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Pressure-Induced Charge-Order Melting and Reentrant Charge Carrier
Localization in the Mixed-Valent Pb3Rh7O15
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The mixed-valent Pb3Rh7O15 undergoes a Verwey-type transition at 𝑇v ≈ 180K, below which the development
of Rh3+/Rh4+ charge order induces an abrupt conductor-to-insulator transition in resistivity. Here we investigate
the effect of pressure on the Verwey-type transition of Pb3Rh7O15 by measuring its electrical resistivity under
hydrostatic pressures up to 8GPa with a cubic anvil cell apparatus. We find that the application of high
pressure can suppress the Verwey-type transition around 3 GPa, above which a metallic state is realized at
temperatures below ∼70K, suggesting the melting of charge order by pressure. Interestingly, the low-temperature
metallic region shrinks gradually upon further increasing pressure and disappears completely at 𝑃 > 7GPa, which
indicates that the charge carriers in Pb3Rh7O15 undergo a reentrant localization under higher pressures. We have
constructed a temperature-pressure phase diagram for Pb3Rh7O15 and compared to that of Fe3O4, showing an
archetype Verwey transition.

PACS: 72.80.Ga, 71.30.+h, 74.62.Fj DOI: 10.1088/0256-307X/34/8/087201

As one of the most dramatic manifestations of
electron correlation, the metal-insulator transition
(MIT) has attracted enduring interest in the con-
temporary condensed matter physics.[1,2] The charge
order involving the spatial ordering of different va-
lence states in materials is one of the most impor-
tant mechanisms for MITs. In particular, the in-
timated interplay of charge, spin, orbital and lat-
tice degrees of freedom in the transition metal ox-
ides can result in complex and competing ordered
ground states, which are usually fragile and thus
prone to dramatic changes under some external
stimuli.[2] For example, magnetic-field induced melt-
ing of the charge-ordered antiferromagnetic insulat-
ing state in the half-doped manganite perovskites
can result in the colossal magnetoresistance,[3] while
a carrier doping-induced dynamic fluctuations of
charge-ordered stripes in cuprates has been consid-
ered as an important ingredient for realizing the high-
temperature superconductivity.[4] Therefore, manipu-
lation of the charge-order-induced MIT is interesting
from the viewpoints of both fundamental research and
practical applications.

In this Letter, we focus on an interesting 4𝑑-

transition-metal oxide, Pb3Rh7O15, which was re-
cently reported to undergo a charge-order-induced
MIT at 𝑇v ≈ 180 K.[5] It crystallizes in the hexag-
onal space group 𝑃63/𝑚𝑐𝑚 with lattice parameters
𝑎 = 10.3537 Å and 𝑐 = 13.2837 Å at room tempera-
ture. The crystal structure shown in Fig. 1(a) illus-
trates the arrangement of the RhO6/2 octahedra lo-
cated at four different crystallographic sites (labelled
as Rh1 to Rh4). As can be seen, the Rh2, Rh3, and
Rh4 octahedra share edges to form a two-dimensional
(2D) sheets with periodic octahedral voids; these 2D
octahedral sheets are interconnected along the 𝑐 axis
by the face-shared Rh1 octahedral dimers via shar-
ing common oxygens at the void positions. According
to the calculations of bond valence sums above 𝑇v,
Rh1 and Rh3 are close to 3+, and Rh4 is close to 4+,
whereas Rh2 is mixed-valent 3.5+. Figure 1(b) de-
picts the charge distribution within the 2D octahedral
sheet above 𝑇v, leading to an approximated formula
of Pb6Rh3+

5 Rh3.5+
6 Rh4+

3 O30. The presence of mixed-
valent Rh2 hexagonal rings renders a conducting state
above 𝑇v, featured by a weak temperature dependence
of resistivity.[5] Although it has not been decisively
determined, it was proposed that the Rh3.5+ cations
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would separate into Rh3+ and Rh4+ in an ordered
fashion below 𝑇v, giving rise to a charge-ordered state
as illustrated in Fig. 1(c), which can be described as
Pb3Rh3+

4 Rh4+
3 O15. Such a charge ordering process

in Pb3Rh7O15 resembles the famous Verwey transi-
tion of magnetite (Fe3O4) at 𝑇v ≈ 120 K, i.e. from
[Fe3+][Fe2.5+]2O4 above 𝑇v to [Fe3+][Fe2+Fe3+]O4 be-
low 𝑇v.[6,7]
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Fig. 1. (a) A schematic drawing of the crystal struc-
ture for Pb3Rh7O15 having four kinds of RhO6 octahedra
displayed in different colors. The charge distributions of
RhO6 octahedra for (b) 𝑇 > 𝑇v and (c) 𝑇 < 𝑇v.

