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Evolution of the electronic transport properties of V6O11 and V7O13 under pressure
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V6O11 and V7O13 are two members of the VnO2n−1 Magnéli series (n = 3–9). At ambient pressure, V6O11

manifests a metal to insulator (MI) transition near TMI = 170 K and V7O13 (the exception in the series that does
not become insulating at ambient pressure) manifests an antiferromagnetic (AFM) transition with spin density
wave character at TN = 43 K. Temperature-dependent resistivity data for V6O11 and V7O13 were measured
under pressures up to 7.52 and 6.40 GPa, respectively with critical pressures of P MI

c = 3.8 GPa for V6O11 and
P AFM

c = 3.5 GPa for V7O13. As the MI transition for V6O11 is suppressed no features associated with an AFM
transition in the resistivity are seen. Near the critical pressure for V6O11 where the first-order MI transition
disappears, a T 2 dependence of the low-temperature resistance can be found. On the other hand, in V7O13

as the second-order, antiferromagnetic transition is brought towards T = 0, the resistivity shows a vanishing
low-temperature region of Fermi-liquid-like behavior, consistent with proximity to a quantum critical point.
Improved hydrostaticity of the pressurized sample space enhances the divergence of the T 2 coefficient for V7O13

near the AFM critical pressure, 3.5 GPa.

DOI: 10.1103/PhysRevB.87.115140 PACS number(s): 62.50.−p, 72.15.Eb, 72.80.Ga, 74.40.Kb

I. INTRODUCTION

The metal to insulator (MI) transition has fascinated
scientists for decades, and has, over the years, led to a great
number of studies on materials that manifest this transition.1

Of these materials, V2O3 and VO2 are classic examples
with the former considered the prototypical Mott-Hubbard
insulator. In these and other systems with MI transitions,
pressure is used to tune the system, often suppressing TMI.
For V2O3, with an ambient pressure TMI= 176 K on warming,
applied pressure causes a decrease in TMI, with it being fully
suppressed by 2.6 GPa.2 For P � 2.6 GPa, quadratic behavior
is seen in the low-temperature resistivity. On the other hand,
VO2 has a MI transition at TMI= 340 K and no magnetic
ordering was observed down to low temperatures.1,3,4 With
applied pressure, the TMI was seen to increase linearly at
0.82 K/GPa.5

Modifying the structure is another method of tuning a
system. The homologous VnO2n−1 (n = 3–9) Magnéli series
spans the compositional and structural range between VO2 and
V2O3 with n units of VO2 (rutile) separated by a V2O3-like
face-sharing shear plane. TMI is found for n = 3–6, 8, and
9 with n = 7 having TMI = 0 and instead showing features
consistent with spin density wavelike antiferromagnetic order
with a transition temperature (TN) at 45 K.4,6–11 Combining
the structural and pressure tuning, the effect of pressure
on several of the Magnéli series compounds have already
been studied.11–17 Systematic studies by Canfield et al.11,13,14

measured the transport properties of VnO2n−1 (n = 4–8) for
pressures P < 2 GPa. TMI was found to decrease with pressure
to varying degrees for n = 4, 5, 6, and 8. For V7O13 the TN also
decreased with increasing pressure at a rate of −7.5 K/GPa.11

Particularly interesting was V8O15 where TMI could be fully
suppressed by these modest pressures, revealing the same
resistive antiferromagnetic (AFM) signature that was seen in
V7O13. This discovery suggested that the spin density wavelike
order in V7O13 was not anomalous, but was in fact a general
feature of the VnO2n−1 system.

