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Above-room-temperature ferromagnetic Ni ~ 2*-doped ZnO thin films prepared
from colloidal diluted magnetic semiconductor quantum dots

Dana A. Schwartz, Kevin R. Kittilstved, and Daniel R. Gamelin®
Department of Chemistry, Box 351700, University of Washington, Seattle, Washington 98195-1700

(Received 4 November 2003; accepted 25 June 2004

We report the preparation of spin-coated nickel-doped zinc oxide nanocrystalline thin films using
high-quality colloidal diluted magnetic semiconduct®MS) quantum dots as solution precursors.
These films show robust ferromagnetism with Curie temperatures above 350 K and 300 K
saturation moments up to 0.1 Bohr magnetons per nickel. These results demonstrate a step toward
the use of colloidal zero-dimensional DMS nanocrystals as building blocks for the bottom-up
construction of more complex ferromagnetic semiconductor nanostructur@0® American
Institute of Physics[DOI: 10.1063/1.1785872

Diluted magnetic semiconducto(@MSs)1 are currently  atomic emission spectrometry. Figur@jlshows a represen-
receiving intense theoretical and experimental attention betative transmission electron microscopyEM) image of
cause of the central role they may play in the emerging fieldfOPO-capped Ni:ZnO DMS-QDs deposited on a lacey
of spintronics’ Functional spintronic devices, such as spincarbon grid from a clear toluene colloidal suspension. The
light-emitting diodes, have been demonstrated using 11-Vidoping of open-shell impurity ions into the ZnO lattice in-
and llI-V DMSs as the pivotal spin-injection components,troduces magnetic properties to this semiconductor, and we
but to date these devices have been operable only at cryprave previously shown that the free-standing ZnO DMS-
genic temperatures because of either the absence of ferr@Ds are paramagnetic, not superpara- or ferromagfetfc.
magnetism or the low Curie temperatuik.) for the ferro-  Doping also introduces sub-bandgap optical transitions that
magnetic phase transitidnThe development of practical can be used to selectively probe the geometric and electronic
semiconductor spintronics devices will thus require the destructures of the dopant ions themselves. Figul® ¢hows
velopment of new DMSs with Curie temperatures well abovehigh-resolution low-temperature absorption and magnetic
room temperature. Computational studies have predicted fecircular dichroism(MCD) spectra of a frozen solution of
romagnetism above room temperature for several ZnO-basex5% NF*:ZnO nanocrystals in the ligand-field energy re-
DMSs. Some of these predictions have recently been verigion. A series of very sharp transitions centered around
fied experimentally by the observation of hih-ferromag- 15500 cm? is observed at cryogenic temperatures that is
netism in thin films of C&"-, F&*-, Mn?*-, and \**-doped  readily identified as théT,(F)— °T,(P) ligand-field transi-
Zno>8 tion of Ni?* ions in the trigonally distorted pseudotetrahedral

Nanoscale DMSs are key components of many potentiatoordination environment of the cationic site in ZnO. A
spintronics device&? The properties of this class of materi- 30 cn7? trigonal-field splitting of the first electronic origin is
als, and particularly oxide DMS nanocrystals, remain largely
unexplored, however. We have initiated a systematic study of
nanocrystalline oxide DMSs synthesized by solution chemi-
cal routes, and have recently reported direct chemical meth-
ods for the synthesis and purification of high-quality inter-
nally doped colloidal ZnO DMS quantum dot@Ds) 2%
These solution synthetic methods allow the speciation of
magnetic dopant ions to be controlled chemically, and
thereby provide an avenue for avoiding the formation of un-
desired magnetic phases. In this letter, we report the use of
colloidal Ni°*-doped ZnQ(Ni?*:ZnO) DMS nanocrystals as ©] (@
solution precursors for the preparation of nanostructured ‘
ZnO thin films. These films show robust ferromagnetism
with Curie temperatures above 350 K. These results illustrate
a bottom-up approach for the assembly of ferromagnetic
semiconductor nanostructures. This approach suggests many
opportunities for the application of DMS nanocrystals in _il»ﬂ_ 20 30 40 50 60
nanotechnology. 20 (deg)

. 1.5%N?+:Zn0 nanocrystals cappgd with trioctylphos- FIG. 1. (8 TEM image of representative TOPO-capped*NZnO nanoc-
phine oxide(TOPO and resuspended in toluene were pre-iysias deposited from colloidal suspensidh). 7 Tesla, 5 K MCD, and 7 K
pared and characterized as reported preViO]l?SN'l2+ Ccon-  electronic absorption spectra of a frozen solution of 1.5%:MinO

centrations were quantiﬁed by inductively coupled plasmmanocrystals(c) SEM image of a 1.5%Ni:ZnO nanocrystalline thin film
prepared by spin coatingd) XRD of the 1.5%N#*:ZnO nanocrystals
(solid line) from (b) and the spin-coated Rfi: ZnO nanocrystalline thin film
¥Electronic mail: gamelin@chem.washington.edu (dashed lingfrom (c). The XRD peaks are indexed for wurtzite ZnO.

