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Ferromagnetism with T, > 350 K is observed in the diluted magnetic semiconductor Ni>*:ZnO
synthesized from solution. Whereas colloidal Ni?*:ZnO nanocrystals are paramagnetic, their aggre-
gation gives rise to robust ferromagnetism. The appearance of ferromagnetism is attributed to the
increase in domain volumes and the generation of lattice defects upon aggregation. The unusual
temperature dependence of the magnetization coercivity is discussed in terms of a temperature-
dependent exchange interaction involving paramagnetic Ni>* ions.
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Diluted magnetic semiconductors (DMSs) [1] have re-
cently attracted broad interest for their promise in gen-
erating and manipulating spin-polarized currents [2].
Optically transparent ferromagnetic DMSs, obtained by
doping paramagnetic transition metal ions into wide band
gap semiconductors, have received particular attention
for integrated optospintronic applications [3,4]. Specifi-
cally, ZnO, which has large band gap and exciton binding
energies, excellent mechanical characteristics, and is in-
expensive and environmentally safe, has been identi-
fied as a promising host material. Stable ferromagnetic
configurations arising from carrier-mediated exchange
interactions have been predicted for several transition-
metal-doped ZnO DMSs (TM?":ZnO, TM?T = V2%,
Cr?*, Mn?", Fe?*, Co?*, Ni*") [5,6]. Room-temperature
ferromagnetism has been observed only for V2*:ZnO [7],
Fe?":ZnO [8], and Co?":ZnO [9,10]. Large variations in
magnetic properties have been reported for otherwise
similar films, indicating a strong dependence on synthesis
and processing conditions. In some cases, even the con-
clusion of intrinsic ferromagnetism remains controver-
sial. In this Letter, we report high-7, ferromagnetism
in nanocrystalline Ni>*:ZnO prepared from solution at
low temperatures. High-7, ferromagnetism has not
been reported previously for any Ni?*-based DMS, and
this discovery narrows the gap between theoretical pre-
dictions and experimental results. The appearance of
ferromagnetism upon room-temperature aggregation of
paramagnetic Ni>*:ZnO DMS nanocrystals unambigu-
ously demonstrates its intrinsic origin and additionally
represents a significant advance toward chemically con-
trolled spin effects in semiconductor nanostructures.

Preparation of Ni>™:ZnO is particularly challenging
due to the large driving force for phase segregation into
NiO and ZnO [11]. Consequently, relatively few studies of
this system have been reported [11-15]. Among these,
ferromagnetism has been observed only at 2 K in
Ni?*:ZnO films (> 3 mol % Ni’*") fabricated by pulsed
laser deposition using ZnO/NiO ceramic targets [12]. The
extremely high analytical Ni’" concentrations (up to
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25 mol %), the discontinuous variation in ZnQO lattice
constant ¢ as a function of Ni’>" content, and the striking
similarity of the thin film magnetic data to those reported
for NiO nanocrystals [16] raise concerns over phase seg-
regation in these films, however.

We have recently reported the synthesis of high-
quality colloidal Ni**:ZnO and Co?*:ZnO DMS quan-
tum dots (DMS-QDs) [10,13]. This approach provides
excellent control over dopant speciation and allows ef-
fective isolation and purification of the desired prod-
ucts. Substitutional doping has been demonstrated using
ligand-field electronic absorption and magnetic circular
dichroism spectroscopies [10,13]. The resulting DMS
colloids are highly processable and can be functionalized
or assembled into higher-dimensionality structures by
bottom-up approaches, offering new opportunities for
the study and application of DMSs on the nanometer
scale. For this study, a modified synthetic procedure has
been used: a suspension of LiOH in EtOH was added to an
EtOH solution of Zn(OAc), - 2H,0 and Ni(OAc), - 4H,0
(~ 10 mol % Ni**) at 65°C. After nucleation, nano-
crystals were grown at 25°C to the desired size. The
nanocrystals were selectively precipitated, washed, and
resuspended in EtOH to give a clear colloidal dispersion.
An isocrystalline core/shell procedure [13,17] involving
epitaxial growth of ZnO shell layers on the nanocrystal
surfaces was applied to internalize any surface-exposed
Ni%*. This method is very effective for obtaining inter-
nally doped DMS-QDs, but in some cases at the ex-
pense of size uniformity. After further purification, the
clear colloidal suspensions were concentrated and the
nanocrystals were allowed to aggregate slowly over a
period of two weeks. The aggregation is irreversible and
the nanocrystals cannot be redispersed. Samples were
characterized by x-ray diffraction (XRD, CukK, source)
and transmission electron microscopy (TEM, JEOL 2010,
and Phillips CM 100). The Ni** mole fraction was deter-
mined using atomic emission spectrometry (Jarrell Ash
955). Electronic absorption spectra were collected at
25°C using a Cary 5E spectrophotometer. A SQUID
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magnetometer (Quantum Design, MPMS-5S) was used
for magnetic measurements.

