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Fe substitution effect on the magnetic behavior of Mn,_xFe,BO,4 (x = 0.3, 0.5, 0.7) warwickites has been
investigated combining Mdssbauer spectroscopy, dc magnetization, ac magnetic susceptibility, and heat
capacity measurements. The Fe?* ions distribution over two crystallographic nonequivalent sites is stud-
ied. The Fe introduction breaks a long-range antiferromagnetic order and leads to onset of spin-glass

ground state. The antiferromagnetic short-range-order spin correlations persist up to temperatures well
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above T reflecting in increasing deviations from the Curie-Weiss law, the reduced effective magnetic
moment and “missing” entropy. The results are interpreted in the terms of the progressive increase of
the frustration effect and the formation of spin-correlated regions.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The phase transitions and magnetic properties of frustrated
magnetic systems are in the focus of intense current investigations
[1,2]. Magnetic frustration has been regarded as an organizing
principle governing a wide range of physical phenomena in the col-
lective behaviors of spins. Frustrations manifest themselves in a
dramatic lowering of the critical temperature or complete suppres-
sion of the long-range order as well as in exotic magnetic states
such as spin liquid or spin ice. Such mechanisms like the geomet-
rical constrains, the competing magnetic interactions or the disor-
der in lattices can cause frustration. Geometrical spin frustration
comes from the topological arrangement of the spins [3,4]. The
kagome, pyrochlore and garnet structure types are most well-
known and thoroughly studied [1,5,6].

The oxyborates with warwickite and ludwigite structures repre-
sent frustrated magnetic systems with a variety of interrelated
magnetic phenomena [7-9]. In the ludwigite the heavy frustrations
of exchange interactions between the spin ladders have been found
[10]. The heterometallic warwickites with general formula
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MZ*M"*BO,4 (M?*, M®" = Mg, Sc and transition metal ions) are an
example of random frustration, where the two crystallographic
nonequivalent metal sites are randomly occupied by the divalent
and trivalent metals [7,11,12]. The metal ions have an octahedral
coordination. Four octahedra share edges with each other, generat-
ing low-dimensional ribbons propagating along c-axis. Each of the
metal atoms in the ribbon forms a potentially frustrated triangle
network if the nearest-neighbor exchange interactions are antifer-
romagnetic [8]. Indeed, the heterometallic warwickites show large
frustration index [3] f = |0]/Tsg going up to 37 (Table 1). On cooling
these materials displays the spin glass transition below Tsc. In the
intermediated temperature range the spin dynamics probed by ac
susceptibility shows the power-law behavior y ~ T~* characteris-
tic of random exchange Heisenberg antiferromagnetic chains
(REHAC) [7,8,12]. Such power-law behavior is experimentally
observed for sufficiently disordered spin antiferromagnetic chains
(MgM'BO4 M’ =Ti, V, Cr, Fe, and CoFeBO,4 [7,8,12-14]). This non-
trivial magnetic behavior is a direct consequence of the warwickite
structure which favors both the magnetic frustration and the low
dimensionality.

At present there are reports on only two homo-metallic war-
wickites: Fe,BO, and Mn,BO,, exhibiting both charge ordering
and long-range magnetic order [15-19]. In Mn,BO, the charge
ordering of the type Mn?*(2)-Mn3'(1) is associated with orbital
ordering (d?). The last two decades the magnetic ground state of
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Table 1
Magnetic properties of heterometallic warwickites. The asterisk denotes the results of present work.
S(M?*) S(M>*) Tsc, K 0, K Tq K 0/Tsc Refs.
CuFeBO, 12 52 12 ~200 75 16.7 [22]
NiFeBO,4 1 5/2 12 —450 40 375 [22]
CoFeBO, 32 52 22 -311 150 14.1 18]
Mn; sFeq7BO4 52 2,5/2 17 -228 236 13.5 *

Mn,BO,4 was a subject of extensive studies including neutron pow-
der diffraction study (NPD) [18]. These measurements have
revealed a long-range antiferromagnetic order below Ty = 26 K that
has been confirmed by the magnetization and the specific-heat
measurements [19]. In addition the magnetic anisotropy with
easy-axis of magnetization in ab-plane has been found.

