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Magnetic-Field Switching of Crystal Structure in an Orbital-Spin-Coupled System: MnV,0,
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We studied the magnetic and structural properties of spinel MnV,0,, which has S = 5/2 spin with no
orbital degrees of freedom on the Mn?* site and S = 1 spin and three orbital degrees of freedom on the
V3+ site. We found that the ferrimagnetic ordering at Ty = 56.5 K and the structural phase transition at
T, = 53.5 K are closely correlated in this compound and found a switching of crystal structure between
cubic and tetragonal phases by the magnetic field. This phenomenon can be explained by the coupling
between orbital and spin degrees of freedom in the #,, states of the V site.
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There has been an emerging interest in the coupling
between orbital and spin degrees of freedom in strongly
correlated electron systems. Orbital degrees of freedom
arise when degenerate states (3d orbitals, for example)
with the number of degeneracy n are occupied by a number
of electrons other than n or 2n. These orbital degrees of
freedom often dominate the crystal structure. For example,
the ordering of orbitals leads to lattice distortion in a lower
symmetry. The orbital degrees of freedom and the resultant
lattice distortion give rise to more interesting physics when
they are coupled with spin degrees of freedom. This cou-
pling arises not only from conventional spin-orbit coupling
but also from the fact that the occupation of specific
orbitals with geometrical anisotropy prefers specific types
of magnetic interaction in specific directions (the so-called
Kugel-Khomskii-type coupling) [1]. A typical example of
the latter coupling is found in perovskite manganites [2], in
which doubly degenerate ¢, orbitals of the Mn 3d state are
occupied by one electron. For example, LaMnO; shows the
so-called A-type (layered-type) antiferromagnetic order-
ing, which is dominated by the staggered-type ordering
of Mn 3d,2 (3d,2) orbitals. In hole-doped perovskite man-
ganites, on the other hand, when the magnetic field aligns
the Mn spins in the same direction, the Mn orbital state
changes, resulting in the change of its crystal structure as
well as in the substantial decrease of electrical resistivity,
often called ‘“‘colossal magnetoresistance.” Magneto-
electric phenomena recently discovered in several man-
ganites [3,4] can be also attributed to the coupling between
e, orbitals and spins.

Such orbital-spin coupling occurs not only in the doubly
degenerate e, orbital but also in the triply degenerate 7,,
orbital of the d state. Indeed, several results related to the
orbital-spin coupling have been reported in perovskite [5]
and spinel [6] vanadates having two electrons in the 7,,
orbital. However, there is almost no report on the control of
the orbital state by the magnetic field in these 7,, systems.
The main problem is that most of the #,, systems are
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heavily antiferromagnetic and, thus, are not sensitive to
the magnetic field.

Here we overcome this obstacle by putting additional
magnetic ions in the crystal and enhancing the effect of the
magnetic field. The compound studied here is spinel
MnV,0,. In this compound, the A site of the spinel struc-
ture (AB,C,) is occupied by the Mn”* ion, which is in the
3d° high-spin configuration with no orbital degrees of
freedom, and can be regarded as a simple S = 5/2 spin.
On the other hand, the B site is occupied by the V3% ion,
which takes the 3d? high-spin configuration in the triply
degenerate I orbital, and has orbital degrees of freedom.
According to previous studies [7,8], MnV,0, exhibits a
ferrimagnetic ordering at Ty = 56 K, where the magnetic
moments of the Mn and the V sites align to the opposite
direction, and then a structural phase transition from a
cubic to a tetragonal phase at 7, = 53 K. Associated
with this structural phase transition, the spin structure
changes from a collinear Néel configuration to a noncol-
linear ““triangular” structure. These results imply that the
structural phase transition at 53 K is dominated by the
orbital degrees of freedom on the V site, and there is an
interplay between orbital and spin degrees of freedom in
this compound.

Polycrystalline samples of MnV,0, and doped
Mn,_,Zn,V,0, and Mn(V,_,Al,),0, were synthesized
by a conventional solid-state-reaction method in a sealed
quartz tube at 1100 °C. X-ray powder diffraction measure-
ment using a synchrotron radiation x-ray source was car-
ried out at SPring-8 BLO2B2 with the wavelength 0.7500 A
[9]. Magnetic susceptibility was measured by a SQUID
magnetometer. Lattice striction measurement was done by
a strain-gauge technique under magnetic field.

