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Abstract: We report the synthesis of colloidal Mn?"-doped ZnO (Mn?":ZnO) quantum dots and the
preparation of room-temperature ferromagnetic nanocrystalline thin films. Mn?":ZnO nanocrystals were
prepared by a hydrolysis and condensation reaction in DMSO under atmospheric conditions. Synthesis
was monitored by electronic absorption and electron paramagnetic resonance (EPR) spectroscopies.
Zn(OAc), was found to strongly inhibit oxidation of Mn?* by O, allowing the synthesis of Mn?*:ZnO to be
performed aerobically. Mn?* ions were removed from the surfaces of as-prepared nanocrystals using
dodecylamine to yield high-quality internally doped Mn?*:ZnO colloids of nearly spherical shape and uniform
diameter (6.1 £+ 0.7 nm). Simulations of the highly resolved X- and Q-band nanocrystal EPR spectra,
combined with quantitative analysis of magnetic susceptibilities, confirmed that the manganese is
substitutionally incorporated into the ZnO nanocrystals as Mn?* with very homogeneous speciation, differing
from bulk Mn2*:ZnO only in the magnitude of D-strain. Robust ferromagnetism was observed in spin-
coated thin films of the nanocrystals, with 300 K saturation moments as large as 1.35 ug/Mn?* and T¢ >
350 K. A distinct ferromagnetic resonance signal was observed in the EPR spectra of the ferromagnetic
films. The occurrence of ferromagnetism in Mn?":ZnO and its dependence on synthetic variables are

discussed in the context of these and previous theoretical and experimental results.

I. Introduction

Diluted magnetic semiconductors (DMSsyre attracting
increasing attention in the physics community due to recent
predictiond? and reports® of room-temperature ferromag-
netism in some of these materials. Ferromagnetic Dvi9save
been proposed as pivotal components in a new category of spin-
based electronics (spintronié8)devices that aim to control
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electron spin currents as well as charge currents to increase data
processing speeds, reduce power consumption, reduce hardware
dimensions, and possibly introduce new functionalities to
semiconductor information processing technologies.
Theoreticians have identified ZnO as an excellent candidate
host semiconductor for supporting high-Curie-temperature (high-
Tc) ferromagnetism when doped with a variety of 3d transition
metal ions, particularly M#.23 Experimentalists have verified
these predictions in some cases, with ferromagnetism above
room temperature reported for thin films of ZnO doped with
Ca?t 10 Co*t/Fe*t M and \ET,12 prepared by vacuum deposition
methods such as pulsed laser deposition (PLD). These findings
remain controversial, however, and several laboratories have
claimed to observe ferromagnetism arising only from phase-
segregated impurities and not from the DMSs themsélv/&s.
Not until very recently was ferromagnetism above room
temperature reported for Mh:ZnO ! even though this DMS
was specifically highlighted in theoretical studies for its high-
Tc ferromagnetism potentid® Many earlier studies of
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Mn2+:ZnO revealed only paramagnetism, or at best ferromag- syntheses can be scaled up easily to produce gram quantities
netism below room temperature, wiffz ranging from 37 to of the desired DMS, which greatly facilitates rapid exploration
250 K, and many have low saturation moments indicative of of the physical properties of these materials. Colloidal nano-
only partial magnetic orderinf:16-18 The wide range of mag-  crystals also have accessible surface chemistry that allows
netic properties displayed by this and other ZnO DMSs prepared functionalization and processing in a variety of solvents, and
by apparently similar metho#!® suggests that the criteria  this opens the door to potential building-block applications in
necessary for ferromagnetism are highly sensitive to the prep-nanotechnology, an area in which self-assembly is of increasing
aration conditions and ultimately to the materials composition. importance. Colloidal M# -doped DMS nanocrystals of ZI?S,
Developing reproducible methods for preparing highferro- CdS26 ZnSe?” CdSe?® PhSe?? and INASC have been reported
magnetic DMSs is essential for their use in spintronics technolo- previously. The synthesis and characterization of colloid&iCo
gies but remains a central challenge in this field. When this and N#t-doped ZnO DMS-QD%-3132 and nanocrystalline
challenge is addressed, the understanding of the fundamentaMn2*:ZnO powders prepared from solutiSrhave also been
origins of this interesting magnetic behavior will also be described recently. While this paper was under review, a report
advanced. of Mn?*-doped ZnO colloids appearétiX-ray absorption and
Although ferromagnetism in DMSs has attracted attention EPR spectroscopies were used to demonstratextha45% of
primarily from physicists, we envision chemistry as offering the manganese was segregated at the nanocrystal surfaces in
several advantages in this research area. We speculate that diretis preparation.
chemical syntheses of ZnO DMSs can provide better control ~ The synthesis of Mf:ZnO nanocrystals in this study was
over materials composition than is obtained with some high- monitored using electron paramagnetic resonance (EPR) and
temperature vacuum deposition and solid-state synthetic tech-electronic absorption spectroscopies. A method for removing
niques, which often use dopant source materials that areMn?' ions from the nanocrystal surfaces is presented, and its
themselves undesirable contaminants (e.g., manganese oxidegfficacy is demonstrated by EPR spectroscopy. Simulations of
for Mn2t:ZnO 1517 NiO for Ni2t:ZnO2° and cobalt oxides or  the experimental X- and Q-band EPR spectra confirm substi-
Co metal for C8":Zn0O?) or require high temperatures and tutional doping of the M#" ions in ZnO with very homogeneous
reducing conditions that may promote segregation of metallic speciation and with bulk-like Mi ground-state electronic
precipitated318The advantage of the direct chemical approach structures. These colloidal DMS nanocrystals represent highly
is illustrated in the case of Rii:ZnO. The solid solubility of versatile solution-phase building blocks that are compatible with
Ni2* in ZnO is very low?2 and there is a large driving force numerous standard solution processing methods. We report
for phase segregation. NiZnO prepared by PLD using NiO  robust, highTc ferromagnetism in thin films of these nano-
as the source of R showed a magnetic hysteresis only below crystals prepared by spin-coating, with 300 K saturation
5 K20 that resembled the characteristic magnetic behavior of moments as high as 1.3%/Mn?*, nearly an order of magnitude
nanoscale NiG? raising concerns over the possibility of higher than that previously reportétThe Mr¢*:ZnO ferro-
nanoscale NiO contaminants. In contrast?NenO DMSs magnetism is accompanied by a broad ferromagnetic resonance
prepared from ionic solutions showed ferromagnetism above EPR signal that reflects the high multiplicity of the ferromag-
room temperatureT¢ > 350 K) that was demonstrably an  netic ground state. The preparation of more complex ferromag-
intrinsic property of the Nit:ZnO DMS24 netic semiconductor nanoarchitectures by solution processing
In this paper we report the direct chemical synthesis of high- methods may therefore be envisioned.
quality colloidal Mr#™:ZnO guantum dots (QDs) and the use
of these nanocrystals as solution-phase precursors for the
preparation of nanocrystalline thin films by spin-coat processing. A Materials. Zinc acetate dihydrate (Zn(OAeZH0, 98%,
Many proposed spintronics devices involve DMSs of nanometer ~0:0005% magnetic impurities, Strem), manganese acetate tetra-
dimensiong and solution syntheses provide the opportunity to "Ydrate (Mn(OAcy4H:0, 99.999%, Strem), manganese nitrate hydrate

) . . . . (MNn(NO3)2*xH20, 98%, Sigma-Aldrich), tetramethylammonium hy-
study free-standing DMS crystals in this size regime. These droxide (N(CH):OH-5H,0, 97%, Sigma-Aldrich), dodecylamine
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B. Sample Preparation.Mn?":ZnO nanocrystals were synthesized
at room temperature by dropwise addition of 1.7 equiv of an ethanolic
solution of 0.55 M tetramethylammonium hydroxide (N(M@H-5H,0)
to a 0.10 M solution ofxMn(OACc)*4H,0/(1 — X)Zn(OAC)-2H,0
dissolved in DMSO under constant stirring. Following initial rapid
growth from solution that proceeds on the time scale of mintites,
growth of the nanocrystals continues by Ostwald ripening on the time
scale of several days at room temperature or can be accelerated by
heating the solution to ca. 60C. After growth, the MA":ZnO
nanocrystals were precipitated by addition of ethyl acetate and I

