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Zn;_,Mn,O (x = 0.0005, 0.001, 0.005, 0.01, 0.02) nanocrystals are synthesized by using a wet chemical process.
The coordination environment of Mn is characterized by X-ray photoelectron spectroscopy, Raman spectroscopy, and its
X-ray absorption fine structure. It is found that the solubility of substitutional Mn in a ZnO lattice is very low, which is
less than 0.4%. Mn ions first dissolve into the substitutional sites in the ZnO lattice, thereby forming Mn** Oy tetrahedral
coordination when x < 0.001, then entering into the interstitial sites and forming Mn3*Og octahedral coordination when
x > 0.005. All the samples exhibit paramagnetic behaviors at room temperature, and antiferromagnetic coupling can be

observed below 100 K.
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1. Introduction

As is well known, doping is an effective method of con-
trolling the properties of semiconductor nanocrystals.!!2l The
research results show that there are different distributions of
dopants, such as in substitutional sites, in interstitial sites,
and in the surface of nanocrystals.!>*! Understanding the role
of dopants, including the dopant concentration, the position,
bonding, and spatial distribution of the dopants, is fundamen-
tal in explaining the optical, luminescent, magnetic, or other
physical properties of nanocrystals. Mn-doped ZnO system, as
a candidate diluted magnetic semiconductor (DMS) material
with a higher Curie temperature (7¢) than room temperature,
has received much attention due to the theoretical predictions
given by Dietl ef al.’! However, various experimental results
of Mn-doped ZnO such as ferromagnetism (FM),[¢! paramag-
netism (PM)!”! or antiferromagnetism (AFM)®! have been ob-
tained by different research groups. Kundaliya et al.!! found
that the ferromagnetism in ZnMnO originated from oxygen-
vacancy-stabilized Mn,_,ZnO5_g. Garcid et al.!'9) attributed
the ferromagnetic behavior to the interaction between Mn3+
and Mn**. Lawes et al.l'!! found that the dominant interac-
tions in Mn-doped ZnO systems were antiferromagnetic and
attributed this behavior to contributions from both Mn ions

with Mn nearest neighbors and from isolated spins. From the
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above research results, we can see that the magnetic properties
are seriously affected by the coordination environment of Mn
ions in a ZnO lattice. It is very important to reveal the coor-
dination environment of Mn in order to clarify the origin of
magnetism in a Mn-doped ZnO system.

However, it is difficult to characterize the coordination
environment of a dopant, especially in a diluted content. X-
ray absorption fine structure (XAFS) is very sensitive to the
local environment of a selected atom.!!?] For example, Smo-
lentsev et al.!'3] have observed that the majority of Mn atoms
substitute Zn atoms and there is cubic symmetry around Mn
atoms in the ZnO wurtzite lattice in Zn;_,Mn,O (x = 0.005,
0.01) films. Zhang et al.l'"* have found that the Mn-doped
ZnO system presents substantial paramagnetic behavior and
the strong AFM interaction arises from the fact that Mn ions
fill Zn sites only, forming spin-antiparallel pairs and inducing
a large structural distortion Mn confirmed by XAFS spectra.
In the present work, we systematically synthesize Zn;_,Mn,O
(x =0, 0.0005, 0.001, 0.005, 0.01, 0.02) nanocrystals and in-
vestigate the variation of the coordination environment of Mn
ions in a ZnO lattice with Mn content with XAFS, Raman and
UV-Vis spectra. We also investigate the magnetic properties

and magnetic coupling states of Zn;_,Mn,O nanocrystals.
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2. Experimental details

Zn;_Mn,O (x = 0, 0.0005, 0.001, 0.005, 0.01, 0.02)
nanocrystals were synthesized by using a wet chemical pro-
cess, as described by Schwartz et al.l'31 The precursor
salts (zinc acetate and manganese acetate) were dissolved
in dimethylsulfoxide (DMSO) according to the desired sto-
ichiometry. The total metal ion concentration was 0.1 M.
Tetramethylammonium hydroxide (TMAH) was dissolved in
ethanol, keeping the concentration at 0.55 M. Then the ethano-
lic solution of TMAH was added dropwise to the metal salt
solution under constant stirring at room temperature. After
48 hours, the nanocrystals were precipitated by adding ethy-
lacetate and removed from the supernatant by centrifugation.
Finally, the precipitates were dried at 353 K and annealed at
873 K in air for 3 hours in order to remove the precursor.

