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The hollandite chromium oxide K2Cr8O16 has been synthesized in both powder and single-crystal form

under high pressure. Combining electrical resistivity, magnetic susceptibility, and x-ray diffraction, we

found that K2Cr8O16 is a ferromagnetic metal (or half-metal) with TC ¼ 180 K and shows a transition to

an insulator at 95 K without any apparent structural change but retaining ferromagnetism. K2Cr8O16 is

quite unique in three aspects: It has a rare mixed valence of Cr3þ and Cr4þ; it has a metal (or half-metal)-

to-insulator transition in a ferromagnetic state; and the resulting low-temperature phase is a rare case of a

ferromagnetic insulator. This discovery could open a new frontier on the relation of magnetism and

conducting properties in strongly correlated electron systems.
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The metal-insulator (M-I) transition has been a central
issue in strongly correlated electron systems [1]. There are
two types of M-I transitions. One is the M-I transition as a
function of the doping level, which is generally controlled
by chemical substitution. The best example is high-
temperature superconductivity in cuprates, which is
brought by carrier doping into an antiferromagnetic insu-
lator (AFI). In perovskite manganites, hole doping to an
AFI drives into the ferromagnetic metal (FM) generated by
the double exchange interaction [2]. In general, this type of
M-I transition is observed as a crossover. The other is the
M-I transition as a function of temperature, as is the present
case. This type of M-I transition occurs drastically as it is
often accompanied by structural change, charge order,
orbital order, and/or magnetic order. Vanadium oxides
are prominent compounds with this type of M-I transition.
The typical examples are a paramagnetic-metal (PM)–to–
AFI transition in V2O3 and a PM to spin-singlet insulator
transition in VO2 [1]. The intermediate compounds
VnO2n�1 (n ¼ 4; 5; 6; 8) with mixed valences of V3þ and
V4þ also show first order M-I transitions, accompanied by
the charge order and the formation of spin-singlet V4þ �
V4þ pairs [3–5]. The M-I transitions with a charge order-
ing nature have also been found in ternary vanadium
oxides: �-vanadium bronzes �� A0:33V2O5 (A ¼
Li;Na;Ag;Ca; Sr) [6,7]. The first superconductivity in va-
nadium oxides was discovered as the superconducting state
next to the charge ordered AFI in the pressure-temperature
phase diagrams of �� A0:33V2O5 (A ¼ Li;Na;Ag) [8–
10]. Recently, we found a similar M-I transition in the
hollandite vanadium oxide K2V8O16 with the isostructure
of the titled compound [11]. Viewing these M-I transitions,
we find that the insulator phases have antiferromagnetic
orders or spin-gapped states and there is no FM–to–-
ferromagnetic-insulator (FI) transition. Strongly correlated
electron systems including the wide class of transition-

metal oxides exhibit a quite general relation between mag-
netic order and electrical conductivity [12]: Ferro-
magnetism typically coexists with metallic conductivity,
whereas insulators usually exhibit antiferromagnetism. It is
always a challenge to understand exceptions from this rule.
The close relation of the ferromagnetism metal and anti-
ferromagnetism insulator is also seen in chromium oxides
Cr3þ2 O3 (AFI), Cr4þO2 (FM), and Ba3Cr

5þ
2 O8 (spin-

gapped insulator with antiferromagnetic correlation) [13].
Very recently, the exception of an antiferromagnetic metal
was found in CaCr4þO3 [14].
In this Letter, we report the discovery of a rare mixed-

valent chromium oxide with metallic conductivity, ferro-
magnetic order at 180 K, and a M-I transition at 95 K: the
hollandite K2Cr8O16. K2Cr8O16 is quite unique in the
aspect that it has a metal (or half-metal)-to-insulator tran-
sition in a ferromagnetic state, and the resulting low-
temperature phase is a rare case of a ferromagnetic insu-
lator. K2Cr8O16 is also unique in the formal valence of
2Cr3þ þ 6Cr4þ. Cr3þ and Cr4þ are very different in the
stable atmosphere: Cr3þ is stable in the wide range from a
reducing to ordinary oxidizing atmosphere, while Cr4þ is
produced only in the extreme atmosphere with high oxygen
pressure �0:1 GPa. Therefore Cr4þ hardly coexists with
Cr3þ, in general.
The first report on hollandite K2Cr8O16 was done by

