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Abstract

®

CrossMark

The structural and magnetic properties of Mn; 4, V.04 (0 < x < 1) have been investigated by
the heat capacity, magnetization, x-ray diffraction and neutron diffraction measurements, and a
phase diagram of temperature versus composition was built up. For x < 0.3, a
cubic-to-tetragonal (¢ > a) phase transition was observed. For x > 0.3, the system maintained
the tetragonal lattice. Although the collinear and noncollinear magnetic transitions of V3* ions
were obtained in all compositions, the canting angles between the V31 ions decreased with
Mn**-doping, and the ordering of the Mn3 ions was only observed as x > 0.4. In order to
study the dynamics of the ground state, the first principles simulation was applied to analyze
not only the orbital effects of Mn?*, Mn**, and V3* ions, but also the related exchange

energies.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Currently, frustrated magnets have attracted a lot of attention
in both scientific and industrial fields due to their degenerate
ground state which gives rise to a host of exotic phenomena
such as spin ices and spin liquids [1-3]. Since the degeneracy
of the ground state could be affected by the external stimuli
such as magnetic or electric fields, pressure, and temperature,
the exotic physical properties could be harnessed if one could
understand the original driving force of the frustrated state.
Typically, the geometrically frustrated lattice includes the
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corner- and side-shared triangle as the two-dimensional (2D)
kagome and triangular compounds, and the three-dimensional
(3D) spinel and pyrochlore compounds [2, 4, 5]. Spinel oxides,
AB;Qy, are naturally geometrically frustrated materials on the
pyrochlore sublattice at the B-sites. For these compounds, the
spin, orbital, charge and lattice degrees of freedom are strongly
correlated and compete with each other to induce varieties of
ordered states which influence the macroscopic properties of
the system, such as the structural, electric, and magnetic prop-
erties [6—10]. As a result, interesting physical properties have
been observed in spinel oxides, such as the colossal magne-
toresistance effect, the giant magnetoelectric effect, and mul-
tiferroicity [11, 12]. If the electrons don’t fill up the energy

© 2021 IOP Publishing Ltd  Printed in the UK
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levels, the degenerate orbitals could be interfered with the
crystal field, and the lattice will be distorted by the Jahn—Teller
(JT) effect [13]. Moreover, the orbital could even couple the
spin to relieve the magnetic frustration, resulting in a magnet-
ically ordered state [14].

Vanadate spinel, AV,0,, has the magnetic V3* (342,
S = 1) ions at the B-site, and is an ideal system to study the
complex interplay of electron, spin, lattice and orbit. The octa-
hedral crystal field accompanied by 60~ ions around the cen-
tral V3T ion can split the 3d orbitals of the V3* ion into 12,
orbitals with lower energy and e, orbitals with higher energy.
Due to the JT effect, the degeneracy of the #,, orbitals will be
further released, and two electrons of the V3% ion will choose
single orbitals with the lowest energy spontaneously. Several
theoretical models have been proposed to clarify such orbital
ordering of the V3* ion [15-17].

