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Abstract: The change in the absorption spectra due to reversal of the direction of light propagation
(nonreciprocity of absorption) is a consequence of a simultaneous violation of both time-reversal and
spatial-inversion symmetries. Here, we report on a high-resolution spectroscopic study of absorption
nonreciprocity in the noncentrosymmetric multiferroic CuB,O4 below the antiferromagnetic transition
temperature Ty = 21 K in the commensurate phase in magnetic fields up to 0.5 T. The study was
performed in a broad spectral region covering several exciton transitions, which all are followed by an
anomalously rich structure due to the multiple exciton-magnon-phonon satellites. Two components
were resolved for the spectral line near 1.4 eV corresponding to the exciton transition between the
ground and the first excited state. A quantitative theory of the optical absorption and nonreciprocity
at this line was developed. The theory takes into account the interference between the electric
and magnetic dipole contributions to the absorption and gives an adequate explanation of the
relevant effects.

Keywords: copper metaborate CuB,Oy; high-resolution optical spectroscopy; doublet structure of
1.4 eV line; nonreciprocal directional dichroism; quantitative theory

1. Introduction

The assumption that copper metaborate CuB,O4 belongs to the class of magneto-
electrics (multiferroics) was put forward by the authors in [1]. This assumption, as well
as the fact that the spatial magnetic symmetry group of the crystal admits the presence of
magnetoelectric phenomena [2,3], prompted the authors of [4] to study the temperature
dependences of dielectric permittivity at different orientations of the external magnetic
field. The results of this study have shown that the linear magnetoelectric coupling in
CuB,0Oy is small or even absent. However, the static magnetoelectric effects were confi-
dently observed in slightly Ni-doped Cu;_«NixB,Oy (x = 0.027) crystals. Specifically, the
plots of electric polarization measurements for this compound were presented in [5], and
possible mechanisms of static magnetoelectric coupling in Cu;_xNixByOy crystals were
analyzed in [6]. Microscopic calculations showed that the magnetoelectric effects found
in [5] for Cu;_NiB,O4 were due to the features of the electronic structure of Ni*(34%) ions
rather than copper Cu?*(34°) ions [6]. The magnetoelectric coupling parameters of Cu?*
ions in CuB,O4 estimated in [6] were relatively small, which agrees with the experimental
results presented in [4].

In contrast to static magnetoelectric effects, dynamic optical effects, such as antifer-
romagnetic linear dichroism, nonreciprocal directional dichroism (NDD), and one-way
transparency, at frequencies in the region of the 1.405 eV exciton transition were clearly
demonstrated in [7-10]. A doublet structure of the 1.405 eV absorption line of magnetically
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ordered CuB,0O4 was found in [9]. To explain the detected magnetoelectric phenom-
ena in CuB,0y, both phenomenological (group-theoretical) and microscopic (quantum-
mechanical) approaches were used in [11-13]. The gigantic directional asymmetry of
luminescence discovered in [14] was recently discussed in [15]. Having calculated the
probabilities of magnetic and electric dipole transitions, the authors constructed radiation
asymmetry diagrams for different directions of the external magnetic field.

In the present work, the phenomenon of nonreciprocity on both components of the
fine structure of the 1.405 eV exciton line in the absorption spectra of CuB,0; is studied
both experimentally and theoretically. In previous experimental studies of nonreciprocity
on CuByOy, the fine structure was not resolved, apparently due to insufficient spectral
resolution of the used equipment. We also studied the NDD effect in the previously
unconsidered case of an external magnetic field directed along the tetragonal axis ¢ of
the crystal. An additional novelty of our study is in the reconstruction of the real line
shape distorted by too strong absorption near the line maximum. This allowed us to obtain
reliable quantitative information about the NDD effect.

2. Crystal Structure, Magnetism, and Optical Properties of CuB,0Oy4

The copper metaborate CuB,Oy crystallizes in noncentrosymmetric tetragonal struc-
ture characterized by the space group 142d, Z = 12 [16]. With 42 atoms in the unit cell, it has
a very rich and complicated phonon spectrum, see [17]. A schematic picture of the unit cell
presented in Figure 1 shows the 4b and 84 Cu?* ions surrounded by the nearest oxygens.
The magnetic Cu?* ions (electronic shell 34%) with S = 1/2, L = 0 occupy two nonequivalent
4b and 8d crystallographic sites with the S4 and C; point group symmetry, respectively [16].
In both of these sites, the copper ions are at the centers of almost ideal planar squares that
are isolated, i.e., do not have common oxygen ions. Whereas the 4b CuOj squares are in the
ab plane, the 84 CuO;, plane squares are parallel to the ac or bc planes.

