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We have used inelastic neutron scattering measurements to study the magnetic excitations of Co
core/CoO shell nanoparticles for energies from 0-50 meV. Above the blocking temperature T g, broad
quasielastic scattering is observed, corresponding to the reorientation of the Co core moments and to
paramagnetic CoO scattering. Below T g, two nearly dispersionless inelastic peaks are found, whose
energies increase with decreasing temperature as order parameters, controlled by the nanoparticle
Néel temperature T =235 K, and saturating as T—0 at 2.7 meV and 6.7 meV, respectively. Similar
excitations were observed in a powdered single crystal of CoO, indicating that both are intrinsic
excitations of CoQ, resulting from the exchange splitting of single ion states for T<Ty. Pronounced
finite size effects are observed for the scattering from the CoO nanoparticle shells, whose thicknesses
range from 1.7-4.5 nm. These include an enhanced excitation linewidth, as well as a response that
is not only spread over a much wider range of wave vectors, but is also significantly more intense in

the nanoparticles than in bulk CoO.

PACS numbers: 75.75.Jn,78.79.Nx
I. INTRODUCTION

The utility of small ferromagnetic (FM) particles for
magnetic recording applications requires that their mo-
ments must be stabilized against thermally induced re-
versal, most often by exchange coupling to an antifer-
romagnet (AF)3. We still have an incomplete under-
standing of this fundamental process. In equilibrium,
is there a uniform reversal of the particle moment, or
are there intermediate states where the magnetization is
spatially modulated and transient* °? How is the energy
of reversal extracted from and returned to the thermal
bath? What limits the rate at which the magnetization
direction can be reversed? Finding answers to these ques-
tions will pave the way to designing improved nanoscaled
devices where the moment is maximally stable in zero
field, but can be switched as quickly as possible with the
application of an external stimulus such as field, light, or
current. Key to understanding the magnetic dynamics
of nanoscaled systems is an experimental explication of
their fundamental excitations, or normal modes, partic-
ularly on length scales that are smaller than the particle
size and on time scales shorter than the moment rever-
sal time®1%11 These excitations are expected to be sig-
nificantly altered from those of their bulk counterparts
by finite size effects'?'3, impacting as well their equilib-
rium properties, such as the specific heat'?, the uniform
magnetization'4, and the electrical and thermal conduc-

tivities.

Most experimental studies of the dynamics of magnetic
particles have focussed on surface modes or modes with
spatially uniform magnetization. At the highest temper-
atures, the nanoparticle magnetization changes direction
via superparamagnetic fluctuations, evidenced by the
broad and quasielastic scattering found in inelastic neu-
tron scattering experiments!® 7. Below a characteristic
blocking temperature Tpg, there is insufficient thermal
energy in equilibrium to completely reverse the nanopar-
ticle moment, which instead precesses in the presence of
internal or external fields. The precession mode can be
considered a q=0 spin wave, and its energies and lifetimes
in different types of nanoscaled systems have been stud-
ied using inelastic neutron scattering'416:1821 a5 well
as Brillouin scattering?? 2% and ferromagnetic resonance
experiments2%:27:28, Precession modes have been studied
in both ferromagnetic and antiferromagnetic nanoparti-
cles, where the field in the latter case couples to the net
moment of unterminated surface spins.

The challenges to observing magnetic excitations with
nonzero wave vectors and energies pertinent to low tem-
perature moment reversal are considerable. A basic lim-
itation is that their wave length cannot exceed the parti-
cle size d, limiting experiments to wave vectors that are
greater than 7/d. The strong spin wave dispersions char-
acteristic of ferromagnetic metals such as Co and Ni2?:30
consequently restrict these excitations to inconveniently



high energies for neutron scattering investigations when
the particle size is =10 nm or less. More feasible are stud-
ies of antiferromagnetic particles, where the dispersion
can be much weaker and a full range of nearly discrete
excitations at different energies is possible.

We report here the results of inelastic neutron scat-
tering experiments conducted on Co/CoO core-shell
nanoparticles. At high temperatures, we detect the char-
acteristic signatures of the reversal of the Co core magne-
tization, as well as paramagnetic scattering from the CoO
shells. Below the blocking temperature, we observe a new
magnetic mode that is inelastic and very weakly dispers-
ing. We show that this excitation is also present in bulk
CoO0, although it has not previously been observed. CoO
is an ideal benchmark system for comparing the excita-
tions of nanoscaled and bulk systems, which have been
extensively studied in the latter using triple axis neu-
tron scattering® 34 and optical spectroscopy®® 3" mea-
surements, and where theoretical models for the underly-
ing excitation structure are well developed343%37-40 byt
still controversial.

Finite size effects can be expected to play a major role
in the 1.7-4.5 nm thick CoO nanoparticle shells consid-
ered here. These effects are most familiar in the con-
text of structure, where correlations with length scales
larger than the shell dimension are absent from the bulk
structure factor*! 43, The range of correlations is further
shortened by the nanoparticle form factor®* 46, and in
many cases by the disordering of the nanoparticle sur-
face, sometimes accompanied by the formation of long
ranged defect structures*2?. When these considerations
are extended to the magnetic structure, the net result is
that magnetic Bragg peaks are substantially wider than
their bulk analogs and the diffuse scattering background
is enhanced”. The Scherrer formula is useful for approx-
imating an average length scale from a diffraction peak
for nanoparticles*®, but to obtain more detailed informa-
tion about their structural modifications requires a more
sophisticated treatment, such as the Pair Distribution
Function approach®’.

