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Abstract: Colloidal Co?*- and Cré*-doped TiO, nanorods and nanocrystals were synthesized and studied
by X-ray powder diffraction, electronic absorption spectroscopy, magnetic circular dichroism spectroscopy,
magnetic susceptibility, and transmission electron microscopy. The nanorods were paramagnetic as colloids
but showed room-temperature ferromagnetism when spin-coated aerobically into films. Crystalline domain
size, thermal annealing, and dopant or defect migration are not the dominating factors converting the doped
TiO2 nanocrystals from the paramagnetic state to the ferromagnetic state. The most important factor for
activating ferromagnetism is found to be the creation of grain boundary defects, proposed to be oxygen
vacancies at nanocrystal fusion interfaces. These defects are passivated and the ferromagnetism destroyed
by further aerobic annealing. These results not only help elucidate the origins of the TM"*:TiO, DMS
ferromagnetism but also represent an advance toward the controlled manipulation of high-Tc DMS
ferromagnetism using external chemical perturbations.

I. Introduction pared by direct chemical routes using oxidized ionic precursors
has shown that ferromagnetic samples with large ferromagnetic
saturation momentsMs up to 1.9ug/Cc?* in 3% Ca:TiOy)

can be prepared under oxidative conditions that preclude the
formation of cobalt metal, strongly supporting the existence of
intrinsic DMS ferromagnetism in nonstoichiometric To
%ri0,_ .12 High-Tc ferromagnetism in dilute doped metal oxides

is now generally considered to be an intrinsic phenoméaéh,
and fundamental questions concerning the microscopic origins
f this ferromagnetism must now be addressed.

In this paper, we describe a series of experiments designed
do investigate the conversion from paramagnetic to ferromagnetic
phases in nanocrystalline TNtTiO, (TM™" = Co?™ and C#*)
prepared by direct chemical routes. This chemical approach was
shown previously to yield some of the largest saturation
moments to date for any T®DMS.12 Three hypotheses were
considered to explain the observation that free-standing

Ferromagnetic diluted magnetic semiconductors (DMS) with
Curie temperaturesT€) above room temperature are essential
components of many of the proposed room-temperature spin-
based electronics (spintronics) deviédevice miniaturization
has made manipulating ferromagnetism on the nanoscale usin
epitaxially depositetlor colloidal DMS quantum do?sa goal
of considerable interedtThe discovery of highFc ferromag-
netism in 2% C&":TiO, anatase thin films by Matsumoto et o
al.> sparked a tremendous experimental and theoretical research
effort focused on understanding the ferromagnetism of this
doped metal oxide. Several researchers attempted to explain thi
surprising observation by showing that dopant ion segregation
and reduction can form ferromagnetic precipitates under certain
growth conditions and that ferromagnetism in doped@s
therefore likely not intrinsi€. Other groups have reported
ferromagnetism in the absence of such precipitat&sOur
group’s work involving colloidal C&":TiO, nanocrystals pre-

(8) Chambers, S. A.; Heald, S. M.; Droubay,Phys. Re. B.2003 67, 100401,
Chambers, S. A.; Thevuthasan, S.; Farrow, R. F. C.; Marks, R. F.; Thiele,
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(2) Bacher, G.; Schoemig, H.; Scheibner, M.; Forchel, A.; Maksimov, A. A,; Diebold, U.App. Phys. Lett2001, 79, 3467.
Chernenko, A. V.; Dorozhkin, P. S.; Kulakovskii, V. D.; Kennedy, T.; (9) Griffin, K. A.; Pakomov, A. B.; Wang, C. M.; Heald, S. M.; Krishnan, K.
Reinecke, T. LPhysica E2005 26, 37; Lee, S.; Dobrowolska, M.; Furdyna, M. Phys. Re. Lett. 2005 94, 157204.
J. K. Physica E2005 26, 271. (10) Toyosaki, H.; Fukumura, T.; Yamada, Y.; Kawasaki, Appl. Phys. Lett.
(3) Bryan, J. D.; Gamelin, D. RProg. Inorg. Chem2005 54, 47. 2005 86, 182503.
(4) Efros, A. L.; Rashba, E. I.; Rosen, hys. Re. Lett.2001, 87, 206601. (11) Jaffe, J. E.; Droubay, T. C.; Chambers, S.JA.Appl. Phys.2005 97,

