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Electric resistivity, magnetic susceptibility, and x-ray diffraction measurements under high pressure
are performed in both α-Sr2VO4 and α-Sr2CrO4, which are carefully prepared with regard to their
stoichiometry. These measurements reveal contrasting and peculiar metallization processes of these
compounds with increasing pressure. In contrast to a previously reported one in a V compound, we find two
kinds of pressure-induced metallic states at low- (T < 50 K) and high-temperature (T > 100 K) regions.
The high-temperature one seems to emerge beyond the pressure-induced Mott transition. The low-
temperature one might imply a topological nature of the V compound, which is expected in the spin-orbit
coupled 3d1 state that arises from their degenerated dzx and dyz orbits.
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Both α-Sr2VO4 and α-Sr2CrO4 have an identical
K2NiF4-type crystal structure. Isostructural La2CuO4, the
mother compound of high-Tc cuprates, and Sr2RuO4, an
exotic p-wave superconductor, are well known. α-Sr2VO4

has been an especially mysterious compound. There are
various arguments about its electromagnetic states on both
the experimental and theoretical sides [1–11]. Even though
the magnetic system of this compound is considered to be a
spin s ¼ 1=2 square lattice, its ground state is still under
debate [2–12]. Note that the electromagnetic properties of
this compound are very sensitive to its off-stoichiometry
[13]. With respect to α-Sr2CrO4, the situation is rather poor;
namely, a small number of studies have appeared in the
literature because high-quality bulk samples have only been
first synthesized in recent years [14]. Let us extract a few
physical aspects from these studies, which are commonly
observed and/or widely accepted. (i) Stoichiometric com-
pounds are strongly insulating [1,13,14]. (ii) Three (V) and
two (Cr) kinds of phase transition appear at 0.0 GPa below
300 K [2–7,14]. (iii) The orbital degree of freedom is
crucial [2–8,10]. These aspects are the starting points of
this study.
Schematic K2NiF4-type structure is illustrated in an inset

in Fig. 1(c). A space group I4=mmm gives rise to a fourfold
symmetry at M-ion sites (M ¼ V4þ, Cr4þ), which causes
dyz and dzx orbital degeneration. Both VO6 and CrO6

octahedra are elongated along the c axis. This results in
splitting of the threefold degenerated t2g orbits into upper
dxy singlet and lower dyz and dzx doublet states, within the
point charge model, as shown in an inset in Fig. 1(c) with a

notation of “M ¼ V.” In contrast to the V-3d case, the
negative charge-transfer-gap situation of Cr-3d and O-2p
orbits causes reversed singlet and doublet states, as shown
in this figure with a notation “M ¼ Cr" [15]. These two
kinds of electronic state lead to two expectations as follows:
One is similar electronic conduction in the two compounds,
since their highest occupied states, which mainly contribute
to the electronic conduction, are the same. The other is
different magnetic states arising from the existence (Cr) or
absence (V) of a lower dxy orbit, in which a spin s ¼ 1=2
lies. Experimentally, similar optical conductivities [1] and
different magnetic ground states [3,4,14] were observed.
Elaborate techniques to prepare stoichiometry finely

tuned powder samples of α-Sr2VO4 and α-Sr2CrO4 have
already appeared in the literature [4,14]. Submillimeter size
single crystals of these two compounds can be obtained by
injecting a small amount of pure H2O into a gold capsule,
which experiences heating and compressing processes
when a precursor, orthorhombic β-type compound trans-
forms to a tetragonal α-type one. The stoichiometry of these
crystals can be checked by phase transition temperatures,
which can be observed by magnetic susceptibility and
electric resistivity measurements at ambient pressure. The
high-pressure experiments to observe the electric resistivity
(∼14 GPa), the magnetic susceptibility (∼2.2 GPa), and
x-ray diffraction (∼11 GPa) were carried out using a
cubic-anvil-type, a piston-cylinder-type, and a diamond-
anvil-type (DAC) pressure cell, respectively. Some
detailed information for the pressure determination in these
pressure cell is given in Supplemental Material [16].
Daphne oil (for M ¼ V) or glycerol (Cr) was employed
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as a pressure-transmitting medium [17]. The dc resistivity
(ρ) of the single crystal was measured by the standard four-
probe method with several dc-excitation currents running
along the a axis. The dc susceptibility (χ) of the poly-
crystalline sample (∼20 mg) was measured at an external
magnetic field of 1.0 T, using a commercial magnetometer
(MPMS-XL-7T, Quantum Design Co. Ltd.). In order to
obtain precise χ, a large contribution from the pressure
cell was subtracted from a raw output signal of the MPMS
as explained previously [18]. The powder x-ray diffraction
(XRD) profiles were observed by the backscattering
method using an in-house x-ray source (Mo-rotor, RTPG-
150, Rigaku Co. Ltd.) and a flat imaging plate (IP). Using
Internet-distributed software, IPANALYZER and PDINDEXER

