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Synthetic conditions for cobalt-doped chalcopyrites
Cuy _yplIn, _,»Co,Se, were modified by adding a stage
of fast temperature quenching from 1000 °C to cause
significant ferromagnetism. Ferromagnetism persisted
even at room temperature, and it was characterized by
coercivity up to 140 Oe.
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Semiconductors with a chalcopyrite (CuFeS,) structure are
compounds in the diamond-like tetrahedral structure of which
each ion is surrounded by four counterions. This structure is a
derivative of cubic ZnS with doubled unit cells. Among them are
CuGaSe,, CulnSe,, whose solid solutions known as CIGS are
used as photovoltaic materials.12 Thin-film solar cells based on
them demonstrated a very high efficiency to 23%. At the same
time, compounds with a chalcopyrite structure (I1-1\V=V, family
like CdGeP,%*) doped with transition metal cations (primarily,
manganese) have been actively studied as so-called diluted
magnetic semiconductors. The diluted magnetic semiconductors®
(primarily, GaAs: Mnf), being simultaneously semiconductors
and ferromagnetics, are very promising for spintronic
applications.”® Both semiconducting and ferromagnetic
properties of photovoltaic CuMSe, (M = Ga, In) materials are
attractive. Ferromagnetism was theoretically predicted for
transition metal-doped CuMSe, chalcopyrites.1®1  The
compounds CuGaSe, : Mn*2, CulnSe, : Mn*3, and CulnSe, : Co*
with doping levels to 10 at% were synthesized and magnetically
characterized, but they were found paramagnetic. At the same
time, a weak ferromagnetic signal was detected in CuGaSe, : Mn
after rapid cooling of the sample due to an increase in the
solubility of manganese.!® Here, we report the occurrence of
ferromagnetism in cobalt-doped CulnSe, synthesized with
quenching.

Cobalt-doped  chalcopyrites  Cu, _,»In; _,»Co,Se,  with
x = 0.06 (sample 2), 0.08 (sample 3), 0.1 (sample 4), and 0.2
(sample 5) and, for comparison, pure CulnSe, (sample 1) were
synthesized by a two-step procedure of solid-state synthesis
performed in evacuated quartz ampoules. At the first step, target
compounds were synthesized from elemental Cu, In, Se, and Co
with the subsequent slow cooling to room temperature; the
obtained samples were mainly paramagnetic and demonstrated
only traces of ferromagnetism.!* The second step was similar to the
first one, but it started from chalcopyrite compounds synthesized at
the first step with the slow cooling and finished by the rapid
quenching of ampoules from 1000 °C in water. Details of synthetic
procedures can be found in Online Supplementary Materials.
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According to X-ray diffraction (XRD) analysis, the samples
were single-phase CulnSe,. No impurity phases and noise signals
of amorphous phases were found (Figures S2, S3). Electron-
microscopic images of 4 also showed a homogeneous picture with
no sign of impurities (Figures S8-S10). Chemical analysis
performed by energy-dispersive X-ray (EDX) spectroscopy
confirmed the stoichiometry of the nominal composition (Table
S5). The unit cell parameters a and ¢ and volume V [Figure 1(a),
Table S1, Figure S4] decreased with the nominal cobalt content, as
expected due to ionic radii relation (Co?* with a radius of 0.56 A
is smaller than either Cu* or Ga3*, 0.60 or 0.47 A, respectively?®).
At the same time, the cell parameters changed only slightly
comparing with those of parent unquenched samples; that is,
cobalt was incorporated in the chalcopyrite lattice in quantities
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Figure 1 (a) Unit cell volume V and (b) paramagnetic cobalt content xp as
functions of nominal cobalt content x in the synthesized (quenched) samples
in comparison with those of parent unquenched* samples.

