JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Low-Temperature Activation and Deactivation of High-Curie-Temperature

Ferromagnetism in a New Diluted Magnetic Semiconductor: Ni-Doped SnO
Paul I. Archer, Pavle V. Radovanovic, Steve M. Heald, and Daniel R. Gamelin
J. Am. Chem. Soc., 2005, 127 (41), 14479-14487+ DOI: 10.1021/ja054205p » Publication Date (Web): 22 September 2005
Downloaded from http://pubs.acs.org on March 25, 2009

L ParamaGNETIC FERROMAGNETIC PARAMAGNETIC

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 7 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja054205p

A\C\S

ARTICLES

Published on Web 09/22/2005

Low-Temperature Activation and Deactivation of
High-Curie-Temperature Ferromagnetism in a New Diluted
Magnetic Semiconductor: Ni 2"-Doped SnO ;

Paul I. Archer, Pavle V. Radovanovic,* Steve M. Heald,® and Daniel R. Gamelin*'

Contribution from the Department of Chemistry, ueiisity of Washington, Seattle,
Washington 98195-1700, and Fundamental Science Directorate, Pacific Northwest National
Laboratory, P.O. Box 999, MS K8-93, Richland, Washington 99352

Received June 24, 2005; E-mail: Gamelin@chem.washington.edu

Abstract: We report the synthesis of colloidal Ni?"-doped SnO, (Ni?*:SnO;) nanocrystals and their
characterization by electronic absorption, magnetic circular dichroism, X-ray absorption, magnetic
susceptibility, scanning electron microscopy, and X-ray diffraction measurements. The Ni*" dopants are
found to occupy pseudooctahedral Sn** cation sites of rutile SnO, without local charge compensation.
The paramagnetic nanocrystals exhibit robust high-Curie-temperature (7¢) ferromagnetism (Ms(300 K) =
0.8 ug/Ni?*, Tc > 300 K) when spin-coated into films, attributed to the formation of interfacial fusion defects.
Facile reversibility of the paramagnetic—ferromagnetic phase transition is also observed. This magnetic
phase transition is studied as a function of temperature, time, and atmospheric composition, from which
the barrier to ferromagnetic activation (E,) is estimated to be 1200 cm™2. This energy is associated with
ligand mobility on the surfaces of the Ni*:SnO, nanocrystals. The phase transition is reversed under air
but not under N2, from which the microscopic identity of the activating defect is proposed to be interfacial

oXygen vacancies.

I. Introduction

The development of diluted magnetic semiconductors (DMSs)
as potential spin-based electronic, or spintronics, device com-

ponents has garnered an increasing interest in the nanoscienc

community? By use of electron spins in combination with
charges, spintronics devices could potentially revolutionize
information storage and transfer, reduce power consumption,
and reduce hardware dimensions. To use DMSs for pracucal
spintronics devices, they must exhibit ferromagnetic orderlng
at temperatures far above room temperature. Recent theoretic
and experimental advances toward this goal have identified
oxide DMSs as promising candidate materials for such
applications’=6

SnG is an attractive host lattice for the investigation of DMS
ferromagnetism because it is natively n-type because of oxygen
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vacancies, has a high carrier density, and has a structure similar
to that of TiG;, the lattice in which high-Curie-temperatuii:)
oxide DMS ferromagnetism was first discovera8ecause most
DMS ferromagnetism is thought to involve electrons or holes
ﬁ1ed|at|ng long-range communication between dopahfthe
native oxygen vacancies and high carrier density of Sm@y
render this lattice particularly conducive to applications requiring
high-Tc ferromagnetisnt:® Recently, highfc ferromagnetism

n Co?*:SnG thin films grown by pulsed laser deposition was

eported® A subsequent study on similar thin films failed to
erify this ferromagnetism, however, and only paramagnetism
was observed? Other reports have since appeared claiming
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some intrinsic ferromagnetism in vanadiukh-gchromium-12 suspended in melted dodecylamine (Aldrich, 98%) (DDA, mp ca. 30
iron- (Fe"),13 and manganese-dopg@€&nG, despite the apparent  °C) and heated under nitrogen at 1¥Dfor 30 min. Th_e DDA-capped
propensity for dopant phase segregation from this latfidde NCs were cooled to less than 8C, precipitated with ethanol, and

inconsistencies in the existing literature with respect to issues "esuspended in melted TOPO. The suspension was then heated under
such as reproducibility of magnetic properties, dopant Segrega_nltrogen at 150C for 1 h. Selective precipitation with ethanol followed
tion, or inhomogeneous dopant speciation reflect the early stageby repeated TOPO cleaning and precipitation yielded TOPO-capped

L . . Ni2":SnQ, NCs that were redispersed in a small amount of toluene.
of development of this field. Indeed, understanding the high- The transparent, light green, colloidal suspensions of high optical quality

Te ferromagnetlsm of oxide DMSS_ has b_ee” cited as .among remained stable indefinitely, showing no visible signs of light scattering
the most important new challenges in the field of magnetiém.  , hrecipitation over the course of several months. Dopant concentra-
Understanding the magnetism of oxide DMSs is complicated tions were measured by inductively coupled plasma atomic emission
by the critical roles apparently played by defects other than the spectrometry (ICPAES, Jarrel-Ash model 955) using elemental
magnetic dopant ions themselV&S.In particular, there is a calibration standards (High Purity Standards). For quantitative magnetic
growing recognition of the importance of interfacial fusion measurements, the total nickel content was determined from the ICP-
defects in the activation of highc ferromagnetism in oxide  AES concentration and the mass oPNSnQ; measured after ligand
DMSs51718 Ultimately, the microscopic origins of ferromag- ~ calcination.
netism in diluted magnetic oxides can only be described by  Nanocrystalline films of Ni":SnQ, were prepared for magnetic
concretely defining the roles of such defects using a combination Measurements by spin-coating the TOPO-cappéd:8hQ; colloids
of experimental and theoretical approaches. Attempts to describeonto_ fused S|I|<_:a substrates. For sta_ndard measurements, films were
the roles of defects theoretically have been hindered by the fact@/cined aerobically at 35T for 1.5 min after each spin-coated layer
that many experimental issues remain too poorly defined for was added. Approximately 10 layers were added in each film. The