It has been reported that the Verwey transition
of Fe3O4 can be suppressed gradually by the appli-
cation of hydrostatic pressure, leading to a metallic
ground state at 𝑃𝑐 ∼ 6-8 GPa.[8] It is thus interest-
ing to explore whether the charge-ordered insulating
state in Pb3Rh7O15 can be melted by high pressure as
found in Fe3O4. To address this question, we under-
took a high-pressure study on the Pb3Rh7O15 single
crystal by measuring its resistivity 𝜌(𝑇 ) under various
hydrostatic pressures up to 8 GPa. It is found that the
application of high pressure can indeed suppress the
Verwey-type transition around 3GPa, signaling the
melting of charge ordered state under pressure. How-
ever, unlike Fe3O4, the metallic region above 3GPa
appears only in a limited temperature range below ∼
70 K, shrinks gradually upon further increasing pres-
sure and disappears completely at 𝑃 ∼ 7 GPa. This
result indicates that the charge carriers in Pb3Rh7O15

undergo a reentrant localization under higher pres-
sures. We have compared these results with the pres-
sure effects on Fe3O4 showing the archetype Verwey
transition.

Single crystals of Pb3Rh7O15 used in the present
study were grown out of the PbO flux according to
the procedure described by Mizoguchi et al.[5] Phase
purity of the obtained crystals was confirmed by the
powder x-ray diffraction at room temperature. Mea-
surements of physical properties including the resis-
tivity, magnetic susceptibility, specific heat, and Hall
coefficient at ambient pressure were performed with a
physical property measurement system (PPMS) and

a magnetic property measurement system (MPMS-III)
from Quantum Design. The high-pressure resistiv-
ity measurements up to 8 GPa were carried out with
the standard four-probe method using the Palm cubic
anvil cell apparatus.[9,10] Glycerol was employed as the
pressure-transmitting medium. The pressure was cal-
ibrated at room temperature by monitoring the char-
acteristic resistance changes of Bismuth at 2.55 and
7.7 GPa.
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Fig. 2. Physical properties of Pb3Rh7O15 single crystals:
(a) in-plane resistivity 𝜌(𝑇 ) and its derivative 𝑑 ln 𝜌/𝑑𝑇 ,
(b) in-plane magnetic susceptibility 𝜒(𝑇 ), (c) specific heat
divided by temperature 𝐶/𝑇 , and (d) carrier density 𝑛 and
mobility 𝜇 derived from the Hall resistivity. The vertical
dotted line indicates the transition at 𝑇v = 180K.

Figure 2 summarizes the physical properties of
Pb3Rh7O15 single crystal at ambient pressure. All
these properties show distinct anomalies near the
Verwey-type transition at 𝑇v ≈ 180 K, in excellent
agreement with the results reported by Mizoguchi et
al.[5] As shown in Fig. 2(a), the resistivity 𝜌(𝑇 ) ex-
hibits a very weak temperature dependence at 𝑇 > 𝑇v,
and undergoes a quick increase below 𝑇v, which can
be defined clearly from the sharp peak of 𝑑 ln 𝜌/𝑑𝑇 .
The increase of 𝜌(𝑇 ) at 𝑇v signals the opening of
band gap associated with the development of charge
order. However, it should be noted that the charge-
ordered state of Pb3Rh7O15 below 𝑇v is not very in-
sulating, featured by a total two-order-of magnitude
increase and a relatively small 𝜌(2 K) ∼ 0.4 Ω·cm. In
comparison, the 𝜌(𝑇 ) of Fe3O4 exhibits an abrupt
jump by two orders of magnitude at 𝑇v, followed by
increase of more than four orders upon further de-
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creasing temperatures, reaching over 106 Ω·cm at low
temperatures.[6,8] This comparison indicates that the
charge degree of freedom is not completely frozen in
Pb3Rh7O15, presumably due to the spatially more ex-
tend 4𝑑 orbitals and thus reduced columbic repulsion.

Figure 2(b) shows the temperature dependence of
magnetic susceptibility 𝜒(𝑇 ) measured under zero-
field cooling (ZFC) and field-cooling (FC) modes. As
can be seen, the ZFC/FC-𝜒(𝑇 ) curves overlap with
each other in the whole temperature range and expe-
rience a clear drop at 𝑇v, which should be ascribed
to the reduction of density of states due to the de-
velopment of charge order. The specific heat 𝐶(𝑇 )
in Fig. 2(c) measured on a single-crystal sample dis-
plays a clear 𝜆-shaped anomaly at 𝑇v, and the absence
of divergent behavior is consistent with the second-
order phase transition without discernable structural
changes at 𝑇v.[5] In comparison, the Verwey transition
of Fe3O4 is strongly first order with a discontinues
change of 𝐶(𝑇 ) and a symmetry lowering structural
transition at 𝑇v.[11]

