PHYSICAL REVIEW B 103, 024448 (2021)

Unusual magnetism in Cu,Coj3.,04 nanoparticles
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In Cu-doped Co3;0, nanoparticles (Cu,Co;3.,04; 0 <

x < 0.5) Cu occupies both octahedral and tetrahedral

sites with a 2+ oxidation state. As the Cu doping increases, we observe changes in the crystal structure
corresponding to a Jahn-Teller distortion of the Cu®* sites. To mediate charge balance with Cu®* entering
the octahedral sites, a hole forms in the O 2p orbitals bonded to the Cu®*(0,). Cu?*(T;) is noninteracting
and disrupts the existing antiferromagnetic interactions between the Co**(T) ions, while Cu**(0,) exhibits a
ferromagnetic response as a result of a hybrid form of exchange occurring between Cu?*(0;) and Co*" (7).
Emergence of the 3d° ligand hole is directly responsible for the origin of ferromagnetic Cu in the octahedral
sites and this results in the unusual magnetism in Cu,Cos.,Oy.

DOLI: 10.1103/PhysRevB.103.024448

I. INTRODUCTION

Finite-size effects and broken coordination at the surface
lead to a metastable state in magnetic nanoparticles that con-
tributes largely to the overall magnetism [1]. CozO4 is an
antiferromagnet with interactions occurring through an ex-
tended superexchange pathway [2], thus small changes in the
exchange interactions can lead to large changes in the ob-
served magnetism. With Co304’s magnetism well understood,
doping with ions such as Cu in the form of binary spinel oxide
(Cu,Co3.,0O4) nanoparticles should result in changes to the
electronic structure leading to a difference in exchange and
overall magnetic properties (e.g., changes in Ty).

Cu,Co3.,04 contains divalent Cu ions typically reported
as a partially inverted spinel [3,4] where increases in the
lattice constant suggest that Cu?™ occupies the octahedral
sites [4]. The magnetic properties of bulk Cu,Co3.,04 (x < 1)
have been reported as a weak antiferromagnet with a Néel
temperature of Ty = 18-24 K [4,5]. Copper has been found
to occupy the octahedral site, and this can lead to the pos-
sibility of ferromagnetic exchange. To explore the resulting
magnetism via a potential change in 7; vs Oy, Cu?t ratio
from finite-size effects (exchange pathways through surface
terminations), phase stable Cu,Cos.,O4 nanoparticle systems
with different dopings were investigated (0 < x < 0.5).

In pure Co3 Oy, the majority of the exchange strength origi-
nates from interactions involving two magnetic Co*>* (7}) ions
through two intermediate oxygen ions and a Co®*(0},), of
the form Co’-0-Co*"-0-Co?*. This exchange pathway oc-
curs in three different configurations, with one ferromagnetic
path (149o; subscript denotes the 90° O-Co>*-O bond angle)
and two antiferromagnetic paths (199, T4180) [2,6]. The
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individual interactions for each path are weak; the exchange
strength comes from the large multiplicity of the pathways,
where we define the multiplicity to be the number of pathways
to a neighbor of a given type (e.g., nearest, or next-nearest
neighbor). Due to the large distances associated with some
of the O~ and Co*"(T}) ions we find that the typical su-
perexchange interaction only accounts for roughly 10% of
the total exchange strength [2,6]. Uniqueness of the exchange
pathways 199 and 119 arise from this small imbalance in
the interactions, where Co*>"-O-Co®" interactions only occur
for nearest neighboring magnetic ions (i.e., 199 has an extra
component of antiferromagnetic exchange).

When Cu is doped into the Co3O4 spinel structure the
electronic configuration for the Cu ions in Cu,Cos Oy is
altered by the crystal spinel structure causing delocalization
of the electrons. Instead of Cu®* occupying the O, sites, Cu*"
resides at the octahedral interstices with a 3d°L, where L de-
notes a ligand hole on the neighboring oxygen ions. A similar
system of magnetic Cu with the feature of hole doping is the
cuprates, or hole-doped cuprates. In the hole-doped cuprate
compounds, as a substitute for the holes occupying some of
the Cu* creating a mixed valence (Cu®>* /Cu’*) structure, the
holes tend to occupy the O 2p orbitals leaving only Cu®* with
S = 1/2 [7-9]. In high T, cuprate compounds, the Cu*" and
O ions form CuO; planes where the holes in the O 2p orbitals
then induce the superconductivity [10]. Thus, understanding
the nature of the hole on the ligand oxygen ions is critical to
our understanding of high 7, superconductors.