)
(5) Matsumoto, Y.; Murakami, M.; Shono, T.; Hasegawa, T.; Fukumura, T; 073908.
Kawasaki, M.; Ahmet, P.; Chikyow, T.; Koshihara, S.; KoinumaSdience (12) Bryan, J. D.; Heald, S. M.; Chambers, S. A.; Gamelin, DJ.RAm. Chem.
2001, 291, 854. Soc.2004 126, 11640.
(6) Kim, D. H.; Yang, J. S.; Lee, K. W,; Bu, S. D.; Noh, T. W.; Oh, S. J.; (13) Pearton, S. J.; Heo, W. H.; Ivill, M.; Norton, D. P.; Steiner SEmicond.
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Cc?*:TiO, nanocrystals were paramagnetic (not superparamag-
netic), whereas spin-coated films of the same nanocrystals were
strongly ferromagnetic: (1) Ferromagnetism in TNTiO,
requires an electronically coupled domain that is sufficiently
large to involve a critical number of dopants. Once that critical
domain size is reached, ferromagnetism is thermodynamically
favorable. (2) A thermal activation barrier must be overcome
that was not reached at the low temperatures used to synthesize
the TM":TiO, colloids, perhaps related to dopant or defect
migration. (3) The ferromagnetism is activated by formation of
donor-like defects at DMS grain boundaries, in this case at
nanocrystal fusion interfaces, and these defects mediate long-
range magnetic exchange coupling. With the use of colloidal
TMM:TiO, nanorods (TM™ = Cc?" or C¥") prepared by direct
chemical synthesis, these three hypotheses have been systemati-
cally tested and hypotheses (1) and (2) have been ruled out.
Data attesting to the important role played by grain boundary
defects is presented, and the dependence of ferromagnetism on
such defects found here is discussed in the context of current
models for ferromagnetism in oxide DMSs.

Il. Experimental Section

ILA. Sample Preparation. The synthesis of Co:TiO, and
Cr¥*:TiO, nanorods was adapted from a low-temperature hydrolytic
route shown to yield colloidal crystalline nanorddsln a typical ] - - — = =
Co**:TiO, nanorod synthesis, 160 mL of oleic acid (OA, Aldrich tech g ’r%ﬂ_’_ené- S;r?g‘r’(')%";’ T(EC'\)A maﬁizs%ﬁu(ﬁgn“-%:/; iéi(;rflc‘;z Zn(g/(?t): alfé%
grade 90%) was combined V.Vith 035 9 O_f cobalt (lI) acetate tetrahydrate nandrod.z(D) Histogrém show%ng distribution of%gfoTioz nan.orood Iengtﬁs.
in a three-neck flask under vigorous stirring and degassed under vacuum
at 115°C. The flask was cooled to 100C and placed under a,N
environment. At 100C, 6 mL of titanium (1V) tetraisopropoxide (99%
Strem, Ti{-OPr)) was injected into the flask using a gastight syringe
employing standard air-free techniques. The reaction was allowed to
stir for 5-10 min, after which 6 mL b2 M trimethylamineN-oxide
dihydrate (98% Avacodo Research Chemicals) was injected into the
flask, causing an abrupt drop in temperature te-88°C. The reaction
was reheated to 108C and allowed to stir for 12 h under a gentle
reflux. Excess water was removed under vacuum. The precipitate was
separated from the mother liquor by centrifugation and dissolved readily
into toluene. Excess OA was removed by repeated washing steps
involving precipitation with absolute ethanol followed by re-suspension
in toluene to yield high optical quality colloidal suspensions. Preparation
of Cr*":TiO, nanorods followed the same procedure, substituting
chromium (lll) acetate monohydrate (99% Matheson) for the cobalt
precursor.

11.B. Postsynthetic Processing.The surface-capping ligand was
changed to trioctylphosphine oxide (TOPO, 90% tech grade Aldrich)

g

o

II.C. Physical Methods. High-resolution transmission electron
microscopy (TEM) images were collected at the Pacific Northwest
National Laboratory on a JEOL 2010 (200 kV) microscope with a high-
brightness LaB filament electron source. X-ray powder diffraction
(XRD) data for nanocrystals precipitated from toluene were collected
on an 800 W Philips 1830 powder diffractometer using an etched glass
plate sample holder. Dopant concentrations were measured by induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES, Jarrel-
Ash model 955) using elemental calibration standards (High Purity
Standards). Thermogravimetric data were collected under flowing air
using a TA Instruments model Q50. Electronic absorption spectra were
collected on a Cary 5E (Varian) spectrophotometer using 1 cm path
length quartz cuvettes. Magnetic circular dichroism (MCD) spectra were
collected using a UMvis—NIR MCD instrument constructed from an
AVIV 40DS spectropolarimeter and a high-field superconducting
magnetooptical cryostat (Cryo-Industries SMC-1659 OVT) with a
variable temperature sample compartment positioned in the Faraday
- o - configuration. Magnetic susceptibilities were measured using a Quantum
by heating the precipitated nanorods in excess TOPO at'C8for Design Magnetic Property Measurement System equipped with a
several minutes. Time-dependent colloid-annealing experiments Werereciprocating sample option. Al thin film and powder magnetization

performed by raising the temperature of the degassed TOPO/nanorody,¢a were corrected for diamagnetism of the substrate and/or sample
suspension up to 250, 300, or 32D under inert atmosphere. Aliquots 0 4er.

