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Single crystals of Fe-substituted £8n;..FeBOs ludwigites have been synthesized using flux
technique (x=0.2, 0.4, 0.5 — in the initial fluxssgm). Structural properties of the synthesized
compounds were studied by the single crystal avddpo X-ray diffraction analysis. Obtained
results were analyzed in the relationship with ppoempound Ci#MnBO:s. It was revealed that
the type of monoclinic distortions of Fe-substitutadwigites is different from the structure of
CwMnBOs. The real cation composition and local structdr€aMn; FeBOs ludwigites were
studied using XANES and EXAFS techniques, respeltivAnalysis of field and thermal
dependencies of magnetization showed a strong depea of the magnetic properties of these
ludwigites onx with changing the type of magnetic ordering.

|. Introduction

Many dielectric magnetic materials already used different technologies or quite
perspective for future applications are based off Be Mn** [1-5]. So an understanding of
micromechanisms of the effects related to magmetperties of compounds containing ¥Mior
Fe’*, or Mr** and F&" cation is the problem of high scientific importancCompounds
containing trivalent cations of Mfin octahedral coordination are usually have othreperties
than the identical compounds containing‘Eations [6, 7]. There are many cases where the
cause of such difference is an symmetry of thehactea provided by different configurations of
electron outer shell: for Bé the symmetric coordination is preferable, but fdn** the
tetragonal distortion of the octahedron is mordguedble due to the Jahn-Teller effect [6].

There are a lot of compounds with simultaneousesdnif the manganese and iron cations,
which form series of solid solutions in some cg$esex. [6, 8]). Despite the ordered magnetic
state of pure either manganese or iron compoutid, solutions do not possess the long range
order as a rule [9]. For many cases such magnet@uor is a consequence of structure
disorder: ions M and F&" in solid solutions are distributed over crystathgghic positions
statistically.

To date there is a high scientific interest to @@s-dimensional oxyborates of
transitional metals which are classified as strprglrrelated systems. One of the most exciting
parts of this family is oxyborates with ludwigité&igcture. Ludwigites have a large variety of
cation substitutions and high dependence of thenetagproperties even on the small deviation
of the composition. The quasi-low-dimensionality laflwigites lies the presence of zig-zag
walls consisting of the connected metal-oxygen loadaa and separated by boron-oxygen
triangles (Figure 1). Ludwigite unit cell contaifisur formula units and four nonequivalent



crystallographic positions of transitional metads/img different valence states- and trivalent
or di- and tetravalent). Ludwigite structure is charazesdi by the large number triangular
groups formed by metal cations, which also coudd [ the occurrence of frustratioi10].

Figure 1. Ludwigite structure

Recently a new member of ludwigite family ,;MnBOs has been synthesize1l0-12]. And
to date, this compound is the ect of intensive scientific research [16}. A special attention to
this ludwigite is caused by the unusual behaviothefmagnetic parameters in comparison
the other ludwigites ferrimagnetic type of magnetic ordering at quitghhiemperature T-2 K
relatively the isostructural analogues, ai quite large magnetic moment both along a axis
and along thdoc plane. In addition, in (GMNnBOs there are two Jahkneller ions affecting the
crystallographic and magnetic structure to a laxfent— directions of C** and Mri* magnetic
moments do not coincide with the directions of gnacipal crystallographic axes. Magne
structure of CegMnBOs is nor-centrosymmetricand despite quite large macroscopic magt
moment, in agreement with powderutron diffraction data, one of the four crystallaghic
positions occupied by Cu ions is not fully ordef10]. To date the ludwigite (GMnBO:s is the
first and so far only one heteromete ludwigite with experimentally defined magnetic stiure

The ludwigite CuFeBCs demonstrates thabsolutely different behavior of magne
properties than Mmontaining analcue Moreover, there are several papers on this comgp
containing different results on the magnetizati@hdvior 14, 19. In agreement witt[14],
CwFeBG is antiferromagnt at low temperatures via three sequential phasesitiams: ai
T:=63K —transition to spin glass state of the iron subsystat 1\1=38K — antiferromagnetic
ordering of the copper subsystem, &=20K — antiferromagneticordering of the iron
subsystem. In agreement witl5] CuwFeBG; is also antiferromagnet at low temperature
there are only one phase transition \=32K. The comparison of the dssbauer spectra
studying results of [I4and |15] gives the different ¢@n distributions over four metall
positions, it could indicate the dependence ofR¢-distribution on the synthesis technic

Thus the study of the synthesis and magnetic ptiegesf solid solutions GMn; F&BOs
(O<x<1) is an important problemhich could help in understandirige microscopic nature i
the magnetic behavior and difference of physicabpprties of M- and Fe- containing
compoundsFrom the point of view of exchange interactions timportant rolein magnetic
ordering belongsotbalance betwee90° Fe-O-Fe (Mn-O-Mnand Fe(Mn-O-Cu superexchange
interactions and 180° Fe(Mr-O-Cu exchange interactions.In agreement with



Goodenough-Kanamouri ruleall of these exchange interactions are antiferraratig. The
magnetic order is defined by the strongest of them.

