
Origin of ferromagnetism in Fe- and Cu-codoped ZnO
Jeong Hyun Shim,a! Taesoon Hwang, and Soonchil Lee
Department of Physics, Korea Advanced Institute of Science and Technology, Daejeon 305-701,
Republic of Korea

Jung Hye Park, Seung-Jin Han, and Y. H. Jeong
Department of Physics and Electron Spin Science Center, Pohang University of Science and Technology,
Pohang 790-784, Republic of Korea

sReceived 25 October 2004; accepted 5 January 2005; published online 15 February 2005d

Fe- and Cu-codoped ZnO was previously reported as a room-temperature dilute magnetic
semiconductor. We have investigated the origin of the ferromagnetism in Zn0.95−xFe0.05CuxO using
the zero-field57Fe nuclear magnetic resonance and neutron diffraction. These measurements reveal
that some Fe ions of Zn0.95−xFe0.05CuxO form a secondary phase, ZnFe2O4. Detailed comparison of
nuclear magnetic resonance spectra of Zn0.95−xFe0.05CuxO, bulk ZnFe2O4 with normal spinel
structure, and nanocrystalline ZnFe2O4 with inverted spinel structure shows that the secondary
phase possesses an inverted spinel structure and is ferrimagnetic at room temperature, while normal
zinc ferrite is nonmagnetic. The ferromagnetism in Fe- and Cu-codoped ZnO stems from the
secondary phase, while the majority of Fe ions substituted into the ZnO lattice appears to remain
magnetically inert. ©2005 American Institute of Physics. fDOI: 10.1063/1.1868872g

Recently, ferromagnetic semiconductors have been ac-
tively pursued because of their potential as spin-polarized
carrier sources and easy integration into semiconductor
devices.1

One obvious way to make ferromagnetic semiconductors
is to dope semiconductors with magnetic impurities. A well-
known example of these dilute magnetic semiconductors is
GaMnAs with transition temperaturesTcd of 110 K, well be-
low room temperature.2 A theoretical work using a mean-
field model predicted ferromagnetism above room tempera-
ture in a II-VI semiconductor ZnO when doped with holes
and Mn.3 ZnO, which also possesses excellent optical prop-
erties, received attention, and several reports on ZnO doped
with transition metal ions followed.4 These studies, however,
did not lead to consistent conclusions. Ferromagnetism was
observed at room temperature for Co-doped ZnO films but
reproducibility was quite low.5 Evidence that the magnetic
property of Mn-doped ZnO films is extrinsic, that is, due to
the unintentionally produced magnetic impurity phases, now
exists.6 Fe-doped bulk ZnO even shows antiferromagnetism,
rather than ferromagnetism, at low temperatures.7

It was reported previously that additional doping of Cu
into Fe-doped ZnO generates ferromagnetism withTc
=550 K;8 Cu was introduced as ap-type dopant in naturally
n-type ZnO. High transition temperature and high reproduc-
ibility made the material look quite promising. However,
high-resolution x-ray diffraction measurements also revealed
tiny extra peaks in addition to the main ones belonging to the
hexagonal lattice of ZnO.sThe majority of doped Fe ions
were incorporated into the lattice.d These tiny peaks were
identified as belonging to ZnFe2O4, which is normally non-
magnetic at room temperature. It was also found that the
magnetization of Zn0.95−xFe0.05CuxO increases with Cu con-
centration up to 1.0%, where it starts to decrease on further
doping, while the amount of ZnFe2O4 increases monotoni-
cally past 1.0%. This observation and the attribute that

ZnFe2O4 is nonmagnetic, among others, led us to conclude
that the ferromagnetism of Zn0.95−xFe0.05CuxO is an intrinsic
property.

However, it is known that ZnFe2O4 with inverted spinel
structure can become ferrimagnetic,9 and therefore the pos-
sibility that the ferromagnetism seen in Zn0.95−xFe0.05CuxO is
due to the secondary phase is not completely excluded. In
this study, we address this issue and investigate the origin of
the ferromagnetism of Zn0.95−xFe0.05CuxO more carefully us-
ing zero-field NMR and neutron diffraction. The main con-
clusion drawn from the present experimental study is that the
ferromagnetism of Zn0.95−xFe0.05CuxO is not due to the di-
luted interacting Fe ions in the lattice, but is due to the small
amount of the secondary magnetic phase, inverted spinel
ZnFe2O4.