While the effects of dilution by non-magnetic cations on the
magnetic lattice have been extensively studied [7,8,11-14,20-22]
much less is known about the effects of magnetic substitution.
The exceptions are CuFeBO,, NiFeBO, and CoFeBO,4 [8,22] which
present the mixed spin systems with S(M?*)=1/2, 1, 3/2 and S
(M3*) = 5/2 (Table 1). To the best of our knowledge, only two works
have been published so far reporting the crystal structure of
MnFeBO, [23,24]. At the same time MnFeBO, warwickite is sup-
posed to be a spin system where only one type of spin chains exist
(S(M?*) = S(M?*) = 5/2). Recently, Mn,_Fe,BO, (x=0.3, 0.5, 0.7)
warwickite system has been synthesized and characterized by X-
ray diffraction and X-ray absorption spectroscopy [25]. The com-
parison of Mn,BO,4 and Mn;_,Fe,BO4 has revealed the breakdown
of the Mn?*/Mn3" charge ordering and the suppression of the
long-range antiferromagnetic order in the latter. Fe-substitution
induces the change in the crystal symmetry from monoclinic (sp.
g. P2{/a) for x=0.0 to orthorhombic (sp.g. Pnam) for x > 0.3 and
the reduction of local structural distortion around both Mn and
Fe atoms. Here we report the Fe substitution effect on magnetism,
including the magnetic anisotropy, and REHAC phase of the
an,xFeXBOLL.

2. Experimental procedure

The crystal growth method and the structure of Mn,_xFe,BO4
(x=0.3, 0.5, 0.7) warwickites were reported in a previous work
[25]. Single crystalline samples of Mn,_ ,Fe,BO, were grown by
the flux method in the system Bi;Mo030;,-B,03-Na,0O-Mn;03-
Fe,0s. Needle shape black crystals with a typical size of 0.4 x 0.2
x 8.0 mm> were obtained. The magnetic and heat-capacity mea-
surements were performed using a Quantum Design PPMS (Physi-
cal Properties Measurement System). The temperature range was
2-300 K. The dc magnetization measurements were carried out
for parallel (c-axis) and perpendicular (ab-plane) orientations of
applied field respective the needle axis in magnetic fields up to
9 T. The ac magnetic susceptibility was measured in the frequency
range 0.01 <f<10kHz, with an exciting field of 5 Oe. Heat-
capacity measurements as a function of temperature and magnetic
field were performed employing 7.93, 8.44 and 6.49 mg of
randomly oriented crystalline needles (x=0.3, 0.5 and 0.7,
respectively).

The high-temperature heat capacity were measured by DSC on a
NETZSCH 204 F1 instrument in a dry helium flow (20 ml/min) in the
323-773 K temperature range at a heating rate of 5 K/min in alu-
minum specimen containers (V = 25 mm?, d = 6 mm) equipped with
lids with a hole. The average weight of the samples for heat capacity
measurements was about 50 mg. Sapphire (m = 50.16 mg) was used
as the standard. Three series of measurements were carried out for
each crystal. The calibration against the heat flux was carried out
before each measurement throughout the temperature range of

interest. The experimental data were processed using the NETZSCH
Proteus Thermal Analysis program package.

The Méssbauer absorption spectra of >’Fe nuclei were recorded
in the temperature range between 4 and 300 K with a standard
MS-1104Em spectrometer operating in the constant accelerations
regime. The gamma-ray source >’Co(Cr) was at room temperature.
The isomer shifts of Méssbauer spectra were measured relative to a
metal o-Fe standard absorber. The hyperfine parameters were
obtained by a least-square procedure assuming Lorentzian line
shapes. A powder of crushed single crystals was used.

The morphology, microstructure and local elemental composi-
tion of the Mn,_,Fe,BO4 (x =0.3, 0.5, 0.7) samples were investi-
gated using scanning and transmission electron microscopy
(SEM and TEM). SEM experiments were performed with a JEOL
JSM-7001F equipped with an energy dispersive X-ray spectrome-
ter (Oxford Instruments) by which the elemental composition of
the samples was controlled. TEM experiments were made with a
JEOL JEM-2100 microscope operating at the accelerating voltage
of 200 kV.

3. Experimental results and discussion
3.1. SEM, TEM and EDS characterization

Fig. 1a and b show the SEM images of the Mn,_,Fe,BO,4 samples
demonstrating the shape of the single crystals which is character-
istic for all the investigated samples.

In Fig. 2a the scanning transmission electron microscopy
(STEM) image of the Mn;sFeq;B04 sample is shown. Given in
Table 2 is the normalized concentration of manganese and iron
obtained from the points shown in Fig. 2a, which are good agreed
with results of spectroscopic study and target stoichiometry [25].
Presented in Fig. 2b and c are the energy dispersive spectroscopy
(EDS) elemental mapping images of Mn (b) and Fe (c) of the
Mn; 3Feq7B0,4 sample. Based on the analysis of the elemental map-
ping images it is possible to conclude that manganese and iron are
uniformly distributed throughout the sample, at least in the scale
of 20-30 nm.