In the present work we report flux synthesis cdodg (ll), structure characterization,
carried out using single crystal and powder X-rayalgzes (lll-a) and EXAFS/XANES
techniques (lll-b) as well as macroscopic magnetaperties analysis (IV) of GMn; 4FeBOs
ludwigites in comparison with unsubstituted,@mBOs ludwigite.

[1. Crystal Growth
Single crystals of GiMn;..FeBOs were synthesized by the flux method. In the ihitia

system the stoichiometric mixturg_zl)anog:gFgog:ZCuO:O.58203had been dissolved in the

mixtureBi,M00,,:pB,0,:gNa,0 with concentrations. The parameters g, p, n, Tsa are shown

in Table 1. The parametgr(content of the sodium oxide P@A) is increasing with the increase
of the iron content. The total sodium oxide contgas calculated via the formula:
2NaMn* Fe,0, — Na,O+(1-x)Mn,0,+xFg0,

The fluxes in masses of 77-95 g were prepared tystal-forming oxides MiO3, FeOs,
B,O3; and CuO and solvent BilozO1, in combination with sodium carbonate J8&; at the
temperature T=1100°C in a platinum crucible wita ttolume V=100 crhby sequential melting
of powder mixtures, first BM03O;, and BOs, then NaCO; was added in portions, M@,
Fe0O3 and, finally, CuO.

In the prepared fluxes, the high-temperature plwagstallizing was ludwigite GiMn;.
xFeBO0s. Single crystals of the ludwigites were synthediby spontaneous nucleation. After
homogenization of the fluxes at T = 1100°C for 3hg temperature was first rapidly reduced to
(Tsar10)°C and then slowly reduced with a rate of 4&g/dIin 4 days, the growth was
completed, the crucible was withdrawn from the &o® and the flux was poured out. The
grown single crystals in the form of black orthogbprisms with a length of 8 mm and a
transverse size of about 1 mm were etched in a®@%r solution of nitric acid to remove the
flux remainder.

Table 1. Parameters of the fluxes.

X p q n, % T °C  Designation
0.2 0.6 0.70 28.0 905 S1
0.4 1.5 0.93 325 905 S2
0.5 1.5 1.12 36.4 925 S3

Three CuMny.,FeBOs compounds have been synthesized. For convenientieei next
parts of the present paper the samples will beatdd as S1 (sample 1), S2 (sample 2), and S3
(sample 3) — in the order of increasing of ironteoh— as mentioned in Table 1.

[11. Structural properties
Structural properties of the synthesized singletelg were investigated by the powder and
single-crystal X-ray diffraction, and by the EXARKRINES techniques.

a. X-ray diffraction

The powder dtraction data of all of synthesized samples wasectddd at room
temperature with a Bruker D8 ADVANCE powdeffdactometer (Cu-K radiation) and linear
VANTEC detector.



Crystal fragments of two compositions S1 and S3ewszlected to the single-crystal
experiment. Diffraction data were collected undsym conditions using an Oxford Diffraction
Xcalibur Gemini diffractometer (Mo-& radiation, 0.5 mm collimator, graphite monochroonpt
equipped with a CCD-detector. Data reduction, idiclg a background correction and Lorentz
and polarization corrections, was performed witd @rysAlisPro software. A semi-empirical
absorption correction was applied using the muaiirstechnique. The unit-cell metrics of both
samples is monoclinic, space gro@pi/c. The structure was solved by the direct methods an
refined in the anisotropic approach using SHELXg@@gram package [16]. The main crystal
data are shown in Table 2. The structural datadeposited as CIFs at the ICSD (CSD Nos.
433621 and 433720). The structures were refineth &wdcount taken of chemical analysis
results. Atomic coordinates, occupancy (occupamay lbeen determined using compositions
obtained by EXAFS/XANES technique (lll. b)), andsplacement parameters for refined
structures are presented in Table 3. Selectedndssaand angles are listed in Table 4. It is
necessary to note that the atomic X-ray scattefaotprs of Fe and Mn are very close to each
other, so suggested distribution over atomic pasdtiof these ions should be considered as
estimated. Lattice parameters of ,m; .FeBOs ludwigites, obtained by powder and single
crystal X-ray diffraction analysis in the framewark the present work in comparison with the
data for pure CG4MnBOs (x=0) and CuFeBG; (x=1) are presented in Table 5.

Table 2.The crystal structure parameters of stucoedpounds.

S3 Sl
Space groupZ P2,/c, 4 P2,/c, 4
a(A) 3.13323(5) 3.14434(7)
b (A) 12.02639(18) 12.0255(2)
c(A) 9.48739(15) 9.46837(19)
B (deg.) 97.4539(14) 97.530(2)
V (A3 354.477(9) 354.934(13)
. . . 10719 /177571599 / 6521/1182/1118/
Reflections measured/independent/With2o(1)/Ri 0.0411 0.0362
-5<h<5; —4<h <4,
h, k, I- limits —20<k<20; -17<k<17;
-15<1<15 -13<1<13
R1 /wRz / Gooffor observed reflection$32a(1)] 0.0257 /0.0595/1.080 0.0319/0.0855/1.127
R1 /wR2 / Gooffor all data 0.0310/0.0621/1.080 0.0337/0.0870/1.127
Apmax! Apmin (e/&Y) 1.588 /-1.337 2.182/-1.260

