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Defects in CoO in oxidized cobalt nanoparticles dominate exchange biasing and exhibit
anomalous magnetic properties
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Defects can vastly modify the optical, electrical, mechanical, and magnetic properties of materials. In this
paper, we report an investigation of the magnetic properties of moments associated with defects in CoO in
partially and fully oxidized colloidal Co nanoparticles. The defect moments freeze at low temperature and have
a distribution of melting temperatures, in which most melt below 50 K, but exchange biasing (EB) generated
by the CoO lattice stabilizes the Co core moments in the partially oxidized sample up to 170 K [J. B. Tracy,
D. N. Weiss, D. P. Dinega, and M. G. Bawendi, Phys. Rev. B 72, 064404 (2005)]. By switching the polarity
of the biasing field at intermediate temperatures during cooling, we show that the defect moments dominate EB
at low temperature and exhibit a thermal memory effect. Selected cooling sequences show that the exchange
shift (Hgp) may change sign as the sample is heated and demonstrate tuning of Hyg and the coercivity. Thermal
remanent magnetization measurements directly show how changes in the orientation of CoO defect moments
cause the Co core moments to reorient. An investigation of the temporal stability of the defect moments is also

reported.
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I. INTRODUCTION

There is currently great interest in preparing nanoparticles
(NPs) of antiferromagnets (AFMs)'"'% and ferromagnet
(core)/AFM (shell) NPs for numerous applications. Inter-
faces between ferromagnets (FMs) and AFMs may exhibit an
additional unidirectional anisotropy caused by magnetic cou-
pling at the interface, which is called exchange biasing (EB).
The interface between Co (FM) and CoO (AFM) has been
used as a prototype for studying EB because it has a large
unidirectional anisotropy, and the ordering temperature of
bulk CoO, the Néel temperature (Ty), is near room tempera-
ture at 293 K.!7” When Co(core)/CoO(shell) NPs! 329 with a
sufficiently thick®® core and shell are cooled in a magnetic
field, they exhibit EB. For further background on EB, we
refer to recent reviews.3!=3

Uncompensated moments (UCMs) have been observed in
thin films of C00.!7-3:37 These UCMs can be classified as
one of two types: (1) Some UCMs are strongly exchange
coupled to the AFM lattice, and have T near to that of the
rest of the AFM lattice. (2) Other UCMs are weakly ex-
change coupled to the AFM lattice and become paramagnetic
at much lower temperatures than the lattice.'”-3® The weak
coupling of these UCMs to the AFM lattice may be caused
by spin frustration, especially along grain boundaries, or
where there are crystal or stoichiometric defects, and they
may exhibit spin glasslike behavior.3¢-3¥-4! In this work, we
show that UCMs with weak coupling to the AFM
lattice dominate EB in Co(core)/CoO(shell) NPs at low
temperature.

Since the initial discovery of EB in oxidized Co NPs,'3
many models have been proposed, but a comprehensive mi-
croscopic understanding of EB remains lacking. It has been
well established that spins at FM/AFM interfaces adopt an
orthogonal arrangement which is known as “spin-flop
coupling,”* but such an arrangement is possible without giv-
ing rise to EB.** EB depends on the crystallographic and
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magnetic domain structure of the AFM,*~47 and roughened
FM/AFM interfaces may exhibit enhanced*® or reduced EB*3
compared with smooth ones.

Central to recent models of EB is the magnetic domain
structures of both the AFM and FM. Because the Co cores in
our NPs are single domain and too small to sustain domain
walls,3! we consider only AFM domains. Grain boundaries
and defects can stabilize domain walls in the AFM,*%
which are thought to cause EB through one of two
mechanisms:*’>% (1) AFM domain walls couple to and pin
the FM core.*04751.52 (2) Moments at the FM/AFM interface
couple to and pin the core.’® However, defects induced away
from the FM/AFM interface can aid the formation of domain
walls and thereby modify the domain structure, including the
interfacial moments, which control EB.#44-54-56 Others have
attributed the pinning to a spin glasslike phase, which is
similar to (2).3%4* Geometry is also important, and FM(core)/
AFM(shell) NPs have been investigated computationally.’’-8

Here, we present a comprehensive study of moments as-
sociated with crystal defects at surfaces and grain boundaries
and stoichiometric defects, which are caused by variations in
the Co to O ratio, in the CoO shell of partially and fully
oxidized colloidal Co NPs. At least a portion of these defect
moments are UCMs that are weakly coupled to the AFM
lattice, and they have a critical role in EB. This work is a
continuation of our recent investigation of EB in partially
oxidized Co NPs, in which we observed defect moments in
thin (r~3 nm) CoO shells in partially and fully oxidized Co
NPs.! At low temperature, magnetization (M) vs field (H) for
fully oxidized NPs after field cooling in a 5 T field exhibits a
superparamagnetic component and has a vertical shift along
the magnetization axis, which we attributed to the defect
moments.