Abs = 1.0

1.65 eq

Absorbance

resuspended in ethanol. Iterative washing by precipitation with heptane
and resuspension in ethanol ensures that excess reactants have been
removed from the product. After being washed, the nanocrystals 3 X200 "
suspended in ethanol were capped with dodecylamine and resuspended —=

in toluene. A sample in which M ions were deliberately bound to 35000 30000 250?0 20000
the surfaces of ZnO nanocrystals was prepared by first synthesizing Energy [cm']

pure ZnO nanocrystals following the above procedure with no added Figure 1. (a) 300 K absorption spectra of a 0.10 M DMSO solution of 2%
Mn(OAc),. After the nanocrystals were washed and resuspended in Mn(OAc),/98% Zn(OAc} collected following successive additions of 0.15
ethanoL a small amount of Mn(opﬁlca' 2% of Zﬁ*) was mixed equiv of 0.55 M N(ME)OH in ethanol. The solid line shows the data
into the ZnO suspension, and 0.002 equiv of an ethanolic solution of collected after 1.65 equiv of base was added. (b) 300 K absorption spectra

. . ) of (---) colloidal 0.20% M#A*:ZnO nanocrystals after treatment with
LIOH was added dropwise. The resulting surface-bound MmO dodecylamine and—) a thin film prepared by spin-coating the same

nanocrystals were subsequently washed, capped with dodecylaminenanocrystals onto fused silica (film A). The thin-film absorbance reaches

and resuspended in toluene for EPR experiments. the stray light limit at ca. 27 000 cm.
To remove MA" ions from the nanocrystal surfaces, dodecylamine-
capped nanocrystals were heated in dodecylamine (mp c&CBat RTP300 diffractometer for thin films. High-resolution transmission

180°C for ca. 30 min under nitrogen. The nanocrystals were allowed electron microscopy (HRTEM) images were collected at the Pacific
to cool to below 80°C and were then precipitated and washed with Northwest National Laboratories on a JEOL 2010 transmission electron
ethanol. The resulting amine-treated powders were resuspended inmicroscope (200 kV) with a high-brightness Lgflament as an elec-
toluene or other nonpolar solvents to form colloidal suspensions of tron source. Dopant concentrations were determined by inductively
high optical quality that are stable for several months. In some coupled plasma atomic emission spectrometry (ICP-AES, Jarrel Ash
experiments, M#" ions were removed from the nanocrystal surfaces model 955).

by heating in technical grade trioctylphosphine oxide (TOPO) following Magnetic susceptibility data for Mh:ZnO nanocrystalline powders

a procedure described previougty. rapidly precipitated from toluene and for spin-coated thin films were

Nanocrystalline thin films of M#:ZnO were prepared by spin-  collected using a Quantum Design MPMS-5S SQUID magnetometer.
coating amine-treated Mh:ZnO colloids onto 1 cmx 0.5 cm fused- All data were corrected for the diamagnetism of the substrate and
silica substrates. The films were annealed at 525or 2 min in air sample holder.

after each spin-coated layer was added. Film A comprised 40 coats
and had a mass of 0.59 mg. Films B and C were made from 20 coats
each and had masses of 0.24 and 0.28 mg, respectively. Figure 1a shows electronic absorption spectra of a 0.10 M
C. Physical Characterization. X-band (9.34 GHz) electron para- DMSO solution of 2% Mn(OAg)4H,0/98% Zn(OAc)-2H,0
magnetic resonance (EPR) spectra were collected on a Bruker EMX collected following successive additions of 0.15 equiv of 0.55
EPR spectrometer at the University of Washington, and Q-band (34.0 M N(Me)4OH in ethanol. An intense absorption feature appears
GHz) EPR spectra were collected on a Bruker ESP300E EPR spectrom-at ca. 30000 crri* after addition of 0.45 equiv of base that is
eter at the Pacific Northwest National Laboratories. The X- and Q-band readily identified as the first excitonic band gap transition of

EPR data for the freg-standlng nanoc_rystals were recorded at room- . ~3536 Fyrther base addition yields an approximately linear
temperature on colloids suspended in toluene. Room-temperature.

X-band EPR spectra of thin films were measured by attaching the films Increase ml band gap absorbance. A su.b-bandgap feature at
to EPR tubes with nonmagnetic tape and aligning them perpendicular 24000 cnr _also apPearS after _0'45 equ'V of ba_sg has been
to the magnetic field in the EPR cavity. Simulations of the X- and added, and its intensity grows with continued addition of base,
Q-band EPR spectra were performed using a full-matrix diagonalization giving the colloidal suspension a brown color. This sub-bandgap
routine implemented by SIM (ver.2002), written and graciously feature has been observed previously in other?NEnO
provided by Prof. Hagni Weihe of the University of Copenhagen. preparationsd?2237.38 The solid line in Figure la shows the
Absorption spectra of free-standing nanocrystals were measured atspectrum collected after 1.65 equiv of base was added. Base
room temperature on colloids using 1 cm path length cuvettes using a addition beyond ca. 1.65 equiv caused the suspensions to begin
Cary 500E (Varian) spectrophotometer. To observe both weak and tg cloud.
intense absorption features during a base titration experiment, a portion Figure 1b shows absorption spectra of 0.20%2MEBNO

of the sample was extracted from the reaction vessel, measured, dilutedCOIIOidS after heating of the colloids in dodecylamine to remove
by a constant factor (#0), and then remeasured. Low-temperature Mn2* ions from the nanocrystal surfaces (vide infra). These

MCD spectra were collected on drop-coated films (frozen solutions) | d with initial d | | of 0.50%
as described previousf. MCD intensities were measured as the nanocrystals, prepared with an initial dopant level of 0. 0

differential absorbancAA = A_ — Ag (Where L and R refer to left Mn2*, were found by ICP-AES to contain 0.200.01% Mr#*
and right circularly polarized photons) and are reported(@eg) = (35
32.AA/A. Colloid luminescence spectra were measured in Ixcth (36
cm fluorescence cuvettes on a Jobin Yvon FluoroMax-2 fluorimeter. (37

H.; Oshima, M.; Koinuma, HAppl. Phys. Lett2003 83, 39-41.

Cu Ka X-ray powder diffraction data were collected on a Philips (38) Fichou, D.; Pouliquen, J.; Kossanyi, J.; Jakani, M.; Campet, G.; Claverie,
PW 1830 X-ray diffractometer for powders and on a Rigaku Rotaflex J. J. Electroanal. Chem1985 188, 167-187.

I1l. Results

Spanhel, L.; Anderson, M. Al. Am. Chem. S0d.991, 113 2826-2833.
Meulenkamp, E. AJ. Phys. Chem. B998 102 5566-5572.
Jin, Z.-W.; Yoo, Y.-Z.; Sekiguchi, T.; Chikyow, T.; Ofuchi, H.; Fujioka,

=
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Figure 2. 300 K X-band EPR spectra of colloidal ¥nZnO nanocrystals. = — thin film
(a) Surface-bound MiT:ZnO nanocrystals. Samples prepared from 0.02% vl T s nanocrystals
Mn2+/99.98% Zi&* reaction solution collected (b) 10 min after base addition, g S =
(c) afte 2 h of heating at 60C, and (d) after treatment with dodecylamine. o T L § = g‘
5 A -
& = =
(i.e., Zrnp.gegMng o). Figure 1b also shows the absorption B A N\ N
. . . . w 1
spectrum of a thin film prepared by spin-coating the same & i
colloids onto a fused silica substrate. We refer to this film = i N‘ i\ \
throughout this paper as film A. The band gap energy of the L Vil / [ AN
nanocrystalline thin film is similar to that of bulk ZnO (ca. | | | |
27 000 cntt at 300 K)& The band gap energy of the colloids 30 35 40 45 50 55 60 65
. . . . Degrees [26]
determined by the same method is slightly larger, attributable X )
Figure 3. (a) Powder X-ray diffraction data:-+) 0.20% Mr#+:ZnO

to quantum confinement. The sub-bandgap absorption featurenanocrystals;ﬂf) thin film prepared from the 0.20% Mh:ZnO nanocrys-

is observed in both the colloids and the thin film.

