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ABSTRACT

It is hypothesized that a highly ordered, relatively defect-free dilute magnetic semiconductor system should act as a weak ferromagnet.
Transition-metal-doped ZnO nanowires, being single crystalline, single domain, and single phase, are used here as a model system for probing
the local dopant coordination environments using X-ray absorption spectroscopy and diffraction. Our X-ray spectroscopic data clearly show

that the dopant resides in a uniform environment, and that the doping does not induce a large degree of disorder in the nanowires. This
homogeneous nature of the doping inside the oxide matrix correlates well with observed weakly ferromagnetic behavior of the nanowires.

Dilute magnetic semiconductors are of great current researchof experiments have been conducted previously on bulk and
interest owing to their novel magnetic properties. These thin film systems of DMS materiafs;*? very few studies
materials are envisioned to have potential use in so-calledon one-dimensional nanostructures of transition-metal (TM)-
“spintronic” devices, in which one seeks to control both the doped semiconductors have been reported. In this Letter, we
charge and spin degrees of freedom of the electron; a fewreport results of a detailed structural analysis on TM-doped
such prototypical devices are already in existelfdeespite (Co and Mn) ZnO nanowires grown by a novel solution-
improvements in device fabrication, the fundamental ques- based synthesis, and we correlate these findings with the
tions regarding the origins of the magnetic behavior in dilute magnetic properties of the nanowir@hese transition-metal-
magnetic semiconducting (DMS) systems remain unsatis-doped ZnO nanowires, being single crystalline, single
factorily answered. It is known that much of the controversy domain, and single phase, seras an excellent model system
has stemmed from the fact that clustering or phase separatiorfor probing the local dopant coordination eifonments and

of the magnetic dopant ions can result in magnetic data thatiheir correlation with magnetic propertieXRD, micro-

iS misleading or UnreliablﬁS Even in SyS'[emS that appear extended X_ray absorption ﬁne structure Spectrosc@py (
to be quite pure, reported magnetic behavior can vary widely, ExAFS), as well as high-resolution imaging combined with
ranging from room-temperature ferromagnefisto no near-edge X-ray absorption fine structure (NEXAFS) spec-
magnetic ordering at all® This variance in magnetism is troscopy using scanning transmission X-ray microscopy
attributed to the multitude of synthetic methods used for the (STXM), were conducted at the Advanced Light Source
production of DMS materials, which can result in differences (ALS) at Lawrence Berkeley National Laboratory.

in dopant environment, structural disorder, or carrier con-
centration. Therefore, to extract the most accurate information
from any magnetic data on a DMS material, it is vital to
perform a rigorous structural characterization.

A combination of X-ray spectro-microscopy and X-ray
diffraction (XRD) techniques can provide excellent insight
into the structure of a DMS system, down to the local
environment of the magnetic cation. Although these types

The TM-doped nanowires used in this study were syn-
thesized as previously report&Zinc acetate and the desired
TM(Il) acetate were dissolved in trioctylamine at 310
and reacted for 3 h. The nanowires had uniform diameters
of 35+ 5 nm, and lengths ranging from 2 tq:n, depending
on the type and amount of TM dopant. Average dopant
concentrations were determined by energy-dispersive X-ray
spectroscopy (EDX) in a Philips CM200 transmission
T Department of Chemistry. University of California electron microscope. T_he standard deviations in dopant
# Advanced Light Source. ' concentration were con3|stent+39—10% o_f the mean value.

8 Material Sciences Division, Lawrence Berkeley National Laboratory. \We also observed no lateral or longitudinal dopant concen-
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Figure 1. (A) M—H plot of 11.34% Co-dopedl, left axis) and Figure 2. (A) STXM image of Zn_,Co,0 nanowire bundles; =
3.84% Mn-doped4, right axis) nanowires at 300 K. Insek—T 0.0671. Transmission image obtained at Getige (778 eV). (B)
plot at 500 G. Co elemental map, obtained from difference of optical density (OD)

. . . . images recorded at 778 and 765 eV on akefC) STXM image
tration gradient by EDX in any of the nanowire sampfes.  of a larger dispersion of the nanowire sample, taken at the £o L
The nanowire magnetic properties were measured in powderedge. Circled areas denote “bundle” Co NEXAFS spectra, diamond
form using a SQUID magnetometer (Quantum Design arrows o!enote “trunk” spectra, and pointed arrows denote_“wire”
MPMS XL); the results are displayed in Figure 1. Both the SPectra in (D). (E) NEXAFS spectra for a ZgMnO nanowire

. . sample;x = 0.0312.

