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Synthesis and Charaterisation of Chromium Oxyselenide (Cr,Se( -0, 3)
Formed from Chemical Vapour Synthesis: A New Antiferromagnet
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Chromium oxyselenide Cr,Seq 710,39 was synthesised by
chemical vapor synthesis of chromium oxychloride and di-
ethyl selenide. The material adopts the Cr,Sej structure type
with a = 6.26(3) A and ¢ = 17.45(3) A. The Raman spectrum
shows bands at 225 and 550 cm~!. X-ray photoelectron spec-
troscopy and wavelength dispersive analysis by X-rays con-
firmed the material was homogeneous and of uniform com-
position Cr,Seq710530. The material is an antiferromagnet

with a Neel temperature of 43 K. This is the first solid-state
chromium oxyselenide reported and shows that the hard oxy-
gen and soft selenium can co-exist in the same lattice if
formed under the kinetic product conditions of a rapid gas-
phase reaction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Chromium mixed chalcogenides have been thoroughly
investigated by various workers over many years because
of their interesting magnetic properties. The synthesis and
magnetic properties of chromium sulfoselenide,!! chromium
sulfotelluride”# and chromium selenotelluride®® have
been widely reported for a range of different composi-
tions.[”-8] In contrast, only one paper reports the existence
of a chromium oxysulfide, Cr,S,0,°! neither chromium
oxyselenide or oxytelluride phases are known. Indeed this
is often a common pattern in solid-state transition metal
chemistry where in polarisability terms the “hard” oxygen
and “soft” selenium find it difficult to coexist in a solid
solution without phase segregation or formation of layered
materials in which the oxide and selenide blocks are sepa-
rated. This is not to say that metal oxide-selenide solid solu-
tions cannot exist, rather that by the conventional synthesis
they invariably produce the thermodynamic product. A
large number of phases have been reported in the chro-
mium-selenium system and include CrsSeg,'% CrSe,,!'!-12]
CrSe;!'3! and a series of compounds CrSe,['+13] Cr;Seg,!1!
CrsSeq, ' CriSey, '8 and Cr,Ses with the NiAs-type crystal
structure, in which chromium vacancies are ordered. Cr,Ses
has a rhombohedral-type superstructure, which leads to
complex antiferromagnetic arrangements below the Néel
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temperature Ty = 43 K.['”1 An order-order magnetic transi-
tion is also known to occur at 7, = 38 K. The chromium-
oxygen system is simpler than the chromium-selenium one,
the most common phase being Cr,05.2% This phase is also
an antiferromagnet with 7%\ = 307 K. Chromium(III) sele-
nide has found applications such as protective films, black
matrix films in liquid crystal displays, solar thermal energy
collectors, in catalysis and in tunnel junction barriers.l?!-2%
Here we present the first report of the existence of a chro-
mium oxyselenide phase formed from a rapid gas phase
synthesis route, we hypothesise that the reason we can ob-
tain an oxyselenide in this case is that the reaction is a fast
and that we effectively “trap-out” the kinetic product.

Results and Discussion

Chromium oxyselenide was prepared from the atmo-
spheric pressure chemical vapour deposition (APCVD) re-
action of chromyl chloride and diethylselenide. Synthesis
was accomplished under a dinitrogen atmosphere (99.99 %)
in a horizontal-bed cold-wall APCVD reactor heated to
600 °C. Et,Se and CrO,Cl, were preheated to 70 °C and
75 °C in their respective bubblers before being introduced
into gas stream of hot N,. They were then passed through
a mixing chamber heated to 200 °C and were introduced
into the reactor chamber. Chromyl chloride reacts in the
gas phase with diethyl selenide to form a black fine powder
that collects on the glass substrate. This can be readily re-
moved by brushing with a fine hair-brush. Notably the
same reaction at lower substrate temperatures of 400-
550 °C forms a green adherent crystalline chromium oxide
film and not the black chromium oxy-selenide powder.

@ nierscience



SHORT COMMUNICATION

1. P. Parkin et al.

Scanning electron microscopy (SEM) images show a
single morphological type of spherical nanoparticles with a
mean size of 100 nm (Figure 1). Energy and wavelength-
dispersive X-ray analysis (EDX/WDX) show that the pow-
der contains chromium, oxygen and selenium. The elemen-
tal stoichiometry of the particles was determined to be
Cr,Sey 710, 30 and the chlorine and carbon levels within the
powder were found to be below the detection limit of the
instrument (less than 0.5 atom-%). The sample was homo-
geneous by spot EDX analysis.

Figure 1. Scanning electron micrograph of the powder produced
from the gas phase reaction of CrO,Cl, and Et,Se at 600 °C.