te detailed th tical \vsis. F th . t Idependence of magnetization saturation on anneal temperature was
accurate detaile eoretical analysis. From the expenmental,,,q,cieq by annealing a spin-coated thin film prepared at room

standpoint, & suitable combination of synthetic approaches, iomperature under air for 1.5 min at each temperature. The dependence
dopant-specific and bulk physical probes, and well-designed of magnetization saturation on anneal time was conducted by annealing
control experiments must be employed to fully define the a spin-coated film prepared at room temperature under air and inert
properties of these materials. (N2) atmosphere for different time increments at 2@ In both sets

In this manuscript, we report the synthesis and physical of experiments, the heated films were rapidly cooled in the same
properties of a new higfic ferromagnetic DMS, Nif-doped atmosphere, weighed, and analyzed.
SnG (Ni2:SnQy), prepared and processed by direct chemical ~ B. Physical Characterization. Absorption spectra were collected
methods entirely under mild oxidative conditions that preclude on a Cary 5E (Varian) spectrophotometer using 1 cm path-length quartz
the segregation of ferromagnetic nickel metal or any other cuvettes. Magr_letic circula_r dichroism (M(_:D) spectra were collected
impurity phase. We describe the discovery that ferromagnetism using a UV/visable/near-infrared (UVIV|s/NI.R) MCD lnstr_ume.nt
in Ni2+:Sn0, can be activated and subsequently deactivated by constructed fr.om an AVIV 40.DS spectropolarimeter anq a high-field

. . . . superconducting magnetooptical cryostat (Cryo-Industries SMC-1659

extremely mild annealing under air, a phenomenon attributed . . s :

. . . OVT) with a variable-temperature sample compartment positioned in
to generation and q.uen.chlng of oxygen vacancies at nanocrySy,e Faraday configuration. Magnetic circular dichroism samples were
tal—nanocrystal fusion interfaces. prepared by drop-coating the MiSnQ; colloids onto quartz disks to
form frozen solutions. Magnetic susceptibilities were collected using
a Quantum Design Magnetic Property Measurement System with a

A. Synthesis. Ni2t:SnQ, nanocrystals (NCs) were prepared by reciprocating sample option. All magnetic data were corrected for the
adapting a literature preparation developed to synthesize pure SnO diamagnetism of the substrate and sample holder.
powder® In a typical preparation, 1.400 g of Sn€H,O, an Scanning electron microscopy (SEM) images were collected using
appropriate amount of Nig®6H,O, and 5.000 g of Urea (Baker, 99%)  a Scion XL-30 field emission microscope. X-ray diffraction (XRD)
were added to 100 mL of deionized water. HCl was added to ensure data were collected on a 12 kW Rigaku Rotoflex rotating anode
dissolution, and the precursors were stirred in air overnight at ca. 95 diffractometer. XRD film was prepared at room temperature and
°C, during which time the Ni:SnG, NCs formed. The precipitates  annealed as described. Thermogravimetric analysis (TGA) was con-
were processed six times by washing with deionized water and ducted on a TGA Q50 v6.1 Build 181 under air (40.0 mL/min) and a
centrifuging for several minutes until no chloride ions were detected temperature ramp of 10.00C/min for the temperature-dependent
in the supernatant after addition of AghlO anneal, and a ramp of 5GC/min to 100°C for the time-dependent

We have previously shown that dopants on the NC surfaces can beanneal.

removed, and the NCs can be resuspended in nonpolar solvents by - x.ray absorption measurements were made at the PNC-CAT beam
heating in trioctylphosphine oxide (TOPY For TOPO treatment  ine 20, at the advanced photon source (Argonne National Laboratory)
(Aldrich, tech grade) (1 g/mL of solution), the precipitated NCs were ;ging a Si(111) double-crystal monochromator with an energy resolution
of ~1.3 eV at the Ni edge. Beam harmonics were rejected using a

Il. Experimental Section

83 :823 N: [ Sakai, Physica B, Condens. X‘gﬁ%p%gggeﬁgmaﬁer rhodium-coated mirrortaa 6 mrad incident angle. Ni fluorescence was
2005 17, 1697. B R ' detected using a 13-element Ge detector. Al feif's um) was used

(13) Coey, J. M. D.; Douvalis, A. P.; Fitzgerald, C. B.; Venkatesan Ajpl. to filter out the Sn fluorescence. A Ni foil was used to calibrate the
Phys. Lett.2004 84, 1332. . . . . L

(14) Davis, S. R.; Chadwick, A. V.; Wright, J. . Mater. Chem1998 8, energy, with the first peak in the first derivative in the edge set at 8331.5
2065. Davis, S. R.; Chadwick, A. V.; Wright, J. P.Phys. Chem. 8997, eV. The film sample surface was oriented at approximatéljozhe
101, 9901. beam to enhance the signal. The powder sample was mixed with a

(15) Dietl, T.Nat. Mater.2003 2, 646. - "
(16) Kittilstved, K. R.; Gamelin, D. RJ. Am. Chem. So@005 127, 5292. small amount of vacuum grease and packed af. mmthick holder.
(17) Radovanovic, P. V.; Gamelin, D. Rhys. Re. Lett.2003 91, 157202/1.
(18) Bryan, J. D.; Heald, S. M.; Chambers, S. A.; Gamelin, DJ.RAm. Chem.