Figure 2 shows room-temperature X-band EPR spectra o
colloidal Mr?*:ZnO nanocrystals in toluene. Figure 2a is the

tals. Peak positions for wurtzite ZnO are included for reference. (b)
f Overview TEM image of 0.20% Mi1:ZnO nanocrystals. (c) Histogram of

100 crystal diameters (64t 0.7 nm average diameter). (d) High-resolution

TEM image of a single nanocrystal showing lattice spacings matching those

spectrum of ZnO nanocrystals with ¥inions deliberately of ZnO.

bound to the surfaces. Figure-28 shows EPR spectra of ali-

quots removed from a reaction in which 1.7 equiv of 0.55 M 4 05

N(Me);OH was added to a 0.10 M DMSO solution of 0.02% 0.20+ g

Mn(OAC)./99.98% Zn(OAc). Samples for EPR measurements 8 0154 - 38 50

were removed from the reaction (b) 10 min after base addition 5§ g ays

at room temperature, (c) after nanocrystal growth was allowed $ 0.104 <

for 2 h at 60°C, and (d) after the nanocrystalline product was 2 0.04——0Days T
washed and heated in dodecylamine for 30 min at XB0All 0051\ . 25000 20000 15000
samples were washed and capped with dodecylamine. The A Energy [cm]
average nanocrystal diameters for (b) and (c) were estimated 0.001% . . . .
from the nanocrystal band gap absorption enefji@sbe 4.0 10 Rza%o Zn.,\‘;’g 40

and 5.6 nm, respectively. All spectra show six main features, Figure 4. Absorption intensities of various solutions of 0.002 M Mn(OAc)

characteristic of the hyperfine coupling of Rin(l = 55). The

in DMSO measured at 20000 cafter 5 days in air.@®) Solutions with

spectra evolve from having six broad signals with an apparent varying ratios of Zn(OAg) to Mn(OAc). (a) A solution with a 5:1 ratio

hyperfine splitting of ca. 88 G (Figure 2a) to showing exten-

of Na(OAc) to Mn(OAc). (i) An anaerobic solution of Mn(OAg) (¢) A
solution with 0.002 M Mn(N@); instead of Mn(OAc). Inset: Absorption

sive resolved fine structure with narrow features and an appar-spectra of a DMSO solution of 0.002 M Mn(OAGfter mixing (0 days)
ent hyperfine splitting of ca. 78 G for the major features and after 5 days in air.

(Figure 2d).

Figure 4 shows absorption data collected for various solutions

Figure 3a presents powder X-ray diffraction (XRD) data for of 0,002 M Mn(OAc)-4H,0 in DMSO that were allowed to

the 0.20% M#A":ZnO nanocrystals shown in Figure 1b, pre-

stand open to the atmosphere for several days. Thi$"Mn

cipitated rapidly from toluene (dashed line), and for film A (solid  concentration is the same as that used for the synthesis of 2%
line), prepared by spin-coating the same nanocrystals onto fusedvin2+:znO nanocrystals. The inset shows the change in absorp-
silica. All of the peaks in the two diffraction patterns match tion of the 0.002 M Mn(OAGy4H,0 solution when the solution
those of wurtzite ZnO, shown as the indexed lines in the bottom was exposed to air for 5 days. The solution turns brown, and a
of Figure 3a. TEM data collected for the same nanocrystals arebroad tailing absorption feature emerges. The open circles in
shown in Figure 3bd. The images in Figure 3b,d show Figure 4 show the absorption intensity at 20 000 émfter 5
approximately spherical and highly crystalline nanocrystals. The days for solutions of 0.002 M Mn(OAg@¥H,O with varying
characteristic lattice spacings of wurtzite ZnO are readily amounts of Zn(OAgy2H,O added. A sharp decrease in the
identified in the high-resolution TEM images of these nano- formation of the brown absorption intensity is observed as the
crystals (Figure 3d). Analysis of ca. 100 nanocrystals (Figure ratio of Zr*™ to Mn2" increases, reaching almost zero at a
3c) yields an average crystal diameter of 610.7 nm. ratio of 3 Zn(OAc)-2H,0:1 Mn(OAc)+4H,O. The absorption
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T T T T T Figure 6. (a) 300 K absorption spectrum of colloidal TOPO-capped 1.1%
11800 120%?el d [1(252825] 12400 12600 Mn2*+:ZnO nanocrystals. (b) Variable-fis K MCD spectra of the same
nanocrystals, drop-coated onto quartz disks to form frozen solutions. The
Figure 5. Experimental and simulated 300 K X- and Q-band EPR spectra inset shows tb 5 K MCD saturation magnetization probed at 21 900&m
of colloidal dodecylamine-capped 0.02% ¥rZnO nanocrystals in toluene. The solid line shows th& = 5, saturation magnetizatiort & K predicted

6 [0.04 deg/div]

Simulations with (X1 and Q1) and without (X2 and Q2)= 2% D-strain by the Brillouin function (eq 4).
are included.

— Zn0O m
intensities measured for analogous 0.002 M Mn(QA®H,O — o e 0.13% Mn>*:Zn0 3,
solutions allowed to stand anaerobical) ©r in air with 0.010 E --- 1.3% Mn°":ZnO %
M NaOAc added 4) are also included in Figure 4. Addition o 3
of NaOAc causes 50% more absorption intensity after 5 days, g z
whereas the anaerobic solution shows only a small increase in E E-
absorption after 5 days. When Mn(N@xH-O (®) is used in 2 =
place of Mn(OAc)-4H,0, little or no absorbance change is / £
observed after 5 days in air. . SR S i ;

Room-temperature X- and Q-band EPR spectra of surface- 28000 24000 20000 16000

cleaned MA™:ZnO colloidal nanocrystals prepared from a 0.02% Energy [cm ]

Mn(OAC),*4H,0/99.98% Zn(OAc)2H,0 solution as in Figure Figure 7. 300 K absorption and luminescence spectra of pure Zap (
2d are displayed in Figure 5. Both experimental spectra are 0-13% '\I’I'”?_;:Z”O (estimated concentration)-9, and 1.3% MA":ZnO
highly resolved, exhibiting small peak widths for all features (- --) colloids.
and clearly showing six major hyperfine lines. Many additional and a relatively intense UV emission band at 26 900 trfhe
features are also present, however, including three outer peak€.13% Mr?*:ZnO colloids show a similar luminescence spec-
on either side of the main sextet in the X-band EPR spectrum. trum, but the visible and UV emission intensities have been
Figure 6 shows 300 K absorption@® K MCD spectra of reduced by 42 and 69%, respectively, relative to the pure ZnO
free-standing TOPO-capped 1.1% #rZnO nanocrystals. The  nanocrystal spectrum. The visible emission in the 1.3%
5 K MCD spectrum shows a broad negative pseudderm Mn2+:ZnO colloids is quenched by 96%, and they also do not
MCD feature associated with this sub-bandgap absorption thatshow the same excitonic emission feature in the UV but show
tails throughout the visible energy window (shown down to only a weak intensity that may arise from scattering.
16 000 cnh). The MCD intensity becomes negative again at  Figure 8 shows the magnetic susceptibilities of free-standing
28 000 cm! with the onset of the ZnO band edge. The 0.20 & 0.01% Mr?*:ZnO nanocrystals and three thin films
pseudo-term MCD intensity increases with increasing applied (films A, B, and C) prepared by spin-coating the 0.20%
field and approaches saturation above4a (Figure 6, inset). Mn2+:ZnO nanocrystals onto fused silica substrates. Film A is
Figure 7 shows room-temperature absorption and lumines-the same film shown in Figure 1b. The magnetization of the
cence spectra of ZnO, 0.13% KMZnO (estimated concentra-  free-standing nanocrystals is linear with small applied fietds (
tion), and 1.3% M#A™:ZnO colloidal nanocrystals capped with T, or 10 000 Oe) at 5 K and is strongly temperature dependent.
dodecylamine and suspended in toluene. All three samples werdn sharp contrast, the thin films all show rapid magnetic
heated with dodecylamine following the procedure described saturation and clear magnetic hystereses at both low and high
above for removal of surface-bound & All luminescence temperatures. For each film, a temperature- and field-dependent
spectra were collected with excitation into the band gap region magnetization signal similar to that of the free-standing nano-
(28 200 cntl). The absorption intensities at the excitation crystals is observed superimposed on the nearly temperature-
energies, which ranged between 0.1 and 0.4 absorbance unitindependent magnetic hysteresis. The 300 K saturation moments
were normalized in Figure 7, and the emission intensities were (Msg) for the three films are (A) 0.67, (B) 1.18, and (C) 1.35
changed proportionally. The pure ZnO nanocrystals show a ug/Mn?". The 300 K remanent magnetizatiobg) and coer-
broad visible luminescence band centered at ca. 18 600 cm civity (Hc) values are very similar for all three films, with
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Figure 10. 300 K X-band EPR spectra—) Ferromagnetic 0.20%
Mn2*:ZnO thin film (film A) from Figure 8. ¢-+) The colloids from which

-1.54—=—s + + + . )
4500 -3000 -1500 0O 1500 3000 4500 film A was prepared, suspended in toluene.
Field [Oe] N ; i
Figure 8. 5 K (~) and 300 K ) magnetic susceptibilties of  datain Figure 8 and from analogous data collected at intermedi-
0.20% Mr#+:ZnO nanocrystals®) and thin films @, film A; a, film B; ate temperatures. These data show a strong decrease in
@, film C). magnetization with increasing temperature, reaching nearly zero

at room temperature.