Powder X-ray diffraction (Figure 2) confirmed that the
product from the gas-phase reaction is single-phase, crystal-
line and matches the reported pattern for rhombohedral
Cr,Se; (JCPDS File No. 040-1403).1'1 The lattice param-
eters were calculated as a = 6.26(3) A and ¢ = 17.45(3) A.
Notably no chromium oxide was detected by powder dif-
fraction. It has been shown previously that APCVD of
chromyl chloride produces crystalline chromium oxide films
at the same temperature of deposition (ca. 600 °C).[22>-24
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Figure 2. XRD pattern obtained for the powder formed from the
APCVD reaction of CrO-Cl, and Et,Se at 600 °C. Literature stick
pattern for rh-Cr,Se; powder (JCPDS file No. 040-1403) is shown.

X-ray photoelectron spectroscopy of the as-prepared
powder (Figure 3) shows the presence of three elements —
chromium, oxygen and selenium in the same ratio as found
from EDX analysis (Cr,Se;-0,3). A single environment
can be seen for each element; Cr 2p;,, = 583.3 eV, Cr 2ps)»
=576.2¢eV; O 1s = 531.5¢eV; Se 3d;3,, = 55.1 eV and Se 3d
= 54.0 eV. The chromium environment for the 2ps, peak is
intermediate between that of Cr,O5 at 576.6 eV and Cr,Ses
at 574.6 eV and indicative of Cr'™.[>5-261 The oxygen 1s envi-
ronment shows a narrow full width half maximum peak at
1.7 eV — indicative of a single environment with a binding
energy shift consistent with an oxide and 0.7 eV close to
that in chromium oxide 530.8 eV.?”1 The selenium 3ds,
peak matches that found in Cr,Se; at 54.0 eV.[”]

Raman analysis of the powder (Figure 4) reveals broad
bands at 225 cm~! and 550 cm™!. The absence of the distinc-
tive (relatively intense) Cr,O; Raman bands at 307, 350,
524, 551 and 610 cm™' or CrO, bands at 458, 570 and
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Figure 3. Selected area XPS spectra of the chromium oxyselenide powder produced at 600 °C from the gas phase reaction of CrO,Cl,

and Et,Se. Left, Cr 2p region; middle, O 1s region; right, Se 3d region. Darker lines are the best fit and lighter lines the actual experimental
data.
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682 cm! (or indeed CrO;) confirms that no chromium ox-
ide was formed and co-doped during the gas-phase reaction
of CrO,Cl, and Et,Se.?82]

225 emt

Raman signal (a.u)

100 200 300 400 500 600 700 800 900
Energy shift (cm™)

Figure 4. Raman pattern obtained for the powder formed from the
gas phase reaction of CrO,Cl, and Et,Se at 600 °C.

The thermogravimetric analysis of Cr,Sey-;0,3 in air
shows a gradual increase in weight of +24% between 60 °C
and 420 °C. This is attributed to the oxidation of the sele-
nium in the material to a selenate. A weight loss of —8% is
observed from 420 °C to 550 °C corresponding to the de-
composition of the selenate to form Cr,O5 and SeO, by loss
of O,. The second weight loss corresponding to —36% is
seen from 600-800 °C and corresponds to the sublimation
of all selenium in the form of SeO,.?"

The dc magnetic susceptibility (y) as a function of tem-
perature (Figure 5) shows a peak at 11 K. The large particle
size (100 nm) precludes the possibility of this being due to
a superparamagnetic blocking transition, and the substitu-
tion of oxygen with selenium is unlikely to generate any
frustrated magnetic states. We therefore attribute the peak
to an antiferromagnetic ordering transition. The Néel tem-
perature at Ty = 11 K in Cr,Sey ;05,3 is less than that of
Cr,Se; (T = 43 K),I'T and much less that that of Cr,O5
(T = 307 K),B implying that the new material has some-
what different magnetic properties compared to its parent
compounds.

The characterization data are all consistent with the for-
mation of a hitherto unknown solid solution of Cr,Se ;05 3
rather than the formation of two intimately mixed phases
of Cr,03 and Cr,Se;. SEM analysis shows a single type of
particle morphology — spherical and agglomerated to-
gether — consistent with a gas-phase reaction, rather than
two types of crystallite. WDX and EDX analysis show that
the material is homogeneous to spot analysis with the same
elemental formulation across the surface. The X-ray diffrac-
tion pattern shows a single-phase material of the Cr,Ses
structural type but with a larger unit cell. Previously we
have shown that Cr,O; is crystalline when prepared by
CVD at 400 °C and adopts an adhesive film with angular
crystallites.”?> >4 Furthermore, we showed in this work at
deposition temperatures from 450-600 °C a green chro-
mium oxide film formed from reaction of Et,Se and
CrO,Cl,. It was only at 600 °C and above that a chromium
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Figure 5. DC magnetic susceptibility (in a measurement field of
10 Oe) as a function of temperature for Cr,Se, 705 3.

