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Abstract—We report on the thermodynamic, magnetic propewied the magnetic structure of
ludwigite-type CuMnBOs. The specific heat, the low-field. magnetizationl @ne paramagnetic
susceptibility were studied on a single crystal andbined with powder neutron diffraction
data. The temperature dependence of the specdicamel the neutron diffraction pattern reveal a
single magnetic phase transition at T=92 K, whiolr@sponds to the magnetic ordering into a
ferrimagnetic phase. The cation distribution arglthlues and directions of magnetic moments
of ions in different crystallographic sites areagdished. The magnetic moments of’Cand
Mn®* ions occupying different magnetic sites in.theifeagnetic phase are pairwise antiparallel
and their directions do not coincide with the dii@as of the principal crystallographic axes. The
small value of the magnetic moment of.copper ioosupying site 2a is indicative of partial
disordering of the magnetic moments on this sitee Thagnetization measurements show a
strong temperature hysteresis 0fimagnetizationchvevidences for field-dependent transitions
below the phase transition temperature.

|. Introduction

CwuMnBOs belongs to the family of quasi-two-dimensional loasates with the ludwigite
structure. Ludwigites have a complex crystal strigst which involves quasi-low-dimensional
elements (zig-zag walls and three-legged ladders)dd by metal-oxygen octahedral [1-3]. The
ludwigite unit cell contains four formula units amcludes divalent and trivalent cations or
divalent and tetravalent ones. In this structuregtain cations are distributed over four
nonequivalent positions.

The complex crystallographic structure and the gmes of four nonequivalent positions
occupied by ‘magnetic cations lead to the formatibrcomplex magnetic structures in the
ludwigite-type' crystals. In view of this, it is cghex and often impossible to determine the
configuration. of/ magnetic moments using macroscopiagnetization measurements. In
addition, thedudwigite structure is characteribgdhe large number of triangular groups formed
by metal cations, which sometimes leads to the roenue of frustrations and spin-glass-like
states [2-12].

To/date, the microscopic magnetic structure has legperimentally determined only for
the 'monometallic ludwigites GBOs and FgBOs [10-12]. Both compounds crystallize in the
orthorhombic space grougbam with the cations occupying the four different Witksites A,
2b, 4g and 4. An important feature of the @05 and FeBOs ludwigites is the division of the
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magnetic structure into two subsystems. The neudliffraction investigation gives that the
magnetic moment in one of site is surprisingly $miis suggests that these sites are occupied
by Co™ ions in low spin (LS) states. Other sites occuggddivalent C&" ions in high spin
states [12]In FeBOs, which sees a charge ordering transition justweetmm temperature, the
magnetic subsystems order at different temperatuvgs mutually orthoganal, magnetic
moments [11]. The GBOs ludwigite displays a single magnetic transitiothathe presence of
an ordered arrangement of low spin and high sgitestof the C8 ions ($43:=0) [12]: These
features occur most likely to weaken the frustragiin the system. The magnetic/structure of
ludwigites containing different magnetic cationyd@anot yet been experimentally investigated;
however, from the behavior of their physical prdigsrit was concluded that the magnetic
ordering could possibly not involve all subsysterasd that_.in. some compounds the
magnetization of different sublattices could ordedifferent temperatures and point in different
directions [4, 13].

The existence of Mn—Cu ludwigites was reported jesently’[6]. Single-crystal samples
were synthesized and the primary structural andneiagcharacterization was performed for the
composition Mn:Cu=1:1 (GuMn;sBOs). Similar to other»Cu-containing ludwigites, the
synthesized compound has a monoclinically distoftehlvigite structure [7], crystallizing in
space grougP2,/c. The structural differences between therorthorhionaescription inPbam
valid for CgBOs and FeBOs and the monoclinic description R2:/c of CuMnBOs are small as
the main structural elements remain unchanged.uhlitecell axes of thébam description are
transformed according ta—b, b—c andc—a when going tadP2,/c. The Wykoff sites for the
cations change froma2 2d, 4g and 4 in.Pbamto 2a, 2d, 4e and £ in P2;/c (Table 1).