X-ray analysis showed that ludwigites S1 and S3caystallizing in monoclinic-distorted
structure variant of the ludwigite mineral. Thedied compounds are isostructural to,AIBO 5
[17] and CuFeBG; [18]. The cations are statistically distributedeovfour nonequivalent
crystallographic positions. M1 and M2 are in gehesitions, M3 and M4 are in the special
positions with symmetry -1. Analysis of the catimoordination (Table 3) shows large deviations
from the octahedral symmetry that are typical fidharhombic ludwigite structure [17]. In both
studied crystals the coordination of M1 and M3 poss could be designated as [4+2]. These
positions are mostly occupied by copper atoms cteniaed by specific distortions of the
coordination polyhedra. Positions M2 and M4 arentyabccupied by iron and manganese atoms
and their coordination polyhedra are less distorfdee coordination of these positions can be
designated as intermediate between [4+2] and adtaheDespite the difference of chemical
compositions of studied single crystals their dtrtee parameters are very similar. So the



maximum difference between bond lengths M-O is kqud8 A and observed for M40
octahedron (see Table 4). The average differen¢eeobond lengths is 0.02 A. The differences
of O—M-0O angles are also quite small and don’'t edcene and half degrees. Obviously, it is
caused by stereochemical similarity of Mn and Rena.

In spite of having lower symmetry of (Cu,Fe,M@)BOs - P2;/c -than common ludwigites
have, the main motif of the structure — zig-zaglsvaremains. Monoclinic distortion springs up
because of copper and manganese Jahn-Teller EfigctMonoclinic distortion manifests itself
in the orientational ordering of the long axesha tation polyhedra (Figure 2).
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Figure 2. Projection along [010] of the (Cu,Fe,MgBO; structure. Cation positions are
indicated. Elongate interatomic bonds (M—O> 2.2a# marked.

Table 3. Atomic parameters for S1 and S3 samples.

S3 S1
M1 X 0.45875(8) 0.47026(11)
y 0.719995(19) 0.72018(3)
z 0.00764(2) 0.00734(3)
Occ.  Cubgssra7k€n.006@3MN0.007(3) Cuh.gs11(27€0.0853MN0.033(3)
Uec 0.00809(6) 0.00830(11)
M2 X 0.93696(8) 0.95010(12)
y 0.61804(2) 0.61796(3)
z 0.27024(3) 0.26936(4)
Occ.  Cub sss19F€.307aMNo 267(3) C 3704¢18F€.1613MNo.460(4)
Uec 0.00764(7) 0.00783(11)
M3 X 0.5 0.5
y 0.5 0.5
z 0.5 0.5
Occ.  Cusi7@aFen.1so Cl ga7(3&.149(4)
Uec 0.00720(9) 0.00709(14)
M4 X 0 0
y 0.5 0.5
z 0 0
Occ.  Cus0rafen.as2(7MNo.2486) Cb 450(f&0.119(6MNo.444(6)
Uec 0.00707(9) 0.00714(15)
Bl X 0.9620(7) 0.9691(10)
y 0.86366(16) 0.8634(2)
Ueq  0.2332(2) 0.2332(3)
0.0079(3) 0.0087(5)
o1 X 0.4589(5) 0.4586(7)

0.85549(11)

0.85593(16)



ZUgq

02 X

03 X

04 X

05 X

ZUgq

~0.09796(16)
0.0125(3)
0.9124(5)
0.76289(11)
0.16447(15)
0.0112(2)
0.0351(4)
0.46041(11)
0.34334(15)
0.0096(2)
0.4857(7)
0.57854(15)
0.1137(2)
0.0342(5)
0.0103(5)
0.63564(11)

-0.12062(15)
0.0106(2)

—0.0974(2)
0.0122(4)
0.9310(7)
0.76315(17)
0.1638(2)
0.0136(4)
0.0392(7)
0.46066(17)
0.3427(2)
0.0109(4)

0.5161(10)

0.5790(2)
0.1117(3)
0.0328(7)

0.0163(7)
0.63636(15)

~0.1204(2)
0.0105(4)

Table 4. Selected distances (A) and angles (*$ioand S3 ludwigites.

S3 S1
M1-0O1 1.9130(14) 1.908(2)
M1-02 1.9879(14) 2.000(2)
M1-02 2.464(2) 2.449(2)
M1-04 1.9725(17) 1.960(2)
M1-05 2.0102(14) 2.016(2)
M1-05 2.458(2) 2.444(2)
Mean 2.134 2.130
M2-01 1.9516(15) 1.928(2)
M2-01 2.0963(17) 2.143(2)
M2-02 2.0069(14) 2.009(2)
M2-03 2.0283(14) 2.022(2)
M2-04 1.9714(17) 1.944(3)
M2-04 2.460(3) 2.512(4)
Mean 2.086 2.093
M3— 1.9671(14) 1.959(2)
01(2x%)
M3— 1.9989(13) 1.994(2)
03(2x%)
M3— 2.4277(14) 2.445(3)
03(2x%)
Mean 2.131 2.133
M4— 1.9863(17) 2.050(3)
04(2x)
M4— 2.259(3) 2.181(3)
04(2x)
M4— 1.9953(14) 2.0016(19)
0O5(2x)
Mean 2.080 2.078
B1-02 1.375(2) 1.370(4)
B1-03 1.372(2) 1.372(3)
B1-05 1.375(2) 1.375(4)
Mean 1.374 1.372



