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Room temperature ferromagnetism is reported in laminar, epitaxial, semiconducting films of Cr-
doped Ga2Se3 on Si(001), with a room temperature saturation moment of 4 µB/Cr. The intrinsic-
vacancy structure of defected-zinc-blende β−Ga2Se3 enables Cr incorporation in a locally octahedral
site without disrupting long-range order, determined by x-ray absorption spectroscopy, as well as
strong overlap between Cr 3d states and the Se 4p states lining the intrinsic vacancy rows, ob-
served with photoemission. A mechanism is proposed whereby ordered intrinsic vacancies mediate
ferromagnetism.

PACS numbers: 68.35-p, 68.37.Ef, 75.50.Pp, 75.70.-i, 79.60.-i

Electrical spin injection into semiconductors is a major
hurdle for implementation of semiconductor spintronic
applications due to the large impedance mismatch be-
tween ferromagnetic (FM) metals and semiconductors.
One solution is to employ a dilute magnetic semiconduc-
tor (DMS), with spin-polarized carriers, for the injector
material; however, no material to date encompasses both
room temperature ferromagnetism (RTFM) and silicon
compatibility, two key components determining the prac-
tical value of a material for future spintronic applications.
Spin injection into GaAs has been demonstrated from the
FM-DMS Mn-doped GaAs.1 However, the Curie temper-
ature of Mn:GaAs is well below room temperature. High-
Curie-temperature, wide-band-gap oxides and nitrides
have attracted much interest since the original reports
of room-temperature FM in transition-metal-doped TiO2

and ZnO.2,3 However, neither these nor other dilute wide-
bandgap, room-temperature ferromagnetic (RTFM) ma-
terials have yet demonstrated clear spin polarization of
carriers characteristic of true DMS, or been successfully
integrated with Si, the leading candidate for spintronics
due to its ubiquity, low spin-orbit interaction and long
spin diffusion lengths. Moreover, the origin of ferromag-
netism in dilute RTFM materials is still not well under-
stood.

Spin polarization of carriers in a DMS naturally accom-
panies FM with a carrier-mediated mechanism of ferro-
magnetic ordering, as formulated for Mn:GaAs.4 In re-
cent models of defect mediation in dilute RTFM ma-
terials, ferromagnetic ordering is acquired only in the
presence of structural defects, typically having open vol-
ume character, including vacancies, grain boundaries
and surfaces,5–10 which are difficult to control repro-
ducibly. The intrinsic vacancy structure of Ga2Se3,
where one-third of cation sub-lattice sites are vacant
and the chalcogenide lone-pair states lining vacancy rows
form anisotropic band-edge states,11 is intermediate be-
tween band- and defect- mediated systems, making it a
promising host for RTFM DMS with enhanced propen-

sity both for RTFM and carrier spin polarization. Our
demonstrated ability to fabricate ordered vacancy struc-
tures during epitaxial growth of Ga2Se3 on silicon12 and
to grow epitaxial TM-doped TiO2 on Ga2Se3/Si13 makes
Ga2Se3 the natural choice for initial investigation.

RTFM has been demonstrated in many Cr-doped,
wide-band-gap semiconductors, including TiO2,7 GaN,14
AlN,15 ZnTe,16 and ZnO,17 with Cr substituting on
cation sites. Crystal-field splitting of the Cr d-states nor-
mally favors octahedral symmetry for 3+ (3d3), raising
the question of whether low-concentration Cr will reside
on tetrahedral substitutional sites (as in Cr:GaN18) or
whether it will exploit the open structure of the Ga2Se3

lattice either to create a local octahedral environment or
to occupy a vacancy and exhibit a different valence state.

This letter describes a new path to RTFM DMS
through employing a host with intrinsic vacancies,
demonstrated on Cr-doped Ga2Se3 grown epitaxially on
Si(001). Cr:Ga2Se3 films have a room temperature sat-
uration magnetic moment of ∼ 4µB/Cr. Photoemission
and X-ray absorption measurements reveal that Cr3+ oc-
cupies an octahedral site without disrupting the long-
range zinc-blende structure, likely due to Cr substitution
for Ga, combined with a rotation of bonds around a single
Se. Photoemission also shows the films remain semicon-
ducting while the vacancy structure surrounding Se is
significantly altered, as well as a strong overlap between
the Se 4p states lining the vacancy rows and the occupied
Cr 3d states.