Pressure studies of V7O13 that were initially performed
up to 2 GPa11,13,14 and later extended up to 3.5 GPa15 have
shown that the AFM transition temperature steadily decreases
with applied pressure until, near 3.4 GPa, it disappears in
measurements down to 1.7 K. Near this critical pressure
(P AFM

c ), Ueda et al.15 found a T 3/2 dependence for resistivity
at base temperatures, indicating non-Fermi-liquid behavior
near a quantum critical point (QCP). V8O15, also measured
under pressure up to 3.5 GPa, showed a suppression of its
MI transition with pressure until at 1.34 GPa, where the
MI transition disappeared and revealed a feature associated
with AFM ordering. Further increase of pressure suppressed
this feature until at P AFM

c = 3.4 GPa, where it is driven to
T = 0. For V8O15, continued T 2 dependence was seen at low
temperatures near the AFM critical pressure.15

In order to further study the effects of pressure on
the VnO2n−1 series, in this work we present high-pressure
(P < 8 GPa) measurements of the electrical resistivity of
V6O11 and V7O13 for 0.3 < T < 300 K. For V6O11 we find
that the MI transition can be suppressed to zero by P ≈ 3.8 GPa
and that the behavior of ρ(T ,P ) is consistent with the
suppression of a first-order phase transition to zero rather than
a second-order one. As TMI is suppressed, though, no features
associated with AFM ordering were seen to emerge. For
V7O13, the spin density wavelike transition can be suppressed
to zero by P AFM

c ∼3.5 GPa and the behavior of ρ is consistent
with a second-order transition being driven to zero, with the
coefficient A, of ρ ∝ AT 2, diverging at P AFM

c . Finally we
can create a composite phase diagram for V6O11, V7O13,
and V8O15 that provides some rationalization for why V6O11

does not manifest the SDW-like state seen in V7O13 and
V8O15.

II. EXPERIMENTAL METHODS

The V6O11 and V7O13 single crystals were prepared in a
two-step process. First, stoichiometric mixtures of powdered
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V2O3 and VO2 were reacted to form polycrystalline V6O11

or V7O13. Then the polycrystalline material was ground and
mixed with a few tens of mg of TeCl4 and sealed in an
evacuated quartz tube. The tube was placed horizontally in
a thermal gradient furnace where the end of the tube with
starting material is kept near 1050 ◦C and the other side set to
be near 950 ◦C. Several weeks were needed to grow the single
crystals.14,18

Given the subtle differences in the powder x-ray diffrac-
tion spectra of the large unit cells of triclinic V6O11 and
V7O13, and given the distinct ordering temperatures and
phase transitions of the various VnO2n−1 members,6,11,14,19,20

temperature-dependent resistance and magnetization were
used to confirm the characteristic features of the V6O11 and
V7O13 samples. These measurements were conducted in a
Quantum Design Physical Properties Measurement System
(PPMS) and a Magnetic Properties Measurement System
(MPMS) respectively.

For resistivity measurements under pressure rectangular
rods with linear dimensions of approximately 700 × 150 ×
50 μm3 were used. The rods were formed by polishing the
larger crystal into shape with 2400 grit sandpaper. There were
no efforts to have the faces of the rectangular rods oriented
along any of the triclinic crystallographic directions. Four
12.5-μm diameter gold wires were attached using DuPont
4929N silver paint in a linear four wire arrangement. Due to
the small dimensions of the sample, errors of up to 30% in
absolute resistivity values are expected.

A modified Bridgman cell21 was used for all pressure
measurements with a 1:1 mixture of Fluorinert 70 and
Fluorinert 770 (FC70 : FC770) or a 1:1 mixture of n-pentane
and iso-pentane serving as the liquid pressure medium. The
hydrostatic limit of a pressure transmitting medium is the pres-
sure at which the liquid medium begins to solidify at ∼300 K
(room temperature). Given that the increase of pressure is
typically done at room temperature, a higher degree of hy-
drostaticity is expected for pressures less than the hydrostatic
limit. Above the hydrostatic limit, minute pressure gradients
due to the crystalline or glassy pressure transmitting media can
occur. For 1:1 FC70:FC77 and 1:1 n-pentane : iso-pentane, the
hydrostatic limits are ∼1 and 6.5 GPa, respectively.22–24 (The
pressure-dependent properties of Fluorinert 770 are expected
to be the same as that of Fluorinert 77.) More hydrostatic
conditions are expected for the 1:1 n-pentane : iso-pentane
mixture. The 1:1 FC70 : FC770 mixture was used for all V6O11

and several V7O13 measurements under pressure. For V7O13,
the 1:1 n-pentane : iso-pentane mixture was also used to see
if the degree of hydrostaticity of the medium had measurable
effects.