We proceed after the experimental section (Sec. II) by
introducing M vs H measurements in which the polarity of
the biasing field was switched during cooling (Sec. III A).
Using these switching procedures, the exchange shift (Hpp)
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and the coercivity (H.) can be tuned, Hgz can be caused to
change sign as the sample is heated, and the defect moments
are shown to dominate over EB generated by the CoO lattice
at low temperature. In the following section (Sec. III B), data
from thermal remanent magnetization (TRM) measurements
after switching during cooling are used to demonstrate a
thermal memory effect and to observe the distribution of
defect moment melting temperatures. A correlation of the
temperature- and field-dependent data for fully oxidized CoO
(Sec. IIT C) is then presented, followed by an investigation of
the temporal stability of the defect moments (Sec. III D) and
a discussion of additional data with cooling to 2.5 K
(Sec. IIL E).

II. EXPERIMENT

The samples investigated here are the same set that we
studied previously.! We refer to Ref. 1 for the procedures to
prepare, oxidize, and incorporate the NPs into polymer
sticks. After preparing one batch of NPs using colloidal
chemistry methods, portions were oxidized in solution to dif-
ferent extents: (1) The NPs in the “native” sample have an
average Co core of diameter 7.2 nm with a CoO shell that is
1.0 nm thick. (2) The “partial” sample was purposefully oxi-
dized by exposing the NP solution to air at room tempera-
ture. The partially oxidized NPs have an average Co core of
diameter 3.3 nm and a CoO shell of thickness 3.2 nm. (3) By
bubbling air through a solution of the NPs at elevated tem-
perature, the NPs in “full” sample were fully oxidized to
Co0, and hollow cavities formed where the cores had been.!

For superconducting quantum interference device
(SQUID) measurements, the NPs were dispersed in dilute
concentrations into a polymer with average interparticle dis-
tances of greater than 70 nm, so that dipolar coupling be-
tween NPs would be negligible.”® These NP/polymer
samples were stored in a nitrogen glove box in order to pre-
vent further oxidation. Elemental analysis for Co was per-
formed on the polymer samples by Galbraith Laboratories,
Inc., using inductively coupled plasma—optical emission
spectroscopy.

SQUID measurements were performed on a Quantum De-
sign MPMS-5S. In the M vs H measurements, a correction
was performed to remove the diamagnetic background of the
polymer. The magnetization units of emu/g reported through-
out this paper are based on the mass of cobalt. The mass of
ligands and oxygen in the oxidized samples is excluded.

III. RESULTS AND DISCUSSION

We precede the discussion of magnetic measurements by
addressing some potential concerns about our samples. One
concern is the effects of the size distributions of ferromag-
netic cores and antiferromagnetic grains. In exchange biased
systems, the EB blocking temperature is defined as the tem-
perature at which Hyg becomes zero, but for ferromagnetic
NPs, the superparamagnetic blocking temperature is the tem-
perature at which the ferromagnetic moments have lost their
orientation and become superparamagnetic. Throughout this
paper, when we discuss the blocking temperature (7) with-
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out further specification, it is the temperature at which the
ferromagnetic core becomes superparamagnetic, and T is
enhanced by EB."!° The EB blocking temperature is related
to Tp, but we do not measure it directly. For ferromagnetic
NPs without EB, the size distribution causes a distribution of
T5.5%1 The CoO shell on our native sample is too thin to
cause EB,1930 and the size distribution is 7.8+1.0 nm,
which propagates into Tz=120+43 K.! This size distribution
does lead to broadening in our temperature-dependent data
for the native sample, in which magnetocrystalline aniso-
tropy is the predominant magnetic effect, but this does not
restrict our interpretation of the data.

The temperature-dependent data of the partial sample,
however, is controlled by EB. Variations in the AFM, such as
grain size and orientation, are known to lead to a distribution
of EB blocking temperatures,>-%® which has also been ob-
served in thin films of exchange biased Co0.3%% One size-
dependent mechanism by which an AFM grain may no
longer pin a FM is if the AFM grain becomes super-
paramagnetic.'??> The distribution of EB blocking tempera-
tures should cause a corresponding distribution in 7 for an
exchange biased superparamagnet.

In the partial sample, some variation in the grain size and
orientation, and therefore in the EB blocking temperature for
each AFM grain is expected. The M vs T data [Ref. 1, and
reproduced in Fig. 5(b)] show a distinct peak at 170 K,
which may be broadened by a distribution of the EB block-
ing temperatures. However, the low-temperature rise in the
zero field cooled (ZFC) M vs T (predominantly below 50 K)
is distinctly separate and does not result from broadening of
the peak at 170 K. For this reason, the variation among the
AFM grains does not impede our analysis, and we assign the
low-temperature rise to defect moments.