oxyselenide phase formed, by gas-phase nucleation that
“snowed” onto the surface to form a poorly adherent film
that could be readily collected. The XPS analysis for the
chromium oxyselenide showed only a single chromium envi-
ronment rather than two well separated peaks for the oxide
and selenide, furthermore the quantification of the element
abundances matched the WDX analysis. The thermal gravi-
metric analysis results also correlate well with the elemental
formula. The Raman pattern does not show any chromium
oxide (corundum) in the powder but is consistent with a
layered metal-selenide type structure. Furthermore the mag-
netic properties of the new material are unlike either —
Cr,Ses or Cr,O3 — which although both are antiferromag-
nets and have Néel temperatures of 43 and 307 K respec-
tively. Hence there is strong evidence for the formation of a
new chromium oxyselenide phase. We have yet to account
for why the Néel temperature is depressed for the new oxy-
selenide phase compared to the end members of the series —
however the magnetic structure of Cr,Ses is extraordinarily
complicated.!'”] We are hopeful that by varying the reaction
conditions it will be possible to make other compositions
within the solid solution series CrO,Se, (x + y = 3). This
work has shown that the “hard” oxygen and “soft” sele-
nium can marry in the same chromium solid-state material
without phase segregation. It also indicates that a fast gas-
phase kinetic route could be the way forward for making a
range of hitherto unknown oxyselenide phases.

Experimental Section

Synthesis of the chromium oxyselenide nanoparticles was carried
out under a dinitrogen atmosphere (99.99%) on glass substrates
using a conventional horizontal bed cold-wall atmospheric pressure
CVD reactor. The glass substrate was SiO, coated standard float
glass (Pilkington, UK). The substrate was heated to 600 °C by a
graphite block and the nitrogen carrier gas was preheated to 150 °C
by being passed along 2 m lengths of coiled stainless steel tubing
inside a tube furnace. The gases in the reaction were made to pass
over the heated substrate and confined in position by a top plate
that was ca. 4 mm above the substrate. After passage through the
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reaction chamber the gas stream was treated with bleach to destroy
the possible presence of H,Se and vented inside a fume cupboard.

Chromyl chloride was obtained form Strem and diethyl selenide
was supplied by Aldrich. They were both used without further puri-
fication. The chromyl chloride and diethyl selenide were placed into
two different stainless steel bubblers, which were respectively heated
to 75°C and 70 °C by an external jacket. They were both intro-
duced into gas streams by passing hot N, through the bubblers.
Flow rates of nitrogen through the CrO,Cl, bubbler and Et,Se were
respectively  0.2Lmin' (3 mmolmin') and 2.0 Lmin!
(30 mmolmin ') and the flow rate through the mixing chamber was
kept constant to 3.0 Lmin!. Deposition time for the experiment
was one minute. At the end of the deposition, the bubbler line was
closed and the substrate was cooled under nitrogen in the reactor.
Then the samples were collected on the substrate and handled
briefly in air before storage in a dry oxygen-free nitrogen atmo-
sphere in a glove box. It was subsequently found that the samples
were air and water stable, so this procedure was not necessary.

X-ray diffraction patterns were measured on a Bruker AXS5 BS in-
strument using monochromated Cu-K,; radiation (K, =
1.5406 A). The diffractometer used glancing incident radiation (5°).
The samples were indexed using Unit cell and compared to datab-
ase standards. Wavelength dispersive X-ray and Energy dispersive
X-ray analysis were obtained on a Philips XL30ESEM instrument
and SEM was obtained on a JEOL 6301 instrument. Raman spec-
tra were acquired on a Renishaw Raman System 1000 using a he-
lium-neon laser of wavelength 632.8 nm. The Raman system was
calibrated against the emission lines of neon. X-ray photoelectron
spectroscopy was undertaken using a VG ESCALAB 2201 XL in-
strument with focused (300 mm spot) monochromatic Al-K, radia-
tion at a pass energy of 20 eV. Scans were acquired with steps of
50 meV. A flood gun was used to control charging. Binding energies
were referenced to an adventitious C 1s peak at 284.6 ¢V (this peak
is due to residual pump oil used in the XPS high vacuum system,
but is removed on the first argon ion etching). Argon sputtering
was used for approximately 1 min in a rastering mode in order to
remove surface contamination. Thermal gravimetric analysis
(TGA) was performed with a heating rate of 10 °Cmin! and on a
Netzsch STA 449C instrument. Direct-current magnetic suscep-
tibility measurements were performed using a commercial SQUID
magnetometer (Quantum Design MPMS-XL) in a magnetic field
of 10 Oe.
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