Cr-doped Ga2Se3 films on As-terminated Si(001) sub-
strates were prepared using molecular beam epitaxy in
ultra high vacuum (UHV, base pressure 1× 10−10 Torr).
All samples were deposited at a substrate temperature
Tsub ≈ 475 − 500 ◦C, with a constant GaSe flux, with
the only variation being the timing and amount of the Cr
co-deposition. For the films discussed here, a buffer layer
of pure Ga2Se3 was deposited before the co-deposition of
GaSe and Cr. The buffer layer exposure measured by the
quartz crystal monitor was 3.6 nm thick; XPS showed
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1.2 − 1.5 nm film thickness. Previous work has shown
that some As diffuses into the Ga2Se3 film, occupying Se
sites.19

Magnetization (SQuID magnetometry) and Cr valence
and local environment (X-ray absorption fine structure)
were measured ex situ on 20 nm thick films (Figs. 1 and
2). Chemical composition, valence states and Cr multi-
plet structure were assessed on thinner films (∼ 2−3 nm)
using beamline 7.0.1 at the Advanced Light Source (ALS)
for in-situ high-resolution photoemission spectroscopy
(Fig. 3) performed on graded concentration epitaxial
layers of Cr-doped Ga2Se3 on Si(001) substrates to al-
low comparison of different Cr concentration films under
identical growth conditions. These samples were grown
by repeatedly moving a shutter across the Cr path to the
sample during deposition, such that the final sample var-
ied only in Cr concentration as a function of position on
the sample.

Magnetic properties were measured ex situ using a
Quantum Design MPMS-5S superconducting quantum
interference device magnetometer (SQuID) to 10−7 emu
sensitivity. Hysteresis measurements were conducted at
5 and 300 K. These films, grown as described earlier,
were then taken to the Advanced Photon Source (APS)
at Argonne National Laboratory (ANL) for ex-situ K-
edge x-ray absorption near-edge spectroscopy (XANES)
and extended x-ray absorption fine structure (EXAFS)
at the PNC/XOR-CAT beamline 20BM. Samples were
mounted on spinners and rotated about the sample nor-
mal at a few hertz, while linearly polarized x-rays near
the plane of the sample hit the surface at grazing inci-
dence, to minimize Bragg diffraction.

Previous work has shown films with low Cr concen-
tration are laminar with a cubic microstructure similar
to pure Ga2Se3 .20 Above a solubility limit of about 8
atom % Cr in the incident flux, Cr-rich islands form and
metallic states are observed.20,21 No oxygen or oxide-
component for Ga or Cr is found with in situ photoe-
mission, but surface oxidation (up to ∼ 20% of cations)
is observed upon atmospheric exposure.

Results. Narrow hysteresis loops at 5 K and 300
K of a Cr:Ga2Se3 film with 6 atom % Cr are shown in
Fig. 1. The saturation moment per Cr atom at 300 K is
4 ± 0.2µB , with an additional paramagnetic component
below ∼ 10 K. The magnitude of the magnetic moment
was independent of whether or not an additional As or
pure Ga2Se3 capping layer was applied in situ to reduce
surface oxidation upon atmospheric exposure, and scaled
with Cr:Ga2Se3 film thickness within about 20%. Similar
measurements on pure Ga2Se3 films showed no trace of
ferromagnetism.

The local Cr structural environment was investigated
with X-ray absorption spectroscopy at the Cr K-edge
(Fig. 2). Comparison of the near-edge structure to rel-
evant standards [Fig. 2(a)] indicates the line shape and
edge energy are closest to those for CrSe, with a small
oxide component apparent at higher energies (solid line
is a linear combination of the CrSe (80%) and Cr2O3
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FIG. 1: (color online) Hysteresis loops at 5K and 300K of a
6% Cr-doped sample up to 1.5 T. The inset shows the region
(box) near the origin.