Another concern about ferromagnetic NPs is the effect of
interparticle coupling. Dipolar coupling between ferromag-
netic NPs causes Ty to increase, and can also change the
coercivity.” In our samples, the interparticle coupling is neg-
ligible because the NPs are diluted in a polymer. Moreover,
oxidation of the NP core reduces the strength of the dipolar
coupling.

A. Role of defects in exchange biasing

In the following experiment, we exploited the different
thermal stabilities of EB generated by (1) the CoO lattice and
any UCMs that are tightly coupled to it, which we call the
“lattice,” and (2) UCMs that are weakly coupled to the AFM,
which we call “defect moments,” because they are associated
with grain boundaries, surfaces, and stoichiometric impuri-
ties. When a defect moment “melts,” it is no longer able to
maintain its orientation. The lattice causes EB in the partial
sample up to 170 K, but the defect moments melt at lower
temperatures, as evidenced by a low temperature rise in the
M vs T measurements.! Recently, others have observed a
similar low-temperature rise in M vs T for CoO NPs.>3%8 In
order to separate the effects of EB due to the lattice and the
defect moments, at different temperatures, the cooling field
was switched to the opposite polarity or to zero field.”®’!
Melted defect moments were reoriented by the switched
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FIG. 1. Cooling procedures for the (a) first, (b) second, and (c)
third switching experiments.

field, but frozen defect moments and the lattice moments
could not be reoriented.

The procedures for switching during field cooling are pre-
sented in Fig. 1. Each M vs H measurement was performed
on both the partial and full samples. The magnetization data
were analyzed according to the following procedure, which
we developed in Ref. 1: The magnetization of the partial
sample has components caused by the exchange biased core
and the susceptibility of CoO. After subtracting the magne-
tization of the full sample, which was scaled to account for
the fact that the partial sample was not fully oxidized, the
magnetization of the exchange biased core is M,y ia
—0.947M . Each M vs H curve was fit in order to remove
the superparamagnetic signal from small clusters of unoxi-
dized Co in the diffusion zone between the core and shell,
and the values for Hgz and H (Fig. 2, insets) were taken
from the curve fitting.

In the first switching experiment, the partial and full
samples were cooled in a =5 T field from room temperature
to an intermediate switching temperature (7,;.,) of 25, 50,
or 100 K, at which the biasing field was switched to 5 T
before resuming cooling to 5 K. This cooling procedure is
depicted in Fig. 1(a), and the corresponding data are in Fig
2(a). By cooling to below 170 K in a =5 T field, the lattice is
frozen to pin the Co cores along the negative field direction,
but some defect moments reorient and pin the core in the
positive field direction upon further cooling.

For Ty of 25 K, Hgps x=—0.34 T. For comparison,
after field cooling to 5 Kin a =5 T field, Hgp s x=-0.70 T.!
As Tguen Was increased to 50 K, Hggs x=—0.10 T. For
Tien=100 K, at 5 K, Hgp s xk=0.36 T, and then after heat-
ing to 100 K in a 5 T field and measuring again, Hgp 100 k
=-0.13 T. Therefore, for T,;.,=100 K, Hgp has changed
sign during the heating process. By heating the sample up to
100 K, the defect moments that were frozen below 100 K
have melted, and they can no longer pin the core. These
results are consistent with a distribution of defect moment
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FIG. 2. (Color) Measurements at 5 K, 50 K and 100 K of
(M pyriii—0.947 M 1,y) vs H after cooling from 300 K: (a) ina -5 T
field, followed by switching to 5 T at 25 K, 50 K, or 100 K and
resuming cooling to 5K; (b) to 100K in a 5T field, from
100 K to 50 K'ina -5 T field, and from 50 K to 5 Kina 5 T field;
(c) to 100 K in a =5 T field, then switching to 5 T for 1 min and
cooling to 5 K in zero field; compared with the zero field cooled
curve measured at 5 K. Insets (a-c): Hgp and He vs T from the fit
for each curve.

freezing temperatures below 170 K, and switching at higher
temperatures allows more defect moments to reorient, which
causes Hpp to increase.

In the second switching experiment [Figs. 1(b) and 2(b)],
the biasing field was switched twice during cooling, and Hg
changed sign twice during heating. The partial and full
samples were cooled to 100 K in a 5 T field. At 100 K, the
field was switched to =5 T, and cooling was resumed to
50 K, where the field was switched to 5 T, and cooling was
continued to 5 K. This double change in the sign of Hpp is
further evidence that the defect moments have a distribution
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of freezing temperatures. The defect moments which froze in
the negative field direction between 50 K and 100 K domi-
nate EB at 50 K, because the defect moments which were
frozen below 50 K have melted, thus causing Hyp 59 x <0. If
the defect moments were all to have the same freezing tem-
perature rather than a distribution of freezing temperatures, a
maximum of one sign change of Hyz would be possible,
because the defects could dominate at low temperature and
the lattice could dominate at high temperature, but it would
be impossible to freeze portions of the defect moments in
opposite directions according to their freezing temperatures.