Table 5. Lattice parameters of Mn;.xFeBOs ludwigites, obtained by powder and single
crystal X-ray diffraction analysis in the framewaok the present work in comparison with the
data for pure GMnBOs (x=0) and CoFeBG; (x=1).

a, A b, A c, A B Ref.

x=1 3.108 12.003 9.459 96.66 [15]
x=0.5(S3)  3.1339(3)  12.0204(1) 9.4855(5) 97:477  pr. work
x=0.4 (S2)  31360(3)  12.0178(2) 9.4865(6) 97549  pr. work
x=0.2 (S1)  3.1443(1)  12.0255(2) 9.4684(2) 97.53  pr. work

x=0 3.14003 12.0242 9.3973 92.561 [12]

b. XANESEXAFS

XANES and EXAFS spectra at the Fe, Mn, and IGedges were recorded at room
temperature in the transmission mode at the StaictMaterials Science beamline of the
Kurchatov Synchrotron Radiation Source (Nationakdéd®ch Center “Kurchatov Institute”,
Moscow) [19]. For the selection of the beam photemergy, a Si (111) channel-cut
monochromator was employed, that provided an enegglution was\E/E ~ 2110™*. Incident
and transmitted intensities were recorded usingibm@ation chambers filled with appropriate
N2/Ar mixtures to provide 20% and 80% absorption.

The energies were calibrated against a sharp me-fhture of KMn@ (Mn K-edge) as
well as using Fe and Cu metal foils (Fe andi=edges, respectively). The EXAFS spectra were
collected using optimized scan parameters of tlanbee software. TheE scanning step in the
XANES region was about 0.45 eV, and scanning irEBKAFS region was carried out at a constant
step on the photoelectron wave number scale Akith 0.05 A* that corresponds to the energy step
of the order of 1.5 eV. The signal integration tivwas 4 s/point. Single-crystalline £€4n;.FeB0Os
samples were ground to fine powders and then spraiéarmly onto a thin adhesive Kapton film
which was folded several times to provide an alisnrgdge jump around unity.

The EXAFS spectrai(E) were normalized to a unit edge jump and the tfsdlaatom
absorption coefficientug(E) was extracted by fitting a cubic-spline-functiorersus the
experimental data. After subtraction of the smoatbmic background, the conversion from
photon energyE to photoelectron wave numbér scale was performed. Crystallographic
parameters were used as a starting structural mdtelk®-weighted EXAFS functionyexo(K)
was calculated in the intervals= 2 — 13 A' using a Kaiser-Bessel window. The EXAFS
structural analysis was performed using theorefitases and amplitudes as calculated by the
FEFF package [20], and fits to the experimentah degre carried out in the-space with the
IFFEFIT package [21].

Table 6. Jumps of the absorption coefficients agtérthined chemical compositions of
CwpMny4FeBOs ludwigites.

S S2 S3
X (in flux) 0.2 0.4 0.5
Fe-K 0.5989 0.4721 0.6641
Cu-K 2.2830 0.9787 1.2207
Mn-K 1.2720 0.3186 0.3753

Real composition GuMng 746 38805 Cu gMng 46 BOs Cuy gMng 4d-& 7805




NormalizedXANES spectr on theK-edges of @ metals at T=3C K of Cu,Mn1.FeBOs
ludwigites are shown in Figur3. Due to the high sensitivity of the spectra to atamhghe
studied compounds, it is possible to determineatbight content o3dions by the rations of the
main peaks intensities dfredges of Fe, Mn and Cu. The results ofcomposition are in Table
6. The results are shownTiable 6.
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Figure 3. Normalized XANES spectra (a, b, c) andrke-transforms (d, e, fof k>-weighted
EXAFS spectra oK-edgesof Fe (a, d), Mn (b, e) and Cu (c, f) at T= K of S1, S2 and S3.
The XANES spectra of standards >***, Mn?***** and Cd***) are shown for a comparison
charge states ofdaatoms.

In the range oK-edge absorption it is possible to highlight e features which could be
interpreted as transitions of photoelectron exciteth thels-level of Fe, Mn and Cu tbound
states and the processes of its scattering orotia énvironmeniThe featuredocated previous
to the main absorption edge corronds to %-3d quadrupole transition for octahec
coordination (~7118 eV,654( eV for Fe and Mn, respectivelyfhe weak intensity of the f-
edge peak indicates a slightly distorted-coordinated octahedral environment around 1d-
atoms as it is expected for the ludwigite structdree main ed¢ positions observed for t
CwMny4FeBOs ludwigites are the same as that for,Bg, Mn,O3; and CuO standards, clea



indicating the F&, Mn®" and C&" states for the S1, S2 and S3 samples, respectiieymain
absorption maximum corresponds to dipole-resolved4p transition. The peculiarities of the
fine structure of the upper energy range have EXAR@n.

