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The structural and magnetic properties of MnNb,_,V,0g samples were studied. These materials belong to
the AB,Og class, which presents low-dimensional magnetism. Curie-Weiss fitting gives a negative Weiss
temperature that is a characteristic of dominant antiferromagnetic interactions in paramagnetic region.
Rietveld refinements of neutron diffraction data show that magnetic moments are aligned
antiferromagnetically within the zig-zag chains running along the c axis. Unlike other ANb,Og type
systems crystallizing also in Pbcn space group and presenting ferromagnetic Ising chains, MnNb,_V,0g
samples exhibit antiferromagnetic type order along the chains. At 1.5 K, the Mn atoms are found to carry
an ordered magnetic moment of about 4.3 . The Mn chains are antiferromagnetic and do not present
significant anisotropy. These characteristics and the high spin allowed us to model the system as weakly
interacting classical Heisenberg chains, estimating the values of both intra- and interchain exchange
constants evolution with x content.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The system AB,Og has been extensively studied because of
interesting photoluminescence [1], dielectric [2,3], and magnetic
properties [4-6]. In these compounds A is a divalent magnetic
cation (Fe, Co, Cr, Ni, Cu, Mn,...) and B a non-magnetic
pentavalent cation. The crystal structure depends strongly on
the Bion. For example, B=Ta yields a tetragonal structure [4] while
Nb favors an orthorhombic one [5,7], with the exception of
CuNb,0g which presents a monoclinic structure [8]. Monoclinic
and triclinic structures are generally observed with B=V [9,10].
Fig. 1 shows the crystal structure of MnNb,Og, highlighting the
oxygen octahedra surrounding Mn ions. The structure can be
viewed as a stacking of slightly tilted oxygen octahedra, forming
zig-zag chains along the c¢ axis. Such zig-zag chains are also
characteristic of the a-PbO, structure [11,12].

The ANb,Og phases usually exhibit weakly interacting one-
dimensional magnetic chains [5,13,14]. MnNb,Og was found to
undergo a transition from a paramagnetic phase to an ordered
structure [7,15,16] at 4.40K.

We have recently reported [4,17-19] results on the ANb,Og and
ATa,0g series of compounds, characterized by 1D and 2D magnetic
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behavior, respectively. In this work we present a detailed
investigation of MnNb,_,V,0g (x=0, 0.1, 0.2, 0.3 and 0.4) by
means of magnetic measurements, powder neutron and X-ray
diffraction, and specific-heat measurements. This study is aimed to
investigate the effect of substitution on the structural and
magnetic properties of the MnNb,_,V,Og series of compounds
in particular the influence on the intra and interchain exchange
interactions and its consequence on the magnetic structure.

2. Experimental details

Samples were prepared with appropriate amounts of Mn
acetate (C4HgMnO4-4H,0), V,05 and Nb,Os. The mixtures were
ground, pressed into pellets, and heat-treated at 400, 650 and
725°C for 12, 16 and 48 h, respectively. All these heat treatments
were interspersed with grinding processes. MnNb,0Og was subject
to another treatment at 1100 °C for 36 h, while the MnNb,_,V,O¢
samples (x=0.1,0.2, 0.3 and 0.4) where further treated at 725 °C for
48 h. The heat treatment at 725°C was necessary to avoid
evaporation of the precursor V,0s. This was done to ensure a
unique phase, and immediately followed by a quenching process.