The charge localization at 𝑇v is further supported
by our measurements of Hal effect, which was not re-
ported in the previous study.[5] The Hall resistivity
𝜌𝑥𝑦(𝐻) curves all are linear in field with a positive
slope, signaling a dominant hole carrier in the whole
temperature range. Figure 2(d) shows the extracted
carrier density 𝑛 = 1/𝑅𝐻 and mobility 𝜇 = 𝑅𝐻/𝜌𝑒,
where 𝑅𝐻 ≡ 𝑑𝜌𝑥𝑦/𝑑𝐻 is the Hall coefficient. As
shown in Fig. 2(d), the carrier density 𝑛 exhibits a
quick reduction at 𝑇v, while the mobility 𝜇 increases
monotonically from room temperature down to ∼70 K
with only a minor anomaly at 𝑇v. Below ∼70 K, 𝑛
changes slightly while 𝜇 exhibits a quick reduction
before leveling off. These results provide us new mi-
croscopy information for understanding the electronic
transport properties of Pb3Rh7O15; i.e. the sudden
increase of 𝜌(𝑇 ) at 𝑇v is mainly attributed to the
reduction of charge carrier due to the formation of
Rh3+/Rh4+ charge order, while the further increase of
𝜌(𝑇 ) below ∼70 K after the resistivity plateau should
be ascribed to the reduced mobility.

These ambient-pressure characterizations confirm
that Pb3Rh7O15 undergoes a conductor-to-insulator
transition at 𝑇v ≈ 180 K, which is attributed to the
development of Rh3+/Rh4+ charge order according to
the previous study.[5] In order to check if the charge
order can be melted by high pressure as observed in
Fe3O4, we measured the temperature dependence of
resistivity 𝜌(𝑇 ) of Pb3Rh7O15 single crystal under var-
ious hydrostatic pressures up to 8GPa. Figure 3(a)
shows the 𝜌(𝑇 ) curves upon warming up in the pres-
sure range 0–3.5GPa. As can be seen, the transi-
tion temperature 𝑇v defined from the peak position
of 𝑑 ln 𝜌/𝑑𝑇 moves to lower temperatures gradually
with increasing pressure, reaching ∼88 K at 3 GPa.
Accompanying the decrease of 𝑇v for 𝑃 ≤ 3 GPa,
the magnitude of 𝜌(𝑇 ) below 𝑇v decreases monotoni-

cally, while 𝜌(𝑇 ) above 𝑇v increases slightly and keeps
a semiconducting-like temperature dependence, i.e.
𝑑𝜌/𝑑𝑇 < 0. When increasing pressure to 3.5GPa,
a metallic state with 𝑑𝜌/𝑑𝑇 > 0 is realized for 𝑇 <
𝑇max ≈ 70 K, signaling the breakdown of the charge-
ordered state in Pb3Rh7O15. However, the metallic
phase is not achieved in the whole temperature range,
in contrast with the situation seen in Fe3O4.[8]
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Fig. 3. High-pressure resistivity 𝜌(𝑇 ) of Pb3Rh7O15 sin-
gle crystal under various hydrostatic pressures: (a) 0–
3.5GPa, (b) 3.5–8GPa. The transition temperatures
at 𝑇v below 3.5 GPa are determined from the peak of
𝑑 ln 𝜌/𝑑𝑇 as shown in the top panel of (a). An enlarged
view in (c) marks the evolution of the resistivity maximum
𝑇max (up-pointing arrows) and minimum 𝑇min (down-
pointing arrows) as a function of pressure.

Upon further increasing pressure to above 3.5GPa,
the resistivity peak position at 𝑇max shifts gradually
to lower temperatures as shown by the up-pointing
arrows in Fig. 3(c). Interestingly, the magnitude of
𝜌(𝑇 ) for 𝑇 < 𝑇max increases again with pressure, and
an upturn develops below a 𝑇min, which moves up
with pressure for 𝑃 > 4 GPa and results in a gradual
shrink of the metallic phase between 𝑇max and 𝑇min.
Eventually, the metallic region disappears completely
at 8 GPa. Meanwhile, a clear reduction of 𝜌(𝑇 ) at
𝑇 > 𝑇max is also evidenced in Fig. 3(b), leading to a
slope change of 𝜌(𝑇 ) at 𝑇0 ∼ 80–90 K as indicated by
the arrow. These results imply that the charge car-
riers in Pb3Rh7O15 undergo a reentrant localization
under higher pressures.