Due to the presence of quasi-low dimensional etesim the structure, many ludwigites
in the ordered phase are characterized by a str@agmetic anisotropy [4, 8, 9]. The axis of hard
magnetization corresponds to thexdirection perpmemali to the low dimensional elements of the
structure which in compounds adepting tRlkam structure coincides to the-axis while it
corresponds to tha-axis insthe monoclinicR2;/c) compound here presented. However, in the
CusMn1sBOs ludwigite, the anisotropy is weak and the differenbetween the magnetic
moment values is only M(H||c):M@d)=1.5. This represents a fundamental differencenfr
other ludwigite-type compoqnds. In addition, in tast to other Mn-containing ludwigites, the
CupsMn; sBOs compound has a large magnetic moment, which esoegd tenfold the magnetic
moment of Nj sMn; sBOs,[6].

Here we report on thorough investigations of thgspdal properties of the GMnBOs
ludwigite with a-different.cation ratio. In contta® the previously investigated CMn; sBOs
compound, manganese ions in this ludwigite are lymamthe state with valence 3+, which
reduces the.probability of admixing divalent maregnto the Cii ions. In our previous study
[5], we synthesized the GMnBOs ludwigite single crystals by the flux techniquéewlas the
first study on this compound, where its structaadl magnetic properties were investigated; in
particular, the composition was refined, the stritestwas clarified, the magnetic transition
temperature was determined, the strong hysterasthea field-cooling (FC) and zero field-
cooling (ZFC) modes was established, and an anomaillye magnetization curves near 75 K
was found. The group theoretical analysis was pewd, the indirect exchange interactions
were.calculated in the framework of the Andersorvadisky model, and a model of the
magnetic structure was proposed.
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To shed light on the microscopic nature of the netignbehavior and clarify the
mechanisms of the magnetic phase transition, weiestuthe magnetic structure of the
CwMnBOs ludwigite using powder neutron diffraction, measurand interpreted the
temperature dependence of specific heat of thetalryestablished orientational field-
temperature dependences of magnetization, and zmthl{emperature dependences of the
magnetic susceptibility.

[1. Experimental Details

The CuyMnBOs ludwigite single crystals were grown by ‘the flugchnique. The
crystallization conditions were described in detaf5].

Magnetic measurements of the ;8mBOs single crystal were performed on a Physical
Property Measurements System PPMS-9 (Quantum Deaigtemperatures of=3-300 K in
magnetic fields of up to 80 kOe. ~

Specific heat was measured at temperatures fronK~@#vicinity of the melting point of
the nitrogen) to ~320 K using a calorimeter as dieed in ref. 14. At'low temperatures (down to
2 K), the measurements were performed on a PPM#tyfgQuantum Design). The specific
heat determination error was no more than 1% ih bases.

The investigated sample was a crystal set withta toass of 244.7 mg. Specific heat of
the auxiliary elements (heating pad, lubricant,)et@s determined separately.

Powder neutron diffraction data were' recordedsat Itfstitut Laue Langevin, Grenoble,
France, on a D2B high resolution powder diffractten&vith a neutron wavelength bf= 1.594
A at room temperature. Due to the fact.that thegdarhad been prepared through crushing of
single crystals, strong texture effects becamébhasn the high resolution neutron powder data.
This texture had disappeared only after powdermegydample down to a grain size below 100
um. The sample was placed in a eylindrical douldd-wanadium container in order to reduce
the absorption resulting from the B10. isotope. Temperature dependence of the neutron
diffraction pattern was measured on a D20 highrsitg powder diffractometer, as well situated
at the Institut Laue Langevin, with= 2.41 A between 1.6 K and 150 K taking spectré ofin
every degree. Additional data were taken at baspeaeature (1.6 K) and at 110 K with the
longer acquisition time’ of 45'mint As the absomtad the sample is strongeriat 2.41 A than
ath = 1.594 A, the sample had to be additionally didufor these measurements by adding
aluminum powder. All neutron data were analyzedchgisihe Rietveld refinement program
FULLPROF [15]..Theraluminum powder was refined aseaond phase. Magnetic symmetry
analysis was performed using the program BASIREI®S7].