In MnV,0,, the V3T ions are influenced under the
internal magnetic field from the A-site Mn2t ions, which
makes MnV,0, exhibit several phase transitions: paramag-
netism (PM)-to-collinear ferrimagnetism (CF) and collinear-
to-noncollinear ferrimagnetism (NCF) along with a structural
phase transition from a cubic to a tetragonal lattice (¢ < a) [18,
19]. Since the magnetic and structural phase transitions happen
at the same temperature, there is a debate on the driving force
of the ferrimagnetic order and the tetragonal structural transi-
tion. Based on previous work [19], the orbital effect of V3 ion
was believed to relate both the magnetic and structural transi-
tions. However, Ma et al [20] found that the CF—NCEF transi-
tion was decoupled from the cubic-tetragonal structural phase
transition with substituted Mn?* ions by Co?* ions on A-sites
as Mn;_,Co,V,0y, and the orbital ordering of the V3+ jon com-
pletely disappeared while the NCF phase still existed. These
manifested the independence between Yafet—Kittel (YK) mag-
netic transition and structural phase transition. Although the
Co** ions only introduced an internal magnetic field the
same as Mn2T ions, the itineracy increased in the system,
and the localized orbital ordering of the V3T ions was influ-
enced. In order to investigate the exact orbital effect of the
V3 ions, it is essential to gradually substitute the V37 ions
with a nonmagnetic ion or one with different magnetic/orbital
properties. The Mn*+ (3d*, S = 2) ion has an orbital effect
on e, orbitals, (3z7—7?), which is extended in the basal ab-
plane in an octahedral environment as the tetragonal phase
(c > a) in Mn30y4 [21-23]. Hence, doping Mn>" ions on the
V3*_site provided a perfect example to study the orbital prop-
erties of the V3T ions. In this work, we modulated constituents
of B-site ions and studied the structural and magnetic prop-
erties of Mn;4,V,,04 (0 < x < 1) by magnetization, heat
capacity, x-ray powder diffraction x-ray diffraction (XRD) and
neutron powder diffraction (NPD) measurements as well as
the first principle simulation. Our results confirmed the phase
splitting between the crystal structure and magnetic structure.
The magnetic transition still existed while the crystal structure
maintained tetragonal phase (¢ > a) in the whole temperature
range for high doping (x > 0.4). The transition temperature
decreased with increasing x, which implied the strong compe-
tition between exchange interactions Jap and Jgg. Two other

noncollinear phase transitions related to V3 and Mn37 ions
were also determined.

2. Sample synthesis and experiments

Polycrystalline samples of Mn;4+,V,,04 (0 < x < 1) were
synthesized by solid state reaction. Stoichiometric mixtures
of MnO, V,03, and V,0s were ground together and calcined
under flowing Ar in a sealed quartz tube at 900 °C for 100
h. A quantum design physical property measurements sys-
tem was applied to measure the magnetization with a field of
H = 100 Oe and the specific heat from 2 K to 300 K.
The XRD patterns were recorded by an HUBER imaging-
plate Guinier camera 670 with Ge monochromatized Cu K,
radiation from 10 K to 300 K with a cryogenic helium
compressor unit. NPD measurements were performed at
the POWGEN diffractometer [24] at the spallation neutron
source, and the NPD (HB-2A) at the high flux isotope reac-
tor (HFIR), oak ridge national laboratory (ORNL). Approx-
imately 1.5 g of powdered Mn;;,V,,0s (x = 0.1, 0.2,
and 0.3) were loaded into Vanadium cans in the sam-
ple changer at POWGEN, and the patterns were collected
from 10 K to 90 K. Approximately 3 g of powdered
Mn;4,V,,04 (x = 0.1, 0.2, and 0.3) were measured at
HB-2A at temperatures of 1.5 K and 150 K using both
1.54 A and 241 A wavelengths, and the collimation was set
as open-21’-12’. The shorter wavelength was used to investi-
gate the crystal structures, while the longer wavelength pro-
vided lower Q coverage with better resolution that was impor-
tant for investigating the magnetic structures of the material.
The diffraction data were analyzed by the refinement program
FullProf [25].

3. Results

3.1. XRD and NPD

The composition- and temperature-dependence of XRD
powder diffraction were measured from 10 K to 300 K and
analyzed by the Rietveld refinement with the FULLPROF
program [25]. Figures 1(a) and 1(b) presented the data and
refinement of Mn;;,V,,04 (x = 0.3 and 0.4) at 30 K and
300 K, respectively, and the refinement parameters of space
group, lattice constants, and atomic positions were included
in table 1. Similar as MnV,Qy, the structure transition from
cubic Fd-3m to tetragonal 14;/amd symmetry was observed
for Mn;3V704, however, the lattice constant ratios were
different: ¢/a < 1 for MnV,0,4 and ¢/a > 1 for Mn; 3V 704
as Mn3;0y4, which clearly demonstrated the orbital order com-
petition between the Mn** ions and the V37 ions [26, 27].
Moreover, there was no lattice transition from 10 K to 300 K
for x > 0.3.

