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Interparticle magnetic correlations in dense Co nanoparticle assemblies
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Resonant magnetic x-ray scattering from dense assemblies of 9-nm-diarn@beandhcp-Co superpara-
magnetic particles is reported. For lower anisotragpfo assemblies remanent scattering is significantly
enhanced compared to a random orientation model, indicating that preferred intermoment orientations with
antiferromagnetic character exist with spatial frequencies ranging over several nearest neighbors. This
interaction-mediated collective behavior is consistent with dipolar energies and exists well into the superpara-
magnetic regime, revealing that such thermally activated motion is highly correlated.
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Magnetic nanoparticles with protective organic shells of-by dipolar interactions and conclude that the remanent SPM
ten self-assemble into densely packed arfrdyim which  scattering from the higher anisotropy sample is consistent
close interparticle spacing increases the dipolar interactiodith randomly oriented moments. The lower anisotropy
energy between particles to compete with single-particle ans@mple, however, shows strongly enhanced SPM scattering

isotropy, Zeeman, and thermal energiédhe magnetostatic indicating that statistically significant dipolar interactions
energy between dipoleg; and s; separated by, EiD,j having AF character exist out to several particle diameters.

()13 =311 ) (gt 1) /Y5, has minima ranging from The results show directly that dipolar interactions can
R TR A AV I DAY gng strongly influence time-averaged interparticle magnetic order
ferromagnetiaF) alignment wher;, u;, andr;; are collin- oyen well aboverg of the individual particles.

ear, to antiferromagneticAF) alignment when collineau; Densely packed arrays were formed from hexane disper-
and w; are orthogonal ta;;. Thus orientations taken by in- sjons of 9-nm-diamete(+5%) Co particles of the cubic,
tgractlng dlp_oles in dense gssemblles often_mvolve foStrarower anisotropy,¢ phasé* and higher anisotropyhcp
tion and spin-glass behavior. The correlation function phase!® The samples were prepared by allowing drops of
=(mi-py) is a useful descriptor for the ensemble of local syspended particles to dry on 150 nm thickN&i mem-
moment correlations, since it has positive and negative exsranes for transmission measurements. Macroscopic mag-
trema for these same collinear F and transverse AF ordenetic properties were studied with superconducting quantum
respectivelyy Macroscopic magnetic measuremént$and  interference devic€SQUID) magnetometry and ac suscepti-
micromagnetic modeling studie$!*12reveal the importance bility. Interparticle properties were obtained from the scat-
of dipolar interactions that are thought to lead to collectivetered intensityl(q,H) measured in symmetric transmission
behavior below the blocking temperatui®s) of otherwise geometry[Fig. 1(b) insef to position the scattering vector
superparamagnetiSPM) particles3116 Few measurements, in the membrane plari€,using both lineasl;,) and circular
however, are sensitive to interactions at interparticle lengthl:) polarization with variable applied field perpendicular
scales, where they should be most pronounced. to the membrane at 298 K. Several samples of each phase
In this Brief Report, we use resonant x-ray scattering towere observed to have similar behavior; here we present de-
observe magnetic structure in dense assemblies of 9 nm Qailed results from one sample of each phase.
particles having different anisotropy. We focus on the scat- Magnetometry, ac susceptibility, and x-ray measurements
tering aboveTg where the particles form SPM systems. Neu-verify SPM assemblies at 298 K for the relevant time scale
tron scattering has long been used to measure paramagne@itx-ray measurements. Hysteresis loops show no coercivity.
scattering in F and AF solid$.A characteristic shift in mag- Zero-field cooled measurements of magnetizatidn vs in-
netic scattering away from Bragg peaks into more diffusecreasingT peak at the frequency dependdng well below
paramagnetic distributions is observedTamcreases above 298 K. In the x-ray measurements, each 50 ps synchrotron
magnetic ordering temperatures. In these bulk studies, expulse yields an intensity snapshot of a particular ensemble
change interactions are responsible for the observed intepf moment orientations that are blocked at this time
atomic paramagnetic correlations. In the present systemsgcale. However, the relevant x-ray measurement time
only dipolar interparticle interactions exist to mediate thery(~10°—1C° s) integrates over many snapshots to yield a
SPM correlations. time average of various particle moment configurations if
We isolate magnetic from charge scattering via field-particles are thermally activated. ac susceptibility in the
dependent measurements and observe it to shift to lower spa—1G Hz range exhibitsT peaks that extrapolate the time-
tial frequencies in the SPM remanent state relative to itdlependentTg=EA/[k In(7y/7)] to ~200 K for 7 in this
saturated distribution. We develop a kinematical scatteringange, whereE, is the activation energy and, the attempt
model to understand how this SPM scattering is influencedrequency.
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10° spondingly smallef~0.5-0.8ug vs 1.7 ug in bulk Co). A
_ i 9 nm particle contains-34 000 atoms, and so has moment
Z 102 L | | ~ 22 000 .
\: i Interparticle chemical structure is obtained frop(q) for
a 10 b the e- and hcp-Co samples[Figs. 1@ and 1b)]. Each
E sample exhibits a diffuse ring alpen=0.54 Nm* arising
r from interparticle interference. These data are normalized for
0 3 slit size effects and by the spherical particle form factor. The
£ Fimde characteristic length 2/qpeq=11.6 nm confirms dense as-
< o0k “1L orientation semblies, and that the organic ligand shells remain intact.
L 1F sddiel ] The peak widthsAg=0.096 and 0.12 ni for the - and
20 R . hcp-Co samples, respectively, suggest relatively disordered

