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The effects related to the conversion of magnetic structures of a CupMnBOs ferrimagnet to a CuyGaBOs anti-
ferromagnet under the Mn®* — Ga®* substitution were studied. The properties of four single crystal samples with
the gallium concentration x = 0.04, 0.11, 0.17, 0.25 were examined. The chemical composition and valence
state of the samples were determined by X-ray absorption spectroscopy element-sensitive technique. Distribution
of the 3d metal ions over crystallographic positions was studied using the first principle calculations by Wien2k
program. The evolution of the magnetic properties was investigated by the measurements of the temperature and
field dependences of magnetization, dc and ac magnetic susceptibility. In agreement with the previous study of
the structure evolution of CuzMn;.xGayBOs solid solutions, the critical concentration upon a change in the
magnetic ordering type was found in the range x = 0.17-0.25. The non-monotonic behavior of magnetization in
terms of the gallium content was found in the concentration range of 0.04-0.17. A complex pattern of magnetic
phase transitions belonging to the concentration phase boundary was obtained in the compounds with gallium
being within the range x = 0.17-0.25. One could observe the splitting of the peaks of the real part of ac-sus-
ceptibility of the high-temperature phase transition in the CuyMnBOs-like phase (x = 0.04, 0.11) and that of the
low-temperature one at the concentration boundary (x = 0.17, 0.25) with different frequency and orientational
dependence. The type and origin of the multiple phase transitions observed in the studied samples were
analyzed.

1. Introduction

CuaMnBOs possesses a unique crystal structure among both ortho-
rhombic (natural) and Cu-containing monoclinic ludwigites: it is
monoclinic but characterized by another direction of the monoclinic axis
and other distortions of Me-O octahedra [1,2]. This structural pecu-
liarity is likely to be related to the simultaneous presence of two Jahn-
Teller ions, Cu?>® and Mn®". In terms of magnetic properties,
CuaMnBOs is a ferrimagnet below T¢ = 92 K and its non-collinear
magnetic structure consists of two antiferromagnetic subsystems, the
angle between the axes of these subsystems being about 60° [3].

The substitution of the Mn>*—Ga>* type in the concentration range
from 32 up to 47 at. % (according to EDX data (energy dispersive X-ray
spectroscopy)) resulted in the CuyGaBOs-type structure in solid solu-
tions. CuyGaBOs is an antiferromagnet below Ty = 4.1 K with 50%
paramagnetic cation positions: there is ordering in one of the subsystems
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containing only copper [4]. Since CuyGaBOs possesses the classic
structure of monoclinic ludwigite, a concentration-driven phase transi-
tion is expected in a series of solid solutions CusMnBOs - CupGaBO5 with
the corresponding magnetic restructuring. The magnetic properties of
Cuy(Mn,Ga)BOs solid solutions with the 32-47 at. % gallium substitu-
tion are similar to parent CupGaBOs. However, antiferromagnetic
ordering is here accompanied by the spin glass phase, caused by mag-
netic Mn>* being admixed to the mixed Ga>* and Cu?* positions, which
earlier did not participate in the magnetic ordering [5].

In [6], Cuy(Mn,Ga)BOs solid solutions were obtained in the gallium
substitution range of 3-25 at. % (according to EDX data) with the pur-
pose of detecting and studying the concentration phase transition. The
cation composition and structure of the samples were investigated by
the X-ray diffraction (single crystal and powder) and vibrational
(Raman) spectroscopy. The concentration-driven phase transition was
found in the range of 18.7-25 at. % of gallium. The X-ray diffraction
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study revealed a change in the direction of the monoclinic axis between
the concentrations 18.7 at. % and 25 at. %. The Raman spectroscopy
showed a significant spectral difference from parent CupMnBOs at the
gallium concentration as low as 18.7 at. % [6].

This work continues the investigation of Cuy(Mn,Ga)BOs solid so-
lutions with high manganese content, including the study of the con-
centration phase boundary CusMnBOs - CuyGaBOs in terms of the real
chemical and valent composition by element selective techniques of X-
ray absorption spectroscopy, position distribution by the first-principle
calculation, and changes in the magnetic properties.

2. Experimental
2.1. X-ray absorption spectroscopy

The X-ray absorption spectra were measured in the transmission
geometry at the “Structural material science” beamline at the Kurchatov
source of synchrotron radiation [7]. The energy of x-rays was deter-
mined by a channel-cut Si (111) monochromator. The beam size of the
synchrotron radiation on the sample was 1 x 3 mm? (V x H). The
samples were prepared as tablets by pressing a finely ground sample
with starch used as a binding agent. The amount of the sample was
chosen so that the tablet absorption coefficient pt be no more than 3-3.5
in the entire energy range. The intensity of the incoming and transmitted
X-rays was measured using ionization chambers filled with an air-argon
mixture equipped with Keithley 6487 pikoammeters. The point by point
measurements of the absorption spectra were carried out in the range
—170 eV - 4800 eV relative to the energy of K-edge absorption of the
absorbing elements — manganese (6539 eV), copper (8979 eV) and
gallium (10367 eV).

Each spectrum was measured for about 20 min. The spectral mea-
surements of each sample were made 2-3 times and averaged. Pro-
cessing and analysis of the results were performed using the Athena
program from IFEFFIT software package (version 1.2.11c) [8-9].

The manganese and copper valence states were estimated by the
“fingerprint” analysis of XANES spectra. For this purpose, a comparison
was made of the position of K-edge absorption of manganese and copper
in the studied sample with a set of standards: MnB,O4 (Mn?h), Mn,03
(Mn*"), MnO, (Mn*"), Cuz0 (Cu™), CuO (Cu*"), CuCly-2H0 (Cu?"),
metallic Cu. The shape of K-absorption edge of the samples and the first
derivative of the absorption spectra were visually analyzed to determine
the positions of the inflection points, related to the valence state of the
absorbing atom.