Temperature [K] Figure 10 compares the 300 K X-band EPR spectra of film

0 50 100 150 200 250 300 350

6x10 A and the free-standing 0.20% ®inZnO colloids used to make
_ | this film. Whereas the colloid spectrum shows extensive
g hyperfine structure between 3000 and 3600 G, the thin-film EPR
E spectrum shows an intense, broad resonance spanning the entire
= spectral range. Hyperfine structure similar to that of the colloid
spectrum can be observed superimposed on the broad feature
0 in the spectrum of the thin film. Additionally, a new, sharp
_ 156 | c resonance al = 3362 G @ = 2.00) is observed in the thin
'S 101 7=5K H=1Tesla film.
= 0.5 IV. Analysis and Discussion
=7 . .
A. Manganese Incorporation during Growth of ZnO
0.04 T T —r T T T Nanocrystals.The synthesis of M#-doped ZnO nanocrystals
00 03 06 05 0 100 200 30 was monitored by electronic absorption spectroscopy. The

Field [Tesla] Temp [K] absorption spectra in Figure 1 show the characteristic ZnO band
Figure 9. Magnetic susceptibility data for 0.28 0.01% Mr¥*:ZnO. (a) gap absorbance at ca. 30 000 @nupon addition of base to
Zero-fle'ld-qooled magnetization of films A®) and B @) Wlt'h an applied the DMSO solution of Z?, but only after 0.45 equiv of base
magnetic field of 80 Oe. (b5 K field-dependent magnetization of free- S ’ :
standing nanocrystal©jf and of the residual paramagnetic magnetization has been added. This induction period reflects the buildup of
of film A. (c) Temperature dependence of the residual paramagnetic Zn?* precursor concentrations toward supersaturation prior to
magnetization of film A withH = 1 T. The solid lines in (b) and (c) show 7,5 "y cleation, as described by the LaMer mddeThe
the Brillouin function calculated using§ = >/, andg = 1.999 (eq 4, see . .
text). The error bars represent the uncertainty irfMeoncentration. precursors for ZnO nucleation under these conditions are
believed to be basic zinc acetate clusf&rf® After 0.45 equiv,
averages of 0.12 0.01Ms, and 924 7 Oe, respectively. The  subsequent base addition causes further nucleation of ZnO, and
magnetic hysteresis parameters for films A, B, and C are plotted a stoichiometric increase in band gap absorption intensity is
as a function of temperature in Figure S2 of the Supporting observed (Figure 1). Similar results were obtained for the
Information. All three hysteresis parameters decrease graduallysynthesis of C&- and N?*-doped ZnO nanocrystafs.
as the temperature is increasedfrd K to theinstrument limit In addition to the ZnO excitonic absorption, a sub-bandgap
of 350 K. absorption feature at 24 000 cinis observed that also appears
Zero-field-cooled (ZFC) magnetization measurements for only after 0.45 equiv of base has been added; i.e., its appearance
films A and B from Figure 8 are shown in Figure 9a. Both coincides with the appearance of ZnO. This sub-bandgap
films show a steep decrease in magnetization with increasingabsorption feature is not observed in pure ZnO QDs synthesized
temperature between 5 and 10 K, followed by a gradual increaseunder these conditions, and it is therefore attributed to th&Mn
in magnetization between 10 and 350 K. Figure 9b shows the The fact that its appearance accompanies ZnO formation
5 K linear magnetization signal for film A, obtained by provides a strong indication that the Ktions giving rise to
subtraction of the ferromagnetic signal frometb K data in this absorption intensity are associated with crystalline ZnO.
Figure 8. These data are compared quantitatively to the dataThis intensity is assigned as a charge-transfer transition (see
collected for the free-standing nanocrystals, shown in Figure section IV.F for analysis). Because the Mrd—d transitions
8. The linear magnetization signal of the thin film is 64% as are extremely weak, it was not possible to extract as detailed
large as that of the free-standing nanocrystals. Figure 9c plots .
the temperature dependence of th T magneization for fim (38) Laber, . i Dnega B, 13, Ay Chiery Sod80 72 4647 4,
A, obtained by subtracting the ferromagnetic signals from the B 2003 107, 568-574.
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information about the nucleation process from these titration 0.02% Mr#+:ZnO nanocrystals (Figure 5) were simulated using

experiments as was possible for €@ZnO, where the C& the axial spin Hamiltonian given in eq 1.
ligand-field absorption could be used to follow the reacfidn. 1
Instead, EPR spectroscopy was used to probe th&" Nems H=gugH:S+ AS'| + D|S? — §5(5+ 1) 1)

during synthesis.

The EPR spectra shown in Figure-2t were collected at  The first term describes the Zeeman interaction, the second term
different stages of nanocrystal synthesis under reaction condi-§escribes electropnuclear magnetic hyperfine couplingin
tiong similar to those of Eigure 1..They reveal the. changing nucleus) = %5), and the third term accounts for the axial zero-
environment of the M# ions during the preparation. For fig|q splitting caused by the hexagonal symmetry of wurtzite
reference, we have prepared pure ZnO quantum dots and theryno. Theg and A tensors were approximated as isotropic in
deliberately bound Mt ions to their surfaces (i.e., 100% the simulations since the spectral anisotropy is unresolved in
surface MiA*). The resulting EPR spectrum is shown in Figure ¢ powder-averaged EPR spectrtinExcellent quantitative
2a. The breadth of the features in Figure 2a is attributed to the agreement with the experimental X- and Q-band spectra could
inhomogeneous M speciation on the nanocrystal surfaces. pe gchieved in simulations (simulations X1 and Q1) using a
The EPR spectrum of Mfi:ZnO nanocrystals collected shortly single set of parameterg & 1.999,A = —74.0 x 104 cm Y,
after addition of base (Figure 2b) generally resembles that of gngp = (—2.364 0.05)x 10-2cm L. These parameters agree
surface-bound M#:ZnO but shows improved resolution of the well with literature valuesq = 1.998,g5 = 2.000,A; = —74.0
fine structure. The emergence of structure in this spectrum is . 104 cpr 2, A; = —73.5 x 104 cm L, andD = —2.36 x
attributed to partial incorporation of Mh into the ZnO lattice. 102 cml) obtained from the study of single crystals of
From the energy of the first excitonic absorption feature, the \n2+-zn04243 These simulations confirm that the main hy-
average nanocrystal diameter for this sample is estimated to beperﬁne lines in the spectra are dueA®s = +1 transitions
ca. 4.0 nm. At this size, even a statistical distribution of the havingAM, = 0 and that the many additional lines arise from
dopants in the ZnO nanocrystals will result in a high propor- the formally forbidden resonances haviyl, = 0, which gain
tion (ca. 25%) of the M#" ions at the surfaces of the intensity from off-diagonal terms that are probed in the powder-
nanocrystals because of the large surface-to-volume ratios. Theaveraged spectruf?.A small amount oD-strain ¢ = 2% of
spectrum in Figure 2c was collected after the nanocrystals werep) was required for optimal simulation of the experimental data
allowed to Ostwald ripen at 60C for 2 h. An average (simulations X1 and Q1). For comparison, simulations X2 and
nanocrystal diameter of ca. 5.6 nm is estimated from the Q2 in Figure 5 do not includ®-strain. SinceD originates in
red-shifted excitonic absorption spectrum of these colloids e trigonal ligand-field perturbation of the ¥inin hexagonal
(ca. 20% surface). The EPR spectrum of Figure 2c is some- (wurtzite) ZnO, the presence BEstrain reflects a greater range
what sharper and shows slightly better resolved hyperfine of trigonal distortions for the ensemble of Etnions in the
structure than that of Figure 2b, reflecting increased h0m099ne'nanocry5tals than in bulk Mh:ZnO. This D-strain is thus
ity in the Mr?* speciation. The increased homogeneity thus attributable to lattice relaxation effects in the nanocrystals that
qualitatively follows the decrease in the surface-to-volume ratio gre not present in bulk Mm:ZnO. In nanocrystalline
upon increasing the crystal diameters from 4.0 to 5.6 nm. The Mn2+:ZnO, Mr2+ ions close to the surface of a nanocrystal will
level of resolved hyperfine structure observed in Figure 2c is jnduce greater lattice distortion than those deep in the core
similar to that reported previously for calcined FrznO because of the crystal's greater capacity to relax structurally
nanocrystalg? near its surface. ThiB-strain is small (2%), however, and the