Figure 1(a) shows powder XRD data for slowly aggre-
gated 0.93% =+ 0.05% Ni?*:ZnO nanocrystals. The XRD
pattern demonstrates highly crystalline wurzite ZnO and
is essentially identical to those obtained for freestanding
and rapidly aggregated nanocrystals (data not shown). No
other crystalline phases have been detected. The XRD
linewidths correspond to an average nanocrystal diameter
of ~6 nm. Figure 1(b) shows a TEM image of the free-
standing DMS-QDs from which the aggregates were
prepared. A TEM image of the slowly aggregated nano-
crystals is shown in Fig. 1(c). The irregularly shaped
clusters are several hundreds of nanometers across. The
higher-resolution TEM image in Fig. 1(d) reveals a dense
network of nanocrystals that largely retain their original
size and shape. Although some short-range order may
exist, long-range order is clearly absent.

The overview electronic absorption spectrum of the
colloidal Ni**:ZnO DMS-QDs is shown in Fig. 2 (solid
line). The lowest energy ZnO band gap excitation at
ca. 29250 cm™! (~3.6 eV) is higher in energy than
in bulk (~ 27000 cm™!, ~3.35 eV [3]) due to quantum
confinement. The spin-orbit split 7, (F) — 3T, (P) ligand-
field transition of substitutionally doped tetrahedral
Ni?* ions is observed at 15500 cm ™! (solid line, magni-
fied) and matches the corresponding transition in bulk
single-crystal Ni>*:ZnO (dashed line [14]). Figure 2 also
shows the overview absorption spectrum of the aggre-
gates (dotted line). The redshift of the ZnO band gap
transition indicates electronic coupling between nano-
crystals in the aggregates.
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FIG. 1. (a) XRD pattern of 0.93% Ni’>":ZnO aggregates pre-
pared by reaction-limited aggregation of colloidal Ni2*:ZnO
nanocrystals. The bulk ZnO diffraction pattern is indicated
(V). (b) TEM image of freestanding nanocrystals from which
the aggregates were prepared. (c) TEM image of the aggregates
used for (a). (d) Selected area TEM image of the same
aggregates.
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Figure 3 shows 350 K magnetization data for rapidly
and slowly aggregated 0.93% Ni’**:ZnO nanocrystals.
The rapidly aggregated nanocrystals show little or no
long-range magnetic ordering. Similarly, no magnetic
ordering could be detected in the freestanding nanocrys-
tals used to form the aggregates. In contrast, a distinct
ferromagnetic hysteresis loop is observed for the slowly
aggregated nanocrystals. We emphasize that the ferro-
magnetism in Fig. 3 arises solely from slow room-
temperature aggregation of paramagnetic colloidal
Ni?*:ZnO nanocrystals, with no change in other experi-
mental parameters. The colloidal nanocrystals show no
dopant mobility and appear to be stable indefinitely under
aggregation conditions, so secondary phases (e.g., NiO or
Ni) are unambiguously excluded as the source of the
observed ferromagnetism. We therefore conclude that
the ferromagnetism in Fig. 3 is an intrinsic property of
the true DMS Ni?>*:ZnO. The temperature dependence of
the saturation magnetization (M,) for the hysteresis
shows no evidence of a ferromagnetic phase transition
(Fig. 3, inset), indicating T, > 350 K. At 350 K, an
average saturation moment of ~0.057uz/Ni’" is deter-
mined. This value suggests that only a small fraction of
the Ni?>" dopants gives rise to all of the observed ferro-
magnetism. High-field 2 K magnetization measurements
verify that the majority of the material is paramagnetic or
superparamagnetic. Nevertheless, the high-7. ferromag-
netism shown in Fig. 3 is a fundamentally new phenome-
non for Ni>*-based DMSs.

