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Abstract—This work presents information on the growth and spectroscopic study of single crystals of copper
metaborate doped with nickel Cu,_,Ni,B,O,4 (x =0.05, 0.1). In the absorption spectra of both crystals, satel-
lites related to Cu centers distorted by impurity Ni atoms were observed near the lines of zero phonon transi-
tions. Polarization studies in the isotropic ab-plane of the tetragonal crystal Cu;_,Ni, B,O4 show the presence
of linear magnetic dichroism in the magnetically ordered state, which was previously observed both in man-
ganese-doped and undoped copper metaborates CuB,0,. The temperature of magnetic phase transitions into
the collinear antiferromagnetic and into helicoidal structures, 7y = 19.1 K and 7* = 8.6 K, respectively, were
determined from the temperature dependence of the dichroic signal.
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INTRODUCTION

Copper metaborate CuB,0, is of great interest due
to its unusual physical properties. This compound

crystallizes in the tetragonal space group [42d
(no. 122), in which copper cations Cu®" occupy two
nonequivalent positions 4b and 8d [1] and form,
respectively, two magnetic subsystems. Moreover, if
several magnetic phase transitions occur in 4b subsys-
tem in the temperature range 7' < Ty = 21 K, then 8d
subsystem is quasi-one-dimensional and is not
ordered even at helium temperatures. Studies of the
magnetic structure of this compound have been per-
formed for more than twenty years [2—7], but the rich
temperature- field (B—7) phase diagram of the metab-
orate is still being studied and refined. In addition to
the standard methods for studying the magnetic struc-
ture [2—7], which were applied to CuB,0,, the spec-
troscopic method of linear dichroism (LD) was also
used, which turned out to be informative and accurate.
For example, using only this method, it was possible to
register the splitting of the transition at 7* =9 K into
a helicoidal magnetic structure with two transitions at

T =79 K and T;" = 8.5 K [8]. Later, the same
method was used to refine the magnetic structure in

the vicinity of 2 K and to record three more low-tem-
perature phase transitions [9]. Studies of CuB,0, with
partial replacement of Cu?* cation by other magnetic
3d-ions are of great importance. It was not possible to
observe the magnetoelectric effect in undoped copper
metaborate, in Cuy¢;Nij ¢;B,0, a significant increas-
ing of magnetization and the appearance of electric
polarization under the action of the magnetic field
were observed [10].

The ability to control the magnetization of
Cu, ¢sNij ¢sB,0, using the electric field [11] was also
demonstrated. Quite recently a theoretical analysis of
the mechanism of the magnetoelectric coupling of the
spins Ni*" and Cu?" with an external electric field in
(CuNi)B,0, was carried out in the context of the
influence of the crystal field and the spin-orbital inter-
action [12]. It is shown that the spins ordering in the
plane ab of the crystal induces the electric polarization
along c¢ axis, which is predominantly due to nickel
ions. However, the influence of Ni concentration on
the electric polarization appearance was not studied,
just as no studies were carried out on compounds
Cu,_,M,B,0, with another (except Ni) magnetic
3d-ion M. We have recently grown Cu, osMn, 4,B,0,
crystal and studied its magnetic structure by the LD
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method [13]. It was shown that doping with manga-
nese leads to the temperatures decreasing of magnetic
phase transitions 7 and 7%, and no splitting of the
phase transition at 7* is observed. This work relates to
the growth and spectroscopic study of nickel-doped
copper metaborate crystals Cu,_,Ni,B,O, (x = 0.05,
0.1).

CRYSTAL GROWTH

Single-crystal samples CuB,0,:Ni were obtained
using the flux method in the spontaneous crystalliza-
tion mode. The flux system looks like:

(100 — n)%mass(Bi,Mo,0,, + 0.7Na,B,0,)

1
+ n%mass ((1 — x)CuO + xNiO + B,0;). M)