Whether the magnetic property of a material is intrinsic
cannot be determined by measurements of macroscopic
quantities such as magnetization or conductivity. It requires a
local probe such as NMR; the resonance frequency of NMR
is proportional to the total field that a local nucleus sees. An
NMR spectrum obtained at zero external field for magnetic
materials reflects the local hyperfine field that contains all the
information about the local electronic state and configuration
of a specific magnetic atom. Thus, NMR and neutron diffrac-
tion, whose spectrum is also sensitive to magnetic ordering,
were employed in this study. High-resolution neutron powder
diffraction was carried out at the HANARO reactor in
KAERI. 57Fe NMR spectra were obtained at zero external
field by using our homemade spectrometer carefully tuned to
give the maximum signal-to-noise ratio at low temperatures.
Because of the low natural abundance of iron, data were
taken only at 4 K by thespin echo technique.

Polycrystalline samples of bulk Zn0.95−xFe0.05CuxO were
fabricated with the standard solid state reaction method, as
described previously.8 The neutron diffraction spectrum of
Zn0.94Fe0.05Cu0.01O is plotted in Fig. 1; the minor peaks from
ZnFe2O4 are indicated in the figure. The inset shows that the
intensity of the peak at 21.7°, which occurs at the lowestadElectronic mail: abehool@kaist.ac.kr
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angle among the ZnFe2O4 Bragg peaks, increases when tem-
perature is decreased belowTc. The peaks corresponding to
the ZnO structure remain invariant irrespective of tempera-
ture variation. Neutron diffraction is caused by both crystal
structure and magnetic ordering; the peak height variation
below Tc would then be due to magnetic ordering. Thus,
neutron data indicate that the magnetization of the impurity
phase grows as temperature is reduced belowTc, and one
may suspect that the magnetization of the secondary phase
ZnFe2O4 is somehow correlated with that of the sample.
However, the change of the peak height is too small to make
any kind of quantitative comparison with the measured mag-
netization variation.

A more definite comparison was attempted by measuring
the NMR spectra of Zn0.95−xFe0.05CuxO as well as normal
and inverted ZnFe2O4. Bulk ZnFe2O4 has a spinel structure
where metal ions are located at interstitial sites of the close-
packed fcc lattice of oxygens. There are two sites available
for metal ions: tetrahedralA and octahedralB. ZnFe2O4 in
the normal spinel structuresall Fe ions are in theB sitesd is
paramagnetic down to low temperatures, while it becomes
ferrimagnetic at room temperature in the partially inverted
spinel structure where some of Fe ions takeA sites.9 Normal
ZnFe2O4 is made by the solid state reaction method, while
nanocrystalline ZnFe2O4 with inverted spinel structure can
be obtained by high-energy ball-milling of the normal zinc
ferrite.

The zero-field NMR spectra of Zn0.95−xFe0.05CuxO are
plotted in Fig. 2 for various Cu concentrations. The experi-
mentally determined gyromagnetic ratio confirms that this
peak is the resonance signal of iron nuclei. Experimentally
measured hyperfine field of a nucleus of a magnetic atom is
proportional to the magnetic moment of that atom and de-
pends on the ionic valency, configuration of neighboring at-
oms, bonding with neighbors, etc. Therefore, the spectrum
contains information on the structure of the lattice where the
ferromagnetic irons locate; the task is to clarify whether the
lattice is that of ZnO or a secondary phase. No NMR signal,
particularly around 71 MHz, could be detected from
ZnFe2O4 in the normal spinel structure. The NMR spectrum
of nanocrystalline ZnFe2O4 sball-milled for 4 hd was mea-
sured and displayed in Fig. 2 along with the results from
Zn0.95−xFe0.05CuxO. The spectrum of nanocrystalline

ZnFe2O4 again contains two peaks, one centered at 71 Mhz,
and another small peak centered at 68 MHz. The hyperfine
fields of Fe nuclei at theA and B sites should be different
because of the different structural environments, even though
both Fe ions would be in the same Fe3+ chemical state. By
observing the signal dependence on external magnetic field,
we confirmed that the ball-milled ZnFe2O4 is indeed in a
ferrimagnetic state and the high-frequency peak corresponds
to the Fe atoms at theB site and the low-frequency peak, the
A site.

The spectra obtained from Zn0.95−xFe0.05CuxO for vari-
ous Cu concentrations are obviously identical with that of
partially inverted ZnFe2O4 in their resonance frequency and
spectral shape. Thus, it is quite clear that the spectra we
observed for Zn0.95−xFe0.05CuxO originate from the iron in
the secondary phase ZnFe2O4 produced in the sample. In
most ferrites, the NMR signals of Fe2+ and Fe3+ ions are
found near 40 and 70 MHz, respectively.10 The valency of Fe
ions in ZnFe2O4 is 3+, while that of Fe ions substituting for
Zn ions in ZnO is expected to be 2+.11 If Fe ions substituting
for Zn ions are in a ferromagnetic state, their zero-field NMR
signal is expected to be found near 40 MHz. A theoretical
calculation suggests a double-exchange interaction between
the substituting Fe2+ and Fe3+ that is generated by charge
transfer from doped Cu.12 In that case, the average valency
of Fe ions falls between 2+ and 3+ due to a rapid electron
hopping process and the NMR spectrum would be found
somewhere between 40 and 70 MHz. We carefully searched
for the NMR signal of Zn0.95−xFe0.05CuxO from 30 to 80
MHz, but no other signal was observed except that in Fig. 2.
The amount of Fe atoms forming ZnFe2O4 phase in
Zn0.95−xFe0.05CuxO was estimated by comparing the NMR
signal intensity of Zn0.95−xFe0.05CuxO with that of the ball-
milled ZnFe2O4. The comparison showed that the majority of
Fe ions remain in the ZnO lattice, but it appears that they are
magnetically inert.