© Cu(4b)
O Cu(8d)
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Figure 1. Projection of the CuO4 units onto the ab plane of the tetragonal CuB,Oy structure. Boron
atoms are not shown. For the 4b CuA1l (CuA2) positions, the local coordinate system is rotated
counterclockwise by an angle ¢ = 20.9° (—20.9°) around the tetragonal ¢ axis, with respect to the
crystallographic system. Thin black lines show the borders of the unit cell.

In fact, the 4b and 8d copper magnetic subsystems in CuB,Oj are almost independent
from one another and, consequently, their magnetic and optical properties are substantially
different. The “strong” magnetic Cu(4b) subsystem spontaneously orders at the Néel tem-
perature Ty = 21 K into an easy ab plane antiferromagnetic commensurate structure. Two
types of 90° antiferromagnetic domains are possible, with the antiferromagnetic vector par-
allel to either [110] or [110] directions. Due to the Dzyaloshinskii-Moriya interaction, there
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is a weak ferromagnetic moment perpendicular to the antiferromagnetic spins [2,18-20].
The “weak” Cu(84) magnetic subsystem is quasi-one-dimensional [2,21]. While the Cu(4b)
magnetic moments reach the value picyp) = 0.86 pip (pp is the Bohr magneton) at 12 K, the
Cu(8d) ions at the same temperature have a small magnetic moment picy(g) = 0.20 pp along
the z axis. It starts to grow only below the temperature T*~10 K of the phase transition
from the commensurate into an incommensurate helical phase, mounting to the value
Hcu@) = 0.54 up at 2 K [2]. The Cu(84) magnetic moments are not completely ordered and
fluctuate even at the lowest temperatures [2]. A splitting of the phase transition at T* into
two successive transitions (T;" = 8.5 Kand T," = 7.9 K) and a possible existence of elliptical
helical spin structures were revealed by measurements of optical linear dichroism in the
isotropic crystallographic ab plane with the 4 symmetry [9]. Additional phase transitions
were detected below 2 K [22,23]. The H-T phase diagram of CuB,Oj is very rich and
complicated [23-25].

The optical properties of CuB;O4 are unusual and unique in several aspects. It is the
only copper Cu?* compound exhibiting very narrow well-resolved zero-phonon (ZP) lines
for all d—d optical transitions [3,9,26]. An example of the absorption spectrum is presented
in Figure 2a. Assignment of ZP lines related to the Cu(4b) and Cu(8d) subsystems was made
by comparison with the second harmonic generation (SHG) spectra [3]. Thus, using optical
techniques, one can selectively address a given transition of either 4b or 84 site. Each of the
ZP lines is followed by an exceptionally rich vibronic structure [3,9,26] (see Figure 2a). As
we show below, a magnon satellite is observed. Such well resolved and properly identified
spectral structure delivers unique possibilities to study selectively NDD related to different
types of d-d excitations.
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Figure 2. Absorption spectra of a CuB,O,4 sample at the temperature 10 K in the spectral range (a) of
all ZP lines in the o (k||b, E% ||a) polarization; (b) of the lowest-frequency ZP line and accompanying
vibronic satellites in the « (k||c, E¥,B® Lc, red curve), o (k||b, E®||a, green curve), and 7t (k||b, E® ||c,
blue curve) polarizations. Inset shows the lowest-frequency ZP line in the polarized spectra of
paramagnetic CuB,Oy at 30 K in the paramagnetic region.
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3. Materials and Methods

Plane-parallel polished samples of (001) and (010) orientation with the thickness
between 50 and 100 um were prepared from CuB,0y single crystals of good optical quality
grown by a modified Kiropolus method [27]. Optical transmission spectra were measured
with a resolution 0.8 cm ™! using a Bruker IFS 125HR Fourier spectrometer and a closed-
cycle Cryomech ST403 cryostat. The temperature range was between 3.5 and 300 K and
the spectra were studied in the o« (k|/c, E®, B® Lc), o (k||b, E®||a), and 7 (k||b, E%||c)
polarizations. The (010)-oriented sample was studied also in an external magnetic field
+B (0 < B < 0.5 T) in the Faraday (k||B||b) and Voigt (k||b, B||c or B||a) geometries. The
value of NDD was defined as a ratio [k(+B) — k(—B)]/[k(+B) + k(—B)], where k(xB) is
the absorption coefficient of light in the CuB,O4 crystal subjected to an external magnetic
field B.