Fluxes were prepared by successive fusion of mixtures
of oxide powders present in the flux system (1) in a
platinum crucible at 7= 1000°C. At the homogeniza-
tion stage, the fluxes were kept at 7= 1000°C for
3 hours. Then, the temperature in the furnace was
decreased, first rapidly (at a rate of 200°C/h) to 7 =
(T, —10)°C (here, T, = 840°C and T, = 895°C are
saturation temperatures of the fluxes for x; = 0.05 and
x, = 0.1, respectively, they were determined as
described in [14]), then slowly (at rate of 3°C/day).
After 3 days the crucible was removed from the fur-
nace, flux was poured out. The grown single crystals
were separated from the walls of the crucible and the
remains of the flux with the help of 20% aqueous solu-
tion of nitric acid HNO;. Two samples were obtained
with x; = 0.05 and x, = 0.10, the concentration of crys-
tal-forming oxides was n;, = 35% and n, = 40%,
respectively. The phase Cu,_,NiB,0, was a high-
temperature crystallizing phase in the wide tempera-
ture range (at least 40°C). The resulting Cu,_,Ni B,0,
single crystals are elongated dark-blue prisms with
sizesup to 3 X 3 X 10 mm. There are cracks in the bulk
of crystals caused by abrupt cooling after the growth
stage.

The structure of the obtained Cu,_,Ni B,0, crys-
tals was analyzed using X-ray powder analysis. As a
result of the experiment the single-phase nature of the
samples was confirmed and the parameters of the
crystal lattice were obtained. The X-ray diffraction
pattern was compared with that for undoped CuB,0O,
from the powder database (map no. 72-2024 PDF-2)
[15]. The data are presented in Table 1.

Table 1. Lattice parameters Cu,_,Ni,B,0O,
CuB, 0, [15] | Cuyg 95Nip 9sB204

Cuy4Nig 1 B,0,4

a A 11.506 11.49707(11) 11.496293(95)
¢, A 5.644 5.624995(69) 5.624381(58)
v, A3 | 747.198 743.527(17) 743.345(14)
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The lattice parameters decreasing in comparison
with pure CuB,0, probably indicates that nickel is
present in the synthesized samples (+(Ni?*) = 0.69 A,
(Cu?") = 0.73 A). However, when comparing the lat-
tice parameters of samples with x; = 0.05 and x, = 0.10
the difference is observed only in the fourth decimal
place. This probably means that the limit concentra-
tion of nickel has already been reached in the obtained
samples.

OPTICAL SPECTROSCOPY

The plane-parallel plates with orientation (001)
were cut out for optical measurements, they were then
polished. The samples thickness was 230 um. Absorp-
tion spectra in the optical range 11000—14000 cm™!
were measured on Bruker IFS 125HR Fourier spec-
trometer with a resolution of 0.8 cm~!. The samples
were cooled in Cryomech ST403 closed-cycle cryostat
at temperatures 7' < Ty: 5—21 K. The absorption spec-
tra of light propagating along the tetragonal axis ¢ of
the crystal were recorded. The LD signal was found as
the difference of absorption coefficients k¥ (cm~') for
light polarized along and perpendicular to the direc-
tion of antiferromagnetic spins {[110], [110]} and

{[110], [110]}, which below T are the source of opti-
cal anisotropy in the crystallographically isotropic
plane (ab) of the tetragonal crystal (see details in paper

[8D.

RESULTS

Figure 1 compares the absorption spectra in a
polarization (k| ¢, E L ¢, H L ¢) of pure and two doped
Cu,_Ni,B,0O, (x = 0.05, 0.1) copper metaborates. As
in the spectrum of CuB,0,, in the spectra of
Cu,_,Ni,B,0, one can observe zero-phonon lines
(ZPL) of Cu?' and their vibronic structure. In this
case ZPL of Cu?* in the spectra of doped metaborates
are widened, and their maximum absorption coeffi-
cient is almost by two times lower than in undoped
copper metaborate. In addition, near ZPL of Cu?* in
position 4b (v = 11338 cm™!) with lowest frequency,
both on the left and on the right, one can see weak nar-
row satellites (8v < 10 cm™!) absent in the pure metab-
orate spectrum. The next ZPL 84 (v = 12713 cm™)
also has a satellite with more lower frequency and a
double contour (v, = 12676 cm~!, v, = 12661 cm™").
Previously, a similar picture was observed for crystals
of rare-earth aluminum borate doped with ytterbium
[16—18], where the impurity atom distorted the ytter-
bium crystal environment, which led to ZPL shift.
Here, probably, the satellites are caused by distortions
of the Cu?* positions due to the action of neighboring
Ni?* ions, which have ionic radius different from Cu®*
ions. Tables 2, 3 list the parameters of all lines
recorded in the vicinity of the first ZPL of subsystems
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Fig. 1. Absorption spectra of Cu;_,Ni,B,04: x = 0, 0.05,
0.1 in a-polarization (k || ¢, E L ¢, H L ¢) at a temperature
of 6 K. The arrows show the satellites of the first ZPL in
Cuy_,NiB,0,4 spectra associated with the distortion of

the crystal lattice due to the inclusion of Ni2* jon.

