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Abstract

Mn-doped CuCrO; polycrystalline semiconductors were synthesized by the sol-gel method.
The valence state of the Mn ions in the CuCr;_,Mn, O, samples was identified as 3+ by
analysing their lattice parameters, their electrical properties and their x-ray photoelectron
spectra. The temperature dependence of the susceptibility of all samples exhibits paramagnetic
behaviour at high temperature. For x = 0.20 the samples exhibit a clear ferromagnetic (FM)
transition at 120 K. Clear hysteresis loops indicate that FM order exists in the Mn-doped
samples at 50 K. All samples behave like semiconductors. The electrical and magnetic
properties indicate that the ferromagnetism can be attributed to the double exchange
interaction between the Mn>* and Cr** in CuCr;_,Mn, O, semiconductors.

1. Introduction

Diluted magnetic semiconductors (DMSs) involve charge
and spin degrees of freedom in a single substance and
therefore have attracted much interest owing to their unique
magnetic, magneto-optical and magneto-electrical effects.
Possible spintronic devices are spin-valve transistors, spin
light-emitting diodes and nonvolatile logic devices. Many
investigations were devoted to integrating magnetic and
semiconducting phenomena for the applications, as well
as the fundamental understanding of the phenomena [1].
The synthesis of Mn-doped III-V-based ferromagnetic (FM)
semiconductors such as InMnAs [2] and GaMnAs [3] has
made it possible to fabricate spintronic devices.  The
theoretical prediction of the possibility of room-temperature
ferromagnetism in p-type ZnO-based and GaN-based DMSs
has stimulated research interest in this field again [4]. And
ZnO [5, 6] is especially exciting because oxide semiconductors
can be potentially used to inject spin-polarized carriers [7].
Generally, oxide semiconductors have wide band gaps, i.e.
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transparent for visible light. This feature serves an important
role as transparent conducting oxides (TCOs) that are used
for various applications such as transparent electrodes in flat
panel displays and window layers in solar cells. Up to now,
most of the oxide semiconductors (such as ZnO, In;_,Sn, O,)
extensively studied are n-type [8, 9]; there are few p-TCOs.

In 1997, Kawazoe et al reported that the delafossite
structure CuAlO, was a p-type transparent semiconductor
[10]. Among the delafossite structure oxides, the CuCrO,
film has a conductivity of the order 1 scm™!, and upon doping
with 5% Mg the conductivity can be improved to 220 scm ™!
which is the largest conductivity in p-TCOs [11]. In 2005,
delafossite-based CuAl; _, Mn, O, bulks were studied, whereas
there was no evidence for a FM transition above 2K [12].
In the same year Kizaki et al predicted that a high-spin FM
state was expected to be stable in p-type delafossite-based
Cu;_,TM, AlO; (TM=Mn, Fe, Co, Ni) [13]. In this reaserch
we successfully prepared Mn-doped CuCrO, semiconductors
which exhibit FM transitions at about 120 K. The magnetic and
electrical properties can be well explained by double exchange
(DE) intereaction between Mn>* and Cr3*.

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. XRD patterns of CuCr,_,Mn, O, samples with a
rhombohedral delafossite structure, Peaks labelled ° are diffraction 17.47
peaks of impurities. I (b) —e—C
= 1716 |
2. Experiments O:S'
, , S 1745}
Mn-doped CuCrO, polycrystalline semiconductors were pre- 5
pared by the sol-gel method, which can shorten the annea- @ 1714k
ling time and lower the annealing temperature compared E ' /
with the conventional solid state reaction. Stoichiometric g 1713
Mn(CH3COO),-4H,0(99%)(99%), Cu(CH3C00),-H,0 Q |
(99%) and Cr(NOs3)3-9H,0(99%) were dissolved in distilled £ [
water with appropriate citric acid. The solution was then dried 8 1ra2r { _—
and pre-sintered to prepare powders. Finally, pressed pellets [
were sintered at 1373 K for 10h in air [14], and Mn-doped 17111

CuCrO, semiconductors were obtained. The structure of the
samples was confirmed by x-ray diffraction (XRD) using Cu
K, radiation (. = 1.5418 A). X-ray photoelectron spectro-
scopy (XPS) analysis was performed to ascertain the valence
state of all elements in the CuCrjg9Mng 10O, sample on an
ESCALAB MK II system using an Al K, source. The dc
resistivity of all samples was measured with a four-probe
configuration. The magnetic properties of these samples were
investigated using the Physics Property Measurement System
(PPMS).