Much less is known about the impact of finite size ef-
fects on the dynamics of nanoparticles. Most work has
so far focussed on ferromagnetic particles'?13:50 where
the fundamental excitations are strongly dispersing in
the bulk. In nanoscaled systems, the loss of transla-
tional invariance implies that the system eigenfunctions
become a superposition of the bulk eigenfunctions with
a wave vector distribution whose breadth increases with
decreasing system size. While a separation of spin wave
and particle-hole excitations is possible in bulk metal-
lic ferromagnets, this is not the case in nanoscaled sys-
tems, leading to elementary spin excitations of consid-
erable complexity. Also expected is a large scaled re-
distribution of spectral weight in nanoscaled systems to
larger wave vectors and energies, relative to the bulk. At
low energies, the anisotropy gap in the magnon spectrum
generally increases with decreasing particle size, yielding
a net increase in the average excitation energy'®°°. At

the same time, the dispersing nature of the magnetic ex-
citations in metallic ferromagnets ensures that the high
energy part of the magnetic response is spread over an
increasing range of wave vectors and thus energies, shift-
ing towards increasingly high energies as the system size
decreases'?. Finally, the lifetimes of the magnetic exci-
tations are generally much shorter than their bulk coun-
terparts. Variations in the profile of the magnetization
within the particle, and especially at the particle sur-
face itself, enhance the decay of magnetic excitations, in
particular the q=0 precessing mode, producing pairs of
excitations with nonzero wave vectors and energies.

There is currently very little theoretical and practical
guidance for understanding how finite size effects affect
the magnetic excitations of functional nanomagnetic par-
ticles, such as the exchange biased Co core/CoO shell
nanoparticles that we study here. The length scales of
these particles are sufficiently small that the magnetic
excitations in these systems are expected to differ in sig-
nificant ways from those of their bulk analogs!45!, yet the
length scales are sufficiently large that the direct calcu-
lation of magnetic eigenstates that is carried out in small
systems like molecular magnets®?°3 becomes impossible.
Further, understanding the underlying processes of core
reversal and reorientation requires a knowledge of mag-
netic excitations with energies and wave vectors that cor-
respond to spatial and temporal modulation of the core
magnetization itself®0:11. The experimental results that
we report here provide the first insight into these mag-
netic modes in a flagship system for functional nanomag-
netism, exchange biased Co core/CoQO shell nanoparti-
cles.

II. EXPERIMENTAL DETAILS

We synthesized bare Co nanoparticles in oleic acid®*°
and oxidized them by bubbling oxygen for different times
through the boiling solution at 180° C. The result-
ing core-shell nanoparticles were precipitated by adding
ethanol to the solution and the surfactant was subse-
quently removed by heating to 90° C in a vacuum oven.
We also prepared a 24 g single crystal of CoO, using
an image furnace under a partial oxygen pressure. This
crystal was subsequently crushed to a fine powder for
comparison to the nanoparticle samples. Magnetization
measurements confirmed that the powder orders antifer-
romagnetically at the accepted Néel temperature of bulk
CoO, Tny=293 K. No sign of contamination with Co304
was found in magnetization and powder x-ray measure-
ments of the powdered bulk CoO crystal.

We have carried out an extensive characterization of
the core-shell structure and its relationship to the mag-
netic properties of Co/CoO nanoparticles that were syn-
thesized in the same way as those reported here. We com-
bined electron microscopy, small-angle x-ray scattering
and magnetization measurements to determine the core
and shell dimensions of the nanoparticles, and as well to



TABLE I: Dimensions of the nanoparticle powders used in
the neutron scattering measurements. Rior and Reore are the
radii of the nanoparticle and the Co core, respectively, and
tshey 1S the thickness of the CoO shell. Hgp is the 30 K
exchange bias field.

sample
Co/CoO#1 3.6(0.4) (0.3) (0.3)
Co/CoO#2 4.5(0.5) (0.4) (0.3)
Co/CoO#3 5.5(0.5) 1.4(0.2)  4.1(0.5) 814
(0.5) (0.2) (0.5)
(0.5) (0.2) (0.5)

Co/CoO#4 5.5
Co/CoO#5 4.2

establish that particles grown using this low temperature
synthesis and oxidation have core and shell dimensions
that are highly monodispersed*”*>. Direct examination
using high resolution transmission electron microscopy
show the near epitaxial quality of the core-shell inter-
faces, as well as their considerable directionality. Neutron
diffraction measurements were previously carried out on
a collection of similar Co core/CoQO shell nanoparticle
samples that included samples 1 and 2 of the current
study, finding in each case that the Néel temperature
Ty = 235 K*7. The magnetic blocking temperature
Tp separates the high temperature regime where the
Co cores are superparamagnetic from the low temper-
ature regime where core reversal is energetically blocked.
Tp was experimentally defined as the temperature where
the field cooled and zero field cooled magnetizations first
separate, and where the exchange bias field Hg g first be-
comes nonzero. Despite their very different core and shell
dimensions, T'p was determined to be ~ 200 K in all five
samples reported here, just as we found in our previous
studies on similar Co/CoO core shell particles®®. We be-
lieve that the lack of dependence of T ~(K(V)V)/kp on
the core volume V confirms the presence of a volume de-
pendent magnetocrystalline anisotropy K(V)a1/V, pre-
viously reported for Co particles smaller than 10 nm?°.
Dilution studies® found that Tp is independent of par-
ticle separation, indicating that the slowing of the core
dynamics at Tp primarily results from the exchange in-
teraction between the antiferromagnetic CoO shell and
the ferromagnetic Co core, and not from interparticle in-
teractions.