S0c.2004 126, 11640. (20) Schwartz, D. A.; Norberg, N. S.; Nguyen, Q. P.; Parker, J. M.; Gamelin,
(19) Song, K. C.; Kang, YMater. Lett.200Q 42, 283. D. R.J. Am. Chem. So2003 125, 13205.
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Figure 1. X-ray diffraction for a film of 0.39% Ni™:SnQ; before (a) and
after (b) annealing at 100C for 11 min. Solid lines indicate the Bragg
peak positions of bulk cassiterite Sp@r reference. NC diameter is
approximately 3 nm.

Thirty-eight scans were collected for each sample. XAS data analysis
was performed as described previou&ly.

Ill. Results

Figure 1 shows powder X-ray diffraction (XRD) data col-
lected for a film of ca. 3 nm diameter 0.3 0.02% NP*':
SnG (i.e., Sr.gedNioo0f2-5) nanocrystals deposited from
toluene (a) before and (b) after annealing at 10Gor 11 min.

All peaks match those of bulk cassiterite Sn@s indicated by
the indexed lines in the bottom of Figure 1, and no change was
observed with annealing. SEM data collected for a spin-coated
film calcined at 350°C show uniform coverage with minor
cracking (see Supporting Information Figure S1).

Electronic absorption spectra (300 K) of TOPO-capped;SnO
(@) and 4.1+ 0.1% N?":SnQ, (b and c) colloids suspended in
toluene are presented in Figure 2A. The undoped;S4Os
show only the band gap absorption onset at ca. 29 000t cm
(~3.6 eV), in contrast to the green®Nidoped SN@NCs, which
show sub-band-gap features at 14 000 and 25 00G,cxs well

(c)

0.00 0.10 0.20 0.30

BH2KT
sub
Ko Il |

"X =
>k [l ||| II I ||| N

o ol
25 20 15

Energy [1 Oacm'1]

30 10
Figure 2. (A) 300 K overview of absorption spectra: (a) colloidal TOPO-
capped Sn@(undoped), (b) 4.1% NRi:SnG, NCs suspended in toluene,
and (c) closeup of b. (B) Variable-fitb K MCD spectra of a frozen solution
of the doped NCs from b. Inset: 5 K MCD saturation magnetization probed
at 13 661 (solid line) and 26 041 crh(circles). The dashed line shows the
S= 1 spin-only saturation magnetization predicted by the Brillouin function
(eq 1). Inset: photo of 4.1% Rii:SnG, NCs suspended in toluene with
lettering behind it to illustrate the transparency. (C) Ligand field transition
energies calculated for six-coordinate substitutional (sub) and interstitial
(int) and five-coordinate (vacancy at axial or equatorial sité) M SnQ,,

°r character

as a broad absorbance tail extending from the band gap intoas illustrated.

the visible region.

Figure 2B shows variable-figl 5 K MCD spectra of the
TOPO-capped 4.1% Rii:SnQ, NCs. The spectra show a
pseudo-+{-term feature associated with the absorption band at
~14 000 cnT! and a negative-term feature at~25 000 cnt?!
that coincides with the shoulder at the same energy in the
absorption spectrum. The insets in Figure 2B show the 5 K
MCD intensities probed at 13 661 (solid line) and 26 04T &m
(circles) plotted as a function of the applied magnetic field, along
with the spin-onlyS = 1 saturation curve approximated by the
Brillouin function & 5 K (dashed line) and a photograph of the
same colloids with lettering behind to illustrate the transparency
of the suspensiof? The indexed lines in Figure 2C represent
the calculated ligand field transition energies 8fNi?* in a
pseudooctahedralDg, cation symmetry) environment with
intensities represented by tfie component of the wave function
calculated by including spinorbit coupling in the Hamiltonian
(see section V).

(21) Chambers, S. A.; Heald, S. M.; Droubay Phys. Re. B 2003 67, 100401/
1

(22) Kittel, C. Introduction to Solid State Physicsth ed.; Wiley: New York,
1996.

4
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Figure 3. Temperature dependence of the effective magnetic momeant (
of 0.39% NP™:SnQ, NCs. H = 5000 Oe. The dashed line shows the
anticipatedues for octahedral Nit (see text for details).

Variable-temperature magnetic susceptibility data collected
on 0.39% N#:SnG, NCs are shown in Figure 3, plotted as the
effective magnetic momenggs = 2.828/4T) vs the temper-
ature.uers is temperature independent between 100 and 300 K,
having a value ofieft = 2.55 ug/Ni?".
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Figure 4. 300 K magnetization of (a) TOPO-capped 0.179%8NsnQ, Figure 5. Nickel K-shell X-ray absorption spectra of (a) precipitated 0.26%
NCs and (b) a spin-coated film of the same, calcined at Z50All data Ni#*:SnG; colloids, (b) a spin-coated film of 0.26% NiSnC; annealed
have been corrected for a diamagnetic background. Inset: 300 K ferro- aerobically at 300°C (M(300 K) ~ 0.3 ug/Ni**), (c) a NP* reference,
magnetic saturation moments of spin-coated films ¢fMInQ; at varying NiO, and (d) Ni metal foil. (e) Simulated spectrum for a Ni metal/NiO
Ni2*+ concentrations. blend that would yield the same ferromagnetism as observed in ftie Ni
SnG film (spectrum b).

Figure 4 presents the 300 K magnetic susceptibilities (a) of
a 0.17+ 0.07% N?™:SnOG, powder precipitated rapidly from
toluene by addition of ethanol and (b) of a representative film
prepared by spin-coating the same 0.17%"MNnG, NCs onto
fused silica with calcination at 35. Whereas paramagnetism
dominates the magnetism of the powder sample resulting in little
detectable magnetization at 300 K, strong ferromagnetic ordering
is observed in the spin-coated film, with a rapid ferromagnetic
saturation momentMy(300 K) = 0.8 ug/Ni?") and a 300 K
coercivity (Hc) of 100 Oe. The maximum spin-only saturation
moment of N#* is 2.0ug/Ni%*. Control experiments in which
films were spin-coated from undoped TOPO-capped SnO
colloids yielded only diamagnetism (not shown), indicating that
the ferromagnetism is indeed due to theNdopants. The
ferromagnetism is relatively temperature independent between
2 and 300 K (Supporting Information Figure S2).

