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Chemical pressure effects on structural, magnetic, and transport properties of Mn,;_, Co,V,04
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We present the low-temperature XRD, susceptibility, specific heat, and resistivity results on single crystal
Mn;_,Co, V,0,. With increasing Co doping, the chemical pressure related to the decreasing V-V distance drives
the system toward the itinerant electron limit, accompanied with the increase of the ferrimagnetic transition
temperature and the suppression of the structural distortion. These effects are compared to pressure effects, and
show that the V-V distance is the critical parameter controlling the properties of AV,0y,.
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I. INTRODUCTION

Normal s.pinels1 AV,04 (A = Cd, Mn, Fe, Mg, Zn,
and Co) with fixed valence of V3T ions has been a hot
topic due to their two abnormal physical properties: (i) the
orbital ordering transition that originates from the localized
V3t (3d?) electrons with I, orbital freedom, positioned
on a geometrically frustrated pyrochlore-like structure. This
orbital ordering transition usually drives a cubic to tetragonal
structural phase transition at low temperatures, such as
for CdV204,24 MHV204,579 FeV204,10’” 1\/Ig\/2C)4,12’13 and
ZnV,04.%1415 (ii) the approach to the itinerant electron limit
with decreasing V-V separation (Ry.y).'®!7 The predicted
critical V-V separation for the metallic behavior is R, =
2.94 A.'8 Several studies have supported this prediction. For
example, the pressure studies on magnetization of AV,04
have shown that the passage from the localized to itinerant
electron limit occurs through an intermediate phase, in which
the sample shows large pressure dependence of magnetic
transition temperature due to the electronic delocalization in
cation clusters. ZnV,04 and MgV,04 with small Ry.y may
be situated in this intermediate phase.'® Furthermore, the
theoretical calculations show that in ZnV,Qy partial electron
delocalization, not orbital ordering, leads to a structural
instability to form V-V dimers.?’

Recently our studies on CoV,0,4?' show that the metallic
behavior can be induced under high pressure, which is strong
evidence for the existence of R.. These pressure studies
on AV,0y clearly show that high pressure can change the
properties significantly by reducing the lattice size and V-V
distance. Another efficient way to vary the V-V distance is
to apply chemical pressure. In this paper we present the low-
temperature x-ray diffraction (XRD), susceptibility, specific
heat, and resistivity results on single crystal Mn;_,Co, V,0Oy.
We study how the chemical pressure imposed by the Co doping
affects the structural, magnetic, and transport properties of
Mn,_,Co,V,04 by changing the V-V distance. We also
compare the chemical pressure effects to those of physical
pressure.

II. EXPERIMENT

Single crystals of Mn;_,Co,V,04 were grown by the
traveling-solvent floating-zone (TSFZ) technique. The feed
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and seed rods for the crystal growth were prepared by solid
state reaction. Appropriate mixtures of MnO, CoQO, and V,0;
were ground together and pressed into 6-mm-diameter 60-mm
rods under 400 atm hydrostatic pressure, and then calcined
in vacuum in a sealed quartz tube at 950°C for 12 h. The
crystal growth was carried out in argon in an IR-heated image
furnace (NEC) equipped with two halogen lamps and double
ellipsoidal mirrors with feed and seed rods rotating in opposite
directions at 25 rpm during crystal growth at a rate of 30 mm/h.
Due to the evaporation of V,03 during the growth, extra V,03
in the starting material and high growth speeds are critical to
obtain high quality samples. Small pieces of single crystals
were ground into fine powder for XRD, and the diffraction
patterns were recorded with a HUBER Imaging Plate Guinier
Camera 670 with Ge monochromatized Cu K,; radiation
(1.54059 A). Data were collected at temperature down to
10 K with a cryogenic helium compressor unit. The lattice
parameters were refined from the XRD patterns by using the
program WINPREP?? with typical 0.02 < R,, < 0.03 residuals.
X-ray Laue diffraction was used to confirm crystal quality.
The dc magnetic-susceptibility measurements were performed
using a Quantum Design superconducting interference device
(SQUID) magnetometer. The specific heat measurements
were performed on a Quantum Design physical property
measurement system (PPMS). The resistivity was measured
with a four probe technique. The pressure was applied on a
sample with x = 0.7 by using Daphne oil 7373 as a pressure
medium in a standard piston cylinder clamp cell.