[19], the observed XRD images are transformed into the
one-dimensional profiles, and, from these profiles, we have
evaluated the lattice constants a and c, the unit cell volume
v, and the ratio a=c [20], assuming space group I4=mmm.
The pressure evolutions of temperature dependences of

resistivity (ρ-T curves) are exhibited in Figs. 1(a) and 1(b)
for α-Sr2VO4 and α-Sr2CrO4, respectively. The several
kinds of red symbol near the ρ-T curves such as the circle,
square, diamond, etc., represent anomalies that could be
accompanied with phase transitions. Note that the two

kinds of phase transition, which are already observed at
ambient pressure and at around 100 K in both V and Cr
compounds, appear as a slight kink and/or as a small hump
of the ρ-T curves (solid symbols of diamond and inverted
triangle). With increasing pressure (loading process), sev-
eral kinds of additional anomalies appear (solid symbols of
circle, square and rhombus in the V compound and solid
symbols of triangle and square in the Cr compound). With
decreasing pressure (releasing process), these anomalies
are reversibly observed (open symbols of circle, square,
diamond, and rhombus). The most significant observations
are two kinds of metal-to-insulator transition (MIT) in the
V compound. The first one is a MIT as a function of the
pressure (P) at around 5–7 GPa. An appearance of this MIT
in the pressure evolution of ρ − T curves is similar to that of
iron-based ladder compound BaFe2S3 [21], in which a
pressure-induced Mott transition contacts to a 24-K super-
conducting phase. Large hysteresis loops that appear in ρ-T
curves between 5.4 and 6.8 GPa seem to be one manifes-
tation of this pressure-induced MIT. The second one is a
MIT as a function of the temperature (T) above 8 GPa at
around 75–100 K (solid diamond). Furthermore, ρ-T
curves above 8 GPa show a reentrant MIT at around
50 K (solid circle). In this reentrant low-temperature
metallic phase, the absolute value of ρ is about 100 times
larger than that in a usual high-temperature metallic phase.
In contrast to the V compound, no MITwas found in the Cr
compound. However, two kinds of phase transition pre-
viously reported at ambient pressure can be seen as two
slight anomalies (solid symbols of inverted triangle and
diamond) of the ρ-T curves. In addition to these, some
pressure-induced anomalies (solid symbols of triangle,
square, and circle) were also observed. Here, let us
emphasize the following three differences between ρ-T
curves below 4 and above 6 GPa. (i) An upward bending of
the ρ − T curve at 100 K suddenly turns downward one
(solid triangle → solid inverted triangle). (ii) A pressure
dependence of the slope of the ρ-T curve in the Arrhenius
plot changes its tendency [left-hand side inset in Fig. 1(b)].
(iii) Both the loading and releasing curves (load depend-
ences of ρ) at 300 K show a slight hump in between 4 and
6 GPa (upward and downward arrowheads in the right-hand
side inset). These three aspects imply that a phase boundary
lies vertically in the pressure-temperature (P-T) phase
diagram at around 5 GPa.
The pressure evolutions of temperature dependences of

