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Unveiling the electronic origin of anion order in
CrO2�xFx†
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Electron-diffraction and high-resolution lattice images reveal

superstructure stripes with wave vectors of (1/3, 0, 1/3) and

(�1/3, 0, 1/3), which are associated with the ordered arrangement

of F�. Charge density distribution suggests that these stripes mani-

fest themselves electronically as F�–Cr3+–F� zigzag chains, driven

by the anisotropic charge interaction of F� anions.

Correlated anion order in transition-metal mixed-anion sys-
tems is a fundamental issue of solid state chemistry and its
close connection with novel functionalities has been demon-
strated in a great diversity of systems.1 As one of the most
common representatives, anion order between F� and O2� has
been investigated in a rich variety of oxyfluorides.2 The interest
in such an order was initially stimulated by the founding of
high-Tc superconductivity in fluorinated cuprates. In Nd2CuO4�xFx

and Sr2CuO2F2+d, F� anions show a site-preference for the apical
sites with the CuO2 plane intact.3,4 F�/O2� anion order has recently
been found in other transition-metal (Fe, Co, Mo, and W) com-
pounds.5–11 However, the exact origin of F�/O2� ordering has not
been clarified so far, even though understanding this order in
depth will potentially enable the design of novel materials. In
this work, by a complementary study of experiments and
electronic structure calculations, we have found anion ordering
in oxyfluorides CrO2�xFx, with wave vectors of (1/3, 0, 1/3) and
(�1/3, 0, 1/3), as the first observation in chromium oxyfluorides.
Differential charge density distribution reveals strongly anisotropic

charge interaction between anions and cations, which leads to
zigzag chains consisting of F�–Cr3+–F� in the long-range.

CrO2 is a correlated ferromagnetic (FM) half-metal.12 Good-
enough proposed a model to understand the magnetism of
CrO2 from the viewpoint of molecular orbitals.13 Korotin et al.
explained the ferromagnetism of CrO2 within the framework
of double-exchange interaction by the LDA + U method.12

CrO2�xFx samples were first synthesized by Chamberland et al.
and the rutile-type structure was identified at x o 0.20.14 The
magnetization was also measured down to low temperatures.

The nature of single phase CrO2�xFx (x = 0.1, 0.12 and 0.14)
samples was confirmed by X-ray diffraction (XRD) patterns,
where only Bragg diffractions of rutile-type structures appeared,
as shown in Fig. 1(b), for x = 0.14. The cell dimensions were
evaluated and revealed that a is 0.44379(4) nm and c is
0.29221(5) nm for x = 0.1, 0.44390(1) nm and 0.29222(1) nm

Fig. 1 (a) Crystal structure of CrO2�xFx, with the Cr(O/F)6 octahedra
highlighted. (b) XRD pattern of CrO1.86F0.14 at room temperature. (c) XPS
profiles and fitting of CrO1.86F0.14.
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for x = 0.12, and 0.44504(4) nm and 0.29267(6) nm for x = 0.14,
respectively. This is consistent with previous reports in which
the actual composition was determined to be almost identical
to the nominal one.14 Thus, the composition x presented here
is considered as the actual composition. The crystal structure of
CrO2�xFx displayed in Fig. 1(a), is characterized by the octa-
hedra of Cr(O/F)6 surrounding the metal cations at the body
centre and at corner sites, respectively, which differ by a 901
rotation about the c axis. The X-ray photoelectron spectroscopy
(XPS) profiles of doped samples show peaks at 685.0 eV, which
were assigned as F� 1s and are indicative of F� doping. In
Fig. 1(c), XPS profiles from high-resolution scans around a
binding energy window of metal cations show two broadened
peaks, which are assigned to 2p1/2 and 2p3/2, respectively.15,16

As with other mixed-valance systems, like CuIr2S4 and
NaxV2O5,17,18 the collected profiles can be well fitted as a
combination from two cations. Peaks of 2p1/2 and 2p3/2 for
Cr4+ appear at 586.2 eV and 576.4 eV, while those for Cr3+

appear at 589.2 eV and 579.2 eV, respectively. The signals of
Cr3+ for x = 0.1 and 0.12 come close to the background, while
x = 0.14 clearly displays the contribution from Cr3+.

DC magnetization measurements suggest that CrO1.90F0.10

and CrO1.88F0.12 are FM with a Curie temperature of about
300 K and 280 K, respectively. There is no obvious thermal
hysteresis at the temperature dependencies of the field-cooled
and field-warmed magnetization. Magnetism of CrO1.86F0.14 is
much more complex due to the antiferromagnetic (AFM) to FM
transition around 80 K, apart from the reduced Curie tempera-
ture.19 Electronic structure calculations were employed to
understand the magnetic behaviour.20 A half-metal behaviour
was found at FM coupling, with two kinds of Cr cations in spin
charges, which were defined as Cr3+ and Cr4+, respectively.
These two kinds of cations both have xy localized states, and
xz and yz itinerant states from the partial electronic density
of states. Such special electronic states facilitate the double-
exchange interaction, as shown in pure CrO2.12 When magnetic
moments of magnetic cations locating at oxygen octahedra with
different orientations (see Fig. 1(a)) are antiferromagnetically
coupled, as considered in pure CrO2,12 an insulating behaviour
is observed with a band gap of about 0.2 eV. The presence of an
AFM insulator confirms the double-exchange mechanism. The
mixed-valance feature is compatible with the magnetism in the
framework of double-exchange interaction.