[11. Magnetic Properties

Figure 1._shows the temperature dependences of neggien of the investigated
CwMnNBOs single crystal, which were obtained in the FC (m@pin nonzero magnetic field)
and. FH, (heating of the sample in nonzero magnéid fafter cooling in the same nonzero
magnetic field) regimes at H=200 Oe (H||a). Atragerature off[~90-92 K, both curves reveal
the sharp magnetization growth corresponding toptiese transition from the paramagnetic to
the magnetically ordered state. In the vicinity tbé phase transition temperature, one can
observe a small hysteresis of the FC and FH depeedewith a value oAT;~0.8 K. At lower
temperatures, the dependences exhibit an anomglstnshg temperature hysteresis in the range
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of T=46-85 K with a value 0AT,~14 K at H=200 Oe. To study this phenomenon, tentpera
dependences of the magnetization were measureclasnwields of H=20, 50, and 1000 Oe.
The measurements show that the width of the hysteepends nonlinearly on the applied
magnetic field; specifically, at H=50 Oe, we ha&&,=5 K and at H=20 and 1000 Oe, the
temperature hysteresis is less thdn~1 K.

When measuring the orientational dependences obdhgple magnetization, wesused a
crystal with the natural habit in the form of a duengular prism. Magnetization was measured
along the x, yand z geometrical axes of the prism. The axis¢ coincided, with thea
crystallographic axis (1 0 0) in monoclinic lattieg,/c and thex andy axes ecorresponded to the
(011) (b-c-plane) and (0 -1 1) (b-c-plane) criystaaphic directions.
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Figure 1: Temperature dependences of magnetizaktained in the FC (cooling at H=200 Oe)
and FH (sample heating insafield of H=200 Oe gftreicooling at H=200 Oe) regimes (H||a).

Figure 2 presents the orientational dependencesaghetization of the GMnBOs sample
obtained in a magnetic field of H=1 kOe. All therwes contain the broad asymmetrical
maximum, which-evidences for the existence of thain structure in the crystal. The position
of this maximum changes depending on the magniefid direction; in the direction Ht|| one
can observe a shelf (constant magnetic momentnggidhe temperature range of 5-15 K.
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Figure 2:. Temperature dependences of magnetizalitmined in a magnetic field of
H=1000 Oe applied in the macroscopic directions, Hijly, and H} of the single-crystal
samples with the natural habit. (Thaxis coincided with tha crystallographic axis (1 0 0) in
monoclinic latticeP2;/c and thex andy axes corresponded to the (0 1 1) (b-c-plane) and 1)

(b-c-plane) crystallographicdirections.)

Using the experimental data‘of,.the temperature rbgreces of the magnetization
(Figure 2) the temperature dependences of thesavaolar susceptibility for H||x, H||y, and H||z
in the temperature range of T=2-300 K have beemiodd. Above the magnetic transition
temperature the inverse susceptibility correspanttindifferent magnetic field directions do not
coincide; i.e., the paramagnetic phase.is chaiaeteby anisotropy. This anisotropy can result
from the strong g-factor anisotropy caused by texistence of two Jahn—Teller ions,’Cand
Mn®*.

V. Powder Neutron Diffraction

Figure 3 shows therefinement of the high resotutiata taken at room temperature. The
compound crystallizes in'the space gr&#/c as already proposed by Bezmaternykh et al.[6]
for a compound.with-eomposition €gMn1sBOs. In this structure, the Mn and Cu cations are
distributed over four different sites. Due to theosgly differing neutron scattering lengths for
Mn (beon = —3.73 fm) and Cub(., = 7.72 fm), it is possible to determine precisdg cation
distribution over these four sites.
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Figure 3: Observed (dots, red), calculated (blaok), and difference pattern of CuuMn; oBOs
at 295 K. The tick marks indicate the calculatedijian of the nuclear Bragg peaks.
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Table 1 gives the lattice parameters, atom cootenand the occupations resulting from
the refinement. It can be seen that there is a sieapreference with the Mhcation occupying
almost exclusively one of theesites (labelled@in Table 1), while the Ciiion is found at a
90% level on the & and the @ and 2 sites. /Theuréfined stoichiometry corresponds to a
Cur.94aMn1.061PBOs compound. Bondyvalence calculations using theroheted interatomic
distances confirm the assumed valences of +3 for aMd +2 for Cu. This structure is
monoclinically distorted with respect to the sturet of the closely related $0s compound,
which crystallizes in space grolfam.at room temperature [11]. :BOs sees depending on
their valence a strong site preference fot famd Fé'cations: while F& resides on sitesgdand
2a (space groufbam), Féhis preferentially found on sitesi4nd 1. This can be compared to
the situation in our MyweCuLeBOs compound, where M is mostly found on siteed, which
corresponds to sitehdn Pbam.