Sample purity was first checked by X-ray diffraction (XRD)
analysis followed by neutron diffraction (ND) and magnetic
measurements. The XRD was performed in Bragg-Brentano
geometry, using Cu Ko radiation, A(Kae1)=1.540562 A and A(Ko2) =
1.544390 A, with a scan step of 0.05° and angular 26 range from 10°
to 90°.
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Fig.1. Crystal structure of the MnNb,Og compound, showing the oxygen octahedra
surrounding the Mn atoms.

a
MnNb, V,,0q - ° Yo
yca
— yob-yca
S Pbcn
©
N
n
5
[
=}
3 ¥
I I ni 0 FUURCRE RN Wk 0 W RN N0 U SN 0T OO 10 AR 1
- A . " A
I i ot

L L 1 L L L
25 30 35 40 45 50 55 60 65 70 75 80

26 (%)

L L
10 15 20

ND patterns were recorded with the double-axis high-flux
diffractometer D1B operated by the CNRS at the Institut Laue
Langevin (ILL), Grenoble, using a 2.52 A wavelength selected by a
pyrolytic graphite monochromator. D1B is a powder diffractometer
operating with a take-off angle of the monochromator of 44° (in
20). In this configuration the multicounter is composed of
1280 cells covering a total angular domain of 128° (in 26), with
a detector step of 0.1°. A vanadium sample holder was used.
Neutron measurements have been carried out down to 1.5K by
pumping on the He liquid.

Rietveld refinement with FullProf package [20] was used for
XRD and ND data to extract the crystallographic and magnetic
parameters. Agreement factors used in this paper are defined
according to the guidelines of the Rietveld refinement [21].

Magnetic measurements were undertaken on powder samples
in the temperature range from 1.9 to 300K, using an extraction
magnetometer. Isothermal magnetization curves were recorded in
applied magnetic fields ranging from poH=0 to 107, and the
thermal dependence of magnetic susceptibility was measured in a
field of ugH=0.5T.

Specific heat measurements were performed on pellets (mass
~5mg), in the range of 1.8-300K, using a PPMS (Physical Property
Measurement System—Quantum Design) with the temperature
relaxation method. It consists in increasing the sample tempera-
ture with a known power and then fitting the temperature
relaxation during heating and cooling.
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Fig. 2. Rietveld refinement of the X-ray diffraction pattern recorded at room temperature for x=0.2 and 0.4. The Bragg positions correspond to the Pbcn and C2/m space

groups, as indicated.
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Fig. 3. Concentration dependence of the unit-cell parameters of the MnNb,_,V,Os compounds at room temperature. The lines are guide for the eyes.
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Table 1
XRD parameters at room temperature for MnNb,_VOg (Pbcn) compounds.
MnNb,06 MnNb, 5V(106 MnNb, gV(,06
Mn X 0 0 0
y 0.180(3) 0.176(4) 0.178(3)
z 0.25 0.25 0.25
Nb/V X 0.1626(3) 0.1630(4) 0.1630(4)
y 0.3188(9) 0.3182(1) 0.318(1)
z 0.760(2) 0.758(2) 0.757(2)
01 X 0.102(2) 0.098(2) 0.098(2)
y 0.412(5) 0.411(6) 0.414(6)
z 0.445(7) 0.462(9) 0.454(9)
02 X 0.083(2) 0.085(2) 0.083(2)
y 0.127(6) 0.137(7) 0.133(7)
z 0.888(7) 0.890(8) 0.886(8)
03 X 0.253(3) 0.254(3) 0.252(3)
y 0.127(6) 0.129(8) 0.130(6)
z 0.586(6) 0.598(9) 0.589(8)
a(A) 14.431(1) 14.423(2) 14.409(2)
b (A) 5.7638(4) 5.7607(6) 5.7573(6)
c(A) 5.0820(4) 5.0774(5) 5.0681(6)
Volume (A®) 422.73(5) 421.89(7) 420.45(5)
Rwp (%) 15.2 18.4 17.2
Rg (%) 4.8 5.8 6.2

3. Results and discussion
3.1. X-ray diffraction

From XRD-pattern analysis we observe that all the MnNb,_,V,0O¢
samples (with x varying in the range x=0-0.2) present a single
phase, with the Pbcn space-group symmetry. Rietveld analysis of the
XRD patterns recorded at room temperature for x=0.2 and 0.4 are
shown in Fig. 2. For the x = 0.2 we observe only orthorhombic Pbcn.
In contrast, for x=0.4 it is possible to observe a small amount of a
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Table 2

Néel temperature, Curie-Weiss temperature, Curie constant and effective magnetic
moment of MnNb, ,V,0s compounds obtained from measurements of dc
susceptibility.