4. Experimental Results
4.1. Polarized Absorption Spectra of CuB,Oy in Zero External Field

Figure 2a shows an overview spectrum of the electronic transitions between crystal-
field-split 3d levels within two different 4b and 84 copper subsystems. The entire set of
six ZP lines accompanied by vibronic satellites occupies the range between 11,000 and
19,000 cm ™! (1.4-2.4 eV). Figure 2b presents high-resolution absorption spectra in the «,
o, and 7 polarizations in the region of the lowest-frequency 4b ZP line at 11,340 cm ™!
(1.405 eV), which was reported to show one-way transparency in the Voigt geometry
k||[100], B||[110] at 4.2 K in the magnetic field of 53 T [10]. This line corresponds to the
optical transition between the ground |x?> — y?> and the first excited |xy> orbital singlet
states of Cu?* ions in the 4b positions with the S; symmetry (see the scheme in Figure 3).
Both these states transform according to the I'; irreducible representation of the S4 point
symmetry group, and only magnetic dipole (MD) transitions for B¢ ||c (in the o polarization)
are allowed. The spin-orbit coupling results in Kramers doublets of the same symmetry in
the ground and excited states and relaxes the selection rules. In addition to the o-polarized
MD transition, the spin-orbit interaction allows «- and 7t-polarized MD transitions and also
«- and o-polarized electric dipole (ED) transitions, as is illustrated in Figure 3. Thus, the
integral intensity of the considered 4b spectral line in different polarizations, J; (j = «, o, 7),
is proportional to the following squared modules of matrix elements:

Io ~ | <daE@, + dpE®y + m,BY 4 + mp,BLp> 12
Ig ~ | <daE@, + dpE@y + meBL > 12 1)

Le ~ 1 <maB®, + mpB@y + dcE@ > 12,

where d; and m; (i = a, b, ¢) are components of the ED and MD moments, respectively.

bey) I Ry
m,(G,,)

m, (G,,) dy d, (0..,0,)

my my (O,

x*=y?) T’ B
4b (S4) + SO

Figure 3. Schematic diagram of Cu?*-ion levels and optical transitions responsible for the lowest-

frequency 4b exciton line.
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Experimental values in the paramagnetic region of CuB,O; are given in Table 1. By
comparing these values with Equation (1), we conclude that for the lowest-frequency
exciton transition at 1.405 eV,

de L dy, dy, ma, my, KL dy, dy, me > dy, dy,. )

Table 1. Experimental values of integral absorption intensities I; = [ k(v)dv,j = «, 0, 7t (in cm~2) of
the exciton spectral line at 1.405 eV for paramagnetic CuB,Oy at T = 25 K in zero external magnetic
field, at the «, o, and 7t polarizations.

I (K|c) I (k|[b, E [|a) Ix (k||b, E®c)
1st 4b line (1.405 V) 1497 4830 84

A rich polarization-dependent vibronic structure is observed at the high-frequency
side of the ZP line at 11,340 cm~! (see Figure 2b). Most of the sharp peaks in the spectra can
be attributed to electronic transitions with simultaneous creation of lattice phonons at the I
point [17]. The whole structure almost does not change in the temperature interval between
35 and 3.5 K, with the exception of the lowest-frequency satellite of the 11,340 cm~! ZP line
occupying the range between ~11,350 and 11,400 cm~! at low temperatures. Figure 4a,b
display a behavior of the spectrum in this range with lowering the temperature. Drastic
changes occur at this high-frequency wing of the ZP line. Below Ty, a well-defined shoulder
is formed but, below the temperature T* ~ 10 K corresponding to a transition into the
incommensurate helical phase, formation of a gap between the ZP line and the discussed
satellite is clearly observed, in line with appearance of a gap AE ~ 2.7 meV (21.8 cm™!)
below T* in the spectrum of spin excitations of CuB,O4 [28]. The total width of the satellite,
8 meV (64 cm~!) coincides with the total width of the magnon branch, which further
supports our interpretation. A single photon produces a pair of exciton and magnon with
the wave vectors k and -k, respectively. As the excitons corresponding to the d-d transitions
of isolated Cu?* ions are almost dispersionless, the total spectral width of the discussed
satellite is due to the total width of the magnon branch. Thus, we can reasonably interpret
the high-frequency satellite of the 11,340 cm~! ZP line as a magnon sideband.

