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Ratio of orbital-to-spin magnetic moment in Co core-shell nanoparticles
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Arrays of monodisperse colloidal 11.4-nm Co nanoparticles were investigated by multifrequency ferromag-
netic resonance and x-ray magnetic circular dichraixMCD). The ratio of orbital-to-spin magnetic moment
ML/M§ﬁ=O.24i 0.06 determined by XMCD is 300% enhanced in comparison to the ratio obtained from a
g-factor analysis which yieldg=2.150+0.015 corresponding tmL/M§“=O.O75tO.008 (bulk fcc Co
#L/ﬂgﬁzo.os;). We show that the difference can be explained by the presence of uncompensated Co magnetic
moments at the interface to a 2—2.5-nm CoO shell surrounding a metallic fcc-like Co core. This magnetic
analysis is confirmed by high-resolution transmission electron microscopy.
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Magnetic nanoscale particlésNPs) with a narrow size  XMCD the temperature-independent ratio can be determined
distribution and diameters in the range of 4 to 15 nm havaising magneto-optical sum rul&Usually the determina-
attracted much experimental effort recentbee, e.g., Refs. tion of the g factor based on FMR measurements is very
1-6). Wet-chemical synthesis methods yield magneticcomplicated due to large intrinsic magnetic anisotropy fields
spherical nanoparticles in large quantities with a controlledvhich are temperature dependéfit'® In ensembles of su-
composition and diameter, with a narrow size distributionperparamagnetic nanoparticles above their blocking tempera-
and with ultrahigh purity. Colloidal magnetic particles, suchture, however, the intrinsic magnetic fields become negligi-
as FePt or Co, covered with a ligand shell of long-chainbly small due to thermal fluctuations. A straightforwagd
hydrocarbons, for example, have been studied extensively biactor analysis in terms of the paramagnetic resonance con-
many group$=*® The ligand shell of organic materials dition becomes possible.
around the particles has been considered to act as a protec-In the following we present structural and magnetic re-
tive shell against the oxidation of the metallic core. sults on highly monodisperse colloidal Co nanoparticles with

In MNPs the interaction of the orbitaj( ) and spin fg) 11.4-nm diameter and a size deviation of less than 5%. It is
parts of the total magnetic moment = us+ 1) becomes demonstrated by high-resolution transmission electron mi-
important due to the unquenching of the orbital magneticcroscopy (HR-TEM) that the nominally metallic particles
moment at the surface and in noncubic crystal structures. Theonsist of an fcc-like metallic core with a thin passivating fcc
surface contribution becomes especially important in MNPsCoO layer embedded in a hydrocarbon corona. Using the
For example, 50% of all atoms in a sample consisting ofcomplimentary techniques of FMR/EPR and XMCD we find
nanoparticles of 3-nm diameter are surface atoms. Furthee large enhancement of orbital magnetic moment at the
more, due to this large ratio of surface-to-volume atoms the&trained interface between the antiferromagnetic CoO shell
effective magnetic anisotropy energy densitief) is (2-2.5 nm and the metallic ferromagnetic Co co(é-8
strongly influenced by the surface conditions. nm). Despite the large mismatch at the interface the core

Ferromagnetic resonan¢EMR), paramagnetic resonance shows a fcc structure with a bulklike ratio of orbital-to-spin
(EPR), and x-ray magnetic circular dichroisfXMCD) are  magnetic moment.
the methods of choice to study the effects of orbital magne- Highly monodisperse Co MNPs were prepared by the
tism in monodisperse nanoparticles with different depth resothermal decomposition of dicobaltoctacarbofpglo,(CO)s]
lutions. Combining EPR/FMR which has a sampling depthin toluene as described previoudy*” A concentrated
of several tens of nanometers at resonance—thus measurit@uene-based Co nanoparticle solution remains chemically
all of the nanoparticle—and XMCD which has a samplingand magnetically stable for at least one year when stored in
depth of 2 to 3 nm in total electron yield mode allows thean oxygen-free atmosphere. For all magnetic and structural
investigation of shell and core magnetism in 10—15-nm-nvestigations the arrays of particles were dried on flat sub-
diameter particles. In @ elements the spectroscopg  strates (FMR: Si, XMCD: Mo, TEM: carbon-coated Cu
factor! which is measured by EPR/FMR is proportional to grid). The different substrates for the different techniques
the ratio of the orbital-to-spin magnetic moment/us. In - were chosen for technical reasons and had no influence on
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the results discussed below. The crystallographic structure 6 v m v T g
and chemical composition of individual Co MNPs were de- n - - - asprepared |
termined by HR-TEM, selected area electron diffraction '\ —— Ar'-etched |