0.0 0.5 0.0 0.5 particle assemblies, and the different peak shapes reveal
measurable differences in interparticle microstructure in the
two samples. Théacpsample exhibits increasing intensity as
FIG. 1. (Color onling (a) and(b) showg-resolved intensities for d— 0 indicating inhomogeneity at length scale$00 nm.
the e- and hcp-Co samples measured with linear polarization at Magnetic structural information is obtained from the dif-
saturation and remanence. Insetli is a schematic of the scatter- ference betweeq scans measured Bit=0 andH,. For each
ing geometry(qliz,HIIx). (c) and(d) show the field-dependent dif- sample,l;,(H=0) is systematically smaller thal,(Hsy) at
ference(symbolg for the samples above, and predictiofigses)  Cpeq and larger at loweq, reminiscent of neutron scattering
based on a model of randomly oriented, noninteracting particle$rom paramagnetic solids. These general differentgg
described in the text. =1,,,(H=0)-1};,(Hsa) [Figs. Xc) and Xd)] are clearly mag-
netic in origin, and are simply understood qualitatively. At
Spatially averaging transmission absorption measureHg, all u; lie alongH, yielding commensurate charge and
ments across the Chb, 3 edges in a near saturating field, magnetic scattering amplitudes for which magnetic intensity
Hsa= 0.5 T, using circular polarization yields the imagi- adds to the charge intensity @f..cand for allg. Thermal
nary parts,f,, of the resonant magnetif,) and charge activation atH=0 reduces the commensurate magnetic inten-
(fo) atomic scattering factory.="f1 pe+if 2 e’ 8 seen for  sity atgueq and yields increased SPM scattering at loger
e-Co in Fig. 2. The real part$,;, are obtained via Kramers- A quantitative scattering model is developed to understand if
Kronig transformation. Calculated intensity spectra of pureand how dipolar interactions contribute to this SPM scatter-
magnetic and charge scattering are in the inffgi?/|f/>  ing.
=0.026 fore-Co at thel, line, where data below were col- ~ Sensitivity to the orientation of individugk; is given by
lected. Similar spectra for thecp-Co sample yield slightly the atomic scattering factorf=pcf.+pyfy, where pc
larger f, and f,, values at thel; peak and intensity ratio =(€;-€) andpy,=-i(e; X &y)-m are the charge and magnetic
0.037. The absorption step i3, indicates that aggregated polarization prefactors depending on scattering anglerg
regions are~5-10 particles thick. The strength of ttig. ~ cident and final polarizations, and e;, and magnetization
lines are comparable to those in bulk &dThe size off,,,  directionm= u/|u|.}’ The scattering geometry used is over-
relative tof, lines is 2 to 3 times smaller than for bulk Co, whelmingly sensitive to the longitudindlix) projection of
so the average moment per atom in the particles is corranoments, be they static or thermally activated. Furthermore,
we are sensitive to structure withliq that is orthogonal to

q (nm™) q (™)