These Bridgman cells were designed to work in conjunction
with a PPMS. Measurements for 2 � T � 6 K were taken with
a warming rate of 0.1 K/min and for 6 � T � 30 K a warming
rate of 0.2 K/min was used. At the sample space, a temperature
lag of at most 100 mK is expected for these warming rates.25

Low-temperature measurements down to 0.47 and 0.32 K were
conducted on V6O11 and V7O13 respectively, using a CRYO
Industries of America 3He system. Unless otherwise noted,
only warming data are shown in the figures.

The pressure within the sample space was determined by
the superconducting temperature of a lead sample that was also

included in the sample space. Measurements of this transition
were done by stabilizing at each temperature before collecting
data to further minimize any temperature lag. The pressure
difference in the sample space between room temperature and
at 30 K is less than 0.1 GPa.25 The superconducting transition
width of the lead samples gives an estimate of the level of
hydrostaticity. For measurements with the 1:1 n-pentane :
iso-pentane mixture, the Pb SC transition width is typically
15 mK26 which at 3.5 GPa corresponds to a pressure gradient
of 0.04 GPa. Measurements with the 1:1 FC70 : FC770 liquid
media usually show a transition width of 40 mK,26 which
indicates a gradient of 0.12 GPa at 3.5 GPa.

When measuring V6O11, the ambient pressure structural
transition at 170 K often destroyed the samples, making them
unusable for further measurements. This is most likely caused
by the strains associated with changing V-V bond lengths as the
MI transition occurs. Of the VnO2n−1 family, V6O11 exhibits
the largest such change with a V-V bond length expanding by
∼0.5 Å on cooling through TMI.14 Fortuitously, even a small
amount of hydrostatic pressure seems to prevent the sample
from irreversibly cracking during the structural transition,
allowing for measurements under pressure.14 In order to work
around this structural degradation at ambient pressure, a V6O11

crystal was polished into a long rectangular rod and separated
into several pieces, one of which was used for these preliminary
resistance measurements. As a result of this, for V6O11, the
ambient pressure resistivity curve could not be measured
beforehand for all sets of pressure measurements (each set
denoted as cell 1, 2, and so on). However, for cell 1 after
several pressure measurements, the V6O11 sample survived
the depressurization process and was then used to measure
the ambient pressure, temperature-dependent resistivity. This
provides the only full temperature range measurement of
V6O11 at ambient pressure that could be compared to higher
pressure measurements. V6O11 samples from all other pressure
measurements were lost when the sample space was depressur-
ized. For P � 3 GPa, the suppression rate of the ambient tem-
perature resistivity values with respect to pressure were fairly
consistent, at close to −6 × 10−6 � cm GPa−1. Therefore,
all V6O11 measurements were normalized to cell 1. This was
done by having the ambient temperature resistivity of the initial
pressure measurement of each cell normalized to a linear inter-
polation of the same value from the pressure measurements of
cell 1. For the few P < 3 GPa measurements, these curves were
also normalized to cell 1 in a similar manner, except the rate of
suppression of the resistivity value for cell 1 was only defined
by two points, one at ambient pressure and one at 3.52 GPa.

For resistivity measurements of V6O11 at P = 0.84 and
1.64 GPa, at least one of the contacts on the sample was
electrically connected to the pressure cell itself. This likely
contributed to the measured negative slope of ρ(T ) of the
sample for these two pressures. However, at these low
pressures, only TMI was determined from these data.

V7O13 remains metallic and avoids the structural phase
transition associated with the MI transitions found for the
rest of the series, thus allowing for ambient pressure resis-
tivity measurements for all samples. A comparison of the
R/R(300 K) for all the samples at ambient pressure shows
the curves very nearly lying on top of each other. Therefore,
all sets of V7O13 measurements were normalized to that of one
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set by having the ambient pressure and temperature resistivity
of each cell multiplicatively normalized to that of one cell
and this normalization factor was propagated to the resistivity
measurements under pressure.

