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Muon spin relaxation study of exchange biased CoÕCoO
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The local magnetic properties of an exchange biased Co/CoO nanoparticle system have been examined using
zero-field muon spin relaxation~ZF-mSR! spectroscopy. A direct measure of magnetic domains experiencing
the exchange coupling due to the ferromagnetic core and antiferromagnetic shell of the Co nanoparticles is
given by the observation of an oscillating signal in the field-cooled ZF-mSR spectra that is a clear and
unambiguous signature of static magnetic correlations. Excellent agreement between the local field determined
from themSR oscillation and the bulk exchange bias loop shift confirms this interpretation. Furthermore, the
unique line shape and increase in moment fluctuation rate on cooling the exchange biased sample are strong
indications that spin-density-wave-like behavior is associated with setting the exchange bias in this system.
This static field oscillation is likely due to the twisted moment directions at the interface.

DOI: 10.1103/PhysRevB.67.134430 PACS number~s!: 75.75.1a, 75.50.Tt, 75.70.2i, 76.75.1i
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I. INTRODUCTION

Exchange coupling at the interface between a ferromag
and antiferromagnet leads to unidirectional anisotropy, co
monly observed as a loop shift of the magnetization cu
away from the zero field axis when a system has been fi
cooled from above its Ne´el temperature (TN). This loop shift
is believed to arise from order in the antiferromagnet be
established in the presence of the ferromagnet. The ant
romagnet is weakly coupled to external fields so that its m
netization retains its direction even when the ferromagn
magnetization is later rotated. The torque at the interf
results in the loop shift, referred to as exchange bias.1–3

Since the essential behavior of exchange bias depe
critically on the atomic-level chemical and spin structure
the interface between the ferromagnetic and antiferrom
netic components, we have applied muon spin relaxa
~ZF-mSR!, an exquisitely sensitive local magnetic probe to
compact of partially oxidized Co nanoparticles~;7 nm!, the
archetypical exchange biased system. ZF-mSR allows us to
probe the local magnetism in a way that is closer to
conditions used in theoretical models of exchange bia
materials,2,3 unparalleled by the usual bulk magnetic me
surement techniques.

The static and dynamic magnetic behavior has been
amined as a function of temperature both in the as-prep
state, and following exchange coupling by field cooling fro
aboveTN . In the as-prepared state, the temperature dep
dence of themSR data is essentially the same as that
served in other ZF-mSR studies of magnetic fine partic
systems.4 However, establishing exchange coupling betwe
the ferromagnetic Co core and the antiferromagnetic C
shell by field cooling the sample~in the direction parallel to
the muon beam! throughTN , and then removing the field
drastically alters the ZF-mSR spectra. In addition to the na
ture of the static magnetic field distribution observed in
original data changing, there is a prominent large amplitu
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oscillation~Fig. 1! that is ascribed to the field at the interfac
between the ferromagnet and antiferromagnet. Furtherm
in contrast to the zero-field cooled data where the measu
moment fluctuation rate decreases with cooling~typical time-
dependent magnetism for a fine particle system!, the field-
cooled data show anincreasein the local moment fluctuation
rate on cooling. This increase of the relaxation rate of
magnetic moments in the Co/CoO nanoparticles with
creasing temperature, combined with the drastic chang
mSR line shape5! points towards spin-density-wave-like be
havior being established when exchange bias is set. T
measured static field oscillation that establishes the s

FIG. 1. Typical as-prepared~h! and field-cooled~n! ZF-mSR
data at 5 K. The inset shows the early time region of the data. S
lines are fits to functions described in the text.
©2003 The American Physical Society30-1
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density wave is likely due to the twisted moment directio
at the ferromagnetic/antiferromagnetic interface.

II. EXPERIMENTAL METHODS

The sample of partially oxidized Co nanoparticles w
prepared by dealloying6 50 wt. % AlCo in a 20 wt. % NaOH
solution at;370 K following the same recipe that is used
make Raney Ni.7 The Co powder was then washed seve
times with distilled water until the wash water showed
neutral pH, and let dry in air. CuK-a x-ray diffraction data
collected on a conventional automated powder diffractom
show strong Co and CoO peaks and low intensity Co3O4
peaks,8 and Scherrer analysis of the peak widths indicate
mean particle size of;7 nm. Basic magnetic characteriz
tion was carried out on a commercial susceptome
magnetometer. ZF-mSR measurements were made on
M20 beamline at TRIUMF with the LAMPF rig. The samp
was;200 mg/cm2 thick over a 16 mm diameter active are
Sample temperatures were controlled between 5 and 25
in a helium flow cryostat. A 225 mT field was applied~with
a water-cooled Cu wire solenoid! to the sample in the direc
tion parallel to the muon beam for the 300 to 5 K field-
cooled ZF-mSR measurements. Field zero was set to be
then 1 mT using a flux gate magnetometer. A pure silv
~99.99%! mask prevented stray muons from striking any
the mounting hardware. Histograms containing (1 – 4)3107

events were acquired with timing resolutions of 0.625
The time-dependent asymmetry was then fitted using a c
ventional nonlinear least-squares minimization routine.