These switching experiments also show that switching
may be used to tune the value Hg. Other investigations have
shown that EB can be tuned by using different strengths of
cooling fields”>7® or by preparing the FM with different rem-
anent magnetizations at 7>Ty and then cooling in zero
field,”” and EB may be randomized by cooling in an ac
field.”>”! In our third switching experiment [Figs. 1(c) and
2(c)], the cooling procedure randomizes EB at 5 K: The par-
tial and full samples were cooled to 100 K ina -5 T field. At
100 K, the field was switched to 5 T for one min, and then to
zero field before resuming cooling to 5 K. M vs H was mea-
sured at 5 K, and then again after heating to 100 K. For
comparison, the samples were cooled to 5 K in zero field and
were measured at 5 K.

The overlap between the switched and the ZFC curves
measured at 5 K is remarkable. When the fitting procedure
was applied to the switched curve, Hqs5x=0.100 T and
Hpgps x=—0.029 T, and for the ZFC curve, H¢s k zrc
=0.093 T and Hgg 5 x zrc=0.0058 T, which serves as an es-
timate of the error in the fitting procedure. At 5 K, Hyp and
H_ for the switched and ZFC curves are quite similar. Fol-
lowing the measurement at 5 K, the switched sample was
heated to 100 K and M vs H was measured again, for which
Hpgp 100 k=—0.13 T. Therefore, at 100 K, EB is no longer
randomized. We lack a complete understanding of how the
randomization occurs at 5 K but not at 100 K, but the fol-
lowing is a plausible: Upon switching at 100 K, the defect
moments which are not already frozen switch into the posi-
tive field direction. After switching to zero field, some of
these defect moments have a nonzero H and continue pin-
ning in the positive direction, in which they freeze during
further cooling. After cooling to 5 K, the pinning effects of
the lattice and defect moments in the negative field direction
cancel out with the pinning effects of the defect moments in
the positive field direction, but at 100 K, only the lattice and
defect moments that froze above 100 K continue pinning the
core in the negative field direction.

In both the first and third switching experiments, Hyp can
be tuned to values which are near zero. We now compare M
vs H from the first (for T,,;,=50 K) and third switching
experiments. In the first experiment, Hc 50 k=0.22 T
> H ghirdexperimens=0-10 T. Although Hpy is reduced in both
cases, the coercivities and the shapes of the curves differ
substantially. In both measurements, EB caused by the lattice
and defect moments that freeze above T, nearly cancels
out with the EB generated by the defect moments that freeze
below T,..,- However, in the first experiment, switching
occurs at a lower temperature (50 K, rather than 100 K).
Therefore, the EB generated by the lattice and defect mo-
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ments that freeze above T, should be greater in the first
experiment. We similarly expect the EB generated by the
defect moments below Ty, in the first experiment to be
greater than in the third experiment, because those in the first
experiment were cooled in a 5 T field rather than zero field.
Thus, the magnitudes of exchange bias that nearly cancel out
in the first experiment are greater than those which nearly
cancel out in the third experiment. Therefore, H- can be
tuned at least partially independently of Hyp by using the
principle that H has a greater enhancement from two oppos-
ing effects of greater magnitude that give rise to EB than
from two smaller opposing effects.”

B. Thermal remanent magnetization and memory effect

In the following measurements, we observed the distribu-
tion of defect moment melting temperatures and a thermal
memory effect using TRM measurements, in which the
sample was cooled in a field to low temperature and then
measured in zero applied field during heating. A thermal
memory effect requires a distribution of blocking tempera-
tures, such that during cooling, part of the system may be
reoriented after another part has frozen. This has been ob-
served for both (1) ferromagnetic NPs, in which the size
distribution causes a distribution of Tp,’88! and (2) for ex-
change biased systems, in which the EB blocking tempera-
ture has a distribution.”*3?

TRM measurements of the full sample after cooling to
5 K in fixed fields of 0.1, 1, and 5 T are presented in Fig.
3(d). Further measurements in another SQUID magnetome-
ter with 7 T field cooling overlap with the curve at 5 T.
Therefore, a field of 5 T is required to orient most of the
defect moments during cooling, which is indicative of frus-
trated spins. This result contrasts with some thin film studies,
in which EB is essentially independent of cooling field, ex-
cept for small (<1 T) fields.*>33

In order to observe the distribution of melting tempera-
tures and thermal memory effect, TRM measurements (Fig.
3) for the native, partial, and full NPs were performed after
cooling to T, in @ =5 T field, and then switching to 5 T
and resuming cooling to 5 K, which is the same cooling
procedure as in our first switching experiment [Fig. 1(a)].
For the measurement identified as TRM, the sample was
cooled to 5 K in a 5 T field without switching. (Similar mea-
surements of the remanent magnetization for the cooling pro-
cedure used in the second switching experiment [Fig. 1(b)]
are presented and discussed in the supporting information,?*
Fig. SI-2.)