The inset to Figure 4 shows the dependence of the:Ni
SnG, 300 K ferromagnetic saturation moment on the?'Ni
concentration for a series of films, plottedagNi?*. There is
no ferromagnetism in spin-coated films of undoped S(upen
circle, in emu/g). The ferromagnetism reaches a maximum of
My(300 K) = 0.8 ug/Ni%+ at 0.17% N#*, decreases rapidly at
0.39% NPT (M(300 K) = 0.15 up/Ni?"), and levels out at &
higher NE*-dopant concentrations. 0.0 T T T T

Figure 5 shows nickel K-shell X-ray absorption spectra of 200 400 600 800
(a) the paramagnetic 0.26 0.01% N?*:SnQ, NCs, (b) a Temperature [°C]
ferromagnetic Ms(300 K) ~ 0.3 up/Ni?") spin-coated film of Figure 6. (A) 300 K ferromagnetic saturation moment of a spin-coated

; ; ; film of TOPO-capped 0.26% Ri:SnG NCs, measured as a function of
the same, () a R reference, NiO, and (d) Ni metal foil. The annealing temperature. (B) TGA data for TOPO-cappeti ’8hQ, NC

Ni K-edge spectra olf.a and b are nearly identical, showing a powder and weight loss and optical density of the film from part A,
sharp 1s— 4p transition edge at 8334.3 eV and a-*s3d monitored at 29 940 cri# as a function of temperature. Film weight loss

preedge feature at 8331.5 eV (Figure 5 inset). Spectrum eWas corrected for substrate weight loss.

represents a weighted average of the Ni metal and NiO spectra

based on the experimental magnetic saturation of the film (seeferromagnetism. The ferromagnetic saturation moment reached

section V). a maximum ofMg(300 K) ~ 0.78 ug/Ni?* with annealing at
Figure 6A shows the ferromagnetic saturation moment of a 300°C and decreased to zero when the temperature was raised

single spin-coated film of TOPO-capped 0.26% NN, NCs to 750°C. Figure 6B shows the change in mass of the same

prepared with no annealing and collected as a function of aerobicfilm (triangles), plotted with the TGA curve collected on2\i

annealing temperature. Prior to annealing, the film showed no SnG; powder (solid line). In both curves of Figure 6B, an initial

0.8
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¢| magnetism decreasedt85% as the ferromagnetism increased,
reaching a maximum df14(300 K) ~ 0.41ug/Ni%" at 11 min.
§ With further annealing at 100C, the relative paramagnetism
vy increased t6~40% of the initial value and the ferromagnetism
% decreased td300 K) ~ 0.15ug/Ni?". Figure 7B shows the
) ferromagnetic saturation moment of a spin-coated film (prepared
5 as for Figure 7A) of a second batch of TOPO-capped 0.40%
3 Ni%*:SnG, NCs and the relative paramagnetism collected as a
S function of annealing time at 100C under a nitrogen
2 atmosphere. The ferromagnetism reached a maximuivsof
73 (300 K) ~ 0.33 ug/Ni?", and the relative paramagnetism
] 3 decreased te-10% after 26.5 min at 108C. Figure 7C shows
_1_0+ the TGA curve collected on the same NCs as a function of
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annealing time at 100C. Over the course of 25 min, less than
0.1% mass was lost. The OD, presented in Figure 7C, was also
monitored, as in Figure 6B, and remained below 0.05 absorbance
units over the entire annealing time period.

oo

o
N
1
@

IV. Analysis and Discussion

T
o
-

A. Characterization of Paramagnetic NF:SnO,. To verify
the successful synthesis ofNiSnQ, the synthetic product was
carefully characterized by structural, spectroscopic, and magnetic
techniques.

(i) Crystallographic Characterization. All of the peaks
observed in the XRD data (Figure 1) for the nanocrystalline
film before and after aerobic annealing at 1D for 11 min

—8—M_(300K) [11/Ni°"
o

TE 04_"'---------

3 034" TGA (Powder) C [ E match those of rutile cassiterite SpOwith no detectable
IO T AesFilm e 8 impurity phases. Analysis of the 110, 101, and 211 peak widths
2 02- ------ oo ------ e U =1 using the Debye Scherrer equatidd yielded an average grain
w® Lo A A § diameter of ca. 3 nm for both samples, indicating no substantial
A 0.1 2 increase in crystal grain size with low-temperature annealing.
; : ; This average grain diameter is consistent with that anticipated
0.0t 0 from the related preparation of pure SnCs from which our
5 10 15 20 25 synthesis was adaptéd.
Time [min] (i) Ni2* Coordination Environment. To characterize the
Figure 7. (A) 300 K ferromagnetic saturation moment and relative DMS properly, dopant speciation must be determined, and this
paramagnetism of a spin-coated film of TOPO-capped 0.48%:8hC, requires use of dopant-specific physical techniques. The absorp-

NCs prepared without any annealing. Data were collected as a function of ,. S .
aerobic annealing time at 10TC. (B) 300 K ferromagnetic saturation tion and MCD spectra of the Rii:SnG; colloids show two

moment of a spin-coated film of Rii:SnQ; and relative paramagnetism as ~ distinct features in addition to the band gap absorption of;5nO

a function of annealing time under inert {\atmosphere at 108C. (C) which is responsible for the rising absorbance-26 000 cnt?t

TGA_data for T(_)PO-capped Rfi:SnQ, NC powder and (_)ptlcal densny of (Figure 2)@4 The band centered at 13 750 chis readily

a spin-coated film monitored at 29 940 thnas a function of annealing . . ) 3 . . L.