Cu,Co3.,04 nanoparticles should present entirely new
exchange interactions allowing for distinct ferro- and antifer-
romagnetic behavior. Cu in the spinel structure can undergo a
tetragonal distortion caused by the Jahn-Teller effect [3,4,11];
this in turn affects the magnetism through the possible ex-
change interactions that Cu can undergo. The exchange is
investigated through nanoparticles to reveal the dominant
magnetism in the structure, where the Cu®* ions in the
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octahedral site and Co®* ions in the tetrahedral site are re-
sponsible for the ferromagnetic interactions.

In Co30Qy, it has been established that substitution of Cu?t
into the tetrahedral site leads to a decrease in the strength
of the antiferromagnetic exchange that propagates between
the (T;) sites [4,5]. In the cuprate systems, the 3d9L ligand
hole is responsible for the superconductivity in CuO, planes
[10]. The ligand hole introduces electron delocalization in-
fluencing the conduction and providing a mechanism for the
strange ferromagnetic behavior for the involved Cu*t(0y)
ions. The ligand hole permits exchange interactions between
the Cu>*(0y,) (S = 1/2) and the Co**(T}) (S = 3/2) through
a single oxygen ion. This occurs through a modified exchange
interaction involving both double and superexchange resulting
in the unusual magnetism of Cu,Cos_,O4 nanoparticles.

II. EXPERIMENTAL METHODS

The Cu,Co3,04 (0 < x < 0.5) nanoparticles were syn-
thesized via coprecipitation. Stoichiometric amounts of
Co(NO3); - 6H,O and Cu(NO3); -2.5H,0 were dissolved
separately in deionized (DI) water and subsequently mixed
together for the desired Cu doping. A 2 M NaOH solution
is then added dropwise to the stirred solution, and monitored
until a pH of 9-10 is reached. The precipitate was washed with
DI water, filtered, and dried at 120 °C overnight. The samples
were then calcined at 500 °C for 1 h, with a heating rate of
2°C/min to obtain the Cu,Co3_,O4 nanoparticles.

Transmission electron microscopy (TEM) was performed
at the Manitoba Institute for Materials, using a FEI TALOS
TEM with an accelerating voltage of 200 keV. Images were
processed in IMAGET [12].

X-ray diffraction (XRD) was performed with a BRUKER
D8 Discover diffractometer with a CuKa (A = 1.5405 A)
x-ray source at a voltage and current of 40 kV and 40 mA,
respectively. Patterns were collected from 10° to 90° with a
resolution of 0.02° on a rotation stage with a knife edge and
Ni K g filter.

Magnetic measurements (DC susceptibility) were per-
formed using a Quantum Design MPMS-XL SQUID mag-
netometer. Samples were mounted in supracil quartz tubes
to minimize background interference. DC susceptibility mea-
surements were performed from 2 to 300 K in an applied field
of 100 Oe.

O K edge, Co, and Cu L edge x-ray absorption spec-
troscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) were collected using total electron yield (TEY)
and total fluorescence yield (TFY) detection at the Advanced
Photon Source at Argonne National Laboratory, utilizing
the beamline 4-ID-C. Samples were placed on carbon tape
mounted on the cold finger of the 70 kOe superconducting
magnet and spectra were obtained at 10 K. Co L3 >-edge spec-
tra were normalized to the peak at 779.5 eV and O K-edge
spectra normalized to the edge jump at 553 eV.

The Co and Cu K-edges x-ray absorption near edge
structure (XANES) and extended x-ray absorption fine struc-
ture (EXAFS) spectroscopy measurements were performed at
beamlines 20-BM-B and 20-ID-C of the Advanced Photon
Source at Argonne National Laboratory. The x-ray beam was
monochromated by a Si(111) double crystal monochromator
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FIG. 1. XRD patterns for all of the samples. Pattern fits (solid
black lines), residuals for the x = 0 sample (blue line), and peak
markers for the primary (red ticks) and secondary CuO phase (*, and
purple ticks) are obtained from Rietveld refinements.

where the beam intensity was reduced by 30% to eliminate
the higher-order harmonics. Co K-edge measurements were
performed in transmission mode and detectors were ionization
chamber based. Due to low Cu contents Cu K-edge mea-
surements were done in fluorescence geometry. A 13 element
solid-state detector was used to monitor the fluorescence x
rays. In both transmission and fluorescence geometries speci-
mens were a thin powder prepared using kapton tape. EXAFS
spectra were measured on the Cu-doped Co304 systems up
to ~15 A~! in wave vector k range to analyze the data. XAS
spectra are normalized and subtracted using the ATHENA soft-
ware program, while background subtracted EXAFS spectra
were analyzed using the ARTEMIS software [13]. The the-
oretical calculation of the phase shifts and backscattering
amplitudes for specific atom pairs were obtained using the
FEFF program [14]. The model used to fit the Cu and Co
K-edges data included single scattering paths up to 4 A (to
include first and second coordination shells), and to avoid
overparametrization several constraints were included as dis-
cussed in the Supplemental Material (SM) [15].