were removed at various times and rapidly cooled to room temperature

where they formed waxy solids. The waxy solids were soluble in toluene |||. Results

and were washed repeatedly using the previously mentioned procedure

to remove excess TOPO. Thin films were made by spin coating the  Figures 1 and 2 show representative TEM and XRD data

OA- or TOPO-capped colloids from toluene followed by aerobic collected for C8":TiO, and CPE:TiO, nanorods. The pro-

annealing at 350C between each coat. Unless otherwise specified, nounced shape anisotropy observed by TEM and the narrow

the annealing time for each coat was 1 min. Gentle Soxhlet extractions (004) reflection present in thiel/amdspace group of anatase

were performed on precipitated powders using absolute ethanol and gjndicates that the-axis of the nanorods is parallel to the growth

Soxhlet extraction apparatus under aerobic conditions (3 days) to direction?s Figure 1D shows a distribution of nanorod lengths

remove the OA ligands. The ethanol condensate washing the nanorod . .
. ) obtained by analyzing>100 nanorods from several TEM

powders in the Soxhlet apparatus was approximately room temperature., .

images. Analysis shows an average rod length of=58 nm.
(15) Cozzoli, P. D.: Kormowski, A.; Weller, HJ. Am. Chem. So@003 125 Although the nanorods varied substantially in length, the vast

14539. majority had thicknesses of% nm (Figure 1C). In addition,

J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005 15569
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Figure 2. X-ray powder diffraction of (a) oleic-acid-capped 1.4%
Cr3+:TiO, nanorods, (b) oleic-acid-capped 4.0%2€di0O, nanorods, (c) — 0+
TOPO-capped 3.0% Ct:TiO, TOPO nanocrystals. The reference reflec- (@) 4
tions for bulk TiQ; anatase are also includedlindicates reflections from 8 :
close packed capping ligands. £ 50 -
—_ 1 =
£ "
many of the nanorods showed bifurcation and twinning patterns P E 16393 em
consistent with the “oriented attachment” mechanism of rod -100- 2 © 23148cm
growth elucidated previously for Tikzanatase nanopatrticles and T ¥
nanorodsg$17 Bﬂ;*ng 0.4
Figure 3 shows 300 K electronic absorption spectra and 5 K, h-1 50+
0—6 T variable field MCD spectra of €r:TiO, nanorods. A o | | | I (|)
partially resolved absorption feature centered at 16 400'cm S i " .
is observed along with rising absorbance to higher energy. The E - | . |l | | ‘e (")I
16 400 cn1! absorption band correlates to a structured feature G | | | | " (iii)
in the 5 K MCD spectra (Figure 3B) at the same energy. The J~ T —

5 K MCD spectra also show two narrow transitions at 13 441
cm~t and 14 006 cm! overlapping the low-energy side of the
16 400 cm! feature. To higher energy, an intense negative
MCD feature at 23 250 cnt was also observed.

The spectroscopic properties of the?€d@iO, nanorods were
indistinguishable from those of the €oTiO, spherical nanoc-
rystals that were characterized in detail previotislgee the
Supporting Information). Both displayed the same tan-brown
color and broad absorption feature tailing into the visible energy
region. MCD measurements in combination with ligand field
calculations were used previously to demonstrate substitution
of Co?" onto the 6-coordinate ¥f D,q sites in the anatase
lattice.

Figure 4 shows effective magnetic momengsxj of OA-
capped 4.0% CO0:TiO, and 1.4% C¥":TiO, nanorods under a
5000 Oe applied field plotted ag/TM™ versus temperature
(TM" = Cr®* or C&?"). Thepes for the CPT:TiO, nanorods is

nearly temperature independent between 300 and 40 K at a value

of 3.8 ug/Cr3*. Similarly, ue for C*™:TiO, is nearly temper-
ature independent between 300 and 100 K at a value of 4.15
/AB/C02+.

Figure 5 shows 300 K magnetization data for thin films cast
from colloidal suspensions of 3.0% &oTiO, and 1.4%
Cr¥:TiO, nanorods along with films cast from 3.0% €dliO,
spherical nanocrystal3. None of these Ti@ colloids were
annealed prior to spin coating. The 300 K ferromagnetic
saturation moments(300 K)) for the C8*:TiO, nanorod film
(Figure 5A) is 0.06%us/Cc?* with a coercive field of 95 Oe
and remnant magnetization of 0.008/Cc?*. The saturation
moment for the CGi":TiO, nanorod film (Figure 5B) is 0.12
us/Cr3™ with a coercive field of 72 Oe and remnant magnetiza-