N

Table 1: Results of the Rietveld refinement of tiigh-resolution neutron diffraction data at
295 K for Cl,i.94Mn1_oeBO5in P21/C.

4

)

P2;/c X y z OcCun/cu
Cu/Mn 2a 0 Yo Yo 0.090(4)/0.910(4)
Cu/Mn A Yo 0 Yo 0.068(4)/0.932(4)
Cu/Mn 4’ 0.0638(6) 0.9877(2) | 0.2790(1) 0.102(4)/0.898(
Cu/Mn 4 0.576(2) 0.7324(5) | 0.3785(4) | 0.877(2)/0.123(}
B de 0.4057(8) 0.2640(2) | 0.3670(2)
O 4e 0.0038(8) 0.0953(2) | 0.1454(2)
0, de 0.1492(8) 0.8725(2) | 0.4118(2)
O3 de 0.4661(8) 0.1187(2) | 0.3654(2)
O, 4e 0.6091(8) 0.6597(2) | 0.5369(2)
Os de 0.6419(7) 0.8332(2) | 0.2337(2)
a[A] 3.13851(4)
bTA] 9.4002(1)
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c[A] 12.0204(1)
B[] 92.267(1)

Figure 4 shows the low-angle region of the therdeglendence of the neutron diffraction
pattern of CuoMn; odBOs. A transition is clearly visible at about 90 K, @k an increase in the
intensity of several Bragg reflections can be dised. In accordance with the'magnetic data,
this transition is identified as a transition tamagnetically ordered, most probably ferromagnetic
state. Down to the lowest temperatures, there fsirtber transition.

A=241A

[ff[[//////

20 \N,
2®(Deg)

Figure 4: Thermal dependence of the neutron diffragattern of CugsMn, oBOs between 2 K
and 140 K. Only every third spectrum of the origim@asurement is shown.

Using the program K-seareh, which is a part of FHLLPROF suite of refinement
programs, the magnetic propagation veater 0 was confirmed. Fitting the intensity of the
Bragg peak having the most intense magnetic cautioib, a transition temperature of ¥ 92 K
was established. Magnetic symmetry analysis usheg grogram BASIREPS was used to
determine fok = 0 the allowed irreducible representations (IR} #reir basis vectors (BV) for
cation sites ¢, 2d, and 2, the\y are listed in Table 2.

Table 2: Basis vectors (BV) of the allowed irrediliei representations (IR) far= 0 for the
Wykoff positions £, 2d and 2.0f space group2;/c

IR1 IR2 IR3 IR4

4e BV1 |BVvV2|BVvV3 |BVl1 |BvV2 |BV3 |BV1 |BV2 |BV3 |BV1 |BV2 |BV3
X, Y, Z 100/010001{100/ 0109 001 10010(001100|010{ 001
-X, y+¥2, z+¥%1-1 00,01 000-1-100/010]|]00-112100/0-10/001|100]0-10001
X, Y, -Z 1001010001|-1000-1000-1100/010|001-100/0-100-10
X, y+¥%2,z+%(1-100010/00-1j]2100/0-10001|1000-10001-100(010]0-10
2d, 2a

XY, Z 100/01Q0001 10Q0010|001]

X, -y+¥%2,2+% |-100/010[00-1 1000-10/001

For the determination and refinement of the magnstiucture, a difference data set
created by subtracting the high intensity datatakén with long counting times within the
paramagnetic phase at 110 K from the data se6af Was used. This allows refining solely the