III. RESULTS AND DISCUSSION

A. Structure and composition

XRD is presented for all of the samples in Fig. 1. Rietveld
refinements were performed using FULLPROF [16]. Most of
the XRD patterns are phase pure with the exception of x =
0.4, 0.5, that present an additional CuO phase of 1% and 3%,
respectively. The primary phase is consistent with a spinel
structure, with the space group Fd3m. The refinements show
an increase in lattice constant (8.084-8.090 A) and a decrease
in the crystallite size (26—16 nm) across the series as Cu
enters the nanoparticles (Fig. 2). The increase in the lattice
constant is a result of Cu>* entering the O, sites due to the
difference in ionic radii with Co** (Cu®**: 0.73 A; Co**:
0.55 A) [4], while the decreased crystallite sizes arise from
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FIG. 2. Crystallite size and lattice constant as a function of
doping obtained from XRD refinements. Linear decrease in the crys-
tallite size and increase in the lattice constant as Cu enters the spinel
structure.

increased strain within the particles as a result of the Jahn-
Teller distortion. Both lattice constant and crystallite size
present a linear relationship with Cu doping. From XRD re-
finements it is found that Cu occupies both octahedral O, and
tetrahedral 7 sites, with an Oj,:Ty ratio of roughly 50%:50%.
Results from the refinements are presented in Table S.1
in the SM.

Particle sizes (areal averaged) from TEM were obtained
from the mean of the lognormal distribution function shown in
Table S.2. Volume averaged crystallite sizes from XRD are in
decent agreement with the particle sizes obtained from TEM
(see SM), indicating that the nanoparticles are consistent with
single crystallites.

B. Local environment and cation distribution

XAS measurements were performed over both the Co
and Cu K edges. The XANES portion of the spectra al-
lows us to obtain information about the composition while
the preedge features contain further information about the
3d and 4p hybridization in the structure [17,18]. Figure 3
shows the Co K-edge XANES spectra for all the samples,
collected at 300 K. We find that all the samples show sim-
ilar spectra; small changes are found for the edge energies
indicating the change in the Co*" to Co*" ratios for the
samples. The preedge feature is well defined with two-thirds
of the contribution originating from the ls to 3d transition
of Co(0y) [17,18]. Since all of the samples show identical
preedge features, this is an indication that the O;:T; ratios
for Co and Cu remain relatively unchanged. For both Co and
Cu K edges, there are contributions to the preedge feature
arising from the Oy, and T sites. Normalization of the spectra
lead to similar preedge magnitudes indicate identical Oy:T;
ratios between the dopings. The Cu K-edge XANES spectra
is shown in Fig. 4 for all the samples. With no change in the
edge energy, we find the samples all have a similar overall
oxidation state for the Cu ions. The preedge feature is much
less defined since the electronic structure of Cu’* (34°) only
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FIG. 3. Co K-edge XANES for all the samples. Spectra were
obtained at 300 K.

allows for one transition per Cu?* to a 3d orbital (for both O,
and Ty).

The EXAFS portion of the XAS spectra identifies local
changes to the crystal structure around the various cationic
species. This allows us to characterize the coordination, interi-
onic distances, bond disorder, and specifically, the occupation
of the cationic absorbers. Spectra were taken over the Co and
Cu K edges at 300 K to obtain information on how Cu is
incorporated into the structure, along with changes to the Co
environments as a result of the Cu doping in the nanoparticles.
The fitted spectra are shown in Figs. 5 and 6 and the tabulated
results and fit parameters for all samples are shown in Tables
S.3-S.9 (see SM).

Fits for each sample were performed using the Artemis:
EXAFS data analysis software [13]. Fits for the Cu K
edge clearly identify the presence of Cu(O;) and Cu(Ty) as
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FIG. 4. Cu K-edge XANES of the Cu-doped samples. Spectra
were obtained at 300 K. No shift in the edge energy indicates there
is no change in the formal Cu oxidation state of the samples.