The coercivity (H,) and percent remanence (%M, /M)
at 350 K are 55 Oe and 10%, respectively. Figure 4(a)
plots H. as a function of temperature between 5 and
350 K. H, increases with temperature up to 100 K and
remains constant at higher temperatures. M, /M, exhibits
the same temperature dependence. Ferromagnetic order-
ing in ZnO DMSs is suggested to be charge carrier
mediated [5,6], in which case a temperature dependence
of this type might potentially reflect thermally activated
carrier detrapping. This temperature dependence differs
from that of analogous ferromagnetic Co?":ZnO
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FIG. 2. Absorption spectra of [(a) solid line] colloidal 0.93%
Ni?*:ZnO DMS-QDs, [(b) dotted line] reaction-limited aggre-
gates formed from the nanocrystals in (a), and [(c) dashed line]
bulk 0.1% Ni2":ZnO single crystal [14].
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FIG. 3. 350 K M vs H measurements of rapidly (A)

and slowly (@) aggregated 0.93% Ni’*:ZnO nanocrystals.
Inset: Temperature dependence of M, for the latter.

nanocrystalline aggregates and thin films, however, in
which both H, and M,/M, decrease gradually with in-
creasing temperature [10,19]. Furthermore, M, is tem-
perature independent from 5-350 K (Fig. 3, inset). Only
the hysteresis itself shows this temperature dependence.
Quantitative analysis of coercivity in these aggregates is
complicated by their inhomogeneous fractal structures.
Nevertheless, we may associate H, with an activation
barrier, AQ*, between local minima in the magnetization
potential energy landscape as illustrated in Fig. 4(a) (in-
set). To reverse the moment of a magnetized sample, the
applied field must be sufficient to overcome A{)*. The
data in Fig. 4(a) therefore indicate that AQ* increases
with increasing temperature.

In contrast with the more commonly studied Mn?" and
Co?" ions in DMSs, tetrahedral Ni** possesses both
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FIG. 4. (a) Temperature dependence of H. for 0.93%
Ni?*:ZnO nanocrystalline aggregates. The error bars represent
the standard deviation from three measurements. The insets
illustrate the change in the barrier to magnetization reversal
(AQ") as a function of temperature. (b) Temperature depen-
dence of peg for bulk 0.1% Ni?*:ZnO [18]. The inset shows the
spin-orbit (center) and trigonal (right) splitting pattern of the
tetrahedral Ni?* 3T, (F) ground state (left).
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orbital and spin angular momentum in its electronic
ground state, T, (F), giving rise to strong first-order
spin-orbit coupling. The *T,(F) multiplet is further per-
turbed by the trigonal ligand field provided by wurzite
ZnO, resulting in the energy level splitting shown in
Fig. 4(b) (inset) [18]. The low-temperature ground state
A has no angular momentum (J = 0) and is perturbed by
a magnetic field only in second order. The first sublevel of
a low-symmetry split 7, state possessing angular
momentum (J = 1) and a nonzero first-order Zeeman
coefficient lies ca. 160 cm™!' above the ground state.
This electronic structure gives rise to a characteristic
temperature dependence of the effective magnetic mo-
ment of paramagnetic Ni2™ ions [uer = 2.828(xT)'/2],
in which u.e increases with increasing temperature be-
low 100 K due to thermal population of the 7' sublevels.
Experimental powder-averaged pu.; data for bulk
paramagnetic 0.1% Ni’>":ZnO [18] are plotted as a func-
tion of temperature in Fig. 4(b). These data bear a re-
markable similarity to the temperature dependence in H,
[Fig. 4(a)], from which we conclude that the two must be
related. We attribute the temperature dependence of AQ)*
to temperature-dependent magnetic exchange interac-
tions between the ferromagnetic domains and surround-
ing paramagnetic Ni>* ions. Such interactions stabilize
the magnetized domain against magnetization reversal
and therefore increase AQ)* [20]. Increasing the tempera-
ture increases . of the paramagnetic ions, thereby
increasing the exchange energy and, hence, also the co-
ercivity. As a consequence, the same characteristic tem-
perature dependence appears in both .y and the
hysteresis properties H. and M,. The insets of Fig. 4(a)
illustrate the change in AQ* from low to high tempera-
tures. In analogously prepared ferromagnetic Co®*:ZnO
aggregates, u.p of the paramagnetic Co’>* ions is tem-
perature independent above ~10 K and the exchange
interactions are therefore not evident [10,19].