7
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magnetic contribution and increases thereby thecigiom of the magnetic moment
determination. The fixed scale factor needed forfopming this type of purely magnetic
refinement gets first evaluated from the refinenthe 110 K data set. Atomic positions were
fixed to the values resulting from the refinemehtttee high-resolution refinement (Table 1).
Testing all the allowed IRs, it is found that thagnetic structure sees a ferromagnetic alignment
of spins along tha andc unit cell directions corresponding to IR3, whidrresponds. to the one
proposed already in [5]. There is no contributiomeng from BV2 of this IR3, there is therefore
no antiferromagnetic component present in the magetucture. Figure 5 shows the results of
the refinement or the difference data set 2 K —H10

25000 T T T T
2K-110K

A=241A
20000 |- -

15000

S Oy | Ny v

Intensity (arb. units)

5000 wwwww«mfWM%W"‘WWNWWWWWWMWMM———www

0 L 1 1 ~ 1
10 20 30 10 50 60

20 (Deg.)

Figure 5: Refinement of the difference spectrum 2 K10 K of CugMn; odB0s. Observed
(dots, red), calculated (line, black),"and. differempattern. The tick marks indicate the calculated
positions of the magnetic Bragg peaks. Two regairad ~ 50° and ~ 54° were excluded due to
the presence of strong up/down features at theipasinuclear Bragg peaks of the added Al —
phase.

N
. =0 40
‘- % - —* }‘ » ——
* - 7'3; ?\ - ‘
|
| ‘g/ . i
2 - > ol
—d' g 4= > '

Figure 6: Magnetic structure of €aMn; oBOs at 2 K; the numbers correspond to the different
cation sites: € mainly occupied by Mn (4),et mainly occupied by Cu (3),d22) and 2 (1) as
well both mainly occupied by Cu.
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While the 4 site, which is mainly occupied by manganese, Esesea magnetic moment
of about 2.7 g, the &' site and the @and 2 sites, which are mainly occupied by copper, have
— as expected for a &lion — lower moment sizes of about 0.9, 1.1 andu@,4espectively. The
spin directions on the different sites are not alfgbut form an arrangement comprising strong
ferrimagnetic elements. Figure 6 displays the magms¢ructure where the lengths of the arrows
reflect the relative size of the magnetic momemntble 3 gives details of the‘refined magnetic
components. The corresponding Shubnikov or magispace group was determined to,'R2
using the programs of the Bilbao Crystallographecv8r and of the ISotropy seftware package
[18, 19].

Table 3: Results of the refinement of the magnsticcture using:BV1 and BV3 of IR3.
Magnetic components were determined using thé& Mnd the Cti'magnetic form factors for
the different cation sites depending on which catiocupies predominantly the concerned site.
The total magnetic momentsglare given in g. The numbering corresponds to the one used in
Figure 6 and in the main text.

BV1 BV3 ot
(1) Cuon 2 |0.09(8) | -0.44(9) 0.45(20)
(2) Cuon? |0.60(8) | 0.97(6)].1.12(9)
(3) Cuon 4" | -0.23(3)| 0.91(5)y|. 0.93(6)
(4) Mn on 4° | -1.93(2)=1.91(6)| 2.66(6)
RMagn 5.3

L3

The four different sublattices only possess fermgmedic interactions, a fact which can be
directly linked to the site specific occupation &gher Mr#* or CUf* ions. 90° superexchange
interactions M-O-M should in fact be ferromagndtetween cations of the same type having the
same valence following the Goodenough—-Kanamori [A0gs. The reduced value of the
magnetic moment found for Mh- 2.7, instead of the theoretical 4.¢ g can be related to the
non-negligible amount of 4@l (12%) oceupying the e site which will hinder an equivalent
amount of neighboring M¥ications to adopt a ferromagnetic alignment and ccavlen lead
locally to some antiferromagnetic ¥ Cl#* interactions.

