X; lines, the
interaction between the X; states, and the origin of the U, lines.

The measured PLE spectra of CuB,04 at T = 1.7 K are
shown in Fig. 8 where in panel (a) the PL and absorption
spectra are presented for convenient comparison. In Fig. 8(b)
the PLE spectra detected at the X, (red) and M, (green) lines
are shown. As expected, the strongest line in the PLE spectra
is found at the photon energy of 1.4052 eV corresponding
exactly to the zero-phonon exciton absorption in the 4b sub-
system; see the open symbols in Figs. 8(b) and 8(c). In the
spectral range from 1.393 to 1.404 eV, four PLE lines are
clearly distinguishable. However, their intensities are about
20 times weaker than that of the main 1.4052 eV line. This
important result demonstrates that the PL spectrum cannot
be explained only by phonon-assisted and magnon-assisted
recombination of exciton states at 1.4052 eV, but the emission
from real electronic states has to be considered as well. For
the M, line detection (at 1.3877 eV), PLE lines are found in
close vicinity of the X», Uy, U3, and X; lines. All of them are
slightly shifted to higher energies by about 0.4 meV from the
corresponding emission lines; see Tables I and II. For the X,
line detection (at 1.3936 eV) three lines are observed (namely
U4, Uiz, and X;). The X; line overlaps with the detection
energy, therefore, it cannot be resolved. The observation of the
X, signal in the PLE spectrum while detecting at X, indicates
that there is an energy transfer between the X; and X, states.
We will comment on this later in this paper.

The PLE spectrum detected at the X3 line (1.3743 eV),
shown in Fig. 8(c), differs considerably from the PLE spectra
measured at the X, and M, lines; compare with Fig. 8(b).
The only common feature is the presence of the strong line
at 1.4052 eV. By setting the detection to the X3 line, in the
lower energy range only a signal in close vicinity of Us is seen.
This feature is absent in the PLE spectrum whilst detecting
on X, (M;). The fact that no lines corresponding to X; or X,
light absorption are detected for X3 PLE, means that a direct
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FIG. 8. (a) PL spectrum (blue line) measured for nonresonant
excitation at 1.42 eV, T = 1.7 K. The absorption spectrum is shown
by the violet dashed line. (b) PLE spectra detected at the position
of the X, line (1.3936 eV, red triangles) and M, line (1.3877 eV,
green circles). (¢c) PLE spectrum detected at the X; line (1.3743 eV),
P... = 10 mW /cm?. For the sake of visualization of weaker features
in (b) and (c), the strong integral intensities above 1.403 eV are
multiplied by a factor of 0.05 (open symbols).

transfer from the X; or X, states to the X3 state is totally or at
least strongly suppressed.

In the spectral range of the M; and M, lines, no cor-
responding lines are found in the PLE spectra. This is in
line with our assignment of these lines to magnon-assisted
recombination of the associated exciton states as in this case
no light absorption is expected at energies lower that the X;
line energies. In principle, magnon-assisted absorption can be
detected on the high-energy sides of the exciton lines, however
its intensity is very small and, therefore, not easy to observe
experimentally. It is worthwhile to mention that we also found
weak lines corresponding to Us, Ug and X3 by detecting on M3
in the PLE spectra (not shown here).

In Fig. 9 we show PLE spectra measured at 7 = 6 K,
i.e., above the phase transition 7Ty3 &~ 2 K. One can see that
these spectra are very similar to the results measured below
the transition at 7 = 1.7 K; compare to Figs. 8(b) and 8(c).
All states related to the respective detection energies are well
seen at both temperatures. From that we conclude that the
transfer pathways are not influenced by the phase transition at
Tz ~ 2 K. We will use this conclusion for the consideration
of the population and relaxation scenario of the X; states
presented in Sec. V.