() Ni*":ZnO colloids

 —MCD %
- --- abs

6 (100 mdeg/div)
absorbance (au)

L L "
16500 16000 15500 15000
energy (cm )

Sio,

intensity (au)

0003-6951/2004/85(8)/1395/3/$20.00 1395 © 2004 American Institute of Physics

Downloaded 13 Dec 2012 to 128.119.169.61. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.1785872

1396 Appl. Phys. Lett., Vol. 85, No. 8, 23 August 2004 Schwartz, Kittilstved, and Gamelin
0.2F T T T T E o~ O.IZQ
® 5K S N
o 10K °*2 <
°26@ £0.06f
vV 350K % do° gw
+0.1F (@)
& “ VV¥V \vj 1 1 ! 1 ! 1 !
= Ni2:ZnO A 000 :
m _—
E fo 8
£00 §9 3 100y 1
3 <l o
g) o | 220 ¥ =i? 0 50 100 150 200 250 300 350
g_OI_vVVvV¥§ ¢: 15;.\213/ ] temperature (K)
o0 ¢ % <o> % X10}F H=.150 Qe FIG. 3. (a) The ferromagnetic saturation moméms) per nickel andb) the
. ® e = 0 150 300 coercive field(Hc) plotted vs temperature for the spin-coated nanocrystal-
a7k temp. (K) | line thin film from Figs. 1 and 2.
-2000  -1000 0 1000 2000
field (Oe)

served. This saturation moment is similar to those reported
FIG. 2. Magnetization hysteresis loops for the spin-coated 1.3%Ei0  recently for Mrf*:ZnO peIIet§ and C3*:ZnO (Ref. 10 or
nanocrystalline thin film at 5, 10, and 350 K. The data have been correctef|j2*: ZnO (Ref. 12 nanocrystalline aggregates, but is
only for‘ the diamagnetic backgro‘un(‘j of the substrate, measur_ed at 350 @maller than some values reported forC@nO thin films?’
The optlca}l transparency of_the _thln film is demonstrated by the image in th(;_h d d ML f he f .
upper left inset. The lower right inset shows ZFC and FC magnetization datd | e temperature dependence M (?I’ the erro_magnetlc
collected with an applied fielgH) of 150 Oe. signal was measured up to 350(&e instrument limit, and

the results are presented in FigaB Mg is constant up to

300 K and drops slightly at 350 K. From these data, we con-
resolved in both the absorption and MCD spectra, as arglude thatT. is above 350 K.
several vibronic sideband transitions whose energies agree The small 300 K coercivity of only 100 Oe and the re-
quantitatively with those observed in bulk single-crystalsulting small hysteresis area are very similar to those of other
Ni?:ZnO® The narrow peak widths of the’T)(F)  ferromagnetic ZnO DMSs and nanocrystalline DMS-QD
—3T,(P) electronic origins(full width at half maximum aggregate®;’'®*?and characterize these materials as soft
~30 cni?) reflect the homogeneity of the Miions in these ferromagnets. Although the precise origins of the coercivity
nanocrystals. in these ZnO DMSs remain uncertain, the majority of the