3.2. Mdssbauer effect

The room-temperature Mdéssbauer spectra of Mn,_cFe,BO4 war-
wickites can be well described by four symmetric quadruple dou-
blets D1-D4 (Fig. 3). The hyperfine parameters listed in Table 3 are
comparable to those previously published [11,26]. The isomer shift
values (IS ~ 0.4 mmy/s) are close for all samples. A quadrupole split-
ting has a great difference ranged from QS = 0.5 to 1.60 mm/s, that
is assigned to crystallographic nonequivalent metal sites M1 and
M2 in the warwickite structure. As it was shown for MgFeBO, [8]
and Mn,BO4 [19] the electrical field gradient V,, of the M1 site is
higher than the M2 site indicating pronounced distortions of
M10g oxygen octahedron. By analogy with previous ME data the
doublets D3 and D4 with a greater QS value should be assign to
the Fe3* ions in the M1 site, while the doublets D1 and D2 are
assigned to Fe** ions in the M2 site. The iron ions inter into the
warwickite structure in the trivalent and high-spin states. As Fe
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Fig. 2. STEM image (a) and corresponding EDS elemental mapping images of Mn (b) and Fe (c) of the Mn; 3Fey7B04 sample.

Table 2
The normalized concentration of manganese and iron of the Mn; ;Fey,B0,4 sample.
Mn (at%) Fe (at%)
Spectrum 1 64.5 355
Spectrum 2 63.5 36.5
Spectrum 3 63.7 36.3

content increase the distortions of both coordinated octahedra (QS)
decrease agreeing with the results of the EXAFS study.

The occupation of the M1 and M2 sites by Fe>* is independent
on the concentration (~0.5/0.5) and indicates the uniform distribu-
tion of Fe>* ions over two crystallographic positions. Based on the
Mossbauer data, a cation distribution over M1 and M2 sites in
Mn,_4Fe,BO, warwickites can be written as:

x=03: (Mno,g4F60_14)M] (Mno_86F90,16)MZBO4

x=05: (MnojsFeo_zs)M] (Mn0,75Feo,25)MzBO4 (l)
x=0.7": (1\/11’10_651:60_35)M1 (Mno_55F90_35)MZBO4

At same time each non-equivalent position represents by two
quadrupole doublets with the area ratio ~2:1. That is, the distribu-
tion of iron over non-equivalent positions has signs a certain order
within M1 and M2 positions.

As temperature decrease, the Mossbauer spectra split into sex-
tets due to the Zeeman effect-indicating the magnetic ordering of
iron ions (Fig. 4). A noticeable broadening of the outer lines of
the spectrum is clearly observed, which indicates a heterogeneity
of the Fe-cations magnetic surrounding in the crystal. In our study
of Mn,_xFe,BO, warwickites by Mdssbauer spectroscopy we have
used model hyperfine field distribution (HFD). The temperature
evolution of the magnetic spectra is characterized by an increase
of the hyperfine fields and a decrease of the width of HFD. The
width of the HFD indicates the many possible magnetic states of
the iron ions. The warwickites with cation disorder often display
wide ranges of local environments leading to continuous distribu-
tions of hyperfine parameters. Fig. 5 shows the distribution of the
hyperfine field probability in the experimental spectra, obtained at
T; ~ 0.6-Tsg and T, ~ 0.4-T; for two Fe-rich samples (x = 0.5 and
0.7). These distributions are centered at ~400 for T; and 430 kOe



N.V. Kazak et al./Journal of Magnetism and Magnetic Materials 452 (2018) 90-99 93

D1
D2

D3

D4

fit

e experiment

Absorption

Mn1_3FeU_7BO4
300K

-3 -2 -1 0 1 2 3
V (mm/s)

Fig. 3. Room-temperature Mdssbauer spectrum of Mn; 3Feo7B04. The four quadru-
pole doublets D1-D4 corresponding to the M1 and M2 sites of Fe*" ions are
highlighted by the colors. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

for T,. The blue solid lines correspond to the HFD averaged over ten
points. It is clear, that HFD shows non-symmetric shape concern-
ing to the maximums of the distribution. Asymmetry of the distri-
bution increases with the temperature decrease.

Mossbauer spectra recorded at the temperature of 4K are
shown in Fig. 6. These spectra can be well approximated by two
sextets with the hyperfine parameters listed in the Table 4. The
average hyperfine magnetic field value (~450 kQOe) is in fact some-
what higher than those known for other Fe-substituted warwick-
ites [8,26]. The mentioned above a certain ordering of iron
cations within the positions M1 and M2 observed at room temper-
ature is exhibited in the occupations of the magnetic sextets at 4 K
(~0.7/0.3) and the non-symmetric shape of the HFD at the temper-
atures below Tsc. The wide HFD demonstrates the existence in
crystals of the regions (“clusters”) with the different magnetic cor-
relation radii. The random distribution of the “clusters” and ran-
dom strength of the magnetic bond between them results in the
spin-glass-like state in the Mn-Fe warwickites.