III. RESULTS

A. V6O11

The ambient pressure, temperature-dependent resistivity
for V6O11 can be seen in Fig. 1(a) for cooling and warming.
This measurement was taken using a sample that was retrieved
after being measured under several pressures up to 5.44 GPa. A
comparison of cooling and warming data shows the hysteresis
[inset of Fig. 1(a)] of the first-order MI transition near
170 K. Erratic jumps in the resistivity at low temperatures are
attributed to cracks in the sample due to the structural transition
that accompanies the MI transition. The hysteretic behavior
of the MI transition exists for all resistivity measurements for
0 � P � 3.52 GPa. For clarity, only warming data for selected
resistivity curves from four sets of pressure cell measurements
are shown for V6O11 in Figs. 1(b) and 1(c).

Temperature-dependent resistivity for pressures up to 2.86
and 7.5 GPa are shown in Figs. 1(b) and 1(c), respectively.
At ambient pressure, the jump in the resistivity at TMI is very
sharp. For resistivity measurements at 0.84 and 1.64 GPa,
the higher temperature (T > TMI) resistivity decreases with
increasing temperature. This was likely caused by the electrical
connection between the sample and the cell, mentioned
above. Subsequent measurements with other cells without
such electrical connections had more metal-like ρ(T ) be-
havior with the high-temperature resistivity increasing with
increasing temperature consistent with the behavior seen at
ambient pressure. For 0 < P < 3.92 GPa, the MI transition
temperature was taken as the intersection of the extrapolated
lines seen in Fig. 1(c) on the P = 2.86 GPa resistivity curve.

For V6O11, the 1:1 FC70 : FC770 mixture was used as
the liquid pressure medium. Near 10 K at ambient pressure,
the resistivity in the insulating state reaches a maximum and
decreases with further lowering of temperature. As pressure
is applied, TMI is gradually suppressed and the insulating
state maxima are reduced in magnitude and shifted to higher
temperatures. By 3.52 GPa, there is only a small discontinuous
jump in the resistivity near 46 K, which is likely a remnant
signature of the MI transition. The upper inset of Fig. 1(c)
shows both the cooling and warming data for this pressure
confirming the presence of the hysteresis at pressures close
to P MI

c . The width of the hysteresis is ∼6 K, which is
considerably larger than the temperature lag from cooling and
warming of the cell. At the next higher pressure (3.92 GPa),
where the MI transition has disappeared, there is virtually
no hysteresis between the cooling and warming data. Above
P MI

c , the resistivity shows no MI transition and instead
declines smoothly and faster at low temperatures revealing
T 2 dependence near base temperatures.

Resistivity measurements just above P MI
c were done under a

pressure of 3.87 GPa down to 0.47 K [lower inset of Fig. 1(c)].
There were no indications of any low-temperature phase
transitions (e.g., superconductivity) and instead FL behavior
was seen up to 2.1 K. Further pressure increases up to 7.52 GPa

(a)

(b)

(c)

FIG. 1. (Color online) Resistivity curves for V6O11 under pres-
sure. For clarity, not all data sets are shown. (a) Ambient pressure
resistivity for cooling and warming data. The arrow indicates the
MI transition temperature. The inset shows the hysteresis of the MI
transition near 170 K. (b) Resistivity measurements at P = 0.84, 1.64,
and 2.86 GPa show suppression of TMI (indicated by the arrows)
with applied pressure. (c) Resistivity measurements for P = 2.86,
3.52, 3.92, 5.98, and 7.52 GPa are shown on a μ� cm scale. The
criterion used for determining the MI transition is illustrated on the
P = 2.86 GPa curve. The upper inset shows the hysteresis of the MI
transition at 3.52 GPa with arrows indicating the cooling and warming
data. The lower inset shows resistivity versus T 2 data down to 0.47 K
at 3.87 GPa and a fit to the low-temperature data. The arrow indicates
the onset of low-temperature Fermi-liquid-like, ρ ∝ T 2, behavior.
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caused a systematic reduction of the resistivity across the
measured temperature range and an increase of the temperature
region of FL behavior to 6.8 K.