B. Removing Dopants from Nanocrystal Surfaces with close match between the simulated and experimental spectra
Dodecylamine.The presence of surface Kthions lowers the confirms that the M#" ions are substitutionally doped into the
quality of the DMS-QDs and may compromise or obfuscate ZnO nanocrystals with very homogeneous speciation. We note
their physical properties. We have previously demonstrated thatthat, except for the slighb-strain, the ground-state electronic
Cc?™ and NPt ions on ZnO nanocrystal surfaces can be removed structure of MA™ in ZnO nanocrystals is indistinguishable from
by heating the nanocrystals in technical grade TGPBere that in bulk ZnO to a high degree of accuracy. This latter point
we report an improved procedure for removing surface-bound does not support earlier claims that dopanmbst electronic
dopants that involves heating the quantum dots in a solution of interactions may be dramatically enhanced in2MmDMS
dodecylamine at 180C for ca. 30 min. The dodecylamine nanocrystals and lead to large changes in the electronic structures
ligates surface-exposed dopants and solvates them, leaving onlypf the Mr?+ ions?* although the DMS nanocrystals studied here
internal dopants within the cores of the colloidal ZnO nano- are too large to be strongly quantum confined (section IV.D).
crystals. The 300 K EPR spectrum of colloidal MrZnO D. Structural Characterization of the Mn 2:ZnO Nano-
nanocrystals cleaned in this way (Figure 2d) shows exceptionalcrystals. In addition to solvating surface dopant ions, heating
resolution and rich fine structure. From the excellent agreementthe nanocrystals in dodecylamine also induces further growth
between this spectrum and that of bulk MZnO (see section by Ostwald ripening. The absorption spectrum of amine-treated
IV.C), we conclude that the resulting nanocrystals contain solely 0.20% Mr?+:ZnO nanocrystals in Figure 1b shows a band gap
internal Mr?* ions with homogeneous speciation. These data - -
emphasize the importance of removing surface-exposed dopant§*) Aoragam, A Bleancy, FElecton Paamagnetic Resonance of Transition

from DMS-QDs in order to ensure high-quality materials Ezgg gaus,magné% HUp'gertfésHé lz%siggse_mlb 28"@68 29, 1369-1375.
. . . orain, P. bFPnys. Re. .
suitable for further StUdy and appllcatlon. (44) (a) Bhargava, R. N.; Gallagher, D.; Hong, X.; Nurmikko, Phys. Re.
_ 4. Lett. 1994 72, 416-419. (b) Chen, W.; Sammynaiken, R.; Huang,JY.
C. EPR of Surface-Cleaned MiA*:ZnO Nanocrystals. The _ Appl. Phys2000 88, 5185-5193. (¢) Yan, K. Duan, C.. Ma, Y- Xia. S.:
room-temperature X- and Q-band EPR spectra of the colloidal Krupa, J.-C.Phys. Re. B 1998 58, 13585-13589.

J. AM. CHEM. SOC. = VOL. 126, NO. 30, 2004 9393



ARTICLES Norberg et al.

that is clearly smaller than that of the initially prepared QDs in Scheme 1

DMSO shown in Figure la. The slight quantum confinement Mn(OAc)

apparent from Figure 1b suggests that the nanocrystal diameters Zn(OAc), 0

are between 6 and 7 nm (ZnO Bohr radia$.5 nm), although / \
estimates of ZnO nanocrystal sizes by band gap measurements Mn(OAc), 0, manganese
are not particularly reliable in this size range. Analysis of the +

broadened XRD peaks observed for these 0.209% MmO Zn(OAc), oxides
nanocrystals (Figure 3a) using the Scherrer equation yields an

average nanocrystal diameter of 6.1 nm, consistent with the lN(Me)4OH

absorption data. Similarly, TEM images of the same nanocrystals

(Figure 3b-d) confirm the crystallinity and pseudo-spherical Mn%*:ZnO

shapes of these crystals and yield an average crystal diameter o )
of 6.14 0.7 nm. accelerate the oxidation of Mh, which should be strongly pH

E. Zn(OAc), Inhibition of Mn(OAc) » Oxidation in DMSO. dependent, as described by eq 2. Nitrate, an even weaker base,
Mn2* is easily oxidized in air to form oxides such as is not as capable of accelerating this reaction?Zhas the
and MnO,, and identification of appropriate reducing conditions ©PPOsite effect, decreasing the pH by lowering thig f Zn?*-
that allow the preparation of Mmu-doped ZnO by high- bound water molecules, and thereby inhibiting the 2Mn
temperature methods has been extensively investigated. oxidation reaction that would otherwise occur. When base is
maintain MnO as divalent M at 900°C, for example, @ added to this mixture during the synthesis of ¥ZnO
pressures below 1@ atm are required. Similarly, M solutions nanocrystals, we also do not observe the appearance of an
are sensitive to oxidation in air at room temperature, and stock @0sorption shoulder at 20000 ci (Figure 1), and it is
solutions of Mn(OAG) in DMSO stored under air will turn from ~ '€asonable to assume that the small amount of ‘Mnesent
colorless to brown over a period of several days. Absorption (in comparison with Z#) is readily incorporated into basic
spectra of a solution of 0.002 M Mn(OAe¥H,O in DMSO zinc acetate clusters as they form, thereby prohibiting its
collected immediately after preparation and again after 5 days coalescence into manganese-rich phases. Incorporatior?of Co
are shown in the inset of Figure 4. The brown color arises from N0 basic zinc acetate clusters was also concluded from a
a broad, tailing absorption feature having a shoulder at 20 000 ¢OMbination of absorption spectra and nucleation inhi-

cm1, clearly distinguishable from the substitutional MrznO
sub-bandgap absorption at 24 000énfFigure 1). A control
experiment in which a similar MiT solution was prepared and

bition data32 The conclusion that manganese oxides are not
formed is supported by the observation that all of the manganese
present in the final product can be accounted for as paramagnetic

stored anaerobically showed 84% less discoloration after 5 daysS = 72 Mn?" (section IV.H), whereas manganese-rich phases

(Figure 4 m), verifying that the discoloration involves oxidation
of Mn2* by atmospheric @ Basic solutions of Mfi™ are known
to convert readily to a variety of complex oxides and hydroxides
under airt® such as described by eq 2, and many of these
oxidation products are deeply colored.
Mn** + 20H™ + O,— MnO,-nH,0 2)

During our studies of the synthesis of KmzZnO from
solution, we observed that similar stock solutions off¥that
also contained Zn(OAgHo not change color in air after several
days. This observation suggests that Zn(QAichibits the
oxidation of Mr?™. Data collected for a range of Zn(OAg)
2H,0 concentrations (Figure 4) reveal that inhibition of #¥n
oxidation is strongly dependent on the concentration of Zn-
(OAc),, with almost complete inhibition achieved at Zn:Mn
stoichiometries as low as only ca. 3:1 (compared to the
Mn2+:ZnO synthesis conditions of49:1 used here). In other
control experiments, 0.002 M Mn(N{ was stored under air
for 5 days and showed almost no color change (Figur@)4,
but addition of Na(OAc) to a 0.002 M Mn(OAg)solution
resulted in a substantial increase in discoloration (Figuw)4,

suggesting that the acetate actually promotes the oxidation o
Mn2*. These data are consistent with the conclusion that the

inhibition of Mn?* oxidation by Zn(OAc) is due to pH effects.

Although acetate is a weak base, it is apparently able to

(45) (a) White, W. B.; Mcllvried, K. ETrans. Br. Ceram. Sod.965 64, 521—
530. (b) Hahn, W. C., Jr.; Muan, AAm. J. Sci196Q 258 66—78.