The temperature-dependence of (440) and (400) reflec-
tions were compared in figures 1(c) and (d), respectively. The
full width at half maximum (FWHM) of both diffractions
increased at Ts around 54 K with error bars for Mn; ; V 9Oy,
and a structural transition was suggested which was consistent
with the heat capacity measurement. Meanwhile,
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Figure 1. XRD data of Mn;,, V5,04 (x = 0.1, 0.3, and 0.4). Rietveld refinements of Mn; 3V, 704 (a) and Mn; 4V, 604 (b) by FULLPROF at
300 K and 30 K, respectively. The crystal structures of Mn; 3V, 704 are cubic at 300 K and tetragonal at 30 K, while Mn; 4V 604 retains
tetragonal symmetry at both temperatures. The temperature dependence of the FWHM of (440) (c) and (400) (d) diffractions for

Mn; V1904 and Mn; 4V 604, respectively.

Table 1. XRD measurements on structural parameters for the
x = 0.3 at 300 K (Fd-3m) and 30 K (I4,/amd), and x = 0.4 at
300 K (14;/amd) and 30 K (/4,;/amd), respectively.

Atom

Site X y zZ

x=10.3,T = 300K

Fd-3m Mn (1) 8a 0.125 0.125 0.125
a=285514 \Y% 16d 0.5 0.5 0.5
b=285514A Mn (2) 16d 0.5 0.5 0.5
c=85514A 0 32 0.740 0.740 0.740
X2 = 2.34, Rwp = 1.76%
x=0.3,T =30K
14,/amd Mn (1) 4a 0.5 0.25 0.125
a=6.033A \Y 8¢ 0.25 0.75 0.25
b=06.033 A Mn (2) 8¢ 0.25 0.75 0.25
c=8.549 A 0 32 0.5 0.975 0.266
X2 = 1.93, Rwp = 2.05%
x =04, T = 300K
14,/amd Mn (1) 4a 0.5 0.25 0.125
a=6.035A \Y 8¢ 0.25 0.75 0.25
b=06.035A Mn (2) 8¢ 0.25 0.75 0.25
c=8549 A 0 32 0.5 0.996 0.275
x? = 1.16, Rwp = 2.15%
x=04,T =30K
14,/amd Mn (1) 4a 0.5 0.25 0.125
a=6.033A \Y 8¢ 0.25 0.75 0.25
b=6.033 A Mn (2) 8¢ 0.25 0.75 0.25
c=8545A 0 32 0.5 0.984 0.267

2 = 2.11, Rwp = 2.29%

the FWHM of Mn; 4V 0,4 remained constant in the entire
temperature range, and indicated no structural transition,
figure 1(b) and table 1.

In order to investigate the lattice and magnetic struc-
ture, the NPDs were measured at POWGEN and HB-2A,
ORNL. Figure 2 illustrated the (220) and (111) reflections

of Mn;,V 30, at different temperatures, and both structural
and magnetic signals were included. The peak broadening
indicated a lattice distortion upon cooling down, while the
increased intensities at ~60 K revealed the magnetic ordering.
As for Mn;;,Co,V,04 [10, 19], a magnetic transition from
PM to CF and a structural transition from a cubic to a tetrago-
nal lattice were observed at the same temperature. In order to
examine the phase transitions more clearly, the temperature-
dependence of intensities was plotted in figures 2(c), (d) and
(g), (h). The related magnetic peak was analyzed by a power
law [equation (1)] to study the critical behavior of the magnetic
sublattice in Mn; ,V; gOy, figure 2(d),

7\%
1:10<1—TN> , (1)

where T is the Néel temperature, [ is the integrated intensity
at base temperature, and 3 is the order parameter critical expo-
nent. The obtained 3 is 0.35 for Mn; ,V, g4, which is close to
B2 (0.34) of MnV,04 [19] and the 3D Heisenberg (3 = 0.36)
model.