| 1 " 1 L | " 1 1 | 1 1 L ]4
35K (a) CuB,0, (b) P
T 250+ CuB,0, - '
- | 24 35.35.0 K o polarization, 12 g
L o polarization, step- 15 K =
5 2007 Kb, E%la ' 5
S 10 2
= =
= 150 S
S 3
5 1004 8 §
ey b=
5 £
o
(72} 50_ i 8
: NE:
0 T ' _:T—" T Y T ¥ T T T g T L T
11,250 11,300 11,350 11,400 0O 20 40 60
Wavenumber (cm ™) Wavenumber (cm ™)

Figure 4. Temperature dependence of (a) the lowest-frequency ZP exciton line and (b) its nearest
higher-frequency broad magnon satellite.
4.2. Absorption Nonreciprocity in an External Magnetic Field

Further, we show and discuss our results on the NDD effect (nonreciprocity) in the
case of an external magnetic field B applied along the ¢ or b axes of the CuB,Oy4 crystal.



Magnetochemistry 2023, 9, 95

6 of 15

Figure 5a,b shows the absorption spectra in the Voigt geometry, o polarization (B||c, k||b,
E®||a), B = £0.2 T. The difference in the spectra is clearly observed, the largest (of about
900 cm ') being at the first 4b exciton line. The spectrum of NDD (nonreciprocity) is
presented in Figure 5c,d. Similar absorption and NDD spectra are observed for the Faraday
geometry, o polarization (k|/B||b, E®||a), B = & 0.2 T. NDD of different values and signs
is observed at all 4b and 84 exciton transitions and, as is important, also at the phonon
and magnon satellites. At the vibronic transitions it has the same sign as at the exciton
one but at the exciton-magnon transition the sign of NDD is reversed. It is also important
to add that sharp peaks are superimposed on a broad NDD background which changes
sign at about 13,800 cm~!. As phonons are invariant to the time-reversal symmetry, the
observation of NDD at vibronic transitions implies an existence of exciton-phonon bound
states. The sign reversal for NDD at the exciton-magnon transition can be understood if we
consider that the excitons and magnons participating in this transition have opposite wave
vectors k and are coupled antiferromagnetically.

Photon energy (eV) Photon energy (eV)

T: 1.4 1.5 1.6 1.7 1.8 1.9 2.0 1.40 1.42 =
= T T T T T T T d T T T T ¥ T : 950 £
9 .
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£ 500 s | I'=10K £ (b)1900 -
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= . S
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é 200 145 00 %-
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Figure 5. (a,b) Absorption and (c,d) NDD spectra of CuB,Oy4 at T = 10 K (T* < T < Ty) in an external
magnetic field directed along the c axis of the crystal, B||c, B = £ 0.2 T, the Voigt geometry k||b, o
polarization E% ||a. (a,c) The whole spectral range of the 4b and 84 exciton transitions and (b,d) region
near the lowest-frequency 4b exciton transition at an expanded scale.

In the following, we focus our attention on the lowest-frequency 4b exciton ZP line
near 1.405 eV exhibiting the largest NDD. In a general case, below Ty this line consists
of two components centered at 11,336 and 11,341 cm ! [9], and the line contour is well
reproduced by a sum of two Voigt profiles (see Figure 6a). Absorption at the line 1.405 eV
is strong in the o polarization, so that kI ~ 3.0 at the line maximum for the thinnest sample
we had (I = 53 um), in zero external field B = 0. This implies the intensity of the transmitted
light I = Ipe™ ~ 0.05Iy, which is at the noise level. When an external magnetic field is
applied, in selected geometries of the experiment absorption diminishes for one direction
of the field but further grows for the opposite direction, so that the line shape becomes
distorted (see Figure 6b), and the absorption coefficient at the line maximum cannot be
determined correctly. For weak and moderate absorption lines we applied the procedure of
the line-shape modeling by the sum of two Voigt profiles. We used the same Voigt profiles
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to reconstruct the true shape of strong lines, choosing such maximum intensities that the
fit coincided with the measured contour at the line wings (up to kI ~ 2.5, see Figure 6b).
Figure 6¢ presents the field dependence of kI at the maximum of the component 11,341 cm !
in the BJ|c, k||b, E®||a Voigt geometry. It is perfectly linear down to B = —0.182 T in the
region of negative fields where the line intensity diminishes with growth of the field
intensity. At larger field values the line intensity remains unchanged. In the region of
positive fields, the line intensity quickly saturates at the level kI ~ 3.5 showing a distorted
profile. The described procedure for restoring the true line shape gives a linear dependence

kI(B) also for B > 0, until the saturation level is reached at kI = 5.0, as seen in Figure 6¢c. The
corresponding value k = 953 cm ! is given in Table 2. Note, however, that for too strong
lines the procedure may not work. It is natural to assume that the line behavior at B > 0 is
symmetric with that at B < 0, and the intensity reaches its maximal value at B = +0.182 T.
The values of the absorption coefficient at the line maximum determined in this way are
given in parentheses. Table 2 presents the results for different experimental geometries.