(46) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistry2nd ed.;
Interscience: New York, 1967.
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would show exchange-dominated magnetism. In summary, the
formation of phase-segregated manganese oxides appears to be
prevented very effectively by the high concentration of
Zn(OAc), also present in the reaction mixture. This inhibition
allows high-quality MA*:ZnO to be synthesized under aerobic
conditions without addition of reductants to combat manganese
oxidation. These conclusions are summarized in Scheme 1.
F. Charge-Transfer Transitions in Mn2*:ZnO. The ab-
sorption spectra of Mii:ZnO colloids and thin films show only
one feature in addition to the absorption of ZnO, namely a broad
tailing sub-bandgap absorbance at ca. 24 000 qfRigures 1
and 6). Although similar broad absorption occurs in many
manganese oxides, this feature is unambiguously associated with
magnetically dilute MA" ions. This conclusion is drawn on the
basis of the MCD spectroscopy of the free-standingVitnO
nanocrystals shown in Figure 6, in which the broad absorption
feature is seen to give rise to a similarly broad negative
pseudo-1 term MCD signal centered at 23 600 tinThe 5 K
MCD intensity showsS = %/, saturation magnetization (Figure
6), demonstrating definitively that this intensity arises from an
S= %, chromophore and hence from magnetically isolated™n
ions. The negative MCD signal to higher energy of the

fpseudo;/{ signal is the onset of the first excitonic transition,

which gains MCD intensity primarily through the covalency of
the Mt —oxo bonds (p-d exchange}. The first excitonic
transition is subject to so-called “giant Zeeman splittingahd

the large shift in its energy with applied magnetic field results
in nonsuperimposable MCD spectra at different fields in this
energy region. Quantitative analysis of this Zeeman shift is
currently being investigated and will be reported separately.
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Broad sub-bandgap absorption features similar to the one weabsorption spectra of Mh:ZnO and other H-VI DMSs. The

observe have been reported previously for otheN&ZnO
preparations+22:37:3%and have been assigned variously agMn
ligand-field??3738or charge-transfer (CT} transitions. Using
the high-quality colloids prepared here, the molar extinction
coefficient (per MA") of this feature was determined accurately
to beeynz- = 950 M~ cm™1 at 24 000 cm?® and 300 K. This

observed transition occurs much lower in energy than anticipated
for a LMCT transition involving MA*, however, casting some
uncertainty on this assignment.

Charge-transfer transition energies can be analyzed in the
context of Jgrgensen’s optical electronegativity méédlapplied
previously for analysis of similar broad features observed in

sub-bandgap absorption feature is approximately 2 orders ofthe MCD and absorption spectra of £€&ZnO and N#+:ZnO
magnitude more intense than could be reasonably expected foDMSs2? Following Jargensen, eq 3 relates the energy of a CT

Mn?2* ligand-field transitionsdyn2- (A1 — #T1(G)) = 1-10 M1
cm™1 in tetrahedral coordination compleXésand in Zn39).
Furthermore, ta 5 K MCD spectrum in this region is struc-
tureless (Figure 6), in contrast with what would be observed
were this intensity to arise from the closely spadéd —
4T1(G), *Tx(G), *A1(G), “E(G) series of MA" ligand-field

transitions expected to occur in this same energy region (see
Supporting Information). Structured diffuse reflectance spectra

in this energy region have been repoffdolit only at relatively

transition,Ecr, to the donor (D) and acceptor (A) electronega-
tivities (y), taking into account differences in spin-pairing
energies (SPE) between the ground and excited electronic
states!’:52

Ecr = 30000 cM™ [1,0(D) — %pA)] + ASPE= 10Dq
®3)

The ASPE values for M#™ acceptor (8 — df) and donor (&

high Mr?* concentrations where dimer exchange effects may _., %) CT transitions are both28/9[(5/2B + C],*” whereB is

contribute to relaxation of the spin selection rules, and similar
structure was not observed in thin films prepared at lowet'Mn
concentrationd?-3738The intensity and band shape of this sub-

the Racah electrorelectron repulsion parameter. Reliable
ligand-field parameters are not available for Miin ZnO and
in general are difficult to ascertain for Mhsince the energies

bandgap absorption feature are thus inconsistent with its ot the ohservable ligand-field excited states depend largely on

identification as MA™ ligand-field transitions and suggest it

electron-electron repulsion magnitudes. For our analysis, we

should be assigned as CT intensity. We consider two classes of,5,e estimate®q = 420 cnT, B = 596 cnt?, andC/B = 6.5

CT transitions that may occur in Mn:ZnO. In one case, an
electron may be promoted from the &mion to ZnO-based

acceptor orbitals of the conduction band (CB), and in the other c»+_ 44 N?+-doped Zn®°

case an electron may be promoted to the?Mion from ZnO-

by extrapolation of ligand-field parameters determined previ-
ously for Mr¢*t, Co*™, and N#* tetrahalide complexésand
(see Supporting Information).
Although Mr#* can accept or donate electrons using either the

based donor orbitals of the valence band (VB). The state g o, d-orbitals, correction of eq 3 for the tetrahedral ligand-

generated at the CT electronic origin is expected to involve a figq splitting (

1@q) is likely necessary because in both cases

semiconductor electron (or hole) that is loosely bound to the o cT absorption intensity is dominated by ¥MmZnO

charged impurity by Coulombic forcé%although possibly with

a large effective radius. Treating the semiconductor ”a”OCWStalabsorption spectra of octahedral MaXX

covalency predominantly involving th& d-orbitals. From
Cl, Br),

as a ligand to the dopant ion, these transitions are formally Zop(MN2+(Op)) has been estimated to be 1¥5The value of

analogous to metal-to-ligand CT (MLCT) and ligand-to-metal
CT (LMCT) transitions. Increasing the excitation energy may
be sufficient to induce photoionization, in which the electron
or hole is in an unbound conduction or valence band level.
Although binding energies for Mt ions in 11—VI semiconduc-
tors are not known, typical binding energies for the W¥BrM2"
CT excited states in Rt-doped I-VI semiconductors are ca.
250 cnrt.4®

The intensity of the CT transition observed in the ¥WZnO
colloids of Figure 1bdwn2+ &~ 950 M~t cm™t at 24 000 crm)
is comparable to that of the acceptor transition iFNNO
(enizt &~ 700 M1 cm~t at 23 100 cm?),32:50suggesting that it
may also be a VB— TM2" CT transition. Because CT
absorption intensities scale with dor@cceptor covalenc},
and s-d (CB—Mn?2") hybridization is generally an order of
magnitude smaller than-d (VB—Mn?") hybridization in 1
VI DMSs 7 TM2+ — CB CT intensities are expected to be
considerably weaker than VB> TM2" CT transitions in the

(47) Lever, A. B. PInorganic Electronic Spectroscopgnd ed.; Elsevier Science
Publishers: Amsterdam, 1984, and references therein.

(48) Dreyhsig, J.; Allen, J. W. Phys.: Condens. Matté989 1, 1087-1099.

(49) (a) Noras, J. M.; Allen, J. Wl. Phys. C: Solid State Phys98Q 13, 3511~
3521. (b) Heitz, R.; Hoffmann, A.; Broser,Phys. Re. B 1993 48, 8672
8682.

(50) Weakliem, H. AJ. Chem. Physl962 36, 2117-2140.

(51) Solomon, E. I.; Hanson, M. A. linorganic Electronic Structure and
SpectroscopySolomon, E. I, Lever, A. B. P., Eds.; Wiley-Interscience:
New York, 1999; Vol. Il, pp +129.

2opMN2*(Ty)) is expected to be slightly largéf,but for the
current analysis it is sufficient to use the approximate value of
1.45. The optical electronegativities of the valence and conduc-
tion bands in pure ZnO have been estimated previously to be
%op(CB) ~ 1.1 andyop(VB) ~ 2.05 Using these values,
solution of eq 3 yields predicted energiesEfyct ~ 37 400
cm! and Eyict &~ 23 000 cntl. Using the relatively well
defined electronegativities of tetrahedral?€@nd N#* ions,
%opVB) ~ 2.4 was determined from Rfi:ZnO and Cé":ZnO

VB — TM?2* CT transition energie® and with this value we
predictE yct &~ 49 400 cn™. The high energies predicted for
the VB— Mn?" CT transition in Mi#™:ZnO are consistent with
the absence of LMCT transitions in MgX (X = Cl, Br) below

38 000 cntl.#” Because of the high LMCT energies of these
analogous tetrahedral complexes and those predicted f&F Mn
in ZnO, VB — Mn?+ CT absorption intensity at 24 000 cf

in Mn2+:ZnO appears improbable. Alternatively, the predicted
TM2+ — CB CT energy EmLct ~ 23 000 cnt?) is in reasonable
agreement with the experimental energy (ca. 24 0001cm
Figures 1 and 6), and we tentatively assign this absorption
intensity as being due to a Mih— CB excitation. Interestingly,
photocurrent action spectra of KinzZnO thin films reveal
photocurrents generated with photon energies down to 14 500