Tn (K) Ocw (K) C (emuK/molOe) efr (I4B)
MnNb,Og 4.40 -245 478 6.18
MnNb;6Vo106 4.64 -25.0 4.66 6.11
MnNb; Vo206 4.68 -255 4,68 6.12

monoclinic C2/m phase. The MnNb; ;V, 306 sample presented 97%
of Pbcn and 3% of C2/m, while MnNb gV 406 showed 95% of Pbcn
and 5% of C2/m. The lattice-parameter variation of orthorhombic
Pbcn as function of x is show in Fig. 3. An anisotropic contraction
(related to x=0) was observed in the cell parameters: Aa/
a=-0.00247, Ab/b=—-0.00162 and Ac/c=—-0.00336.

Table 1 shows the room temperature XRD parameters for
MnNb,_,V,0g compounds: atomic position, cell parameters and
agreement Rietveld factors like Ryp and Rg.

3.2. Magnetic measurements

The temperature dependence of the dc susceptibility for
MnNb,Og sample recorded at uoH=0.5T is shown in Fig. 4.
Looking closely around the observed peak, one sees that it is not
sharp, but rather broad, and the Néel temperature corresponds to
an inflection point slightly below the maximum. This means that
the compound exhibits characteristic features of low-dimensional
magnetism, similarly to what was observed in other ANb,Og
compounds [5,13,14,17-19]. According to Fisher [22] in low-
dimensional systems the magnetic contribution to the specific
heat is directly related to d(Tx)/0T. The behavior of this derivative is
shown in the inset of Fig. 4 for x=0 and 0.2, where one sees that the
curves exhibit a peak at the ordering temperature. The values of
Néel temperature so determined are about 4.6 K (see also Table 2).

The paramagnetic susceptibility as a function of temperature
were fitted to the Curie-Weiss law, x(T)=C/(T—6cw) for temper-
atures above the ordering temperature. The Table 2 shows the
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Fig. 4. Temperature dependence of the dc susceptibility recorded at poH=0.5T for MnNb,Og sample. The inset shows the 9(Tx)/dT for x=0 and 0.2.
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Fig. 5. Comparative plot of the susceptibility data as a function of temperature for MnNb, gV ,0¢ and the exact result for a classical AF Heisenberg chain. The temperature
scaled by the Curie-Weiss 8¢y for the experimental data and by the rescaled exchange J* =4S for the theoretical curve.

parameters obtained from this analysis, for the samples x=0-0.2.
The effective magnetic moment in the paramagnetic state has been
derived from the Curie constant by [9].

In MnNb,Os, Mn?** cations have electronic state °Ss;. The
calculated value of effective magnetic moment, given by teg=g
wel[S(S+1)]'2[7,23],i55.92 ugforg=2and S=5/2.This valueis close

Table 3

Exchange parameters for the three indicated compositions, as obtained from
comparisons between the experimental susceptibility and the exact result for a
classical Heisenberg chain.

to the one obtained from susceptibility measurements, as can be
seen in Table 2. This confirms the divalent state of Min in the studied
compound. It also shows that orbital effects are essentially absent,
and Ising-like behavior due to strong anisotropy, as observed for Co
and Fe [17,19], should not be expected. Nevertheless, the slightly
higher Mn effective moment implies that the angular contribution
is not strictly zero. The values shown in Table 2 are in agreement
with those reported in Ref. [24] for MnNb,Og (Ocw=-20-5K,
C=4.37emuK/mol Oe, and pesr=5.91 ip).