time under the conditions of part A. The 0.05 OD offset observed is due to identified as theAzq— Tlg_(F_) I'ga_n_d field transition, and the

scattering. shoulder at ca. 25 000 crhis identified as théA g — 3T1¢(P)
transition of a pseudooctahedral ?Niion in a hexa-oxo
coordination environmerif The N#* molar extinction coef-

low-temperature plateau is followed by a steady loss of Mass g iants €13755= 5.9 andesiz= 10.9 ML cm-Y) of the two

from 250 to 500°C and then a relatively constant mass above . . . ;
. S . . ligand field bands correspond well with those of 2

500°C. Upon aerobic calcination, the films exhibited a brown 9 _I 2.0 ande _ 4% M_lw _\1NI Simil Ni-@)e d

lor. The 300 K ooical density (OD) of th p (e14500= 2.0 andezsz00= 4. cm ). Similar energies an
color. The optical density (OD) of the same 1lim was - pand shapes are also observed in N@j2" (14 500 and 25 300
monitored at 29 940 crt, and the results are also displayed in cm1)% and N?+:MgO (14 800 and 24 500 cnd),27 although
Flgure (.SB' The Op increased to a maximum of 0.35 absorbancethe transitions observed in the NiSnQ, NCs are shifted to
units with annealing at 500C and then decreased at elevated lower energies relative to those of NiB)e2". This shift
tem_peratures. . . indicates a smaller effective ligand field strength of the lattice

Figure 7A shows the 300 K ferromagnetic saturation moment

(M4(300 K)) of a spin-coated film of TOPO-capped 0.48 (23) West, A. R.Solid State Chemistryiley: Chichester, U.K., 1992.

0 +- i i (24) To higher energies, a broad absorption tail extends from the band edge
0.08% N#*:Sn0, NCs prepared without any annealing and the into the visible region that is not present in undoped SNGs. This band

relative 10 K paramagnetism (normalized to zero anneal time) is tentatively assigned as a liganchetal charge transfer (LMCT) transition

of a second film from the same batch. collected as a function involving partial transfer of a valence band electron t'Nin the basis
X R X ! of optical electronegativity considerations.

of aerobic annealing time at a temperature of only 200 (25) Brussiere, G.; Reber, 3. Am. Chem. S0d.998 120, 6306.

it ; ; _ (26) Figgis, B. N.; Hitchman, M. ALigand Field Theory and its Applications
Initially, the films showed only paramagnetism and no ferro Wiley:” New ‘York, 2000: and references therein.

magnetism. With increased annealing time, the relative para- (27) Low, W. Phys. Re. 1958 109, 247.
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oxos in SnQ relative to that of water. The observation of only

the 3T14(F) and3T14(P) ligand field bands and the absence of
other ligand field absorption bands allow the conclusion that
all of the NP* resides in a similar six-coordinate pseudoocta-
hedral ligand field environment.

The similar sizes and geometries of the pseudooctahedral
substitutional and interstitial cation sites in Sn@esent the
possibility that both locations could be potentiaPNidoping
sites?® To explore this possibility, ligand field transition energies
for Ni2":SnQ;, were calculate® using ligand field parameters
extrapolated from those of Ni@gd)s?" (Dgq= 870 cnT!, B =
900 cnTt, C = 4.5B)?6 and the spir-orbit coupling parameter,

A = —245 cnr, by approximating the lattice oxos as pure
donors (i.e.A = 3g,) and scaling ther bond interaction with
the M—L bond length Dg O a™®). Using the appropriate
modified geometried33° we calculated the NRi ligand field
excited-state energies and wave functions for substitutional and
interstitial NP+ dopants. With no fitting, the calculated energies
for the substitutional Ni- geometry are in excellent agreement
with the experimental results (Figure 2C) and match significantly
better than those for Rf in the interstitial geometry. In
particular, the contracted axial bond lengths of the interstitial
site give rise to a largéTy4 splitting that would place a spin-
allowed band at 18 000 cm, but the MCD and electronic

101.23 completely remove they tog and g d-orbital degenera-
cies. The increased axial and decreased equatoridl kbnd
lengths destabilize drelative to gz-y2, whereas the equatorial
distortion destabilizes g relative to ¢, and ¢, because of
increased overlap. This reduced symmetry splits*thg and
3T, On excited states intéB1g, °Byg, and®Bsy terms (Scheme
1).32 Second-order spirorbit coupling within the low-symmetry
split 3T14 term then gives rise to the pseudéterm MCD
feature at 14 000 cmi.

On the basis of the assignments and analysis of tR& Ni
ligand field transitions observed in Figure 2, we conclude that
all of the NP ions occupy substitutional cationic sites of the
SnG, NCs. This conclusion is supported by nickel K-edge X-ray
absorption spectra (XAS) of the NiSnQ, NCs and films,
which show a weak 1s> 3d preedge feature (Figure 5 inset)
consistent with six-coordinate substitutionaPNin SnG. In
NiO, for example, the Ni" site has crystallographic inversion
symmetry, and consequently, the-2s3d transition is rigorously
Laporte forbidden, gaining only limited intensity through-3d
4p mixing. The very similar Ni 1s— 3d preedge intensities
of Ni2":SnG, and NiO therefore provide strong evidence that
Ni2* has inversion symmetry in Sn@s well. A much greater
preedge intensity would be observed for five-coordinat&” Ni
geometries lacking an inversion centéThe nickel K-edge
preedge absorption data fortify the conclusion drawn from
analysis of the ligand field absorption spectra that charge
compensation in Ni:SnQ, does not involve formation of an
oxygen vacancy in the first coordination sphere ot'Ni