2.2. First-principle calculation

The energy calculation of different cationic ordered states of
CupsMnBOs and CuyGaBOs was made in the framework of the first
principle approach using the Wien2K program package [10-11]. There
are twelve metal ions in the unit cell of ludwigite. Based on the electro
neutrality, four metal ions have to be trivalent (these ions are supposed
to be manganese and gallium) and eight of them are bivalent (copper
ions). In most ludwigites trivalent ions prefer to occupy position 4. The
energy of this cationic ordered state was chosen as a reference point (Eg)
and all the other energies were compared to this one. The calculation
was performed for the nonmagnetic state. The electronic structure was
calculated using the FP-LAPW + lo method [12]. The exchan-
ge—correlation energy was calculated using LSDA [13] and GGA-PBE
[14] with additional correlation Hubbard coefficients describing local
electron—electron repulsion related to the 3d-zones of Cu and Mn (LSDA
+ U and GGA-PBE + U) [15]. The experimental lattice parameters and
atomic coordinates were used for the calculation. The value of Ryr*Kmax
was equal to 6.0 in the calculation. The energy upon the self-consistent
calculation was converged within 1 pRy. The total energy was reduced
to minimum using a set of 400 k-points in the full Brillouin zone of the
unit cell. The radii of the MT-spheres were 1.93 atomic units for Cu, 1.86

Journal of Magnetism and Magnetic Materials 584 (2023) 171072

atomic units for Ga, 1.08 atomic units for B and 1.1 atomic units for O.
The total density of the states (DOS) was obtained using the modified
Blech tetrahedra method [16]. Here, U = 0.52 Ry was used for Cu and
Ga, U = 2.52 Ry for Mn and J = ORy in the schemes LSDA + U and GGA-
PBE + U.

2.3. Laue technique

The single crystals under study were oriented using a Photonic Sci-
ence Laue Crystal Orientation System by the back reflection method
with an X-ray beam diameter of 0.2 mm. For all the samples, the
diffraction pattern obtained upon the reflection of the primary beam
from the natural face of the crystal was found to correspond to the plane
with indices (01 1). The lattice vector a was directed along the long edge
of the natural face. To assess the quality of the single crystals under
study, a series of diffraction patterns was taken at different points of the
natural (011) face of each sample by gradually moving the crystal
relative to the beam with a step of 0.2 mm (the accuracy of the goni-
ometer was 0.001 mm).

For the samples with x = 0.05, 0.1 and 0.175 (flux gallium con-
centration), all the obtained Laue patterns corresponded to the reflec-
tion plane (011) and to the given lattice parameters (for x = 0.175, the
lattice parameters used: a = 3.167 A, b = 11.995 }o\, ¢ = 9.406 }o\, B =
96.23°), with no splitting and blurring of the reflections being observed.
No additional peaks which could indicate the presence of the second
phase were observed. Thus, the above allowed us to conclude that the
quality of the single crystals was good (x = 0.05, 0.1 and 0.175).

For the sample with x = 0.15, the resulting Laue patterns showed the
splitting of the peaks, including the central one, which may indicate the
presence of misoriented domains in the sample.

2.4. Magnetic measurements

Temperature-field magnetization dependences and temperature de-
pendences of ac-susceptibility of the synthesized samples were obtained
in the temperature range of 4.2-300 K and in the magnetic fields up to 9
T using PPMS-9 (Quantum Design). The thermal dependences of
magnetization of the Cuy(Mn, Ga)BOs solid solutions were measured at a
magnetic field H = 200 Oe in the FC mode (sample cooling in a non-zero
magnetic field), FH mode (sample heating in a non-zero magnetic field
after cooling in the magnetic field of the same value) and ZFC mode
(sample heating in a non-zero magnetic field after cooling in a zero
magnetic field). The measurements were made upon applying the
magnetic field along three mutually perpendicular directions (x, y, 2)
corresponding to macroscopic directions of the natural crystal habit
which represents elongated four-cornered prisms with truncated side
ribs. The directions (x, y, 2) correspond to the following crystallographic
directions: x||np11 (normal to the (011) plane), y1(x,2), z||a (Fig. 1).

1 mm

Fig. 1. The grown single crystal of Cu,Mn; 4Ga,BOs (at x = 0.1 - flux con-
centration) and designation of the axes (x, y, 2) directions along which the
magnetic field was applied.
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3. Chemical and valence composition and cation distribution

The composition of the studied samples was estimated via the height
of the absorption jumps by the X-ray absorption spectroscopy. The re-
sults are presented in Table 1. The heights of the absorption jumps for
the edges of Mn, Cu and Ga were determined by the measurements the
absorption spectra through all three edges at the same tablet to ensure
the equal thickness of the sample. In this case the relative content of the
cations was determined by formula:

C,'O(ECX (Ai.ut)exp . @

M; Mi-A(u/p);
where i corresponds to absorbing atom, ¢ — atomic concentration, w —
weight concentration, M — molar mass, Aut — measured height of the
absorption jump, A(u/p) — change in mass attenuation coefficient at the
absorption edge [17].

The measured XANES spectra at manganese and copper K-edges are
shown at Fig. 2 with their derivative. The positions of experimental
spectra of K-edge absorption of manganese agree well with standard
Mn,03, where manganese is in the trivalent state. However, there is a
tiny shift to lower energies can be seen, indicating the presence of small
amount of Mn?". The shift of the broad peak in the derivative, showing
the position of the inflection point in the spectrum, to the lower energies
can be seen as well. The positions of spectra at copper K-edge coincide
for all samples and situated close to that for divalent copper standards
-CuCly-2H50 and CuO. The difference can be attributed to the influence
of local environment of copper in the samples which differs from that of
the standards.

As one can see from Table 1, the experimentally estimated gallium
content in the samples is quite close to the flux concentration (xgyx) for
the samples of the CupMnBOs-type phase. For the sample of the
CuyGaBOs-type phase the data of X-ray absorption spectroscopy and
EDX show a significant deviation of the actual composition from that in
the flux (25% instead of 17.5%). Here, the experimental data are in good
agreement. The copper content in each sample is lower than 2/3,
allowing to estimate the amount of bivalent manganese from 0.09 to 0.2
of atoms in the formula based on the electroneutrality.

The first-principle calculation of the energy of the CupMnBOs5 and
CuyGaBOs ludwigites, depending on the occupation of four nonequiva-
lent cation sites of the unit cell, was made for the theoretical study of the
cation distribution. The difference between the total energy of the
compound with the arrangement of the trivalent ions in different crys-
tallographic positions and the total energy of the compound when all the
trivalent ions are located in position 4 is presented in Tables 2 and 3.

As one can see from Table 2, trivalent manganese cations prefer to
occupy position 4. The displacement of Mn ions to another position is
not equally beneficial for all the crystallographic positions. This ion
distribution is in good agreement with the experimental data obtained
by neutron diffraction [3].

In CuyGaBOs, on the contrary, trivalent gallium tends to partially
occupy position 4. The minimum energy was obtained for the compound
where position 1 was fully occupied by gallium, position 2 was occupied
by one gallium ion and one copper ion. In addition, one gallium ion is
located in position 4. As one can see from Table 3, gallium ions tend to

Table 1
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occupy positions 1 and 2, and, partially, position 4. However, the
occupation of position 3 is not beneficial at all, which is consistent with
the experimental data: trivalent gallium cations are distributed over
nonequivalent positions in the ludwigite unit cell.