The X-ray diffraction (XRD) patterns were recorded by
using a Rigaku Dmax/C X-ray diffractometer using Cu Ko
radiation operated at 40 kV and 200 mA. The crystalline struc-
ture was characterized by a JEM-2100F transmission electron
microscope (TEM) at an accelerating voltage of 200 kV. The
valence of Mn was collected by an X-ray photo-electron spec-
troscope (XPS VG ESCALAB 250). Mn k-edge XAFS spec-
tra were measured in fluorescence mode due to the lower con-
centration of Mn on Beamline 1W1B at the Shanghai Syn-
chrotron Radiation Facility. Raman spectra were detected by
an HR800 LabRam Infinity spectrometer excited by a contin-
uous Ar™ laser with a wavelength of 514 nm. Magnetic mea-
surements were carried out by using a Lake Shore M-7401 Vi-
brating Sample Magnetometer (VSM). The M-T curve was
measured using a physical properties measurement system
(PPMS; Quantum Design) equipped with a vibrating sample
magnetometer over a temperature range from 5 K to 350 K.

3. Results and discussion

Figure 1(a) shows the XRD patterns of Zn;_,Mn,O
nanocrystals. All the diffraction peaks can be attributed to
pure ZnO with a wurtzite structure. There is no detectable
second phase in all samples. Figures 1(b)-1(d) show the de-
pendences of lattice constant (a and ¢), cell volume (V') on the
value of x in Zn;_,Mn, O nanocrystals. The values of a, ¢, and
V are almost unchanged when x < 0.001, then the values in-
crease with the value of x increasing. This variation indicates
that the lattice of ZnO begins to expand with the Mn content
increasing when x > 0.005. According to Scherrer’s formula,
the grain sizes of the nanocrystals are about 30 nm (x < 0.001)
and 20 nm (x > 0.005), respectively. As shown in Fig. 1(e),
the grain sizes of Zn;_,Mn,O nanocrystals are smaller than
those of pure ZnO nanocrystals. It means that the dopants in-
hibit the growth of ZnO nanocrystals, which indicates that the
dopants may distribute in the surface of ZnO particles as found

by Norberg et al.!'®! Figure 2(a) shows the energy dispersive
spectrum (EDS) of Zng 9gMng 92O nanocrystals. It reveals that
the content of Mn is about 1.9%, which is close to the nominal
concentration. As shown in Fig. 2(b), the grain size is about
20 nm which is in good agreement with the XRD result. Fig-
ures 2(c) and 2(d) show the high-resolution TEM (HRTEM)
images of the nanocrystals. The spacings between adjacent
lattice planes are about 0.258 nm and 0.242 nm, which equal
the distance between two (002) and (101) planes in ZnO, re-
spectively. It reveals that the Zn;_,Mn,O nanocrystals are in
the forms of the wurtzite structure of ZnO.
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Fig. 1. (color online) XRD patterns of Zn;_,Mn,O nanocrystals (a),
variations of lattice constants (b) and (c), cell volume (V) (d), and grain
sizes of Znj_,Mn,O nanocrystals (e) with the value of x.

Figure 3 shows the XPS spectrum of a Zng9gMng 2O
nanocrystal. The binding energy is calibrated by taking a car-
bon C 1s peak (284.6 eV) as a reference. The Mn 2p peak is
observed besides the C 1s, O Is, Zn 2p, which indicates that
no impurity elements are observed in our sample. The inset
shows the Mn 2p XPS fine spectrum of our sample. The in-
tensity of Mn 2p 1/2 is unobvious due to the contributions of
Zn LyM3»3My3 and L3sMjp3Mj3 Auger spectra.“ﬂ The binding
energy of the Mn 2p 3/2 peak is about 641.6 eV, which indi-
cates that the valence of Mn is +3.[!8] Therefore, there are no
second phases and the main valence of Mn is about +3 in the
sample with a high Mn content.
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Fig. 2. (color online) Energy dispersive spectrum (a), TEM image (b), the high-resolution TEM images (c) and (d) of Zng 9gMng 0, O

nanocrystals.
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Fig. 3. XPS spectrum of Zng9gMng 02O nanocrystal, with the inset
showing the Mn 2p XPS spectrum.