0F —x 13 '3 T longitudinalm, and hence only to the first term Ey favor-
g Af'/\ 10°0 7, ] ing negativeé (AF alignmenj. Using the circular polariza-
R AT L ] tion basis with small# and longitudinal m gives f,
3 20 el \J 10’ =f,¥if,, for opposite helicity:®
S ' The scattered intensity from interfering particles in the
L 780 790 800 N ;
0 Born approximation can then be written
=~ 2F _s2 2 _
§ F 1.(0, 0, H) = fsec + frSmem 2(facfam = ficfom)Se-ms (1)
& 0
% F where * subscripts refer to right and left circular polariza-
-, 20F 1. E tion, and partial structure factoss_o(q), Sy-m(d,H, ®), and
\_40 T T Se-m(d,H,w) describe the spatial distribution of charge-
750 775 800 825 charge, magnetic-magnetic, and charge-magnetic correla-

tions, respectively. Thg-dependent spherical particle form

factor is not explicitly included, as the data have already
FIG. 2. (Color onling Real (f;) and imaginary(f,) parts of the ~D€en normalized by itp; and p,, are implicit in thes,_;, so

charge and magnetic scattering factors for /€0 sample are in  that any temporal fluctuations af; yield frequency(w) de-

the top and bottom panels, respectively. The inset shows the relatiyeendence only s, ands._,. Sinces._,, ands,,, are odd

strengths of pure charge and magnetic scattering intensities. and even in helicity, respectively, it follows thdt—I_

hv(el)
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FIG. 4. (Color onling Model calculationg(top) of pure mag-
H (Tesla) netic intensity for saturated longitudinal ferromagnei® align-
) ) ) o ment and ideal longitudinal antiferromagnet®d-) alignment. Ran-
FIG. 3. (Color onling Scattering hysteresis loops at indicated domly oriented particles would have an equal probabiity6) of
values using linear and opposite circular polarization fordf®0  AF and F alignment with magnetic scattering equal to the sum of
sample. Also shown are the average and difference of opposite Cifhe (wo reduced curves. Subtracting the saturated stated from the
cular loops. Data are normalized so thatand(l.+1.)/2 equal 1 15hqom state gives a difference curiEttom) with characteristic

at saturation. AF and F peaks.
=4(foef1m= f1cfom) Sem gives only the cross-term, as noted in
Ref. 20, and that;, = (1, +1.)/2=f2s,_.+f2s, . measured results in Figs(cl and Xd), namely the pro-

Confirmation of this scattering model comes from hyster-nounced negative peak a,., and positive peak near
esis loops of,, I_, andl;;, measured aj/ pea=1.0 and 0.32  Qyead 2. The positive% order peak results from the longitu-
for the e-Co sample shown in Fig. 3. The identity+I_  dinal projections of nearest neighbor pairs that have AF
=2l;,, its second order dependence Mnand helicity, and character. These moments need not be rigidly AF coupled to
the first order dependence bf-1_ hold for all g values and yield this scattering, but simply must have an AF longitudi-
for both samples. We see that the field dependenck,of nal projection at some point in their uncorrelated thermally
rather than,—1_, is most appropriate to study dipolar inter- activated motion.
actions that manifest through the interference of magnetic In comparing measuredll;, with this noninteracting ran-
amplitudes. The SPM scattering Xl ;;,(q) is seen as a pro- dom orientation model, we can improve on its idealized lat-
nounced remanent peak in the loopsgél,e.=0.32, while  tice since we know that botts.(q) and Sy-m(d,Hsa)
the loss af/ gpeq=1.0 is within the size of the data symbols «1;;,(q,Hs,) for each sample, i.e., we know the shape of
since it sits atop the much larger charge peak. Thermal actg,_,(q,Hss). Generalizing the random orientation model us-
vation is confirmed for both samples from the lack of rema-ing sample-specific frequency spectra yields the lines in Figs.
nence or coercivity in these loops. 1(c) and Xd), which have been scaled to the measured first

We apply this theory by considerirsg, (q) evaluated for  order peak. For thacp sample, the agreement between the
several idealized magnetic configurations for a simple lineamodel and measuredll;, is remarkably good. We conclude
lattice of particles oriented along. This lattice extends for that, at least for longitudinal moment projections, dipolar
just six particles to yield peak widths comparable to thosenteractions are not sufficient to become evident in the scat-
measured. The saturated magnetic configuration yields tring and that the particle moment orientations are random
peak insy,_n(g) at the samey,.,as thes;_(q) charge peak for this sample.