4. Magnetic properties

The temperature dependences of magnetization of the studied sam-
ples are presented in Fig. 3. The analogous dependences of the parent
CuaMnBOs ludwigite are also shown for comparison. As is shown earlier
[3], below the temperature of magnetic phase transition T¢c = 92 K,
CuaMnBOs demonstrates a rather strong temperature hysteresis of the
FC-FH dependences and inflection of the ZFC curve. This, to a high
extent, depends on the value of the applied magnetic field: the effect was
observed in the field up to 500 Oe, while in the magnetic field H =1 kOe
the hysteresis was absent. Upon increasing the magnetic field, the
temperature of this feature decreases. The origin of the observed thermal
hysteresis of the FC-FH curves was not studied enough — it was char-
acterized as a consequence of the reorientation of the “easy” magnetic
axes in the crystal. Therefore, the orientational dependences were
measured in the magnetic fields H = 200 Oe to study the evolution of the
magnetic properties upon the Mn — Ga substitution, including this
thermal hysteresis.

As one can see in Fig. 3 the thermal dependences of magnetization of
the Cuy(Mn, Ga)BOs solid solutions are anisotropic, which qualitatively
corresponds to the behavior of pure CusMnBOs, including the magnetic
fields with a larger value [2-3]. Upon increasing the Mn>*—Ga>* sub-
stitution degree the temperature of the magnetic phase transition de-
creases monotonically from T¢ = 92 K to T¢ = 56 K that typical at
nonmagnetic ion replacement [18]. However, the value of the magnetic
moment of the solid solutions with different substitution degree in the
range of the occurrence of the CuyMnBOs-like phase behaves rather non-
monotonically: the value of the magnetic moment of the sample with
0.04 of gallium is lower than that for the samples with 0.11 and 0.17 of
gallium for each direction. The magnetic moment of the sample with
0.11 of gallium at H||x is a quarter larger the magnetic moment of pure
CuzMnBOs, while in the direction H||z it is almost equal to the latter.
Such behavior describes the change in the cationic distribution over four
nonequivalent positions. Since the magnetic structure of copper-
manganese ludwigite contains two canted subsystems with the antifer-
romagnetic arrangement of the magnetic moments inside, and gallium
cations tend to be located in two positions (one of them is Mnt position,
another one is occupied by Cu®"), the different substitution degree by
nonmagnetic Ga®" leads to a change in the values of magnetic moments
in different sites of antiferromagnetically interacting subsystems, which
is reflected in the exchange magnetic structure of the whole sample.

Fig. 3 shows the change in the thermal hysteresis loop of the FH-FC
curves upon increasing the gallium content. The difference in the
magnetization values tends to monotonically decrease in the curves.
However, the temperature range of hysteresis is almost constant. This
thermal hysteresis is present in the curves up to the critical concentra-
tion of the CupMnBOs-like phase stability (x¢ = 0.17).

The transformation of the magnetic properties upon the change in
the CupMnBOs - CupGaBOs phase resulting from the gradual substitution
of Mn>" by Ga®' occurs in a narrow concentration range, as one can see

The chemical composition of CuMn; 4Ga,BOs ludwigites obtained by spectroscopy of X-ray absorption (xxa) (Xqux is the gallium concentration in the flux, xgpx is the

gallium concentration obtained by EDX [6]).

CuyGag,osMno.o5BOs CupGag,1Mno,9BOs CupGag,15Mno.gsBOs CuyGag,175sMno,25BO0s
Mn 38.6% 33.9% 30.6% 28.0%
Cu 60.0% 62.4% 63.8% 63.6%
Ga 1.4% 3.6% 5.6% 8.4%
XxXA 0.042 0.11 0.168 0.25
Xflux 0.05 0.10 0.15 0.175
XEDX 0.023 0.088 0.187 0.25
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Fig. 2. The XANES spectra and it energy derivative for manganese K-edge (a) and copper K-edge (b). The spectra for the standards MnB,O4 (Mn?*), Mny03 (Mn®>"),

MnO, (Mn**"), CuO (Cu?*) and CuCl,-2H,0 (Cu?*) are also shown.

Table 2

The difference between the total energy at the location of copper cations in
different crystallographic positions and the total energy upon the occupation of
position 4 by trivalent ions only, for CuyMnBOs.

1 2 3 4 AE

Cu,Cu Cu,Cu Cu,Cu,Cu,Cu Mn,Mn,Mn,Mn 0

Cu,Cu Cu,Cu Cu,Cu,Cu,Mn Mn,Mn,Mn,Cu 0.119943
Cu,Cu Cu,Mn Cu,Cu,Cu,Cu Mn,Mn,Mn,Cu 0.120961
Cu,Mn Cu,Cu Cu,Cu,Cu,Cu Mn,Mn,Mn,Cu 0.1148477

in Fig. 3. There occurs a rapid decrease in the magnetic moment with the
gallium content x = 0.17. With this concentration one can observe the
phase separation in the flux at the growth stage due to the high sensi-
tivity of the magnetic properties of the studied solid solutions to a minor
change in the Mn/Ga/Cu ratio and cation distribution. As is shown in the
previous work [6], there is no polyphase in the samples of Cuy(Mn, Ga)
BOs, which is in agreement with its structure and phase content studied
using powder X-ray diffraction. The Raman spectroscopy study showed a
significant difference in the spectra of the sample with this “critical”
concentration and those of the parent CusMnBOs-like and Cuy;GaBOs-
like phases.

In agreement with the results of magnetic measurements, the sam-
ples with x = 0.17 can be divided into two phases: the CupMnBOs-like
phase with one phase transition with a tiny FH-FC hysteresis and sig-
nificant magnetization lowering relative to pure CupMnBOs, and the

Table 3

phase of the transition area with the subsequent decrease in magneti-
zation and two phase transitions inherited from both parent Cu;MnBOs
and CuyGaBOs ludwigites (Fig. 3).The upper phase transition is char-
acterized by the temperature T; = 56 K, and the lower one by Ty = 20 K.
Similar behavior of the M(T) curves is observed in the sample with x =
0.25. However, this compound is isostructural to CupGaBOs with a small
deviation of the lattice parameters from the monotonic concentration
dependence [6]. In these samples there occurs the growth of magneti-
zation at T; = 56 K and a peak in the M(T) curves at the temperatures
about To = 20 K. The thermal hysteresis of the FH-FC curves is absent in
the sample with x = 0.25. However, in the area of the upper transition
one can observe the region of inconsistency in the FC-ZFC curves ob-
tained upon heating and cooling the sample, correspondingly. The phase
homogeneity of the sample was confirmed by powder X-ray diffraction
and Laue technique; the structure was verified in different points of the
single crystal used for the magnetization measurements.