(20%) standards). Surprisingly, no ”pre-edge” peak is
seen (c.f. Na2CrO4), indicating that Cr is not in a tetra-
hedral (non-centrosymmetric) local environment.
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FIG. 2: (color online) Cr interaction within the crystal lattice
probed using x-ray absorption fine structure: (a) Cr K-edge
XANES spectra for for 6% Cr: Ga2Se3 as well as standards
of CrSe, Cr metal, Cr2O3 , CrO2 , and Na2CrO4; (b) k2-
weighted Fourier transform of Cr K-edge EXAFS data for
6% Cr:Ga2Se3 in crossed lines (+), with the fit to the data by
FEFF calculations presented in solid and dotted lines compar-
ing Model A and Model B; (c) Difference spectrum for Model
A and Model B; (d) imaginary part of the k2-weighted Cr
K-edge EXAFS transform for 6% Cr:Ga2Se3 (+) and FEFF
calculations for two models (lines).

The extended x-ray absorption fine structure (EXAFS)
gives additional information about the local Cr environ-
ment. The data are not consistent with substitutional
CrGa or CrV , but rather fit well to six Se neighbors at
a distance of 2.56 ± 0.07Å. The fits shown in Fig. 2(b)
are for the bulk compound Cr0.8Ga1.2Se3 (dotted, model
B) and the model shown in Fig. 4(d) (dashed, model
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A), both including a surface oxide component with bond
lengths of 2.0 − 2.1Å. The Ga K-edge (not shown) fits
very well to pure Ga2Se3 , with about 20% in Ga2O3.
The Ga-Se first nearest neighbor bond length is found to
be 2.42 ± 0.06Å, equal to that reported for EXAFS of
bulk Ga2Se3 .22

Element-specific chemical environments and oxidation
states were studied using photoemission spectroscopy
over the composition range 0− 6% Cr. Throughout this
range, the valence band maximum remains a few tenths
of an eV below the Fermi level, indicating that the film
remains a weakly-p-type semiconductor [Fig. 3(a)], and
neither the valence band nor core-levels shift more than
0.1 eV. As the Cr concentration increases, a narrow band
of Cr-related states is introduced at the top of the valence
band [Fig. 3(a)], and the Se 3d environment is altered
[Fig. 3(b)]. In pure Ga2Se3 , the Se peak exhibits two
spin-orbit-split components, associated with Se adjacent
to 1 (Se1V ) or 2 (Se2V ) vacancies.12 As the Cr concentra-
tion increases, Se2V decreases while the Se1V increases.
The Cr 2p emission [Fig. 3(c)] is characterized by a 2p3/2

multiplet structure similar to that in Cr2O3 ,23 indicative
of Cr 3+ in an octahedral environment.
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FIG. 3: (color online) Photoemission of Cr:Ga2Se3 as a func-
tion of Cr concentration in the incident flux (a) Valence band
region, showing Cr 3d states increasing with Cr concentra-
tion; (b) Se 3d, with fit to Se1V and Se2V shown for pure
Ga2Se3 as dotted line ; (c) Cr 2p3/2 (∼ 574 eV) and Cr
2p1/2 (∼ 584 eV) emission, showing 2p3/2 multiplet structure
(Ga2Se3 background subtracted). The shaded curves high-
light the difference between 6% Cr and pure Ga2Se3 .

Discussion. The measured room-temperature moment
of 4 ± 0.2 µB per Cr indicates the vast majority of Cr
atoms are magnetically active, and is consistent with
Cr 2+ (4 µB/Cr) or Cr 3+ (3 µB/Cr), but not Cr
4+ (2 µB/Cr). The only potential ferromagnetic impu-
rity phase is CrO2, since Cr, CrSe,24 Cr2O3,25 CrGa,26
and CrAs27 are antiferromagnetic (although zincblende
CrSe is theoretically predicted to be a ferromagnetic
half-metal,28 and zincblende CrAs is half-metallic and
RTFM29,30) and CrSi2 is diamagnetic,31 but Cr2O3 is far
more likely to occur than CrO2 under our experimental
conditions. Also, the Cr K-edge spectra indicate oxide
bond lengths 10% longer than those of CrO2, but consis-
tent with Cr2O3, and an oxide fraction too small to ac-
count for the measured signal. Even though the magnetic

moment in our films is more consistent with that of Cr
2+, the valence band alignment and the model (discussed
below) indicate that the prominent valence here is Cr 3+

with the additional magnetic moment arising from some
combination of surface enhancement, spin-orbit coupling,
and/or impurity band exchange.

