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Room-temperature ferromagnetism in Li-doped p-type luminescent ZnO nanorods
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We have observed ferromagnetism in Li-doped ZnO nanorods with Curie temperature up to 554 K. Li forms
shallow acceptor states in substitutional zinc sites giving rise to p-type conductivity. An explicit correlation

emerges between increase in hole concentration with decrease in magnetization and Curie temperature in
ZnO:Li. Occurrence of ferromagnetism at room temperature has been established with observed magnetic
domain formation in ZnO:Li pellets in magnetic force microscopy and prominent ferromagnetic resonance
signal in electron paramagnetic resonance spectrum. Magnetic ZnO:Li nanorods are luminescent, showing
strong near UV emission. Substitutional Li atoms can induce local moments on neighboring oxygen atoms,
which when considered in a correlated model for oxygen orbitals with random potentials introduced by dopant
atom could explain the observed ferromagnetism and high Curie temperature in ZnO:Li nanorods.
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I. INTRODUCTION

Dilute ferromagnetic semiconductors (DMSs) with Curie
temperature at or above room temperature form an excep-
tional class of materials with immense potential for spin-
tronic and magneto-optic devices. Achieving magnetic order-
ing at ambient temperature for a versatile and
technologically important semiconductor such as ZnO is
very meaningful. Dilute ferromagnetism in oxide semicon-
ductors generally has been reported with 3d dopants in ZnO
particularly with Mn, Co, Ni, Fe, Cu, and V dopings.'=> Un-
expected magnetization without transition metal has been re-
ported in dielectric oxides such as HfO,, ZrO,,* and nonmag-
netic oxides, e.g., 7Zn0,> hexaborides,® carbon-doped 7Zn0,’
and in irradiated graphite.® The theory of Dietl e al.® sug-
gests that carrier-induced ferromagnetism in Mn-doped
p-type material may be observed at higher temperature. Oc-
currence of ferromagnetism that also at room temperature in
alkali-atom-doped ZnO has not been reported before, and we
report here the ferromagnetic ordering observed in p-type
ZnO:Li nanoparticles. Such dilute ferromagnetism in a non-
magnetic oxide like ZnO solely induced by very low concen-
tration of monovalent alkali atom has no precedence, and
understanding the phenomenon poses a theoretical challenge.

In a semiconductor magnetic ordering, electrical and op-
tical properties may be intricately interlinked. This has the
potential to harness magnetically controlled semiconducting
light emitters. In a quest to find ferromagnetism in p-type
ZnO without transition metal, as is preferable for spintronic
applications,'® doping of monovalent alkali atom Li with
single unpaired spin in ZnO was undertaken. A combined
study of electrical, magnetic, as well as structural and pho-
toluminescence (PL) properties of Li-doped ZnO was carried
out to explore ferromagnetism and to understand the physics.
Undoped ZnO is usually n type due to interstitial Zn and
oxygen vacancy, and better n-type conduction has been ob-
tained in Al-doped ZnO.! However, realization of p-type
ZnO has proven to be difficult due to formation of deep
acceptor levels, self-compensating effect, and low solubility
of acceptor dopants. Hence, p-type conduction in ZnO re-
quires incorporation of shallow acceptor levels which may
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be possible by substituting group I element Li in Zn site
(Lig,) that creates one hole per alkali atom in the neighbor-
ing oxygen atom. Shallow Li acceptor level is reported to be
formed at temperature between 450—600 °C with binding
energy of 300 meV and gives rise to PL emission at 3.05
eV,!I-13 with PL output peaking at 500—550 °C synthesis
temperature. The shallow acceptor center is no longer intro-
duced at temperatures above 700 °C. At lower temperatures
of growth, introduction of redundant Li atoms as interstitial
(Li;) and Li;-Liy, complex inhibits the p-type conductivity.!!
Deep acceptor center has also been reported in ZnO forming
at temperature above 750 °C and producing broad Gaussian
luminescence band at 2.05 eV.'? Such deep acceptor levels
inhibit p-type conductivity.