3.3. dc magnetization
Field cooled (FC) and zero field cooled (ZFC) dc magnetization

measurements as a function of temperature with an applied field
of 500 Oe parallel and perpendicular to c-axis are shown in

Table 3
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Fig. 4. Mossbauer spectra of a) Mn;sFepsBO4 and b) Mn;sFeq;B0O, taken at
temperatures below magnetic transition.

Fig. 7. A negligible anisotropy is found for all samples, while the
mixed-valent Mn,BO, displays an easy magnetization direction
lying in the ab-plane [19]. It is to be expected since Mn>*ions
(d*) are substituted by Fe3* ions (d°) having no orbital moment.
Among other factors, the magnetocrystalline anisotropy depends
on the actual distortion of first coordination shell. The Fe substitu-
tion induces the decrease in tetragonal distortions within both Fe

Hyperfine parameters obtained from the RT Mdssbauer spectra of Mn,_,Fe,BO,4 (x = 0.3, 0.5, 0.7). IS is the isomer shift relative to a-Fe (£0.01 mm/s), QS is the quadrupole splitting
(+0.01 mmy/s), W is the line width (+0.01 mm/s), and A is the iron occupation factor (+1.5%).

IS (mm)/s) QS (mm/s) W (mm/s) A (%) Fe site

Mn; 7Feo3BO4

D1 0.413 0.586 0.345 16 M2
D2 0.399 0.965 0.394 37

D3 0.397 1.307 0.312 34 M1
D4 0.402 1.600 0.264 13

Mn; sFeosBO4

D1 0.399 0.491 0.296 17 M2
D2 0.401 0.799 0.327 33

D3 0.399 1.113 0.346 36 M1
D4 0.397 1.435 0.332 14

Mn; 3Feq7BO4

D1 0.404 0.443 0.283 16 M2
D2 0.398 0.752 0.320 34

D3 0.351 1.068 0.327 33 M1
D4 0.476 1.072 0.300 17
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Fig. 5. Hyperfine field distributions for a) Mn; sFeq sBO4 and b) Mn; sFey ;BO, as obtained from experimental Mossbauer spectra and averaging over ten points (blue line). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and Mn types of coordinated octahedra and thereby reducing the
magnetic anisotropy [25]. The inset to Fig. 7b presents the compar-
ison of the FC magnetization versus temperature curves of Mn-
based warwickites at the applied field of 50 kOe parallel to c-
axis. The introduction of the Fe gives raises the significant increase
in the magnetic moment.

All three samples demonstrates a peak on the ZFC curves and a
strong thermo-irreversibility between the ZFC and the FC data, a
behavior found to be typical of a spin-glass (SG) state. For the
lower temperatures the ZFC curve falls off rapidly while the FC
curve monotonically increases up to the lowest temperatures.
The temperature of the maximum (T,,) as well as the temperature
(Tix) where the irreversibility between the ZFC and FC curves
appears depend on the applied magnetic field (inset to Fig. 7a).
As applied field increase the ZFC cusp broadens and is shifted to
lower temperature. The temperature Ty, is increase steadily with
Fe content: ~11, 14 and 17 K for x = 0.3, 0.5 and 0.7, respectively
(Table 5). At sufficiently high temperatures (T > 220 K) the dc mag-
netic susceptibility (x4 =M/H) is described by the Curie-Weiss
law (inset to Fig. 7c). As temperature decrease the susceptibility
exhibits progressive deviation from Curie-Weiss behavior indicat-
ing the growing short-range-order (SRO) spin correlations. A char-
acteristic temperature Tq at which the deviations appear is as large
as one order of magnitude the Tsg (Table 5). This suggests that the
SRO spin correlations develop long before the spin-glass transition.
In Mn,_«Fe,BO, warwickites the effective magnetic moments of
,uzjle’ for two directions of applied field are close to each other
(the difference is about 5%). Furthermore, the respective tempera-
tures 0 and Ty for the fields applied along ab-plane differ at most by
5% from those for the field parallel to the c-axis confirming the
reducing of the magnetic anisotropy. The values obtained from
the Curie-Weiss fit for the applied field parallel to c-axis are listed
in Table 5. The enhancement of afm interactions manifests in the
increasing of negative Curie-Weiss temperature 0 with Fe content.
A simple experimental measure of the exchange energy is provided
by the constant 0, which according to mean field theory is given by