The magnetization curves (Fig. 3) show that the native
sample has no memory of switching, but the partial and full
samples do. Because the CoO shell on the native NPs is too
thin to cause EB,!'%30 the core moments were saturated in
the 5 T field that was applied immediately before measure-
ment. The low-temperature rise in the remanent magnetiza-
tion for the partial and full samples is similar to that of M vs
T in a small applied field.! During heating and measurement,
the magnetization initially decreases as defect moments that
were frozen in the positive field direction melt. At 5-10 K
above T, the defect moments which were frozen in the
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FIG. 3. (Color online) TRM and remanent magnetization after
cooling from 300 K ina -5 T field, followed by switching to 5 T
at a variety of temperatures (indicated by black bars) for (a) native,
(b) partial, and (c) full oxidation; and (d) TRM of the full sample
with different cooling fields: 0.1 T, 1 T, and 5 T.

negative field direction begin to melt, and the magnetization
increases towards zero. For the partial sample, the effects of
EB on the magnetization of the cores are also observed. Be-
cause Mgy parsiars x=5-6 emu/g, —and  Mygy s x
=0.85 emu/g, we approximate that about 5 emu/g of the
magnetization in the partial sample is caused by the cores.
We attribute the low-temperature cusp in the TRM for the
partial sample to the magnetization of the defect moments in
the shell, because the cusp is about 1 emu/g high and has the
same steep rise as for the full sample. The minimum in the
magnetization for the partial sample occurs at a temperature
that is 20—40 K higher than T,,,,. This additional tempera-
ture delay for reversing the orientation of the core moment
implies that more thermal energy is required for the core
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FIG. 4. (Color) TRM and remanent magnetization after cooling
from 300 K in a +5 T field switched at intervals of 10 K, 20 K, or
40 K during cooling for (a) partial and (b) full oxidation; inset is an
expansion of the low temperature region for the full sample.

moments to change orientations as the pinning caused by the
defects in the shells changes.

The relative effects of the lattice and defect moments on
EB can be observed by comparing the remanent magnetiza-
tion curves with T7,,.,=100 K for the full and partial
samples. For the full sample, this curve nearly overlaps the
unswitched TRM, which implies that most defect moments
have melted below 100 K. The UCMs that are strongly
coupled to the lattice and melt at 170 K are not significantly
observed, and we expect that they sum to zero magnetiza-
tion, because of the spherical geometry of the polycrystalline
AFM shell and averaging over many NPs. For the partial
sample, a significant difference remains between the T,
=100 K curve and the TRM, which is caused primarily by
the lattice, and by the few defect moments with melting tem-
peratures greater than 100 K.

The thermal memory effect is most pronounced when the
TRM is measured after switching between +5 T at regular
temperature intervals of 10 K, 20 K, and 40 K during cool-
ing to 5 K (Fig. 4). For each measurement, the last tempera-
ture interval ending at 5 K was chosen to be in 5 T field. The
full sample remembers each field inversion with high preci-
sion, and the memory in the partial sample has less precision
in temperature, because of the larger increase in temperature
above T,i;.n 18 needed in order for the core to reorient into
the new pinning environment created by the defects.
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Important questions remain: What is the switching behav-
ior of a single NP, and how does summing over multiple NPs
give the ensemble behavior observed here? How uniformly
are the defect moments distributed among the NPs? The
number of possible switching events in a single NP would be
limited by the number of independent defect moments and
their distribution of melting temperatures. In order to address
these questions, single NP magnetometry would be
necessary.

The measurements of the full sample clearly show that the
defect moments in CoO can be reoriented and frozen accord-
ing to their freezing temperatures. Therefore, the TRM curve
corresponding to cooling in an unswitched 5 T field is a
measure of the total number of frozen defect moments at a
particular temperature. The derivative, —dMz,,/dT (Fig. 5)
thus gives the melting temperature distribution for the defect
moments. The ZFC M vs T curves measured in 0.01 T field
are also plotted, to which —dM x,,/dT has been scaled by
multiplying by 3.39 for the partial sample and 3.63 for the
full sample. The scaling factor 21.0 was used for the native
sample. However, in contrast to the case for the partial and
full samples, for the native sample, the maxima do not occur
at 5 K for both the ZFC M vs T and —dM rpy,/dT.