Nanocrystalline thin films were prepared by spin coatingcoercivity likely arises from domain-wall pinning effects.
the colloidal Nf*:ZnO nanocrystals onto fused-silica sub- Figure 3b) shows the change i measured over the same
strates. The films were heated to 525°C in air f62 min  temperature rangeH. increases from 185 to 210 Oe upon
between coats to evaporate the organic solvent and remowearming the film from 5 to 50 K and then gradually de-
surface ligands. Figure(d) shows a scanning electron mi- creases to 70 Oe when the temperature is raised to 350 K.
croscopy(SEM) image of the surface of one such nanocrys-The gradual decrease in coercivity with increasing tempera-
talline thin film prepared from 20 successive coats of theture is similar to the behavior observed in other ZnO
colloids used for Fig. (b). Profilometry measurements show DMSs>~" and is consistent with thermally activated magne-
a relatively flat film with a thickness of 2.0+08m across tization reversal involving domain-wall pinning. The reduc-
the entire surface, but some mesoscopic cracks and defedten in He below 50 K appears to be atypical, however. We
are evident. X-ray diffractio’XRD) data collected for the have previously interpreted a similar but more pronounced
same film[Fig. 1(d)] show only peaks associated with ZnO. effect in N#*:ZnO aggregates as arising from exchange bias
The XRD peaks of the ZnO nanocrystals and the nanocrysstabilization of ferromagnetic domains by magnetic ex-
talline film are both broadened relative to those of bulk ZnO.change coupling with surrounding paramagneti%*l‘iti)ns.12
Analysis of the diffraction peak widths using the ScherrerThe *T,(F) ground term of paramagnetic Niin ZnO is
equation yields an average particle diameter-@&1 nm for  subject to large first-order spin—orbit coupling that yields a
the nanocrystals ane-10 nm for the film, consistent with |ow-temperature ground state having no first-order Zeeman
some degree of nanocrystal fusion during the film preparaeoefficient(A,, J:O),14As a consequence, the effective mag-
tion. We have previously reported that ferromagnetism imetic moment of paramagnetic Niin ZnO diminishes rap-
aggregates of these and related DMS nanocrystals correlatgly as the temperature is lowered belewl00 K, and the
with the density of aggregatiojﬁ‘.12 The above spin-coating energy of the exchange interaction with paramagnetf¢ Ni
procedure ensures a densely packed and well interconnectéiinishes concomitantlﬁ?. From the data in Fig. ®), this
nanocrystalline network that should be conducive to longexchange interaction is seen to play a small but significant
range magnetic ordering similar to that observed in the densgle in determining the overall coercivity of this film.
aggregates. In addition to ferromagnetism, substantial superpara-
The magnetic properties of the thin films were measurednagnetism was also evident. Between 5 and 10 K, for ex-

using a superconducting quantum interference device magimple, the 4000 Oe magnetization in Fig. 2 decreases by
netometer, and the results for the film from Fig. 1 are pre—~10%. This decrease cannot be attributed to the paramag-
sented in Fig. 2. Clear evidence for ferromagnetism abov@etism of Nf* in ZnO because tetrahedral Nishows only
room temperature was observed. At 300 K, a saturation matemperature-independent paramagnetism between 5 and
ment of Mg=0.11 Bohr magnetons(ug) per NP* 10 K!* Instead, we attribute this temperature-dependent
(0.019 emu/cr), a coercive field oH:=100 Oe, and a re- magnetization to superparamagnetism that likely arises from
manence ofMg=0.11ug/Ni** (Mg=Mg=10%) were ob- magnetic ordering in fused nanocrystalline?NZnO do-

Downloaded 13 Dec 2012 to 128.119.169.61. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



Appl. Phys. Lett., Vol. 85, No. 8, 23 August 2004 Schwartz, Kittilstved, and Gamelin 1397

mains too small to support ferromagnetism. Further evidence In summary, we have demonstrated the preparation of
for substantial superparamagnetism comes from the zerderromagnetic nanocrystalline thin films of the DMS
field-cooled(ZFC) and field-cooled FC) magnetization data Ni?*:ZnO by solution processing methods starting from col-
shown in Fig. 2, inset. In the ZFC experiment, the magnetidoidal paramagnetic DMS-QD precursors. These results pro-
zation increases with increasing temperature above 20 Kyide a simple demonstration of the use of colloidal paramag-
consistent with magnetic ordering. The FC magnetizatiometic DMS nanocrystals as building blocks to form
data also show a slight increase in magnetization as the tenfierromagnetic semiconductor structures of higher dimension-
perature is raised above 20 K but remain significantly higheglity. The application of homogeneous DMS nanocrystals as
than the ZFC data at all temperatures until the instrumentaprecursors, combined with aerobic processing conditions,
limit is reached. Again, strong temperature dependence igrgely obviates the formation of undesirable phase-
observed below 20 K, where the magnetization of paramagsegregated precipitants. This approach offers opportunities
netic NE* in ZnO is temperature independent. These data aréor the study of shape, dimensionality, and connectivity ef-
consistent with the presence of an ensemble of superparfeCts on room-temperature magnetic ordering in nanoscale
magnetic domains having a broad range of blocking temDPMSs.
peratures in this nanocrystalline thin film, in addition to the
presence of stable ferromagnetic domains.

The ferromagnetism of this film could arise from a num-
ber of possible sources. Phase segregated NiO nanocryst

are an unlikely source of this ferromagnetism because of th 002-RJ-1051Gfor partial support of this research, and to

quantitative incorporation of dopants within the ZnO lattice : . . ;
in the DMS-QD precursors and because of the very low CuEhe UW/PNNL Joint Institute for Nanoscience for fellowship

rie temperatures previously observed for NiO nanocrystal%llJpport for two of the authoréD.A.S. and K.R.K). TEM
(e.g., Tc<5 K).'* Metallic nickel precipitants are also un- ata were collected at the EMSIPNNL), a user facility
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