First, we show the synchrotron x-ray powder diffraction
patterns of MnV,0, and the Rietveld analysis above and
below the structural-phase-transition temperature 7y in
Fig. 1. The space group used for the analysis above T is
Fd3m, a simple cubic spinel structure, and 4, /amd below
T, which is the same as that of ZnV,0, at low tempera-
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FIG. 1 (color online). Synchrotron x-ray powder diffraction
patterns (plus marks) and Rietveld refinement patterns (solid
lines) of MnV, 0y at (a) 100 K (Fd3m) and (b) 40 K (I4, /amd).
The vertical marks indicate the position of Bragg peaks, and the
solid line at the bottom corresponds to the difference between
observed and calculated intensities. The inset in the lower panel
is the expanded figure at higher angles 26 = 50-70°.

tures [10]. The fitting result is almost satisfactory as shown
in Fig. 1, and the atomic parameters from the fitting are
summarized in Table I. The V-O bond length in the low-
temperature phase obtained from the fitting is 1.990(2) A
along the c¢ axis and 2.034(1) A within the ab plane,
indicating that the VOg octahedral is compressed along
the ¢ direction by 2% below T. This distortion splits the
triply degenerate f,, orbitals into an xy orbital with a lower
energy and doubly degenerate yz and zx orbitals with a
higher energy. Thus, the degeneracy of the V site with two
electrons is not lifted only with this distortion but another
mechanism is required for a stable electronic state. We also

TABLE I.  Atomic parameters of MnV,0, at 100 K [Fd3m,
a =8.50836(8) A] and 40 K [I4,/amd, a = 6.02501(5) A,
¢ = 8.45917(8) A] from synchrotron x-ray powder diffraction
refinements. Ry, = 8.14 and R, = 2.41 for the 100 K data, and
Ry, = 8.93 and R, = 2.68 for the 40 K data.

Atom Site x y z B(A?)
MnV,0, 100 K Fd3m

Mn 8a 0 0 0 0.20(1)

\' 16d 0.625 0.625 0.625 0.11(1)

(0] 32e 0.3883(1) 0.3883(1) 0.3883(1) 0.38(3)
MHV204 40 K 141/amd

Mn 4a 0 0.75 0.125 0.14(1)

v 3d 0 0 0.5 0.07(1)

0] 16h 0 0.0243(3) 0.2655(2) 0.26(3)

tried the fitting by I4,/a, in which the orbital ordering
proposed by Tsunetsugu et al. [11] for ZnV,0, is taken
into account so that reflections m in the (110) plane and
diamond glides d do not exist. We could find no additional
peak that should exist only in /4, /a. Note that the differ-
ence between I4,/amd and I4;/a phases is only one
additional freedom on the oxygen position, and, thereby,
we could possibly miss the additional peaks in the x-ray
powder diffraction data [12]. For now, the existence of such
orbital ordering as proposed by Tsunetsugu et al. in
MnV,0, is still an open question.

Figure 2 shows the temperature (7') dependence of lat-
tice striction (AL/L) and magnetization (M) in MnV,0,.
With decreasing T (in the cooling run), M sharply in-
creases at 56.5 K, corresponding to the ferrimagnetic order-
ing. However, M(T) has a maximum around 55 K and
decreases with further decreasing temperature. At 53.5 K,
there is a sharp dip of M(T), which corresponds to the
structural phase transition (7) [7]. On the other hand,
AL/L starts decreasing below Ty = 56.5 K and then
shows another anomaly at T, = 53.5 K. It is no surprise
to see an anomaly of AL/L, which corresponds to the
variation of the average lattice constant, at the structural
phase transition Ty = 53.5 K. However, the onset of the
decrease of AL/L at Ty = 56.5 K is an unexpected result.
This means that the lattice first begins to contract below Ty
with keeping its cubic symmetry, and then it is distorted
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FIG. 2 (color online). Temperature dependence of (a) lattice
striction (AL/L) and (b) magnetization (M) under 100 G. M is
given per MnV,0, mole. Two lines at each panel are the data
taken in the cooling run and the warming run. The dotted lines
refer to the ferromagnetic-ordering temperature Ty and the
structural-phase-transition temperature T, which is defined for
both cooling and warming runs.
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into a tetragonal symmetry below 7. These results indicate
a close correlation between Ty and T in MnV,0,. There is
a thermal hysteresis in both AL/L and M, and, in the
warming run, the anomalies of AL/L and M(T) corre-
sponding to T are observed at 55.5 K.