(52) Jgrgensen, C. Krog. Inorg. Chem197Q 12, 101-158.
(53) Duffy, J. A.J. Chem. Soc., Dalton Tran$983 1475-1478.
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cm~138 This activity was attributed to Mi ligand-field that the threshold of the MLCT transition lies below the #¥in
absorption but appears to arise from the same transitions*T1(G) state in ZnO. This low-lying MLCT level would provide
observed in the spectra of Figure 6. The photocurrent action a pathway for nonradiative decay of the excitedd¥lions. The
begins ca. 10 000 cm lower in energy than the first M relatively localized wave functions of the surface trap andMn
ligand-field excited state*T1(G)), predicted at ca. 24 900 crn electronic states imply that direct quenching of surface trap
from the TanabeSugano matrices using the ligand-field emission by MA" should proceed by Fster energy transfer,
parameters listed above (see Supporting Information). The lowerbut the extremely low oscillator strengths of the Wrvisible
energy of the MA™ — CB CT excitation as compared to that absorption transitions indicate that Mrdopants cannot quench
of the #T1(G) Mn?" ligand-field excitation has important surface traps effectively by this mechanism. Rather, it is likely

consequences for the luminescence properties of"MnO, that Mré™ reduces surface trap emission by competing with
as described in the following section (section IV.G). surface states in trapping the ZnO excitonic excitation energy,
G. Luminescence of Mi#*:ZnO Nanocrystals. ZnO nano- a conclusion supported by the observation that excitonic

crystals are known for their characteristic green luminescence,émission is quenched somewhat more effectively than surface
which originates from e—h* recombination involving surface  trap emission in the 0.13% Mh:ZnO nanocrystals shown in
trap state§ Figure 7 shows the 300 K luminescence spectrum Figure 7.
of undoped colloidal ZnO nanocrystals prepared by the same H. High-Tc Ferromagnetism in Mn#*:ZnO Thin Films.
procedure that was used to make the?Mdoped nanocrystals ~ The EPR (Figure 5) and magnetic susceptibility (Figures 8 and
reported here. The green emission, which peaks at about 18 60(b) data collected for the free-standing nanocrystals show only
cm?, is the same as that reported previotélyn addition, a  the paramagnetic phase of the DMS#¥ZnO. Neglecting the
pronounced UV excitonic emission peak is observed from these small zero-field splitting of the M#t °A; ground state|D| =
colloids. The large ratio of UV:green emission in Figure 7 is 2.36x 10~2cm™%), the 5 K magnetization of free-standing 0.20
not observed in TOPO-capped ZnO nanocrystals prepared by® 0.01% Mrf*:ZnO nanocrystals can be reproduced quantita-
an analogous proceddfer by hot injectiorf® and it therefore  tively using the Brillouin function (eq 4 and the experimental
arises specifically from the use of dodecylamine as the cappingparameters determined from the EPR simulations discussed in
ligand, presumably by surface passivation. A similar enhance- section IV.C § = %, andg = 1.999), with no fitting.
ment of UV emission was reported for ZnO colloids capped
with poly(vinylpyrrolidone) ligand$®
Mn2*-doped I-VI semiconductor nanocrystals also com-
monly show emission from the Mn “T1(G) ligand-field excited gugH
state. This emission has been observed in2NENS2° cot KT | ] (4)
Mn2+:ZnSe?” and Mr#t:CdS® quantum dots at about 17 200
cm™* (580 nm) with a considerably smaller bandwidth than the Here, g is the Bohr magneton arld represents the number of
surface trap emission. The two RMZnO nanocrystal samples  Mn2* ions in the sample, derived from the experimentalPMn
in Figure 7 show no evidence of Mhemission, however; they  concentrations determined by ICP-AES. The predicted 5 K
show only quenching of the ZnO excitonic and surface trap magnetization is superimposed on the experimental data for the
emission. The surface trap emission of the pure ZnO QDs is free-standing nanocrystals in Figure 9b, and the two are identical
reduced by ca. 42% with 0.13% N doping, while the  within experimental error bars (arising from the error bars in
excitonic emission is quenched to a slightly greater extent. At Mn2+ concentration). The quantitative agreement between the
this Mr?* concentration, each ca. 6.5 nm diameter nanocrystal experimental and calculated magnetization demonstrates that all
contains an average of approximately eight?Miions (see  of the manganese in these nanocrystals is accounted for as
Supporting Information for statistics). The observation of any paramagnetic M# and there is little or no influence from
ZnO surface trap emission at all in these doped nanocrystalsantiferromagnetic superexchange interactions at this low dopant
therefore indicates that Mhis not a particularly effective trap.  concentration. As mentioned in section IV.E, this result
Almost complete quenching of the surface trap emission is demonstrates that no significant phase segregation of manganese
observed with the modest dopant concentration of 1.3% (Figure oxides has taken place during synthesis.
7), however. In no instance was Kfnligand-field emission When these nanocrystals are spin-coated into thin films, their
observed. Quenching of the ZnO luminescence by Mand magnetic properties change dramatically. Films A, B, and C
the lack of Mr#* ligand-field emission in ZnO have both been  all exhibit robust ferromagnetism at room temperature (Figure
noted in previous studies of bulk MtZnO 5" These observa-  8), with relatively minor changes in hysteresis properties over
tions are explained by the conclusion drawn in section IV.F the entire accessible temperature rang850 K, Figure S2).
The 300 K saturation moment s = 1.35ug/Mn2* for film
(54) (a) van Dijken, A.; Meulenkamp, E. A.; Vanmaekelbergh, D.; Meijerink,  C exceeds the only other reported 300 KNtZnO ferromag-
J. Phys. Chem. 2000 104 1715-1723. (b) Zhou, H.; Alves H.; . . -
Hofmann D. M.; Kriegseis, W.; Meyer, B. K.; Kaczmarczyk, G.; Hoffmann, ~ Netic saturation momenMs = 0.16 us/Mn?")1> by nearly an
A. Appl. Phys. Lett2002 80, 210-212. order of magnitude and is similar to the 10\ value reported

(55) Shim, M.; Guyot-Sionnest, B. Am. Chem. So2001, 123 11651-11654. . .
(56) Yang, C. L.: Wang, J. N.; Ge, W. K.; Guo, L.: Yang, S. H.; Shen, D. z. recently for a manganese-doped GaAs thin film grown by

NguB[(ZS—i- 1) cot)'((25+ 1)( KT ))

J. Appl. Phys2001, 90, 4489-4493. i iad i . ;
(57) (a) Mascher, P.; Liu, M.; Kitai, A. H.; Puff, WMater. Sci. Foruml992 molecular beam epltaxy and applled In a_spln LED_d_e_glce'_
105-110, 1145-1148. (b) The emission recently attributed to the2Mn The ferromagnetism probed by magnetic susceptibility (Fig-

4T; — 6A; ligand-field transition in nanocrystalline MhiZnO powders ; ; ;
(Bhargava, R. N.: Chhabra, V.: Som, T.. Ekimiv, A.: Taskar, Phys. ures 8 and 9) also manifests itself in the EPR spectroscopy of

Status Solidi 002 229 673-680) is indistinguishable from the surface
trap emission, and no characterization of the?Mmwas undertaken to (58) Kittel, C.Introduction to Solid State Physicsth ed.; Wiley: New York,
demonstrate doping, so it is likely that the emission was misassigned. 1996.
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these thin films (Figure 10). The 300 K EPR spectrum of the Figure 9b) and from th1 T data at various temperatures (plotted
free-standing 0.20% Mri:ZnO colloids used to make film A in Figure 9c). Both data sets were then fitted using the Brillouin
(Figure 10, dashed line) shows the sharp features centeged at function (eq 4) with only one floating paramet&t, the number