The thermal dependences of the partial derivatives 0M?/0T(T)were
plotted for a more complete analysis of the M(T) curves of the obtained
Cuy(Mn,Ga)BOs solid solutions. The MA(T) dependences are propor-
tional to the magnetic contribution to the specific heat, which is in
agreement with the molecular field theory [19]. This correspondence is
valid for ferromagnets. Thus, the oM?/0T(T) dependences can be used
for describing the ferrimagnetic phase transition occurring in the
CuaMnBOs-like phase. The obtained dependences are presented in
Fig. 4. For antiferromagnets the magnetic contribution to the specific
heat is proportional to y-T [20]. Thus, the d(yT)/dT(T) dependences are

The difference between the total energy at the location of copper cations in different crystallographic positions and the total energy upon the occupation of position 4

by trivalent ions only, for Cu,GaBOs.

1(2b) 2 (20) 349 4(4h

0 Cu Cu Cu Cu Cu Cu Cu Cu Ga Ga Ga Ga 0

1 Cu Cu Cu Ga Cu Cu Cu Cu Ga Cu Ga Ga —0.00178
2 Cu Cu Ga Ga Cu Cu Cu Cu Ga Cu Cu Ga —0.017558
3 Cu Ga Ga Cu Cu Cu Cu Cu Ga Cu Cu Ga —0.022136
4 Cu Ga Ga Ga Cu Cu Cu Cu Ga Cu Cu Cu —0.051471
5 Ga Ga Ga Ga Cu Cu Cu Cu Cu Cu Cu Cu —0.051437
6 Ga Ga Cu Ga Cu Cu Cu Cu Ga Cu Cu Cu —0.236291
7 Ga Ga Ga Cu Cu Cu Cu Cu Ga Cu Cu Cu —0.042455
8 Ga Ga Cu Ga Cu Cu Cu Cu Cu Ga Cu Cu —0.47253
9 Ga Ga Cu Ga Cu Cu Cu Cu Cu Cu Ga Cu —0.42454
10 Cu Cu Ga Ga Cu Ga Cu Cu Ga Cu Cu Cu 0.152606
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Fig. 3. The thermal dependences of magnetization of
Cuy(Mn, Ga)BOs solid solutions, obtained in the
magnetic fields H = 200 Oe, in the H||x, H||y, H||z in
FC and FH modes (cooling in the magnetic field and
heating in the magnetic field of the same value). Color
indication: black - Cu,MnBOs (x = 0), red - x = 0.04,
blue - x =0.11, orange - x = 0.17', green - x = 0.172,
violet - x =0.17% cian - x = 0.25. The arrows in H||z
Cu,MnBOs dependences show the way of temperature
change: the top arrow indicates the FC mode
(decreasing of the temperature), the bottom arrow
indicates the FH mode (increasing of the tempera-
ture). This description is true for all the others curves.
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Fig. 4. The thermal dependences of the partial derivatives dM2/0T(T) of the
obtained Cuy(Mn, Ga)BOs solid solutions. The derivative was based on M(T)
dependence which was obtained at H = 200 Oe, in the direction H||z. a) the
general view of O0M?/0T(T) with the denoted phase transition temperatures; b)
the detailed view of the low-intensity part of the derivatives with the peak
identification corresponding to the M(T) thermal hysteresis of the Cu;MnBOs-
like phase; inset: the comparison of dM2/dT(T) at the critical concentrations x
=0.17, 0.25 and in the CuyGaBOs-like phase (gallium concentration x = 0.42).

50

Temperature (K)

also present due to the antiferromagnetic origin of magnetic phase
transition in another parent CupGaBOs ludwigite (Fig. 5).

As one can see from Fig. 4, up to the critical concentration, the
substituted compounds demonstrate quite an intensive and narrow peak
corresponding to the ferrimagnetic phase transition and a broad low-
temperature wing with the maximum related to the inflection of M(T)
in the range of FH-FC thermal hysteresis. As the gallium content in-
creases, the temperatures of these maxima shift to the low-temperature
area. One of the curves demonstrates three peaks on the boundary of the
CuaMnBOs-phase stability (at x = 0.17): two high-temperature ones are
related to the ferrimagnetic phase transition and FH-FC hysteresis, while
the third peak is the least intensive, corresponding to the phase transi-
tion inherited from the CuyGaBOs-like phase. Upon lowering the ferri-
magnetic phase transition temperature (T7) and, hence, increasing the
gallium concentration, T; peak intensity decreases rapidly, and the wing
disappears, but the intensity of the low-temperature antiferromagnetic
phase transition increases. With further increase in the gallium con-
centration the peak related to ferrimagnetic transition disappears.
Hence, the concentration phase transition in the CupMnBOs-CusGaBOs
system occurs in some range of the critical concentrations with the
gradual restructuring of the magnetic subsystems. There are some dif-
ferences in peaks found on the 0M?/0T(T) curves: the peaks related to
ferrimagnetic transition are symmetrical ones; antiferromagnetic tran-
sition peaks are broad and asymmetrical ones with the typical inflection
accompanied by the negative section of curves. Thus, it can be
concluded that the analysis of the OM?/0T(T) curves is less appropriate
for antiferromagnetic materials due to the ambiguous determination of
the critical temperatures.

Ferrimagnetic and antiferromagnetic phase transitions in the d(yT)/
OT(T) curves are also manifested in different ways. Using such an anal-
ysis it is possible to divide phase transitions into types and classify them.
The d(yT)/0T(T) and yT(T) curves of the studied solid solutions are
presented in Fig. 5. The ZFC dependences, obtained at H |z, were taken
as a source for plotting. Therefore, the curves contain anomalies related
to the “defrosting” of magnetic moments — inflection in the temperature
range of T = 25-30 K.