Cu(4b) and Cu(8d), respectively. As expected, the
integral intensity of satellite lines in Cu,Ni,B,0, is
higher than in Cu, ¢sNi, (sB,0,, while the intensity of
the main ZPL in Cug4Ni,,;B,0, is lower. Thus, the
total difference between the intensities of ZPL and sat-
ellites for two concentrations is equal to zero within
the error.

The spectroscopic and structural data available are
not enough to conclude that Ni?>* impurity ions occur

Table 2. ZPL parameters of Cu(4b) 11339 cm™! and satel-
lites in absorption spectra of Cu;_,Ni B,0, crystals: x =0,
0.05, 0.1; Av is distance to main line, dv is full width at half
maximum (FWHM), § = I K(v)dv is integrated intensity (K
is absorption coefficient); / is number of the satellite from
Fig. 1, while 0 is main ZPL

i (4b) 0 1 2 3

x=0.1

Av, cm™! 0 22.66 —26.62 38.5

Sv, cm™! 10.43 4.93 6.13 9.44

S, cm™2 1435.98 90.33 49.77 223.35

S/ Siotal 0.05 0.028 0.124
x=0.05

Av, cm™! 0 22.63 =25 38.56

Sv, cm™! 10.33 4.75 5.7 9.22

S, cm™2 1446.03 89.124 45.03 219.326

Si/Siotal 0.05 0.025 0.122
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in one or both crystallographic positions Cu?*, and (in
second case) about a uniform distribution by posi-
tions. We performed analysis similar to that carried out
in the paper [16]. Based on the assumption that Ni2*
can occupy both positions Cu?*, several nearest coor-
dination spheres Cu?* for centers 46 and 84 (Fig. 2,
digits indicate the numbers of coordination spheres)
were prepared. Also in the Table 4 the distances from
the presumed Ni?* center to the main positions Cu?*
are given. The smaller this distance is, the stronger the
distortion of the crystal field is for a given Cu?* ion,
and the greater the spectral shift of the satellite is from
the main line [16—18], while the intensity should be
proportional to the number of equivalent Cu?* centers
around Ni%*

From the data obtained, we can conclude that most
of the satellites of the first ZPL Cu(4b) are associated
with Ni in the position 84 (Ni(4b) in the first approx-
imation have only one coordination sphere Cu(4b)). If
we assume that Ni also enters 4b positions, then by the
principle of reciprocity for Cu(8d) the closest crystal-
lographic positions refer to Ni(45b). In this regard, we
can assume the following distribution of nickel ions,
which affect the environment of copper ions: the far-
thest satellite Cu(4b) no. 3 (see insert in Fig. 1) corre-
sponds to the distortion by Ni(8d) atom, which is at a
distance of 3.693 A (Fig. 2a, atom 1), satellite no. 2—
to Ni(8d) atom at a dlstance of 4.647 A (Fig. 2a,
atom 3), satellite no. 1—to Ni(8d) atom at a distance
of 5.653 A (Fig. 2a, atom 6), or to Ni(4b) atom at a dis-
tance of 5.644 A (Flg 2b, atom 3). The same compar-
ison was made for the satellites of the first ZPL
Cu(8d). The Table 4 gives data on the radii of the coor-
dination spheres and associated satellites.

It is also important to note that the full spectrum of
zero-phonon and vibronic transitions in undoped
copper metaborate was recorded on a crystal 59 um
thick, since the lines were oversaturated on samples
with greater thickness. In the present paper, the spec-
tra of Cu,_,Ni, B,0, were recorded on samples 230 pm
thick; a lower thickness could not be achieved due to

Table 3. Parameters of ZPL satellites Cu(8d) 12714 cm™!