0 =251 377);, where z; is the number of nearest-neighbors with

exchange coupling J;. We used z =2 and the average spin per ion
(for substituted Mn,_,Fe,BO,4 system the formula unit involves
one Mn?" ion and mixture of Mn>" and Fe3' ions taken with the
weights of (1-x) and x, respectively). The estimated exchange

parameters J/kp increases from ~12 to ~1K for x=0.0 and 0.7,
respectively

(Table 5), i.e. the energy scale for the antiferromagnetic interac-
tions increases. We estimated the expected values of the effective
magnetic moments considering that the orbital component of
magnetic moment is neglected. Assuming the high-spin states for
all ions S(Mn?*) = S(Fe>*)=S1=5/2, S(Mn®**)=52=2 and g =2 the
spin component of the effective moment calculated according with
the formula [27]

;=8 VA1 +%)-S1-ST+1)+(1—-x)-52-(S2+1). 2)

exp

eff
from the expected effective moment 5 is observed. In addition,

are given in Table 5. For all studied samples the deviation of

the ug;;’ demonstrate the monotonic decrease with x, that strongly

contrasts with the expected increasing of the ugﬁ. At the high tem-
peratures where disordering temperature effect is large, the effec-
tive moment is to be close to the free-ion effective moment. In
spin-glass systems the afm SRO spin correlations induce the devia-
tion from the paramagnetic behavior and are evident in the temper-
ature variation of ,ug;‘fp [28]

o1y 172
K (T) = (3ks)"? (—d(d;f )> ; 3)

kg is a Boltzmann constant. The effective magnetic moments
derived in this way are shown in the inset to Fig. 8. The effective
moment ,uzijé’ of Mn,BO, is constant above T4 and gradually
decreases below T4 while the substituted samples show monotonic
decrease over T range. This indicates that at the finite temperatures
T > Ts the part of the spin system is remain interacting. The num-
ber of the non-interacting (paramagnetic) spins Nﬁ;f” can be
extracted from the dc susceptibility data as has been demonstrated
in Ref. [29]. For spin-glass system with predominantly afm interac-
tions an enhancement of y*P(T) above the extrapolated high-

temperature Curie-Weiss behavior X(T)=% and the depression
. . 0 C Ng?125(5+1) .
below a fictive Curie law x°(T) =3, Co = =5 =, where N is the

total number of spins in the system, are expected. The magnetic
susceptibility depending on the temperature and effective number

N¢jf may be obtained in the Curie form (T) = SN (T). The derived
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Fig. 6. Low temperature Mossbauer spectra of Mn;_xFe,BO,. The calculated
spectrum components with hyperfine parameters listed in Table 4 are highlighted
by the colors. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

values of Ng’r}"(T) are shown in Fig. 8. As temperature decreases the
N (T) behavior demonstrates monotonically decrease related with

growing SRO spin correlations. Below Tsc the N'e’f"f" (T) rapidly tends
to zero indicating that all spins are became magnetically coupled.
We have estimated the effective number of the interacting spins

Table 4

’e’}} which is linked with the number of the paramagnetic spins

Ni' by simple relation Njji = 1 — Nj. The room temperature value
of interacting spin concentration N;}; ~ 0.49, 0.52, and 0.61 for x =
0.3, 0.5, and 0.7, respectively, that is sufficiently larger than that
for pure paramagnetic state.

For all samples the field dependences of the magnetization at
lowest measured temperature exhibit a rounded shape without
any trend to saturation up to 9 T (Fig. 9). The magnetization value
at 9 T reaches a small fraction of the calculated saturation. Hystere-
sis loops are observed at low temperatures, which is a signature of
the spin-glass state. This behavior is strongly contrasts with the
linear dependence expected for LRO antiferromagnetism actually
observed for Mn,BO,4 [19].

3.4. ac magnetic susceptibility

The other feature supporting the indication of a SG ground state
in Fe-substituted samples is the ac magnetic susceptibility. All
samples show relatively sharp maxima of real component of mag-
netic susceptibility x’ and a step-like behavior of imaginary part of
susceptibility x” at the freezing temperature T The temperature
behavior of y/(T) for different frequencies of the driving ac field
(f) is shown in Fig. 10 for Mn,; 3Feg;BO4 as an example. For lower
frequencies the observed maxima of y'(T) are shifted to lower tem-
peratures and the absolute values of x’(T) are increased (top inset
Fig. 10). The increase of the maximum intensity is about a 5% of the
peak value. The freezing temperatures Ty are frequency dependent.
The normalized frequency shift defined as p = AT;/T; - (Alogf) is
equal 0.028, 0.023 and 0.030 for x = 0.3, 0.5 and 0.7, respectively.
These values match well with those found in Mg-Co-Fe warwick-
ites [8]. In order to analyze the maximum frequency dependence,
we have scaled our data using a critical law
F=Fo(Te(f)/Tr(0) — 1) where T{f) is the spin-glass transition
temperature as a function of the frequency, T/(0) is the spin-glass
transition temperature in the limit of zero frequency, zv is the
dynamic critical exponent. The results are shown in the bottom
inset to Fig. 10. The best fit parameters are given in Table 6. Evi-
dently, the characteristic parameter f, is larger than the value for
canonical spin glass system (10'°-10'3 Hz) [30,31] and decreases
with increasing of Fe content. The dynamic critical exponent
3.95 <zv <5.51 are close to that found for cluster spin-glasses
such as hole-doped manganites [32].