In Fig. 3, the NMR resonance frequencystopd and the
spectral intensitysbottomd are plotted together with the satu-
ration magnetization obtained at 300 K as a function of Cu
concentration. The resonance frequency remains the same
irrespective of Cu concentration while both the NMR inten-
sity and the magnetization are maximal at 1%. The resonance
frequencyv is proportional to the hyperfine field, which in
turn is proportional to the thermally averaged atomic mag-

FIG. 1. The spectrum of neutron powder diffraction for Zn0.94Fe0.05Cu0.01O.
Solid symbols indicate the peaks from the ZnO lattice, and tiny peaks with
open symbols are from ZnFe2O4. Inset displays a peak from ZnFe2O4 as a
function of temperature.

FIG. 2. The zero-field57Fe NMR spectra of Zn0.95−xFe0.05CuxO and
ZnFe2O4. The ZnFe2O4 sample was obtained by ball-milling, and was com-
posed of nanosized grains with inverted spinel structure.
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netic momentkml. Therefore, constantv means thatkml of
iron in ZnFe2O4 is independent of Cu doping. It is well
known that the NMR spectral intensity is proportional to
Nv7/4~Nkml7/4, whereN is the number of magnetic atoms.
The NMR spectral intensity becomes proportional to magne-
tizationNkml whenkml is constant, as in this case. Since the
observed NMR spectrum arises only from inverted ZnFe2O4,
the spectral intensity represents the magnetization of
ZnFe2O4 produced in Zn0.95−xFe0.05CuxO. The magnetization
of ZnFe2O4 in the sample is proportional to that of the whole
sample for varying Cu concentrations, as shown in the bot-
tom figure, indicating the magnetic property observed in
Zn0.95−xFe0.05CuxO is indeed that of the secondary phase. It
appears that Cu doping into Zn0.95Fe0.05O causes the forma-
tion of ZnFe2O4 nanoclusters with inverted spinel structure
at low concentrations. This may be understood as follows:
the addition of CuO in the processing stage appears to re-
lease oxygen, and this extra oxygen would then generate
ZnFe2O4 locally. As the amount of ZnFe2O4 grows above 1%
Cu doping, a portion of inverted zinc ferrite starts to turn
normal.

Finally, we show the magnetization of
Zn0.94Fe0.05Cu0.01O and ball-milled ZnFe2O4 as a function of
temperaturesFig. 4d. The transition temperature of the ball-
milled ZnFe2O4 sample is 460 K, and the magnetization rises
slowly below Tc as temperature is reduced; in contrast, the
transition temperature of Zn0.94Fe0.05Cu0.01O is 550 K and
the magnetization increases rather steeply belowTc. These
differences may be attributed to the size difference of the two
samples. The average grain size may be roughly estimated
from the diffraction pattern using the Scherrer formula. The
average grain size of ZnFe2O4 clusters in Zn0.94Fe0.05Cu0.01O
was estimated to be larger than 100 nm, while that of the
ball-milled ZnFe2O4 was approximately 20 nm. The ball-
milled ZnFe2O4 showed superparamagnetic behaviors at

room temperature, as the inset of Fig. 4 indicates. This is
consistent with previous works on nanoparticles showing
that the critical particle size, below which particles become a
single domain is several tens of nanometers.13 The transition
temperature of nanoparticles is also known to decrease with
decreasing grain size.14 Thus, the size difference seems to
bring about the differences in magnetic properties illustrated
in Fig. 4.
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FIG. 3. The NMR resonance frequencystopd, and the NMR signal intensity
sbottomd are plotted as a function of Cu concentration. Also plotted in the
bottom panel is the saturation magnetic moment per Fe ion at room
temperature.

FIG. 4. The normalized magnetization of Zn0.94Fe0.05Cu0.01O sopen squared
and ball-milled ZnFe2O4 sopen circled is plotted as a function of tempera-
ture. Inset shows the hysteresis curve of ball-milled ZnFe2O4, which is
superparamagnetic.
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