Forms of Fourier-transforms of @un;.FeBOs ludwigites (Figure 3) at thK-edges of
Cu, Fe and Mn are quite complex. It related todistortions of the oxygen octahedra gy
MnOg and F©g. As it shown in Figure 3 the modules of Fouriemsforms of EXAFS spectra
consist of the first peaks € 1.0 - 2.1 A) corresponding to Me — O coordinatgpheres, the
second peaks & 2.20 - 3.10 A) corresponding to Me — Me coordimatspheres and peaks of
less intensity, which corresponds to effects oftipld scattering, far coordination spheres Me —
Me and Me — B distances. In order to receive locgdtal parameters the XRD structural data of
CwMny4FeBOs ludwigites were adopted to calculate theoreticaplitude and phases for each
scattering path up to 6 A. Six interatomic distaRg..o with common Debay-Waller factef
were varied to obtain best fits. The main resuftthe structural analysis at Fe, Mn and Ku
edges are summarized in Table 7. The average totei@ distances <Fe-O> slightly decrease
with increasing Fe content. In turn, the averaderatomic distances <Mn-O> slightly inrease
with decreasing Mn content. This can result from mutual influences of local strains in ReO
and MnQ octahedra. Comparing the Me-O average distancesnet from the EXAFS and
XRD data, we can conclude that Cu ions are in tigstallographic positions of M1 and M3,
preferentially, while Fe and Mn are mainly in pasis M2 and M4. This fact allows us to
broaden our understanding of the population oftatigyraphic positions by metal ions.

Table 7. Best fit structural parameters of thet fimsygen coordination shell for GMn;-
xFeBOs ludwigites at the Fe, Cu, and M@edges, wherdl is the coordination numbeR is the
inreatomic distances for the octahedral sifeare Debay-Waller factors arf@ is the fitting

discrepancy factor. The average interatomic digtafye..o> is highlighted bold.
2

N Rre0 GZFe-O Rre-0 N Rwvin-o GzMn-O Rwin-o N Rewo 6°cyo | Rewo
A) COINCD) A) A9 | %) A) A9 | %)
1.20  1.91(2) 0.83 2.08(2) 5 0.85  2.11(2) 3.6
1.20  2.04(2) 0.83 1.94(2) 0.85  1.94(2)
1.20 2.06(2) 0.83 1.94(2) 3.97 085 201(2) 177
S1 120 206(2) 110° 1 083 1.87(22) -10° 085 1932 -10°
1.20 2.27(2) 0.83 2.20(2) 0.85  2.36(2)
1.20  2.42(2) 0.83 2.37(2) 0.85  2.55(2)
2.13(2) 2.07(2) 2.15(2)
1 2.07(2) 1 1.93(2) 2.4 0.85 1.93(2) 1.5
1 20202 1 1.92(2) 0.85  1.93(2)
1 1.95(2) 0.65 1 1.83(2) 3.02 0.85 2.07(2) 04
2 11952 jgz 17 1 2.08(2 -10° 0.85 2042 -10°
1 21702 1 2.27(2) 0.85  2.30(2)
1 2.35(2) 1 2.54(2) 0.85  2.47(2)
2.08(2) 2.09(2) 2.12(2)
1 2.10(2) 1 1.92(2) 1.3 0.765 1.94(2) 1
1 1.96(2) 1 2.08(2) 0.765  2.02(2)
1 1.96(2) 3.63 1 1.91(2) 5.56 0.765 2.02(2) 3.19
S3 1 1.96(2) 743 1 1 2.22(2) -10° 0.765 1.94(2) -10°
1 2.08(2) 1 1.87(2) 0.765  2.34(2)
1 2.3502) 1 2.51(2) 0.765 2.52(2)

2.07(2) 2.09(2) 2.13(2)




V. Magnetic properties

Magnetic measurements of single crystalsMy..FeBOs were performed using the
physical properties measurements system PPMS-9n{QuaDesign) at temperature range
T=3+300 K and magnetic fields up to 90 kOe.

Experimental study of the magnetic structure ofNIBOs ludwigite by NPD revealed the
absence of the ordering of the magnetic momentember on 2a crystallographic position. That
could be caused by weak exchange coupling betwagpec and neighbor ions [10]. However,
unlike CuyFeBG; ludwigite, in this compound the manganese catiogsupy only one
crystallographic position 4e. The iron cations inpEE2BG; ludwigite could be located at
different crystallographic positions as it was shdwy Mossbauer effect [14, 15]. It means that
in substituted CiMn1.FeBOs ludwigites, part of iron cations could occupy s@&ne positions
as copper and known magnetic structure of parempoond (CueMnBOs ludwigite) will change
to a large extent.