III. RESULTS

A. X-ray diffraction

Lattice parameters obtained from the room tempera-
ture powder XRD for the cubic Fd3m spinel system
Mn,_,Co, V,0,4 indicate a complete solid solution over the
range (0 < x < 1.0). In accordance with Végard’s law, the
lattice parameter a decreases linearly with increasing x
(Fig. 1). The Ry.y is calculated and is shown as 1/Ry.y vs
x in Fig. 1. With increasing Co doping x, Rvy.y decreases
as the chemical pressure increases. To show the effects of
chemical pressure, the physical properties of Mn;_,Co, V,04
listed below are plotted as a function of 1/Ry.y instead of x.
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FIG. 1. (Color online) Variation with x of the lattice parameter a
and 1/Ry.y for Mn;_,Co,V,0;,.

Low-temperature XRD experiments were done to
investigate the structural phase transition in single
crystal Mn;_,Co,V;,04. For low Co-doping samples with
0.1 < x < 0.7, the structure changes from cubic to tetragonal
I4,/amd symmetry at low temperatures, which is similar to
pure MnV,04. As shown in Fig. 2(b), the XRD pattern at
T =10 K of x = 0.3 sample clearly shows peak splitting
from the room temperature XRD pattern [Fig. 2(a)] due to
the structural phase transition. On the other hand, for high
Co-doping samples with 0.8 < x < 1.0, the cubic structure
remains unchanged down to 10 K, which is similar to the
pure CoV,0,4 without a structural phase transition. As shown
in Figs. 2(c) and 2(d), the XRD pattern at 7 = 10 K of x =
0.8 sample shows no difference from the room temperature
pattern besides the shift due to the lattice contraction with
decreasing temperature. The detailed low temperature XRD
measurements (1 K/step) in the proximity of the transition
have been performed to find the structural phase transition
temperature for each sample. Figure 3 shows the temperature
dependence of the lattice parameters for 0.1 < x < 0.8 sam-
ples. For 0.1 < x < 0.7, one general trend is that the structural
phase transition temperature (7;) decreases with increasing Co
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FIG. 2. (Color online) XRD patterns (crosses) for x = 0.3 sample
at (a) 280 K and (b) 10 K, and for x = 0.8 sample at (c) 280 K and
(d) 10 K. The solid curves are the best fits from the Rietveld refinement
using FULLPROF. The vertical marks indicate the position of Bragg
peaks and the bottom curves show the difference between the
observed and calculated intensities.
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doping. Itis clear that for x = 0.8 there is no structural change
above 10 K.

The c/a ratio in the tetragonal phase increases with
increasing Co doping. Here the a is calculated as v/2a, and a,
is the lattice parameter for the tetragonal phase for comparison
to the lattice parameter a in the cubic phase. The large ¢/a ratio
means a small difference between ¢ and a lattice parameters,
indicating a weak structural distortion. For x > 0.8 samples
without structural change, c/a = 1. In order to show this trend
more clearly, we plotted the temperature dependence of the
(400) peak for x = 0.1, 0.5, 0.7, and 0.8 in Fig. 4, where, with
decreasing temperature, the (400) peak splits to (400) and (004)
peaks below T. For x = 0.8, the (400) peak does not split
above 10 K. It is clear that the splitting between the (400) and
(004) peaks decreases with increasing Co doping, indicating
a weaker structural distortion in the tetragonal phase or an
increase of ¢/a ratio. The c/a ratio at 10 K for Mn;_,Co, V,04
is shown in Fig. 5.

B. Susceptibility and specific heat

Figure 6 shows the temperature dependence of magnetic
susceptibility and specific heat for Mn;_,Co, V,04. For x =
0.1, 0.2, 0.3, and 0.4, the specific heat data shows two peaks.
The high temperature peak occurs at the same temperature
where the susceptibility shows a sharp increase. Therefore,
this peak represents the ferrimagnetic transition (7¢) for
Mn,_,Co, V,04, where the Mn(Co) spins and V spins align
in the opposite direction. The low temperature peak is a very
sharp peak for these four samples and occurs at the same
temperature where the zero field cooling susceptibility (ZFC)
shows a sharp drop; this temperature is also where the struc-
tural phase transition observed from the low temperature XRD
measurements occurs. Therefore, this sharp peak represents
the structural phase transition (7). The divergence between
the ZFC and field cooling (FC) susceptibility at T is a sign
for a glassy magnetic state, or perhaps a cluster spin glass,
which is also revealed by the frequency dependence of the
ac susceptibility from Ref. 7. For x = 0.5, 0.6, and 0.7, the
specific heat still shows the high temperature peak. But the
low temperature sharp peak becomes very weak, which is
shown as a broad peak instead. Accordingly, the sharp drop
from ZFC susceptibility data for these three samples are not
observable anymore. For x = 0.8, 0.9, and 1.0, the specific
heat just shows one peak around T¢ and the low temperature
peak disappears above 2 K. The behavior of the peak around T
shown from specific heat is consistent with the XRD results:
the structural distortion becomes weak with increasing Co
doping and disappears for x > 0.8.