The observation of absorption lines associated with the
X; states in the PLE spectrum is very important for the
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FIG. 9. PLE spectra measured at 7 = 6 K. (a) Spectra detected
at X, line (1.3937 eV, red triangles) and M, line (1.3876 eV, green
circles), Py = 10 mW/cm?. (b) PLE spectrum detected at X line
(1.3743 eV).

interpretation of the origin of Frenkel exciton states. The
experimental occurrence of the X; lines in CuB,04 in combi-
nation with their properties is similar to observations made for
Mn?*-ion luminescence in the antiferromagnet MnF; [64]. In
this study, impurity-induced modifications of the PL spectra
were observed and explained by means of emission from
Mn?* ions, which are perturbed by nearby impurity ions. The
energy levels of the perturbed Mn?* ion can be shifted to
lower energies and thus create a trap for freely propagating
intrinsic excitons. Despite the very small concentration of
perturbed ions, their PL at low temperatures is reported to
be much stronger than the one of the free excitons, as free
excitons become localized on them. Note that the role of the
impurity in this case is very different from what one would
commonly expect in semiconductor physics, as the electronic
states of the impurities are not involved in the emission. The
impurity role is limited to the shift of the Mn>*-ion energy
levels. The three X; states observed in CuB,Oy4 can either be
related to three types of impurities or to the Cu?* ions in
the 4b subsystem whose local coordination (the crystal-field
strength) is slightly perturbed by remote impurities.

Note that the studied CuB,0O4 samples are not intentionally
doped and we do not have information on the impurity type
and concentration level. We have examined crystals grown
by two different methods and did not notice any significant
difference in their optical properties (optical absorption and
emission). We may suppose that some kind of intrinsic defects
can be present in the crystals, e.g., such as oxygen vacancies
and/or Cu'*, Cu®* copper ions. Future experiments with the
specially doped CuB,04 samples may help to clarify the role
of impurities and defects in the emission spectra.

C. PL spectra under selective excitation

It is instructive to analyze PL spectra measured under
selective excitation at specific resonances that were identified
in the PLE spectra. In Fig. 10 we show four of such spectra
excited through the X;, Us, Us, and X, resonances.

For selective excitation of X; (Eexe = 1.4027 eV), lumi-
nescence from all lower in energy lines is observed; see
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FIG. 10. PL spectra for resonant excitation of the (a) Xj, (b) Us,
(c) Us, and (d) X, states, T = 1.7 K, P = 10 mW/cm?. Note that
for better visibility the spectral range between 1.378 and 1.384 eV is
left out. The intensity in spectrum (a) is scaled by a factor of 0.3. The
PL peak positions are indicated by the dashed lines. The laser line
marked in each spectrum was measured with a strong neutral filter
in the detection path. The laser energy for each spectrum is given by
the red numbers in eV.

Fig. 10(a). The spectrum is similar to the one measured for
nonresonant excitation [see Fig. 4(b)] with M, being the most
intense line. However, the lines X3 and M3 are less pronounced
for selective excitation of X;. This indicates that there is no
direct transfer between X; and X3 states.

When the excitation energy is tuned in resonance with the
Us absorption (Eexc = 1.3996 eV), the X, and M, lines are the
most intense components in the spectrum [Fig. 10(b)]. This
observation provides evidence that the U; and X, states are
coupled. The PL signal in the range of X3 and M3 lines is
particularly weak. The same applies if X, is excited selectively
(Eexe = 1.3941 eV); see Fig. 10(d). Here mainly the M, line
can be observed. These findings are in agreement with our
conclusion from the PLE spectra that the exciton transfer from
the X, to the Xj state is suppressed.

For selective excitation of the Us state (Eex. = 1.3962 eV),
only the X3 and M3 lines are observed [Fig. 10(c)], despite the
fact that the Us state has a higher energy than the X, state.
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FIG. 11. (a) Contour plot of the time-resolved PL intensity. T =
5 K, Py =7 mW/cm?, Eq. = 2.33¢eV. (b—) Temporal evolution
of the integrated PL intensity of the different PL lines. The dynamics
in the time range of up to 17 us are enlarged in the insets.