N
V. Thermodynamic Properties

Figure 7 illustrates the'specific heat measuremientse entire temperature range in zero
magnetic field (T=2—320 K, H=0). One can observeaaomalous behavior with a temperature
peak at T=88.1 K. The lattice specific heat was determinsthgl linear combinations of the
Debye—Einstein functions with the characteristimperatures found to bep¥ 331 K and E=
780 K. It can be seen that the low temperatureore@ not correctly interpolated. The same
behavior was previously observed in another ludeigrystal, NiGeB,O1 [13]. Subtracting the
lattice contribution to the specific heat from #sgerimental data, we found the excess specific
heat'and the phase transition entra@®@# 0.6 J/(mol*K). Under the assumption that the nedig
momentsrorder completely in the crystal, the maxinpossible entropy of the magnetic phase
transition can be calculated from the formula:

AS=AS,, +AS.,=n,, RIN(2S(Mn**)+1)+n,RIN(2S(Cu?*)+1)=252J/(mol K) (1)
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Where m, and ry, are the ion concentration§(Mn*")=2 and SCu*)=1/2 are the spin
magnetic moments of ions, aRftis the universal gas constant. The magnetic phassition
entropy obtained using formula (1) exceeds by l@r éxperimental value. This difference is
indicative of the absence of complete orderinghef magnetic moments at this magnetic phase
transition, which agrees with the results from ti@eitron magnetic scattering data. The partial
ordering of the magnetic moments is characteristibeterometallic ludwigites, which eontain
two or more magnetic ions [2, 3]. The homometadildwigites FgBOs [10, 11, 21] and GBOs
[12, 21] are characterized, on the contrary, byltdmg-range magnetic order.»Thed0gBO;
system has a ferromagnetic spin configuration énrtings of the 4-2-4 ladders withran effective
moment of 8.21B per cell and a ferrimagnetic configuration in tugigs of the,3-1-3 ladders
with about 8uB per cell, which gives 1.4B per Co cation. All the.moments are nearly paralle
to the b axis, making this the easy magnetizatioa im accord with bulksmagnetic anisotropy
measurements [4, 22]. The value of the magnetic emvrexpected for HS Gbis 3uB and
1 uB for the LS state, considering only the spin dbution, as is«usual for these systems. For
C0;0,BO;3 assuming C8 in HS and C& in LS states, the expected entropy is 23.0 J/mol K
larger than the experimental value (¥ 13.71 J/mol K [4].

The FgO,BO3; system has a net moment alongdhexis of 18.9 uB per cell (i.e. 0.79 uB
per Fe cation) at 10 K. The Fel, Fe2 and Fe3 momanés (3:3, 3.9 and 3.9 uB) are reasonable
for a Fé" cation, but those for Fe (4a) and Fe (4b) catbiigl) uB are still small compared to
expected values (5 uB). [11]. The3sBeBO; is.complicate system artie specific heat must
involve notonly the spin contributiorbut additional.degrees of freedom, such as straictu
excitations and/or electron tunnelirZg].

In addition, we studied the temperature dependehspecific heat in an external magnetic
field of H=4.7 kOe (inset (a) of Figure 7). It che noted that the temperature of the magnetic
phase transition changes only weakly in the apphednetic field while the specific heat peak is
significantly spread. A similar behavior was obsehon the completely magnetically ordered
ludwigites C@BOs [21] and, CeSnB,01p [24]. This behavior is indicative of the preserufe
antiferromagnetic interactions in the crystal [21].

We attribute the anamaly of the excess specifiac hed=23 K (inset b of Figure 7) to
additional contributions_to {he lattice specificahewhich are ignored in the Debye-Einstein
models. Although the' compound under study is digtgcat temperatures close to zero, the
specific heat decreases in accordance with thearliiaw, which were observed for all
investigated ludwigites [13,24].

10
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20 Figure 7: Specific heat curves (H=0). The black mows experimental data and the red line,
21 the lattice contribution to specific heat. Insét &pecific heat curves at H=0 and H=4.7 kOe.

23 Inset (b): residual specific heat:

24 In Section Ill, devoted to the magnetic propertéshe investigated ludwigite, we found a
temperature hysteresis of the magnetization irhd@ing.and:cooling modes in magnetic fields
27 of up to H=1 kOe. The dependences of magnetizatiorain-inflection points below the phase
28 transition temperature. To study this effect, wiwated the temperature dependences of the
temperature derivative of the squared magnetizdfaure 8), since, according to the molecular
31 field theory, the magnetic contribution to the specheat is proportional to the squared
32 spontaneous magnetization [25].