It should be noted that for MnV,0y (i.e., x = OinFig. 6) the
sharp peak occurs at higher temperature (56 K) than the other
peak (53 K). Our previously detailed studies show this sharp
peak is actually related to 7¢, and the lower temperature peak
is related to Ts.2® Although other reports for x = 0 ascribe
the higher temperature peak to 75 and the lower temperature
peak to Tc,’ our studies for Mn;_,Co,V,04 unambiguously
show that T¢, which is coincident with rapid rise in the
susceptibility, is always higher than T for Co-doped samples,
and T¢ increases and T decreases with increasing Co doping.
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FIG. 3. The temperature dependences of the lattice parameters for 0.1 < x < 0.8 samples.

C. Resistivity

For all Mn;_,Co,V,04 (0 < x < 1.0) samples, the re-
sistivity shows semiconducting behavior below room tem-
perature, as shown in Fig. 7(a). With increasing chemical

pressure (or 1/Ry.y), the resistivity decreases significantly.
For example, at room temperature, the resistivity for MnV,0y4
is around 1000 €2 cm, and for CoV;,0y the resistivity decreases
to around 0.1 Qcm, as plotted in Fig. 8(a). For x > 0.4
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FIG. 4. (Color online) The temperature dependence of (400) peak splitting for x = 0.1, 0.5, 0.7, and 0.8 samples.
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FIG. 5. (Color online) Variation with 1/Ry.y of the c/a ratio for
Mnl_XCOXV204.

samples, the resistivity shows a A-type anomaly around 7¢.
For these samples, T¢ is also determined as the dip position
of dlnp/dT~" vs T curves [Fig. 8(b)]. Tc increases with in-
creasing Co doping. Above T, the behavior of the resistivity of
Mn,_,Co, V,04 can be divided to two different types: (i) For
0 < x < 0.7, a good fit is achieved with p oc exp[(Tp/ T)"/4],
the Mott variable-range hopping (VRH) model,”* as shown
in Fig. 7(c). With increasing chemical pressure, T decreases
[Fig. 9(a)] significantly. (ii) For x > 0.8, the resistivity above
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FIG. 6. (Color online) The temperature dependences of dc mag-
netic susceptibility and specific heat for Mn,_,Co, V,0;.
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FIG. 7. (a) The temperature dependences of resistivity for
Mn;_,Co,V,0y; (b) In(p/T) vs T~! curves for x > 0.8; and (c)
In(p) vs T~"* curves for 0.1 < x < 0.7 samples. The solid lines in
(b) and (c) are linear fits as described in the text.

Tc can be well fitted by p = poT exp(Ep/kgT) for nearest-
neighbor hopping of polarons [Fig. 7(b)]. Ep decreases with
increasing chemical pressure [Fig. 9(b)].

The resistivity measured under different pressures for
Mny 3Co0y7V,04is showninFig. 10 . With increasing pressure,
the resistivity decreases. Here the 7¢ is again determined as the
dip position of d In(R/Rg7)/dT~" vs T curves [Fig. 11(a)]
and T¢ increases with increasing pressure [Fig. 11(b)]. The
resistivity above 7¢ is well fit to the VRH model and
the fitting parameter 7, decreases with increasing pressure
[Fig. 11(b)].

IV. DISCUSSION

With increasing Co doping, the chemical pressure in-
creases with decreasing Ry.y, and the Mn;_,Co, V,04 system
approaches itinerant electron behavior as shown by the
decreasing resistivity with decreasing V-V distance. This effect
is consistent with previous studies on semiconducting AV,0y,
where with decreasing V-V separation, AV,0, approaches the
itinerant-electron limit, and shows abnormal properties. For
example, the study of the magnetic interactions under pressure
for MnV,04 shows a large pressure dependence of T¢. This
is due to an anomalous compressibility near 7¢ as predicted
for a double-well potential at the crossover from a longer to a
shorter equilibrium V-V bond when the system is approaching
the itinerant electron behavior.!” This double-well potential
can perturb the periodic potential, trapping the charge carriers,
and give rise to VRH transport behavior at low Co doping
(0 < x <0.7). For the VRH model, Ty o o®/[kgN(EF)],
where a—! is the localization length, kg is the Boltzmann
constant, and N(Ep) is the density of localized states at
Fermi level. It is unlikely that the change of N(Efp) with
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FIG. 8. (Color online) (a) Variation with 1/Ry.y of the room
temperature resistivity for Mn;_,Co,V,04. (b) The d1In(p)/dT "
vs T curves for x > 0.4 samples.