The absence of a pre-edge peak in Cr K-edge spec-
trum demonstrates that Cr does not substitute on a
tetrahedral Ga or vacancy site, as it does in Cr:GaN18

or Cr:ZnTe,32 and the energy of the edge is consistent
with a formal valence of Cr 2+ (as in CrSe) and/or Cr
3+(with Se neighbors screening more efficiently than oxy-
gen). Both the Cr 2p multiplet structure and the main-
tenance of semiconducting band structure up to 6% Cr
indicate that electronically Cr 3+ is replacing Ga 3+. At
higher concentrations, where we also observe formation of
Cr-rich islands, photoemission shows both metallic states
at the Fermi level and a different Cr 2p lineshape.21

In bulk (Ga,Cr)2Se3 compounds, Cr is in an oc-
tahedral environment while Ga is in a tetrahedral
environment.33–36 In a perfect zincblende lattice, there
is no locally octahedral site: the octahedral holes of the
anion sublattice are tetrahedral holes in the cation sub-
lattice, and vice versa. In Ga2Se3 , however, one third of
the Se-sublattice octahedral holes are adjacent to two Ga
atoms and two vacancies [Fig. 4(a)]. If Cr replaces one
of these Ga atoms [Fig. 4(b)], the isoelectronic Cr3+ can
obtain its preferred octahedral environment by shifting to
the Se octahedral hole [Fig. 4(c)] while the only remain-
ing adjacent Ga shifts to a neighboring vacant cation site
[Fig. 4(d)]. This simple rotation around a single Se atom
changes the nature of 3 vacancies (1 filled by the shifted
Ga and 2 now adjacent to Cr) and leaves the Se sublat-
tice intact. A fit of our EXAFS data to this model [Fig.
2(b), dashed (model A)] finds a nearest-neighbor bond
length of 2.55± 0.07Å, indicating the Se atoms contract
locally towards the Cr from their ideal positions 2.70Å
away, and is a slightly better fit to the data than was the
Cr0.8Ga1.2Se3 structure (model B). The altered vacancy
structure explains both the Se 3d and STM data, as well
as the solubility limit of about 1 Cr per 3 − 4 intrinsic
vacancies.

Our initial choice of the material for the new type of
DMS was based on compatibility with silicon and empir-
ical considerations regarding the role of defects in dilute
RTFM wide-bandgap materials. With the information
on the electronic bands and structure of Cr:Ga2Se3 de-
scribed above, we can now discuss a possible origin of
FM ordering in this material. A semi-quantitative po-
laronic model proposed by Coey and collaborators5 is
frequently invoked in discussions of RTFM mechanisms
in oxides. While the original model was formulated for
n-type oxides, where donors are associated with oxy-
gen vacancies, we can adopt it for the p-type case, as
both the defect states (acceptors) and the magnetic im-
purity states in Cr:Ga2Se3 are located close to the va-
lence band maximum. The geometric conditions of ferro-
magnetism (magnetic impurity concentration below the
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FIG. 4: (color online) Crystal model: (a) Ga2Se3 supercell; (b) Cr replaces a Ga in the Ga2Se3 structure; (c) Cr moves to an
octahedral site, leaving the previous site vacant; thus (d) causing a Ga to move to a previously vacant site.

percolation threshold, and magnetic polaron concentra-
tion above percolation)5 are clearly satisfied in our films.
To obtain high Curie temperature, a high degree of hy-
bridization of the Cr d -states with the defect states (ac-
ceptors in our case) is required; this condition is also
satisfied in Cr:Ga2Se3. The Cr-induced states at the
top of the valence band [Fig. 3(a)] overlap the Se lone-
pair states lining the vacancy rows, suggesting strong hy-
bridization between the Cr t2g and Se s,p states. In this
p-type material, long-range conduction is expected along
the vacancy rows, although these bands are disrupted by
the Cr-induced defects. This suggests a model similar
to that proposed by Coey et al.5 for indirect exchange,
which will also result in spin polarization of carriers.

In conclusion, Cr-doped Ga2Se3 is shown to be a room
temperature ferromagnet compatible with silicon, and we
anticipate the high quality epitaxial interface will pro-
mote spin-preserving transport. The intrinsic vacancies
enable Cr to find an octahedral local environment, and
exhibits strong overlap between Cr d -states and Se states

lining the vacancy rows that likely mediates the ferro-
magnetic interaction.
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