35 2,01

1,24 1000 Oe

200 Oe

Normalized dM*dT

47 : T T T T T
48 20 40 60 80 100 120

49 Temperature (K)
50 Figure 8:Temperature dependences of the normalkeederature derivative of the squared
50 magnetization at H=20, 50, 200, and 1000 Oe.

Figure 8:shows the dWHT(T) dependences obtained at H=20, 50, 200, &30 De. All
55 curves show a peak independent of the external et@gfield which corresponds to the
56 magnetic. phase transition ar189 K. This temperature is consistent with the phtaansition
58 temperature determined from the specific heat nreasents and with the neutron diffraction
59 data. However, below the transition temperatur89TK, the dM/dT (T) dependences show a
60 second peak, whose position and shape dependyreatiextent, on the applied magnetic field.

11
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As the magnetic field H is increased, the peak iBagmtly spreads and shifts to lower
temperatures.

According to the neutron diffraction data obtaingd CuMnBOs ludwigite undergoes the
only magnetic phase transition at a temperaturé 092 K. However, the neutren scattering
experiment was carried out at H=0 and, accordintpéotemperature behavior aof the derivative
of the squared magnetization, in magnetic fieldse&lto zero we can expect.the eoincidence of
the position of the second peak with the phasesitian temperature.

The inset in Figure 7 shows the temperature depmadef specific heat in_the range of
T=82-96 K, which involves the phase transition oegilt can be seen that the specific heat peak
is fairly broad even without external magneticdi¢hccording to the temperature dependence of
the excess specific heat, the peak width attaifrs15 K), which can.suggest, e.g., the gradual
partial ordering of the moments in the &ite, which manifests itself as'a hysteresis in the
magnetization curves.

The dependence of specific heat obtained at H=5 &l9e does not exclude such an
interpretation due to the large field value. It dam seen in Figure 8 that at H=1 kOe, the
maximum of the derivative significantly broadensl ahifts toward lower temperatures. In other
words, according to the temperature extrapolatibthe center; position and peak shape, in a
magnetic field of H=5 kOe this peak can be absent.

Such a field dependence of the temperature anop@alg position is observed in systems
with the spin-reorientation transition (see, foample, [26]). As the magnetic field is increased,
the temperature of spin reorientation lowers. d

V1. Discussion

To date, the magnetic structure has been deternongdfor monometallic ludwigites
Co3BOs [12] and FeBOs [10, 41)onThe results obtained by [10] and [11} f6eBOs are
somewhat different, but the main peculiarities iglentical: the magnetic system is divided in
two subsystems where the first one comprises them®on sites 4 and 21 while the second
one those of the Fe ions on siteg @d & (Pbam setting). The two subsystems form two
different three leg ladders (3LL) j[4] which ordem FeBOs at different temperatures in
perpendicular directions,[11]..In the case ogEI0s, the magnetic system is as well divided into
the same two subsystems which order, however,easdme temperature [11]. In3B©s the
magnetic moments,are directed alongdlais in the first subsystem formed by the triad-4-2
and along théb axisnin the second subsystem formed by the tridd33[27]. In the CeBOs
ludwigite the magnetic order of the 3-1-3 subsysienthe same as in the §8©s ludwigite.
However the second subsystem 4-2-4, unlike thB®g has almost the same direction as the 3-
1-3 subsystem. But, formed by 4-2-4 triads, thik 8bnsists only of the chains of the position 2
ions due fo thé nonmagnetic low spin state of th& ©ns positioned on site 4. These chains are
connected with the 3-1-3 3LL by super-superexchamgeactions Co-O-B-O-Co.

In the compound investigated by us, the magnetimerds lie in a different plane ae.
However, there is a certain similarity with the matic structure of 805 [11]. Figure 9 shows
the magnetic moments of ions on each crystallogcaphe; for convenience, they have a
common reference point. It can be seen that thenetmgmoments of ions in positions 2 and 4
andiin‘positions 3 and 1 lie almost in one stragid are antiferromagnetically oriented. The
two straights make an angle of 60°. Thus, in thestat under study, similar to §&Os, the

12
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gg The difference in the orientation of the magnetienments inCu,MnBOs and in FeBOs
27 can be caused by the J—Teller effect; as mentioned in [5]; in F&BOs the long axes of the
28 oxygen octahedraurrounding iron li in the be'plane; while in CeMnBOs the octahedra are
ég distorted due to the Jahfieller effec and the/long'axes ‘are turnedte a direction as well.