B. V7O13

Resistivity curves for V7O13 at various pressures are shown
in Fig. 2 where 1:1 FC70 : FC770 was used as the liquid
pressure medium. At ambient pressure, the resistivity remains
metallic down to 2 K. At ∼43.5 K, there is a clear resistive
anomaly, as was seen in previous studies10,11,13,15 and had been
associated with the AFM transition seen in the susceptibility
data.10,11,13 The AFM transition temperature, TN, was inferred
from the minimum of the derivative of the resistivity [inset of
Fig. 2(a)]. Upon lowering the temperature below TN, there is a
rapid decrease of resistivity with T 2 behavior emerging at low
temperatures. As pressure is increased, the resistive anomaly
shifts to lower temperatures, and disappears between 2.99 and
4.0 GPa. Pressure increases beyond P AFM

c expand the T 2 re-
gion and the coefficient of T 2 resistivity, A, decreases rapidly.

(a)

(b)

FIG. 2. (Color online) Resistivity measurements under pressure
for V7O13 where the 1:1 FC70 : FC770 mix was used as the pressure
medium. Only a few selected resistivity curves are shown for clarity.
(a) Full temperature range of measurements show metallic behavior
of V7O13. Inset shows dρ/dT and the criterion used for determining
the AFM transition temperature. (b) Low-temperature resistivity data
with arrows indicating the AFM transition temperature.

(a)

(b)

FIG. 3. (Color online) Resistivity measurements under pressure
using the more hydrostatic 1:1 n-pentane : iso-pentane mixture as
the pressure medium. (a) The full temperature range is shown with
selected curves from two different sets of measurements. Inset shows
the low-temperature T 2 fit for 3.22 GPa measured down to 0.32 K.
(b) The low-temperature resistivity data is shown, with the kinklike
feature in the 3.11 and 3.25 GPa measurements that is likely a
remnant signature of AFM ordering. The arrows the AFM transition
temperature. The inset shows dρ/dT for P = 3.11 GPa that where
the feature is more noticeable and TN determined.

For measurements with improved hydrostaticity, a 1:1
n-pentane : iso-pentane mix was used for several pressure
measurements. Results are shown in Fig. 3. Pressures closer
to P AFM

c were reached [3.11, 3.25, and 3.83 GPa are shown
in Fig. 3(b)] and the low-temperature resistivity data for
P = 3.11 and 3.25 GPa show a noticeable change in slope.
This feature is better seen in the temperature derivative of
the resistivity [inset of Fig. 3(b)] and appears to be related
to the feature that has been associated with AFM order,
which is suppressed at a higher pressure. Above 3.25 GPa,
the resistivity curves remain smooth down to base temperature
with a widening range of T 2 behavior (as pressure increases)
at low temperatures. The critical pressure is inferred to be
between 3.25 and 3.83 GPa.

Measurements of V7O13 at 3.22 and 3.83 GPa down to
0.32 K showed no indications of any low-temperature phase
transitions. An example of a fit to T 2 behavior is shown in the
inset of Fig. 3(a) for 3.22 GPa.
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(a)

(b)

(c)

FIG. 4. (Color online) (a) Phase diagram of V6O11 illustrating the
salient features as they progress with pressure. Triangles denote the
MI transition temperature (TMI) and the open stars with a central dot
denote the upper limit of FL behavior (TFL). The open red triangles are
data from a study by Canfield et al. (Refs. 13 and 14). The red dashed
line is a guide to the eye. (b) The range of the Fermi-liquid behavior,
that the V6O11 ρ(T ) data can be fit when it is metallic throughout
the full temperature range. (c) T 2 coefficient of the resistivity versus
pressure phase diagram. The black dashed vertical line indicates the
first pressure where the MI transition has been fully suppressed.

IV. ANALYSIS AND DISCUSSION

Figure 4(a) presents temperature-pressure data that form
a phase diagram of the MI transition for V6O11 and the

progression of the range of low temperature, ρ ∝ T 2, FL
behavior. The TMI data overlap those from a previous study
by Canfield et al. where measurements up to 1.87 GPa showed
a linear decrease in TMI with pressure,14 but, as shown in
Fig. 4(a), the new data show a somewhat larger dTMI/dP value
and clear, nonlinear suppression of TMI with pressure until TMI

disappears between 3.52 and 3.87 GPa. The suppression of TMI

indicates the occurrence of a quantum phase transition driven
by a nonthermal parameter, in this case, pressure. At 3.87 GPa,
just above P MI