As shown in figure 3, the high resolution NPD measure-
ments on Mn;4,V,,04 (x = 0.1, 0.2, 0.3) were performed
at 1.5 K and 150 K with A = 1.5401 A. Comparing the data
at 150 K, the intensities of (111) reflections for x = 0.1, 0.2
and 0.3 increased at 1.5 K. For x = 0.1, the (400) reflection
at 150 K clearly splits into two peaks at 1.5 K, and a struc-
tural phase transition of cubic-to-tetragonal phase has been
confirmed. For x = 0.2 and 0.3, figures 3(e) and (f), although
the diffraction splitting is not observed, the (400) reflections
at 1.5 K are broader than at 150 K and the structural transition
still exists. Moreover, the FWHM difference between 1.5 K
and 150 K decreases from x = 0.2 to x = 0.3, which agrees
with the XRD diffraction. Hence, the Mn-doping weakens the
cubic-to-tetragonal lattice transition.

In figures 4(a) and (b), Mn; ,V; §O4 exhibited a cubic struc-
tural phase with PM at 90 K, which was compatible with the
XRD measurements. As the temperature decreased, a tetrago-
nal (¢ > a) structure with the spins of Mn?>* and V> aligning
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Figure 2. The temperature-dependence of the (220) and (111) Bragg peaks of Mn V2404 for x = 0.2 [(a), (b)] and x = 0.3 [(e), (f)] by
the NPD POWGEN, respectively. (c) and (d), (g) and -(h) are the related (220) and (111) peak intensities for x = 0.2 [(c), (d)] and x = 0.3
[(g), (h)]. The red line in (d) is fitted from power law.
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Figure 3. (a)—(f), theo(l 11) and (400) Bragg diffraction of x = 0.1, 0.2, 0.3 at 1.5 K and 150 K by the neutron powder diffractometer,
HB-2A, A = 1.5401 A. The diffraction splitting from cubic to tetragonal phase was clearly demonstrated as x = 0.1.

antiparallel to each other was obtained. Unlike Mn;_,Co,V,04

[10, 19], the indicator of the CF-to-NCF transition—the (002)
reflection—was not captured in Mn;;,V, 04 at 20 K due
to the weak intensity from the powder average effect and

the strong absorption effect of vanadium [20]. Hence, two

V3+ spins models of being antiparallel to Mn?>* spins along
c-axis and canting in the ab-plane were analyzed. Although
both fitting parameters (x?) were close, the simulations on
the (111) diffraction, the inset of figure 4(c), clearly demon-
strated the better fittings for the model with the canted
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Figure 4. (a)—(c) Temperature-dependence of NPD data for

Mn;, V504 by POWGEN, and (d)—(f) composition-dependence of
NPD data for Mn; 1, V5,04 (x = 0.1, 0.2 and 0.3) with A = 2.41 A
at 1.5 K by HB-2A, respectively. Black dots are the raw data, red
lines are Rietveld refinements, and blue lines are the differences
between observed and calculated intensities. Inset: fitting results of
the (111) peak by different models.

V3 spins. Meanwhile, the A-site Mn?" spins kept along the
c-axis and B-site Mn>* spins were still disordered. Actually,
the models of the collinear/noncollinear Mn3* spins were
tested to identify the Mn®* ordering with the high-resolution
data at 1.5 K. For the collinear model, the NPD data could
not be fitted very well with a ferromagnetism model using
of Mn’t— Mn** and a large Mn*t moment. The model
of noncollinear Mn**t spins was not suitable, either. There-
fore, the model of spins of V3t canted from c-axis with
the disordered Mn3* spins was applied to refine the HB-2A
data, figures 4(d)—(f). The canting angles of the V3t spins
decreased with increasing x (x = 0.1, 43.47°; x = 0.2, 35.75°;
x=0.3,32.21°) which agreed with the Mn;,Co,V,0; results
[10] and a smaller V3*-V3* bond length was recommended
to MnV,0y4.