- 267 -



Mendeleev Commun., 2023, 33, 267-268

(@
0.4] . _ooT=2K
pooeT=35K
= 02 000000 =300 K
(@]
g 00
=
s -0.2
~0.4
~40000 0 40000
®) H/Oe
0.20-
- T=35K
0.157 o T=300K ) =0=-0-0-0=0=0-0-0
__010] {T
3 0.05] g
& 000 2
£-005] g
S 010/ j
0157 sooooooo
-0.20 ‘ :
—40000 0 40000
H/Oe

Figure 2 (a) Isothermal magnetization curves measured at temperatures
T =2, 35, and 300 K and (b) ‘ferromagnetic’ isothermal magnetization
curves for T = 35 and 300 K obtained by the subtraction of linear parts from
measured curves (see the text) for 5.

close to those in unquenched samples, whereas magnetic properties
changed drastically.

The isothermal magnetization—-magnetic field M(H) curves
show a hysteretic behavior with a linear part [Figures 2(a), S5].
The subtraction of linear parts gave nearly identical hysteresis
loops at T = 35 and 300 K [Figures 2(b), S5] with saturation
magnetization Mg of about 900 emu mol~! per cobalt for 5 and
coercive fields of 140 and 83 Oe at 35 and 300 K, respectively
(see Online Supplementary Materials, Table S2).

Thus, all the samples demonstrated ferromagnetic behavior
and Mg increased with the cobalt content; they were characterized
by a coercive field of about 100-200 Oe even at room temperature
(Figures 3, S6).

At the same time, the magnetic behavior of the samples was more
complicated. The M(H) curves were a combination of a temperature-
independent ferromagnetic signal and constant field-independent
paramagnetic-like magnetic susceptibility ygp, Which manifested
itself as a linear part of M(H) (at T = 35 and 300 K; at 2 K this linear
part was curved apparently according to the Brillouin function). Note
that this value of ygp does not obey the Curie-\Weiss law (values at
35 and 300 K are much closer to each other than they should be).

The % T(T) curves for all the samples (Figure S7) demonstrated a
strong linear dependence that means the presence of a temperature-
independent contibution to the magnetic susceptibility y, most (but
not all) of which is related to ferromagnetic constant magnetization.
The remaining part of ypp is temperature and magnetic field-
independent susceptibility y.qns After subtracting constant y,p from
% T(T), the remaining magnetic susceptibility .., obeyed the Curie—
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Figure 3 M(H) hysteresis loops at T = 300 K for Cu; _yIn; _,,C0,Se,;
x=0.06 (2), 0.08 (3), 0.1 (4), and 0.2 (5).

Weiss law (Figure S7, Table S3). Therefore, the magnetic properties
include (1) an almost temperature-independent ferromagnetic part
that increases with the cobalt content [hysteresis on M(H)
dependences with pretty fast saturation; the main contribution to the
temperature-independent part of the magnetic susceptibility yp,
observed on the yxT(T) dependence]; (2) constant magnetic
susceptibility y.ons that does not depend on both temperature and
magnetic field [part of ygp and x1p, is very close in all the samples if
calculated per mole of cobalt and amounts to about 0.0038 cm® mol*
(Table S3), and could be for example related to magnetism of free
charge carriers]; and (3) a conventional paramagnetic part ., that
obeys the Curie-Weiss law [part of y,p, temperature-dependent part
of x(T)]. Most likely, this y,,,r, is caused by cobalt atoms incorporated
in a chalcopyrite lattice. This paramagnetic cobalt content xp was
calculated from the Curie-Weiss law [Figure 1(b), Table S4]. As can
be seen, this xp content is similar for quenched and unquenched
samples (slightly higher in the quenched samples) and also correlates
with similar unit cell volumes [Figure 1(a)].

Thus, quenching caused the emergence of ferromagnetism in
cobalt-doped CulnSe, although the quantity of cobalt atoms
incorporated in a chalcopyrite cell increased only slightly. It
cannot be completely ruled out that this ferromagnetism was
caused by a cobalt-containing impurity (but at least not CoSe, or
CosSe, found in the unquenched samples without any
ferromagnetic signal). Ferromagnetism persisted even at room
temperature with a coercivity of 140 Oe.
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.mencom.2023.02.038.
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