II. EXPERIMENTS

Nanocrystalline powder of ZnO doped with Li
(2—15 at. %) was synthesized by solid-state reaction
method. A homogeneous solution of high-purity precursor
materials, Zn (CH;C0O0),.2H,0 (1 M) and LiOH (0.02-0.15
M), in deionized water was prepared. The solution was oven
dried. Dried precursor material was ground in agate mortar
and mixed thoroughly, packed in a quartz boat and fired at
500 °C in air. Synthesis of ZnO:Li was repeated for different
Li concentrations with excellent reproducibility. The amount
of trace magnetic impurities in the precursor materials was in
ppm level. The same precursor, Zn (CH;C0OO),.2H,0 (1 M),
was used to synthesize undoped ZnO. Any possibility of
magnetic contamination through accidental or trace impuri-
ties has been meticulously avoided during sample prepara-
tion. High-purity quartz boat without any metallic contami-
nation was used for firing the sample in the furnace. The
body color of synthesized ZnO: Li was grayish white powder
for all Li concentrations.

Crystallographic phase identification was done by x-ray
diffraction (XRD) using Brucker-AXS D8 Advance Diffrac-
tometer. The crystallite shape and morphology of the ZnO:Li
nanocrystals were studied under transmission electron micro-
scope (TEM) (make: JEM; model: JEOL 200 Cx). Energy
dispersive spectroscopy (EDS) was carried out to see the
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effect of doping as well as presence of any magnetic impu-
rity. No trace magnetic impurity was detected in EDS mea-
surements. Nature of electrical conduction and carrier den-
sity was measured by Hall effect on pellets made from the
ZnO:Li nanocrystalline powder. Pellets were made by sub-
jecting the powder to a pressure of 10 ton. Ohmic contacts
were made on the pellets by silver paste. The contacts were
cured at 350 °C, and thereafter the electrodes were soldered
on silvered surface. Pellets were subsequently sintered at
500 °C for 30 min. Measurement of Hall effect was carried
out in Van der Pauw configuration with a constant current of
100 uA using high-resolution instruments, with an accuracy
of £1.5%. Hall measurements were repeated for different
magnetic fields and different applied voltages on the same
sample. The results showed no appreciable change in mea-
sured hole concentration. A Varian E-112 spectrometer at mi-
crowave frequency of 9.11 GHz was used for electron para-
magnetic resonance (EPR) measurements at ambient
temperature. Magnetization (M-H) of the ZnO:Li powder
samples was measured at room temperature using Lakeshore
7304 vibrating sample magnetometer (VSM) using a sample
holder of high-purity perspex free from any metallic impu-
rity. Extreme care was taken to clean the holder ultrasoni-
cally to remove any magnetic material traces. The same
holder was used exclusively for measurement of ZnO
samples to avoid any magnetic contamination. Same mea-
surement procedure was repeated for empty sample holder,
and magnetization data of the holder were subtracted from
the measured magnetic signal of the sample. VSM has mag-
netization sensitivity on the order of 107® emu. Variation in
magnetization with increase in temperature was recorded us-
ing VSM for Curie temperature determination. The results of
magnetic measurements were reproducible (£5%) for all the
samples. Repeated synthesis of ZnO:Li samples with differ-
ent Li concentrations in different batches under same experi-
mental conditions was carried out. Magnetic measurements
done on different batches of ZnO:Li samples showed consis-
tent and reproducible results. Atomic force microscopy
(AFM) and magnetic force microscopy (MFM) were done
with a high-resolution scanning probe microscope (SPM) at-
tached with a magnetic probe (SPM multimode V, Veeco
Instruments Inc., USA). Photoluminescence (PL) spectra and
time-resolved decay of luminescence were recorded using a
Xe-lamp source and Edinburgh Instruments combined
FLSP920 steady state and lifetime spectrometer.

III. RESULTS AND DISCUSSION

Undoped ZnO and Li-doped ZnO samples crystallized in
hexagonal wurtzite structure as is evident from x-ray diffrac-
tion pattern shown in Fig. 1. Lattice parameters a and ¢
increase in the third place of decimal (<0.1%) with incorpo-
ration of and variation in Li concentration. This indicates
uniform doping of Li atoms in ZnO lattice. Such increase in
a and ¢ parameters with Li doping has also been reported for
ZnO:Li films.'"* Zn-O bond length was calculated'* to be
1.9679 A for undoped ZnO and 1.9695 A for 2 at. % Li,
returning to undoped value for 10 at. % Li doping. Average
crystallite size calculated from Scherrer formula ranges from
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FIG. 1. XRD profile of ZnO:Li powder with 2 and 10% Li
concentration showing monophasic hexagonal wurtzite structure.