= 1.999 analyzed in Figure 5 for nominally 0.02% MrZnO of paramagnetic M#t ions. The two data sets agree quantita-
nanocrystals. In contrast, the 300 K EPR spectrum of film A tively and are best fit wheN = 0.64Nit, WwhereNy is the total
exhibits a broad resonance spanning the entire field range inmanganese content of the film (0.200.01%). The paramag-
Figure 10. This broad feature, a so-called ferromagnetic netic moment per Mt in film A has thus been reduced to ca.
resonance (FMR) sign&}, arises from transitions within the  64% of its value in the free-standing nanocrystals (Figure 9b),
ground state of a ferromagnetic domain. Its breadth likely arises and the other 36% of the Mhions have undergone a magnetic
in part from the intrinsic anisotropy of the signal. For example, phase transition. A lower limit for the number of ¥ions
separations of as large as 5000 Oe are observed between parall@larticipating in the ferromagnetic domains can be estimated from
and perpendicular resonance fields in oriented manganese-dopethe ferromagnetic saturation moments by assuming a maximum
GaAs thin films?® and such large anisotropies could result in  moment of 5ug/Mn2*. With this approximation, 13%, 24%,
broad spectra for powder samples. The breadth may also ariseand 27% of the M#" ions are ferromagnetically aligned at 300

in part from the very high multiplicity of the ferromagnetic K for films A, B, and C, respectively. These numbers represent
domain’s ground state due to its high effective spin state lower limits, because the apparent moments pe?Mill be
(estimated from the 300 K saturation magnetization curvature reduced by the contributions of carriers, antiferromagnetic
in Figure 8 to excee® = 800 on average). Finally, inhomo-  exchange interactions, or spin-glass behavior. We speculate, for
geneity in domain sizes may contribute to the breadth of the example, that at least some Rfrions are antiferromagnetically
signal. A similar 300 K FMR signal was reported recently for - exchange-coupled to the ferromagnetic domains as observed
nominally 2% Mr#*:ZnO bulk powders prepared by high-  previously in N?+:ZnO24

temperature solid-state fusirand is also observed in ferro- The EPR signal of paramagnetic #mnin ZnO can be

magnetic C&":ZnO thin films prepared by MOCVE: observed superimposed on the broad FMR signal of film A in
Using the high-quality colloidal Mf:ZnO nanocrystals as  gigyre 10, consistent with the presence of substantial paramag-

solution precursors for spin-coating ensures an even distributionatic M2+ in these films as concluded from analysis of the

of Mn?* ions throughout the resulting MtZnO thin film. XRD magnetic susceptibility data (Figure 9). This paramagnetic EPR

data collected for film A (Figure 3a) show narrower diffraction signal was not observed in the EPR spectrum of ferromagnetic
peaks than were observed for the paramagnetic nanocrystalsyjn2+-zno reported previousli despite the fact that less than

Analysis of the XRD peak widths using the Scherrer equation 44 of the manganese in those samples could be accounted for
indicates an increase in effective crystal diameters from 6 to as ferromagnetidMs = 0.16s/Mn2*), leaving more than 96%

20 nm, consistent with nanocrystal sintering. There is No 4 ine manganese unaccounted for. The EPR signal of para-
evidence of any phase segregation in the XRD data, which Showmagnetic MR* is exceptionally intense at room temperature,
excellent signal-to-noise ratios, although this method would 5,q'its absence, combined with the weaker ferromagnetism in
likely be too insensitive to detect phase segregation at such lowge material reported previously, may suggest that a substantial
manganese concentrations. The solid solubility ofVn ZnO portion of the manganese in that material remained antiferro-
is high, however, excgedmg %O% at 52.5 and 1 kb,a'z'z and magnetically coupled within Mng&xrystallites, since Mn@was
Mn?* phase segregation during the .br|ef annealing ,Of these the original source of manganese used in the synthesis. The
0.20% Mrf":ZnO nanocrystals at 52% is therefore considered stronger ferromagnetism observed in the films prepared from

extremely unlikely. ZFC magnetization data have been measuredy,o ¢igidal doped nanocrystals, coupled with the observation
for films A and B, and the two data sets are nearly identical ¢ ociqual paramagnetic M, is likely the consequence of a

(Figure 9a). B|°th SZO"‘( |3preg5|ngfmagnetlzatlon as the tem- ;o homogeneous distribution of substitutiona@Vdopants
perature is elevated, indicative of spontaneous cooperativey, o onout the material.

magnetization. Notably, no magnetic phase transitions are
observed in the ZFC data, confirming the absence of MnO or
MnzO, phase-segregated impurities, nanocrystals of which
exhibit magnetic phase transitions below ca. 45 K that show
up as pronounced maxima in ZFC magnetization measure-
ments&?

In addition to nearly temperature-independent ferromag-
netism, the films show residual paramagnetism that follows
Curie behavior in both field and temperature. The paramagnetic
contribution in film A was quantified by subtracting the
ferromagnetic signal from &5 K data in Figure 8 (plotted in

Finally, a new, sharp resonance @t= 2.00 (3362 G) is
observed in the EPR spectrum of the thin film (Figure 10) that
was not present in the free-standing colloids. This sharp feature
resembles a radical EPR signal and suggests that redox
chemistry is occurring during preparation of the thin films.
Ferromagnetism in ZnO DMSs is widely believed to be carrier
mediatec?® Zener model calculatioAsand local-density-ap-
proximation density functional theory (LDA-DFT) calculatins
both predict that ferromagnetism in ¥nZnO requires the
presence of relatively large carrier concentratignss(3.5 x
10%° cm3). A sensitive dependence on carrier concentration
(59) (a) Sasaki, Y.: Liu, X.: Furdyna, J. K. Palczewska, M.; Szczytko, J; Would be consistent with the observation that At#@nO

Twardowski, A.J. Appl. Phys2002 91, 7484-7486. (b) Rubinstein, M., prepared by similar methods can show substantially different

Hanbicki, A.; Lubitz, P.; Osofsky, M.; Krebs, J. J.; Jonker,B.Magn. . - 10.15-18 . .

Magn. Mater.2002, 250, 164—169. magnetic propertiéd (see also Supporting Information for
(60) Schwartz, . A.; Tuan, A.; Chambers, S. A.; Gamelin, D. R., unpublished data on additional films from this study). Importantly, the

results. . . . . .
(61) (a) Lee, G. H.; Huh, S. H.; Jeong, J. W.; Choi, B. J.; Kim, S. H.; Ri, H.-C.  activating carriers in both models are p-type. In contrast with

J. Am. Chem. So@002 124, 12094-12095. (b) Seo, W. S.; Jo, H. H.; _ . - ;

Lee, K.; Kim, B.; Oh, S. J.: Park, J. Angew. Chem., Int. E2004 43, lll -V DMSs such as M#i:GaAs, substitutional doping of

1115-1117. TMZ2* ions into ZnO does not itself generate p-type carriers, so
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these carriers must be introduced by other routes. The radical-demonstrated that it is possible to prepare colloidafNEnO

like feature we observe in the EPR spectrum of the ferromag- nanocrystals with extremely homogeneous dopant speciation,
netic Mr?+:ZnO thin film suggests that redox chemistry during in which all of the Mr#* is substitutionally doped within the
film preparation could possibly be the source of the required cores of the nanocrystals and not on the crystal surfaces, by
carriers. ZnO forms n-type defects under growth conditions very direct chemical synthesis from homogeneous solution in air at
readily, however, and so it would be surprising if radical room temperature. Preparation of thin films by spin-coat
chemistry could introduce sufficient p-type defects in our films processing using these colloids as solution precursors yields
to explain our magnetic data within the existing theoretical strongly ferromagnetic Mi:ZnO thin films with Curie tem-
models. Indeed, growth of p-type ZnO has been a long-standingperatures well above room temperature and with 300 K
challenge because of the ubiquity of compensating n-type saturation moments up to 1.3&/Mn?*, nearly 1 order of
defects’2 Only relatively recently was p-type ZnO successfully magnitude greater than the only previously reported room-
prepared? by introducing NO, NH, Ny, or N,O gases during  temperature value for Mri:ZnO° These results demonstrate
ZnO growth to incorporate N heteroatoms at anion sites of the the successful application of direct chemical routes to the
wurtzite lattice. One intriguing possibility is that calcination of preparation of a strongly ferromagnetic semiconductor that has
the spin-coated dodecylamine-ligated WZnO nanocrystals  been predicted to play an important role in the emerging field
leaves behind nitrogen heteroatoms that serve as p-type defectsf spin-based electronics technologies. The insights gained from
by a process analogous to those reported previddsly. chemical experiments with this and other diluted magnetic
Further investigation is needed to fully unravel the issues of semiconductors are expected to help guide the preparation of
magnetic ordering mechanism and carrier type in ferromagnetic increasingly high-quality ferromagnetic semiconductors and
Mn2t:Zn0O, but the possibility that the chemical identity of the improve the fundamental understanding of their interesting
capping ligand may play an important role when starting from physical properties.

nanocrystalline precursors exposes the exciting possibility that )
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