(SAED), and electron energy-loss spectroscaBELS).'8

The magnetic properties of the arrays of Co MNPs were
characterized by superconducting quantum interference de-
vice (SQUID) magnetometry, FMR, and XMCD. FMR was
measured at three frequencies of 9.8, 35.7, and 69.7 GHz at
room temperature. For all microwave frequencies absorption
spectra were recorded with the external magnetic field ap-
plied in the film plane and normal to the film plane. X-ray-
absorption spectroscogXAS) and XMCD of arrays of Co
MNPs at the Co L3 edges were measured at beam line
D1011 at the MAX-Laboratory synchrotron facility in Lund,
Sweden. The XAS spectra were taken with linear polarized
light in the total electron yield mode at normal incidence.
Circular polarized light spectra for XMCD were recorded in
remanence at an angle of 20° with respect to the substrate
plane. Angular-dependent spect@20°—909 were recorded,
confirming the in-plane easy axis of magnetization. No per- (b)

pendicular magnetic component was found. The magnetiza- 760 7;30 860
tion was reversed by pulses of 50 mT applied in the film

plane. All spectra were normalized by Bysignal taken with Photon Energy (eV)
a gold grid. We deduced the ratio of orbital-to-spin magnetic
moment by a standard procedure employing the sum rules
d.escrlbed eIseWh_ellé'.lg For. the XAS z_ind X.MCD Investiga-  jitrerence spectrurfleft scalg and its integratioriright scale of an
tloqs the Co co'IIO|daI solution was driexk situonto a clea}n, array of Co MNPs taken &= 170 K and 20° grazing incidence.
polished Mo foil. The concentration was chosen to achieve a

coverage of several m_onolayers of MNPs. The spectra wergs \\nps and the difficulty in averaging the metallic and
recordecLunder ultrahigh vacuum conditioffiase pressure onmetallic contributions. Within the error bar no tempera-
<5X 1Q Pa) between 20 K and 300 K. Core-level SPEC-{/re dependence QiL/Mgff is found.

troscopies were performed for the as-prepared state and after Now we turn to the discussion of the results obtained by

a stepwise Af-ion etching process to remove the Chemicalferromagnetic resonance. Figur@Pshows the FMR spectra
residue due to the magnetorheological deposition. By COMzacorded at 9.8 GHz. 35.7 GHz. and 69.7 GHz with the ex-
parison of TEM images recorded before and after XMCD ' o ! :

i find that neither the si the sh ternal magnetic field applied parallgic) and perpendicular
measurements we Tind that neither the size nor the Shape ) 4 the sample plane. We always find the lower resonance
the MNPs changes because of the heat treatment during t

; - ld B,y in the (po) configuration. It is smaller than the
E?E?SOM(N%O K) or the irradiation by x rays for several paramagnetic resonance fieldy, which shows that there is

. . o n itional intrinsic magnetic fiel n effective in-
The effect of ion etching3 kV, 4 A, 135 min) is shown an additional intrinsic magnetic field due to an effective

P . L . o duced magnetizatioM ¢ and that the easy axis & o is

in Fig. 1(a).f\/t\£]e find trt')at thf white Iln%éﬂtelnzl(')tydwhlch IS a parallel to the sample plane. Using the well-known Kittel
measure of the number ol UNOCCUPIEtnOes ™ ECreases ty\ip aquations for thépc) and (nc) configurations?
continuously up to ion-etching times of 135 min after which

Intensity (arb. units)

S
»

o
2
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Intensity (arb. units)

o
o

FIG. 1. (@ L3, XAS of an array of Co MNPs on a Mo substrate
%efore and after Af-ion etching(3 kV, 4 uA, 135 min. (b) XMCD

no further changes are observed. We note that none of the (0/7)2= B og{Brag+ 47M g Brog)} (1a
spectra reveals a pure metallic character as observed in Co ¢ ¢ e

thin films, for example. Accordingly, in the XMCD analysis IV =Boow — A7 M (B 1b
we took into account contributions from transitions of Co in (@17)=Breq ~4TMer(Bres). (1

a nonmetallic environment as discussed below. we calculateM ¢ by an iterative procedure allowing a slight