Co and Mn-doped wires can be described as weak ferro-
magnets with an additional paramagnetic component. EachThe peak positions and the line shape of the spectra depend
sample, regardless of dopant concentration, exhibits a smallon the local electronic structure of the Co ion, providing
hysteresis near the origin, but at higher applied fields, information on the valence state and the site symmetry. The
paramagnetic behavior is observed, as evidenced by the lineao L, s lines are separated by the large 2p ednele spin-
shape of the M-H curve. Temperature-dependent magne- orbit interaction, and the coréhole lifetime broadening is
tization measurements support the idea of the nanowiressmall, resulting in sharp multiplet structures. No energy shift
possessing paramagnetic and ferromagnetic components, witlis observed in the absorption edges between the precursor
one dominating over the other at different temperatures. and the nanowires, which indicates that the Co cations in

To characterize the local environment and distribution of the nanowires are divalent. Also, the acetate has a sharp
the dopant in the nanowires, we performed STXM-based preedge feature at thezledge, which is missing in the
NEXAFS spectroscopy at ALS Beamline 11.¢2High- nanowires. This preedge feature has been attributed to the
resolution imaging {40 nm spatial resolution) was carried presence of an inversion centénve thus see that the TM
out at the TM L; 3 edges with a theoretical spectral resolution coordination in the nanowire is not octahedral, unlike in the
of 0.1 eV. Differences of optical density images, recorded precursor. A tetrahedral coordination is readily confirmed
at energies below and at the relevant absorption edge, wereby electronic absorption or photoluminescence spectro-
used to derive elemental maffsSeries of transmission  scopyi®'820as well as the EXAFS measurements discussed
images were acquired across the Thikedges and NEXAFS  below. Finally, we observe identical NEXAFS transmission
spectra were extracted from various regions of interest onspectra whether we collect from the trunk region of the
the doped nanowires using the aXis-2000 softwérggure nanowire bundles or the individual nanowires themselves,
2A,B shows a transmission image along with the corre- regardless of the concentration or identity of the dopant. This
sponding elemental map obtained on 3 2600 nanowire suggests that there is no significant variance in dopant
sample. In all cases, we observed a uniform X-ray absorptionenvironment throughout the nanowires, which is reasonable
signal, both across several nanowire bundles as well as withinconsidering observations during nanowire growth=or
a single bundle, implying that the dopant is very evenly example, early in the Co-doped nanowire synthesis, the
distributed throughout the nanowire sample, which is con- solution turns royal blue as the precursors dissolve, which
sistent with our previous EDX observatiolsDifferences is characteristic of the Cbion in tetrahedral coordinatiof.
in intensity can be attributed to the varying thickness of the It seems likely then, as the zinc acetate precursor decomposes
nanowire sample; this is a consequence of the growthand forms ZnO, that the TM ions are captured into the
mechanism, which features several nanowires growing in agrowing crystal lattice and retain their tetrahedral geometry
pan-pipe geometry from a common, thicker hexagonal Hase. in the wurtzite crystal structure. However, with this method

Figure 2D shows the cobalt NEXAFS spectra obtained alone, we cannot exclude the possibility of very small
from various regions in the nanowire samples (Figure 2C), amounts of dopants residing in coordination environments
along with that of the cobalt precursor, cobalt(ll) acetate. other than tetrahedral, particularly on the surface of the
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3.256+ 15212 ZnO. For the case of 2n,Mn,0, there is an expansion in
¢ . the lattice constant, as would be expected with the substitu-
3.255 4 . i - tion of the larger MA* cation (~0.66 A) for the ZA#* cation
A * - (~0.60 A). The case of Zn,Co0, however, is more unusual
N 15210 in that although thec parameter shrinks, tha lattice
3.254 T i i i é 4 parameter expands. As &ois a smaller cation+40.56 A)
9% Mn than Zritt, one would expect lattice contraction to occur. This