The properties of the five samples used in the neu-
tron scattering measurements are summarized in Table 1.
About 2 g of nanoparticle powders were loosely packed in
aluminum foil and then placed in standard sample con-
tainers for the neutron scattering measurements. We per-
formed zero field inelastic neutron scattering experiments
on nanoparticle powders Co/CoO#1-4 at the NIST Cen-
ter for Neutron Research, using the Disk Chopper Spec-
trometer (DCS) with an incident neutron wavelength
\;=3.5 A. We used the Cold Neutron Chopper Spec-
trometer (CNCS) at the Spallation Neutron Source at
Oak Ridge National Laboratory to perform similar mea-
surements with \;=2.34 A on Co/CoO#4/5, as well as
on the powder of bulk CoO. In addition, we used the
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shorter wavelength of \;=1.22 A at CNCS, in order to
access excitations at energy transfers as large as 50 meV.
The empty sample containers and a vanadium standard
were measured using both DCS and CNCS at 300 K. The
vanadium measurements were used to define the resolu-
tion functions of each instrument. The data were an-
alyzed using the DAVE software®”, and were corrected
for the dynamical factor k;/kp, the background, and the
instrumental resolution. In some cases the data were
symmetrized, transforming the scattered intensity to the
imaginary part of the dynamical susceptibility x~ (q,E)
by dividing through by the detailed balance factor.

IIT. EXPERIMENTAL RESULTS

An overview of the results is presented in Fig. la,
which shows the energy E dependence of the scattered
intensity I(E), integrated over wave vectors ¢, for tem-
peratures above and below the blocking temperature Tp.
At the highest temperatures, the scattering is broad
and quasielastic. As the temperature is reduced, the
quasielastic linewidth is reduced and the overall scat-
tering intensity decreases. Interestingly, there is little
dynamical signature of the onset of antiferromagnetic
order at Tn. The scattering changes dramatically at
T g, where the quasielastic scattering collapses and is re-
placed by an inelastic peak that shifts to larger energies
and becomes less intense as the temperature is reduced
still further. For comparison, the dynamical suscepti-
bility x// (q,E) is presented for a range of temperatures
above and below Tp in Fig. 1b, confirming that the in-
elastic excitation is present at the lowest temperatures.
The reduction in its scattered intensity with decreasing
temperature in I(q,E) is not the consequence of the de-
tailed balance factor, but presumably reflects the transfer
of spectral weight to the elastic line as the temperature
is reduced further into the antiferromagnetic phase. To
show that this result is representative for all measured
wave vectors, the full energy and wave vector dependence
of the scattered intensity I(q,E) is plotted for T=150 K
in Fig. 1c. We see that the inelastic excitation is peaked
near +3 meV, and shows very little dispersion, although
its intensity increases strongly with increased wave vector
q.

Different fitting functions are appropriate for describ-
ing the data above and below Tp, and we will treat
these two temperature regimes separately. In all cases,
however, the measured scattered intensity I(q,E) of the
Co/Co0O nanoparticles was fitted by a theoretical scat-
tering function Ijpeor. (q,E),

I(qa E) = O[Itheor.(qa E) ®§R(qa E)] (1)

where C' is the normalization constant, and R(q,E) is
the resolution function obtained from vanadium measure-
ments. Different analytical expressions have been used to
describe Iipeor.(q,E) above and below Tp.



We begin by describing the quasielastic scattering for
T>Tp. Fig. 2a shows that it consists of two separate
components with very different widths: Ingrprow, Which
is only slightly broader than the experimental energy res-
olution, and Ig,oqq, Which is responsible for the major-
ity of the scattered intensity in this temperature range.
IBroad and Ingrrow are modeled by Lorentzian functions
centered at 0 meV, giving

Tiheor. (q7 E) = 5(Qa O) + INarrow (Qa E) + IBroad(qv E() )
2

The elastic scattering d(q,0)is given by a delta func-
tion, broadened by a resolution function that was ob-
tained from measurements on a vanadium sample. An
example of the fit quality is given in Fig. 2a. The narrow
Lorentzian component is rather weak, but by comparing
the fit in Fig. 2a, which includes the narrow Lorentzian,
the broad Lorentzian, and the resolution broadened delta
function of Eq. 2, to the fit represented in Fig. 2b,
which includes all of these functions except the narrow
Lorentzian, it is evident that both the broad and narrow
Lorentzian components are required to produce the best
fit to our data. We note that we fit only the neutron en-
ergy gain part of the DCS data, while the entire energy
range was used in the CNCS data set.