On the basis of the ligand field and XAS analysis, we
conclude that dilute Ni- dopants in Sn@substitute for S
in distorted, six-coordinatéD,, geometries in the internal
volumes of the Sn®NC lattices. The absorption, MCD, and
XAS data all indicate that charge compensation iF"N8nG,
does not involve the loss of a coordinating oxygen, which we
attribute to the large ligand field stabilization energy of
octahedral Ni". Charge compensation must therefore be distal
and not local. Possibilities include oxygen vacancies that are

absorption show no evidence of any transitions other than thosenot Iocalized in the Nit coordination sphere (e.g., at the NC

at 14 000 and 25 000 crh Ligand field transition energies were
also calculated for five-coordinate Nigeometries on the basis

surfaces) or charge-balancing interstitiatSn
(iii) Magnetism. The inset in Figure 2B showsétb K MCD

%NguB[(zs+ 1) cot)'((28+ 1)(

gugH
2kT

of the consideration of possible charge compensation by the saturation magnetization probed at 13 661 (dashed line) and

presence of an oxygen vacancy in the first coordination spheree 401 cnm® (circles) along with the spin-only saturation

of Ni%". Energies were calculated for vacancies in the axial and magnetization anticipated from the Brillouin function (ec?4),

equatorial positions of the Rli coordination sphere (Figure 2C).

In both five-coordinate geometries, the calculated and observed gugH

transition energies are not in good agreement, suggesting thatl = kT /]

there are no five-coordinate Ni ions in SnQ. We note

additionally that the molar extinction coefficients of the ligand cot )] (1)

field bands are also inconsistent with a five-coordinate geometry

because the lack of inversion symmetry would yield molar cajculated usingy = 2.227 from N#*:MgO?” andS = 1. The

absorptivities 2 or 3 orders of magnitude larger than those for predicted and experimental curves agree well, demonstrating

six-coordinate species having inversion symmétry. that these MCD intensities arise from & 1 chromophore
The substitutional cation site symmetry in Sni®reduced  angd therefore from magnetically isolatedi Ni2* ions.

from On to D2n, as depicted in Scheme 1 (dark sphereSr* More quantitatively, the experimental effective magnetic

and light spheres= O27). Axial bond contraction and deviation moment fiert = 2.828\/95_'0 of the 0.39% Ni*:SnO, NCs

of the equatorial ©Sn—0O angles from 90to ~78.77 and shown in Figure 3 is temperature independent between 100 and

300 K with a value ofierr = 2.55up/Ni?*. Fitting the downturn

(28) Kilic, C.; Zunger, A.Phys. Re. Lett. 2002 88, 095501.

(29) Bendix, JLIGFIELD, version 0.92x; Copenhagen, Denmark, 2004.

(30) West, A. R.; Bruce, P. GActa Crystallogr.1982 B38 1891.

(31) Sacconi, L.; Bertini, 1. Am. Chem. Sod968 90, 5443. Venanzi, L. M.;
Dawson, J. W.; Preer, J. R.; Hix, J. E., Jr.; Gray, HJBAm. Chem. Soc.
1971, 93, 778.

(32) Wilson, E. B.; Decius, J. C.; Cross, P.Molecular Vibrations McGraw-
Hill: New York, 1955.

(33) Randall, C. R.; Shu, L.; Chiou, Y.-M.; Hagen, K. S.; Ito, M.; Kitajima, N.;
Lachicotte, R. J.; Zang, Y.; Que, L., Jnorg. Chem.1995 34, 1036.
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in uert below 40 K yields a small positive Weiss constantapf

= 5.8 K (fromy = C/(T — ®)), consistent with a dilute magnetic
material. The high-temperature value o is lower than the
octahedral, spin-only effective magnetic moment ofNjeso

= gv Y(S+1) = 2.83up/Ni?") calculated usingy = 2.00. This
difference cannot be explained by a single-ion mechanism.
Indeed, inclusion of orbital contributions tQs reveals an even

ferromagnetic Ms(300 K) ~ 0.3 ug/Ni2") film are both very
similar to that of the NiO reference, and all three spectra differ
substantially from that of Ni metal. In particular, all three oxide
samples lack the distinct shoulder at 8334 eV observed for Ni
metal. For comparison, a reference spectrum was simulated
using the weighted average of the NiO and Ni foil spectra that
would yield the same magnitude of ferromagnetism as that

more substantial difference between experimental and predictedmeasured in the Ri:SnQ, film. On the basis of the ferromag-

values. Using the calculated ligand field splitting energit)s (

& = 630 cn1t (for free ion N#"), and assumind ~ 1, we
anticipate threg-values of~2.30 for N?*:SnQ..3* These values
are nearly isotropic and may therefore be approximated col-
lectively by eq 2. Importantly, eadrvalue is greater than 2.00

8lk1'502

Gso = 2.0023— —

)
becausel is negative for the ficonfiguration § = —&/29).
Using the isotropigy-value of 2.30 calculated from eq 2 and
the ligand field parameters given above, we estimate (hat
= 3.25 ug/Ni?*. g-Value deviation from the spin-only value
therefore cannot explain the low experimentat in Figure 3.
The reduction inuerr from 3.25 ug/Ni?* to 2.55 ug/Ni?*"
(~22%) observed experimentally is also too great to be
explained by statistical dimer formation (ony3.7% dimers
formed at 0.39% Ni").35 We therefore tentatively attribute the
reduceducsr to a small superstatistical preference for dimer

formation driven by charge compensation, analogous to that

observed in LA:CsCdC4.%6 In such a scenario, charge
compensation could be achieved with two*Ndopants and
one interstitial St™ substituting for two neighboring $hions,
leading to NF*—O—Ni2* antiferromagnetic superexchange and
a decreased.s. The small superstatistical fraction of magneti-
cally silent N#* suggests that this mechanism for charge
compensation is not the primary one.