024448-3



M. SHEPIT et al.

PHYSICAL REVIEW B 103, 024448 (2021)

35

|%(R)] (arb. units)
a S

-
o

R (A)

FIG. 5. Cu K-edge EXAFS spectrum for all the samples taken at
300 K. Spectra show changes in the Cu(O},) and Cu(7;) occupation.

absorbers via the large peaks at 2.6 and 3.2 A, respectively
(Fig. 5). The largest contributions to the peak at 2.6 A are
described by Cu(0p)-(0Oy) scattering events, with Cu(O;)
as the absorber and any (Oj) ion as a scatterer (there are
separate contributions from Cu and Co scatterers, but the
overlap allows us to characterize the peak as general Oy
scattering events). Likewise, the peak at 3.2 A is a result
of the Cu(7y)-(T;) paths. For both Co and Cu fits we find
that the coordination is as expected for a spinel structure,
while scattering path length decreases (as doping increases)
for the Co edge, and increases for the Cu edge. Cu causes a
shift in the coordination shells, increasing certain distances
from Cu absorbers and decreasing the distance to Co ab-
sorbers. Intuitively, as doping increases, local disorder (from
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FIG. 6. Co K-edge EXAFS spectrum for all the samples taken
at 300 K. Peaks at 2.4 and 3.0 A are primarily due to the scattering
paths of Co(0;)-(0;,) and Co(Ty)-(T;), respectively. Solid lines are
fits for each doping.
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FIG. 7. XAS measurements over the Co L;, edge obtained at
10 K for all samples. The peak at 777 eV in the Co L-edge spectra
show a decrease as Cu enters the structure.

the Debye-Waller term of the fits) around the Cu ions (agu)
decreases (or stays the same), while O’C20 increases. This is
evidence of Cu distorting the structure. With enough Cu,
this can cause a change in the entire crystal structure of the
nanoparticles from cubic to tetragonal [11].

From EXAFS, we have been able to identify the presence
of both Cu(0;) and Cu(7;) within the spinel structure for
each sample. Total Cu in the spinel structure conforms to
what was obtained from XRD. Changes in bond distance and
bond disorder suggest that doping distorts the crystal structure
around Cu. We were also able to identify the presence of
CuO (roughly 10%) in the x = 0.5 spectrum. The EXAFS
results that concern the details of the Cu doping, such as total
Cu, Cu(0y), and Cu(Ty) occupations, and overall chemical
formula obtained from EXAFS are shown in Table S.3 (see
SM). A detailed description of the EXAFS fitting procedure
is also provided in the SM.

L-edge XAS allows us to obtain more specific informa-
tion regarding the oxidation state and the environment of the
cations and surrounding oxygen atoms. Figure 7 shows the
XAS spectra at 10 K for all of the samples over the Co
L3, edges. The Co L-edge spectra are typical of a Coz0y4
spinel-type material [19]. The decrease in the shoulder at
777 eV indicates a decrease in the occupation of the Co sites.
The peak at 777 eV is dominated by Co*"(7}), but small
contributions from Co>*(0,,) are also present. Figure 8 shows
a close-up of the Co L3 edge, where I, and Iz, indicate the
intensities of the Co*>*(T;) and Co**(0},) contributions. The
inset shows I3, /I increasing as a function of Cu doping,
indicating the change in relative occupancies.

The Cu Ls,-edge spectra obtained at 10 K for the Cu-
doped nanoparticles (Fig. 9) are indicative of Cu®t ions
[21-24]. The small shoulder peak at 932.5 eV is due to the ex-
istence of a ligand hole (2p3d°L — 2p°3d°) that arises from
the 0, sites: Cu**(0,) — Cu**(0},) + 3d°L as Cu prefers a
2+ oxidation state over a 3+ oxidation state [10,25,26]. The
3d°L mediates charge balance in the structure allowing Cu*"
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FIG. 8. XAS measurements showing only the Co L; edge. I
and /5, are the intensities for the Co>*(T}) and C03+(Oh) contribu-
tions. The inset shows I3, /I, vs doping.

to exist in both the O}, and 7 sites, without Co>* entering the
T, sites. The 3d° L causes a change in the electronic wave
functions due to the O ions collectively lacking an electron.
O K-edge XAS allows us to probe the hybridization be-
tween O 2p and metal 3d and 4s states directly. The oxygen
K-edge spectra shown in Fig. 10 were taken at 10 K for all
samples. The preedge peak at 531.5 eV and the shoulder at
533 eV allow us to quantify the 3d e, and t,, orbital occupa-
tion for the Oy, ions in the structure [27]. The occupation of
these orbitals conforms to what we expect if Cu replaces Co
in the Oy, site, thus providing another method to confirm the
presence of Cu®*(0),). With Co*>" containing four e, vacan-
cies and Cu®*" containing only one vacancy in the e, orbital,
we expect a decrease in the absorption across the series. There