The overlap between the two curves for the full sample is
rather unexpected. (Additional measurements of the ZFC M
vs T were taken down to 2.5 K, and the overlap breaks down
below 5 K. These data are presented and discussed in Sec.
IIT E.) The TRM measurement involves cooling in a large
field and measuring in zero field, but the ZFC M vs T is
cooled in zero field and measured in a small field. However,
the derivative of the TRM measurement can be reconciled
with the ZFC M vs T curve if, in the latter, each defect
moment orients in the field as it melts, but then becomes
paramagnetic and quickly decays to nearly zero magnetiza-
tion at a slightly higher temperature, thereby causing the
ZFC M vs T curve to also give a distribution of the defect
moments’ melting temperatures.

The factors used to scale —dM g,/ dT to the ZFC M vs T
curves for the partial and full samples are quite similar. The
overlap between those curves for the partial sample is also
good at low temperature, as would be expected, because that
low-temperature rise has the same physical origin as for the
full sample. However, at higher temperatures, the peaks in
the ZFC M vs T curves that correspond to the blocking be-
havior of the core have little, if any, overlap with the deriva-
tive of the TRM curve, because these peaks do not originate
from the melting of CoO defect moments.

In order to learn more about the freezing behavior and
reorientation of defect moments and the cores via EB during
heating, we carried out a series of TRM experiments using
the cooling procedure in the third switching experiment [Fig.
1(c)] and variations thereof. Two additional experiments
were performed on the native, partial, and full samples with
a variety of switching temperatures (Fig. 6). In the first ad-
ditional experiment, each sample was cooled in a 5 T field to
Tsirens Tollowed by cooling in zero field to 5 K. (Measure-
ments of M vs H for this cooling procedure are presented
and discussed in the supporting information,?* Fig. SI-1).
The same cooling procedure was used for the second addi-
tional experiment for the partial and full samples, except the
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FIG. 5. (Color online) Scaled —dMygy,/dT and ZFC M vs T,
measured in 0.01 T field for (a) native, (b) partial, and (c) full
oxidation.

field was switched to =5 T for 1 min at 7, before switch-
ing to zero field and resuming cooling. For the native
sample, the field polarities in the second additional experi-
ment were reversed; it was cooled in a =5 T field to Ty,
where the field was switched to 5 T for 1 min, and then to
zero field before resuming cooling to 5 K. TRM curves with
constant 5 T field cooling and data for cooling in a £5 T
field to T, and then in the opposite field (green curves)
are shown for comparison. (The latter are also shown in Fig.
3, but those for the partial and full samples are now inverted
about the field axis.)

For each sample, the magnetization is nearly constant
over the temperature range in which it was cooled in zero
field. In the native sample, this remanent magnetization was
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FIG. 6. (Color) TRM and remanent magnetization after cooling
from 300 K in a £5 T field to Ty,;,.;, Where the field was switched
either to zero field, to +5 T for one min and then to zero field, or to
+5 T, and then cooling to 5 K for (a) native, (b) partial, and (c) full
oxidation.

determined by the last switch to 5 T prior to switching to
zero field and resuming cooling. (The data with switching at
50 K are reproducible, and it is not clear why the two curves
with zero field cooling below 50 K do not overlap more
closely.) For the full sample, however, the remanent magne-
tization was determined primarily by the initial cooling field
of 5 T, in which the defect moments were frozen. The partial
sample exhibited a more complicated behavior, which we
discuss momentarily.

We now elucidate a more detailed understanding of the
freezing process by comparing measurements of the full
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+5T7F
0 T
f5TL e
(b) ;
T
:’ Tmaximum
-5T——4----;

T. .
switch
(c) frozen |  paramagnetic T

- .
5-10 K: switchable in high fields

but thermally stable at zero field

FIG. 7. Cooling procedures (dotted arrows) and schematics of
the corresponding orientations, in which additional defect moments
in the CoO shell (solid lines) freeze at each temperature for switch-
ing to (a) zero field and (b) opposite field; (¢c) summary of CoO
defect moment melting behavior.

sample with and without the switch to =5 T for 1 min before
resuming cooling at zero field [black and red curves in Fig.
6(c)]. The remanent magnetization was lower in the experi-
ment with the 1 min switch to —5 T, which implies that some
of the defect moments were reoriented and frozen into the
negative field direction. Moreover, for T, of 25 K and
50 K, the curve without switching to —5 T for 1 min merges
into the TRM curve at T, or the next data point above
Typiens but the curve with switching to =5 T for 1 min
merges into the TRM curve at 5-10 K above T, (The
signal for the curves with T,,.,=100 K is too small to
readily identify such points.) Therefore, when the field is
switched into the opposite direction, the defect moments
with melting temperatures within 5—10 K above T}, ., can
be reoriented into the direction of the switched field. How-
ever, when the field is switched to zero, the defect moments
with melting temperatures within 5-10 K above T, re-
main oriented in the direction of the previous cooling field.
This last result is described schematically in Fig. 7. Proce-
dures with switching to zero field and to the opposite field
are depicted by the dashed arrows, and the solid line repre-
sents the direction in which the defect moments freeze at
each temperature.