In order to further investigate the coordination environ-
ment of Mn in Zn;_,Mn,O nanocrystals, especially at low
concentrations of Mn, the normalized Mn k-edge XANES
spectra of Zn;_,Mn,O, the reference samples MnO, and
Mn, 03 are shown in Fig. 4(a). For comparison, the Zn k-
edge XANES spectrum of ZnO is shifted to the position of
the Mn k-edge spectrum. The Mn k-edge energy is used to
characterize the average Mn oxidation state. When x < 0.001,
the position of the white line peak of our sample is similar
to that of MnO, which reveals that the Mn oxidation state is
+2. When x > 0.005, the main edge energy shifts toward high
energy, which indicates the average oxidation state increases
with the value of x increasing. When x is equal to 0.01 or 0.02,
the position of the white line peak is similar to that of Mn, O3,
indicating that the valence of Mn is mainly +3. In addition,
the similarity of features at the post-edge region between Mn
k-edge and Zn k-edge in ZnO reveals the chemical environ-

ment of some Mn is the same as that of Zn in ZnO in the
samples with low Mn content (x < 0.001). It means that part
of Mn>* ions substitute for Zn>* ions in ZnO. While in the
samples with high Mn content (x > 0.005), there is an obvious
difference between Mn k-edge of Zn;_,Mn,O and Zn k-edge
of ZnO in the post-edge region. The difference shows that the
chemical environment of Mn in the ZnMnO is different from
that of Zn in ZnO, which indicates that the Mn>* ions do not
substitute for Zn ions in ZnMnO sample.

Figure 4(b) shows the Mn k-edge Fourier transform of
K x (k) functions of EXAFS spectra. For comparison, the Mn
k-edges of MnO, Mn,03, and MnOOH, as well as the Zn k-
edge of pure ZnO are also illustrated. Here, P; (1.41 A) and
P; (241 A) are attributed to the first Mn—O and the second
Mn—-Mn coordination shell of MnOg in MnOOH, respectively.
P> (1.55 A) and Py (2.93 A) represent the first Zn—O and the
second Zn—Zn shell in ZnO. Substituting Mn for Zn, the co-
ordination of Mn in Mn-doped ZnO will be an MnOy tetrahe-
dron. As is well known, there are two main positions of Mn
in ZnO lattices after doping, one is MnOg octahedron at the
interstitial site and the other is MnQOy4 tetrahedron at the sub-
stitutional site (as shown in Fig. 5). As a result, P| and P;
represent the MnOg octahedral coordination (interstitial Mn),
while P, and P4 represent the MnQy, tetrahedral coordination
(substitutional Mn) in ZnO lattice. In Zn; _,Mn,O (x =0.001)
nanocrystals, the two peaks at 1.55 A and 2.93 A indicate that
Mn ions are mainly at the substitutional site. In Zn;_,Mn,O
(x = 0.005) nanocrystal, there are three peaks denoted as A, B,
and C. Peak A corresponds to the Mn—O coordination, which
is located between peaks P; and P,. The other two peaks B
and C are located at the positions of P; and P4, which repre-
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sent the interstitial Mn and the substitutional Mn, respectively.
The position of peak A situated between P; and P;, as well
as the coexisting of peaks B and C, indicates that there are
two different coordination environments of Mn in Zn;_,Mn,O
(x = 0.005) nanocrystals. As shown in the inset of Fig. 4(b),
the calculated areas of peaks B and C according to Gauss fit-
ting indicate that the ratio of substitutional to interstitial Mn
is about 4:1, which means the maximum content of substitu-
tional Mn is about 0.4%. When x > 0.01, two main peaks at
about 1.41 A and 2.41 A indicate that Mn mainly enters into
interstitial site in the ZnO lattice.
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Fig. 4. (color online) (a) Normalized Mn k-edge XANES spectra of
Zn;_,Mn,O nanocrystals and the reference samples MnO, and Mn,O3.
For comparison, the Zn k-edge XANES spectrum of reference ZnO is
shifted to the position of the Mn k-edge XANES spectrum of MnO. (b)
The Mn k-edge Fourier transform of k> (k) functions of EXAFS spec-
tra without phase correction for Zn;_,Mn,O nanocrystals and reference
samples MnO, Mn; O3, MnOOH, and ZnO. The inset shows the Gauss
fitting of peaks B and C.