52-72 nm. Scanning electron microscopy of the synthesized
ZnO:Li powder showed elongated rod-type morphology of
nanometer dimensions whereas 2% Li-doped ZnO exhibits
best nanorod formation. In situ EDS measurement was done
and no trace magnetic impurity was detected. TEM image
(Fig. 2) showed well-formed single-crystal transparent nano-
rods of ZnO:Li (2 at. %). The length of the nanorods varied
from 96 to 622 nm, and the diameter varied form 27 to 124
nm.

Hall-effect measurement carried out in Van der Pauw con-
figuration exhibited n-type conductivity for undoped ZnO,
whereas Li- (2—15 at. %) doped ZnO pellets showed p-type
conductivity. Some shallow donor levels in undoped ZnO
may give rise to n-type conduction. For ZnO:Li samples,
hole concentration and resistivity vary with Li concentration

FIG. 2. TEM images of ZnO:Li (2 at. %) at two different mag-
nifications showing well-developed transparent nanorods.
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TABLE I. Variation of hole concentration and Curie temperature
with Li concentration.

Hole concentration  Resistivity Tc
Li % (nominal) (em™3) k Q cm (K)
2 1.6 1016 107.5 554
5 8.4x10"7 95.0 394
10 2.5x10'8 76.4 344
15 1.3x10" 43.7 diamagnetic

as shown in Table I. The results show a clear trend of hole
concentration increase and resistivity decrease with increase
in Li concentration. Results are in conformity with results
reported for ZnO:Li thin film deposited at 500 °C giving rise
to p-type conductivity with hole concentration on the order
of 10'® cm™3.!15 The results clearly indicate that Li atoms
substitute zinc in zinc site to form shallow acceptor levels
and that hole doping takes place in ZnO lattice. The increase
in Madelung energy has been thought to facilitate localiza-
tion of such acceptor states.!!