Therefore, we conclude that the Us state does couple with X3
but has no interaction with X,.

It is worth noting that the shape of the M, line depends
on the excitation conditions; compare Figs. 10(a), 10(b), and
10(d) for different selective excitations and Fig. 8(a) for
nonresonant excitation. The linewidth remains about the same
in the range of 2.7-4.7 meV, but the asymmetry shape as well
as the maximal shift from the X; line vary. A rather symmetric
line is observed for nonresonant excitation. As soon as the
excitation is tuned in resonance with the X| and X, states, the
line shape of M, becomes asymmetric with the maximum on
the high-energy side (shift of 5.0 meV); see Figs. 10(a) and
10(d). For selective excitation of the U; state, on the other
hand, the maximum shifts to the low-energy side (shift of
6.2 meV); see Fig. 10(b). A detailed analysis of the shape
of the magnon-assisted exciton emission lines is beyond the
scope of this paper.

TABLE III. Rise and decay times of emission lines. 7 = 5 K,
P... =7 mW /cm?. The X,-M, set shows a biexponential rise dynam-
ics; see inset in Fig. 11(b). The rise time of the X3-M; set could not
be measured.

Peak Ty (uS) o (uS) Tq (us)
X, <0.005 1.4
M, <0.005 1.8
Us 0.02 £ 0.01 120
Us 1.3 16
U, 1.2 10
X, 1.4 11 140
M, 1.6 12 140
X3 190
M; 190

D. Time-resolved photoluminescence

Further insight into the origin of the emission lines and
the coupling between the states can be obtained by time-
resolved measurements of the recombination dynamics. In
Fig. 11(a) an overview of the time-resolved PL spectra after
pulsed nonresonant excitation (Eex. = 2.33 eV) is shown for
T = 5 K. The repetition period of the laser was set to 10 s in
order to give the system sufficient time to return to the ground
state. From the time evolution of the PL spectrum we conclude
that all lines in the spectrum have their own relaxation decay
times and these times increase towards lower energy. Thus,
we monitor a cascaded decay of the PL lines with the lines
at higher energy fading away first. Their spectral position and
linewidth do not change with increasing time.

The emission dynamics of the X;, Us, X», and M, lines as
well as those from the Us, U, and M| lines are highlighted in
Figs. 11(b) and 11(c), respectively. The involved time scales
are summarized in Table III. In the following, we discuss
the details important for interpretation given at the end of
this section together with the temperature dependence of the
rise and decay times. From the experimental data we can
determine a rise (7;) and decay (74) time for each feature. The
initial rise time can be either very short (<5 ns) for the Xj,
M, and Us lines, or quite long in the range of 1-12 us for
X>, M3, Us, and Uy lines. In the special case of X, and M5, two
characteristic rise times can be derived from the increase of PL
intensity over time; see the inset in Fig. 11(b). The decay times
(7q) differ considerably from 1.4—1.8 us (X;, M) to 10-16 us
(U3, Uy) and further to 120-190 us (Us, X», M>, X3, M3). The
PL lines lower in energy than M3 could not be investigated
in the time-resolved measurements due to their low integral
intensity.

It is worth to remind that in a system with coupled
electronic states, many of which contribute to the emission
from CuB,0j, the interpretation of the emission dynamics
can become highly nontrivial. Several factors need to be
taken into account: (i) Decay can be provided either by
radiative and nonradiative recombination or carrier depletion,
e.g., relaxation to states which are lower in energy. (ii) In
the time-resolved dynamics the rise and decay times of PL
intensity reflect the time for a particular energy level to
be populated and subsequently depopulated. The rise time
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FIG. 12. (a) Temperature dependencies of decay times of various
emission lines. (b) Comparison of temperature dependence of the
Us decay and the X, rise dynamics. The results were measured at
P.. = 7 mW /cm? for nonresonant excitation at Eq. = 2.33 V. The
experimental errors are within the symbol size.