The characteristic temperatures 𝑇v, 𝑇max, 𝑇min

and 𝑇0 determined from the above 𝜌(𝑇 ) data are
plotted in Fig. 4 as a function of pressure. A con-
tour plot of all the 𝜌(𝑇 ) data is also superimposed in
Fig. 4 to illustrate the characteristic changes of resis-
tivity in different pressure ranges. As can be seen,
the Verwey-type transition at 𝑇v is suppressed gradu-
ally by pressure and disappears around 3GPa, above
which a metallic region (𝑑𝜌/𝑑𝑇 > 0) emerges in a lim-
ited temperature range. The confined metallic phase
between 𝑇max and 𝑇min shrinks with pressure and van-
ishes completely at ∼7 GPa. The 𝜌(𝑇 ) curves at 7–
8 GPa exhibit an enhancement below 𝑇0. Thus, the
temperature-pressure phase diagram of Pb3Rh7O15

is featured by a melting of charge-ordered insulating
state around 3 GPa and a reentrant charge localization
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above 7GPa with a confined metallic phase between
them.
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Fig. 4. Temperature-pressure phase diagram of
Pb3Rh7O15 based on the high-pressure resistivity mea-
surements.

This present work is the first study attempt-
ing to clarify the hydrostatic pressure effects on the
Pb3Rh7O15 with a Verwey-type transition as Fe3O4.
Thus, it is instructive to compare the effects of pres-
sure on Pb3Rh7O15 with that of Fe3O4. (i) 𝑇v versus
𝑃 : Although the former has a higher 𝑇v than the lat-
ter, the charge-ordered state below 𝑇v in Pb3Rh7O15

is not as insulating as that of Fe3O4 as mentioned
above. The critical pressure 𝑃𝑐 ≈ 3 GPa for melting
the charge-ordered insulating phase in Pb3Rh7O15 is
about half of the 𝑃𝑐 ≈ 6-8 GPa for Fe3O4. These dif-
ferences may originate from the distinct orbital char-
acters, i.e. 4𝑑 versus 3𝑑; the larger spatial extension
of the 4𝑑 orbitals makes it relatively easier to destabi-
lize the charge ordered state in Pb3Rh7O15. (ii) The
pressure-induced metallic state: After the melting of
the charge-ordered state above 𝑃𝑐, the metallic state
in Pb3Rh7O15 appears only in a confined temperature
and pressure range, and is destabilized under higher
pressures. In contrast, the metallic ground state is
realized above 𝑃𝑐 in the whole temperature range for
Fe3O4. Such a difference arises from the opposite re-
sponse to pressure of the semiconducting state above
𝑇v. (iii) The semiconducting state above 𝑇v: Despite
of a less insulating state below 𝑇v, the semiconducting
states above 𝑇v in Pb3Rh7O15 is very robust against
pressure. As illustrated in Fig. 3(a), the 𝜌(𝑇 ) of
Pb3Rh7O15 at 𝑇 > 𝑇v actually increases with pressure
and the semiconducting-like behavior persists in the
whole investigated pressure range. In sharp contrast,
the 𝜌(𝑇 ) of Fe3O4 at 𝑇 > 𝑇v decreases monotoni-
cally with pressure, and changes from semiconducting-
like to metallic at lower pressures than 𝑃𝑐. (iv) The
reentrant charge carrier localization under higher pres-

sure: The robustness of the semiconducting state in
Pb3Rh7O15 should connect with the diminishing of
the metallic phase and the reentrant charge localiza-
tion under higher pressures. In a recent high-pressure
study on Fe3O4, a reentrant insulating behavior is ob-
served at 𝑃 > 23 GPa, which has been attributed to
the pressure-induced structural transition from the cu-
bic to an orthorhombic phase.[12] Whether there exists
a pressure-induced structural transition in Pb3Rh7O15

deserves further studies.
In summary, we have grown the Pb3Rh7O15 sin-

gle crystal with the flux method and characterized its
physical properties at ambient pressure. Our new Hall
data provide microscopic evidences for the reduction
of charge carrier at 𝑇v ≈ 180 K due to the develop-
ment of the Verwey-type Rh3+/Rh4+ charge ordering.
We further investigate the effect of pressure on the
Verwey-type transition of Pb3Rh7O15 by measuring
its resistivity under hydrostatic pressures up to 8GPa.
We find that the Verwey transition can be suppressed
around 3 GPa, above which the charge-ordered insu-
lating state is melted to a metallic state below ∼70 K.
However, the low-temperature metallic region shrinks
gradually upon further increasing pressure and disap-
pears completely at 𝑃 > 7 GPa, which indicate that
the charge carriers in Pb3Rh7O15 undergo a reentrant
localization under higher pressures. A side-by-side
comparison between Pb3Rh7O15 and Fe3O4 highlights
that the different 4𝑑 versus 3𝑑 orbital characters may
be responsible for the distinct responses to external
pressure in these two compounds. A high-pressure
structural study on Pb3Rh7O15 is needed to further
understand the reentrant charge carrier localization
under higher pressures.
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