The microstructures of CrO2�xFx were examined using a
transmission electron microscope (TEM). The samples are easy
to cleave into small pieces with a typical size of about 5 mm� 5 mm,
as shown in Fig. 2(a). A [010] zone-axis electron-diffraction
pattern of CrO1.90F0.10 at room temperature is displayed in
Fig. 2(b). It is evident that there are superlattice spots with
relatively weaker intensity in addition to the fundamental Bragg
diffractions. The fundamental spots were indexed on the known
rutile-type crystal structure with lattice parameters consistent
with those from the XRD results. The sharp superlattice diffrac-
tion spots are assigned to the superstructures of (1/3, 0, 1/3) and
(�1/3, 0, 1/3). The superlattice diffractions are also visible in the
electron-diffraction pattern of the [1%3%1] zone-axis, as shown in

Fig. 2(c). These electron-diffraction patterns, belonging to two
independent zone-axes, verify the occurrence of superstructures.
We display the corresponding high-resolution lattice image of
the superstructure of (�1/3, 0, 1/3) in Fig. 2(d), which undoubt-
edly indicates an extra periodicity. The actual electron-diffraction
patterns are a mixture of these two superstructures (the incident
electron beam for our diffraction experiments covers an area
with a size of about 200 nm � 200 nm). The planar spacing of
0.25 nm corresponds to {101} crystallographic planes. The extra
periodicity is obviously demonstrated in an intensity profile
scanned along the direction perpendicular to the stripes (inset
of Fig. 2(d)). We used an in situ heating TEM facility to track the
evolution of superlattice spots and observed that they were still
clear even at 573 K, as shown in the inset of Fig. 2(a). This
suggests that the superstructures are stable at elevated tempera-
tures, close to the decomposing temperature of pure CrO2 at
ambient conditions. Such superstructures have also been
observed in CrO1.88F0.12 and CrO1.86F0.14.

The first-principle electronic structure calculations were
employed to reveal the distribution of charge. The initial struc-
ture model for the calculation was considered as a 3 � 3 � 3
supercell of the rutile-type structure (Cr54O102F6) with pairing of
F and Cr along the h111i direction, in which the Cr–F bond
length and Cr–O bond length are equivalent. It is evident that
there are two distinct profiles in the calculated differential
charge density (Fig. 3(a)), with spin charges that are close to
the pure ionic limits of Cr4+ and Cr3+, respectively. Given the
XPS results and magnetic double-exchange interaction men-
tioned above, it is reasonable to assign them as Cr4+ and Cr3+,

Fig. 2 (a) The typical morphology of CrO1.90F0.10. The inset shows the
[010] zone-axis electron-diffraction pattern at 573 K. (b) A [010] zone-axis
electron-diffraction pattern at room temperature. (c) A [1 %3%1] zone-axis
electron-diffraction pattern. (d) The high-resolution lattice image related
to the superstructure of (�1/3, 0, 1/3). The distance between two stripes is
shown as 0.75 nm. The inset shows an intensity trace, along the direction
perpendicular to the stripe, as indicated by the green line.
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as labelled in Fig. 3(a). It is through F� doping that Cr3+ cations
are created between the two nearest closed F� anions along the
h111i direction, which brings out exotic ionic zigzag chains
consisting of F�–Cr3+–F�, as shown in Fig. 3(b). The electronic
effect of F� anions on the system is strongly anisotropic. F�

anions mainly attract electrons from the cations on the zigzag
chains. By contrast, the effect of O2� anions is nearly isotropic.
Thus, the occurrence of anion ordering is attributed to such
anisotropic charge interaction.

Local structural distortion associated with F� doping is
discerned in the optimized structure of the first-principle
electronic structure calculation. In Fig. 3(c), we plot the CrO6

and CrO4F2 octahedral configurations in this optimized struc-
ture. A compressed octahedral atmosphere (de � da = 0.02 nm),
similar to that in pure CrO2, is found for CrO6, whereas CrO4F2

shows a nearly isotropic configuration. The experimentally
observed electron-diffraction patterns can be reproduced based
on this model, which suggests that the superstructure model is
highly possible.

It is well-known that CrO2 is a metastable oxidation state of
Cr in ambient conditions and the stable form is Cr2O3.21 As a
consequence, CrO2 heated in air tends to lose oxygen atoms
and produces vacancies, which may exhibit long-range order,
such as in cuprate superconductors.22 In TEM studies on the
reduced CrO2, we did not observe any superstructure diffrac-
tion. Consequently, the superstructures observed in CrO2�xFx

are attributed to an ordered arrangement of F�.
To summarize, the oxyfluorides CrO2�xFx of a single phase

were synthesized at a high-pressure. High-resolution XPS
suggests the mixed-valance feature of Cr4+ and Cr3+ in this

compound, consistent with magnetic double-exchange inter-
action. The stripes associated with the ordered arrangement of
F� are observed with wave vectors of (1/3, 0, 1/3) and (�1/3, 0, 1/3)
in electron-diffraction patterns and high-resolution lattice images,
originating from local structure distortion induced by F� doping.
Electronic structure calculations reveal the strongly anisotropic
charge interaction of F� anions, which results in anion ordering
and ion-pairing F�–Cr3+–F� zigzag chains. Therefore, the anion
ordering and ion-pairing stripes are regarded as being electronic
in nature.
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Fig. 3 (a) and (b) Differential charge density on the (101) and [1%10] planes
of Cr54O102F6, respectively. The differential charge density is in units of
eV Å�3. The zigzag line indicates the F�–Cr3+–F� ion chains. (c) The apical
(da) and equatorial (de) bond length for CrO6 (left) and CrO4F2 (right)
octahedral configurations in this optimized structure.
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