[Fig. 4@]. A hypothetical, ideal AF superlattice with all The SPM e-Co sample scatters significantly more
m;llx and adjacenim;-m;=-1 yields a peak of the same strongly at lowq than predicted for noninteracting, randomly
width and intensity at|,e,¢/ 2 [also in Fig. 4a)]. Next, con-  oriented particles, not only neap,../2 but extending with
sider a model in which eachn; takes all orientations with roughly constant intensity down toqpea/ 5. Given our pre-
equal probability, independent af;, to describe a nonin- dominant sensitivity to longitudinah, the internal reference
teracting SPM assembly. At any given time, nearest neighto the longitudinal saturated state, and the prediction of well-
bors are equally likely to have F or AF alignment with re- defined AF scattering from the random-orientation model, it
spect to each other, and integrating owar orientations s clear that the strong positive featureAty, for e-Co must
gives peaks affyeac aNddpeqd 2, €ach with 1/6 the intensity originate from longitudinal AF correlations enhanced by di-
of the saturated and ideal AF peaks, respectively, also showpolar interactions. For example, if the AF dipolar termEg

in Fig. 4a). EvaluatingAl,;, for this hypothetical, noninter- were to influence thermally activated nearest neighbors to
acting remanent SPM configuration yields the differenceavor AF correlations, this would increase the intensity of the
curve in Fig. 4b), which captures the main features of the q,../2 peak relative to the first order peak, but this alone
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would not broaden thé order peak. One explanation for its two assemblies. It is reasonable to assume that the ratio of
increased width would be that the AF correlations have anisotropy to dipolar energies is larger in thep sample;
smaller coherence length, on average, than that of the pathis coupled with a random distribution of anisotropy axes
ticle assembly. This would both broaden and diminishwould yield a more uncorrelated remanent state forttbp
strength of thez-l order peak whose position would remain at assembly, as observed. The dipolar energy and magnetic
Opear 2- structure are known to depend sensitively on precise details

To summarize our conclusions, the scattering from theyf the three-dimensional interparticle order, which is differ-
hcpassembly is consistent with randomly oriented, uncorreent for the two samples as indicated in their different shapes
lated longitudinal moments, while that from theCo sample  of | (q,H,,). Thus microstructural differences between the
shows strongly enhanced AF correlations over a broad ranggyo assemblies are expected to contribute to the different
Considering the time-average nature of these measurementgmanent magnetic spectra, in addition to differences in iso-
it is clear that these correlations are maintained during thyieq particle properties.
thermally activated motion of individual particles. In other  These first resonant soft x-ray measurements of interpar-
words, a correlated or collective state exists abByéor this  ticle magnetic structure in particle assemblies reveal high
sample. Neither samlple exhibits a strong remanent magnetiGsitivity, even down to the particle monolayer level. This
peak well below the; order position, where we would ex- apjlity to measure interparticle magnetic structure will be-
pect a peak from domains extending for many particles in thome increasingly important as assemblies with controlled
sample plané; leading us to conclude that such domains aremicrostructures, and as new types of magnetic cluster assem-
not present in these samples. blies, emerge.

We interpret the pronounced differences in remanent mag-
netic structure between the two samples as resulting from Measurements were made at beamlines 8.0 and 4.0 at the
several sources. The average moment and anisotropy of iddvanced Light Source at LBNL. Work at LBNL was sup-
dividual particles are different in the and hcp phase par- ported by the Director, Office of Science, Office of Basic
ticles. This in turn leads to differences in the relative magni-Energy Sciences, under DOE Contract No. DE-ACO0S-
tudes of the anisotropy and dipolar energy densities in th& 6SF00098.
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