Endo et al. in 1976 [15]. They reported high-pressure
synthesis, a monoclinic structure, and a ferromagnetic
order at 225 K. After a long time, Tamada et al. settled
the crystal structure of a tetragonal I4=m symmetry [16].
There has been no report on K2Cr8O16 except these two
reports; particularly, there has been no information on
transport properties.
The hollandite-type compounds have a general chemical

formula AxM8O16 (x � 2). The crystal structure consists of
the M8O16 framework and A cations, as shown in the inset

PRL 103, 146403 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

2 OCTOBER 2009

0031-9007=09=103(14)=146403(4) 146403-1 � 2009 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.103.146403


in Fig. 1. The M8O16 framework is constructed from the
double chains formed by sharing the edges of MO6 octa-
hedra. The M8O16 framework has rectangular tubes sur-
rounded by four double chains running along the c axis,
and A cations occupy the sites within each rectangular tube
and act as an electron donor. The most popular crystal
symmetry is a tetragonal I4=m in which the crystallo-
graphically independent M site is unique.

Polycrystalline K2Cr8O16 samples were prepared by a
solid state reaction of a mixture with the ratio of
K2Cr2O7:Cr2O3 ¼ 1:3 under 6.7 GPa at 1273 K for 1 h.
Our original sample assembly with the mixture sand-
wiched by excess K2Cr2O7 successfully gave single crys-
tals of K2Cr8O16, where K2Cr2O7 worked as a self-flux.
Under such high-pressure synthesis, the sample obtained at
one time was limited to a small amount (less than 100 mg).
The obtained powder samples always include a varying
amount of the impurity CrO2ð�5%Þ. Close inspection
showed that single-crystalline grains of up to 1 mm in
length (along the c axis) and 50 �m in diameter were
obtained by this procedure. The sample characterizations
at room temperature and temperature dependence of lattice
parameters between 10 and 300 K have been carried out by
powder x-ray diffraction. X-ray single-crystal structure
analysis confirmed the close to perfect stoichiometry of
our samples and a tetragonal I4=m crystal structure with

a ¼ 9:7792ð7Þ �A and c ¼ 2:9379ð3Þ �A at room tempera-
ture, agreeing with the previous report [16]. The magnetic
susceptibility and magnetization were measured by a
SQUID magnetometer. The electric resistivity was mea-
sured by a dc four-point method on a single-crystal along
the c axis.

The temperature dependence of magnetization MðTÞ
measured by using powder samples of K2Cr8O16 under
a magnetic field (H) of 0.1 T is shown in Fig. 1. The
MðTÞ sharply increases with decreasing temperature
below 180 K and tends to saturate below 130 K, signi-
fying a ferromagnetic transition around TC ¼ 180 K.
The TC ¼ 180 K is somewhat lower than the reported
TC ¼ 225 K [15]. In the previous report [15], the TC ¼
225 K was deduced from the MðTÞ curve measured at a
rather high field of H ¼ 1 T. This is probably a reason
for their overestimation of TC ¼ 225 K. Actually, almost
the same MðTÞ curve at H ¼ 1 T was obtained in the
present study. The field dependence of magnetization
MðHÞ at 5 K is shown in Fig. 2. The MðHÞ draws a
hysteresis curve little, indicating a soft magnet. The net
magnetization of K2Cr8O16 was obtained by subtract-
ing the contribution of impurity CrO2 which was esti-
mated from the MðHÞ curve at 300 K (Fig. 2). The thus
obtained value of 17:7�B=8Cr is very close to a full
moment of 18�B=8Cr, f2Cr3þðd3Þ þ 6Cr4þðd2Þg, agree-
ing with the previous report [15]. Because of the co-
existence of ferromagnetic impurity CrO2, it was difficult
to fit the magnetic susceptibility �ðTÞ to a Curie-Weiss
(CW) law in the paramagnetic state. Then we tried to
measure �ðTÞ by using single crystals. The thus obtained
�ðTÞ and MðTÞ at H ¼ 0:05 T are shown in Fig. 1. Here
the sample molar was estimated from the saturated value of
magnetization at 5 K in the ferromagnetic state, because
the sample weight was inaccurate due to the limitation of
rather small amounts (�0:4 mg) of small single crystals.
The �ðTÞ can be fitted to a CW law: �ðTÞ ¼ C=ðT � �Þ þ
�0 above 200 K, as represented by a linear relation of
1=ð�� �0Þ vs T plot in Fig. 1. The Weiss temperature � ¼
175 K is consistent with TC ¼ 180 K. On the other hand,
the Curie constant C ¼ 8:1½emu=ðCrmolÞ� Kð�7�B=CrÞ

FIG. 1 (color online). Temperature dependence of magnetiza-
tion (M) measured by using a powder sample at H ¼ 0:1 T in
the zero-field cooling process. The inverse of magnetic suscep-
tibility [1=ð�� �0Þ] and the magnetization (M) of single crys-
tals at H ¼ 0:05 T are also plotted as a function of temperature.
The inset shows an illustration of a crystal structure for the
hollandite AxM8O16 (x � 2) viewed along the c axis in a
tetragonal I4=m structure.