3. Results and discussions

3.1. Structural properties

Figure 1 shows the XRD patterns for the CuCr;_,Mn,O,
(x is nominal concentration) semiconductors prepared by the
sol-gel method. It can be observed that the samples are single
3R delafossite structure for x < 0.30. The corresponding
JCPDF Card No. of CuCrO, is 89-6744. There are some
tiny diffraction peaks of impurities for x = 0.30. These
impurities are likely to be cubic phase CuCrMnQy4, CuCr,O4
or CuMn;QO4. They cannot be distinguished by XRD results
because these impurities have the same crystal structure and
similar lattice parameters. The lattice parameters a and ¢
of the CuCr;_,Mn,0; (0 < x < 0.30) samples with their
corresponding errors are shown in figure 2. With the increase

1 A 1 a 1 A L A L A 1 i 1
0.00 0.05 0.10 0.5 0.20 0.25 0.30
xin CuCr, Mn O,

Figure 2. (a) Relationship between the lattice parameter a and the
Mn concentration x of CuCr;_,Mn, O, samples; (b) relationship
between the lattice parameter ¢ and the Mn concentration x of
CuCr;_,Mn, O, samples.

in the Mn concentration, the lattice parameters a and ¢ increase
almost linearly. It can be concluded that the valence of Mn
ions was not 4+ according to the data of the ionic radius of Mn
and Cr (Mn?*: 0.80 A, Mn3*: 0.66 A, Mn**: 0.60 A and Cr**:
0.63 A) as well as lattice expansion. The lattice parameters a
and ¢ would decrease if the valence state of the Mn ions is 4+
in Mn-doped CuCrO, semiconductors because the ionic radii
of Mn** are smaller than that of Cr**. It can be confirmed
that the valence state of Mn ions is 2+ or 3+. Moreover the
changes in the lattice parameters a and ¢ due to the increase in
the Mn concentration are very small. Therefore, the valence
state of the Mn ions presented in the samples should be 3+
since the ionic radius of Mn?* is slightly larger than that of
Cr**, whereas the valence state of Mn ions cannot be totally
confirmed by the changes in the lattice parameters. Thereby
XPS analysis of CuCrgg9Mng, 10O, was carried out in order to
ascertain the valence state of all elements in CuCr;_,Mn,O,
semiconductors.

Figure 3(a) shows the typical Cu 2p XPS spectra of the
CuCrg99Mny 10O, semiconductor. The line shape of the Cu



J. Phys. D: Appl. Phys. 42 (2009) 055009

D Li et al

(a) Cu2p3/2

£

S Cu2p1/2

z

:‘%

c

2

£

960 - 955 . 950 . 945 . 940 935 930 925

Binding energy (eV)

(b) erl
Cr2p3/2 0
6+ Cr

Cr, ,
— ! !
E Cr2p1/2 ! !
= I |
b= ] [}
g : |
£ | I
I [}
|

|

:

I
b [ [

1 i L i L i L i 1 A L 1 A A
590 588 586 584 582 580 578 576 574
Binding energy (eV)

(c) Mn2p1/2 CuLMM

Mn2p3/2

Intensitity (a.u.)

M 1 i 1 i 1 A 1 A 1 i 1 A L i L
660 657 654 651 648 645 642 639 636
Binding Energy (eV)

Figure 3. XPS spectra of the CuCrj99Mny 10O, semiconductor:
(a) Cu 2p XPS spectra, (b) Cr 2p XPS spectra, (c) computer fitting
curve of the Mn 2p XPS spectrum.

2p XPS spectra with no clear satellite is quite similar to that
of Cu,O(Cu'*). Tt is thus concluded that the Cu ions in
the CuCrygoMng 19O, semiconductor are in the monovalent
state [15]. The Cr 2p3/2 peak at 575.8 eV shown in figure 3(b)
indicates that the valence state of Crionsis 3+ [16]. Figure 3(c)
shows the curve fitting results of the Mn 2p XPS spectra of

the sample. The valence of the Mn ions is hard to determine
because the binding energies for different valences of Mn
ions are very close. And the position of the Mn 2p3/2
peak was difficult to confirm due to the influence of the
Auger peaks of Cu. The centre of the Mn 2p3/2 peak was
located at a binding energy of 641.7 eV. This result implies
that the valence state of Mn ions is likely to be 3+ in the
CuCrg99Mnyg 10O, semiconductor [17]. The electrical property
of the CuCr;_,Mn, 0, (0 < x < 0.20) samples was studied
in order to confirm the valence state of Mn ions because
the changes in electrical property would be different due to
different valence states of Mn ions. If Mn?* ions substituted
for Cr>* ions in the CuCr;_,Mn, O, semiconductors the hole
concentration would increase, which would enhance the p-type
conductivity of the samples. Otherwise, holes or electrons
will not be produced if the valence state of Mn ions is 3+
in CuCr;_,Mn,0O, semiconductors, whereas the doping Mn
would enhance the distortion of the lattice, which would lead
to an increase in the scattering of carriers [18]. Therefore, the
increase in the Mn concentration would lead to a decrease in
the carrier mobility. The resistivities would increase if Mn3*
ions substituted for Cr** ions. The thermopower (Seebeck
coefficient) and dc resistivities of the samples were measured
to observe the type of carrier and variation of resistivities (p)
of the CuCr;_,Mn, O, (0 < x < 0.20) semiconductors.