Figure Xb) shows a typical result of the 135-min ion- variation of theg factor, g= yA/ug, starting from the fcc
etched Co nanoparticle array at a temperaturgefl70 K.  Co bulk valueg=2.16. This calculation was done for 35.7
For temperatures between 100 K an®20a well-resolved  GHz and 69.7 GHz only, and we fifd .+=67+ 11 mT. For
XMCD signal was observed. Above and below these tem9.8 GHz this calculation is more complicated, becaMkg
peratures no signal was resolved, since either the remanegt not saturated. It changes during the scan of the magnetic
magnetization vanished or the coercive field was larger thafleld as confirmed by SQUID magnetometry. This shows up
the available external fiel(50 mT) for reversal. The ratio of in the spectra at 9.8 GHFig. 2(a)] as a sudden increase of
the orbital-to-spin magnetic momeps, /xS is determined  the absorption at low fields. WitM .4=67+11 mT we cal-
to be 0.24£0.06, that is, 300% enhanced in comparison toculate the corrected resonance fi@lds .o that does not de-
fcc bulk Co (u /u&"=0.08). The rather large error bar is pend onM 4 anymore. For the resonance at 9.8 GHz we had
caused by the low remanent magnetizatdp of the array  to use the corrected valld (B,.d = 0.94M . which was ob-

064424-2



RATIO OF ORBITAL-TO-SPIN MAGNETIC MOMENT IN . .. PHYSICAL REVIEW B68, 064424 (2003

Applied field y H (T) thickness of 1-3 nm. We assume in the following that the Co
2.0 25 particle is covered by a shell of natural CoO and average the
' —pc ] contribution of this shell carrying a large, /us with the
----nc contribution from the bulklike metallic core. By taking into
69.7 GHz | account the exponentally decreasing sampling depth of the

XMCD signal we find for a CoO shell thickness oo

\ =2.5 nm good quantitative agreement to the experimentally
‘\ measured ratio. Hence, the dichroic signal intensity is attenu-
\ ated by the CoO shell and the resulting XMCD difference

\ T signal has a much stronger contribution from the large inter-
face area of Co/CoO than that from the free metallic fcc Co

— L film. In addition, the presence of the CoO shell was also

dy"/ dH (arb. units)

—_ (b) ' ' confirmed by simulating our experimentally measured high-
£ .} . resolution XAS spectrénot shown hergby a superposition

I of Co and oxidic Co reference spectfalhe energy resolu-

3‘ 15F - tion of the spectra shown in Fig.(d is not sufficient for

2 such a curve fitting. However, a rough estimate can be made
8 1o} - for the ion-etched sample by neglecting contributions from
& s B, s-d hybridizations and simulating edges for metallic Co

S osl v B . and CoO by overlapping Gaussian peaks at energies, branch-
(7] res . . . .

K " B ing ratios, and the full width at half maximum taken from the

0.0 L L L literaturé*2® after the subtraction of the step function. By
0 20 40 & fitting the peak heights, which is the only free parameter, we
Microwave frequency (GHz) calculate the contributions from Co and CoO to the total
FIG. 2. (a) FMR absorption curves for three different micro- electron yield to be 43% and 57%, respectively. With the
wave frequencies for pesolid) and nc(dashed configurations at ~ €l€ctron escape deptg,=2.2 nm and\co=3.0 nm and
room temperature(b) Experimental resonance fieldB ¢y , Bres ) the exponential decrease of the XAS sensitffitye find the
as a function of the microwave frequency at 300 K. The resonanc@verage thickness of the CoO shell to be 2.5 nm.
fields Byescor COrrected for the induced magnetization are also Generally, the Co" in antiferromagnet CoO would not
shown(see text The error bars are smaller than the symbol size. show a XMCD signal. In the core-shell structure of our par-
ticles, however, the Co atoms at the Co/CoO interface are
tained by SQUID magnetometry. Thefactor is determined  gisordered and most likely frustrated. Assuming a 2—2.5-nm

by the paramagnetic-resonance conditton=gugBrescor  thick CoO shell and the bulk lattice constéhone finds an
In Fig. 2(b) the experimentally measured resonance fields fo{,neyen number of Co ion layers. In this case Co atoms / ions
the pc and nc configurationBey, Bres) and Brescor@®  \yith oxygen binding partners at the Co/CoO interface exhibit

plotted as a function of microwave frequency. A linear fit uncompensate€‘loose” ) spins. Also the quenching of the
through the three frequencies and the origin yieldsfactor orbital moment in a cubi¢fcc) CoO crystal is lifted due to

of 2.150+0.015, which is very close to the bulk value of fcc the rough and strained interface. The existence of an amor-