Cu,_,Ni B,0,: x=0,0.05, 0.1
i (8d) 4 5

x=0.1

Av, cm™! —41.1 —53.2

Sv, ecm™! 11.4 10.1

S, cm™2 121.1 107.1
x=0.05

Av, cm™! —39.6 —52.5

Sv, ecm™! 8.1 12.1

S, cm™2 75.6 121.9

OPTICS AND SPECTROSCOPY Vol. 131 No.8 2023



720

,«"j 2 ﬁ'y
‘ 2 X

@ Cu(4b)
@ Cu(8d)

@ Cu(4b)
© Cu@d)

Fig. 2. Cu?* in coordination spheres Niz" in positions 4b
(a) and 84 (b). Non-equivalent positions of copper are
shown in different colors. The numbers designate the

sequence numbers of the coordination spheres.

the brittleness of the sample. Thus, out of six ZPLs
Cu?*, we managed to register three, and we do not
have information about the parameters and satellites
of the rest of ZPLs. Undoubtedly, the analysis of the
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Fig. 3. Spectra of Cu ¢Nij B,0y4 crystal in the region of

the first exciton ZPL Cu(4b): absorption spectra at 12 K
(a); LD spectraat 12 K (b); LD spectra presented as a color
intensity map in the wavenumber—temperature axes (c).

complete spectral pattern could explain the question
of the distribution of Ni*" impurity centers over cop-
per positions. The available data are not yet sufficient
for this.

Figure 3 shows the LD spectra in the region of the
first ZPL Cu(4b) with a frequency of about 11340 cm™!
in the absorption spectrum of Cu,¢Ni,,B,0,. The
color intensity map (Fig. 3¢) shows the appearance of
linear dichroism below the temperature of 7= 19.1 K,

Table 4. Distances (A) between the supposed impurity centers Ni2* and the nearest neighboring Cu®" ions, number and
position of Cu?™ ions are given in brackets in a given coordination sphere

No. coordination sphere 1 2 3 4 5 6
Ni(4b) 3.693 4.647 5.644 5.653
(4,8d) (4,8d) (2,4b) (4,8d)
No. lines in Fig. 1 5 4 1
Ni(8d) 3.693 4.405 4.647 4.796 5.644 5.653
(2,4b) (4,8d) (2,4b) (2,84) (2,84) (2,4b)
No. lines in Fig. 1 3 4 2 4 1
OPTICS AND SPECTROSCOPY  Vol. 131 No. 8 2023
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which indicates a magnetic phase transition into an
antiferromagnetic structure [8, 9, 13]. Thus, the Neel
temperature was determined. As in the paper [8], we
believe that the magnetic Davydov splitting is respon-
sible for the LD appearance. Dichroism is also
observed on the satellite lines, it is clearly seen in the
LD spectrum at 12 K (Fig. 3b). The temperature of
transition to the antiferromagnetic phase decreased in
comparison with the pure metaborate, which is natu-
ral, since the addition of one more magnetic ion disor-
ders the copper magnetic subsystem. At a temperature
of T* = 8.6 K, linear dichroism disappears, which
apparently indicates a magnetic phase transition to a
helicoidal structure, as was found for undoped metab-
orate [8]. Unlike pure metaborate, as well as
Cug9sMny 0,B,0,4 [13], with the temperature decreas-
ing the dichroism does not appear up to the very low
measured temperatures. It can be assumed that, at
least up to 5 K, the magnetic structure of
Cuyy 4Ni,B,0, remains simple helicoidal and does not
become elliptical. However, for better understanding
of the magnetic structure of nickel- doped copper
metaborate at low temperatures, additional studies
(magnetization measurements, neutron scattering,
etc.) are required.

CONCLUSION

Cu,_NiB,04: x =0, 0.05, 0.1 single crystals were
grown by the flux method and studied. The parame-
ters of the crystal lattice are determined. In the
absorption spectra of crystals near the ZPL of copper,
satellites were observed, they belonged to Cu?* centers
distorted by nickel. The study of the satellites position,
as well as the analysis of the possible positions of nickel
in the nearest environment of copper, made it possible
to assume the substitution of Ni?* at the sites of the
crystal lattice, which leads to a distortion of the crystal
field and the appearance of a fine structure near the
ZPL of copper ions. As in undoped copper metaborate
CuB,0O,, in the magnetically ordered state of
Cuy¢Ni,;B,0, the linear dichroism associated with
magnetic Davydov splitting was found. From the tem-
perature dependences of the dichroism spectra the
Neel temperature Ty = 19.1 K and the temperature of
transition to the magnetic helicoidal structure 7*
8.6 K are established. Unlike pure copper metaborate,
no splitting of the transition at 7* and no transitions to
the magnetic elliptical helicoidal structure were
observed.
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