10l Cul,, edges ]
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FIG. 9. XAS measurements over the Cu L;, edge obtained at
10 K for all samples. Cu L-edge spectra are all very similar. The
x = 0.5 sample shows another absorption due to the CuO impurity
phase.
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FIG. 10. XAS obtained over the O K edge for all samples.
Changes in the 3d occupation between the samples is indicated by
the changes in the preedge peak at 532 eV. The asterisk (*) marks the
peak from vicinal oxygen [20].

is also a decrease in the absorption above the threshold in the
region of 537-552 eV. This is due to the decrease in hybridiza-
tion between O p and cationic 4s states, as a result of Cu?t
occupying both sites. Cu®>*(0},) still undergoes hybridization
with the O ligand orbitals, but Cu?>*(7}) ions do not hybridize
with O orbitals.

It is known that the separation of the Cu’*(7y) and
Cu2+(0h) absorptions is only 0.7 eV [28]. Thus, to further
examine the Cu spectra, a peak deconvolution is performed
on the main absorption for the Cu L3 edge to obtain a third
estimate of the 7; and O; occupancies (Fig. 11 shows x =
0.2). We find that the 7; occupation is always greater than the
octahedral occupation (omitting x = 0.1), with a magnitude of

“[Cu,,Co,,0

28 74

o8- Cu L, edge

0.6 -

TEY XAS Intensity (arb. units)

0.0 A , A A =
927 928 929 930 931

Energy (eV)

FIG. 11. Fit for the Cu L3 edge for the x = 0.2 sample. With a
separation of 0.7 eV for the Cu>*(0,) and Cu®>* (7}) absorptions, we
find 38% of the Cu occupies O}, sites and 62% occupies Ty sites.
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FIG. 12. Fit for the Co L3 ,-edge spectra for the x = 0.2 sample
shows the absorption at 777 eV is dominated by Co** but contains
small contributions from Co*" ions.

roughly 60%—65%. As the Cu doping increases (x > 0.4), the
emergence of a third absorption becomes resolvable within
the Cu Ls-edge peak. This is attributed to the formation of
the CuO impurity phase; for x = 0.5 an impurity of ~7% was
found. We were also able to obtain fits for the Co L-edge spec-
tra. Fits for the Co edge were obtained by simulations of the
Co**(T;) and Co*T(0y,) contributions using CTM4XAS [29].
The fit for x = 0.2 is shown in Fig. 12, where the Co*>(0,)
and Co* (Ty) occupations are 69% and 31%, respectively.
The results for the occupancies of the nanoparticles ob-
tained from the Co and Cu L-edge XAS fits are shown in
Fig. 13. We find that the occupation of Cu>*(T}):Cu**(0y)
remains the same at roughly 60%:40%. This is corroborated

" -Cf‘ﬂ+/+/+/+/+\+ |
60 — +\ /+\ -
£ “leu(0) 1 —
% [Cu™(T ).
S 40 + +/+\ /+/+ -
\ —_—
30 — C 02+(Td)+ +\+\+\ +/+ -

Cu Doping (x)

FIG. 13. Occupancies obtained from fits of the Co and Cu L-edge
XAS. There is an increase in the Co3+(0h) occupancy results from
the decrease in Co®* (T};) occupancy. Cu®* (7}) occupancy is constant
at 60% (excluding x = 0.1).

by the height of the 3d°L (Fig. 9); if we take into account
the backgrounds, the height of the high-energy shoulder peak
is nearly identical throughout the series. Since we obtain the
same ratio of ligand core holes that arise from Cu(0Op), we
obtain the same ratio for Cu(0;,) and Cu(7y;) between the dop-
ings. Cu occupancies and total Cu are roughly in agreement
with the results from both XRD and EXAFS. The tabulated
L-edge XAS results are shown in Table S.10, along with fit
parameters for the Co L-edge simulations in Table S.11 (see
SM).