Previously, both MnV,04 and Mn3;O4 have been confirmed
as a normal spinel with Mn?* ions at A-sites and V3+/Mn3+
ions at B-sites [28, 29], while the Fe,VO4, Co,VO4 and
Mg, VO, were classified as inverse spinels [30-32]. Since
Mn-doping affects both orbital effects and the valences of
the Mn and V ions in Mn;4,V;,,04, two models of normal
spinel and inverse spinel lattices were applied to refine the
XRD and NPDs. The fitting result of Mn;,V, 04 was con-
sistent with the normal spinel lattice for x < 0.9 for the XRD
results, while there was no significant difference of y? using
normal or inverse spinel models for Mn, VO,. Therefore, the
first-principle theory was performed on Mn, VO, to analyze
the accurate distribution of ions with the tetragonal lattice
and will be discussed later. From the first-principle calcula-
tion, the average atomic potential energy of an inverse spinel
is —7.98939 eV, while the normal spinel had the energy of
—8.00222 eV or 12.8 meV lower. Therefore, Mn,VO, was
identified as a normal spinel with the tetragonal lattice.

In Mn;_,Co,V,0; [20, 33], the smaller Co>* ions not only
increase chemical pressure in the system, but also shorten
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Figure 5. The composition-dependence of the lattice parameter a
and the related 1/Rp_p along different directions for Mn;, V5,04
(0.1 <x < 1) at room temperature.

the Co—Co, V-V and Co-V bond lengths. As Ry.y is an
indicator of the itinerant electron to weaken the orbital effect
of V3* jons at the B-site, the composition-dependence of the
lattice constant and 1/Rg_g are shown to determine the orbital
effects of V3 ions and Mn** ions with Mn3**-doping as
shown in figure 5. The parameters for x > 0.4 are transferred
from tetragonal to cubic lattice by multiplying a with v/2: both
lattice parameter and B—B bond length increase linearly with
x. The increasing distance will reduce the chemical pressure
and structural isotropy, which is contrary to the properties of
Mn,_,Co,V,0, Thus, the doped Mn** ions localize the elec-
trons and reduce 7| by weakening the superexchanges of Jap
and J BB-

3.2. Magnetization and heat capacity

The temperature-dependent zero-field-cooled (ZFC) and field-
cooled (FC) magnetizations of Mn;;,V,,04 (0.1 < x < 1)
under a 100 Oe magnetic field were shown in figure 6. As
temperature decreased, a clear rise was observed at 7', which
corroborated the magnetic phase transition from PM to CF
order [18, 28]. We also measured the temperature dependence
of the specific heat (Cp—T curve) in zero magnetic field for
all the samples, and one peak was observed in each Cp—T
curve at the same temperature, 7. Based on the diffraction
measurements, the peak shape broadens as the Mn>* content
increases. For samples with x < 0.3, we observed a sharp peak
which should correspond to the structural and magnetic transi-
tion simultaneously occurring at 7, and T's. For samples with
0.4 < x < 1, the broad peak only corresponds to the magnetic
order transition. The inset of figure 8 demonstrates the weak
and broad anomaly on the H¢—T curve of Mn; gV;,0q, sim-
ilar as Mn; gV 104. An extra anomaly could be observed at
lower temperatures in the high doping (x > 0.4) ZFC curve. In
order to probe the magnetic phase transition of Mn;4,V,.,0y4
(0.1 <x < 1)indetail, the derivative of the ZFC magnetization
was shown in figure 7. Besides T, another peak marked as 7,
was observed in each curve below the 7. AsMnV,04 [19], T»
should correspond to the spin canting transition of V3T. Both
T, and T, decreased with Mn3*-doping. Since the magnetic
transition from CF-to-NCF was expected to relate the orbital
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Figure 6. The temperature dependence of magnetization and specific heat for Mn;, V5,04 (0.1 < x < 1). Black and red lines are the
results of the ZFC and FC measurements, respectively. The blue line represents the specific heat data. 7';, which corresponds to the PM to
CF transition temperature, is obtained from both magnetization and specific heat. Inset: the enlarged Hc-T data around 7'; of x = 0.8.
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Figure 7. The first derivative ZFC curve of Mn;1,V;.,04 (0.1 < x < 1). T, represents the transition temperature of PM to CF, T, corresponds
to the transition temperature from CF to the NCF1, and 7'z is the temperature from the first non-collinear ferrimagnetism to the NCF2.