usually corresponds to the shortest process in population and
relaxation, whereas the decay time reflects the longest of these
processes. However, not always population occurs faster than
the relaxation. (iii) A correlation between decay and rise times
appears for states which are linked by a cascaded behavior.
Then the coupling mechanisms and interaction strengths are
important. (iv) The population dynamics are controlled not
only by the interaction between donor and acceptor states, but
also by the lifetime of the donor state itself. If the latter is
shorter than the transfer time, the population dynamics reflect
the relaxation time of the donor state.

One can see in Fig. 11(b) and Table III that in CuB,0O4 rise
and decay times of pairs of PL lines coincide with each other,
hinting at a coupling between these states. For instance, the X
decay time corresponds to the rise time of the X line (1.4 us).
And the Uz and Uy decay times (10-16 us) coincide with the
slower rise component of the X; line (11 us).

For developing a basic understanding of the coupling be-
tween the different states and distinguish the influence of
magnetic phase transitions on the dynamics, we focus next
on the temperature dependence of the rise and decay times. In
general one observes a shortening of 7, and tg with increasing
temperature; see Fig. 12. Here again clear correspondences to
the magnetic phases and to the PL intensity behavior shown
in Figs. 6(b) and 6(c) can be found. For instance, the X3 decay
time stays constant at 190 ps in the temperature range 3—-17 K,
then slightly increases to 225 us at 20 K and thereafter linearly
decreases to 90 us at 30 K; see Fig. 12(a). The decay time
of X, and M, is 140 us for T < 8 K and decreases to 10 us
at 17 K. The Us decay time decreases from 120 us at 5 K
down to 70 us at 9 K, finally vanishing above 9 K. The

temperature dependencies of the U; decay and X, rise times
shown in Fig. 12(b) confirm that these states are coupled and
that exciton relaxation between them takes place.

From the time-resolved results we draw several important
conclusions:

(i) One is the confirmation of the origin of the M; lines
in magnon-assisted recombination of the X; excitons. One
can see from Table III that the X; and M; rise and decay
times are identical and that they have the same temperature
dependencies, as exemplified for the X, and M, lines in
Fig. 12(a). Their decays can be related to the relaxation of X;
exciton states having several relaxation options one of which
is the magnon-assisted recombination.

(i) We observe fast population dynamics of the X; (<
5 ns) and Us (< 20 ns) states by nonresonantly photogenerated
excitons. Therefore, we conclude that the X; and Us states
are populated by direct capture of free excitons, i.e., without
involving intermediate states.

(iii)) The X; decay time of 1.4 us corresponds well to the
rise time of the X, Uz, and U, lines. This means that the
latter states are populated via the X; state, and, therefore, the
X lifetime is not controlled by radiative recombination, but
rather by relaxation to lower lying states.

(iv) The observation that the decay times of Uz and Uy
lines (10-16 ws) coincide with the second rise time of the X,
line indicates that the U; and U, states serve as intermediate
levels for population of the X, state, so that the lifetimes of
the Us and Uy states are limited by the relaxation to X,. This
is confirmed by the results in Fig. 12(b).

(v) The long-lasting decays of the X, (140 us) and X;
(190 ps) states at T = 5 K are most probably controlled by
the radiative recombination of Frenkel excitons at the Cu’*
ions. This radiative recombination is slightly accelerated by
the magnon-assisted recombination resulting in the M; lines.
These times are sensitive to the magnetic phase, as the X,
decay shortens for T > Tn; and the X3 decay shortens for
T > Tni; see Fig. 12(a). However, the underlying mechanisms
could not be clarified so far.

(vi) Lastly, the Us decay time of 120 us is contributed by
radiative recombination and relaxation to the X3 state, which is
confirmed by the PLE spectrum in Fig. 8(c) and PL spectrum
in Fig. 10(c).