(16) Adachi, M.; Murata, Y.; Takao, J.; Jiu, J.; Sakamoto, M.; Wang, Am.
Chem. Soc2004 126, 14943.
(17) Zhang, H.; Banfield, J. FChem. Mater2002 14, 4145.
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Figure 3. (A) Absorption spectra at 300 K of colloidal 1.4% €rTiO,
nanorods at different concentrations, suspended in toluene (inset). (B) MCD
spectra at 5 K, 86 T, of a frozen solution of 1.4% €r:TiO, nanorods.
Inset: Variable field MCD saturation magnetizationbaK for the 16 400

and 23 150 cm! bands, fitted to eq 1 (solid line). Predicted energies of the
ligand field transitions of Gr" in the Dyq anatase cation site with (i)
6-coordinate, (ii) 5-coordinate axial vacancy, and (iii) 5-coordinate equatorial
vacancy geometries. See text for details.
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Figure 4. Temperature dependence of the effective magnetic moment per
transition metal ion for 4.0% C&:TiO, (M) and 1.4% C¥":TiO, (O)
nanorods. Spin-only effective magnetic momentsSer Y/, andS = 3/,
are shown as solid lines for reference.

tion 0.001 ug/Cr3t. The averageM4(300 K) value of films
prepared from the same nanorod synthesis batch is 0069
0.002 for C@":TiO, (four films) and 0.124+ 0.01 for
CrR*:TiO; (three films). Figure 5C shows the 300 K saturation
magnetization of three spin-coated thin films made from
spherical C&":TiO, nanocrystals. The films showed much larger
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0.104(A) 300K 0.104
. 0.054 —
'S 0.00 S
S % 0.05+
=.0.054 =
-0.104 =
(B) 300K 0.00
0.104 f | I DL B LA B
S 0 40 80 120 160
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= Figure 8. Ferromagnetic saturation moments at 300 K for thin films made
-0.101 from 1.4% C#+:TiO, nanorods plotted vs annealing time at 3&0between
coats. All films were made using five coats deposited from the same stock
2 (C) 300K suspension.
+ 1 = . .
“8 0 been removed by-25 °C Soxhlet extraction. The colloids
> showed no evidence of magnetic ordering whatsoever. A weak
1 ferromagnetism £0.0003 ug/Co*") was observed in the ag-
-2 T T gregated 4.0% C0:TiO, nanorods, approximately a factor of
-10000 -5000 0 5000 10000

Field (Oe)

Figure 5. Magnetization data at 300 K collected on spin-coated films of
(A) 3.0% Ca@+:TiOz nanorods, (B) 1.4% Gr:TiOz nanorods, and (C) 3.0%
Co?™:TiO, spherical nanocrystals.

o
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|
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—— 250 °C
2 —e—300°C
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Figure 6. Co?* concentrations in Gd:TiO, nanorods determined by ICP-

5 smaller than that seen for aggregated spherical 3.096:Co
TiO2 nanocrystals+0.0015u/Co?™).1?

Figure 8 plotsMs(300 K) versus annealing times at 350
for a series of spin-coated 1.4%3CiTiO, thin films all prepared
under identical aerobic conditions from the same colloidal
suspension. A sharp rise Ms(300 K) is observed from 0 to
60 s (slopex~ 2 x 1072 ug/Cré*/s) annealing time followed by
a slower decrease from 60 to 180 s (slope-7 x 107 ug/
Cr3f/s).

IV. Analysis and Discussion

IV.A. Synthesis. The coordination number of Cb ions
dissolved in OA changes from 6 to 4 upon dehydration of the
Co?"/OA mixture under dynamic vacuum at 120, as indicated
by a rose to purple color change. Injection of the titanium

AES, plotted vs annealing time at various temperatures. Error bars are precursor into the dehydrated €¢0A solution causes a purple

approximately equal to the size of the data points.

1.5

-
o
1

0.5+

1g/Co%" (x10°)

s & o
o O O
1 1 1

-1.5-|

1 1 1 1 1
44000 -2000 O 2000 4000
Field (Oe)

Figure 7. Magnetization at 300 K of @) colloidal 4.0% C&":TiO;
nanorods annealed for 40 h at 3ZDin TOPO then resuspended in toluene,
(a) aggregated 4.0% Cb:TiO, nanorods, and &) aggregated 3.0%
Co?™:TiO, spherical nanocrystals.

300 K saturation moments of 0.3, 1.0, and 4#Co*" (Ms
(avg) = 1.0 £+ 0.8), coercive fields of 55, 47, and 55 Oe, and
remnant fields of 0.02, 0.08, and 0.09/Co?", respectively.
Figure 6 plots the analytical €6 concentrations in colloidal
Co?*:TiO, nanorods versus annealing time in pure TOPO at
250, 300, and 320C (the highest temperature achievable
without solvent decomposition under the conditions used).
Figure 7 shows 300 K magnetization data for a colloidal
suspension of 4.0% Co:TiO, nanorods after solvent annealing
at 320 °C for 40 h and for a powder sample of 4.0%
Co?":TiO; nanorods from which the OA-capping ligands have