RS E PR S R L e i
5" ----- experimental [ " ' g
0.8 P 11,341 cm ™ | | 1q BF 7 o .
i ] ! J of
i 11,336 cm ] .,.f' B,.,=0.18T
! ' 'l I ° |
0.6 :f § ¢ 43 4 11330 11.340
:‘: ',: & ~‘\< Wavenumber (em ')
/! ! ! 3+ = da T
04F M 1 42 , &L '
H F I'=10K & ! ~—®k ¢
‘i ‘ \ - ; e
L [ \ L = : ! +B -
0.2r ! !f: i ’@‘ {1 A Bg==018 T_-' : = nonsaturated line
(a) /4 \ \ (by & \ 1 (c) - | = saturated line
0.0 kescetCES S _.../ o LI l-—l'—:',' . '. *__contour recovery|
—-04-03-0.2-0.1 00 0.1 02 03 04

11,33011,34011,350 11,330 11,340 11,350
Wavenumber (cm )

Magnetic field (T)

Figure 6. (a) Modeling of the line shape by a sum of two Voigt profiles and (b) reconstruction of the
true shape of a strong line (kI > 3.0, see the text). (c) The field dependence of the absorbance kI at
the maximum of the component 11,341 cm~! in the B||c, k||b, E®||a Voigt geometry. In the area of
positive magnetic field values, the data with (red symbols) and without (black and white symbols)
the contour-reconstruction procedure is presented. Inset shows the experimental profiles for different

field values.

Among the studied experimental geometries, NDD is reliably observed in two cases,
namely, in the Voigt geometry B||c, k||b and in the Faraday geometry k||B||b, with E ||a (o
polarization in both cases). This observation is in qualitative agreement with the results of
previous studies [7,8], although the quantitative data differ.
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Table 2. Experimental (cm™1) and theoretical (squares of matrix element moduli in relative units)
values of the absorption coefficients at the maxima of two components of the lowest-frequency 4b
exciton line in the spectra of CuB,O4 at T = 10 K in an external magnetic field |B| = 0.2 T. The
relative units are chosen so that in the Faraday geometry for the 11,341 cm~! component at B 17 [010],
L = S1 —Saz | [100], E¥ 17 [100], B¥ 17 [001] the calculated value is numerically equal to the
experimental value.

leg), 11,336 cm ™1 lep), 11,341 cm ™!
Geometry of the Experiment
Exp. Theor. Exp. Theor.
E“ 11 [100], B* 11 [001] B
k || [010] B 17 [001] - 76 - 1040
Voigt o, L || [110] B 17 [001] 25 76 1905951 1040
E“ 11 [100], B« 11 [001] (1094)
k | [010] B 1 [001] 26 76 189 222
E“ 11 [001], B 1 [100] ~
k || [010] B 1 [001] 5 4 1 4
Voigt o, L || [010] _ B 1] [100] 166 151 542 556
E“ 11 [100], B 11 [001] -
k || [010] B 11 [100] 154 151 554 556
Voigt m L || [010] B 11 [100] 15 0 0 7
E® 11 [001], B® 17 [100] -
k || [010] B 11 [100] 14 0 1 7
Faraday o, L || [100] B 11 [010] 0 1 127 127
E® 1 [100], B® 1] [001]
K || [010] = 1071
B 11 [070] 0 0 (1141) 1286
Faraday 7, L || [100] B 1] [010] 7 7 9 0
E® 17 [001], B 17 [100] _
k || [010] B 11 [010] 7 7 9 0

5. Discussion of Results and Theoretical Analysis of Nonreciprocity within the
Scenario of Interference of Magnetic and Electric Dipole Transitions

For a theoretical analysis of the obtained experimental results, the energy levels, wave
functions, and probabilities of electric and magnetic dipole transitions were calculated. In
the unit cell there are four 4b positions of antiferromagnetically coupled copper CuAl and
CuA2 ions, which are pairwise equivalent [16]. Energy levels and wave functions for both
positions were calculated by diagonalizing the Hamiltonian

4

4
=Y BICH £ A(18) + Jeelg) (3] §<5Cu>§ + Tele) (e] §<S’Cu>§ +upB(1+28). ()

Here, the parameter of the exchange interaction between the ground states of cop-
per ions is assumed to be Jge = 29 cm ™! [14], and the spin-orbit coupling parameter is
A= —815cm™! [29]; B is an external magnetic field. In addition to the energy operator
from [15], Equation (3) also includes a term that takes into account the exchange interaction
between copper ions in the first excited orbital state |e) and their nearest neighbors in
the ground orbital state |g), which has recently been determined in [30] and is equal to
Jee = —24cm™ L.