The field dependence of the freezing temperature follows a
potential law H(T) = H(0):[1 — T{H)/T{0)]" (Fig. 11). The linear fit
yields T{0) = 17.6 K, H(0) = 95.5(2) kOe, v = 1.07(2) for Mn; 3Feq -
BO,. Note that the parameter v is lower than that for Almeida-
Thouless irreversibility line (~1.50).

Taking into account the quasi low-dimensional character of the
magnetic interactions in the warwickites one can expected that
above Tsg the afm short-range spin correlations will lead to the for-
mation of one-dimensional Heisenberg spin chains. Evidence for a
quasi 1D magnetic behavior in the warwickites has been obtained
earlier [7,8,12-14] and comes from the intermediate-temperature

Méssbauer parameters of Mn,_4Fe,BO4 (x = 0.3, 0.5, 0.7) obtained at T = 4 K. IS is the isomer shift relative to a-Fe (+0.01 mm/s), Hysis the magnetic hyperfine field at Fe nuclei (+5
kOe), QS is the quadruple splitting (£0.02 mm/s), W is the half-line width (£0.06 mm/s), and A is the iron occupation factor (+1.5%).

IS (mm/s) Hpys (kOe) QS (mm/s) W (mm/s) A (%)
Mn; ;Feq3BO, S1 0.494 449 0.61 1.04 0.68
S2 0.550 403 0.16 0.86 0.32
Mn; sFeqsBO4 S1 0.550 464 0.12 0.74 0.68
S2 0.532 431 0.01 0.72 0.32
Mn; 3Feq7BO4 S1 0.549 463 0.09 0.64 0.53
S2 0.540 431 0.01 0.69 0.48
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Fig. 7. Temperature dependences of the ZFC and FC magnetizations at H = 500 Oe, showing the SG behavior for a) Mn; ;Feq3B04, b) Mn; sFeqsBO4, ¢) Mn; 3Feg;B0,4. The
insets: a) the field-dependent splitting of ZFC and FC curves at the external magnetic field parallel to c-axis; b) temperature dependences of the FC magnetizations of Mn,BO,4
and Mn,_,Fe,BO,4 (x = 0.3, 0.5, 0.7) at field of 50 kOe parallel c-axis; c¢) inverse dc susceptibility as a function of the temperature for Mn, 3Fey;B04. The temperature T4 denotes

the onset of the deviations from Curie-Weiss behavior.

Table 5

Magnetic parameters of Mn,_xFe,BO4 (x = 0.3, 0.5, 0.7) obtained from dc magnetization data (H = 500 Oe). The parameters for Mn,BO, are taken from the Ref. [19]. The applied

field is parallel to c-axis.

Mn,BO,4 Mn, 7Fep3BO4 Mn, sFegsBO4 Mn; sFeq7BO4
Tn, Ty K 26 113 14.6 16.9
Ta, K 100 220 220 236
,ui}}p, ug/fou. 6.25 7.08 7.01 6.87
0, K -118 -177 -171 —-228
[0/ Tl 45 15.7 117 135
J/ks, K 12.1 17.2 16.3 20.6
Iugﬂ‘ pg/fu. 7.68 7.92 8.01 8.18

ac susceptibility where the power law of y(T) =A-T* is obeyed
(characteristic of Random Exchange Heisenberg Antiferromagnetic
Chain, REHAC [33,34]). Indeed, we have observed such power law
behavior in all samples in the double log plot of y(T) (inset to
Fig. 12). The fitting parameters are listed in Table 7. The fitted tem-
perature range was from ~33 to 196 K. The exponent o is ranged
from 0.76 to 0.88 depending on the iron concentration and close
to that found in other warwickites [7,8]. The renormalization cal-
culations have shown that the power-law with o ~ 0.8 is a quasi-
universal behavior for a wide class of distributions of exchange
parameters J [33]. The deviation from the T~* behavior has been
observed as the temperature approached the Tsg where the expo-
nent increases up to ~0.9-0.93. The satisfactory fit of the experi-
mental y,(T) by power law is shown in Fig. 12 for Mn; 3Feq7BO4.
Thus, the intermediate temperature interval, between the

spin-glass transition and paramagnetic behavior, is characterized
by the formation of localized spins chains with random antiferro-
magnetic interactions.