B. Characterization of Ferromagnetic N#*:SnO,. When
the NE™:SnQ; NCs are spin-coated into films and calcined
aerobically at 350C, robust ferromagnetism is observed having
a Curie temperature well above 300 K (Figure 4 and Supporting
Information Figure S2) with a large 300 K saturation moment
of Ms = 0.8 ug/Ni?" (compared to the maximum of 2/
Ni2*) that exceeds the saturation moment of nickel métal,
= 0.6up/Ni?". To our knowledge, this higfic ferromagnetism
is the first reported to date for Rii-doped Sn@ The very high
Curie temperatureTg > 350 K) implicated by these data is
similar to those reported for other oxide DMSY. Ferromag-
netism in N#":SnQ; is observed for a wide range of Ni
concentrations, ranging from 0.17% to 3.0%*N{Figure 4,

netic saturation moment of nickel metéi{300 K) = 0.6 ug/

Ni) and that of the Ni":SnQ;, film (My(300 K) ~ 0.3 ug/Ni?"),

50% of the nickel in the Ni:SnQ; film would have to be N

if the ferromagnetism were to arise from metallic precipitates.
The resulting simulated spectrum (509 Ni 50% N#T:SnQ)

is shown in the inset of Figure 5. The Nireedge shoulder is
clearly observable in the simulated spectrum but is not observed
in the spectra of either the NCs or the ferromagnetic film. From
this analysis, we conclude that the ferromagnetism in Figure 4
arises from the DMS Ni:SnG and not from Ni. The similarity

of the XAS data for the ferromagnetic film to those of
paramagnetic Ni:SnG indicates that there is no significant
difference in the Ni" coordination geometry or oxidation state
between the two and, hence, that the activation of ferromag-
netism does not involve a change irfNBpeciation. Nickel in

the ferromagnetic phase remaingNoctahedrally coordinated

at the SAT site of SnQ. This conclusion is verified unambigu-
ously by the low-temperature activation experiments described
in section IV.C.

C. Low-Temperature Activation of Ferromagnetism in
Ni%*:Sn0O,. As a first approach to identifying highc ferro-
magnetism in Nit:SnQ,, nanocrystalline thin films were
prepared by spin-coat processing and calcination following the
methodology found previously to be successful in generating
strong ferromagnetism with other oxide DM%s’In the course
of these experiments, it became apparent that the 300 K
ferromagnetic saturation moments of spin-coated™$inG,
films annealed at 350C were significantly greater than those
of films annealed at 500C. This peculiarity prompted a
systematic investigation of the dependence of ferromagnetism
on the annealing process. Two sets of experiments were
performed to address this issue.

In the first set of experiments, a single spin-coated film of
0.26% N#:SnQ, prepared at room temperature without any
annealing was annealed aerobically for 1.5 min at a series of
temperatures up to 75. In addition to the measurement of
the ferromagnetic saturation moment after each anneal, the film
was weighed and analyzed optically to monitor TOPO calcina-
tion (Figure 6). With annealing temperatures up to 5G0the
increase in ferromagnetism from 0 to 0.7&/Ni%"™ was

inset), with a concentration dependence also similar to thoseaccompanied by a gradual loss of mass and an increase in brown
reported for other oxide DMS%st® color (Figure 6B), indicative of TOPO calcination. At annealing
Although the oxidative spin-coating conditions preclude the temperatures above 50, after the TOPO was completely
segregation of nickel metal, which would also show ferromag- calcined, the ferromagnetism started to decrease. Two regimes
netism, XAS was conducted to probe the nickel oxidation state (increase and decrease) are evident in these data and are
and coordination environment in the ferromagnetic phase (Figureinterpreted as the activation and deactivation of ferromagnetism.

5). The XAS spectra of Ni:SnQ, NCs and a calcined

(34) Mabbs, F. E.; Collison, CElectron Paramagnetic Resonance of d Transition
Metal CompoundsElsevier Science Publishers: Amsterdam, 1992; and
references therein.

(35) Bryan, J. D.; Gamelin, D. RRrog. Inorg. Chem2005 54, 47.

(36) McPherson, G. L.; Henling, L. MPhys. Re. B 1977, 16, 1889. Henling,

L. M.; McPherson, G. LPhys. Re. B1977 16, 4756. Jana, S.; Mukherjee,
R. K. Solid State Commur200Q 116, 581.

We hypothesized that ferromagnetism may be activated by
ligand calcination (which could reduce the lattice during
formation of CQ, for example). This hypothesis was quickly
disproved by the second set of annealing experiments.

(37) Schwartz, D. A;; Kittilstved, K. R.; Gamelin, D. Rppl. Phys. Lett2004
85, 1395.
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In the second set of experiments, a film of 0.48%NENG, Scheme 2
prepared at room temperature without any annealing was -,
annealed at 108C for various durations (Figure 7). Under these
conditions, 300 K ferromagnetism was found to be activated
and then slowly quenched during the course of the annealing -
(Figure 7A). The activation of ferromagnetism at such low
temperatures rules out contributions from ligand calcination, as P
verified by the constant mass in the TGA curve and the absence |
of a brown color in the film (Figure 7C). This result also allows
the conclusion that the variable-temperature activation &f:Ni cies, Vo2—-) may activate bound magnetic polarons (BMPs)
SnQ; ferromagnetism observed in Figure 6 is not dependent on and, if high enough in concentration, may lead to the formation
ligand calcination at all, as alreagy suggested by the :ncreaseof ferromagnetic domairfs!3 In Ni2+:SnQ, the native defects
in magnetic ordering (80.3 ”B/.N' .) observed _athOO C and charge compensating oxygen vacancies evidently do not
before the onset of TOPO calcination. Equally important is the . o - .