From XAS we have identified the oxidation states and
obtained accurate estimations of the Oy, and T; occupancies
for the cations in the structure. All of the samples show
very similar spectra with a Cu(7}) occupancy larger than the
Cu(0p,) occupancy. XAS and EXAFS can also be used to
verify that the structure is being doped with Cu, and not a
surface substitution. XAS over the Co and Cu L edges was
performed with both TEY detection and TFY detection. EX-
AFS is performed in a transmission geometry setup probing
both the surface and the core of the nanoparticles; while TFY
XAS mostly probes the core of the particles, TEY only probes
the first few nanometers [30]. This gives us a good distinction
between the core and surface, allowing us to distinguish dif-
ferent contributions from the core and surface [31]. TFY XAS
measurements also clearly show the Cu entering the core of
the structure (see SM).

C. Magnetism and exchange properties

For antiferromagnets such as CozO4 the maximum in the
DC susceptibility x (T') is a typical identifier of the Néel tem-
perature (7y). Further, examination of the susceptibility above
and below the ordering temperature gives us an indication of
the exchange interactions present. To investigate the effects of
the Cu doping on the magnetism of cobalt oxide nanoparticles
we performed low-field DC susceptibility for all of the Cu-
doped Co304 samples (shown in Fig. 14).

It is known that for bulk Coz04 Ty = 40 K [2,6]. As the
Cu doping increases, we observe a decrease in Ty. This is
a result of the complicated nature of the exchange interac-
tions in Co304. The majority of the exchange strength arises
from multiple extended superexchange interactions, leading
to the magnetic structure shown in Fig. 15. The extended
superexchange pathways are fairly weak but each pathway
has a large number of possible iterations, i.e., multiplicity.
The three paths in the figure use the notation 11 and 1)
to denote ferro- and antiferromagnetic interactions, while the
subscript denotes the O-Co**-0 bond angle. With essentially
noninteracting Cu in the tetrahedral site, it then becomes clear
why we see a decrease in the magnetic ordering when Cu’*
occupies the Ty site.

In pure Co3z04 the 1199 and 1|99 exchange paths have
the same bond angles and bond distances, thus to first order
their interaction strengths cancel [2,6]. But this is not the case
for the Cu-doped samples. As Cu enters the structure changes
in the ionic radii and unit cell lead to changes in the bond
distances and bond angles for the exchange interactions. This
leads to the possibility for an asymmetry in the 1|99 and
Mo interactions such that cancellation between these two
exchange paths may not occur in all cases, as in pure Co3QOy.
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FIG. 14. x(T) for all of the dopings shows a decrease in the
ordering temperature with increasing Cu doping. Below the order-
ing temperature we find evidence of ferromagnetic behavior as the
doping increases.

Above the magnetic ordering temperature the samples are
all paramagnetic. This allows us to represent the susceptibility
by a modified Curie-Weiss law x (T') = xo + %. Where xo
is the temperature independent susceptibility, C is the Curie
constant, and 6 is the Weiss temperature. The magnetic mo-
ment and exchange can be quantified from an analysis of the
inverse in DC susceptibility [1/x(T); see SM]; high tem-
perature fits were performed for all samples with the results
displayed in Table S.12.

The temperature independent susceptibility xo is a result of
the van Vleck paramagnetism from the different ionic species
showing virtually no change throughout the series [32]. 6
gives us an idea of the exchange interactions present, with
6 < 0 indicating antiferromagnetic exchange; bulk values for
6 for Co304 range from —50 to —110K [2,33-35]. The

FIG. 15. The three different exchange pathways present in
Co3;04 are shown: 1199, 1Tloo, and 110 (subscript denotes
0-Co*"-0 bond angle). 1199 and 1o have the same bond angles
and bond distances, thus to a first order, these interactions cancel.
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FIG. 16. . and Ty obtained from the fits of 1/x(T") as a func-
tion of the nominal Cu doping. Both p. and 7y show a decrease
with an increasing Cu.

samples show a decrease in 6 with doping, indicating a de-
crease in the antiferromagnetic exchange interactions. The
Curie constant C provides us with a quantitative measure
of the overall magnetic moment (2.83x+/Cpo1). Figure 16
shows the values of pes obtained from fits of 1/x(7) and
Ty obtained from the peak in DC susceptibility as a func-
tion of the Cu doping. We find that there is a decrease in
the overall magnetic moment and a decrease in the ordering
temperature corresponding to the decrease in Co occupancies.
The decrease in jie results from the decrease in Co?t(7),
while the decrease in Ty is a consequence of the decreasing
multiplicity in the antiferromagnetic exchange interactions.
To gain further insight, we investigate J;; [36] and 6
as a function of doping for the nanoparticles, shown in
Fig. 17. We find that both the exchange constant and Weiss