ordering of V31 ions [19], the sharp decreasing T» suggested
the dilute effect from the Mn>* ions. For x > 0.5, the third
signal was observed, which should be the collinear to non-
collinear transition of the Mn>* ions [21, 25, 26, 33]. Actually,
both the noncollinear phase transition of 7', and 7’3 were asso-
ciated with competition between Jap and Jgp and spin—orbit
coupling of magnetic Mn*+ and V37 ions at B-sites. We will
discuss the mechanism for these transitions later.

3.3. First principles calculation

In order to study the orbital effects on the related superex-
change, the partial density-of-states (DOS) of Mn, VO, were
calculated with the normal spinel and inverse spinel lattices,
respectively (figure 8). First-principle calculations of the elec-
tronic structures for normal spinel and inverse spinel Mn, VO,
were carried out with the Vienna ab initio simulation pack-
age [34]. The projector augmented-wave method within the
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Figure 8. DOS of Mn, VO, from DFT calculations. (a) and (b), DOS of Mn calculated by the normal spinel model (I) and inverse spinel
model (II), respectively. (c) and (d), DOS of V calculated by the normal spinel model (I) and inverse spinel model (II), respectively.

density-functional theory was used to describe the interac-
tions between ions and electrons [35], and the potential energy
was determined without using any empirical input. Specifi-
cally, Perdew-Burke-Ernzerhof [36] functional under the gen-
eral gradient approximation and a plane-wave cutoff of 400 eV
were used. To accurately describe the atomic structure of
AB,0,4 with chemical occupation disorder, a super cell con-
taining 448 atoms (64 A>T, 128 B3*, 256 O?~) was adopted
for both normal and inverse spinel lattices, with the occu-
pation disorders being imitated via random number gener-
ation. For the spinel lattice, the 64 A%t sites contain only
Mn?* ions, whereas the 128 B3* sites are randomly filled with
64 Mn>* and 64 V3T ions. For the inverse spinel lattice, the
64 AT sites are randomly filled with 32 Mn?* and 32 V?*
ions, whereas the 128 B3t sites are randomly filled with
96 Mn**t and 32 V37 ions. For accurate electronic structure
calculations, the Brillouin zone was sampled with a 3 x 3 x
3 k-point mesh. For comparison, the partial electronic density
of states for different elements were normalized by the num-
ber of atoms for each element. Although the calculation was
based on Mn,VO,, the DOSs of Mn*t-/V3*-ions in normal
spinel and inverse spinel lattices were similar in the whole x
range: i) The s- and p-orbital DOSs were similar for both nor-
mal spinel and inverse spinel; ii) the difference between normal
spinel and inverse spinel of d-orbital DOSs was distinct. For
normal spinel structure (I), the e, (3z2-r%) DOS of Mn**-ion
had a sharp peak around Fermi surface, while 1,, orbitals were
dominant in inverse spinel (II). Unlike inverse spinel, the 7,
DOS of normal spinel V3T -ion was larger than e, orbitals. As
expected, the result of normal spinel structure was consistent
with the orbital ordering in previous studies [17, 23].

80 T T T T v T T
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X

Figure 9. The temperature versus Mn>* content (x) phase diagram
of Mn;4,V>.,04. T is the cubic-to-tetragonal lattice transition
temperature (black lines and squares) obtained from XRD. T’ is the
paramagnetic-to-collinear ferrimagnetic phase transition
temperature (red line/dots and bule line/triangles) obtained from
heat capacity and magnetization measurements, respectively. 7 is
the CF—NCF1 phase transition temperature (pink line/triangles)
from magnetization measurement, where the spins of V3* ions cant
in the ab-plane with that of the Mn3* ions align along the c-axis. 7’3
is the temperature from NCF1 to NCF2 (olive line/rhombuses), and
the spins of Mn?t ions cant in ab-plane. The MnV,0, data are from
reference [29].