All the curves corresponding to the samples with x = 0.04-0.17 of
gallium, presented in Fig. 5, behave in a similar way. However, the
curves for x = 0.17 are different in the low-temperature part: there is a
peak corresponding to phase transition inherited from CuyGaBOs. The
features of the d(yT)/dT(T) dependences related to phase transition of
the CusMnBOs-like phase are the negative peaks, while those related to
the CuyGaBOs-like phase are the positive ones. This demonstrates the
difference in the origin of these phase transitions. There are weak
negative peaks Ty corresponding to the FH-FC thermal hysteresis along
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Fig. 5. The thermal dependences of d(yT)/dT(T) and yT(T) of the CuyMn; 4Ga,BOs solid solutions with the high manganese concentration (a - 0.04,b-0.11,c¢-0.17,

d-0.25).

with the narrow intensive ferrimagnetic peaks of T; in the samples with
lower gallium content (x = 0.04-0.11). In the sample with x = 0.17
there is no peak of FH-FC hysteresis in these dependences. Temperature
T denotes the antiferromagnetic phase transition corresponding to the
beginning of the CupyGaBOs-like phase. As one can see in Fig. 5 the
sample with x = 0.25 demonstrates a significant difference from the
samples with lower gallium content: the magnetic moment “defrosting”
temperature is in the range of T = 30-40 K, there is a sharp negative
peak T; = 57.2 K of ferrimagnetic transition and quite a pronounced
broad maximum of antiferromagnetic one at low temperatures (Tp =
14.8 K). Using this analysis, it was possible to clarify the temperatures of
phase transitions realized in the studied samples and to divide them by
the type.

Along with the thermal dependences of magnetization, the field
dependences of magnetization of the solid solutions were obtained and
analyzed at T = 4.2 K. Fig. 6 presents these dependences for several
compositions of the CusMn; xGayBOs solid solutions, obtained upon
applying the magnetic field in the direction H||z. Despite the increase in
the magnetic moment in the low field (Fig. 3, H = 200 Oe), outside the
hysteresis loop under quite a strong magnetic field the magnetization of
CuaMnBOs is higher than the analogous one for all the solid solutions.
With an increase in the gallium content, the form of the loop is retained,
but the magnetization value decreases monotonically. The coercive field
also increases and in the sample with x = 0.17 (CusMnBOs-like phase) it
reaches the value of H¢c ~ 4 kOe, which is four times higher than the
CuaMnBOs5 value while the magnetization decreases by two times.

The obtained thermal dependences of magnetization (Fig. 3) were
analyzed using the modified Curie-Weiss law [3]:

C
=y 2
X=XT7 g (2)
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Fig. 6. The field dependences of magnetization of Cu,Mn; ,Ga,BOs, obtained
at T = 4.2 K, H||z. The analogous dependence of parent Cu,MnBOs and
CusMng 58Gag 42BOs (possesses the structure of Cu,GaBOs) of the middle con-
centration range is shown for comparison. The sample Cu; 9;Mng 9>Gag 17BOs
possesses the structure of copper-manganese ludwigite.

As the experimental dependences deviate from the linear law, the
temperature-independent contribution yy was specified as a separate
term. It consists of the diamagnetic contribution and Van Vleck para-
magnetism: yp = yq + yvv; C is the Curie constant; 6 is the paramagnetic
Curie-Weiss temperature. Due to the presence of three fitting parameters
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(too many) the approximation did not give reliable results at the initial
stage. Therefore, it was necessary to reduce the quantity of the fitting
parameters: the temperature-independent term was estimated theoreti-
cally and the fitting was done using two parameters, namely, the Curie
constant C and the paramagnetic temperature 6. The temperature-
independent contribution was estimated in a similar way as in [5].
The obtained results are presented in Table 7.

After reducing the number of the fitting parameters, the dependences
of 1/(y—y0)(T) were plotted and fitted using (2) in the temperature range
170-270 K. The data were analyzed for all the studied samples in three
directions of the magnetic field (Fig. S1). Plotting thermal curves of
inverse susceptibility allows one to reveal a significant non-
monotonically changed anisotropy in the paramagnet phase. More-
over, all the dependences are nonlinear in the paramagnetic phase like
in the solid solutions CusMn;4GayBOs of the middle concentration
range due to the presence of the short-range correlation above the
transition temperature. As a consequence, it is possible to make only the
qualitative comparison of the obtained Curie-Weiss temperatures and
effective magnetic moments (Table 7). In Table 7 the theoretically
calculated effective magnetic moments are presented for comparison for
each compound. The calculation was carried out using the expressions:

Hay = ﬂ?;‘ZNf'ﬂf G.1

i = S5+ 1) (3.2

where i is the type of magnetic ion (Cu®", Mn®"or Mn%"), N; is the
number of i-type ions in the formula unit in agreement with the actual
concentration, g is the Lande g-factor of the ions of i-type (g(Cu®") = 2.2
[21], gMn®) = 2 [22], g(Mn*T) = 2 [22]), S is the spin moment of the
i jon (S(Cu®") = 1/2, S(Mn>*) = 2), g is the Bohr magneton. The g-
factor value of the Cu*" ion was in agreement with [21] and the value is
in good agreement with the experimentally obtained range 2.05-2.27
for CupGaBOs5 and CupAlBOs compounds [23].

As one can see in Table 4, the increase in the gallium content in all
the samples leads to the enhancement of antiferromagnetic interactions:
there is an increase in the value of the negative Curie-Weiss temperature
for all the directions. In Cuj.91Mng g4Gag 25sBOs with the structure of
CuyGaBOs-like phase this value is 9(H||x) = -180.9 K, which is two and a
half times higher than the value of the parent gallium ludwigite (6(H_2)
= —74 K [21]). A slower increase in the part of antiferromagnetic in-
teractions also occurs in the CusMnBOs-like phase, in agreement with
the tendency of the slope angle of (y-y0)(T) to change with the corre-
sponding increase in the modulus of the 6 temperatures.

In the paramagnetic phase the dependences of reverse susceptibility
of the samples belonging to the CupMnBOs-like phase are linear only at
high temperatures which are caused by the presence of ferrimagnetic
interactions in the paramagnetic phase [5]. Therefore, there is some
error in the determination of the fitting parameters of the modified
Curie-Weiss law for these materials. In turn, the dependences of
Cuj.91Mng g4Gag osBOs which is isostructural to Cu,GaBOs are more
linear with a low error in the fitting parameters and determination of
effective magnetic moments. For this sample, there is good agreement
between the experimental orientational effective magnetic moments
and the theoretically expected one (the average value of the

Table 4
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experimentally obtained magnetic moment is 5.18pup, while the theo-
retically expected one is 5.21pp). The comparison of the experimental
and theoretically calculated effective magnetic moments of other sam-
ples which are isostructural to the CuyMnBOs-like phase shows a larger
deviation due to the fitting error as a consequence of the insufficiency of
the temperature range used [5]. However, a significant anisotropy of the
effective magnetic moments was revealed, which can be explained by a
large difference of the effective g-factor, depending on the sample
orientation. For the parent CupMnBOs and CuyGaBOs ludwigites the
values of effective g-factor lie in the ranges 1.87-2.04 and 2.05-2.27,
respectively. The notable distortions of the Me-O octahedral in the solid
solutions greatly exceeded the ones in pure ludwigites, which can lead to
the merge of these value ranges or to a broadening of each of them.
Nevertheless, the example of Cu; 9;Mng g4Gag 25BOs (in CuyGaBOs-like
phase) shows good agreement between the experimentally determined
and the theoretically predicted effective magnetic moments upon the
accurate determination of composition. Previously, this issue was
controversial in analyzing the analogous data for solid solutions of the
middle concentration range [5].