FIG. 2 (color online). Magnetic field dependences of magne-
tization (M) of a powder sample at 5 and 300 K. The magneti-
zation curve at 300 K consists of a paramagnetic component of
K2Cr8O16 and a ferromagnetic component of impurity CrO2.
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is much larger than the calculated value of
1:19 ½emu=ðCrmolÞ�K ð2:25�B=CrÞ from the averaged
valence of Cr3:75þ. Such enhanced Curie constants have
often been observed in itinerant ferromagnetic systems
and understood in terms of ferromagnetic spin fluctua-
tion [17]. As described below, the present study reveals
that K2Cr8O16 is a ferromagnetic metal (or half-metal).
The ratios of magnetic moments 7�B=2:25�B ¼ 3:1 and
TC ¼ 180 K for K2Cr8O16 are comparable to those of the
ferromagnetic metal Pd-Co or Pd-Fe alloy and are located
on the universal line in a Rhodes-Wohlfarth plot, sug-
gesting ferromagnetic spin fluctuation as an origin for
the observed enhancement of the Curie constant [17].
The large temperature independent term �0 ¼ 9:5�
10�3 emu=ðCrmolÞ would be associated with the itinerant
band in a two-band system which is predicted from the
band calculation [18]. However, it should be noted that
these obtained magnetic parameters include considerable
ambiguity due to the small absolute value of magnetization
with a small amount of samples and due to the narrow
fitting temperature range.

The electric resistivity �ðTÞ measured along the c axis
by using a needlelike single crystal is shown in Fig. 3. The
�ðTÞ at room temperature is less than 10�2 � cm. On
cooling from 300 K, the �ðTÞ once decreases, then turns
to a gradual increase around 250 K, and shows a jump
around 95 K, followed by the sharp increase up to
�103 � cm (the upper limit in our measurement system)
at 30 K. There is no observable hysteresis around 95 K. The
�ðTÞ between 95 and 250 K does not obey any activation
type, indicating that the electronic state is not semiconduc-
tive. The absolute value of �ðTÞ is comparable to that of a
half-metal, as predicted from the band calculation [18].
Although the origin for its negative temperature depen-

dence is still unknown, the behavior might be understood
as a polaronic conductivity or a quasi-one-dimensional
conductivity influenced by inevitable defects in the crystal.
Now the �ðTÞ behavior clearly shows a M-I (or half-metal-
to-insulator) transition at TM-I ¼ 95 K. To elucidate any
relation between magnetic and electrical properties, we
carefully inspected MðTÞ and �ðTÞ around TC ¼ 180 K
and TM-I ¼ 95 K. The �ðTÞ curve of K2Cr8O16 does not
show any anomaly around TC under no magnetic field;
however, a slight magnetoresistance effect has been ob-
served around TC, as shown in the inset in Fig. 3. On the
other hand, the MðTÞ curve at H ¼ 0:05 T shows a clear
bend around 95 K, as shown in Fig. 1, signifying any
relation to the M-I transition.
To investigate any structural transition at TM-I or TC in

K2Cr8O16, powder x-ray diffraction was measured as a
function of temperature. Neither splitting of the diffraction
peak nor additional peak has been observed. X-ray diffrac-
tion patterns can be indexed by a tetragonal I4=m symme-
try in the whole temperature range measured (10–300 K).
The temperature dependence of lattice parameters is shown
in Fig. 4. The a axis smoothly decreases on cooling, and the
c axis is almost constant in the measured temperature
range. However, the sudden change �ðTÞ at 95 K suggests
any structural modifications, and therefore synchrotron
x-ray diffraction by using a single crystal is now planned
to elucidate any local structure modification and/or any
superstructures.
Now an anomalous FM-FI transition compound, the

hollandite K2Cr8O16, has been unveiled. M-I transitions
as a function of temperature, in general, are coupled with
charge, orbital, spin, and/or lattice degrees of freedom.
K2Cr8O16 with a mixed valence of Cr3þ=Cr4þ ¼ 1=3 has
both charge and orbital degrees of freedom in addition to
spin and lattice degrees of freedom. Thermodynamics tells
us that charge, orbital, and spin degrees of freedom on
electrons freeze as the temperature is lowered. In most
cases, the charge and/or orbital degrees of freedom first
freeze, and at the same time or next the spin degree of

FIG. 3 (color online). Temperature dependence of resistivity
(�) measured along the c axis, which clearly indicates a metal
(or half-metal)-to-insulator transition at 95 K. The inset shows
the magnetoresistance effect around the ferromagnetic transition
temperature TC ¼ 180 K, where the resistivities at various fields
are normalized to that at zero field (H ¼ 0 T).