To estimate of the influence of MhR->Fe* substitutions to magnetic structure the
magnetic properties of three compoundsMu ,FeBOs (S1, S2, S3, as it was indicated in the
Chapter II) synthesized in frameworks of the présenrk were studied. The results have been
divided by two parts: magnetic properties of S1 aradjnetic properties of samples S2 and S3.

a. Magnetic propertiesof S1 sample

Thermal-field dependencies of magnetization of; gng 74 38B0s (S1) ludwigite
obtained at the orientations of external magnegici fH||a, Ha with value H=1 kOe are shown
in Figure 4. In agreement with the presented deparids of the magnetization it is clearly seen
that S1 undergo magnetic phase transition at tmpdeature range~BA0+50 K marked by the
magnetization increasing. Below the phase tramsiteonperature there are broad peak of the
magnetization and further weak decreasing of thgnatization at low temperatures in FC
regime (cooling of the sample in nonzero magnetigldf.The measurements of the
magnetization at different magnetic fields showat tthis broad peak is observed up to the
magnetic field H=5 kOe (Figure S1). At the magndtedld H=5 kOe and higher the low-
temperature magnetization demonstrates a weak depea on the temperature in FC regime.
Difference of FC and ZFC curves at low temperatalegsends on the value of applied magnetic
field and could be associated with both domainsualbvement and presence of spin-glass state.
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Figure 4. Temperature dependence of the magnetizatiS1 (H||a, Ha, H=1 kOe).
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The value of the magnetic moment of the samplesSHifierent for different directions of
the applied magnetic field and that designatestiigotropy of the magnetization in this sample
(Figure 4). The magnetic moment along thexis is almost twice larger than the magnetic
moment measured along the plane. This observation qualitatively agrees it behavior of
unsubstituted GIMnBOs ludwigite. However, the value of the magnetic maimaonga axis
for S1 is four times less than for parent compodiids could indirectly indicate the reducing of
the degree of the magnetic ordering.

For the exact determination of the temperature haf thagnetic phase transition the
temperature dependences of the temperature desvattithe squared magnetization Ao (T)
have been built (Figure 5). Since, according to thelecular field theory, the magnetic
contribution to the specific heat is proportioratlie squared spontaneous magnetization [22]. It
is necessary to point out that there are two exiramon the d¥IdT(T) curves: the first one
corresponds to early mentioned magnetic phaseiticansand the other one, of small amplitude,
takes place at low temperatures. The analysis efctitves showed the dependence of the
temperatures of the centers of these anomaliesh@rapplied magnetic field value (inset in
Figure 5 for the first phase transition). In magnéelds of 0.2+10 kOe the temperature of the
first magnetic phase transition change in the rang86+42 K; the temperature of the second,
low temperature extremum, change in the rangell+16.5 K. These temperatures are



significantly lower than the ordering temperatufeparent CuuMnBOs ludwigite compound
(Tc=92 K [10]). The lowering of the temperature of the magneticsphaansition could indica
the increasing the exchange interaction ceting and this is typical for »-Fe compounds.

Field dependencies of the magnetization of singlestal S: are presented in FigL 6.
These dependencies have been obtained at temgeT=4.2 K and the orientation of tr
applied magnetic field was||a, Ha. Magnetic hysteresis is observed for both orientetiof the
sample, but the value of the magnetic moment isifsagntly different and it is in agreeme
with thermal dependencies of the magnetiza In anavailable range of the magnetic fielup
to 9T) the hysteresis loops are minor (unsaturatedehgsis loops) for both directions the
applied field.

b. Magnetic propertiesof S2 and S3 samples

Temperature dependencies of magnetization cCugMngosdFeBOs (S2) and
CusMng 4d-& 7BOs (S3) ludwigites are presented in FigureThese dependencies have b
obtained at the orientations of applied magneeld H||a, Ha of value H= kOe. Magnetic
behavior of S2 and S3 is significantly differerdm the sample Sthere is a smooth increasi
of the magnetization in paramagnetic phase ankeateimperaturT~27 K (for both S2 and S3)
the FC dependenciesrdenstrate “a bend” associated with the magnetis@@nsitionAt low
temperature a slight increasing of magnetizationolserved in FC regim ZFC curves
demonstrate a maximum at the temperature of theeptransition. The width of this maximt
increases as the magnetic field value increi In comparison with the sample S1 contair
small iron substitutiothe value of magnetic moments of S2 and S3 hagdsed by two orde
of magnitude.
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Field dependencies of the magnetization of singlestals S2 and S3 are presented in
Figure 8. These dependencies have been obtairtethperature T=4.2 K and the orientation of
the applied magnetic field was H||a,.&d Both samples demonstrate minor (unsaturated)
hysteresis loops in available range of the magrfetids (up to 9 T) for both directions of
applied magnetic field. Despite the high similanfythe magnetic behavior the sample S3 (with
larger iron content) has significant features: dielependencies of the magnetization are
anisotropic unlike the sample S2. This could ingicthe increasing of the magnetic ordering
degree and restoration of magnetic order. Howdwervalue of magnetization at H=9 T of S3
single crystal is less than the value of magnetinadf S2 sample for both directions despite the
increasing of iron content.
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Figure 8. Magnetic field dependencies of the magaebn of S2 and S3 single crystals obtained