3.2. Electrical properties

The type of carrier can be confirmed by the thermopower of the
samples. The thermopower can be calculated by the following
formula [19]:

=— lim —.
0 AYI'EO AT

ey

We measured the thermopower of all the samples by making
a temperature difference in the samples. The thermopower of
all the samples was positive in nature at room temperature,
which confirmed that the carrier is a hole in CuCr;_,Mn,O,
(0 < x < 0.20) semiconductors. The temperature dependence
of the resistivity of samples for x < 0.30 is shown in figure 4.
The values of p at 300 K forx = 0,0.05,0.10and 0.20 are 3.4 x
10 Qcm, 415x 10° Qcm, 245 x 10° Q cmand 45 x 10° Q cm,
respectively. The resistivity of the Mn doped samples is
larger than that of a pure CuCrO, semiconductor. And the
resistivity of the samples increases as the Mn concentration
increases for x < 0.10. Therefore, we can conclude that
the valence state of Mn ions is 3+ in the CuCr,_,Mn,O,
samples. Otherwise for x > 0.10 the resistivity decreases
as the Mn concentration increases. Maybe some interactions,
which enhanced the hole mobility, exist in the CuCr;_, Mn, O,
semiconductors. A DE-like interaction could occur through
Mn**—O-Cr** in terms of an identical electronic configuration
(tgge(g)) between Mn** and Cr3* [20]. The DE mechanism was
originally proposed by Zener for (La, A)MnO3; (A = Ca,
Sr or Ba) [21]. It is the replacement of A>* for La** that
results in the appearance of Mn** ions in these samples. As
a result, an electron can jump from the Mn3* site to the Mn**
site leading to exchange coupling between the Mn** and Mn**
ions. DE coupling between the Mn** and the Mn** ions is
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Figure 4. Temperature dependence of the resistivity of
CuCr;_,Mn,O, semiconductors.

believed to be responsible for conductivity and ferromagnetism
in the (La, A)MnOj; system. The increase in the hole mobility
could be due to this DE interaction between the Mn** and
the Cr** ions. Thereby for x > 0.10 the resistivity of the
samples decreased with the increase in Mn concentration.
Otherwise, the DE interaction between the Mn>* and the
Cr** ions would be very weak because the resistivity of
the doped samples is larger than the resistivity of the pure
CuCrO, semiconductor. Mn**—O-Cr** exchange interaction
was widely studied in the LaMn;_,Cr, O3 system [22-25].
Ferromagnetism should exist in the CuCr;_,Mn,O, system if
DE interaction occurs through Mn**—O-Cr**. Therefore, we
investigated the magnetic property of the samples for x < 0.30.

3.3. Magnetic properties

Figure 5(a) shows the temperature dependence of the
magnetization (M-T curve) of the CuCr;_,Mn,0,(0 < x <
0.20) samples, where a 1 T magnetic field was applied. The
inset of figure 5(a) shows the region of the dotted line in
figure 5(a) in order to clearly present the M—T curves at a low
temperature. It can be clearly seen that all the samples are in
the paramagnetic states in the temperature range 120-300 K.
The magnetization of the samples increases with increasing
Mn concentration. For x = 0.00, an anomaly appears at
25K owing to an antiferromagnetic (AFM) transition. The
Néel temperature (7y) is almost consistent with the one
previously reported [26]. For x = 0.05 and 0.10, the M-T
curves exhibit similar shapes when the temperature is greater
than 30 K. Abrupt increases in magnetization appear at about
95K shown in the inset of figure 5(a). It implies a FM
transition which should be due to the FM interaction through
the Mn3**—O-Cr** exchange for x = 0.05 and 0.10. The
magnetization reaches a maximum at 18 K and then decreases
for x = 0.05, which is attributable to the AFM transition,
whereas the AFM transition does not appear in the whole
temperature range for x = 0.10 and 0.20. But then a tiny
anomaly in the M-T curves can be seen at about 30 K, which
is due to the AFM interaction. For x = 0.20, the FM transition
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Figure 5. (a) Temperature dependent magnification (M-T') curves
of CuCr;_,Mn, 0, (0 < x < 0.20) semiconductors at a magnetic
field of 1 T; the upper-right inset is the region of the dotted line.
(b) The relationship between the critical temperature Ty ¢ and the
Mn concentration x.