3.4. Phase diagram

Combining the heat capacity, magnetization, XRD and neutron
diffraction data, the temperature (7") vs composition (x) phase
diagram of Mn;,V,,04 was constructed in figure 9. This
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complicated phase diagram clearly presents Mn>*-doping
effects on the JT distortion, the spin—orbit coupling, the com-
petition of exchange interactions among different sites and
the chemical pressure in the system. Ts corresponds to the
structural phase transition from a cubic to a tetragonal phase,
which was obtained from heat capacity and XRD measure-
ments. 7' represents the magnetic phase transition temperature
from PM to CF. T, and T3 are the CF—NCF1 and first non-
collinear ferrimagnetism (NCF1)-—second noncollinear ferri-
magnetism (NCF2) phase transition temperatures, where the
spins of V3T and Mn®* ions cant from the c-axis in the
ab-plane, respectively.

4. Discussions

Although the tetragonal phase, I4;/amd, is observed in the
whole Mn**-doped MnV,0, system, the low-doping com-
pounds (0 < x < 0.1) have ¢/a < 1, similar to MnV,0,, while
the high-doping compounds (x > 0.1) have ¢/a > 1, similar
to Mn3;O4. Moreover, Ts is not observed up to 300 K above
x = 0.3 and should be determined by the collaboration of the
orbital effects of the Mn®* and V3 ions.

The structural phase transition in MnV,04 was associated
with the orbital ordering of V3* ions on the B-sites [18, 19,
37, 38]. Since the d orbitals of the V31 ions split into three
low-energy t,, orbitals and two high-energy e, orbitals, two
outer shell electrons of the V31 ion localized on the threefold-
degenerate 1,, orbital. One electron occupied the xy orbital, and
the other had the freedom of filling the yz or zx orbital or both
of them with partial probabilities along the c-axis [17], which
agreed with the dominant contribution from the 1, orbitals of
V3+ DOS as shown in figure 8(c). Hence, the shielding effect
of electrons on the central ion was weak along the c-axis, and
the central nucleus could suffer an attractive force from the
c-direction which distorted the V3*-lattice along the c-axis.
The JT effect was not only confined at the V-pyrochlore, but
also interfered with the whole crystal to drive the structural
transition from a cubic to a tetragonal (¢ < a) phase.

On the other hand, the Mn>* (34*) ions located at the center
of a tetragonal MnO,4 with high spin configuration and the only
electron occupied the e, 3z7—r7 orbit. Just as the dominated
contribution of d(3z°—r?) in Mn>*+ DOS around the Fermi sur-
face in figure 8(a). The similar tetragonal phase (¢ > a) was
observed in Mn30y, and the transition of cubic to tetragonal
occurred at 1443 K [39]. Therefore, the structural phase of
Mn V5.0, for low Mn**-doping (x < 0.3) at T could be
regarded as the result of orbital ordering competition between
Mn*t and V31 with the compression and elongation of BOg
octahedron, respectively. Compared with the diagonal orbitals
of the V37 ions, the Mn®" ions occupied the orbital along the
axis and influenced the crystal distortion more easily. As a con-
sequence, the c/a > 1 tetragonal phase appeared at Ts. For
high Mn**-doping (x > 0.4), the lattice kept a tetragonal phase
up to room temperature, indicating that the orbital ordering of
Mn37 ions suppressed the V3* orbital completely.

Furthermore, the magnetic phase transition temperatures
were strongly related to the Hamiltonian of the exchange
energy. The full magnetic Hamiltonian might include the

isotropic Heisenberg exchange constants and the anisotropies:

H=Jsp Y (Sp+5) (Si+S;+58+8)
()i, k)

+Jg8 (ZS,- Si> Sk s,)
ij kil

o > (Si+S) - (Se+S)

((9)[()]
+DAY (&S +Dp Yy (@S, )
r=p.q s=i,j.k,l

where Jag, J“B%, and Ji were nearest-neighbor interactions.
The inequivalent A-sites were given by subscripts p and ¢,
and the inequivalent B-sites were given by subscripts i, j, k
and I. D, and Dg were along the c-axis and (111) direction,
respectively.