The calculations were carried out in local coordinate (LC) systems using a basis of all
possible orbital [¢) = [x> —y?), [{) = |xy), |0) = [322 —1?), |n) = |xz), |) = |yz) and
spin |£1/2) states. The LC system permits to choose the x and y axes so that ImB} = 0
and thus to reduce the number of parameters. LC system for CuAl (CuA?2) is rotated
with respect to the crystallographic coordinate (CC) system by an angle ¢ = 20.9° (—20.9°)
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around the c axis of the crystal (the angle is counted counterclockwise, see Figure 1). The
crystal-field parameters in the CC system are related to the parameters in the LC system by
the relations: .
/ k .
B, = B; )exp(—zqgo). 4)
For both positions the crystal-field, parameters B[gk) in the corresponding LC system
are (incm™1) [6]:
B{? = 17720, BY") = 9940, B{*) = 14030. (5)

The calculated wave functions of the ground and the first excited (1.4 eV) states are
given in Appendix A.

It is assumed that the ED transitions in this compound arise due to the mixing of the
Cu?* states within the 3d” ground configuration with the excited configuration 3d%4p and
the configuration with charge transfer from the oxygen electronic orbitals to the copper 3d
shell. The effective operator of the binding energy of 34 electrons with an electric field is
written as follows: )

. — EM 0L pkp
Ekgﬁ a®} "o ®)

p=13,5
t=42

Here, the braces denote the direct product of the spherical components of the electric

field E((]l) = E,; Eill) = F(Ex £i-Ey)/ /2 and the unit tensor operator U®). Due to the

symmetry, only the following parameters Dt(lk) P are non-zero: D(ilz2 )3, Dgl )3, and D(ilé »,

Dt(lk)p were calculated for both positions in the CC system using the formulas given

in [31,32]. The relationship between the parameters for CuAl and CuA2 sites is explained

in Appendix B. Relations between the parameters Dt(lk)p in the CC and LC systems are

similar to (4):
1(1k)p 1k .
D, " = Dt( )pexp(—zt(p). (7)
At the exciton transition under study, due to the peculiarity of the wave functions of
the ground and excited states (see Appendix A), ED transitions appear due to the following
four matrix elements:
<£|HE|77> = D1Ey — D3Eyr (8)

(¢| Hg|¢) = D3Ex + D1Ey,
(C|HE|n) = —D2Ex — D4Ey,

(C|HE|¢) = D4Ex — D2Ey.
Here, the notations are the same as in [15], namely, D; are the linear combinations of

Dt(lk)p. This allows one to reduce the number of model parameters to four quantities D;.
The matrix element values were estimated using the calculated values of Dt(lk)’7 and then
refined to fit the experimental data of the present work and also the relative absorption
line intensities given in Figure 2a of [10], described in [15]. In the LC system for the CuA1l

position, the D; values are (in Debye):
Dy = 0.081, D, = 0.085, D3 = 0.081, D4 = 0.085. )

The resulting set of parameters D; does not allow unambiguous determination of all

(

possible components of the effective dipole moment Dtlk)p , but is sufficient for calculating
the absorption and luminescence spectra in the 1.4 eV region.
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For calculating the magnetic dipole transitions, the standard operator was used:
Hy = upB® (L +25), (10)

also taking into account the relation between the magnetic field induction and the electric
field strength in the light wave B¢ =  /gji[k x E“]/k, the refractive index is /gy = 1.75 [26].

The calculated values of the matrix elements of the dipole moment components
corresponding to the transitions between the ground |g;) and the excited doublet states
le1) and |ez) in the CC system for B =0 and L || [110] are given in Table 3. They are
in a qualitative agreement with the experimental relations (2) found from the analysis
of polarized absorption spectra. The explicit form of the wave functions is presented in
Appendix A. The wave functions |e;) and |e;) correspond to states with lower and higher
energy, respectively. It is believed that the splitting is due to the action of the exchange
(molecular) field from the surrounding magnetic ions in the ground states. According to
Goodenough-Kanamori’s rules, the exchange coupling of the excited state with the ground
state of neighboring copper spins is considered to be ferromagnetic in nature.