These conclusions are summarized below in Fig. 15, where
we schematically represent relaxation between the states con-
tributing to the emission of CuB,Oy.

E. Magnon-assisted exciton recombination

As we have discussed in Sec. IID, the magnon-assisted
exciton recombination of Cu?* Frenkel excitons in CuB,04
resulting in a broad line is governed by the width of the
magnon dispersion of 2.6—-7.9 meV within the Brillouin zone.
These lines in the PL spectra, which are labeled by M;, are
shifted to lower energies from the exciton line; see also Fig. 2.
Indeed, these lines are observed in the three X;-M; sets. One
can see in Fig. 5 that at T = 2.5 K for nonresonant excitation
all M; lines have an asymmetric shape with their maxima
shifted by about 6.1-6.6 meV from their respective exciton
line. These values correspond to the magnon energies in the
vicinity of the Brillouin zone boundary.
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FIG. 13. PL spectra of the exciton and magnon-assisted exciton
recombination for the X,-M, set [(a) 1.385-1.395 eV] and the X3-M;
set [(b) 1.374-1.364 eV] as a function of energy shift from the
respective X; line. The spectra are taken at 7 = 6 and 14 K for
nonresonant excitation at E.. = 1.42 eV with a power density of
P... = 1 mW/cm?. (c) Temperature dependence of the M-line shift
(AE™). (d) PL spectrum of the X line at T =3 and 4.5 K. The
Davydov splitting A, is highlighted by the arrow and vertical dashed
lines. The laser excitation energy and power density are the same as
in (a) and (b).

It became clear that the experimental appearance of the M;
lines in PLE spectroscopy is rich, it can vary and even have
a symmetric shape, as shown for the M; line at T = 1.7 K
in Fig. 8(a). Moreover, the shift of the maximum is sensitive
to the photon energy of selective excitation; see Fig. 10. This
change of the shape is accompanied by a shift of the magnon
line maximum closer to the exciton line. A summary of this
behavior is presented at the end of Sec. IV C.

To provide a comparison between the different X;-M; sets
at higher temperatures, in Figs. 13(a) and 13(b) we show data
for the X,-M, and X3-M3 sets measured at 7 = 6 and 14 K.
For easier comparison, the energy scale is given as shift from
the respective X; lines. Here the energy difference between
the X; and M; maxima is denoted as AE*, later referred to
as the M-line shift. Despite the same excitation conditions
one sees that the M; lines differ in shape and energy shift.
While the M, line is rather broad and about symmetric, the
M3 line is asymmetric with a larger shift of the maximum
(7.2 meV). The line shapes of the M; lines do not change
considerably in this temperature range, as confirmed by the
temperature dependence of the M-line shifts in Fig. 13(c).
The shifts of the line maxima are about constant in the
range of 1.7-18 K. For the temperature increase above the
antiferromagnetic transition at Ty; = 20 K to 28 K the M3
line shift reduces from 7.1 down to 4.7 meV.

It is important to note that the exciton emission can be
detected at high temperature (~45 K), whereas the M-line
emission can be traced only up to 30K, as its linewidth

strongly increases. Evidently this may be related to the Ty =
20 K phase transition from the antiferromagnetic to the para-
magnetic phase, where collective spin waves cannot form any-
more so that also magnons as elementary quanta of these spin
waves cannot be excited. Nevertheless, in the paramagnetic
phase, the so-called paramagnons can still survive and their
properties are softened, being controlled by the short-range
magnetic interactions between the neighboring magnetic ions.