31 The estimation othe exchange .interactions using the Anderstavadsky model shows
32 that in FgBOs there are many frustrating. interactions, sithe metal ions in the ludwigit
gi structure form triangular groups and mast of thempte in triads with each oth [28, 29. The
35 magnetic moments of the two ‘subsystems arrangeogwtially possibly, to reduce the
g? frustrations [28]. In CeMnBOs, part of.the exchange interactidmstween the subsystems is ¢
38 frustrated and the other<are very w [5], which leads, as in EBOs, to the nonparallel
39 orientation of the moments in-the subsysit.

32 Such a separation of the magnetic system in twesysibms oriented nonparallel
42 apparently characteristaf-all ludwigites; however, up to nothe magnetic structuthave been
43 only studied for FéBQOs, CcsBOs and now CpMnBOs. This idea isin directly confirmed by
jg investigations of. themagnetizatio of single crystals of FeGBOs anc NisGeB.O,q [4, 13],
46 which also evidence the occurrence of magnetizatiawo direction.

a7 One moresspecifiteatur¢ of is the small magnetic moment of a copper ion ie 1 (2a).
jg The calculation of exechancnteractions showed that the exchamngeraction with ions in site
50 4 (4€°) are weakly.antiferromagnetic and the exchainteractionswith the two nearest ions on
g; site 3 @e') aredifferentone is weaklyferromagnetic and the other, antiferromagt.

53 At thesmagnetic phase transition, ions in 1 (2a) are apparentlweakly coupled by the
54 exchange interaction with the rest ions and ordeompletel. The FH and FC temperature
gg dependences ahagnetizatio reveal the above-discussed hysteragisch can be related to tl
57 incomplete ordering of the magnetic moments of iionsite 1 (2a) an¢, as we stated above, the
gg behavior of specific heat does not contradict ttegpsed mod.

60

VI1Il. Conclusions
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The structural, magnetic, and thermodynamic proggerof the ludwigite GMnBOs, a
new compound in the family of quasi-low-dimensionalborates with the ludwigite structure,
have been studied. The quasi-two-dimensional dryttacture and the presence of a large
number of magnetic ions on different sites in thé gell lead to a magnetic structure which is
difficult to establish by macroscopic magnetic s#sd The CpMnBOs ludwigite is. the first
heterometallic representative of the family of lugites whose microscopic magnetic structure
was experimentally determined by neutron powddratifion. Similar studies had been carried
out earlier for the monometallic 805 and Cg@BOs ludwigites. Combining thexnew results on
CwMnBOs with the results on EBOs and C@BOs it appears as a.common feature of the
ludwigites that the magnetic structure is dividetbitwo subsystems of three leg,ladders labelled
4-2-4 and 3-1-3 where the numbers represent tHerelft magnetie. cation sites forming the
ladders. This characteristic of the magnetic stmgcis linked to'the specific geometry of the
crystal structure and occurs to weaken the frustrah the system. The magnetic structure of
CwMnBOs is more complex than in g8Os — the directions' of all'the four magnetic moments
do not coincide with the principal crystallographlicections.in‘the crystal, which is most likely
caused by the Jahn—Teller effect. In addition,simall moment.of the copper ions in site2a)(
indicates the incomplete magnetic ordering on #iig, which is confirmed by the magnetic
(anomaly in the magnetization curves) and thermanyo properties and is characteristic of
heterometallic ludwigites [2, 4, 7, 30]. The strodgpendence of the magnetization on the
applied magnetic field in the region of the secanmdmaly in the temperature dependences of
magnetization needs further investigations of /Aregmetic and thermodynamic properties in
weak magnetic fields. A clear understanding of tirechanisms of magnetic ordering in the
CwpMnBOs ludwigite will elucidate the properties of oth@mepounds in this family.
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