at T=4.2 K, H||a, Ha.
V. Discussion

In this work we report the synthesis and chararzagion of the system GMn;.,FeBOs
using X-ray diffraction, XANES/EXAFS and magnetipst measurements. In the process of
flux growth of single crystals it was supposedubstitute the cations Mihby the F&" cation in
the parent compound @4nBOs. But the structure characterization of synthesizathples
showed the presence of manganese cations in a&divalbsystem of copper. The magnitude of
such substitution is not high about 6-8% dependinghe sample. Along with the presence of
the manganese cations in the divalent subsysterothleamount of iron content is exceed from
the initial data in fluxes. The question on thegoriof such concentration discrepancy is still
opened and requires additional synthesize expeten®&ut the most probable explanation of
these results is distinction of the distributioreffiwients of C4*, Mn**and Fé*at the crystal
formation in used fluxes. High solubility of CuO these fluxes leads to small distribution
coefficient of CG" in the crystal and, as a result of lack of coppes,crystal contains cations of
divalent manganese. The solubility of M3 and FgOs in used fluxes is similar, but there is
small predominance of manganese coefficient, sotdted amount of iron is slightly larger.
Similarity of the solubility of MpO3; and FeOs; in the used fluxes is confirmed by small
concentration deviations from the initial flux cent for the system MnFeBO, with
warwickite structure (it was used the same solvi28). The suggestion based on the solubility
of the oxides is proved by the real cation con@din in the synthesized single crystals.
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For better understanding of the evolution of thegnaic structure of Cu-Mn ludwigite
under iron addition, the field dependencies of netigation for three synthesized samples and
parent compound GMnBOs are shown in Figure 9. These dependencies havedidained at
the temperature T=4.2 K, the magnetic field wasliagpalong a axis. It is clear that
unsubstituted ludwigite GMnBOs has a maximum magnetic moment in comparison wiibrs
for all range magnetic fields. This sample hasasead hysteresis loop close to a square shape
(with vertical walls). The samples S2 and S3 (vetimparable iron and manganese content) are
characterized by the lowering of magnetic momenthayorder of magnitude, and the shape of
the hysteresis loop is fully changed: the loopsabex opened in magnetic fields up to 90 kOe.
Such behavior of the field dependency of magnetinas caused by nonequilibrium @¢¥{H))
state of the system [24]. The field dependence ameatization of the sample S1 (with less
addition of the iron) is intermediate between tmalagy dependence of the parent Cu-Mn
ludwigite and the ludwigites with the comparable/Mmratio: the value of the magnetic moment
is only twice less than in parent compound, thepshaf the field dependency can be
decomposed into two hysteresis loops. The first isnepened hysteresis loop typical for the
samples S2 and S3, the second one is closed hsisteyep typical for unsubstituted ludwigite.
And the value of H of the sample S1 has increased in comparison patient compound
(H=1.7 kOe for CpMnBOs) and it equals to 3.3 kOe. So it could be concluded that in
ludwigite S1 there are a coexistence of two magr@tases. The value of the coercive field H
in S1 corresponds to the value of this parametegfand S3, that also confirms the hypothesis
on the relationship of the magnetic phases of $i1S#hand S3 (Figure 9).

As it was mentioned in the previous work [10], th@erimental studying of the magnetic
structure of unsubstituted @nNBOs ludwigite by NPD has shown the low magnetic monaént
copper on the?a site, that could indicate the partial magneticodiering of this site at low
temperature phase. In the case of Fe-substituteddites, from the structural point of view the
part of the disordered positions increases. Ana e@nsequence of structural disorder and strong
magnetic frustrations caused by the presence ofFtheand Mn cations it should lead to
increasing of the magnetic disorder and loweringthe# total magnetic moment. From the
experiment one can observe the dramatic loweringpe@imoment from parent compound to the
samples S2 and S3 which coincides to the suggestitime magnetic disordering. Taking into



account the strong exchee interactions competition it was suggested a tngsis about th
spinglass state origin of the magnetic phase realined2, S3 and partially in S1 samp To
verify this hypothesis the measurements ofac-susceptibility of S1, S2 and S3 sampleve
been carried ouflhe results of tesemeasurements are presented in Fi 10.
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Figurel0. Real part of S1 (a), S2 (b) and S3acimagnetic susceptibility as functions
temperature. The amplitude of the oscillating maigrieeld is 1( Oe.

The ac-susceptibility measurements (Fig 10) of the synthesized samples S1, S2 an
showed distinctlydifferent behavior: the frequency dependence of tdraperature of th
magnetic phase transitionpresenonly for S1 and S2 that could indicate «glass state in the
low temperature phase. The sample S3 does not ahgvrequency dependence, which imp
that the magnetic phase transition in S3 is not wuéeezing effects as in glassy syste
Besides the frequency dependence it was obtairsdrtithe sample S1 there are two magn
phase transitions: the first or— early identified —at the temperaturrange 1=33.5+36 K
(AT=2.5K at frequency of the external magnetic field>+10* Hz), the second ol — at the
temperature range ,¥20.4+21.5K (AT=1.1K at frequency of the external magnetic fi
10°+10* Hz). So, both magnetic phase transitions in S1 sheguency dependence denoted
spin-glass state presence.

Probably the shape of hysteresis loop of the sai@plat low temperature- two nested
loops —is the result of the consequent phase transitiinge to the complexity of th
crystallographic and magnetic structure and thegiree of four nonequivalent magnetic ca
positions in the unit cell each of these two maignghase transitics can be related to distir
magnetic subsystem. So the magnetic behavior ofstmaple S1 can be compared v



CwFeBG; which demonstrates three sequential magnetic ghasstions including the first one
to spin-glass state of only iron subsystem [14].