F. Davydov exciton splitting

The width of the energy dispersion of Frenkel excitons is
controlled by the energy transfer between ions in adjacent unit
cells. The interaction of ions within the same unit cell induces
a splitting of the exciton states known as Davydov splitting
[65]. In CuB,04 the presence of two crystallographically
equivalent Cu>" ions in the primitive cell of the 4b subsystem
should lead to Davydov exciton doublets which depend on
the magnetic structure [57]. The Davydov splitting Ay =
0.5 meV of the lowest 4b exciton line was recently measured
in absorption [52]. As one can see in Fig. 13(d), it can be also
observed in the X; line of the PL spectra. At T =3 K the
lower doublet state is mostly populated and the higher state
is seen as a weak shoulder, but at 4.5 K they are populated
about equally. From these spectra we derive the Davydov
splitting in CuB,04 to be equal to A; = 0.50 £ 0.01 meV.
Note that the Davydov splitting is expected to occur for all
exciton lines, i.e., it is expected also for the X, and Xj lines as
well. However, we have not observed it for these lines, which
is most probably due to their larger linewidths.

G. Heating of CuB,04 by means of photoexcitation

We have shown in Figs. 4 and 6 that the intensities of the
X; and M; lines are very sensitive to the lattice temperature,
so that they could be used for thermometric measurements.
In optical experiments with laser excitation one should be
careful to avoid laser heating of the crystal lattice and/or
the system of magnetic ions. Note that in materials with
weak coupling of the magnetic system to the phonon bath,
i.e., long spin-lattice relaxation, different temperatures for the
magnetic ion and phonon system can be established under
photoexcitation. Such phenomena have been studied in diluted
magnetic semiconductors with Mn>* magnetic ions [66,67].

In the experiments presented in the previous sections the
excitation density was kept at a very low level to ensure
that optical heating is avoided. Here we show experimental
spectra illustrating the effect of laser heating and discuss
its consequences. In Fig. 14(a) PL spectra measured at 7 =
3 K for different excitation densities of nonresonant laser
excitation varying about four orders of magnitude from 0.3
up to 350 mW /cm? are shown. Generally, the increase of ex-
citation power density leads to a linear increase of the integral
intensity of the PL spectrum calculated in the energy range
from 1.392 up to 1.406 eV; see Fig. 14(b). This tells us that
the used excitation densities are reasonably low and no new
recombination mechanisms like bimolecular recombination or
Auger processes are involved. However, we observe also a
spectrum change, i.e., a change of the intensity ratios among
the X;, M;, and U, lines. The induced changes due to increasing
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FIG. 14. (a) PL spectra measured at various laser power densities
P given by the numbers in mW/cm?. T =3 K, E,. = 1.42¢eV.
The spectra are normalized to their PL maximum. (b) Integral
intensity of the PL spectrum in the energy range from 1.406 to
1.392 eV as a function of excitation power density (Pe). (¢) Ex-
citation power dependence of the X, M, and X, integral intensities.
To ensure a proper comparison at each measured power density, the
respective spectrum was renormalized to the spectrum recorded at
power density of 1 mW /cm? and subsequently the individual integral
intensities were determined.

power density are similar to the temperature induced varia-
tions; compare with Fig. 4. Namely, the X; and M| normalized
intensities decrease and the X, intensity grows, as shown in
detail in Fig. 14(c). Comparing these results with Figs. 6(b)
and 6(c) we evaluate the lattice temperature to be 4.5 K for
an excitation density of 350 mW/cmz, i.e., it has increased
by 1.5 K above the bath temperature. It is worthwhile noting
that also the shape of the X; line, where the Davydov splitting
can be seen, agrees well with the temperature induced changes
from Fig. 13(d). The results presented in this section underline
that care has to be taken when experiments with pulsed laser
excitation are performed on CuB,0y4, where typically rather
high excitation densities are used.