III. RESULTS AND DISCUSSION

Figure 2 shows the in-phase~x8! and out-of-phase~x9! ac
susceptibility data for the Co/CoO nanoparticle system
well as some sample 250 mT field-cooled magnetization~M!
vs field (B0) loops at 5, 100, and 175 K. The broadx8(T)
peak at high temperatures where the three measuring
quencies result in the samex8 values denotes theTN5285
610 K of the CoO nanoparticle shells, in good agreem
with the TN of CoO.1 At lower temperatures there is a sma
spread in thex8(T) values for the different drive frequen
cies. This spread is attributed to moments from larger sin
domain particles undergoing superparamagnetic fluctuat
slowing with cooling and becoming static before the m
ments of smaller particles.9 This behavior is due to the inevi
table distribution of particle sizes in the sample. Addition
evidence of aTN;285 K is marked by a minimum inx9(T)
at high temperatures. Most interesting is a broad peak in
x9(T) data centered at 17565 K that seems to mark th
onset of exchange bias in the nanoparticle system. Look
at the loop shift (HE) values shown in Fig. 3, we see that th
exchange bias starts at 175 K, in excellent agreement
thex9(T) peak position. The broad width of thex9(T) peak
is further indication that there is a range of temperatu
where the moments from different sized particles cha
from superparamagnetic to static with cooling. 175 K ma
the temperature where the majority of moments are st
~i.e., the average exchange energy of the system is gre
13443
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then the thermal energy! so that exchange bias can occu
The gradual decrease ofx9(T) with cooling is a sign of
strengthening exchange coupling between the Co core
CoO shell, mirrored in an increase ofHE(T) ~Fig. 3!.

Field-cooledM vs B0 loops shown in the inset to Fig. 2
are typical of partially oxidized Co nanoparticl
systems.1,10,11Measured exchange bias loop shifts as a fu
tion of temperature@HE(T)# are shown in Fig. 3~h!. The
temperature at which the loop shift appears (HE.0 at
;175 K), marking the average blocking temperature of
system, is lower then the measuredTN;285 K from the
x8(T) data, typically a necessary condition to set exchan
bias. TheHc (s) vs T1/2 trend shown in the inset of Fig. 3
~dashed line! indicates the presence of some sup
paramagnetism12,11 in the material, not surprising conside
ing the small average particle size indicated by the x-
diffraction measurement, and in agreement with the sprea
x8(T) as a function of measuring frequency at intermedi
temperatures~Fig. 2! as well as the broadx9(T) peak as
described above.

Many excellent descriptions of ZF-mSR exist~e.g., Ref.
13!, so for the purposes of the analysis described here
will note only the following. If a muon comes to rest at a si
with a local fieldBx , then the muon spin will precess abo
the field at the Larmor frequencyf L5Bxgm (gm
50.1355 MHz/T).14 This precession leads to a periodic o
cillation of the observed asymmetry. The material stud
here is both structually disordered and magnetically dis
dered as a result of exchange bias; therefore, we expe
distribution of local fields to be present. This is clear

FIG. 2. In-phase~x8! and out-of-phase~x9! ac susceptibility data
at 10, 100, and 1000 Hz with a 0.375 mT field for the Co/Co
nanoparticle system. The inset shows 250 mT field-cooledM vs Bo

loops at 5 K~solid line!, 100 K ~dashed line! and 175 K~dotted
line!. The 5 and 100 K loops clearly show an exchange b
loop shift.
0-2
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shown in the typical ZF-mSR spectra of the as-prepared a
225 mT field-cooled sample shown in Fig. 1. For the
prepared ZF-mSR data, the muon depolarization was fitt
with

Gz~ t !5H 1

3
1

2

3
@12~Dt !a#expS 2

~Dt !a

a D J 3exp~2lt !,

~1!