Table 3. Matrix elements (g7|dxle1p) and (g1|male12) of the operators of electric and magnetic
dipole transitions in arbitrary units for CuAl and CuA2.

CuAl CuA2
lep), 11,336 cm™1 ley), 11,341 ecm™1 leq), 11,336 em™! ley), 11,341 cm ™!
da —1230i —1102 —1100i —1232
dy, —1100i 1232 —1230i 1102
de 0 0 0 0
iy 258 258i —258 —258i
m, 258 —258i —258 258i
e 0 —3168 0 —3168

From Table 3, it is easy to understand the features of the interference of MD and ED
transitions, as well as to understand in which polarizations of the light wave interference
between MD and ED transitions does not occur. For example, it can be seen that in
the polarizations B, Ej’ and By, Ey’ the manifestation of nonreciprocity is not expected,
since the moduli of the matrix elements do not depend on the sign of terms, namely,
mg + dy|* = |ma — dy|?. The results of calculating the total absorption intensity for electric
and magnetic dipole transitions are shown in Table 2. Note that reversing the incident light
vector k yields the same result as reversing the magnetic field B in the experiments. The
former corresponds to the time inversion of the EM-interaction operator Hg + Hy;, the
latter can be thought of as the time inversion of the wave functions:

(W1|He + Hm|2)p——8 = (($1|TT)(Hg + Hm) (T|2) ) = (1 |(TH (Hg + Hm)T)|92) (11)
= (P1|(He + Hm) ¢ |¥2) = (1| (HE + Hm) gy _i|¥2) = (¢1|HE — Hpm|2)

As can be seen from Table 2, in most cases the results of the theoretical calculations
correspond to the experimental results.

To conclude this Section, we note that in the Voigt geometry B || [001], k || [010], o
polarization (E || [100]) the calculated absorption coefficients for two types of domains
L || [110] and L | [110] differ significantly at a given direction of the external magnetic
field. The highest value of the absorption coefficient in L || [110] (L || [110]) domains
is achieved for B 1] [001] (B 11 [001]) (see Table 2). An external magnetic field directed
along the tetragonal axis c of the crystal does not disturb the 90° domain structure but
allows its visualization using the interference effect of MD and ED transitions. With a given
direction of the external magnetic field, one type of domain will be visible as dark regions
while the other as bright ones. Technique of optical reading can be used to quickly read
information from magnetic storage devices.
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6. Conclusions

In our work, we presented and analyzed experimental results on absorption nonre-
ciprocity of the magnetoelectric antiferromagnet CuB;O4. The study was performed within
the spectroscopic range from 1.4 up to 2.4 eV where several exciton lines related to the
4b and 84 magnetic subsystems of the Cu?* ions are observed. Experimental results were
obtained using spectroscopic technique with higher spectral resolution than in previous
studies, and this gave us the opportunity to significantly deepen the understanding of the
optical absorption processes in CuB,O4. We concentrated our research on the lowest energy
exciton absorption line at 1.405 eV that corresponds to the optical transition between the
ground and the first excited state of the 4b Cu®* subsystem. We show that this line below
Ty is split into two spectrally-resolved components with the splitting value of ~0.6 meV
(~5 cm~1) even in zero external magnetic field. We developed a microscopic theoretical
model of optical absorption and nonreciprocity of the 1.405 eV exciton line. The model
shows that the splitting can be explained by the action of the exchange (molecular) field
from the surrounding magnetic Cu?* ions in their excited state. For the first time, we
observed optical nonreciprocity on both components of this split exciton line, as well as
in a Voigt geometry with an external magnetic field directed along the tetragonal axis ¢
of the crystal. The model explains the observed effects by involving interference of MD
and ED transitions which both contribute to absorption and nonreciprocity processes. The
model also explains the experimental data on nonreciprocity observed earlier in [7,8,10]
under conditions of a spectrally-unresolved structure of the same exciton absorption line.
Important to note that nonreciprocity was also observed for higher in energy excitons and
exciton-phonon satellites of the 4b subsystem, as well as for all 84 excitons and relevant
satellites in partially disordered magnetic Cu?* subsystem. We believe that our theoretical
model for the energy interaction operator of a 3d electron with the electric field of the
light wave can be applied for further analysis of nonreciprocity related to higher in energy
transitions within the 4b antiferromagnetic Cu?* subsystem in CuB;Oj.