to tan color change coinciding with a change in coordination
environment from 4 to 6. This same color change was observed
previously during the conversion of an amorphous purpl&Co
Ti4" oxo-oligomeric gel prepared at room temperature into tan
Cc?*:TiO, colloidal nanocrystals by autoclavidg.For the
nanorods, the elevated synthesis temperature (K0P is
evidently sufficient to convert the 4-coordinate ZCDA
precursor into a 6-coordinate-Co—O—Ti-), species resulting
in the purple to tan color change. Little or no color change was
observed upon dehydration of the gree#*@DA solution or
upon injection of the Ti precursor into the ¥TOA solution,
indicating the coordination number is not changing during these
steps. This preference of €rfor a 6-coordinate geometry over
the 4-coordinate geometry seen for?Carises from the large
ligand field stabilization energy (LFSE) of thé cbnfiguration®
Since the LFSE for C is much smaller than for &, Co?+
is easily interconverted thermally or chemically between 6- and
4-coordinate geometries, as evidenced by the color changes.
IV.B. Dopant Speciation in the Host Lattice. The close
spectroscopic and magnetic similarity of the?CdiO, nanorods
and the C&":TiO, nanocrystals described previouslieads to
the conclusion that the Goions occupy the samn®,q distorted
Ti*4* cation site of anatase in the nanorods as in the nanocrystals.
We therefore focus here on characterization and analysis of the
chromium speciation in chromium-doped TiQ he absorption

(18) Huheey, J. E.; Keiter, E. A.; Keiter, R. Inorganic Chemistry: Principles
of Structure and Reagtity; Harper Collins: Hinsdale, IL, 1993.
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feature in Figure 3A centered at 16 400 Thtoincides with

and the quantitative agreement indicates afi"Grre accounted

the intense positive MCD band at the same energy and is readilyfor as isolated paramagnetic ions. This latter result demonstrates

identified as th&A, — “T(F) ligand field transition of pseudo-
octahedral Ci". The increased value for this transition ¢
(Cr¥t)y = 27 M7t cm™1) over that of octahedral Cr@d)s®"
(e(CrPt) = 14 M~ cm 119 s consistent with relaxation of the

parity selection rule through the loss of inversion symmetry

when changing fron®y, to Doy Symmetry and provides support
for the conclusion that Gt substitutes onto the i Doq site.

To higher energy, the rising absorption feature tailing into the

ultraviolet arises from a combination of the higher enetgyy
— 4T4(F) Cr* transition, clearly observed by MCD spectros-

copy at 23 150 cmt, and a charge-transfer transition between

the anatase host and the®Cdopant ion. Diluting the sample
by a factor of 10 (Figure 3A) failed to reveal any distinct

shoulder in this rising absorption tail. The two weak absorption

features centered at 13 441 and 14 006 tiying on the low-

energy side of the 16 400 crhband are assigned as the spin-

forbidden*A, — 2E and“A, — 2T, transitions. These spin-

forbidden transitions are readily identified in the MCD spectra

shown in Figure 3B at the same energies. TAgground state

is confirmed by the close fit of the MCD saturation magnetiza-

tion data (Figure 3B) to the spin-only Brillouin function
described by eq 1 usin§= %, and theg value of CE* in TiO,
rutile (g = 1.98)2° whereN, 3, andk are constantsT is the
temperature, an#ll is the applied magnetic field.

Mg = %Ng@((28+ 1) cotr((zs+ 1)(ﬁ)) ~ cot

3~ o)

2kT)
@)

The conclusion of substitutional &r doping is supported
by energy level calculations in the angular overlap m8deding
ligand field parameters extrapolated from CiQ¥s3* (10Dq
=17 400 cm?, B=695cnr?!, C=4B, andl = 197 cnr1)1922
approximating the oxygen ligands as purelydonors. Figure
3B shows the results of energy level calculations foP™Cr
substituting at the T site with three different coordination
environments: (i) 6-coordinate &, (i) 5-coordinate Ct* with
an axial oxygen missing, and (iii) 5-coordinate3Cwith an

equatorial oxygen missing. Ligand field transition intensities

are represented as tHE character of the excited state wave
function. Only the energies calculated for 6-coordinaté"Cr

agree well with the data. Importantly, this analysis demonstrates

that charge compensation does not involve dopant clustering.
The ues for the C&*:TiO, nanorods, 4.1xg/Co?™, is in close
agreement with that obtained on the isolated spherical nanoc-
rystals (4.2ug/Cc?")1? and is consistent with high-spin €o

in a low-symmetry split'T; (“E, D2g) ground state. Surface-
capped C&":TiO, and CP":TiO, nanorods are therefore
guantitatively paramagnetic, showing no evidence of super-
paramagnetism or ferromagnetism.

IV.C. Activating Ferromagnetism. We now consider the
three hypotheses for ferromagnetic activation described in the
Introduction.