3.5. Heat capacity

The results of the heat capacity (HC) measurements are shown
in Fig. 13 where the comparison with the data for mixed-valent
Mn,BO, is represented. The Fe-containing warwickites display
broad anomalies with the maximum around ~11, 15, and 18 K
for x=0.3, 0.5 and 0.7, respectively, associated with spin-glass
transitions, while the heat capacity of Mn;BO,4 shows a sharp A-
type anomaly at 23 K due to long-range magnetic ordering. As Fe
content increase the maximum becomes smeared out and is
decreased in intensity. The magnetic field up to 9 T has weak effect
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Fig. 8. Temperature dependence of the effective number of non-interacting
magnetic moments. The inset shows the thermal variance of effective magnetic
moment defined following Eq. (3).
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Fig. 9. Field dependences of the magnetization for Mn; 3Feq ;B0 single crystal at 2
and 60 K for field perpendicular to needle axis.
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Fig. 10. Temperature dependence of the real part of ac susceptibility for Mn; 3-
Fey7BO4 for different frequencies of the driving ac field when H = 0 Oe and h = 5 Oe.
Top inset: the maximum frequency dependence. Bottom inset: the frequency
dependencies of the spin-glass temperature plotted in the double log plot. The solid
line is the fit to a critical-slowing-down model.

on the heat capacity of all Fe-containing samples (bottom inset to
Fig. 13). In magnetic field the anomaly slightly smears out and
shifts to lower temperatures. The HC of Mn,_,Fe,BO, warwickites
does not follow a T> law even at the lowest temperatures. The lat-
tice phonon contribution in the Debye-Einstein approximation

Table 6
Fit parameters for the y,. maximum frequency dependence.

Mn; 7Feq 3BO4 Mn; sFeosBO4 Mn; 3Feq 7B04

foo Hz (8.11£0.28)-10° (2.84 +0.95) -10° (0.14 £0.02) -10°
zv 5.51+0.14 4.66 £0.12 3.95+£0.07
Tsc, K 11502 144+0.2 17202
0,14
e 00e T T
gg ge Q 01201 p=50e
e ~ >
0,12 1 —e— 750e % 0,115 4
—— 100 Oe £ 0110
o —0— 250 Oe e
o —e— 500 O = 0,105
= 0,10 1 o 1k0ee
g 0,100
3 52 14 16 18 20 22
g 008 28 v=1.07 T(K)
o 0,08 A !
?/ 24
= £ 20 N Mn, ;Fe,,BO,
0,06 1 8ie
1.2
4 3 2 -
004 __log(1-T,(H)T,(0) i !
0 10 20 30 40 50 60

T(K)

Fig. 11. Temperature dependence of the real part of ac susceptibility for Mn; 3-
Feo7BO4 in the presence of a static magnetic field H, h =5 Oe, f=1 kHz. Top inset:
field dependence of the maximum on a large scale. Bottom inset: the dependence of
the freezing temperature on the static field.
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Fig. 12. ac magnetic susceptibility for Mn, 3Fey;BO,4 (w = 10 kHz) as a function of
the temperature. Solid red line represents a fit of the power law y(T)=A-T * with
fitting parameters A =1.87 and o = 0.85. Inset shows the of y(T) curves in double
logarithmic scale. The straight lines denote the power law. Results for samples x =
0.5 and 0.7 are shifted upward for clarity. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 7
Best fit parameters for the y,. temperature dependence.

Mn; ;Feq3BO4

A, emu/mol/Oe 1.46 £ 0.05
o 0.76 £0.01

Mn; sFeq5BO4

2.06 +0.08
0.88 £ 0.02

Mn; sFeq7B04

1.87 £0.06
0.85+0.01

C"* /R = KpD(®p/T) + KgD(®g/T) has been removed according to
the procedure described in Ref. [19] for Mn,BO,. For fitting proce-
dure the temperatures of T> 120K and T < 3.5 K far from anoma-
lous regions were used (top inset to Fig. 13). The parameters @p
and @ depend on the fit T range displaying monotonic decrease
with Fe content (Table 8). Note, that the obtained values of @p
and ©g for Mn,BO, are larger than those previously reported
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Fig. 13. Heat capacity of Mn,_,Fe,BO4 (x = 0.0, 0.3, 0.5, 0.7) plotted as C/Tvs T, H =
0. Top inset: experimental HC of Mn,BO, and Mn,sFe,sBO, and the lattice
contribution to the HC of the latter (black solid line), H = 0. Bottom inset: Mn; 5-
FeosBO4 heat capacity for applied fields 0 and 9 T.