The partial sample [Fig. 6(b)] exhibits similar behavior to
the full sample, except the magnetization of the Co core and
its coupling to the CoO shell through EB are also observed.
The curves with switching to zero field (black and red) at
25 K and 100 K merge at approximately 80 K above T\,
because increased thermal energy is required to reorient the
core moments as the pinning caused by the defects in the
shells changes. However, the curves for the partial sample
with switching to zero field have cusps at T, or at the
next data point above T, and those without switching to
=5 T for 1 min merge into the TRM curve at this tempera-
ture. The curves for switching to =5 T for 1 min before zero
field cooling (red curves) merge into the curves representing
switching to and cooling in a =5 T field (green curves).
Therefore, when the partial sample is heated after switching
to zero field, no additional thermal energy is needed to
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FIG. 8. (Color) Full sample: (a) calculations from the 5 T field
cooled M vs H of MR,topv MR,bottmm MR,fop_MR,bottomv and
M ,(0.01 T)=Mp,,,, plotted with measurements of ZFC M vs T
(0.01 T field) and TRM (5 T cooling) for comparison; (b) and (c)
additional 5 T field cooled M vs H data to that in Ref. 1.

change the orientation of each core as the pinning environ-
ment of the defects in each shell changes, because the cores
remain in their remanent magnetization state from before the
field was switched off. The broad peaks, such as in Fig. 3(b),
and the larger temperature delay for reorientation are only
observed when an opposing field has been applied in the
switching procedure during cooling.

The data in Fig. 6 also provide a greater understanding of
M vs H in the third switching experiment [Fig. 2(c)]. The
remanent magnetizations for the partial and full samples that
were switched from 5 T to =5 T for 1 min at 100 K and then
to zero field are both nearly zero, which is consistent with
the small Hgp of M vs H at 5 K and its good overlap with the
ZFC curve. The fourth switching experiment (supporting
information,®* Fig. SI-1) shows that switching to the opposite
field for 1 min is required for overlap with the ZFC curve.
The remanent magnetization measurements of the partial
sample in Fig. 6(b) for switching to zero field at 100 K with
and without the switch to =5 T for 1 min beforehand differ
substantially.

C. Correlation of field- and temperature-dependent
measurements

In Ref. 1, we observed that M vs H for the full sample
with 5 T cooling has a small positive shift along the magne-
tization axis and a superparamagnetic component at low tem-
perature. At low temperature, M vs H also exhibits hysteresis
(Hcs k=0.006 T). Others have also observed hysteresis in
CoO NPs at low temperature.>*8 Our ZFC M vs T and TRM
measurements correlate well with field cooled (FC) M vs H
and enable further interpretation of its features. Additional M
vs H data for the full sample cooled in a 5T field and
scanned between =5 T are shown for fields around the origin
in Figs. 8(b) and 8(c). From these data, we have computed
and plotted [Fig. 8(a)] the remanence from the top (Mg,
and bottom (Mg py.m) curves of the hysteresis, Mg,
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~Mp posom> and M,,,(0.01 T)=Mp,,. For comparison, the
ZFC M vs T (0.01 T field) and TRM data (5 T cooling) are
also shown.

As expected, My, overlaps with the TRM measurement,
because both were cooled in 5T fields. The quantity,
M,,,(0.01 T)=Mp,,,,, correlates well with the ZFC M vs T
(0.01 T field). As discussed earlier, the ZFC M vs T mea-
surement shows CoO defect moments as they orient in the
field when they melt, which is also measured in
M,,,(0.01 T)~Mp,,,. This correlation is not adversely af-
fected by the different cooling fields of 5 T for M vs H and
zero field for ZFC M vs T. The My ;,,— M porom Values cor-
relate well with the ZFC M vs T (0.01 T field) data even
though they are unscaled, which is unexpected, because the
magnitude of the ZFC M vs T data should depend on the
applied field, and 0.01 T was an arbitrary choice.

Three types of defect moments are observed in the 5 T
field cooled M vs H measurements of the full sample at low
temperature: (1) (H->5 T) Moments which are frozen and
are not reoriented when the field is switched to =5 T, cause
the vertical shift. (2) (0<H-<5 T) The correlation between
Mg 1op= MR porom and the ZFC M vs T suggests that the hys-
teresis in M vs H has the same cause as the low-temperature
rise in the ZFC M vs T; these defect moments are sufficiently
molten that they can be reoriented in fields less than 5 T, but
smaller fields are insufficient to reorient these defect mo-
ments. (3) (H-=0) The superparamagnetic component most
prevalent at low temperature in M vs H is caused by defect
moments that will switch in any field but still interact sig-
nificantly with their surroundings and are not yet paramag-
netic.