Taking into account the presence of spin chains, which are
weakly interacting judging from the low values of Ty compared to
Ocw, and the high spin value (S=5/2), we can envisage an analysis
based on the classical Heisenberg chain. An exact expression for
the susceptibility of such a chain was obtained by Fisher [25]. It
corresponds to the limit S— infinite, in which the spins are
replaced by classical vectors of unit length and the exchange

Jlks (K) J ks (K)
MnNb,0g ~1.09 —0.365
MnNb; V(106 -1.07 —0.358
MnNb; V(206 -1.05 -0.350
T T 2'K T T T T T T T
e
281 | ok MnNb, .V, .O,
L —e— 10K
sl 025K
T —e-50K
| —e— 100K
150 K
z 151 200K
5 | —e—250K
Z —e— 300K
10
2 -
05|
0.0 |
L 1 L 1 L 1 L 1 L 1

__e—

Fig. 6. Isothermal magnetization curves recorded at the indicated temperatures for the MnNb; gV ,0s compound.
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Fig. 7. Specific-heat behavior of MnNb,0Og and ZnNb,0g (non-magnetic). The inset shows a detailed view of the region near the Néel temperature for MnNb,_,V,Og samples.
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Fig. 8. Rietveld refinement of neutron-diffraction pattern recorded at 280K for MnNb,Og. The Bragg positions correspond to the Phcn space group.
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counts (a. u.)

interaction ] along the chain is rescaled to J*=4S?]. In Fig. 5 we plot
the classical AF chain’s susceptibility as a function of T/|J*|. The
same plot includes the experimental data for MnNb; gV ;06 as a
function of T/|6cw|. It is clear that the physics of the classical chain
plays an important role in this system, although the deviations
seen in Fig. 5 reflect the interchain interactions and possibly the
quantum nature of the spins.

From Ref. [25] we know that the susceptibility maximum is
located at T/|J*|=0.2382. By supposing that the experimental

70 80 9 100 110 120

26 (%)

Fig. 10. Rietveld refinement of the ND pattern recorded at 1.5 K for MnNb; gV >06. The first and second rows of markers refer to Bragg-peak positions corresponding to the
nuclear contribution (Pbcn space group) and to the magnetic contribution, respectively.

maximum coincides with the classical-chain limit, we directly
relate J* to Ocw from the plots in Fig. 5, which allows to determine
the intrachain exchange J from its relation to J* and from the
obtained values of 6cw (Table 2). On the other hand, we have the
exact relation Ocw=2 (2/+6J) S(S+1)/3, where J is the average
exchange interaction between a given spin and those closest to it in
the six neighboring chains. From this we are able to estimate both
exchange constants, whose values are listed in Table 3 for the three
samples studied here. Despite the differences being small, there is