0 (K)

0.0 0.1 0.2 0.3 0.4 0.5

X 351

L n 1 L 1 L 1 " 1
0.0 0.1 0.2 0.3 0.4 0.5
Cu Doping (x)

FIG. 17. 6 and J;; as a function of doping obtained from mag-
netometry. Both 6 and J;; show identical behavior, increasing as
doping increases. This is a result of the decrease in antiferromagnetic
interactions.
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FIG. 18. (a) Stronger ferromagnetic exchange interactions occur
between C02+(Td) and Cu?*(0,) ions, involving both double and
superexchange. (b) The antiferromagnetic extended superexchange
interaction between Co>* (T) and Cu®*(0,,) is much weaker.

temperature show identical behavior. The increase in the ex-
change constant J;; and 6 with doping is consistent with
the decrease in antiferromagnetic interactions. 6 is obtained
directly from the fit and J;; is described by both Ty (not ob-
tained from fit) and pesr (obtained from fit), thus J;; and 6 are
independent methods in confirming the exchange interactions
present. The decrease in both J;; and 6 for the x = 0.5 sample
is due to the appearance of the CuO impurity phase. The total
Cu(Ty) occupation follows roughly the same tenancy as both
the exchange and Weiss temperature.

As temperature decreases the susceptibility of the dop-
ings increases more rapidly with Cu, and x(7") below the
magnetic ordering 7y shows evidence of weak ferromag-
netic interactions. This is a result of the addition of Cu into
the O, sites. Weak ferromagnetic interactions occur between
Co’*(Ty)-Cu**(0},), made possible only by the 3d° ligand
hole on the intermediate oxygen ions. The ligand hole allows
for the propagation of magnetic interactions via specialized
exchange interactions involving both double (real transfer of
electrons) and superexchange (virtual transfer of electrons)
interactions [shown in Fig. 18(a)]. In addition to the ferromag-
netic exchange interactions between Co’*(7y) and Cu>*(0,,),
an antiferromagnetic extended superexchange interaction ex-
ists, similar to the form of the exchange in nominal Co304 that
involves three intermediate ions [Fig. 18(b)]. Due to the ex-
tended nature of exchange the antiferromagnetic interactions
between Co’* (7)) and Cu®*(0,) are much weaker.

The most straightforward evidence of ferromagnetic in-
teractions occurring in the particles is the XMCD. XMCD
uses both left and right circularly polarized x rays to mea-
sure both spin-up and spin-down populations. Intrinsically,
XMCD is not observable for antiferromagnets. XMCD spec-
tra were measured by reversing the x-ray polarization at each
energy interval and then the applied magnetic field polarity
(£50 kOe; to permit any artifacts intrinsic to the x-ray scat-
tering processes to be removed from the resulting XMCD

0.00

0.01 | CoL,, edges ]
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0031 x=0.2 x=0.5 7
-0.04 x=0.25 -

1 1 1
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0.01
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-0.01 i

-0.02 L1 N 1 N 1 N 1 N 1 N | N
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TEY XMCD Intensity (arb. units)

FIG. 19. Co and Cu L-edge XMCD obatained at 10 K. The Co L
edge shows an increase in the magnetic moment due to the weaken-
ing antiferromagnetic interactions. The Cu L-edge XMCD shows an
unchanging magnetic moment present only on the Cu(0,,) site.

spectra—"artifact-free” XMCD). Co and Cu L-edge XMCD
obtained at 10 K is shown in Fig. 19. For the Co L-edge
XMCD, due to the nonmagnetic nature of the Co>* ion, there
is only a contribution from Co®* ions. The Co L3-edge peak
(777 eV) shows an increase in the dichroic signal with doping,
resulting from the increase in moment for the Co*" ions.
This is due to the decrease in antiferromagnetic and increase
in ferromagnetic interactions directly related to Co*H(T)).
Expectedly, in the Cu L-edge XMCD we find a maximum
occurring at ~929 eV indicating the moment originates from
the Cu>*(0,) ion. Because Cu®*(7}) is noninteracting, ex-
change interactions of the form Cu®*(7})-0-Co**-0O-Co**
are nonexistent.