susceptibility (χ-T curves) and anomalies on these curves
(blue symbols) are also exhibited in Figs. 1(c) and 1(d) for
V and Cr compounds, respectively. At first glance, very
different pressure responses below 100 K between Vand Cr
compounds can be seen. This can be attributed to a peculiar
magnetic state under 100 K, which has been debated in the
V compound but not in the Cr compound [3,4,8]. Above
200 K, the absolute values of χ are twice different, probably
owing to twice different numbers of spin sitting in V4þ and
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FIG. 1. (a) ρ-T curves under several pressures in α-Sr2VO4.
Several kinds of red symbol represent anomalies on the ρ-T
curves. The closed (open) symbols denote the ρ-T curves
measured in the loading (releasing) process. (b) Those in
α-Sr2CrO4. Two insets show an Arrhenius plot of the ρ-T curves
above 200 K and the loading curves at 300 K, respectively.
(c) χ-T curves under several pressures in the V compound.
Several kinds of blue symbol represent anomalies on the χ-T
curves. The inset shows a crystal structure and the schematic
electronic states for both V and Cr compounds. (d) χ-T curves
under several pressures in the Cr compound. The inset shows a
macro graph of the χ-T curves around the two phase transitions.
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in Cr4þ. These complementary χ-T observations cover
invisible P-T regions in ρ measurements. For instance, the
χ measurements clearly observed a magnetic transition at
8 K and at ambient pressure in the V compound (solid
triangle), which could not be captured by ρ measurements
because of its undetectable high resistivity. Naturally, two
other transitions at 100 and 140 K can be seen on the χ-T
curves of 0.0 GPa (solid symbols of inverted triangle and
diamond for both V and Cr compounds). However,
observed χ-T curves cannot yield any pressure-induced
phase, which is observed in ρmeasurements, because of the
relatively lower capability of pressure generation (2.3 GPa)
in the employed pressure cell. Additional discussions about
the magnetic properties in the V compound, which has been
under debate even at ambient pressure, are represented in
Supplemental Material [16], which includes Refs. [22–31].
Combining the two kinds of result of ρ and χ measure-

ments, we can draw the two P-T phase diagrams as shown
in Fig. 2 for V and Cr compounds, respectively. The many
kinds of blue (χ) and red (ρ) symbols shown in these phase
diagrams have already appeared in Fig. 1. As shown in this
figure, many phases emerge, and these phases will be
represented by Roman numerals (I–VIII and I–VI for the V
and Cr compound, respectively). All the phases observed at
ambient pressure are naturally denoted by these numerals.
The green and yellow regions show insulating and metallic
phases, respectively. Let us focus on the phase diagram of
the V compound. Two kind of MIT, as a function of T and
that of P, result in a very complex P-T phase diagram. The
first MIT, as a function of P, is represented as a hatched
area in between 5 and 7 GPa with an end point at around
250 K in this phase diagram. Note that a loading curve of ρ
at 300 K does not show any anomaly, in contrast to that of

the Cr compound. This implies the existence of an end
point of this MIT, as discussed in Ref. [21]. This MIT is
very clear at I → V and II → VIII phase transitions, but it
is unclear at II → VI and VII transitions because of the
insulating natures in both the lower- and higher-pressure
phases. The second MIT, as a function of T, is represented
as red diamond symbols connected by a solid line, and the
reentrant MIT is also shown by red circles. Additional
discussions with regard to these pressure-induced metallic
phases (Vand VIII) and their electronic states are presented
in Supplemental Material [16]. In contrast, no metallic
region was observed in the Cr compound; thus, all the area
of the phase diagram is colored in green. Furthermore, this
compound never turns metallic up to 50 GPa [32].
Naively, one can expect that this contrast can be

attributed to very soft or hard lattices against pressure.
To check the pressure dependence of lattice constants,
powder XRD profiles up to 11 GPa were observed at room
temperature, and these results are exhibited in Fig. 3. In
all panels of this figure, blue and red represent V and Cr
compounds, respectively. Figures 3(a) and 3(b) show full
XRD profiles under pressure, and the large drops of
background levels at around 2θ > 22° are caused by the
geometry of the DAC. As seen in these two panels, there is
no major structural change in both the compounds, such
as a tetragonal or orthorhombic structure change and/or
enlarging of the unit cell, within an experimental resolu-
tion. The pressure dependences of normalized lattice
constants a=a0 and c=c0, where a0 and c0 are lattice
constants observed at ambient pressure, are exhibited in
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Fig. 3(c). Here, one can exclude a trivial scenario of very
different bulk modulus for V and Cr compounds because
of almost the same behaviors of a=a0 against pressure,
which is expected to be crucial for in-plane electronic
conduction. Further detailed discussions are represented in
Supplemental Material [16], including Rietvelt refinement
of these XRD profiles.
Figure 3(d) shows pressure dependences of the unit cell