Table 4
Structural parameters obtained from Rietveld refinement of the ND pattern recorded at the indicated temperatures for MnNb,_,V,0s compounds.
MnNb,Og MnNb Vo106 MnNb; Vo206
Temp. — 280K 1.5K 200K 1.5K 9.7K 1.5K
Mn X 0 0 0 0 0 0
y 0.186(4) 0.165(3) 0.179(6) 0.179(3) 0.184(4) 0.182(3)
z 0.25 0.25 0.25 0.25 0.25 0.25
Nb/V X 0.1605(5) 0.1600(4) 0.1597(7) 0.1600(6) 0.1602(6) 0.1603(6)
y 0.316(2) 0.315(1) 0.311(2) 0.31(2) 0.312(2) 0.312(1)
z 0.763(3) 0.763(2) 0.760(4) 0.761(3) 0.758(3) 0.758(3)
01 X 0.0945(7) 0.0954(6) 0.0947(9) 0.0951(8) 0.0956(7) 0.0964(7)
y 0.394(2) 0.400(2) 0.399(3) 0.398(3) 0.396(3) 0.397(3)
z 0.434(2) 0.438(2) 0.439(3) 0.437(3) 0.439(3) 0.439(3)
02 X 0.0803(7) 0.0817(6) 0.0829(9) 0.0819(8) 0.0833(7) 0.0830(7)
y 0.107(2) 0.109(2) 0.106(3) 0.109(3) 0.112(2) 0.113(2)
z 0.907(3) 0.902(2) 0.900(3) 0.903(3) 0.899(3) 0.900(3)
03 X 0.2577(9) 0.2541(7) 0.2532(1) 0.2532(1) 0.2541(9) 0.2529(9)
y 0.128(2) 0.128(2) 0.125(3) 0.125(2) 0.128(2) 0.127(2)
z 0.586(3) 0.585(2) 0.581(4) 0.582(3) 0.582(3) 0.585(3)
a(A) 14.428(2) 14.414(2) 14.386(4) 14.391(3) 14.362(3) 14.371(3)
b (A) 5.7635(1) 5.7571(6) 5.749(1) 5.7504(9) 5.7431(9) 5.7452(9)
c(A) 5.0823(1) 5.0775(5) 5.068(1) 5.0690(8) 5.0574(8) 5.0594(7)
Volume (A®) 422.6(2) 421.35(9) 419.2(2) 419.4(1) 417.1(1) 417.7(1)
Rwe (%) 5.3 4.5 9.2 7.9 7.8 7.9
Rg (%) 7.2 6.4 10.5 8.2 8.0 7.3
Ry (%) - 9.4 - 11.2 - 9.3
M (1B) - 4.13(6) - 4.30(9) - 4.28(8)
6(°) - 71.3 - 70.4 - 71.6
@ (°) - 10.4 - 4.0 - 16
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Fig. 11. Antiferromagnetic zig-zag chain formed by Mn octahedra along the c axis for MnNb,_,V,0g samples.

a consistent reduction of the interactions as substitution of V for
Nb increases. This is more noticeable in the interchain coupling J',
which can be understood by the location of (Nb,V) planes
separating the chains along the a direction (see Fig. 1). It is
noteworthy that the negative sign of the J' exchange constant
found between the chains is confirming the hypothesis of an
antiferromagnetic coupling leading to frustration on the pseudo
triangular net of Mn chains.

Fig. 6 shows isothermal magnetization curves recorded at the
indicated temperatures for the MnNb;gVp,0¢ compound. The
behavior is typical of antiferromagnetic ordering, and no sharp
transition is observed (below the order temperature) up to poH =
10 T, whichis consistent with the absence of magnetic anisotropy. In
contrast, other ANb,Og systems, which present ferromagnetic
chains, show pronounced spin-flip transitions [17,19].

3.3. Specific-heat measurements
The occurrence of a magnetic transition at low temperature for

the MnNb,_,V,0s compounds was also checked through specific-

5.0

heat measurements, carried out down to 1.8 K. For comparison,
corresponding measurements were carried out in the isostructural
non-magnetic compound ZnNb,Og, as shown in Fig. 7. Concentra-
tion dependence of the specific-heat behavior with temperature
can be seen in the inset of that figure. All MnNb,_,V,0g samples
present peaks near Ty, while ZnNb,Og has no magnetic ordered
state. The Néel temperatures are 4.40, 4.64 and 4.68K for x=0.0,
0.1 and 0.2, respectively. These values agree with those obtained by
magnetic measurements. Similar values are reported in the
literature [7,15,16].

3.4. Neutron diffraction

Neutron-diffraction measurements were done in the range 1.4-
280K. Rietveld refinement of the ND pattern (A =2.52 A) recorded
at 280K for MnNb,Og is shown in Fig. 8. Bragg positions
correspond to the Pbcn space group. Fig. 9 shows the temperature
dependence of the unit-cell parameters for MnNb,Og as obtained
from ND.
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Fig. 12. Temperature dependence of Mn magnetic moment for MnNb;V(10¢ as obtained from the Rietveld refinement of the ND patterns.