Figure 6 shows the UV-Vis absorption spectra of
Zn;_;Mn,O nanocrystals. The absorption at about 450 nm
is due to the ®A;(S)—* T1(G) transition of Mn>* ligand-field
in tetrahedral coordination.!'%?°1 The low intensity of this ab-
sorption indicates the concentrations of substitutional Mn ions
are quite low in all samples, which is the same as the results
of XAFS spectra. There is a broad absorption in a region of
600 nm-800 nm, which can be assigned to the charge—transfer

transition between donor and/or acceptor levels as proposed in

ZnMnS and ZnMnSe.?!! These donor and/or acceptor levels
could be attributed to some defects in ZnO. The increasing in-
tensity of this absorption means that the total defect density

increases with Mn content increasing.

. Mn2t @ Mn3+

Fig. 5. (color online) Schematic diagram of the interstitial site and the
substitution site Mn in a ZnO lattice after doping.
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Fig. 6. (color online) UV absorption spectra of Zn;_,Mn,O nanocrys-
tals.

Figure 7 shows the Raman spectra of Zn;_,Mn,O nano-
crystals and pure ZnO. The four modes at about 332.3, 384.4,
438.6, and 579.9 cm™! are assigned to 2-E»(M), ATO, E;igh,
and A]l“o modes of pure ZnO, respectively.[??) The two addi-
tional modes at about 526.9 cm~! and 665.1 cm~! are de-
noted as AM; and AM,, respectively. AM; is the mode in-
duced by Mn?* dissolving into the ZnO lattice as proved by
Samanta.?3! The origin of AM, is still controversial. Samanta
et al.'?! and Cong et al.'**] attributed it to the second phases
ZnMn; 04 and ZnMnOs, respectively. But there are no second
phases in our samples. We have also noticed that this mode
appears in the Raman spectra of Mn,03!?°! and MnOOH. 2%
Among these four compounds, the coordination environments
of Mn are in the form of a MnOg octahedron. As a result, we
attribute AM, to the mode of MnQOg octahedral coordination.
As shown in Fig. 7, the increasing intensity of AM; indicates
that the concentration of the MnQOg octahedron increases with
the value of x increasing, which is consistent with the results of
the XAFS spectra. As aresult, Mn ions are first to dissolve into
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the substitutional sites in ZnO to form Mn%t Oy tetrahedral co-
ordination and the solubility of substitutional Mn is very low
(0.4% in nominal concentration). Then Mn ions enter into the
interstitial sites to form Mn3tOg octahedral coordination, the
interstitial Mn increasing with Mn content increasing.
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Fig. 7. (color online) Raman spectra of Zn;_,Mn,O nanocrystals.

0.012 (a) 2=0.02
20,008
E x=0.01
g
< 0.004 2 =0.005
= x=0.001
9 - et ares oy - 'z = 0.0005
‘5 0 T “ 7ZnO
N
g —0.0047
M)
@
= —0.008 |
_0'012 i 1 1 1 1 1 1
—6000 —2000 2000 6000
Magnetic field/Oe
0.6
(b)
W 04
~
2
o 0.2y
~
5
e 0
B
g 0.009 7
S .
g —0.2 0.003 /
)
S -{0.003 /
= 04 /
-{0.009 d
—400 —200 0 200 400
—0.6 | | | |
—40000 —20000 0 20000 40000

Magnetic field/Oe

Fig. 8. (color online) M-H curves of Zn;_,Mn,O nanocrystals at
room temperature (a) and M—H curve of ZngogMng ;O nanocrystals
at 5 K (b). The inset shows the magnified low-field region. The unit
10e=79.5775 Am~".