IV.C.i. Domain Volumes. The volumes of the ferromagnetic
domains in C&":TiO, films made from spherical nanocrystals
(Figure 5C) can be roughly estimated by fitting the 300 K
ferromagnetic saturation data to a hypothetical spin-state using
the Brillouin function (eq 1). Best fits to these data (not shown)
yield effective spin states 6$5000, or~3300 C@* ions. This
value is likely not very accurate, but it provides an order of
magnitude estimate of the number dopants involved in the
ferromagnetic domain®. This estimate is far too large to be
consistent with ferromagnetism in individual 5 nm diameter
spherical 4% C®%:TiO, nanocrystals, which have on average
only ~80 Cd' ions per particle. This comparison suggests
participation of~40 or more 4% C®&:TiO, nanocrystals in a
single ferromagnetic domain. From the mean nanorod dimen-
sions in Figue 1 C and D, and the mean €oconcentration
(4%), an average 02000 C&" ions per Cé":TiO, nanorod
is estimated. Since the number of dopants per rod is on the
same order of magnitude as the number of dopants in a
ferromagnetic domain, these nanorods should be sufficiently
large for cooperative magnetic ordering if hypothesis (1) were
correct. From the powder susceptibility of the isolated
Cc?*:TiO, and CP*:TiO, nanorods (Figure 4) it is clear that
no cooperative magnetic effects (i.e., superparamagnetism or
ferromagnetism) exist in the individual nanorods themselves.
This conclusion is of primary interest to the field of spintronics
since it demonstrates that successful homogeneous incorporation
of transition metal dopants onto the*Tication sites in anatase
TiO, is not itself sufficient to generate ferromagnetism. Ad-
ditional electronic or structural factors are required. From this,
we conclude that hypothesis (1) is incorrect.

IV.C.ii. Thermal Annealing. Thermal annealing has been

that charge compensation does not involve the loss of 0xo anionsgpawn to enhance ferromagnetism in a vacuum-deposited

in the first coordination sphere of the €rdopants.
The S = 3/, ground states of Gt and C@" are verified by

guantitative variable temperature magnetic data collected on the

isolated Cé":TiO, and CPE™:TiO, nanorods (Figure 4). The
effective magnetic momentu) for the CE*:TiO, nanorods is

Ca?":TiO; films® or to activate it in spin-coated nanocrystalfibe

or sol-geP* films of TM™:TiO,. Thermal annealing under
reductive conditions at elevated temperatures has also been
found to cause migration of Cb within the TiO, matrix,” in
some cases forming segregated precipitafiesinvestigate the

nearly temperature independent between 300 and 40 K ata valuggjg of annealing, as well as the potential for dopant migration

of 3.8 ug/Cr*, very close to the spin-only value predicted for
aS=3,ion (3.87us/Cr?"). The close adherence to the spin-

within the nanocrystalline host, the 4.0% €O, nanorods
were annealed as colloids in pure TOPO at 250, 300, and 320

only effective magnetic moment is a direct result of the absence o~ e highest of these temperatures is very similar to that

of orbital angular momentum in thf&, ground state of Cr,

(19) Figgis, B. N.; Hitchman, M. ALigand Field Theory and its Applications
Wiley: New York, 2000.

(20) lkebe, M.; Miyako, Y.; Date, MJpn. J. Appl. Phys1969 26, 43.

(21) Bendix, JLIGFIELD, version 0.8x; Copenhagen, Denmark, 1994.

(22) Lever, A. B. PInorganic Electronic Spectroscopgnd ed.; Elsevier Science
Publishers: Amsterdam, 1984; Rahman, H.JUNat. Sci. Math2000
40, 1.
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used for the spin-coat processing, where ferromagnetism was

(23) For comparison, ferromagneti& Cc@*:TiO, anatase islands have been
prepared by OPA-MBE.The smallest of these ferromagnetic islands are
~44 nm in diameter and 7 nm in height and have 5, from which the
domains are estimated to contairi5 000 C8" ions.

(24) Suryanarayanan, R.; Naik, V. M.; Kharel, P.; Talagala, P.; Naik].R.
Phys.: Condens. Matte2005 17, 755.
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observed. If C&" ions were mobile in Ti@at these tempera- by considering the chemical composition of the nanocrystalline
tures, C8" migration to the nanocrystalline surfaces would surfaces prior to aggregation. Oleic acid has been shown to
occur readily since the distance from the center of@&nm coordinate to TiQnanorods by a chelating bidentate interaction
diameter nanorod to the surface is less than only 8 unit cells. of the —COO™ group to a Tt -rich surface'® Upon aggregation,
Once at the surface, rapid TOPO ligand exchange would occur,this metal-rich surface presents a deficiency of lattiée iOns,
removing the C&" from the surface as demonstrated pre- leading to a concentration of charged oxygen vacancigs JO
viously 122527 The constant Cd concentration observed during  at the nanocrystalline fusion interfac®3WVe propose that the
these experiments even over extended anneal times (Figure 6generation of interfacial @~ is the key microscopic perturbation
up to 40 h anneal times) strongly argues that transition metal occurring during aggregation that transforms paramagnetic
dopants are not mobile in the anatase host lattice under theTM"™:TiO, (TM2" = Cc*" or Ci¥") into its ferromagnetic phase.
conditions used for the spin coat processing (360<3 min Aerobic spin coating and annealing activates ferromagnetism
anneal times) to activate ferromagnetism. The absence ofin Co*":TiO, nanorods to yields(300 K) values several orders
ferromagnetism after colloid annealing (Figure 7) indicates that magnitude larger than those observed upon passive aggregation
thermal migration of oxygen vacancies or other defects is also (0.069 vs 0.000&s/Cc?*). This enhancement is attributed to a
not the key requirement for ferromagnetism. greater concentration of interfacial defects created during the