V. SUMMARY ON OPTICAL TRANSITIONS IN CuB,0,

Here we summarize the results on the structure of the
electronic levels contributing to the photoluminescence in
CuB;,04 and give a scheme of the relaxation channels pro-
viding population and relaxation of the three sets of emission
lines, namely X;-M;, X,-M,, and X3-M3. The summary is
presented in Fig. 15, where in panel (a) we give an overview
of the optical transitions detected in the PLE and PL spectra.
Note that only the strongest in intensity PLE transition at
1.4052 eV [see Figs. 8(b) and 8(c)] was observed in absorp-
tion. In general, most of the lines in the PLE spectrum should
be observed also in absorption. Exceptions can be related to
phonon-assisted or magnon-assisted energy relaxation pro-
cesses, which in case of samples with considerable nonradia-
tive recombination may give additional transitions. We may
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> ;| PL via X via X via X
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FIG. 15. (a) Schematic illustration of the energy-level scheme in PLE (blue) and PL (black) at 7 = 2.5 K. The PL spectrum at 7 = 1.7 K is
shown in red. The values of each energy level are given in eV. (b) Schematics of energy levels and channels providing population and relaxation
of the three X, M, X,M,, and X3 M; exciton-magnon sets. Arrows mark processes that are established in our experiments. The determined decay
or raise times are given. Transitions related to magnon-assisted exciton recombination are shown in red.
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suggest that much weaker transitions below 1.4052 eV can be
found also in absorption.

Most of the X; and U; lines are observed in the PL and the
PLE spectra. The only exception here is the Uy line. However,
we want to note that lines in PLE spectra can be too weak and
therefore not easily detectable. From the PL and PLE spectra
we conclude that the real electronic states are associated
with X; and U; lines, i.e., they do not result from phonon-
assisted or magnon-assisted recombination of excitons. The
M; lines are seen only in PL and do not appear in the PLE
spectra. This is in line with their identification as magnon-
assisted recombination of the respective X; excitons, as sup-
ported by several experimental observations presented in this
paper.

In the PL spectrum, we have identified three sets of X;-M;
lines, each composed of the Frenkel exciton line X; and the
magnon-assisted recombination line M;. The relative inten-
sities of these sets are strongly dependent on temperature,
showing correlation with the magnetic phase transitions in
CuB,0y. Therefore, these sets may serve as valuable tools
for optical detection of the magnetic properties of CuB,QOy.
In Fig. 15(b) we present schematically the electronic levels
that are contributing to the population and relaxation of the X,
X5, and X3 excitons, and correspondingly to the recombination
dynamics of the X;-M|, X»-M,, and X3-M3 sets. We show
here only the transitions between states that were identified
experimentally. Note that the shown relaxation paths and
their times are given for experiments performed at 1.7 and
5 K. They could depend on the magnetic phase and lattice
temperature, which calls for further detailed studies.

One can see that the states X, and X3 have decay times of
140-190 ws, which can be attributed to the radiative recom-
bination of excitons by direct emission and magnon-assisted
recombination. Note that the decay time of the X; state of
1.4 us is much shorter. One can suggest that recombination
processes provide a smaller contribution here, but the decay is

mainly controlled by energy relaxation to the Us, Uy, and X,
states.

VI. CONCLUSIONS

CuB,0y is a unique example for a magnetoelectric antifer-
romagnet which exhibits unexpectedly strong photolumines-
cence below the lowest absorption line at 1.4052 eV related
to the electronic transition within the Cu*" ions of the 4b
subsystem. To the best of our knowledge, this magnetically
ordered material containing Cu* ions is the first example in
which such an intense photoluminescence was observed. We
have performed a detailed study of the spectral and dynamical
properties of the photoluminescence in the temperature range
of 1.7-40 K, in which several magnetic phase transitions
occur including the transition from paramagnetic to the an-
tiferromagnetic state at 7y; = 20 K. In the complex photo-
luminescence spectra, we identified three sets of lines, each
composed of an exciton line and a satellite of magnon-assisted
exciton recombination, and showed that their properties are
very sensitive to the specific magnetic phase. Some other lines
were identified to be excited or intermediate states coupled
with the exciton states.
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