FIG. 4. Temperature dependences of lattice parameters (a, c,
and unit volume) in a tetragonal structure with I4=m symmetry.
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freedom freezes in insulating phases. The magnetic tran-
sition followed by a M-I transition in K2Cr8O16 is a very
rare case. One exception is a FM to charge ordered insu-
lator transition in perovskite manganites [2]. Here it should
be emphasized that this M-I transition in perovskite man-
ganites is accompanied by a drastic structural change, and
the resulting charge ordered insulator phase has an anti-
ferromagnetic order [2]. The M-I transition in the ferro-
magnetic state of K2Cr8O16 is a very rare case. In this case,
the possibility of charge order as an origin of the M-I
transition might be ruled out by the experimental results
of the surviving ferromagnetic order and the absence of
apparent structural change across the M-I transition.
Furthermore, the difficulty of charge separation into Cr3þ
and Cr4þ may arise from the chemical reason that the
stable atmosphere is very different between Cr3þ and
Cr4þ. K2Cr8O16 is a rare oxide in which the thermody-
namical demand to charge order is depressed by the chemi-
cal (valence) instability. As another origin, the sudden M-I
transition seems to call any orbital order to mind. Orbital
ordering often leads the system to insulator. Almost all
orbital order driven M-I transitions, however, are first-
order structural transitions, and they are often accompa-
nied by the sudden reduction of �ðTÞ, indicating the spin-
gapped low-temperature insulator phases [19–21]. The M-I
transition of K2Cr8O16 does not have such characteristics;
nevertheless, a possibility of an orbital order driven M-I
transition would not be entirely ruled out for the limited
examples. If the origin for theM-I transition inK2Cr8O16 is
an orbital order, it is a very challenging problem what
orbital order guarantees the electron localization retaining
ferromagnetic order.

Finally, we compare three hollandite compounds with
the isostructure: K2Ti8O16, K2V8O16, and K2Cr8O16.
K2Ti8O16 is a Pauli-paramagnetic metal and does not
show any transition down to the lowest temperature [22].
K2V8O16 shows aM-I transition with the structural change;
the high-temperature metallic phase shows a CW-type
�ðTÞ with an antiferromagnetic interaction, and the low-
temperature insulator phase is a spin-liquid state with
V4þ � V4þ spin-singlet pairs [11]. K2Cr8O16 shows a
CW-type �ðTÞ with a ferromagnetic interaction and ac-
tually exhibits a ferromagnetic order followed by the un-
expected M-I transition. The compounds have the same
mixed valence of M3þ=M4þ ¼ 1=3 but have a different
number of d electrons: 2 (K2Ti8O16), 10 (K2V8O16), and
18 (K2Cr8O16), respectively. Therefore, similar band struc-
tures with a different filling level can be expected.
Assuming a simple band structure (t2g band), the low fill-

ing level in K2Ti8O16 explains the Pauli-paramagnetic
metal with a weak electron correlation. Further increase
of the filling level may lead to a strong (antiferromagnetic)
electron correlation in K2V8O16, resulting in the M-I tran-
sition. On the other hand, K2Cr8O16 can be regarded as a
hole-doped system to a hypothetical band insulator with
full occupancy of 24 electrons, and the FM can be under-

stood from the double exchange mechanism. In this con-
text, the transition to insulator keeping ferromagnetism is a
surprising and unexpected phenomenon, because the fer-
romagnetism should guarantee the metallicity in the
double exchange mechanism.
In summary, the hollandite chromium oxide K2Cr8O16

has been synthesized in both powder and single-crystal
form under high pressure. Combining electrical resistivity,
magnetic susceptibility, and x-ray diffraction, we found
that K2Cr8O16 is a ferromagnetic metal (or half-metal)
with TC ¼ 180 K and shows a metal (or half-metal)-to-
insulator transition at TM-I ¼ 95 K without any apparent
structural change but retaining ferromagnetism. To the best
of our knowledge, this is the first example of a FM to FI
transition. To understand this anomalous FM-FI transition,
further investigation should be done both experimentally
and theoretically.
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