The sample S2 doesn’'t have such strong frequenpgndience as S1: the temperature
difference isAT=1 K at the frequency of the external magnetitdfie0’~10* Hz. However the
field dependencies of the magnetization of thisans totally different from the parent sample
CwMnBOs, and there are no anisotropy. Of course, alonty Wie disordering and possible
freezing of the magnetic moments (spin glass sthee(hape of M(H) dependency of S2 and S3
can also indicate the increasing of antiferromagriateractions in the crystal. But the absence
of the anisotropy in S2 for ludwigite structure tatcord with the antiferromagnetic state. Due
to this the authors are inclined to believe that sample S2 at low temperatures has either the
static disordered state (freezing of the magnetments at J) or partially static disordered state
together with partially dynamic disordered statergomagnetic) of some part of magnetic sites.

The analysis of the temperature dependenciesc-glusceptibility of S3 showed that this
sample doesn't reveal the frequency dependencéeoftrainsition temperature. So, the time
dependent effects typical for spin-glass statebseat in this sample. The appearance of the
anisotropy of the field dependencies of the magagtin also indicates the recovering of the
magnetic order in the crystal. However, the hysierédoops of S3 are opened as for others
samples that is not typical for antiferromagnetsitSs suggested that despite the absence of the
frequency dependency of the transition temperadackethe presence of the anisotropy of M(H)
dependencies, the fully ordered magnetic state i®dlized in the sample S3. And at the
magnetic phase transition there is ordering of guast of the magnetic cation sites, the others
remain as paramagnetic disordered.

Table 8. The Curie-Weiss temperatures and the teanpes T of the magnetic phase
transitions of the samples S1, S2, S3 and parenpcond CuMnBOs obtained for different
orientations of the magnetic field (H||a andaivia fitting of the temperature dependencies of
the reversal molar magnetic susceptibility by thei€&Weiss law.

CwMnBOs S1 S2 S3
Ocw (H]ja), K 50.9 -100.2 -338.1 -363.0
Ocw (Hea), K 73.6 -61.5 -257.2 -241.7
To K 92 36 27 27

To analyze the temperature dependencies of thesavwaolar magnetic susceptibility the
Curie-Weiss law has been used [25]. The experirhetuaves of the reversal magnetic
susceptibility have been fitted in the temperatuemge far from the phase transition
temperatures. The Curie-Weiss temperatures of dhgples S1, S2, S3 and parent compound
CwMnBO:s obtained for different orientations of the magoétld are presented in Table 8.

As a result of the fitting, it is obvious that tteedition of the iron increases the
antiferromagnetic interactions. The large negapiseamagnetic temperatures of the samples S2
and S3 (Table 8) indicate the predominance of emtimagnetic couplings. The Fe-induced
cation disorder superimposed on the triangle nékvafrthe magnetic moments gives rise to
enhance of the magnetic frustration role thatfieceed in the large rati®dw|/T>10 [23] for the
samples S2 and S3. The Curie-Weiss temperaturadifferent directions of the magnetic field
are different, and it is consequence of the aropgtrof the magnetic susceptibility in
paramagnetic phase. The same effect has been etisienvparent compound e€MnBOs and
related to anisotropy of the g-factor due to thenJaeller effect of Ct and Mrf* [10].



V1. Conclusions

Oxyborates of the ludwigite type are wide classcompounds with rich magnetic
behavior. The main features of these compoundscatsed by the structure: quasi-low-
dimensionality, mixed valence of the magnetic cajotriangle network, the presence of four
nonequivalent positions of magnetic cations. LudegyCuyMn,.FeBOs studied in this work
are bright representatives of this family. The negnbehavior study of these ludwigites has
shown the high sensitivity of the magnetic progsrgven to small composition variation.

Three samples of GMn1.FeBOs ludwigites with x=0.2, 0.4, 0.5 have been synthedi
by flux method. The obtained single crystals wenaracterized from structural and magnetic
point of view. It was confirmed the monoclinic digied ludwigite structure witl?2;/c space
group and the phase homogeneity for all the samplasice parameters, bond lengths, site
occupancies have been investigated using X-rayadifbn techniques. Using XANES/EXAFS
the compositionx of the synthesized single crystals as well as ldwal structure of the
transitional metal cations have been studied. Haetechemical formulas have been obtained:
Cup gdMNg 748 € 3805 (S1), CugMno.sdFeBOs (S2), CuygMnosdF-er 7805 (S3). The charge
state of the Cu, Fe, Mn ions has been determinedgnitic properties studying of the
synthesized samples have helped to estimate theoivine Fe-addition influence to the parent
compound C¢MnBO:s. It was found that the different magnetization debr for each studied
samples that emphasize the high sensitivity ofrtfagnetic properties of ludwigites to small
composition variation. The main point of the invgation of the magnetic properties was the
magnetic ordering degree. It was established thatirrcreasing up ta=0.4 the magnetic order
of CuiuMn1.4FeBOs ludwigites was destroyed. But as the continuinghefx increasing there is
recovering of the magnetic order. We hope that stusly will help in the understanding of the
processes in ludwigites and Mn-Fe compounds wetother structure.
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