In conclusion, it is worth comparing dynamic magnetoelectric effects in the novel
magnetoelectric compound CuB, O, with the similar effects in the known perovskite-based
multiferroics. Unlike CuByQOy, the optical absorption lines are broad there, so the study
of dynamic magnetoelectric effects is performed mainly in the terahertz region of the
spectrum. The nature of static and dynamic magnetoelectric coupling is discussed, as a rule,
using the inverse Dzyaloshinskii-Moriya mechanism [33]. At the same time, experimental
data have now been accumulated that require clarification and perhaps even revision of
ideas about the mechanism of the observed dynamic effects in perovskite helimagnets [34].
In [35], as a result of studies of DyMnOj3 using terahertz time-domain spectroscopy, the
authors have concluded that an improved understanding of the relationship between
ED transitions and spins is needed. In this connection, it is logical to assume that the
ideas we have developed about dynamic magnetoelectric coupling in CuB,Oy4 can be
useful in modeling dynamic magnetoelectric effects both in perovskite helimagnets and in
other magnetoelectrics containing ions with empty electron shells in positions without an
inversion center.
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Appendix A. Wave Functions of the Ground and the First Excited Doublets

The wave functions of the Zeeman doublet CuAl (1.4 eV) calculated in the local
coordinate system in an external field B, = 0.3 T have the form:

le1.2) = 0.693:|xy, +) + (0.64 % 0.2861)-|xy, F)
—(0.033 F 0.073i)-|xz, +) + 0.079i-|xz, F)

—(0.073 + 0.0331)-|yz, +) + 0.079-|yz, F) (A1)
+0.044i- |x* — y?, £) + (0.018 F 0.040i)-|x* — y%, F)
The wave functions of the ground doublet are written as follows:
g12) = 0.702-|x? — 12, £) F (0.646 + 0.289i)-|x> — 12, F)
+0.048i-|xy, £) F (0.020 F 0.0457)-|xy, F) (A2)

+(0.016 £ 0.007i):|xz, +) & 0.017:|xz, F)
—(0.007 F 0.016i)-|yz, £) — 0.017i-|yz, F) .

When the action of exchange (molecular) fields is taken into account, the doublets split.
The mean values of the spin operator for the respective states |g;) and |¢;) are different due
to the opposite direction of the exchange fields in the ground and excited states.

When the sign of the external field is switched, the direction of the spins in the domains
is reversed. This was also noted in [14]. The reason for the change in the direction of the
spins is associated with the presence of the Dzyaloshinskii-Moriya interaction, which leads
to a slight canting of the neighboring copper spins. The magnetic field reverses the direction
of the spins, “hooking” them to the vector of weak ferromagnetism. Thus, when the sign of
the field changes (by —0.3 Tesla), the wave functions are reversed: g1 2) B.<0 = |921) B.>07
le12) 5,0 = l€2,1) p,~o- (Be > 0 and B < 0 correspond to the directions [001] and [001],
respectively). As has already been noted in [10], the admixture of the orbital states |xz)
and |yz) to the excited state due to the spin-orbit interaction is important. Due to this, ED
transitions from the ground state are allowed. Note that in [10], Supplementary, the mixing
of the ground state with the excited states was not taken into account at all. However, this
is important for quantitative comparison of theory with experiment.

Appendix B. On the Difference between the Parameters of Electric Dipole Transitions
for the Positions Cu(A1) and Cu(A2)

The parameters of ED transitions are calculated by the formula:

1k)p Zd(lk _ )t'c(ft) (9],, (Pj) (A3)

where (—1)'C'” c) { (0, 9j) = /4r/(2p +1)Y, (9]', ¢;) are components of the spherical ten-
sor that determmes the position of the 1att1ce ion in the position with number j.

According to the Neumann'’s principle, the symmetry operations that preserve the
A1l copper ion must also preserve the parameters characterizing it, and the operations
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that transfer the Al ion to the A2 position must similarly transform the parameters. For
example, the 0711 operator transforms crystallographic coordinates as follows:

o110 (2) = —b, 07110 (b) = —a, 07119 () = c. (A4)
Parameters Dt(lk)p change as components of a spherical tensor Y, (6;, ¢;). Consider,

for example, D§12)3:

O110] (D§12)3> ~ O711] ([a - ib]3c> = - [a2 - bz} c+i-2abc = —D§12)3* (A5)

(12)3 _ (12)3* . .
Thus, D, “°(Al) = —D, (A2). It is easy to see that operations 2,, 2}, and T110]

)3

yield the same result, while operation 2. preserves Délz . Similarly, one can obtain:

Figure Al. Explanations of the symmetry elements that transform the Cu(A1) position into the
Cu(A2) position.
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