. . . play any role in activating ferromagnetism because magnetic
clear demonstration that ferromagnetism can be activated ST .
ordering is observed only after aggregation of the NCs and not

without any change_m dopant spec@lo_n. 'I_'h|s conc_lu5|on 'S after heating or precipitating the NCs. Because nickel resides
based on the following observations: (i) this annealing tem- . IR .
n the NP' oxidation state, charge compensating oxygen

. . |
erature (100C) is below the surface-capping temperature used .
tpo prepar(e the )colloidal NCs (15€) (ii)aﬁe ?‘erroﬁagnetism vacancies would be charge neutral (My?) and therefore would

is activated over a much shorter time period than that used for lack t,he unpaired ele'ctrons hecessary for medigting magnetic
surface capping (11 min vs 2.5 h), and (iii) the material returns ord'ermg. One scenario cpns!stent with the expenmenta} obser-
to its paramagnetic phase with continued heating at @0 vations would involve activation of Rf:SnG, ferromagnetism
(Figure 7A squares) by Vo?~ formed at the N&NC fusion interfaces. At higher

We interpret the low-temperature activation of ferromag- aerobic annealing temperatures or longer aerobic annealing
netism in Figures 6 and 7 as arising from NNC aggregation times, these interfacial oxygen vacancies are passivated by
as described originally in Ri:ZnO2’ Direct evidence of ~ atmospheric @or H;0 and stoichiometric Snis approached,
irreversible NC-NC fusion comes from the observation that ';Eereb)t/ q.u<|atnc_rt1|ng the hltht_ferrr?magrllftlsm agd rg;urglnt?
the nanocrystals of as-prepared spin-coated films (as in Figure € matenatto Its paramagnetic pnase (. gures 5 and /, scheme
7) are readily resuspended in toluene but are no longer 2). Strong support for this hypothesis is provided by the

resuspendable after annealing at 2adfor 10 min. A simple observation that deactivation does not occur when the aggrega-

Arrhenius analysis of the rates of appearance of ferromagnetism?lgn exp7e|;|;nents are performed under inerp)ldtmospheres
igure .

with annealing at temperatures below 2@yields an estimated
thermal activation energy of only1200 cn12. It is emphasized D. Activation by Interfacial Fusion Defects as a General
that this activation barrier is not intrinsic to the internal lattice PhenomenonThe role of interfacial or grain-boundary defects
structure of N#*:SnQ, because the NCs have already been in activating highTc ferromagnetism was first noted in Ni
heated to 150C for 2.5 h during preparation but remained ZnO, where 300 K ferromagnetic saturation moments were
paramagnetic (Figures 3 and 4). This distinction rules out shown to correlate with NC aggregate densities formed by room-
migration of charge compensating defects or dopants as thetemperature atmospheric NC aggregafibiwe have subse-
important thermally activated processes, for example. The facile quently found this correlation to be general across a broad
reversibility of the magnetic phase transition (Figure 7) supports spectrum of oxide DMSs, including cobalt-doped ZA@nd
the conclusion that it is not accompanied by any structural cobalt-doped Ti@'® We have therefore identified a general
rearrangement of the lattice (e.g., phase segregation, defecphenomenological trend in these DMSs, namely that they are
migration, or structural phase transition). Instead, we associateparamagnetic as free-standing NCs but exhibit ferromagnetic
the thermal activation barrier with surface ligand mobility. ordering when aggregated and spin-coated onto fused-silica
At 25 °C, the surface-capping ligands are effective in substrates or when annealed as powders under appropriate
preventing NG-NC aggregation. As evidence of this, precipi- conditions that introduce activating lattice defects. Very recently,
tated NCs are easily resuspended in toluene. Increasing thenterfacial defects at SDMS thin film—substrate interfaces
temperature increases the capping ligand mobility on the surface.grown by pulsed laser deposition (PL'Dj)ave been postulated
At 100 °C (Figure 7A), the NC surface ligands (TOPO) are to be responsible for the large saturation moments observed in
sufficiently mobile to allow irreversible fusion of neighboring some thin films. It is likely that such lattice defects are more
Ni2*:SnQ, NCs. That fusion is imperfect, generating numerous widely influential than currently recognized, and the critical

L PARAMAGNETIC FERROMAGNETIC PARAMAGHETIC

interfacial grain-boundary defects. We propose th&t 1§inG, importance of such poorly understood defects is likely in part
ferromagnetism is activated by these interfacial defects, asresponsible for the disparate observations often reported for the
summarized phenomenologically in Scheme 2. same materials prepared by different laboratories or by different
Because the surface-capping ligands bind only tt"md methods. Experiments are currently underway to explore the
not to &, the surfaces of the capped NCs must bé&*Sith role of annealing atmosphere and capping-ligand identity in the

and oxygen vacancie¥¢") may therefore be the most likely  thermal activation of highc ferromagnetism in Ni:SnG, and
interfacial fusion defects to form. Recently, theoretical models related oxide DMSs more thoroughly. These experiments should
have been proposed that describe how native and chargeprovide a deeper view into the microscopic origins of this
compensating-type defects in Sn®(primarily oxygen vacan- intriguing phenomenon.
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V. Conclusion facile reversibility of the ferromagnetigparamagnetic phase
transition (Figure 7) suggests that reversible ferromagnetic
ordering in NF":SnG, by even softer chemical or physical
perturbations could lead to tunable, real-time control of this
ferromagnetism, as well as to a deeper understanding of its
microscopic origins.

We have developed a new wet chemical preparation of high-
quality colloidal N#"-doped Sn@ diluted magnetic semicon-
ductor NCs. Using ligand field electronic absorption, magnetic
circular dichroism, and X-ray absorption spectroscopies in
tandem with magnetic susceptibility, we showed nickel dopants
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From a practical standpoint, the demonstration that it is
possible to complement the favorable semiconducting and
optical properties of SnOwith strong highTc ferromagnetism
by introducing N#+ dopants presents Ni:SnG as a promising
new candidate for high-temperature spintronics applications. The JA054205P

Supporting Information Available: Low- and high-resolution
SEM images and additional magnetic data (three figures). This
material is available free of charge via the Internet at
http://pubs.acs.org.
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