The temperature dependence of the linewidth of the
narrow Lorentzian, I'ygrrow is plotted in Fig. 2c for two
different samples. In both cases, I' ygrrow decreases con-
siderably between 325 K and 250 K, and this temperature
dependence as well as its magnitude suggest, in accor-
dance with previous reports'?20:58-60 that Ing,row rep-
resents scattering arising from superparamagnetic fluc-
tuations of the Co core, where the core magnetization
spontaneously reorients between two easy directions sep-
arated by an energy barrier €(Ve,) = K(Veo)Veo. Here,
Vco is the Co core volume and K is the volume de-
pendent anisotropy. These fluctuations become slower
as the temperature is reduced, approaching the exper-
imental energy resolution as T—Tpg. The time scale
7 ~ BT Narrow Of these superparamagnetic fluctuations
is governed by an Arrhenius-like temperature dependence
7 = moexp(e/kpT)®, giving (Vo) for the Co/CoO#3,4
samples of 6246 and 6143 meV, in good agreement with
the value of 78 meV reported for bare Co nanoparticles
of a similar size®®.

Fig.  2c shows that the behavior of the broad
Lorentzian component Ig,.,qq is very different, in that its
linewidth I'pyoqq increases slightly with decreasing tem-
perature. We ascribe this result to dynamical coupling
between the Co core and CoO shell, and indeed it van-
ishes abruptly with the quasielastic scattering when the
core dynamics freeze at Tp.

The emergence of the inelastic peak below Tp neces-
sitates a different fitting function, as shown in Fig. 3a.
Close inspection of the data indicates that there are two
inelastic peaks present, one centered near +3 meV and
the second near +6-7 meV. There is no evidence for resid-
ual quasielastic scattering on this temperature range, ex-

cept possibly very close to Tp. Consequently, we used
the following expression for T<Tp:

Liheor (a4, E) = 6(q,0)+ Iin(q, EL£ E1)+ Iin(q, E£ 1*(72;
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where d(q,0) is a delta-function describing the elastic
scattering at E = 0 meV, while I;n(q, F + Fj2) is the
sum of two Lorentzian functions describing inelastic ex-
citations centered at E; and Es, appearing for both neu-
tron energy gain (E<0) and neutron energy loss (E>0):

I'y Ay
I EtEi—12)=5=
(g, 12) 21 (B + Ep)? + (T'1/2)?
T A
+ 2 :

2 (EL B+ (Ta2e Y

The overall quality of the fits is demonstrated in Fig.
3a, where we have plotted the dynamical susceptibility
X (q,E) at 50 K for a constant wave vector cut with a
width of 0.12 A~ centered at q=1.27A~!. We note that
an alternative fit, where we have a single inelastic excita-
tion at E; and a very broad quasielastic peak providing
excess intensity above ~6 meV provides a less accurate fit
to the measured data, both at the lowest energies, and as
well underestimates the scattering above ~ 6 meV. The
variation at 150 K of the two excitation energies E; and
Es with wave vector is presented in Fig. 3b. The disper-
sions of the modes are very weak, approaching our exper-
imental uncertainty. The temperature dependence of E,
obtained from fits of the scattered intensity I(q,E) inte-
grated over all wave vectors, has the general appearance
of an order parameter (Fig. 3c). E; becomes nonzero
below T~Ty, and follows a mean-field temperature de-
pendence, saturating at a constant value of 2.740.2 meV
as T—0 K. The excitation at Eo behaves similarly, ap-
proaching 6.7 meV as T—0. We observe no significant
variation of the magnitude of F; among the five different
samples studied, and its resemblance to the antiferromag-
netic order parameter previously determined by neutron
diffraction measurements*” indicates that this is an in-
trinsic excitation of the CoO shells, as we will discuss
further below.

Previous neutron scattering measurements reported
uniform precessional modes of both ferromagnetic and
antiferromagnetic nanoparticles®%2. The energies of the
inelastic modes reported here are too large to be ex-
plained as precessional modes, and their clear relation-
ship to the CoO order parameter makes it imperative to
carry out reference experiments on bulk CoO. The energy
and wave vector dependencies of the scattered intensity
I(q,E) for a powdered single crystal of CoO at 50 K is
presented in Fig. 4a. Virtually all of the scattering is
elastic, as might be expected for a bulk antiferromagnet
for T<Ty. Fig. 4a confirms that any quasielastic or in-
elastic scattering found in the energy range 0<E<10 meV
is very weak. However, a more careful inspection (Fig.
4b) reveals the presence of inelastic scattering peaked
near q=1.27 A~1, corresponding to the magnitude of



qar=(27/a)(3,3.3), the primary antiferromagnetic wave
vector of bulk CoQ 63766,

We have carefully analyzed the inelastic scattering in-
tensity I(q,E) of powdered bulk CoO, and examples of
our results for a wave vector cut centered at qap are
shown in Fig. 5, both in the paramagnetic phase (300K,
Fig. 5a) and in the antiferromagnetically ordered phase
(50 K, Fig. 5b). For T>Ty, the scattering is broad
and quasielastic, implying that the similar scattering
IBroad(q,E) that we observed in the nanoparticles on this
temperature range is also likely to be paramagnetic scat-
tering from the CoO shells. We note that the 300 K
data were obtained in air, so there is an unusually large
background term for this data set. There are two dis-
tinct peaks near 3 meV and 5-6 meV evident in the 50 K
data set, superposed on a broad and sloping background.
Different fitting functions are required in the paramag-
netic and antiferromagnetic phases. Below T =293 K,
we used

Iiheor. (@, E) = 6(q,0) + Iin(q, E + Ey)
+Iin(q, E+ E2) + Ipka(q, E)  (5)

where §(q,0) describes the elastic scattering, and
Iin(q,E + Ep) and I;n(q, E + E2) are two Lorentzian
functions centered at E; ~3 meV and at Es ~5.7 meV,
respectively. The third function Ipxg(q, E) is a very
broad Lorentzian centered at ~ 4 meV, which we use to
model the scattering background.