D. Temporal stability

We present a detailed study of the temporal stability of the
defect moments and exchange biased cores in the partial and
full samples, along with a brief study of magnetic training, in
the supporting information.®* The main conclusion is that
two relaxation processes occur that are observable on the
time scale of SQUID measurements: In the full sample, there
is a single energy barrier, E,; =26 kgT. In the partial sample,
there are two energy barriers, the same E,; =26 kT, and a
larger barrier, E,,~29 kT, which causes a component of
the relaxation to be slower. This larger second barrier is con-
sistent with our observation that after switching the field be-
tween +5 T during cooling, the extrema in remanent magne-
tization measurements of the partial sample occur at
temperatures significantly above T, However, the mag-
nitude of the E,; fast relaxation in the partial sample is too
large to be assigned solely to the defects, and therefore also
involves core relaxation. The specific mechanisms that give
rise to two energy barriers remain undetermined.

E. Data to 2.5 K

A recent paper reports results of EB in oxidized e-Co NPs
that differ significantly from our data. Bao et al. observed a
peak at 8 K in the ZFC M vs T for their fully oxidized
sample,?’ which prompted us to measure additional data for
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FIG. 9. (Color online) M vs T: FC (0.01 T) and ZFC, cooled to
2.5 K, measured in 0.01 T field for (a) partially and (b) fully oxi-
dized samples. Insets show greater detail of the same
measurements.

the partial and full samples to 2.5 K. FC and ZFC M vs T
data were measured while heating the samples in a 0.01 T
field (Fig. 9). Measurements of the TRM to 2.5 K using a
-5 T cooling field for each sample are shown in the support-
ing information, in Fig. SI-8.84

The results are unexpected: The ZFC M vs T data for the
partial and full samples have a peak at 5 K that we had not
previously observed. For the full sample, the FC curve bifur-
cates from the ZFC curve at about 6 K and does not continue
rising as sharply below 5 K as above it. We have already
established that at temperatures above 5—-6 K, the ZFC M vs
T curve represents the distribution of the defect moment
melting temperatures, because each defect moment melts and
aligns into the field at its melting temperature, above which
the magnetization quickly decays. Below 5 K, the physical
picture changes: beginning at 2.5 K, the 0.01 T field is too
weak to orient molten defect moments, and as the tempera-
ture is increased to 5 K, thermal energy assists the defect
moments at aligning in the field. Therefore, the peak in the
ZFC M vs T and the plateau in the FC M vs T curve at low
temperature are caused by this requirement for increased
thermal energy to orient molten defect moments in a 0.01 T
field below 5 K.

In contrast, the TRM data grow much steeper below 5 K.
Therefore, the distribution of the defect moment freezing
temperatures continues increasing below 5 K. Many defects
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quickly lose their orientation and melt at 7<<5 K. The cor-
relation between the derivative of the TRM and the ZFC M
vs T curve for the partial and full samples breaks down be-
low 5 K, because the TRM measurement can observe melt-
ing below 5 K, but the ZFC M vs T cannot.

IV. CONCLUSIONS

These experiments, in which the biasing field was
switched during cooling, have yielded significant under-
standing of the magnetic properties of defects in Co NPs that
have been fully oxidized to CoO and of how these defects
affect EB in partially oxidized Co NPs. Although the CoO
defects are only a small part of the composition of the par-
tially oxidized NPs, the defects dominate the magnetic prop-
erties. The CoO defect moments have a distribution of melt-
ing temperatures, which enables unexpected phenomena,
including a thermal memory effect and tuning of Hgp and
Hc. EB is observed in the loop shift in M vs H, but TRM
measurements directly show that changes in the orientations
of defect moments in the fully oxidized sample are correlated
with changes in the orientations of the Co cores in the par-
tially oxidized sample. The temperature-dependent data also
help explain the features of the field cooled M vs H curves
for the full sample—a vertical shift, hysteresis, and a super-
paramagnetic component at low temperature—which should
be general to AFM NPs that contain defects.

TRM measurements show that a defect moment at its
freezing temperature with respect to thermal energy at zero
field needs to be cooled another 5—10 K before it is fully
pinned and can no longer be reoriented in a 5 T field. For the
fully oxidized sample, the negative derivative of the TRM
gives the distribution of melting temperatures of the defect
moments, which correlates exceptionally well with the ZFC
M vs T (0.01 T) for T>5 K, because the defect moments
can orient in the 0.01 T field only in this 5—10 K window at
their melting points, in which they are not fully pinned but
their orientations have not yet been randomized by thermal
energy. Two energy barriers for reorientation are present in
the partial sample, one of which is considerably larger than
the single barrier for the full sample and causes a sluggish
response of the core magnetization as pinning by the defect
moments changes.

Although we have achieved a detailed understanding of
defect moments in an ensemble of NPs, interesting questions
remain: What is their behavior at the single NP level? How
does the distribution of defect moments and their melting
behaviors differ from one NP to another?
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