The close correlation between Ty and T, in this
compound motivated us to measure the lattice striction
AL/L under magnetic field H. As shown in Fig. 3(a), the
T dependence of AL/L shows almost a parallel shift to
higher T with increasing H. This means that the structural-
phase-transition temperature T, as shown by the arrows,
shifts to higher T with magnetic field. Figure 3(b) shows
the H dependence of AL/L with a constant 7. A large
change of AL/L under magnetic field is observed, which
indicates a magnetic-field switching of crystal structure
from a cubic to a tetragonal phase. This structural switch-
ing with magnetic field has a hysteresis, similarly to the
thermal hysteresis of the structural change. The results are
summarized in Fig. 3(c) as a phase diagram in the space of
magnetic field and temperature with a large hysteresis
region.

Note that this structural phase transition with magnetic
field in MnV,0;, is different from a conventional magne-
tostriction by magnetic anisotropy, which is observed in
many magnets. First, the crystal lattice begins to contract
below Ty with keeping its cubic symmetry in MnV,0y,
and this is hard to explain by magnetic anisotropy. Second,
the structural phase transition is of the first order, as shown
by its thermal and magnetic-field hysteresis, and this is also
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FIG. 3 (color online). (a) Temperature dependence of lattice
striction AL/L at 0 and 5 T around 7. The arrows show T in the
cooling and warming runs at each magnetic field. (b) Magnetic-
field dependence of lattice striction AL/L at three different
temperatures. (c) Phase diagram of crystal structure as a function
of temperature and magnetic field. (d) Temperature dependence
of striction AL/L below T at 0 T, at 5 Twith AL/L L H, and at
5 Twith AL/L || H. The measurement was done in cooling runs.

hard to reconcile with the magnetostriction by magnetic
anisotropy. Third, the cooperative nature of this phase
transition is clearly seen in the comparison between un-
doped MnV,0, and doped MnV,0,, as discussed later.

Such a magnetic-field switching of crystal structure
between different symmetries is rare, except for those
occurring in perovskite mangatnies [13,14]. However,
there is a critical difference between the phase transition
in perovskite manganite and present MnV,0,. In perov-
skite manganites, a crystal symmetry changes into a higher
one with magnetic field, for example, from orthorhombic
to trigonal [13] or from a charge-ordered phase with su-
perlattice modulation to a charge-disordered phase [14].
On the other hand, the crystal symmetry is lowered from
cubic to tetragonal under magnetic field in MnV,0,.

It is informative to compare the present compound
MnV,0, with isostructural ZnV,0,, which has a nonmag-
netic Zn ion on the A site of the spinel structure [6,10,15].
In ZnV,0,, there is a strong antiferromagnetic V-V inter-
action arising from direct 7,,-1,, overlap [16,17], which
leads to a large Weiss temperature, || ~ 1000 K [6].
However, because of geometrical frustration inherent to
the B-site network of the spinel lattice, this interaction does
not produce a stable spin ordering in the cubic phase, and
spin ordering (T = 40 K) occurs only after a structural
phase transition occurs (7, = 50 K) [10,15]. This struc-
tural phase transition into a tetragonal symmetry (a > c,
similar to that of MnV,0,) can be regarded as an orbital
ordering of V ions, and several different models have been
proposed so far on this orbital ordering. Among them, two
models are based on the Kugel-Khomskii-type coupling on
the V site [11,18] but assume different types of orbital
ordering. The third one [19] is based on spin-orbit coupling
and cooperative Jahn-Teller coupling and predicts ferro-
orbital ordering.