Magnetization measurements carried out at room tem-
perature for ZnO:Li nanocrystalline powder samples (as syn-
thesized) with different nominal Li concentrations show typi-
cal ferromagnetic hysteresis loop for certain Li
concentrations, as shown in Fig. 3. Undoped ZnO synthe-
sized in exactly identical experimental conditions exhibits
diamagnetism. Maximum magnetization observed for 2, 5,
and 10 at. % Li are 55.71, 58.95, and 5.09 memu/g, respec-
tively. A typical ferromagnetic narrow hysteresis loop was
observed for ZnO:Li (2 at. %) sample with coercivity
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FIG. 3. (Color online) Observed magnetic moment with varia-
tion in magnetic field for ZnO:Li nanocrystalline powder at room
temperature. ZnO:Li (2 at. %) exhibits typical ferromagnetic hys-
teresis loop. For 5% Li-doped samples, the M-H curve indicates
super paramagnetic behavior. A decrease in magnetization was ob-
served with further increase in Li concentration. Diamagnetic char-
acteristic was shown by undoped ZnO prepared under similar
conditions.
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166.97 Oe and retentivity 9.62 memu/g with Curie tempera-
ture as high as 554 K. Li- (5 at. %) doped ZnO exhibited
superparamagnetic behavior. Such superparamagnetic behav-
ior has also been reported for ZnO:Ni thin films above 30
K.'¢ Ferromagnetic behavior decreases with further increase
in Li concentration in ZnO lattice. VSM has magnetization
measurement sensitivity on the order of 107® emu, while our
experimental results show magnetization on the order of
1073 emu. Temperature-dependent magnetization study
showed decrease in Curie temperature with increase in Li
concentration in ZnO:Li as shown in Table I. Magnetic mea-
surements were reproducible for all the ZnO:Li samples syn-
thesized repeatedly in different batches under identical ex-
perimental conditions. Magnetization measurements were
also carried out on the pellets used for Hall-effect measure-
ment, and similar results were obtained as powder samples.
In order to exclude any origin other than intrinsic to the
observed magnetic behavior of ZnO:Li samples, sample syn-
thesis, handling process, and measurements were done with
utmost care. Since extreme precautions were taken during
different steps involved in experimental process to avoid any
magnetic contamination, only probable suspect could be
trace magnetic impurities present in the precursor materials.
Iron (Fe) was the only trace magnetic impurity present in the
main precursor material Zn(CH;COO),.2H,0 (99.5%) in
proportion of 0.0005% and also in the dopant precursor
LiOH (0.005%). Since the same zinc acetate was used for
preparation of undoped ZnO and ZnO:Li samples, the con-
tribution of trace iron present in zinc acetate in producing
ferromagnetism can be ruled out immediately as undoped
ZnO synthesized under same conditions show pure diamag-
netism. If trace iron in LiOH could be the cause for ferro-
magnetism then magnetization would have increased with
increase in Li concentration. But experimental results clearly
showed that magnetization was maximum for 2 at. % Li-
doped ZnO where trace iron (Fe) would be only 0.0001%,
and as Li concentration increased, magnetization decreased
though the amount of trace Fe would have increased propor-
tionately. As the results of all magnetic measurement conclu-
sively show that ferromagnetism decreases with increase in
Li concentration, the role of trace impurities in producing
ferromagnetism in ZnO:Li can be ruled out decisively.
Hence, the origin of ferromagnetism in ZnO:Li nanocrys-
talline powder and pellets is due to Li doping. Li incorpora-
tion in ZnO lattice in zinc substitutional site in varied
amounts is confirmed from the following observed experi-
mental facts: (i) change in lattice parameter (a~0.08% and
¢~0.054% for 2 at. % Li) estimated from XRD and change
in Zn-O bond length from 1.9679 A for undoped ZnO and
1.9695 A for 2 at. % Li-doped ZnO, (i) observation of
p-type conductivity in ZnO which can happen only if Li goes
into zinc substitutional site as shallow acceptor, and (iii)
variation and increase in hole concentration with increase in
Li concentration and related decrease in resistivity with in-
crease in carrier concentration. In case of Li aggregation be-
tween ZnO nanorods, it will make Li an electron donor cre-
ating surface states. As Li itself is not a magnetic impurity, it
is unlikely to have any role in magnetic ordering sitting out-
side the nanorods. Moreover, magnetization decreases with
increase in Li concentration which should have its origin in
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FIG. 4. (Color online) atomic force microscope (AFM) images
of ZnO:Li (a) 2 at. % and (b) 10 at. % pellets.

the strength of magnetic interaction within the lattice.

In order to strengthen experimental results of ferromag-
netism in ZnO:Li, presence of magnetic domain structure
was probed with the help of magnetic force microscopy. Fig-
ure 4 shows the AFM images of 2 and 10 at. % Li-doped
ZnO pellets showing the variation occurring with increase in
Li concentration. Figure 5 shows the MFM image of ZnO:Li
(2 and 10 at. %) pellets showing formation of magnetic do-
mains and near uniform and oriented distribution. The differ-
ence in domain morphology gives a clear indication of de-
crease in magnetization from 2 to 10 at. % Li doping in
ZnO. As such domain formation conclusively proves the oc-
currence of ferromagnetism and has been reported for many
DMSs,!”1% it can be said that intrinsic ferromagnetism in
ZnO is possible with the doping of spin half-alkali atom Li.

A strong and single EPR line (Fig. 6) without any hyper-
fine feature was observed with g value of 2.0034 and a line
width of 3.5 G for as synthesized unirradiated ZnO:Li pow-
der sample at room temperature. For detection of Li acceptor
center, it has been reported that light illumination is
necessary>’?! and such spectra exhibited pronounced hyper-
fine structure for axial trapped hole (g,=2.0028, g,

PHYSICAL REVIEW B 79, 125204 (2009)

(b)

FIG. 5. (Color online) Magnetic domains visible in magnetic
force microscope (MFM) image (3u X 3u) of ZnO:Li (a) 2 at. %
and (b) 10 at. % pellets. On the right-hand vertical color scale, pink
signifies maximum magnetic force.