Co (g=2.16). Th.e samg factor is obt.alned in parallel ge- rE)hous phase of CoO cannot be excluded and would also give
ometry when using the ferromagnetic-resonance conditior. .
rise to a strongly enhanced orbital moment.

hich yield dratic fit4 ding to Eq(1a). . e
w 'Il?heylfatiz a qtlla efrfa I|(S: giveellqccg;} 3|ng C/’ eﬂ(:(‘)g_z) /2 To confirm the structural and compositional results of the
-0 075450016“\/\/;%] is bulklike Thislfeguslt obtained for magnetic characterization we performed a high-resolution

the same MNPs is in obvious disagreement with the 300%”"”SrniSSion electron microscopy study in the as-prepared
tate. We fin&"?8 that the particle size distribution follows

larger ratio measured by XMCD. This apparent contradictior® e ; X
can be resolved by taking into account the different probingthe log-normal distribution with a m_osf[ probable diameter of
depths of the two techniques. FMR measures the collectivEmp=11.4nm and a standard deviation @=1.2 nm. All
precession of spins in the entire nanoparticle. The total eledt@rticles show a nearly perfect spherical shape. The Co
tron yield mode for XMCD measurements is surface sensiMNPs consist of a metallic Co core, crystallized in the fcc
tive and detects the signal from Co close to the MNP surfac@hase. The inner particle structure is multiple twinned paral-
only. For cobalt the electron mean free path is about 2.2 nniel to the commor{111} plane. The core is encased in an fcc
which is the same order of magnitude as the one for CoC@oO shell. Figure 3 shows TEM images filtered at thelGo
(1.9-3.0 nm.2%%2 To explain the large difference in the or- edge(~778 e\) and the oxygerK edge(~525 e\). The
bital moment contribution between the XMCD and FMR re-intensity histograms recorded along the same line scan
sults one has to assume the presence of the large uncompecross the nanoparticle show a distribution corresponding to
sated magnetic moment of €b (3d’, 6.67ug, L=3, S  a spherical Co coré7-nm diameterin Fig. 2(c) covered by
=3/2,9;=1.33) and a large:, /us~0.62 Metallic cobalt  a rather uniform oxidic shellFig. 2(d)]. Using a Gaussian

is known to form a passivating CoO layer with a typical double peak fitting routine for the simulation of the intensity

064424-3



U. WIEDWALD et al. PHYSICAL REVIEW B 68, 064424 (2003

Intensity (arb. units)

Intensity (arb. units)

5 10 15 20 25
position along the particle (nm) position along the particle (nm)

5 10 15 20 25

FIG. 3. EELS element-specific mapping of the colfaltand oxygenb) components in the MNPs. Energy-filtered images are recorded
at the CoL; edge(~778 e\) and at the oxygeK edge(~525 e\). Intensity profiles across the particle show the distribution of cdlglt
and oxygen(d).

histogram in Fig. &) the thickness of the fcc CoO shell is apparent enhancement of 300% detected by XMCD is shown
determined to be 2—-2.5 nm, and the diameter of the fcc Cto be the result of a thin oxidic interface region. Such types
core is 7—-8 nm. of studies on core-shell structures with their high interface-

Finally, one has to discuss why the contribution of CoO isto-volume atom ratio may offer an interesting experimental
not observed in FMR. The antiferromagnetic-resonance freapproach to the understanding of the correlation of inter-

quency of the CoO lies at much higher frequencies and carrace orbital magnetism and exchange bias effects in
not be detected with our setup. The contribution of the Unferromagnetic/antiferromagnetic systems.

compensated moments at the Co/CoO interface could be
described in terms of a ferrimagnetic resonafiddowever, We thank A. Scherz and K. Baberschke for many helpful
a simple estimate of the oxidic interface contribution in re-discussions and the use of the XMCD analysis program. T.
lation to the metallic Co core shows that one cannot expedRadetic and U. Dahmen are acknowledged for the support
to observe a shift of the resonance field outside our givemith TEM. M. Bleckmann assisted during the measurements.
error bar. This project is supported by the European Community, the
In summary, we find that the ratio of orbital-to-spin Access to Research Infrastructure Action, and the Deutsche
magnetic moment in 11.4-nm Co MNPs is bulk-like. An Forschungsgemeinschatft.
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