To determine whether these €dliO, nanorods were rapid thermal annealing of the spin-coating process than are
fundamentally changed by colloidal annealing, films of the formed by passive low-temperature aggregation. The importance
annealed nanorods were prepared by spin coating as describedf interfacial defects is apparent from the fact that the average
above. The resulting ferromagnetic saturation moments agreed300 K saturation moment for spin-coated films prepared from
well with those obtained from unannealed?€diO, nanorods nanocrystals is-14 times greater than that for films made from
(Figure 5A, see the Supporting Information). This result nanorods of nearly equivalent composition (3%¢C®iO,, 1.0
demonstrates that colloid annealing did not alter the nanorodsvs 0.069ug/Co?™), with the highest momentM«(300 K) = 1.9
themselves in any way that would prohibit activation of s/Cc?*) exceeding those grown by vacuum deposition methods.
ferromagnetism during the spin-coating procedure and also This trend is also observed in the 25 aggregation experiments
indicates that the paramagnetic-to-ferromagnetic activation (Figure 6,M(300 K) = 0.0015 (nanocrystals) vs 0.0003/
mechanism is not critically dependent upon the identity of the co2+ (nanorods)) and appears to be general for these oxide
surface-capping ligand (OA vs TOPO, see ref 28). Combined, DMSs. The greater saturation moments found for films made
these experiments show that thermal annealing alone does notrom nanocrystals than from nanorods can be directly related
activate ferromagnetism and that hypothesis (2) is thereby o their different surface area/volume (SA/vol) ratios. For
Incorrect. instance a 6 nm x 56 nm nanorod (Figure 1) has a SA/vol

IV.C.iii. Interfacial Fusion Defects. Donor type defects such  ratio of ~0.67 nnt?, while a 5 nmdiameter spherical nano-
as oxygen vacancies,,O, have been proposed to be key crystal has a SA/vol of1.2 nnT?. The greater SA/vol ratio of
elements necessary for ferromagnetism in transition metal-dopedihe nanocrystals increases the probability of forming interfacial
TiO,.101L1Correlations between conductivity (presumably due gefects (per unit volume), resulting in greads values. The
to Q") and ferromagnetism have been reportedithough a  hanocrystals also have a larger fraction of higher surface free
recent report on highly insulating €aTiO has suggested that  gnergy (001) faceté per unit volume than the nanorods, which
O~ at some unknown concentration may yield ferromagnetism may promote the formation of high-energy grain boundary
without electrical conductivity.Aerobic aggregation has been  jefacts upon interfacial fusion. It is this difference in surface
shown to activate higfic ferromagnetlsm_ in nanocrystals of  .q energy between the (101) and (001) facets that gives rise
doped ZnO DMS¥ #through the generation of n-type defects 1, e anisotropic growth of the nanorods (Figures 1 and 2).
at mterfac!a! _fu5|on boundaries be_twee_n ad]acgnt n_anocrystals. Figure 8 shows that in addition to surface area, the magnitude
Th? possibility th"?‘t ferromagnet|sm in TMTIO, is also of Ms can be controlled by the time that the spin-coated film is
actlvated. by the introduction .Of donor type defects UPON annealed under aerobic conditions. Given the association of
a?%izgﬂl'_?g hﬁs:e:arétestﬁg ?15'29 I?w;t?m?r:ar;ture gggr:egat'?'&ctivated ferromagnetism with interfacial fusion defects, the
gurface .protéctiﬁgog?ousps Thofgr?\(;vg;kaz 300 Kefearlrosrﬁa(g:?leﬁc initial rise in Mg(300 K) is attributed to the formation of fusion

) ' defects, whereas its decline at longer times is attributed to

saturation moment is readily observed in the aggregated S . .
Co*™:TiO, nanorods, and a larger moment is observed in passivation of these defgcts, mo;tllkely .by atmosphe.rlc oxygen
aggregated Co:TiO, nanocrystals (Figure 7). From these data, or wa_ter from the aerobic annealln_g enwron_ment. This conclu_—
we conclude that the primary mechanism for ferromagnetic sion 1S supp_orted_ by th_e dec_regsmg electrical C(_)nductan_ce n
activation in our C&"TiO, samples is interfacial defect nanocr_ystallme T'@(”.JF"G) thin f"T"S. observed with aerobic
formation during nanocrystal aggregation and, hence, that anqeallng under cond_ltlorls very S|m|!arto tho_se used here, also
attributed to the passivation of electrically activg"Oshallow

hypothesis (3) is correct. 1 . -
Insight into the identity of the defects generated in nano- _donors?_ We t_herefore conclude that h'gh’. fe_rromagnetlsm
is an intrinsic property of the nonstoichiometric DMSs

crystalline TiQ aggregates and spin-coated films can be gained TMTiOp_s (TM™ = Ce2* or CR*), which are themselves

(25) Norberg, N. S.; Kittilstved, K. R.; Amonette, J. E.; Kukkadapu, R. K; extrinsic semiconductors.