=2.0253) and for nonaxial Li-O bond direction (g,
=2.0223, g,,=2.0254, g,.=2.0040). Such centers have
been reported to be deep acceptors producing yellow lumi-
nescence band (2.05 eV).'? Such broad line at room tempera-
ture as observed for ZnO:Li nanocrystalline powder corre-
sponds to FMR and is a clear indication that ferromagnetic
ordering is present in ZnO:Li at room temperature. Such
FMR has been reported for Mn-doped ZnO pellets®> and
quantum dots;?* ZnO:Ni** and (Ga,Mn)As.?

PL excitation [Fig. 7(a)] and emission spectra [Fig. 7(b)]
of undoped ZnO and Li-doped ZnO are similar in nature,
showing same peak positions but intensity variations with
change in dopant concentration. PL emission has strong near
UV component peaking at 398 nm (3.11 eV), negligible vis-
ible emission, and weak near IR component at 780 nm (1.59
eV), suggesting absence of deep Li acceptor states which is
reported to give PL emission at 2.05 eV.!> PL emission peak
at 398 nm corresponds to near band-edge emission of ZnO.
Similar behavior has also been observed for cathodolumines-
cence spectra of ZnO:Li.'* The incorporation of alkali atoms
enhances the recombination process as PL intensity increases
with Li doping up to 5% Li concentration and then de-
creases. The optical band gap measured by optical absorption
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FIG. 6. EPR spectra of ZnO: Li (2 at. %) sample. The vertical
line shows g value of TCNE (tetracyanoethylene) (g=2.0028)
which was used as a standard. The broad spectra centered at g
=2.0034 observed at room temperature correspond to ferromagnetic
resonance (FMR).

is 3.19 eV for ZnO:Li. The near IR emission band (1.59 eV)
is broad and Gaussian in nature, arising due to recombination
between deep levels. The PL spectra of all the samples were
measured under exactly identical conditions using the same
sample holder, keeping every single experimental parameter
such as excitation and emission slit width and filter the same.
The measurements were repeated several times, and variation
in intensity with Li concentration was indeed observed. Such
observations indicate that Li is playing an indirect role in the
PL process. Photoluminescence excitation (PLE) recorded at
398 nm emission wavelength shows a peak at 244 nm as
shown in Fig. 7(a). The PLE was measured at 600 nm emis-
sion wavelength, and the plot is shown as inset in Fig. 7(a).
The sharp peak at 397 nm is likely to be the excitonic ab-
sorption.

Time-resolved PL decay for ZnO:Li (2 at. %) at 398 nm
emission gives exponential decay with lifetime of 1.14 ns.
Such decay times have been observed for ZnO nanorods.?
Hong et al.?® showed the variation in time-resolved PL decay
rate with size of ZnO nanorods for PL peak at 3.26 eV. Time
constant for biexponential fit of the decay curve shows the
correlation of the longer decay component with length of the
nanorods. It has been shown?® that as the length of the na-
norod increases, decay rate decreases, i.e., lifetime increases.
Lifetime of 190 ps and 1.4 ns was given for 600-nm-long
ZnO nanorods. In our samples, length of ZnO nanorods var-
ied from 96 to 622 nm. Hong et al.?® also showed that as size
of nanorods approaches the wavelength of excitation light
(244 nm in our case), exciton polariton effect becomes im-
portant and the rate of radiative recombination decreases.
Theoretical calculations have shown a minimum radiative
lifetime of ~260 ps for nanosphere of radius 17 nm and the
lifetime increases monotonically as the size increases.?’
Hence, available experimental and theoretical results indicate
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FIG. 7. (Color online) Photoluminescence (a) excitation spectra
showing excitation peak at 244 nm. The inset shows the excitation
spectra at 600 nm emission showing a sharp peak due to excitonic
transition and (b) emission spectra showing strong peak at 398 nm.

that lifetime of 1.14 ns could arise from exciton-related de-
cay in ZnO nanorods of present dimensions. In contrast the
lifetimes for 780 nm emission are much longer and estimated
to be 0.86 (77%) and 6.89 us (23%), suggesting donor ac-
ceptor pair (DAP) recombination.