Figure 8(a) shows the room-temperature M—H curves of
Zn;_xMn,O nanocrystals, together with pure ZnO nanocrys-
tals synthesized in the same way. As shown in the figure,
pure ZnO is diamagnetic, while the Zn;_,Mn, O nanocrystals

are paramagnetic and the magnetic moment increases with the

value of xincreasing. Figure 8(b) shows the M—H curve of
Zngp9gMng oO nanocrystal at 5 K. The nanocrystal exhibits
ferromagnetic behavior, as shown in the magnified low-field
region. In order to further investigate the magnetic property,
the curves of magnetization and the inverse magnetic suscepti-
bility versus temperature (M-T and 1/x-T) of Zng 9gMng 02O
nanocrystal are shown in Fig. 9. There is a magnetic phase
transition at about 100 K, which has been considered as an
AFM-PM phase transition.?”] However, the feature is not the
same as the typical AFM-PM phase transition schematic dia-
gram, as shown in the inset (a) of Fig. 9. In typical AFM—PM
transition the value of 1/ increases with temperature decreas-
ing below the phase transition temperature (7p). As shown
in the inset (b) of Fig. 9, 1/x-T curve and T axis intersect
at T in typical FM-PM transition. However, the magnetic
phase transition curves of our samples are different from typi-
cal AFM-PM and FM-PM transition curves, in which 1/ de-
creases with temperature decreasing below Tp, and the 1/x~T
curve and T axis intersect at the origin point. It is the same
as the stack of ferromagnetic and antiferromagnetic schematic

1/x~T curves (shown in the inset (c) of Fig. 9).
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Fig. 9. M-T and 1/x-T curves of ZngogMng 20 in a temperature
range from 5 K to 350 K in a magnetic field of 1000 Oe. The inset
shows the schematic typical ferromagnetic (a) and antiferromagnetic
(b) 1/x-T curves, together with the stack of ferromagnetic and antifer-
romagnetic schematic 1/x-T curves (c).

We suppose that it is the result of competing effect be-
tween the ferromagnetic and antiferromagnetic phase below
Tp. The total moment below 7p increases due to the ferro-
magnetic moment as shown in Fig. 8(b). We suppose that FM
maybe originates from the defects formed in ZnO (as proved
by UV-Vis spectra), which is similar to the result of pure
Zn0.1?8] The data in high temperature region (above 100 K)
is fitted to the Curie-Weiss law: y = C/(T — 0). From the
fitted line (i.e., dot line) an extrapolated Curie temperature of
0 = —39.9 K is obtained, which indicates that the magnetic
interactions between Mn ions are antiferromagnetic. As dis-

cussed above, most Mn ions in our nanocrystals enter into the

107501-5



Chin. Phys. B Vol. 22, No.

10 (2013) 107501

interstitial sites in the ZnO lattice and form Mn>* Qg groups
with octahedral coordination. The neighboring Mn ions in
the Mn3* Qg octahedron would be connected by 0>~ between
them and form an Mn3*-0>~—Mn3* complex with the bond
angle of 180°. According to the superexchange interaction, [*°]
one p electron of O would couple with the e, orbital electron
of Mn3*. In addition, this electron in the p orbital of O must
be antiparallel to the eg orbital electron, which makes the two
neighboring Mn" ions antiparallel. Thus, the system exhibits
antiferromagnetic behavior. Our results also give a possible
reason why the ferromagnetism cannot be observed in most
Mn-doped ZnO DMS nanocrystals.

4. Conclusions

In this paper, we synthesize Zn;_,Mn,O nanocrystals by
using a wet chemical process. Our results indicate that Mn
ions are first to enter into the substitutional site in ZnO lattice
and form Mn2*+ Oy tetrahedral coordination at a low Mn con-
tent. With the increase of x, more Mn ions dissolve into the
interstitial sites and form a Mn3" Qg octahedral coordination,
which induces an antiferromagnetic coupling state between
two Mn ions. We provide a promising perspective to explain
why the ferromagnetism is hard to obtain in Mn-doped ZnO
nanocrystals. Our results also indicate that it is important to
investigate the environment of the dopants, which have signif-
icant effects on the magnetic properties and magnetic coupling

state in doping semiconductor nanocrystals.
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