For the 300 K data we used a different function:

Itheor. (q; E) = 5(Qa O) + IBroad(Qa E) + IBKG(qv E) (6)

where Ipoad(q, F) and Ipxa(q, F) are two quasielastic
Lorentzians centered at 0 meV.

The quality of these fits is demonstrated in Figs.5a and
5b. The energies of the inelastic excitations are similar
to those found for the Co/CoO nanoparticles, but the
excitations in powdered bulk CoO are only found for a
limited range of wave vectors near qar. Fig. 6a compares
I(q,E) and its fits at 50 K for three different wave vectors,
0.73A71, qup=1.27T A=', and 1.65 A~1. Only the barest
trace of the inelastic peak is present at 0.73A~', and it
is wholly absent at 1.65 A~'. The integrated intensity of
the fitted inelastic peak, corrected for detailed balance, is
strongest at the antiferromagnetic ordering wave vector
qar=1.27 A=, and for temperatures above 50 K (Fig.
6b). We have compared E1(q) and Ex(q) to the disper-
sions measured in the Co/CoO nanoparticles in Fig. 3b.
Eq(q) is 15-20 % larger in bulk CoO than in the nanopar-
ticles, and shows a similarly weak dispersion. Although
our data span a somewhat limited range of temperatures,
the temperature dependence of E;, integrated over wave
vectors 0.8<q<1.5 ;1’1, is also consistent with a mean
field expression, this one vanishing at the 293 K Néel
temperature of bulk CoO, while saturating at 3.1 meV
as T—0.

IV. DISCUSSION

While the excitation energies and their dispersions are
very similar, there are some significant differences in the
properties of CoO in the bulk and nanoparticle forms. We
have plotted the wave vector integrated scattering inten-
sity for both systems at 50 K in Fig. 7a, normalized by
the mass of CoO. Two inelastic excitations are observed
for both powdered bulk CoO and for the Co/CoO#4
nanoparticle sample, with E;=3.1 meV and E2=5.8 meV
in powdered bulk CoO and E;=2.7 meV and E2=6.6 meV
in the Co/CoO nanoparticles. Fig. 7a shows that both
the E; and Es peaks are much broader in the nanoparti-
cles than in the bulk powder. Fig. 3e compares the wave
vector dependencies of the E; peak intensities, which are
strongly peaked at the antiferromagnetic wave vector in
bulk CoO, but increase monotonically with wave vector
in all the nanoparticle systems. However, the most strik-
ing difference between the inelastic peaks in the two sys-
tems is the relative magnitudes of their intensities. Figs.
7a and 3e show that the E; peaks in the nanoparticle
systems, normalized by the CoO mass, are as much as
500 times more intense than their analogs in powdered
bulk CoO.

Before we begin our discussion of the physical origin
of these excitations, we will establish an explicit compar-
ison of intensities between our experiments and previous
triple axis neutron scattering studies that were carried
out on CoO crystals3' 34, These latter experiments were
either carried out at much higher energy transfers than
ours, or found no excitations at the low energies of our ex-
periments, focussing instead on the magnetic excitations
found at energies of 20 -30 meV and above. To make
the connection between the two sets of experiments ex-
plicit, we have carried out inelastic neutron scattering
measurements on Co/CoO#4 and powdered bulk CoO
at 150 K, using an incident neutron wave length of 1.22
A to access energy transfers as large as 50 meV. The
results were integrated over wave vectors and are com-
pared for the two forms of CoO in Fig. 7 b,c. In both
samples, two distinct peaks were observed at ~ 20 meV
and 30 meV, in reasonable agreement with previously re-
ported spin wave energies® 34, Just as for the 3 meV
E; peaks, we see that the linewidths of these higher en-
ergy magnetic excitations are substantially larger in the
nanoparticle sample, although the excitation energies are
only slightly shifted. Similarly, the integrated intensities
of these peaks, when normalized by the CoO mass, are
almost 40 times larger in the nanoparticle sample than
in bulk CoO. These data make it clear why the 3 meV
excitation has not been observed previously in the triple
axis experiments on single crystals of CoO, as its inten-
sity in powdered bulk CoO is = 50 times weaker than
that of the 20 meV peak. Indeed, the large counting rate
of CNCS was absolutely indispensible for observing this
excitation in powdered bulk CoO.