At Ty, the spins of Mn?* and V3% aligned antiparal-
lel to each other and formed a collinear magnetic ordering
phase, while the spins of Mn** at B-sites still kept a disor-
dered state. Since the antiferromagnetic exchange energy of
Mn3*+-Mn*+(Jé:) was much stronger than the Mn*+—Mn?+
coupling (Jag), a collinear magnetic structure could not form
under frustration. There were two paths to achieve magnetic
interactions between nearest-neighbor Mn3* ions [40, 41],
the direct exchange interactions between the neighboring 7,
orbitals which were antiferromagnetic, and the superexchange
interaction involving neighboring e, electrons and middle
oxygen’s 2p orbital which was ferromagnetic. Therefore, the
exchange interaction of Mn**—Mn?* exhibited antiferromag-
netically in the ab-plane, and J;; was weak along the c-axis
due to elongation of BOg octahedra. With the strong competi-
tion of Jap and Jgg, a collinear Néel phase could not appear
in Mn3;04 whereas a noncollinear ferrimagnetic YK phase pre-
sented instead [21, 41]. However, Jgg was not strong compared
with Jap in MnV,0, and the V3* spins aligned parallel to each
other to produce collinear long-range ordering. Therefore, the
Mn3* spins remained disordered but the V37 spins ordered
at Ty in Mn;;, V.04 (x < 0.3). With more Mn3**-doping, the
total exchange energy would decrease by reducing the first part
of Hamiltonian mainly. Thus, the long-range spin order could
be disturbed by thermal perturbation and 7'; decreased with
increasing x.

Next, T, and T3 in figure 9 were derived from the cant-
ing spins on B-sites of the Mn** ions and V37 ions, respec-
tively. The first NCF phase (NCF1) was from the canting
V3+ spins and the second NCF phase (NCF2) was from that
of the Mn**t spins. The similar noncollinear magnetic phase
transitions are both found in MnV,04 [19] and Mn304 [42].
In both NCF phases, the Mn?>* spins aligned along the c-
axis, while the B3t spins had a c-axis component, which were
antiparallel to the Mn?>* spins. The whole exchange energy
on B-sites would lower the full spin Hamiltonian of spinels,
and the absolute value of the spin Hamiltonian decreased by
substituting a V3" ion with a Mn** ion. Because the J&, of
the Mn** ion was two times larger than that of the V3% ion
[40], the transition temperature T, from CF to NCF of V3+
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occurred at higher temperature and the NCF of Mn** at a lower
temperature 7. Just as illustrated before, the second NCF
phase was not captured by magnetization for the x < 0.4
region due to the less amount of enough Mn**. For the high-
doping region (x > 0.5), although 7’3 occurs, it did not change
significantly as x changed.

5. Conclusion

In summary, the orbital effects of the Mn** and V3% ions in
Mn; 4, V;,.,04 have been studied, and a phase diagram of com-
position versus temperature was constructed: (1) 0.0 < x < 0.1,
the cubic to tetragonal (c/a < 1) phase transition was observed
as MnV,0y; (2) 0.1 < x < 0.3, the system showed a tetrag-
onal phase with ¢/a > 1 below T due to the orbital order-
ing of Mn*t; (3) x > 0.4, the crystal structure keeps the
tetragonal phase up to room temperature. Due to the com-
petition of Jag and Jgg, both 7| and T, decreased with the
increasing Mn-content, and the canting angle of V3t-v3+
decreased with large exchange energy on B sites. More-
over, a Mn** ions noncollinear magnetic ordering phase was
observed at about 15 K for x > 0.5. As Mn;_,Co,V,04 [20]
and Fe;_,Co,V,0; [43], the decoupling of lattice and magnetic
transitions in Mn;4,V,.,04 can be explained by the induced
competition between the orbital ordering and electronic
itinerancy.
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