anomalous lattice expansion in ZRCoO has been previ-
Figure 3. Lattice constants for (A) Zn,Co0 and (B) Zn—,Mn,O ously reported in studies of bulk ZrCoO powders? where
nanowires. Square markers correspond to dhearameter, and  the expansion of tha lattice parameter was attributed to
triangle markers correspond to theparameter. possible interstitial coordination of €bdopant cations. In
our case, itis also possible that the doping induces a localized

nanowires. The role of surface dopants on the magnetic distortion of the lattice around the dopant. To explore these
properties of DMS materials is not clearly defined and possibilities, we performed K-edge EXAFS spectroscopy at
remains an area of active debate. Although we know from ALS Beamline 10.3.23
previous studies that the TM dopants do not accumulate at A series of EXAFS absorption spectra was collected at
the nanowire surfac¥, the transmission geometry of the the TM K-edges using a beam spot size gifh x 5 um.
NEXAFS experiment makes it impossible to distinguish The EXAFS spectra were background substracted and
between a TM dopant on the surface and one in the interior normalized using ATHENA?* The k>weighted EXAFS
of the nanowire. spectra were Fourier transformed with a KaisBessel

NEXAFS measurements can provide information such as window to real (R) space; the results are displayed in Figure
dopant oxidation state and crystal field in the nanowires with 4. In all cases, the Fourier transforms are similar in
excellent resolution, but they cannot detect subtle differencesappearance, with no extraneous peaks or changes in peak
in the environment around the dopant, such as lattice position as the dopant concentration increases. Additionally,
distortion. To investigate this possibility, we conducted XRD we are able to observe at least four coordination shells
measurements at ALS Beamline 11.3.1. The nanowires werecontributing to the EXAFS. The spectra suggest that the
isolated as a powder sample and mixed with silicon powder doped nanowires are a highly ordered system, without a high
(NIST 660b) to provide internal calibration. Diffraction level of dopant-induced defects, even at very high TM
patterns were recorded in transmission mode using anconcentrations. The EXAFS spectra were modeled theoreti-
incident photon energy of 17 keM & 0.73 A). The Bragg cally using FEFF 8.0 within the modeling program ARTE-
peaks were fitted to Pearson-VII functions, and the lattice MIS.?* The model used was the standard wurtzite structure
constants were calculated from a least-squares analysis obf ZnO, with the central atom changed to the appropriate
the Bragg peak positions. Figure 3 shows the variation of transition metal. The lattice parameters used were those
the nanowire lattice constant as a function of TM concentra- extracted from the XRD experiments. Alternate values of
tion. In all cases, the only observed phase was that of wurtziteand ¢, such as those from literature or a differently doped
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effect on magnetic propertiés.?’ Theoretical studies predict

Table 1. EXAFS Fitting Parametets that a highly ordered, relatively defect-free DMS system will

sample 11.34% Co 11.34% Co 3.84% Mn 3.84% Mn i
spoctram  CoKeodgo  ZnKeodge  Mn Kedge Zn K-edge act as a weak ferromagn@t.Accordlng to the bound
R-factor  0.0062 0.0074 0.0092 0.0076 magnetic polaron theorp,the spins of the magnetic transi-
RMZQOL(‘;) 1.942 + 0.005 1.930 + 0.004 1.999 + 0.008 1.932 & 0.005 tion metal cations are aligned by the spins of carriers
Ry os(A)  1.977 + 0.005 1.965 & 0.005 2.035 & 0.008 1.967 = 0.005 localized on lattice defects. If the defect density is low
N=3 relative to the TM dopant concentration, as our experiments
P an () 3:208 £ 0.004 3.201 £ 0.004 3219 + 0.006 3.205 % 0.004 indicate, the degree of magnetic ordering will also be low.
Ry-mz(A)  3.246 + 0.004 3.245 + 0.004 3.264 + 0.006 3.247 + 0.004 This is precisely what we have observed in our magnetic
N=6 measurements. The spins that do not participate in ferro-
0%0(1073A% 2.87+1.07 471+£130 3.41+122 5.01+149 ) ) . .
0?m(1034A%) 803+ 083 842+095 8.65+1.04 907+ 098 magnetic ordering could act as simple paramagnets if they

ab . . . are sufficiently isolated, or they could be paired antiferro-
R is the distance from the absorbing atom to an oxygen or cation . : . .