There has been considerable discussion of the mag-
netic excitations in CoO over the past 50 years, including



both theoretical analyses>®39:67-70 and studies of the ex-

citations by both inelastic neutron scattering and optical
methods® 37717 The basic model Hamiltonian for un-
derstanding the fundamental excitations in CoO was ini-
tially proposed by Kanamori®®, who observed that the or-
bital moment of Co?* is not completely quenched by the
crystal fields, so that the further action of the spin-orbit
and exchange interactions ultimately determines the level
spacing and dispersions that are observed in experiments.
Sakurai®' carried out the first inelastic neutron scatter-
ing experiments on a single crystal of CoO, finding two
nearly g-independent bands of states between 27 and 31
meV, which he attributed to transitions among single ion
levels split by exchange interactions in the antiferromag-
netic state. In the following year, Daniel®® performed
infrared absorption measurements®® that revealed addi-
tional structure within Sakurai’s band of states, identify-
ing excitations with q=0 energies at 26, 27, and 30 meV.
Using a symmetry analysis and Kanamori’s initial Hamil-
tonian, Daniel argued that the first neighbor exchange
interaction J; is small, and that the second neighbor ex-
change Jo was at least an order of magnitude smaller
than that reported by Sakurai, consistent with the very
weak dispersion observed in the neutron scattering mea-
surements.

The relatively coarse energy resolution and limited ac-
cess to low energies that were achieved by neutron scat-
tering experiments in the 1960’s precluded a more de-
tailed analysis of the full spectrum of spin and orbital
excitations that was presumed to be present. A recent
series of inelastic neutron scattering experiments®?3* has
rekindled interest in the excitations of CoO by resolving a
number of new magnetic excitations. The lack of excita-
tions below 18 meV in this new generation of experiments
leads to a somewhat different scenario than proposed by
either Sakurai or Daniel, proposing that this 18 meV gap
results from the mixing of the j=1/2 ground doublet and
the j=3/2 spin orbit states by a large exchange J3%.

Our observation that the energies of the E; and Es ex-
citations are proportional to the antiferromagnetic order
parameter in both powdered bulk CoO and in Co/CoO
nanoparticles suggests that these excitations are the di-
rect consequence of the exchange splitting in the ordered
state, comparable to the higher energy magnetic excita-
tions studied most recently by Yamani®33%. The small
magnitude of the excitation energy E;(q) and its almost
complete lack of dispersion supports the previous conclu-
sion that Jg is small, and indeed a similarly small zone
center excitation energy was predicted by Daniel®>. We
have considered the same expression for the excitation

spectrum?®:
E(q) = \/Eg +2EoVi(a) + 2EoVz(aq) (7)
Vi(q) = X, Vigelalsimmy) .
Va(q) = Zj Vijezq(rifrj)

where V;;» = J1S;S;j is the exchange interaction between

TABLE II: Values of the nearest neighbor (J1) and next near-
est neighbor (J2) exchange interactions deduced from fits to
measured excitation energies and their dispersions.

J1(meV) J2(meV) Ref.

0.0062  0.013 Co/CoO np (this work)
0.0087  0.013  CoO bulk (this work)
0.0087 015 *°

0.087 144 31
0.54 1.86 3868
0.25 24 7P
-0.31 2.8 32
0.29 0.66

nearest neighbors and V;; = J»S;S;j is the exchange inter-
action between next-nearest neighbors. Obtaining a rea-
sonable description of the dispersion Eq(q) in powdered
bulk CoO as well as in the Co/CoO nanoparticles (Fig.
3b), including its zone center value Eg ~3 meV, requires
values of the near neighbor exchange J;=0.0087 meV,
and the next nearest neighbor exchange Jo=0.013 meV
that are even smaller than those that were previously
proposed®®72 on the basis of excitations with energies in
the range 20-30 meV. We have highlighted in Table 2 the
range of values that appear in the literature for the near
neighbor and next neighbor exchange constants J; and
Jo in CoO, where our experimental results suggest a revi-
sion to values that are much smaller than those deduced
from higher energy excitations. We note that these pa-
rameters and this model successfully produce two higher
energy excitations at &~ 21 meV and 32 meV, consistent
with previous findings on this energy range3!:33:34,

Based on this comparison of bulk and nanoscaled CoQO,
we conclude that the E; and Es excitations have the same
origins in both systems, namely that they result from the
exchange splitting of single ion energy levels. The exci-
tation energies differ by &~ 15% in bulk and nanoscaled
Co0, and their temperature dependencies follow the or-
der parameters dictated by their respective Néel tem-
peratures. In both cases, the excitations have similarly
weak dispersions. It is perhaps surprising that these ex-
citations have such similar properties in bulk CoO and in
Co/CoO core-shell nanoparticles, where the CoO shells
are less than 2 nm thick. The relative weakness of the
exchange coupling relative to crystal field and spin orbit
energies in CoQ is responsible for the minimal dispersion
of the spin waves, and we conjecture that this predom-
inantly local character of these excitations makes them
more resistant to finite size effects than the strongly dis-
persing magnetic excitations found in metallic magnets,
where these effects can be very large 1350,

While the basic excitations appear to have the same
origins in bulk and nanoscaled CoQ, there are clear sig-
natures of finite size effects in the latter. Fig. 8 com-
pares the linewidths I'; of the E; inelastic peaks in bulk
and nanoscaled CoO. I'; increases gradually with wave
vector in bulk and nanoscaled CoO, consistent with the
conventional scenario for bulk antiferromagnets”™®. The



excitation linewidths are as much as a factor of four larger
in the nanoscaled CoO than in the bulk. Similar excess
broadening has previously been observed for the preces-
sional mode in both ferromagnetic and antiferromagnetic
nanoparticles”” and thin films?*78. It is explained by ac-
knowledging that the lifetime of the q=0 spin wave is lim-
ited by its decay via scattering into spin wave modes with
q#0, and not by the spin-lattice relaxation time, which
is known to be much longer”™ 3!, In thin films, the q=0
mode decays into a pair of magnons with +q via scatter-
ing from random fields at the film surface®? 8. Fig. 8
indicates that I'1(q) is the same for CoO shells that are
1.7 nm thick and 4.5 nm thick, which consequently have
very different surface areas. For this reason, we consider
it more likely that impurity scattering and not surface
scattering is the primary decay mechanism for the mag-
netic excitations with nonzero wave vector in Co/CoQO
core-shell nanoparticles in thermal equilibrium?-8%86 4
result that has been separately proposed for ultrathin
antiferromagnetic films®”.