Finally, we address the remarkable influence of aggre-
gation on the magnetic properties of nanocrystalline
Ni%*:ZnO. Whereas distinct ferromagnetism is observed
following slow (reaction-limited) aggregation, it is absent
or only weakly observed following rapid (diffusion-
limited) aggregation (Fig. 3). Aggregation kinetics have
been shown to govern the structural properties of Au,
Si0O,, and other aggregates [21]. The low sticking proba-
bilities that result when interparticle Coulombic repulsion
barriers are greater than k7 allow aggregating nano-
crystals to sample many geometric configurations before
binding irreversibly. Consequently, reaction-limited ag-
gregation forms denser aggregates than does diffusion-
limited aggregation. The formation of dense aggregates of
Ni?*:ZnO DMS-QDs under slow aggregation conditions
is verified by TEM [Figs. 1(c) and 1(d)] and by the red-
shift in the ZnO band gap absorption (Fig. 2).

We propose that the structural differences between
Ni%*:ZnO DMS-QD aggregates prepared under reaction-
and diffusion-limited conditions are directly responsible
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for their different magnetic properties. Two factors are
considered essential for the conversion of paramagnetic
Ni?*:ZnO nanocrystals into ferromagnetic DMSs: in-
creased domain volumes and increased carrier concen-
trations. With average nanocrystal diameters of only
~6 nm, domain wall formation within individual nano-
crystals is energetically unfavorable and ferromagnetism
would be single domain in origin. The activation barrier
to magnetization reversal in this limit is the magneto-
crystalline anisotropy energy of the domain itself, KV
(K is the magnetocrystalline anisotropy coefficient and V
is the domain volume). Because of their very small vol-
umes, magnetic reorientation in Ni’*:ZnO DMS-QDs
should be extremely rapid. Dense aggregation induces
strong interparticle electronic coupling that increases V
and thus could stabilize ferromagnetism. Interestingly,
paramagnetism and not superparamagnetism is observed
in the freestanding DMS nanocrystals, indicating that
volume changes alone cannot account for the appearance
of ferromagnetism upon aggregation and suggesting that
the mechanism for long-range magnetic ordering is ab-
sent in the freestanding nanocrystals. Carrier doping has
been predicted to strongly influence the stability of the
ferromagnetic phase in Ni’*:ZnO, with greater stability
predicted for higher n doping [6]. Aggregation likely
generates many defects at interfaces between adjacent
nanocrystals that are able to induce n-type character
[22]. We therefore attribute the appearance of ferromag-
netism in nanocrystalline Ni’*:ZnO upon reaction-
limited aggregation to the combined effects of increased
domain volumes and the introduction of n-type lattice
defects.

In summary, high-7,. ferromagnetism has been ob-
served in nanocrystalline Ni**:ZnO synthesized from
solution. The appearance of ferromagnetism upon aggre-
gation of colloidal paramagnetic Ni>*:ZnO nanocrystals
is attributed to the increase in domain volumes and the
generation of defects at interfaces between nanocrystals.
The hysteresis temperature dependence relates to changes
in AQ* with temperature that ultimately arise from the
spin-orbit ground-state splitting of paramagnetic Ni**
ions exchange coupled to the ferromagnetic domains.
These results represent a first step toward the goal of
using colloidal DMS nanocrystals as building blocks in
the bottom-up assembly of functional magnetic semicon-
ductor nanostructures, and have further exposed the ex-
citing possibility of chemically controlling the magnetic
and magnetoelectronic properties of nanoscale DMSs.
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