XMCD is the clearest way to show the ferromagnetic be-
havior that arises from the interactions between the Co>* (7))
and the Cu?*(0,) ion via the double exchange interaction.
This is made possible by the ligand hole created on the in-
termediate O ions. From the Cu L-edge XMCD the magnetic
moment between the dopings is virtually unchanged; this re-
sults from the constant occupancies of Cu(Op) and Cu(7y)
since the XMCD is XAS normalized. Thus, as the doping
increases, the occupancy of each site increases equally; this
increases the XAS and XMCD proportionally, thus normal-
izing to the same magnetic moment. Stated differently, this
means there is no change to the individual magnetic interac-
tions between Cu’>*(0y,) and Co** (T).

Using CTM4XAS we can simulate the XMCD spectrum
for the Co L edge. The simulation of the x = 0.2 sample
is shown in Fig. 20. Since Co**(T}) presents the only con-
tribution in the XMCD across the Co L edge, the XMCD
simulations for each sample agree well with what we have
obtained experimentally. Due to the decrease in antiferromag-
netic interactions the magnetic moment of the Co>* (T) for
the x = 0.2 sample is ~1.2 times larger than the magnetic
moment obtained from Co30y.

Using XMCD we are able to link the characterization
of the crystal structure to the magnetism. It was found that
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FIG. 20. Co L-edge XMCD fit for the spectrum obtained at 10 K
for the x = 0.2 sample. Due to the electronic structure of the Co®*
ions, there is only a magnetic moment for the Co>*(7}) ion. For x =
0.2 the magnetic moment is ~1.2 times larger than Co30,.

Cu**(T;) undergoes no hybridization with O ions leading to
no magnetic interactions, as expected from the analysis of the
susceptibility [there is a possibility that Cu>*(T;) provides
a very weak antiferromagnetic interaction with Co**(7}),
but this is much weaker than the original exchange between
Co**(Ty) ions [4,5]]. And as a result, Cu>*(7}) disrupts the
existing ferro- and antiferromagnetic interactions that occur
between the Co?* (T) ions. This is indicated by the increased
magnetic moment on the Co?*(T}) obtained from Co L-edge
XMCD fits. Ferromagnetic interactions are found to occur
between the Co’* (7)) and Cu®*(0y); while antiferromag-
netic interactions between the two ions are also possible, the
extended nature results in dominant ferromagnetic interac-
tions. The 3d° ligand hole created as a consequence of Cu
occupying the octahedral site provides the mechanism for ex-
change to occur through the O 2p orbitals. The hybridization
that ensues between the Cu(0O;) and O 2p orbitals results in
ferromagnetic Cu.

IV. CONCLUSIONS

‘We have used XRD, EXAFS, and XAS to obtain informa-
tion about the crystal structure of Cu-doped Co304, which
is then used to evaluate the magnetic structure. It has been

found that Cu occupies both O; and T; sites in the struc-
ture, with a preference for the Cu to occupy the Tj sites.
We find that the Cu in the spinel structure occupies cationic
sites with an Oj,:T; ratio of roughly 40%:60%. XRD, EX-
AFS, and XAS are all in agreement concerning the total
Cu content, CuO impurity phase, and Cu(0O) and Cu(7y)
occupancies.

From L-edge XAS, we find that Cu occupies both O;, and
T, sites with a 24 oxidation state. This occurs because Cu
prefers a 2+ oxidation state and, as a result, the Cu2+(0h)
form a 3d° ligand hole [Cu**(0;) — Cu**(0,) + 34°L].
From XRD, the Cu-doped structure shows increased strain
and EXAFS shows increased disorder and changes to the
scattering path lengths. This is consistent with Cu distorting
the structure.

Magnetic measurements show that Cu>*(7}) is noninter-
acting and as expected, disrupts the preexisting exchange
interactions occurring between Co>*(T) ions. From XMCD,
it is found that Cu>*t(0y) undergoes ferromagnetic interac-
tions. Cu?*(0y,) induces a 3d° ligand hole which causes
hybridization between the Cu**(0,) and O ions; this pro-
vides the mechanism for ferromagnetic exchange interactions
occurring between Co’*(7Ty) and Cu®*(0y). The increased
ferromagnetic interactions and decreased antiferromagnetic
interactions result in an increase in the overall magneti-
zation for the Cu-doped particles. The newly introduced
ferromagnetic interactions occur via a hybrid double and
superexchange interaction Co**-O-Cu*(0y,). The antiferro-
magnetic superexchange interactions between Co>* (7)) ions,
and the mixed exchange interactions between Co**(T;) and
Cu?t(0,) create the unusual magnetism that shows both
ferro- and antiferromagnetic behavior.

Data presented in Ref. [37] differs slightly due to new
considerations in the Cu structure. This does not affect the
analysis presented in the previously published paper.
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