Table 8
The parameters obtained from fits of Debye-Einstein model to the high-temperature
heat capacity of Mn,_xFe,BO,.

Mn,BO,  Mn,;Fep3BO;  Mn,;sFegsBOs  MngsFeg;BO4
Op, K 512 449 441 408
O, K 1399 1283 1140 1015
ASTP J/molK  26.8 18.2 15.5 11.8
AS™, J/mol-K 283 28.7 29.1 29.3

30 T T T
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Fig. 14. Entropy as a function of temperature for Mn, xFe,BO,4 (x = 0.0, 0.3, 0.5, 0.7),
H = 0. The antiferromagnetic transition in Mn,BO, is shown by an arrow.

[19]. The reduction of lattice stiffness related to decrease of Jahn-
Teller distortions is expected and is in accordance with EXAFS data
[25]. The magnetic entropy AS® lies between ~26.3 and 11.8 J/-
mol-K (Fig. 14, and the third row in Table 8). These entropy values
are much smaller than those estimated within the mean-field
model with the number of magnetically active ions per formula
unit n=2 and the gas constant R = 8.314 J/mol K. For the system
containing two types of the spins S1 and S2 as denoted in Sec.
33 AS"=R[(1+x)-In2-S1+1)+(1—x)-In(2-52+1)] (the
fourth row in Table 8). The possible explanation for this “missing”
entropy is that a considerable amount of entropy is given up at
temperatures much higher than Tsg, due to the presence of
short-range correlations. We may therefore expect a reduction in
the change in entropy associated with this magnetic contribution.

4. Conclusion

The dynamic and static magnetic properties as well as Moss-
bauer effect and heat capacity have been investigated in Mn,_,Fe,-
BO4 with x=0.3, 0.5, 0.7. A clear transition to a SG-like state is
identified by a sharp maximum y,(T) at the freezing temperature
T, accompanied by onset of a dependence of ¥, on the f. The fre-
quency dependence of the T{f) is well described with the conven-
tional critical slowing-down law with the glass temperature
increasing with the Fe content increasing. Due to the Fe** (S=
5/2) substitution for Mn®* (S=2) and unit cell decrease the
enhancement of the average magnetic exchange interactions is
expected, an effect which is perceptible through the increase in
magnetic transition temperature (Tsg). The iron introduction
reduces the magnetic anisotropy. The Md&ssbauer spectroscopy
has revealed the feature of the cation distribution. While the iron
ions occupy different crystallographic sites M1 and M2 without
any brightly pronounced preference, the cation distribution within
the sites was found to have a certain order. Each of the positions is
divided into two ones with the occupation factors of Fe>* equal 2:1.
The non-symmetric shape of the HFD’s below spin-glass transition
temperature and the relaxation effects important at approaching
T,¢ have been found. The origins of spin-glass state in Mn-Fe war-
wickite can be due to random coupling between spatially sepa-
rated spin-correlated regions (“clusters”). The Fe addition results
in the increasing of AFM spin order within the “clusters” that is
reflected in the deviations from Curie-Weiss law, the reduced
effective magnetic moment and “missing” entropy. In addition, for-
mation of “clusters” is also supported by the large relaxation times
from a critical-slowing-down law (to=1/fo=10"°-10"%5s). The
EDS mapping shows uniform distribution of Mn and Fe throughout
the sample in the scale of 20-30 nm. This is indicates that the
“clusters” have indeed the magnetic origin but not chemical. As
Fe concentration increase the role of SRO spin correlations
increase, that results in the increase of the number of magnetically
coupling spins at definite temperatures (T > Tsg). The random cou-
pling between spin-correlated regions is due to the competitive
exchange interactions leading to dramatic increase in frustration
index from f~5 for Mn,BO4 to ~13.5 in Mn,_xFe,BO4 and tip
the balance from LRO towards a spin-glass state. In the presence
of Fe ions we always expect the enhancement of SRO spin correla-
tion independently on the kinds of M?* jon (Table 1). Nevertheless,
the temperature T4 when these correlations become effective was
found maximal for Mn-Fe warwickites than for the other reported
heterometallic warwickites. The three compounds show REHAC
behavior x(T)=A-T-* in the intermediate temperature range that
is the general peculiarity of the warwickite structure. The o param-
eters have been deduced as a function of temperature and Fe.
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