In MnV,0y,, in addition to the strong antiferromagnetic
V-V interaction, there is a superexchange antiferromag-
netic interaction between Mn and V (A-B interaction) via
oxygen in between, and this is responsible for the ferri-
magnetic ordering (T = 56.5 K) in this compound. This
ferrimagnetic state gives a ferromagnetic configuration of
V spins, and thereby it affects the orbital state of the V site.
Generally, a ferromagnetic spin configuration prefers a
staggered-type orbital configuration (“‘antiferro-orbital”’
ordering), and, therefore, a plausible scenario is that the
evolution of ferromagnetic moment on the V site induces
the enhancement of the antiferro-orbital interaction, result-
ing in the lattice contraction below Ty, = 56.5 K and even-
tual orbital ordering below T, = 53.5 K. The experimental
result on the magnetic-field dependence can be explained
by the same scenario; the applied magnetic field enhances
the evolution of ferromagnetic moment on the V site and,
thus, induces the orbital ordering and the structural phase
transition into a tetragonal phase.

Substitution effect on MnV,0, reveals a characteristic
of orbital ordering in this V spinel. Figure 4 shows the T
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FIG. 4 (color online). Temperature dependence of lattice stric-
tion AL/L (left axis) and magnetization M under 100 G (right
axis) for (a) MnV,0,4 (b) Mn;_,Zn,V,0,, and
(¢) Mn(V,_,Al,),04. M is given per MnV,0, mole.

dependence of M and AL/L in (a) MnV,0y, (b) with Zn>*
substitution for the Mn?" site, and (c) with AI** substitu-
tion for the V3* site. When the parent compound and
Mn,_,7Zn V,0, are compared, both Ty and T, decrease
with Zn substitution. The decrease of Ty can be explained
by the decrease of the number of Mn spins. Associated
with the suppression of Ty, T, is also lowered but still
exists in the Mn-site substituted samples. The size of
magnetization increases with Zn doping, suggesting that
the canting angle of the triangular structure changes with
Zn doping. It is to be noted that the deviation between
cooling and warming runs exists far above T, for the
striction measurement of Zn-doped samples, indicating
that, though a global crystal structure is cubic, a local
lattice distortion is occurring even above 7. On the other
hand, the behavior of the V-site substituted samples is
totally different. As shown in Fig. 4(c), T does not sub-
stantially decrease, or it even increases with Al substitution
for the V site. Furthermore, both the decrease of AL /L and
the dip of M are smeared out, but they exhibit a monotonic
T dependence below Ty in Mn(V,_,Al,),O,, indicating
that T disappears with the V-site substitution.

Similar fragility of the structural phase transition against
disorder was observed in the charge/orbital ordering of
perovskite manganites [20]. In those compounds, a small
amount of Cr3" impurities (with no orbital degrees of
freedom) on the Mn>™ site (3d*) act as a random field on
the Mn orbital and suppress the long-range charge/orbital
ordering. We can interpret the result of Mn(V,_,Al,),0, in
the same way; the Al ions with no orbital degrees of free-

dom act as a random field on the V orbital and suppress the
V orbital ordering. Such a substantial effect of a small
amount of impurities indicates that the structural phase
transition from a cubic to a tetragonal phase is a coopera-
tive phenomenon dominated by orbital degrees of freedom.

Finally, we discuss the anisotropy of lattice striction
against the direction of the magnetic field. As shown in
Fig. 3(d), negative magnetostriction occuring around the
transition temperatures (7 = 56.5 K and 7, = 53.5 K) is
almost the same for both AL/L 1L H and AL/L || H.
However, there is another magnetostriction below Ty and
T, as shown in Fig. 3(d), which is enhanced with decreas-
ing 7. This magnetostriction at low T is heavily anisotropic
against the direction of H. Namely, the lattice is contracted
along the direction of the magnetic field but is elongated
perpendicular to it. Though its magnitude (AL/L ~ 1073)
is extremely large, this can be regarded as conventional
magnetostriction, which is primarily dominated by single-
ion spin-orbit coupling. These results indicate that different
mechanisms work for the magnetoelastic phenomena at
different temperature ranges in orbital-spin coupled sys-
tems such as MnV,0;,.
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