c , the low-temperature resistivity measurements
down to 0.47 K showed ρ ∝ T 2 behavior for T < 2.1 K [inset
of Fig. 1(c)]. As pressure increases beyond P MI

c , TFL increases
monotonically [Fig. 4(b)] and the coefficient A decreases
[Fig. 4(c)]. The pressure dependence of both TFL and A are not
consistent with divergent behavior at P MI

c but rather seem to
manifest a low-pressure truncation below P MI

c . This is not too
surprising given that the transition being suppressed maintains
its first-order nature [as evidenced by the hysteretic behavior
of the MI transition close to P MI

c shown in the upper inset
of Fig. 1(c)] down to the lowest detectable values of TMI.
Therefore, the divergence of A associated with TFL going to
zero at a quantum critical point is not seen in V6O11.

For V7O13, the suppression of the second-order AFM
transition temperature with pressure can be seen in Fig. 5(a),
with data from past studies using different liquid media
included for comparison. The data match well for the liquid
media with lower hydrostatic limits, namely 1:1 FC70 : FC770
and the Daphne 7373 mixtures with hydrostatic limits of 1 and
2.2 GPa respectively.23,27 The evolution of TN with pressure
shows a small dependence on the choice of pressure medium.
This is not unexpected, as it has been seen before that the choice
of pressure medium can affect the pressure dependence of a
magnetic transition temperature.26 For the measurements with
the 1:1 n-pentane : iso-pentane media, with a higher hydrostatic
limit of 6.5 GPa,24 the AFM transition temperatures tend to
be lower at a given pressure. In our measurements, despite the
minute difference in TN suppression rates due to the choice of
liquid medium, an extrapolation of TN shows that the critical
pressure of P AFM

c = 3.5 GPa is very nearly the same and may
at most, differ by 0.2 GPa for different liquid media. ρ ∝ T 2

fits to the low-temperature resistivity data for V7O13 were used
to infer TFL as shown in the phase diagrams Figs. 5(a) and 5(b).

There is a large region of Fermi-liquid behavior at ambient
pressure, up to 8.6 K, and this region diminishes as pressure is
increased to P AFM

c . For two pressures close to P AFM
c , 3.22 and

3.83 GPa, measurements down to 0.32 K revealed quadratic
behavior at very low temperatures. For 3.22 GPa, this quadratic
behavior persisted up to 0.9 K with the highest T 2 coefficient
found, A = 3.7 × 10−6 � cm K−2. For 3.83 GPa, the quadratic
behavior is seen up to 1.2 K (T 2 = 1.4 K). Above P AFM

c

for V7O13, the T 2 coefficient decreases (roughly inversely
with P − P AFM

c ) and the temperature region of Fermi-liquid
behavior increases rapidly to nearly 4 K. The contributions to
the scattering due to the magnetic excitations (below TN) and
fluctuations (above TN) may have different prefactors, but the
data clearly shows T 2 resistivity at low temperatures on both
sides of P AFM

c .
A hallmark feature of a QCP is the divergent behavior of the

T 2 coefficient near the critical point. The divergence has been
fit to A ∝ |P − P AFM

c |−1 on either side of P AFM
c = 3.5 GPa in
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(a)

(b)

FIG. 5. (Color online) Phase diagrams for V7O13. (a) TN as it
is suppressed by pressure. The blue dashed line is a guide for the
eye. (b) Expanded, low-temperature region showing TFL (range of
Fermi-liquid behavior), the blue dashed line shows the extrapolation
of the TN(P ) line.

Fig. 6(a) (shown as the solid red line). Another indication of
a QCP is a sharp drop of ρ0 at the critical pressure. A phase
diagram of ρ0 vs pressure is shown in Fig. 6(b) showing a
modest rise as pressure is increased up to P AFM

c and a sharp
drop at pressures just above.