Schwartz, D. A.; Gamelin, D. Rl. Am. Chem. SoQ004 126, 9387. i i i i i i
(26) Schwartz, D. A~ Norberg. N. S.. Nouyen. O, bo parker-a. M- Gamelin, | The proposed actlvathn/dgactlvatlon process is summgrlzed
D. R. J. Am. ChemSoc.2003 125, 13205. in Scheme 1. As shown in Figures 4 and 7, surface-passivated
(27) Schwartz, D. A; Kittilstved, K. R.; Gamelin, D. Rppl. Phys. Lett2004
85, 1395. (30) Kofstad, P.Nonstoichiometry, Diffusion, and Electrical Condudty in
(28) Kittilstved, K. R.; Gamelin, D. RJ. Am. Chem. SoQ005 127, 5292. Binary Metal OxidesWiley: New York, 1972.
(29) Radovanovic, P. V.; Gamelin, D. Rhys. Re. Lett. 2003 91, 157202. (31) Rothschild, A.; Komem, Y.; Cosandey, lterface Sci2002 9, 157.
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Scheme 1 in regulating the ferromagnetism of oxide DMSs than is
currently appreciated. For example, thin film/substrate interfaces
have been suggested to be a source of ferromagnetism TM/
SnG (TM = Mn, Co, Fe)t* but ferromagnetism is not actually
observed in this same lattice without magnetic dopants. Simi-
larly, saturation moments of chromium-doped Srikn films
reportedly vary by over a factor of 20 depending on the identity
of the substrate (LaAl®versus SrTi@), despite the absence

of significant differences in epitaxial strain (evidenced by lattice
parameters)? Our data suggest that in these cases, too, charged
grain boundary (or analogous) defects may play important roles
as activators of ferromagnetic transition metal exchange cou-
pling. As such, the critical roles played by these lattice defects
may likely be responsible for some of the confusing disparities

I N HP in magnetism that have been reported for otherwise seemingly
X B i 20 identical oxide diluted magnetic semiconductbs?

:g "“,._ F =] H E

B 2 5 |a F P e V. Conclusion

3 a2l.38 €llz S : : . : :

9 & &*{ ‘§ g grromagn P The central conclusion of this study is that crystalline domain

2 2= HIE Paramag“-; E size, thermal annealing, and dopant or defect migration are not

= E B é the dominating factors contributing to the conversion of doped

§ AlyC ; 3 TiO2 nanocrystals from the paramagnetic state to the ferromag-

™ concentration, x netic state. The most important factor for activating ferromag-
netism in nanocrystalline TM:TiO, (TM™ = Cc?" or CrP")

TM™:TiO, nanorods are paramagnetic (A), lacking the neces- is the creation of grain boundary defects, proposed to be oxygen

sary defects capable of mediating ferromagnetism. The Spin_vacancies at nanocrystal fusion interfaces. These defects are
coating/annealing process creates interfacial defects whose radiPass'V?ted "wd the fekr]romagnﬁtlsmhdestroyed t_)y further aerob||(|:
are sufficiently large to overlap many dopant ions as well as annfealn%. e emphasize t alf l:t) ?Se (:]xperlment_s wgre a
adjacent defects, causing a net alignment of the dopant sping?€"formed at temperatures well below those causing dopant
following the bound magnetic polaron (BMP) mechanism mlgratllon. in TQ. The resultg presenFed |n.th|s study prowde
(B).1#32This conclusion is supported by the data in Figures 5, 'r|]'§/|V:+-l|[]'?)|gr|])t§/|s"f]to the m'PrOS(;Op'C. or|g|r1_s |0f rt]tlght

7, and 8. Additional aerobic heating passivates the interfacial 1152 erromagnetism, drawing particular attention

defects, returning the sintered ferromagnetic nanorods to their®© the general importance of nonstoichiometric grain boundary

paramagnetic phase (C). The lower part of Scheme 1 shows adefects in this class of materials. Finally, these results suggest

magnetic phase diagram (adapted from ref 14) in which the approaches to manipulating higieDMS ferromagnetism using
volumetric extent of the defect hydrogenic wave functiph external chemical perturbations that will help guide experiments
multiplied by the nonstoichiometric defect concentratidnls, aimed _at introducing appropriate d(_afects into cqlloidal_ 10
plotted versus the dopant concentratinnSincey? is constant DMSs in order to form ferromagnetic DMS colloids suitable

for a given defect and is constant for samples made from the for nanospintronics applications.
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