As shown earlier [5], the evidence for the spin glass state was found
in the samples with large gallium content. This type of magnetic state
often occurs even in double (with two types of metal cations) hetero-
metallic ludwigites and it is highly possible in triple ones (three types of
metal cations as in the studied compound CuyMn;.4GayBOs). As a rule,
the degree of magnetic ordering in ludwigites is determined by the de-
gree of cation ordering over four nonequivalent positions [24]. In parent
CuaMnBOs, as shown earlier using neutron diffraction [5], the cations
are ordered statistically, three of four positions are occupied by copper,
with only one occupied by manganese. However, the magnetic moment
of one of the copper position is quite low, which probably indicates the
partial ordering due to the frustration of exchange interactions. In
CuyGaBOs only two of four positions are fully occupied by copper cat-
ions, being ordered antiferromagnetically. Other two positions are
mixed ones (Cu/Ga) and they do not participate in the formation of long-
range magnetic ordering, being paramagnetic ones [4]. Upon the Mn —
Ga substitution, the changes in the bond lengths in the Me-O octahedra
and lattice parameters are minimal in the CupMnBOs-like phase [6]. The
structure of CupMnBOs demonstrates extraordinary rigidity regarding
the substitution. Thus, one can make a conclusion on the arrangement of
trivalent gallium in the position of Mn3t (M4) in this system. But the
question on the full or partial magnetic ordering in the studied solid
solutions is still open. To completely study the transitional features, the
thermal dependences of ac-susceptibility of CusMn;.xGayBOs were ob-
tained and analyzed.

The thermal dependences of the real and imaginary part of ac-sus-
ceptibility obtained upon cooling Cuj gMnj 16Gag,04BOs with the mini-
mum gallium content in the zero dc magnetic field are presented in
Fig. 7. The anomalies of the ac-susceptibility were found in the 70-85 K
temperature range both in the real and imaginary parts. Two peaks were
found with a strong dependence on the frequency of the alternative field
in the real part of susceptibility. The central positions of these peaks
correspond to the temperatures of magnetic phase transitions. In the
analogous dependences of the imaginary part there is an inflection of the
curves which is also related to the phase transition temperatures. The
inflection positions also demonstrate a strong dependence on the

The Curie-Weiss temperatures and effective magnetic moments of CuzMn; ,Ga,BOs, obtained by fitting the inverse magnetic susceptibility using the modified Curie-
Weiss law. The data are presented for three different directions of the applied magnetic field H||x, H||y, H||z. The theoretically calculated effective magnetic moments

are presented for comparison for each compound.

Compound 6, KH||z 0, KH||x 6, KH||y Her, pn Hl |2 Hetts i3 HI|x Hests 8 H||y Hef - theor, g
Cuy gMn; 16Ga,04BOs —45.4 —89 —398 5.07 4.44 5.22 6.00
Cuy g7Mn; 02Gap 11BOs —50.4 —41.6 —51.2 4.82 4.59 4.72 5.61
Cuy.91Mng 92Gag 17BOs —60.2 —58.7 —69.5 4.61 3.93 5.57 5.38
Cu;.91Mng g4Gag 25BOs —94.5 —180.9 —-75.7 5.06 4.69 5.78 5.21
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Fig. 7. The thermal dependences of the real and imaginary part of the ac-susceptibility obtained under the zero dc magnetic field (amplitude 10 Oe) of the sample

Cuy gMn; 16Gag,04BOs: (a), (b) — H||x; (c), (d) — H|z.

frequency. An interesting feature of the obtained curves for this sample
is the orientational dependence of the y° peak value of the high-
temperature peak, which is rather intensive at H||z and it almost dis-
appears at H||x. At the same time, the value of the low-temperature peak
does not depend on the sample orientation. The amplitude stability of
the low-temperature phase transition peak and amplitude anisotropy of
the high-temperature one indicate different origin of these phase
transitions.

Earlier, the strong dependence of the FH-FC hysteresis on the value of
the applied magnetic field was found in CupMnBOs [3]. Thus, the tem-
perature of this anomaly tends to T¢ = 92 K (in CupMnBOs) with a
decrease in the magnetic field. Therefore, it can be supposed that the
second peak of ac-susceptibility of Cu; gMn; 16Gag 94BOs5 corresponds to
the FH-FC hysteresis anomaly. In this case, the peak position would
depend on the value of external magnetic field to a great extent. The
measurements of ac-susceptibility of the sample upon applying the
external dc magnetic field H = 200 Oe in the direction H||x were made to
prove this hypothesis. The results are presented in Fig. 8.

The hypothesis on the involvement of the low-temperature peak of
ac-susceptibility to FH-FC hysteresis was not confirmed; there is no shift
of the peak in the external dc magnetic field. In the remaining temper-
ature range down to 4.2 K there are no other anomalies. However, the
application of the dc magnetic field leads to the splitting of the primary
peaks. As a result, there are four peaks in the 72-85 K temperature range
(Fig. 8). The peak amplitude upon applying the dc field reduces those
obtained in the zero dc field by three orders of magnitude.

The thermal dependences of ac-susceptibility of Cuy gyMnj ga.
Gag 11BOs are qualitatively similar to the ones obtained for the sample
with x = 0.04 (Fig. 9). It also contains two peaks (in the zero dc mag-
netic field), but less resolved due to close peak temperatures.