A past study15 down to T = 1.7 K showed a T 3/2 depen-
dence at P AFM

c = 3.4 GPa at base temperatures, consistent with
self-consistent renormalization theory for spin fluctuations
near a QCP for a three-dimensional (3D) AFM.28 Unfortu-
nately, in our body of work, measurements closer to 3.4 GPa
were not taken due to the difficulty of controlling the increase
of pressure by anything less than 0.5 GPa. Measurements with
the PPMS at 3.28 GPa do show a T 3/2 dependence from 2 to
2.3 K. However, upon closer inspection of lower temperature
measurements down to 0.32 K at P AFM

c = 3.22 GPa, the
resistivity shows T 2 dependence up to 0.9 K (Fig. 7). This
behavior is not unexpected near a QCP where the Fermi-liquid
behavior has been significantly suppressed. The fact that
FL behavior only exists at low temperatures indicates that
at 3.22 GPa, we are close to the quantum critical point.

Measuring with a more hydrostatic medium (the 1:1 n-
pentane : iso-pentane mix), shows that the divergence of A at

(a)

(b)

FIG. 6. (Color online) Phase diagrams for V7O13. (a) T 2 coeffi-
cient as it evolves with pressure. The red lines are fits of the results
from measurements with the 1:1 n-pentane : iso-pentane and 1:1
FC70 : FC770 mixtures with the form of A ∝ | P − P AFM

c |−1 where
P AFM

c = 3.5 GPa is denoted as the dashed vertical black line. Open
and closed symbols are for measurements with 1:1 FC70 : FC770
and 1:1 n-pentane : iso-pentane media, respectively. For comparison,
results from previous studies (Refs. 11,14 and 15) are also plotted
and can be seen as the crossed symbols. (b) ρ0 inferred from T 2 fits.

FIG. 7. (Color online) Resistivity plotted versus T 2 showing the
low-temperature FL behavior up to ∼1 K.
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P AFM
c is stronger than was seen when using the less hydrostatic

1:1 FC70 : FC770 mix. This might be the cause of the
reduced divergent behavior of A near P AFM

c seen in previous
measurements of V7O13

15 where Daphne Oil 7373 was used
as the liquid pressure medium. With a room temperature
solidification pressure of 2.2 GPa,27 Daphne Oil 7373 has
better hydrostaticity than the 1:1 FC70 : FC770 mixture, which
solidifies near 1 GPa but is still less hydrostatic than the 1:1
n-pentane : iso-pentane mixture which has a solidification
pressure of 6.5 GPa.23,24 Improved hydrostaticity decreases
the pressure gradients across the sample and improves its
homogeneity, which is essential when studying the narrow
pressure region where quantum fluctuations can drive a
magnetic quantum phase transition.

A composite phase diagram for V6O11, V7O13, and V8O15,
is shown in Fig. 8(a) with data from past pressure measure-
ments included for comparison.11,14 The pressure dependence
of TN for V7O13 is remarkably consistent for measurements
using different liquid media. Even more surprising is a
comparison of TN(P ) for V7O13 to V8O15. For V8O15, pressure
suppresses the MI transition fast enough to reveal the low-
temperature AFM transition in the resistivity. The pressure
dependence of this AFM transition for V8O15 directly maps
onto the same for V7O13 without any shifts in pressure or
normalizations to TN. TN(P ) is virtually identical for V7O13

and V8O15, giving rise to the possibility that it is a universal
feature of the low-temperature metallic state of the Magnéli
series.

The composite phase diagram shown in Fig. 8(a) helps
explain several of the features that emerge in the V6O11 data
set. First of all, the fact that signatures of an antiferromagnetic
phase transition, similar to those seen for V7O13 and V8O15, are
missing in V6O11 at any measured pressure can be understood
by noting that the TN(P ) line goes to zero before the critical
pressure for the complete suppression of the MI transition
in V6O11. This means that, for V6O11, we cannot directly
access a QCP associated with antiferromagnetic order. This
being said, though, Fig. 8(a) does show that, as the pressure
applied to V6O11 is decreased from the high-pressure side
(i.e., as we progress from 7 GPa toward 4 GPa) the sample, at
low temperatures is approaching not only the quantum phase
transition associated with the end point of the TMI(P ) line,
but also may be approaching a hidden QCP associated with
the potential antiferromagnetic ordering seen for V7O13 and
V8O15. This possibility is explored more fully in Figs. 8(b)
and 8(c) where the pressure dependencies of TFL and A as
a function of P are plotted for both V7O13 and V6O11. For
V6O11, the evolution of TFL with pressure is consistent with
the possibility that the FL behavior is associated with the
antiferromagnetic fluctuations that gradually weaken with the
increase of pressure. The A(P ) data is similar for P > 5 GPa,
but for 3.8 < P < 5 GPa the A values for V6O11 are signifi-
cantly smaller than those for V7O13. This may, of course, be
due to the fact that whereas for V7O13 we can experimentally
pass through the critical pressure for the QCP, we cannot
approach the QCP so closely for V6O11 given the higher
pressure TMI(P ) line.