neighbor 2 is the mean-square displacement of the scattering atoms. The Magnetically if two of them are in close proximity.
degeneraciedl were held constant. First-principles calculatiorf show that paired magnetic
cations in ZR—xCo0 tend to align antiferromagnetically in
the absence of any other influence. Increasing the level of
dopant concentration in our nanowires does not produce a
concurrent increase in defect density, as shown by the
EXAFS. As higher levels of magnetic cations are doped into
the nanowires without a significant increase in the defect
density, there will likely be a greater number of antiferro-
magnetic pairs of cations, which would cause a drop in the

nanowire sample, consistently resulted in lower-quality fits.
Fitting was restricted to the first two coordination shells, in
the range from 1.0 to 3.4 A, andkerange from 2.5 to 11.0
A-1L

Table 1 lists the calculated nearest-neighbor distances from
fits of both the TM K-edge spectra and the Zn K-edge spectra
(not shown). The concentration of dopant in the nanowires

did ot greatly affect the calculated distance®.01 A across overall magnetic moment per dopant in the nanowires. This

concentrations), but there are significant changes in distance .o oy aily been repeatedly observed in our concentration
between the Co-doped and the Mn-doped nanowires. In thedependent magnetic measurements, for both Co- and Mn-
Mn-doped wires, there is a significant expansion in the doped wires '

Mn—O first shell distance compared to the-Z@ distance. ) _ .
Our detailed structural analysis allows for a direct cor-

This is reasonable given the relative sizes of the cations and lation between the local atomic struct ¢ 2 DMS material
is consistent with the expansion of the lattice parameters we'® 3 I'(tm € eet.” € ocat- a or\r/vc Sf rléctzr? ora i r(lea enetl
observed from XRD. The Co-doped nanowires also show and Its magnetic properties. e find that magnetc dopants

are homogeneously distributed within our single crystalline,

an increase in the CeO distance relative to the 210 X : ; .

distance, although the magnitude of this increase is not assmgle_phgse Zn0 nanowires and adopt a h_|ghly uniform local

large as in the Mn-doped wires. Additionally, the second- coord|r_1at|on e.n\./lronment. These tr'ansmonjmetal-'doped

shell distances in the Co-doped wires are similar when nanowires eXh'p't. weak ferroma'gnet'lsm, which validates

calculated from either the Co K-edge or the Zn K-edge, theoretical predlctlor_ls of magnetism n TM-doped ZnO. A.
thorough understanding of the correlation between the atomic

whereas this is not the case in the Mn-doped wires. This ruct f the DMS material d thei " "
suggests that the TM dopant induces a local lattice distortion structures ot the matenals and their magnetic properties
should provide important insights on the high-temperature

that is compensated by the surrounding atoms, and that this o . .
distortion is greater for the Mn-doped nanowires. It is unclear ferromagnetism in these transition-metal-doped oxide sys-
if the amount of distortion or the average bond distance varies ems.
in different sections of the nanowire (i.e., the “trunk” or
“wire” regions as defined above), as our EXAFS data, which
represent an average over a macroscopic volume of nanow
ires, cannot satisfactorily address this issue. The difference
in the distortion between different TM dopants could also
explain why wires with Co concentration exceeding ten
atomic percent can be readily synthesized, but the maximum
attainable Mn concentration in our nanowires is under four
atomic percent. Nevertheless, the EXAFS analysis suggest
that any lattice distortions in the TM-doped nanowires are
confined locally around the dopants, with no widespread, 05CH11231.
systematic defects arising in the ZnO lattice due to TM
doping.

These observations concerning the local structure and 8 Eﬁ:ﬁ%‘gxi % ‘ZttZ“E‘ZEOMLE:SE%%(%453'2€29-
environment of the dopant have important consequences (3) kyndaliya, D. C.; et alNat. Mater.2004 3, 709.
regarding the observed magnetic properties of the nanowires. (4) Park, J. H.; et alAppl. Phys. Lett2004 84, 1338.
It has been shown for DMS systems that the amount of (3) Kim, J-hH-i et al.J. Eur. Ceram. S0c2004 24v|18‘:]7-
structural disorder, both locally around the dopant and © 52’22;;‘”““”' =i Tiwarl, A NarayanAppl. Phys. Leti2004
throughout the entire semiconductor, can have a profound (7) Jedrecy, N.; et aPhys. Re. B 2004 69, 41308.
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