The most striking differences between the inelastic
scattering in the bulk and nanoscaled systems are its rel-
ative intensities I(q). Fig. 6b shows that the 3 meV in-
elastic peak is only observed for a limited range of wave
vectors near the antiferromagnetic 4 in powdered bulk
CoQ, while it is much more diffuse in nanoscaled CoO,
where we find 1(q)~ Ip+Aq? (Fig. 3d). It is possible
that at least some of the g-dependent part of this inten-
sity arises from enhanced coupling of the E; excitation
to a dispersing relaxational mode, perhaps having the
same source as the large and g-dependent broadening of
the inelastic linewidth. However, this explanation can-
not reasonably explain the massive enhancement of the
intensity of the E; excitation in the nanoparticles. Fig.
3d shows that the intensity of the 3 meV E; peak, when
normalized to the known amounts of CoO present in each
sample, is almost 500 times stronger in nanoscaled CoO
than in bulk, and for the 20 meV spin wave, a factor of
40 larger in nanoscaled CoO than in the bulk (Fig. 7b).
Considering the sum rule that limits the total magnetic
scattering possible per gram CoQO, this effect cannot be
an overall amplification of the scattering in nanoscaled
CoO, but rather a dramatic shift of spectral weight into
the finite window of wave vectors and energies accessed
in our experiments. A comparison of Fig. 1c and Fig. 4a
shows that the spin wave population is strongly shifted
towards larger wave vectors and smaller wavelengths in
nanoscaled CoQ, relative to bulk CoO. It is most likely
that this excess scattering comes at the expense of scat-
tering that would be elastic in bulk CoO, such as the
magnetic Bragg peaks. Similarly, the spectral weight
that corresponds to long wave length quasielastic and
inelastic scattering, now prohibited by the requirement
that excitations must have q>m/d, pushes this spectral
weight to higher energies and shorter time scales. Ac-
cordingly, Fig. 7 shows that this effect is an order of
magnitude stronger at low energies (E<10 meV) than at
large (20<E<30 meV). This dynamical broadening and

shifting of spin wave intensity to larger wave vectors was
predicted in numerical studies of very small ferromag-
netic particles'?, and it is interesting and perhaps sur-
prising that this effect is apparently still robust in our
CoO shells, which have as many as 10* - 10> Co mo-
ments.

In conclusion, we report here the observation via in-
elastic neutron scattering measurements of new low en-
ergy excitations in Co core/CoO shell nanoparticles,
which were also shown to be present in powdered bulk
CoQO. While previous measurements have focussed on
q=0 precessional modes or surface modes, this is the first
observation of a magnetic excitation with length and time
scales that are well matched to those involved in the re-
versal of nanoparticle magnetization. The energies and
dispersions of these excitations are very similar in bulk
and nanoscaled CoO, and our analysis suggests that the
exchange splitting of the crystal field and spin -orbit split
Co?* states is much weaker than previously considered.
Dramatic finite size effects were observed in the nanopar-
ticles. The excitation linewidths are much broader in the
CoO nanoparticle shells than in powdered bulk CoO, re-
flecting a greater role for impurity scattering in limiting
the excitation lifetime in the former. While the magnetic
excitation is found only near the magnetic ordering wave
vector in powdered bulk CoO, this mode is diffuse in the
nanoparticle shells. We present evidence that there is
a massive rearrangement of magnetic spectral weight to
larger energies in nanoscaled CoO, relative to the bulk.
Our experiments indicate that the magnetic excitations
that modulate the nanoparticle magnetization are on av-
erage shorter ranged and shorter lived than their analogs
in bulk CoO.
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FIG. 1: (a) (Color online) The g-integrated scattered intensity I(E) at different temperatures for Co/CoO nanoparticles (sample
Co/Co0O#4). Dashed lines indicate the onset of antiferromagnetic order at Tx, and the dynamical blocking of the Co cores at
the blocking temperature Tp. (b) Energy dependence of X“(E) for a constant wave vector cut 0.12 A~ wide and centered at
q=127 A7 for Co/CoO nanoparticle sample #4 at different temperatures, as indicated. Solid lines are the fits, described in
the text. (c) The scattered intensity I(q,E) at 150 K for Co/CoO nanoparticles (sample Co/CoO#4). Dark curved lines are
shadows from the radial collimator.
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FIG. 2: (a) Scattered intensity 1(q,E) for sample Co/CoO #4 at 300 K for a constant wave vector cut 0.3 A~" wide, centered
at q=2.45 A~'. Solid line is the fit, consisting of a broad Lorentzian Ip,0qq (bold dashed line) and a narrow Lorentzian Inarrow
(dashed line), and a resolution broadened delta function (dotted line), representing the elastic scattering. (b) An alternate
presentation of the same data as (a), but with the narrow Lorentzian component omitted from the fit. Note the excess scattered
intensity at low energies that is not captured by the new fit, indicated by the solid line, consisting here of a broad Lorentzian
1Broad (bold dashed line) and a resolution broadened delta function (dotted line), representing the elastic scattering. (c) Left
panel: the temperature dependencies of the core reversal linewidths I'varrow (O=Co/CoO#3, 0=Co/CoO+#4). Solid lines
are fits to an Arrhenius expression, horizontal dotted line is DCS resolution. Right panel: temperature dependencies of the
linewidths I'groaa (B=Co/CoO#3, e=Co/CoO+#4). Solid lines are guides for the eye.
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FIG. 3: (a) Energy dependence of X' (E) for sample Co/CoO #4 at 50 K for a constant wave vector cut with a width of
0.12 A~' centered at q=1.27A71. Solid line is the fit, consisting of two pairs of inelastic Lorentzians, the first centered at
E; ~ 4+3 meV (long dashed line)and the second at E2 &~ + 6 meV (short dashed line), and a resolution broadened delta
function (dotted line), representing the elastic scattering. (b) The wave vector dependence of the inelastic excitation energies
E; (left panel) and Ex(right panel) at 150 K, measured for Co/CoO#4 (@) and powdered bulk CoO (4). Solid lines are the
best fits to nanoparticle Ei(q) and Ez(q), described in the text, dashed lines are for powdered bulk CoO. (¢) Temperature
dependencies of the wave vector averaged value of E; in our different samples (1=Co/CoO#1, o=Co/CoO#2, o=Co/CoO#3,
A=Co0/Co0#4,v=Co/Co0O#5, and e= powdered bulk CoO). Solid lines are mean field fits with Ty=235 K (nanoparticle
samples) and Tn=293 K (bulk CoO powder). (d) The g-dependence of the intensity of the inelastic peak at E; ~3 meV at
150 K for Co/CoO+#4 nanoparticles () and powdered bulk CoO (M, multiplied by 450 for comparison). The solid line is the
fit of Co/CoO#4 with the following function I(q)=Ip+Aq?. The dashed line is guide for the eye.