Consequently, it is of interest to do further studies on a
member of this Magnéli series with a lower MI transition
at ambient pressure. V9O17, which has a MI transition at

(a)

(b)

(c)

FIG. 8. (Color online) (a) Composite phase diagram of V6O11,
V7O13, and V8O15 with the latter data from work by Canfield et al.
(Refs. 11,13 and 14). The AFM transition of V7O13 and V8O15

overlap, however, the MI transition of V6O11 persists near the AFM
critical pressure, negating any possibility of seeing a splitting of the
MI and AFM transition as in V8O15. The dashed lines are guides
for the eye. (b) Combined phase diagram of TFL for V6O11 (shown as
green open stars with a central dot) and V7O13 (shown as orange open
and blue closed stars). The solid red line is a fit to the V7O13 data as
described before. (c) Combined phase diagram of T 2 coefficient for
V6O11 (shown as green circles with a central dot) and V7O13 (shown
as orange open and blue closed circles indicating the use of 1:1 FC70 :
FC770 and 1:1 n-pentane : iso-pentane liquid media, respectively).
The black dashed line indicates P AFM

c for V7O13 and the green solid
line indicates P MI

c for V6O11.

115140-7



KIM, COLOMBIER, NI, BUD‘KO, AND CANFIELD PHYSICAL REVIEW B 87, 115140 (2013)

79 K would be a natural choice as its TMI is slightly higher
than that of V8O15.9 Another possible candidate for pressure
measurements is V5O9 with TMI∼130 K.4,8,14,29 Previous
studies of V5O9 with pressure measurements up to 0.85 and
1.73 GPa show a linear suppression of TMI at a rate of about
9 K/GPa.14,30 Such a low suppression rate would consign
it to the same fate as V6O11 where the MI transition is too
robust for the region P < 3.5 GPa. However, if this rate
increases with pressure, as it did for V6O11 and V8O15, then
combined with its somewhat low TMI, it may be possible to
suppress TMI sufficiently to see the AFM feature emerge in
the low-temperature metallic state, or possibly even revealing
a different ground state.

V. CONCLUSION

The electrical transport properties of V6O11 and V7O13

have been measured under pressures up to 7.52 and 6.40 GPa,
respectively. The MI transition in V6O11 was fully suppressed
by 3.87 GPa which overshoots the AFM critical pressure for
V7O13 where P AFM

c = 3.5 GPa. The suppression of the AFM
temperature in V7O13 with pressure maps directly to the same
seen in V8O15 suggesting that this is a universal characteristic
of the members of this Magnéli series. However, the robust MI
transition in V6O11 is not fully suppressed until after the AFM

critical pressure in V7O13. Therefore, no AFM ordering was
seen for V6O11.

Resistivity measurements under pressure for V7O13 show
that the AFM transition temperature is gradually suppressed
with pressure until it is gone by 3.83 GPa. The divergent
behavior of the T 2 coefficient with P AFM

c = 3.5 GPa indicates
proximity to a quantum critical point. A previously reported
region of T 3/2 behavior was found to be in fact a crossover
region to FL behavior at even lower temperatures below 0.9 K.

Although the P -T phase diagram for V6O11 does not show
any long-range magnetic order (of the kind found in V7O13),
there is clear Fermi-liquid behavior at low temperatures, above
P MI

c with the TFL value diminishing as P MI
c was approached

from higher pressures. These data suggest that there might
well be a hidden QCP in V6O11 that can only be inferred from
the extrapolation of high-pressure TFL results.
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