As one can see in Fig. 9, the peak of the real part of ac-susceptibility
of Cuj gyMn; 92Gag.11BOs indicating the phase transition found in the
magnetization measurements is highly asymmetric at low frequencies,
which demonstrates the presence of two peak anomalies in this com-
pound. With an increase in the frequency, the peak width significantly

decreases and the asymmetry disappears. This can indicate a strong
frequency dependence of one of the peaks and weak dependence or its
absence for another. Here, the analogous dependences of the imaginary
part do not show this asymmetry and can well be described by one
profile at a low frequency. This confirms the assumption on the absence
of the frequency dependence of one of the peaks, which can correspond
to the antiferromagnetic phase transition. It should be noted that the
ratio of the peak amplitudes at different sample orientations is in
agreement with the thermal magnetization measurements; there is an
amplitude difference similar to the magnetization ratio in Fig. 3.
Considering the peak intensity ratio of ac-susceptibility of Cuj gMn; 16
Gag 04BOs at different sample orientations does not reveal this corre-
spondence: the amplitude of the high-temperature peak sharply
decreases disproportionally to the dc measurements in the direction H||
X.

The measurements of ac-susceptibility of Cuj gyMnj 02Gag.11BOs
were also carried out in the external dc magnetic field with the value H
= 200 Oe in the direction H||x to study the origin of the peaks in detail.
The obtained data and their comparison with the dependences in the
zero dc field are presented in Fig. 10.

The application of the dc magnetic field reduces the peak amplitudes
and increases the temperature range between the peaks as in the case of
the solid solution with the lower gallium content (Fig. 10). Therefore,
one can clearly see the presence of two peaks of the real part but only the
low-temperature one has a strong frequency dependence. The high-
temperature peak does not show this dependence and its position re-
mains constant. This peak is not reflected in the thermal dependence of
the imaginary part, which confirms its antiferromagnetic origin: long-
range magnetic order in the sites related to this phase transition. The
low-temperature peak shows a clear frequency dependence reflecting
the time-dependence of phase transition related to it. At high fre-
quencies the temperature of the lower peak is almost the same as the
high-temperature one.

Due to the obtained frequency dependent dynamics of the peaks of
ac-susceptibility in the solid solutions with 0.04 and 0.11 of gallium, the
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direction H||x.

Mydosh parameter indicating the presence or absence of the spin glass
behavior was estimated for each direction of the magnetic field [25]:

_ T, —-T : 1))
T>-(logv, — logy,)

where T; and T are the temperatures of the peak center corresponding
to frequencies v, and vy; the frequencies were obtained by fitting with
the help of the Gauss function of the experimental thermal dependences
of the real part of ac-susceptibility for each sample. For the sample with
x = 0.04 two peaks were analyzed, which were clearly indicated in the
absence of the external dc magnetic field. For this sample, the Mydosh
parameter was not calculated upon applying the H = 200 Oe dc field due
to the low resolution of the obtained peaks and large fitting error, as a
consequence. The calculated values of the Mydosh parameter corre-
sponding to each peak of the studied solid solutions with x = 0.04 and x
= 0.11 are presented in Table 5.

It is known [26] that the typical values of the Mydosh parameter for
canonical spin glass systems are in the range from 0.004 to 0.02. Spin
glasses with higher values are characterized as cluster spin glass systems
[27]. As one can see from Table 4, the Mydosh parameters are different
at different orientations of the sample for both solid solutions. The
highest values (at the lower boundary of the identification of the ca-
nonical spin glasses) characterize the low-temperature phase transition
Ty for both compounds and reach the value of 0.0098. The analogous
values of the Mydosh parameter of the solid solutions CusMn; yGayBOs
of the middle concentration range [5] amount to 0.0287, which to a
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great extent exceeds the results obtained in this work. This means that
the part of the spin glass state in the samples with the low gallium
content with the structure of CupMnBOs is much smaller than in the
samples of CupGaBOs-like phase with the comparable content of Mn/Ga.
The Mydosh parameter of the high-temperature phase transition T; of
the solid solution Cuj g7Mnj 92Gag.11BOs does not exceed 0.0015, which
confirms the assumption on its long-range origin. The absence of
anomalies in y*’(T) in this temperature range allows one to identify this
phase transition as a transition of a part of the cation positions to the
antiferromagnetic state. At the low-temperature phase transition, a part
of the magnetic moments does not order and in the low-temperature
phase there is a spin glass state in agreement with the obtained
Mydosh parameter. Applying the dc magnetic field reduces the part of
the disordered magnetic moments.

In the compound with x = 0.04 both phase transitions can reflect the
transition of a part of magnetic moments to the spin glass state. How-
ever, in this compound there is a significant anisotropy and almost full
damping of the high-temperature peak in the direction of Hyc||x. This
reduces the accuracy of determining the center position (taking into
account the fitting) due to a large width and weak intensity.

The thermal dependences of ac-susceptibility of the samples with
higher gallium content (x = 0.17 (at this concentration in the flux the
system shows phase separation, two samples were selected: one with the
CupGaBOs-like phase properties, and another one possessing the high-
temperature phase transition inherited from the CusMnBOs phase)
and x = 0.25 (the compound having the properties of both phases and
the CuyGaBOs-like structure) were obtained at two orientations of the
sample Hac||x and Hac||2, at Hge = 0. The obtained curves are presented
in Figs. 11 and 12.

As one can see in Figs. 11 and 12, the thermal dependences of ac-
susceptibility of these samples are similar to each other: each of them
demonstrates a high-temperature peak corresponding to the CusMnBOs-
like phase despite the structure of the CupGaBOs-like phase. Evidently,
the presence of this phase transition is caused by Mn-containing sub-
system ordering. However, the jump in dc magnetization is weakly
expressed at these temperatures. The earlier studied change in the
symmetry of the Me-O octahedra showed the difference of < M3-O > for
x = 0.25 from that for CuyGaBOs. The octahedron represents a bipyr-
amid with elongated bonds of 2.267 A, the other bonds have the length
close to 2.00 A. This distortion type is very close to M4 position in
CupaMnBOs occupied by Mn>*.Thus, it can be concluded that the posi-
tions M3 and M4 in the compounds with x = 0.17 and x = 0.25 are
occupied by manganese cations with different probability and the phase
transition inherited from the CupsMnBOs-like phase is close to ferri-
magnetic with the antiferromagnetic arrangement of the Mn®** moments
in these positions.

Besides the high-temperature peak, in the samples with x = 0.17
and x = 0.25 there are anomalies in the low-temperature range in the
form of a broad asymmetric peak with the center at about 20 K corre-
sponding phase transition inherited from CuyGaBOs. This low-
temperature peak can not be described by one profile, as it consists of
two profiles: the broad and the narrow one. The positions of the centers
of these profiles were estimated by fitting with the help of the Gauss
function for each frequency value. An interesting feature of the ac-sus-
ceptibility of both samples is the difference in the intensity ratios of the
high-temperature and low-temperature peaks: for the sample with x =
0.25 the intensities are almost equal, for the sample with x = 0.17 the
intensity of the high-temperature peak is several times lower. It can be
caused by the suppression of this ferrimagnetic transition in the
CuyGaBOs-like phase and redistribution of the cations over non-
equivalent positions.