FIG. 4: (a) The scattered intensity I(q,E) at 50 K for pow-
dered bulk CoO. (b) An expanded view of the outlined area
in (a), demonstrating enhanced scattering near the antiferro-
magnetic wave vector qar=1.27 A~ of bulk CoO.
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FIG. 5: (a) The scattered intensity I(q,E) at 300 K for a
constant wave vector cut with a width of 0.12 A~' centered
at qu:1.27A71 for powdered bulk CoO. Solid line shows
the fit, described in the text and consisting of a quasielastic
Lorentzian (dashed line), a broad background (dotted-dashed
line) and a resolution broadened delta function (dotted line),
representing the elastic scattering. (b) The scattered intensity
I(q,E) at 50 K for a constant wave vector cut with a width of
0.12 A~' centered at qAF:1.2712171 for powdered bulk CoO.
Solid line shows the fit, described in the text, consisting of
two inelastic Lorentzians(dashed lines) centered near E; ~3
meV and E»> =5.7 meV, as well as a broad background func-
tion (dotted-dashed line) and a resolution broadened delta
function (dotted line) representing the elastic scattering.

6x10°

T & ) —e—2K
_ N (a) 5 —m—50K $ (b)
0 5 —A—100K
S1x10'F B 07| 0K
g 2z
& ]
> s
2 = 2x10?
L o)
E5x10%} ® (]
g
= ol s s s
2.0 25 3.0 35 4.0 0.8 1.0 1.2 1.4 1.6
E (meV) q (A"

FIG. 6: (a) The scattered intensity I(q,E) for powdered bulk
CoO at 50 K, for constant wave vector cuts with widths of
0.12 A" centered at 0.73A7" (M), qar=1.27A7*(e), and 1.65
A~ (a). Solid lines are fits described in text. (b) The wave
vector dependencies of the integrated intensity of the fitted
E1 ~3 meV inelastic peaks of powdered bulk CoO, measured
at different temperatures, as indicated. Solid lines are guides
for the eye.
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FIG. 7: (a) The scattered intensities I(q,E), normalized to
the CoO mass, for powdered bulk CoO (M, multiplied by 150
for ease of comparison) and Co/CoO#4 (O) at 50 K, for
constant wave vector cuts with widths of 0.12 A1, centered
at qAF:1.27;171. Solid lines are fits described in text. The
Lorentzian functions associated with the inelastic excitations
at E1 =3 meV and E; ~6 meV are shown for Co/CoO#4 as
solid lines, and for powdered bulk CoO as dashed lines. (b)
Same as (a), but for 150 K, and with larger energy transfers
(A=1.22 A). Here the fitted inelastic peaks for Co/CoO#4
(left axis) are given as solid lines, and dashed lines for pow-
dered bulk CoO (right axis). (c) Same as (b) but with back-
ground scattering removed.
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FIG. 8: The wave vector dependencies of the E1 ~3 meV
inelastic peak in Co/CoO#4 (O, 4.5 nm CoO thickness),
Co/CoO#1 (e, 1.7 nm CoO thickness), and powdered bulk

CoO (M), multiplied by three for comparison. Solid lines are
guides for the eye.
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