As Li is incorporated in small percentage and p-type con-
ductivity is observed with Li doping, Li must be forming
shallow acceptor levels in Zn substitutional site rather than
being in interstitial position that would result in formation of
donor levels. Low synthesis temperature at 500 °C which
favors maximum Li incorporation,'"'%!3 p-type conductivity
in ZnO:Li indicate to the fact that Li forms shallow acceptor
level in substitutional Zn site. This is further strengthened by
observation of strong PL peak at 3.11 eV and absence of
typical PL emission arising due to deep Li acceptor levels.!?

Ferromagnetism in ZnO lattice due to Li doping confirms
the role of Li in magnetic ordering at room temperature.
Based on the experimental facts in ZnO:Li material system, a
physical picture of spin ordering through exchange interac-
tion between holes trapped in oxygen 2p orbital adjacent to
Liy site and its propagating influence through hole media-
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tion resulting in long-range ordering emerges. Induction of
local magnetic moments by vacancies on neighboring atoms
has been predicted from band-structure calculations.?® De-
pendence on vacancy-induced local magnetic moment and
magnetic coupling required for long-range ordering has been
described via a single correlated band of oxygen orbitals
with additional random potentials.”® Correlated model for
oxygen orbitals with random potentials representing substi-
tutional Li atom in zinc site can be envisaged. For certain
potential arising due to such defects, which in turn will de-
pend on concentration of substitutional dopant and density of
vacancies, magnetic moments would appear in oxygen sites
near defects. The model proposed by Bouzerer and Ziman®’
predicts that for small potential, antiferromagnetic nearest-
neighbor coupling exists. As the potential increases, the cou-
pling becomes more ferromagnetic but with further increase
some couplings become antiferromagnetic again. The model
also showed that well-defined region of potential, defect con-
centration, as well as carrier densities exist where above
room-temperature ferromagnetism and Curie temperature up
to 750 K are feasible for a few percent of vacancies or sub-
stitutional impurity (Li, Na, K, etc.). Beyond the optimum
window of defect concentration, 7~ vanishes as magnetic
couplings are destroyed by Ruderman-Kittel-Kasya-Yashida-
type oscillations or antiferromagnetic superexchange. The
experimental results for ZnO:Li with Li forming shallow ac-
ceptor levels fall in line with the predictions of this theory.
This mechanism is very sensitive to Li concentration. Our
observations show that Li incorporation that gives rise to
hole concentration on the order of 10'® ¢cm™ is optimum for
such spin ordering. More Li doping creates increased hole
concentration which gradually destroys the magnetic order-
ing resulting in decreased magnetic moment and transition to
nonferromagnetic state at a lower Curie temperature. Weak
ferromagnetism arising due to vacancy or nonmagnetic dop-
ant has been reported in oxides and other compounds;*-? for
example, origin of ferromagnetism in oxide nanoparticles’
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has been suggested to arise from the exchange interaction
between unpaired electron spins localized at oxygen vacan-
cies lying on the nanoparticle surface. Hole dopant Liy, in-
troduced at low synthesis temperature has been shown to
promote long-range ferromagnetic coupling in ZnO:TM.'° In
the present case, dopant Liy, is able to create ferromagnetic
ordering in ZnO even in the absence of any 3d transition
metal doping. DMS has been mostly observed in thin films.
Observation of ferromagnetism in an ensemble of stand
alone nanoparticles, in this case in the form of nanorods, is
rare. The experimental observation of occurrence of above
room-temperature ferromagnetism in Li-doped ZnO explic-
itly reveals that it can be a promising DMS material.

IV. CONCLUSIONS

Dilute ferromagnetism at room temperature and above (up
to 554 K) can be introduced in a multifunctional semicon-
ductor such as ZnO with Li doping. Synthesis process holds
the key for occurrence of p-type conduction and ferromag-
netism in Li-doped ZnO. The intrinsic nature of ferromag-
netism in ZnO:Li has been established with the experimental
observation of magnetic hysteresis loop, ferromagnetic reso-
nance and formation of magnetic domain structure. A physi-
cal model has been advanced based on substitutional Li atom
creating random potential and inducing magnetic moment on
oxygen atoms whose orbital is considered correlated. Such a
DMS without the presence of any transition metal could be a
very good option for a class of spintronic and spin light-
emitting diode (LED) devices as ZnO:Li is shown to emit
near UV light.
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