temperature (Curie temperature 7;) is about 120 K. The FM
interaction is clearly stronger than the AFM interaction as
the Mn concentration increases. All these changes in the
M-T curves indicate a competition between AFM and FM
interactions for 0.05 < x < 0.20, and also indicate that the
DE interaction between the Mn** and Cr** ions is weaker in the
CuCr;_,Mn, O, system. In figure 5(b) the critical temperature
Tn,c is shown as a function of the Mn concentration. The
change in the critical temperature suggests that the FM
interaction between the Mn>* and Cr** ions increases with
increasing Mn concentration. Plots of the inverse molar
susceptibility 1/x as a function of the temperature for the
CuCr_Mn, O, (0 < x < 0.20) samples are shown in figure 6.
The plot of 1/ versus T shows an exactly linear relation at high
temperature, which is well fitted by the Curie—Weiss equation,
x = C/(T + ©®) [27]. It indicates that all the CuCr;_,Mn, O,
(0 < x < 0.20) samples are paramagnetic states at high
temperature, while the curves show some nonlinear behaviour
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Figure 6. Temperature dependence of the inverse susceptibility of
CuCr;_,Mn,O; as a function of the temperature; the inset shows the
variation of the Curie-Weiss temperature ® with the Mn
concentration x.

attributed to AFM or FM interaction at a low temperature.
The relationship between x and the Curie—Weiss temperature
(®) which can be obtained by the Curie—Weiss equation is
shown in the inset of figure 6. The FM behaviour of the
CuCr;_,Mn, 0O, (0 < x < 0.20) semiconductors was further
investigated as a function of the applied magnetic field. The
magnetic field dependence of magnetization (the M—H curve)
of the CuCr;_,Mn,0; (0 < x < 0.20) semiconductors was
measured at S0K, as shown in figure 7, which reveals clear
hysteresis loops indicating that the FM order exists in the
materials at a low temperature. The Mn>**—O—Cr** exchange
interaction was extensively studied in the LaMn;_,Cr,O3
system. Gundakaram et al [28] and Deisenhofer et al
[29] proposed that the Mn3*—O-Cr** exchange interaction is
superexchange (SE). Zhang et al pointed out the possibility
of Mn3*—~O-Cr>* DE interactions in LaMn;_,Cr,Oj in order
to correlate their electronic transport data with the magnetic
property in their samples [30]. Sun et al suggested that the DE
of Mn**—0-Cr3* would be weaker than that of Mn**-O-Mn**,
which leads to the absence of a metallic state in the FM phase
[23]. Morales et al studied the resistivity and susceptibility in
the paramagnetic region and showed a clear signature of the
DE interaction between the Mn** and Cr3* ions [22]. And
they testified to the DE mechanism in the LaMn;_,Cr, O3
system by calculating the band model of LaMn,;_,Cr,O3. In
this research the FM interaction was confirmed by the M-T
curves of the CuCr;_,Mn,;0, (0 < x < 0.20) samples. And
the relationship between the resistivity and Mn concentration
of CuCr;_,Mn,O; (0 < x < 0.20) samples can be well
interpreted by the DE mechanism. The resistivity of the doped
samples is larger than that of the pure CuCrO, semiconductor,
which reveals that the DE interaction between the Mn** and
Cr** ions is weaker in the CuCr;_,Mn, O, system. In addition,
it is also possible that the FM order in the CuCr;_,Mn, O,
semiconductors originates from some unknown phases in the
CuCr_,Mn, O, system.

E L i L A i 'l i e L A A 1 i 'l
-10000-7500 -5000 -2500 O 2500 5000 7500 10000
Magnetic Field (Oe)

Figure 7. M—H relationship of CuCr;_,Mn, O, (x = 0.05, 0.10 and
0.20) at 50 K. Clear hysteresis loops are observed, confirming a FM
order induced by Mn doping in CuCrO, semiconductors.

4. Conclusion

In summary, we have prepared polycrystalline p-type
CuCri_yMn, O, (0 < x < 0.30) semiconductors using
the sol-gel method. No secondary phase was observed for
x < 0.20 in our samples. The lattice parameters increase
as the Mn concentration increases. The valence state
of Mn ions is 3+ in the CuCr;_,Mn,O, semiconductors.
The CuCrggoMng,00, semiconductor exhibits a clear FM
transition which was ascribed to originating from the DE
interaction between the Mn3* and Cr** ions. The origin of
the ferromagnetism in DMS is still under debate. The free-
carrier mediated DE mechanism was supposed to be the origin
of ferromagnetism in Co-doped ZnO [31], (Ga, Mn)N [32] and
(Ga,Mn)As [33]. Our research supported the DE mechanism
once again.
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