volume v and the ratio a=c. Supplemental Material [16]
gives the energetics of the V compound at controversial
transitions observed at ambient pressure, using this δv=δP
and δTc=δP, and suggests a non–Jahn-Teller origin of the
transitions. It also shows that the elastic energy change of
the unit cell can be evaluated as δϵ ∼ 0.5 eV=f:u: for both V
and Cr compounds, when 10 GPa is applied. Meanwhile, a
typical energy difference between two phases with different
orbital ordering patterns is calculated to be 0.02 eV=f:u:
[15]. In this sense, the emergence of many kinds of phases,
including the pressure-induced metallic state in the V
compound (phase V), seems to be normal. Therefore,
considering the absence of the metallic state in the Cr
compound should be a first good step toward understanding
high-pressure properties of these systems. One possible key
is a peculiar electronic state in the Cr compound, which is
schematically illustrated in the inset in Fig. 1(c). It consists
of reverse splitting t2g orbits into lower dxy singlet and
higher dyz and dzx doublet states [15]. Very recent calcu-
lations yield that these dyz and dzx doublet states could
retake the lower when the system is compressed [33]. As the
most significant result of this, two 3d electrons in Cr4þ
could lie together at the lower doublet states. This electronic
state is expected to have a larger Hubbard U, which results
in a more robust Mott insulating state against pressure. This
retaking may also explain a vertical transition line drawn at
around 4–6 GPa in the P-T phase diagram. Meanwhile, the
Cr compound in this electronic state shall lose the orbital
degree of freedom, which should be important in the
discussions with regards to phases IV, V, and VI.
Finally, we touch the complex P-T phase diagram in

the V compound. Note that it is evidently different from
that shown in a previous work [34]. This difference is
probably attributed to the sample (precisely stoichiometric
crystal) and pressure (hydrostatic one) qualities. It is
interesting to point out that a well-known schematic phase
diagram for electronic materials, in which both electron
correlation and spin-orbit coupling are non-negligible,
might give an explanation for this P-T phase diagram.
The schematic diagram is expanded between two param-
eters U=t and λ=t, where U, λ, and t denote Coulomb
repulsion, spin-orbit coupling, and bandwidth, respectively
(see Fig. 1 in Ref. [35]). As one can see in the literature
[35,36], four kinds of phase—Mott insulator, simple
metal, spin-orbit coupled insulator, and topological insu-
lator (or semimetal)—contact each other. In 2009, Jackeli
and Khaliullin proposed an octupolar ordered state in

phase III; namely, they claimed an emergence of spin-orbit
coupled insulator at ambient pressure [8]. It should be
noted that a recent theoretical study denies this octupolar
scenario [12]. This corresponds to moving along the λ=t
axis of the schematic diagram with a decreasing temper-
ature. Meanwhile, this study shows a simple Mott transition
(phase I → V), which is a normal behavior in correlated
electron systems; i.e., the system goes toward the origin of
the schematic diagram (both U=t and λ=t decrease with
compressing). Therefore, as a natural consequence from the
schematic diagram, lowering the temperature above 8 GPa
results in the appearance of a topological insulator phase
(here, phases VI, VII, and VIII are approximately treated as
a single phase). Note that the ρ − T curves below the MIT
and above 8 GPa (noted as “reentrant metal” in earlier parts
of this Letter) have similar shapes with those in a typical
topological insulator, Bi2−xSbxTe3−ySe3 [37,38].
We observed enormously rich P-T phase diagrams in

layered perovskites α-Sr2VO4 and α-Sr2CrO4. The interplay
between the electronic states (doublet or singlet ground state)
and the orbital or spin degree of freedoms could be
responsible for their complexity. To explicitly explain these
phase diagrams, further precise crystal structure observations
under high pressure, using single crystals and a synchrotron
x-ray diffractometer, are desirable.
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