increasing chemical pressure for Mn;_, Co, V,04 can account
for the large decrease of Tj. Hence the decrease of Tj implies
the increase of localization length «~!, leading to electronic
delocalization. As the Mn;_,Co, V,04 system approaches the
itinerant electron limit by increasing chemical pressure for
x > 0.8, the resistivity becomes smaller and is dominated
by the formation of magnetic polarons. This behavior also
has been found in other ferrimagnetic spinels, for example,
FeCr,S4 B2

We have also compared the effects from chemical pressure
and physical pressure on the Mn;_,Co,V;,04 system. The
resistivity under pressure for a x = 0.7 sample shows that
the resistivity and 7T both decrease with increasing pressure,
which means electronic delocalization under pressure. This
effect is the same as the chemical pressure as we mentioned
above. Our previous study on pure CoV,04, which has the
smallest V-V distance,?! showed that the pressure could induce
metallic behavior. If we assume the x = 0.7 sample and
CoV,04 have the same compressibility as that of MnV,0,,"°
we then can calculate the pressure-induced variation of 7¢ with
1/Ry.y for Mn;_,Co, V,04. As shown in Fig. 12, the increase
of T¢ induced by the chemical pressure (open symbols) and
physical pressure (the crosses) show similar linear dependence
on 1/Ry.y. This confirms that the chemical and physical
pressure effects on 7¢ are similar. For a magnetic insulator,
the magnetic transition temperature 7¢ is proportional to the
spin-spin superexchange interaction Tc ~ J ~ t2/U.?® Here
t is the charge transfer between sites and U is the intra-atomic
Coulomb energy. Since ¢ is proportional to the overlap integral
for the donor and acceptor orbitals on neighboring atoms, ¢

FIG. 9. (Color online) Variation with 1/Ry.y of the (a) Tol/ * and

(b) Ep for Mn1,~¥C0XV204.

is also a function of the interionic distance R. Normally, the
shorter distance of R leads to stronger ¢. For Mn(Co)V,04, due
to the 12¢° configuration of the V37 ion, the V-V interaction
across the shared octahedral-site edges is the strong interaction
relative to the Mn(Co)-O-V interactions.?’ Therefore, for
Mn(Co)V;,04, t could be simplified to be a function of the
V-V distance. With increasing chemical (or physical) pressure,
if we assume that U remains constant, the decreasing V-V
distance of Mn(Co)V,0,4 will lead to a monotonic increase of
t or J or Tc. The Tc with 1/Ry.y > 0.338 A~! is calculated
from the resistivity data under pressure larger than 2 GPa
for CoV,04. Under this pressure, CoV,0; is approaching the
itinerant electron limit and the assumption that U remains
constant breaks down, which may lead, in our estimate, to
the deviation from linear behavior for the 1/Ry.y dependence
of Tc.

The increasing chemical pressure in Mn;_,Co,V,04 also
leads to the decrease of T; and finally the disappearance of the
structural distortion for x > 0.8 samples. This is consistent
with the fact that the system is approaching the itinerant
electron limit with the increasing chemical pressure. For
0 < x < 0.7, the system is still dominated by the localized
electron behavior. The cubic to tetragonal structure transition
is due to the orbital ordering of V3% (3d?) electrons with
1, orbitals, as in other insulating AV,0Oy spinels. For shorter
V-V distances approaching the itinerant electron limit, the
weaker structural distortion or structural instability has been
theoretically argued to be due to the formation of homopolar
V-V covalent bonds from the partial electronic delocalization,
and not orbital ordering.?® Therefore, for x > 0.8 samples,
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when the system is pushed to the itinerant electron limit
with increasing chemical pressure, the stronger electronic
delocalization can lead to more dynamic homopolar V-V
covalent bonds with fluctuating long and short V-V bonds,
involving no obvious structural distortion and leaving c/a ~
1. This trend for Mn;_,Co,V,04 is consistent with our
reported studies that there is no structural distortion for pure
COV204.21

V. CONCLUSION

In summary, for Mn;_,Co,V,04, with increasing Co
doping, the increasing chemical pressure (i) enhances the
ferrimagnetic transition; (ii) suppresses the structural dis-
tortion; and (iii) drives the system toward to the itinerant
electron limit by shrinking the V-V distance. The effects
on AV,0, of chemical pressure are similar to the effects of
physical pressure, confirming that the V-V distance is a critical
parameter controlling the structural, magnetic, and electronic
behavior of AV,0y spinels.
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