The obtained curves of Cuj 91Mng g4Gag 25BOs at different sample
orientations show almost no differences in the whole temperature range;
there is no anisotropy (Fig. 11). But the pronounced anisotropy of the
low-temperature peaks is reflected in the obtained curves of
Cuj 91Mng 92Gag.17BOs (the high-temperature peak does not depend on
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Table 5
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The Mydosh parameters of the solid solutions with x = 0.04 and x = 0.11 calculated from the dependences of ac-susceptibility obtained at H ||z and Hyc||x, at Hg. =
0 and Hy. = 200 Oe. Tci, Tco are the central positions of the peaks in the thermal dependences of the real part of ac-susceptibility corresponding to the phase

transitions.
Compound Q, Hyel|2 Q, Hy||x Q, Hye||x
Hye=0 Hie=0 Hge = 2000e
Cuy gMny.16Gag.04BOs Ta Te2 Tc1 Tc2
80-81.7 K 77-79.1 K 82.8-83.1 K 78-79 K
- 0.0075 0.009 0.0009 0.0042
Cuy.87Mny 02Gap.11BOs Tar Tco Tl Tco Tl Tco
73.4-73.7 K 71.6-73.6 K 73.5-73.7 K 71.8-73.3 K 74.4-74.5 K 71.8-73.1 K
0.0011 0.0093 0.0015 0.0098 0.0007 0.0059
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Fig. 11. The thermal dependences of the real and imaginary part of ac-susceptibility obtained in the zero dc magnetic field (10 Oe) of Cu; 91Mng g4Gag >5BOs: (a), (b)

— H||x; (c), (d) - H||z.

the orientation): the position of the center of the narrow peak does not
depend on the sample orientation, but the broad one changes its position
noticeably shifting to the low-temperature range at H||x.

For these compounds the Mydosh parameters were also calculated.
The obtained results are presented in Table 6.

As one can see from Table 6, the high-temperature phase transition
in both samples is characterized by the low Mydosh parameter values,
implying the low part of the statistically disordered “freezed” magnetic
moments. The Mydosh parameters of the low-temperature peaks for
both samples are the marginal values between the canonical and cluster
spin glasses and they are similar to analogous values for the studied solid
solutions of the middle concentration range [5]. The low value of the
Mydosh parameter (0.028) for Ty of the compound with x = 0.25 is
caused by a significant error in the determination of the peak center
position due to its large width.

5. Conclusions
The magnetic properties of the CusMn; 4GaxBOs solid solutions with

a high manganese concentration are studied in detail near the concen-
tration CupMnBOs/CuzGaBOs5 phase boundary following the study of its

11

structure evolution [6]. Using X-ray absorption spectroscopy, the
chemical and valence composition of the samples were determined with
a high accuracy. The presence of a small fraction of Mn?" along with
copper cations in the bivalent subsystem was shown. The obtained
orientational thermal dependences of magnetization revealed a non-
monotonic change of magnetization relative to the gallium content
within the copper-manganese ludwigite phase, indicating different po-
sition distribution in the samples with different composition. This
manifests the ambiguity of the gallium distribution over four
nonequivalent positions of the unit cell. The presented first-principle
calculations of the energy of the parent ludwigite structures with
different cationic distribution confirmed the preference of the configu-
rations with several gallium positions and manganese cation ordering at
position 4.

A complex pattern of magnetic phase transitions was found in the
compounds with x = 0.17-0.25 of gallium belonging the concentration
phase boundary. These samples undergo several magnetic phase tran-
sitions inherited from both parent phases. The thermal dependences of
the ac magnetic susceptibility in the zero and nonzero dc magnetic field
were studied for a more detailed investigation of these phase transitions.
The splitting of the peak of the real part of ac-susceptibility of the high-
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Fig. 12. The thermal dependences of the real and imaginary part of ac-susceptibility obtained in the zero dc magnetic field (10 Oe) of Cuj 91Mng 92Gag17BOs
(isostructural to the Cup,GaBOs-like phase): (a), (b) H||x; (c), (d) H||z; (e), (f) the comparison of the dependences obtained at different sample orientation at v = 10
kHz. The data for 100 Hz are not presented for the imaginary part due to the weak signal.

Table 6

The Mydosh parameters of Cuj.91Mng 92Gag.17BOs and Cuy.91Mng g4Gag 25BOs, calculated from the dependences of ac-susceptibility obtained at Hyc||x and Hy| |2, at
Hye = 0. T, T, Tcs are the central positions of the peaks of the real part corresponding to the phase transitions.

Compound Q, Hy||z Q, Hy||x

Cuy.91Mng,92Gag.17BOs Te1 Teo Tes Te1 Te2 Tes
53.4-53.8 K 19.9-20.5 K 19.3-19.9 K 53.5-53.8 K 19.0-19.7 K 16.3-16.35 K

- 0.0037 0.0166 0.0174 0.0026 0.0175 0.0021

Cuy.91Mng 84Gao.25BOs Tc1 Te2 Tes Tc1 Te2 Tes
55.9-56.4 K 19.7-19.8 K 17.9-18.6 K 55.9-56.4 K 18.5-19.1 K 17.9-18.6 K
0.0044 0.0028 0.0198 0.0044 0.0177 0.0209

temperature phase transition in the CusMnBOs-like phase at different
frequencies and the orientational dependence was already found in the
nonzero dc magnetic field. The observed effect was significantly
enhanced by applying the dc magnetic field. The Laue method confirms
the quality and homogeneity (no disoriented domains) of the studied
crystal samples excluding the influence of differently oriented magnetic
directions at the phase transition temperature. The peak of the low-
temperature magnetic phase transition inherited from Cuy,GaBOs also
has a complex form in the thermal curves of ac-susceptibility and con-
sists of two maxima of different origin. The multiplicity of the magnetic
phase transitions both in the CusMnBOs-like phase and in the
CuyGaBOs-like phase can be associated with the consistent ordering of
the magnetic moments in different magnetic subsystems formed from
the nonequivalent cation positions. The calculated Mydosh parameters
for the observed phase transitions reveal a long-range character of the
high-temperature transitions for each compound and the presence of a
fraction of “freezed” spin moments, i.e. the presence of the spin glass
state.
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