176 M.L. Hneda et al./ Materials Research Bulletin 74 (2016) 169-176

For ND measurements taken at T < Ty it is possible to observe
peaks related to the magnetic structure. Fig. 10 shows the Rietveld
refinement of the ND pattern recorded at 1.5 K for MnNb; gV 506.
The Bragg positions correspond to the Pbcn space group of the
crystal structure and to the magnetic phase, as indicated. The
magnetic structure is commensurable with the lattice at this
temperature and presents a propagation vector k=(0,0,0). A very
small peak at about 16° corresponds to the largest magnetic peak
from trace of C2/m variant of MnV,0g. The concentration of this
phase was too low to be detected by X-ray diffraction and is only
revealed by neutron diffraction. It has been estimated to 1 percent.

The cell parameters obtained in this work, both from XRD
(Table 1) and ND (Table 4), are in agreement with the literature
[6,7,15].

The magnetic moments are antiferromagnetically coupled
along the c axis with an angle of 71° related to the same axis
and Fig. 11 shows the configuration obtained by ND results. Unlike
other divalent cations (Fe, Co, Ni) [5,17-19] which are featured by
large anisotropy, the Mn?* cations are not forming Ising type chains
running along the zig-zag of tilted octahedra. The Mn magnetic
moments are tilted away from the c axis (0~71°), they are
antiferromagnetically coupled to the following one along the zig-
zag chain. This antiferromagnetic coupling along the chain is in
contrast to the ferro-coupling previously reported between the Fe,
Ni or Co near neighbors. Table 4 shows that polar angle 6 does not
change as x increase, in contrast, ¢, the azimuthal angle presents a
variation and for x=0.2 it is almost zero degree. Due to the S=5/
2 state of Mn cation and the expected zero value of the orbital
moment, low magnetocrystalline anisotropy is expected for the
Mn?* cations leading to essentially Heisenberg type chains. This
result is in excellent agreement with our hypothesis of Heisenberg
chains, used for the analysis of magnetic measurements discussed
above. The observed antiferromagnetic ordering of the Mn cations
along the chains bears witness to the negative sign of the ]
exchange parameter.

Mn magnetic moment temperature dependence for
MnNb;¢Vo10s is shown in Fig. 12. Mn?" magnetic moment
observed at 1.5K (4.3 ug) is lower than the expected magnetic
moment (g/=5up) due to covalence as is typical in insulating
oxides [6]. Neutron diffraction measurement performed at 5.5K
shows no peak related to the magnetic structure and it is shown as
a red point in the diagram.

4. Conclusions

We did a systematic study of MnNb,_,V,O¢ samples (with x
varying in the range 0-0.4). For x < 0.2, samples presented a single
phase of Pbcn symmetry. For x> 0.3 we observed also a minority of
phase C2/m symmetry, the same structure as MnV,0g. Suscepti-
bility lines present an abroad maximum followed by an inflection
point (Ty) which characterizes low dimensional magnetic behav-
ior. Curie-Weiss fitting gives a negative Weiss temperature thatis a
characteristic of antiferromagnetic interactions in paramagnetic
region. M(H,T) vary linearly with no sharp transitions for an
applied field up to 10T. Order temperature obtained by specific
heat measurements increases with V content according to
susceptibility results. ND measurements show that Mn magnetic
moments form antiferromagnetic zig-zag chains running along the
c axis. Unlike other orthorhombic (Fe;Ni;Co)Nb,Og systems that
presents ferromagnetic Ising chains. At 1.5K, the Mn atoms are
found to carry an ordered magnetic moment of about 4.3 g, the
magnetic moment tilted away from the ¢ axis (by 8~71°). The
angle ¢ varies with V concentration, and decreases from about 10°
to almost zero for x=0 and 0.2 respectively. The Mn chains are
antiferromagnetic and do not present significant anisotropy. These

characteristics and the high spin allowed us to model the system as
weakly interacting classical Heisenberg chains, estimating the
values of intra- and interchain exchange constants. The intrachain
is found to be J=-1.09kg in MnNb,Og and the mean interchain
exchange constant is quantified to —0.365kg. V for Nb substitution
is found to induce a cell contraction and consequently a
progressive reduction of both the intra and interchain interactions.
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