where fora51 the term in$¯% denotes a Kubo-Toyabe~KT!
asymmetry form for a Lorentzian distribution of static loc
fields14 and for a52 the term in$¯% is the KT asymmetry
form for a Gaussian distribution of static local fields wi
D/gm the rms field.l represents a 1/T1-type spin relaxation
rate. The field-cooled ZF-mSR data were fitted with a phe
nomenological form inspired bymSR studies of the
(TMTSF)2-X compounds that exhibit spin-density wave5

The only functional form that would consistently descri
the full temperature range of themSR data was

Gz~ t !5A1H 1

3
1

2

3
@12~D1t !#exp~2D1t !J

1A2H 1

3
1

2

3
@12~D2t !2#expS 2

~D2t !2

2 D
3expS 2

~lt !2

2 D cos~2pnt1f!J . ~2!

FIG. 3. Loop shift (HE) values determined from 250 mT field
cooled M vs B0 loops of the Co/CoO nanoparticle system as
function of temperature~h! and calculated static field measure
from the large amplitude oscillation in the field-cooled ZF-mSR
data. The inset shows the temperature variation of the norma
Hc andD2 fitted from theM vs B0 loops and field-cooled ZF-mSR
data, respectively~there is an artificial temperature offset to he
distinguish between theHc andD2 data! . The dashed line is a fi
described in the text.
13443
-
D andl describe the static and dynamic fields respective
while n marks the single static field from the late time dep
larization in themSR spectra.

Results of fits to the ZF-mSR data are shown in Fig. 4. Fo
the as-prepared ZF-mSR spectra, a Gaussian distributio
@a52 in Eq.~1!# of static fields described the early time dat
similar to other mSR studies of magnetic fine particl
systems.4 We find that there is a slight increase in the avera
static field when cooling below 200 K@D1(n)#, behavior
that is consistent with moment fluctuations in the Co slow
and becoming static on the time-scale of the muon.4 This
slowing of the spin dynamics with cooling is more clear
seen in thel(T) behavior ~Fig. 4, n! that describes the
late-time slow exponential decay of the observed muon
polarization. From 200 K down to;75 K there is a gradua
decrease in the moment fluctuation rate,l. This trend has
been observed inmSR and Mo¨ssbauer studies of magnet
fine particle systems,4 and linked to a measured decrease
the superparamagnetic component of themSR signal, and we
ascribe thel(T) behavior in the partially oxidized Co
sample to the same phenomena. The settling ofl(T) to a
essentially constant value below 75 K is due to spin dyna
ics changing from 180° moment flips to collective magne
oscillations.4

For the field-cooled ZF-mSR fits @Eq. ~2!#, A150.085

ed

FIG. 4. Temperature dependence of the fitted static~D!, dynamic
~l! and large amplitude oscillation~n! representing the static inter
facial field of the zero-field and field-cooled ZF-mSR data. The
dashed line at 175 K marks whereHE.0 from theM vs H loops.
0-3
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60.006 andA250.05960.006, so the two spectral compo
nents were well decoupled for all temperatures, and the fi
phase shift~f50.0160.04! was essentially zero for all tem
peratures. For all temperatures, the early time region (A1) of
the spectra~Fig. 1, n! was well described by a Lorentzia
distribution of static fields~a51!. This is in contrast to the
Gaussian distribution of static fields~a52! that fitted the
as-preparedmSR data described above. Evidently the e
change coupling between the ferromagnetic Co core
ments and the antiferromagnetic CoO shell moments
was established when the sample was field-cooled from
K has drastically affected the nature of the static local fi
distribution. Although the nature of the field distribution h
changed, we see that the magnitude of the static field itse
essentially unaltered@D1(T) ~h! shows the same trend a
D(T) ~n!#. This underlines the importance of using a
atomic level local probe technique on exchange biased
terials since bulk magnetic measurements are sensitive
to the strength of the exchange bias field, and not to
nature of the field distribution. This focusing of the loc
magnetic field distribution from Gaussian to Lorentzian
not present~to our knowledge! in any of the theories of
exchange bias,2,3 and indicates that ferromagnetic
antiferromagnetic coupling for exchange bias produce
more dilute magnetic system.14,13

The similarities between the as-prepared and field-coo
ZF-mSR spectra end in the later time regions. As is clea
seen in spectra shown in Fig. 1, there is a striking chang
the later-time muon depolarization when the sample is fi
cooled~n!. The second (A2) component of the fitting func-
tion @Eq. ~2!# is necessary to describe this part of themSR
spectra. A Gaussian distribution of small static fields (D2 in
Fig. 4! coupled with a single static field~n! that marks the
strong oscillation in the depolarization data is necessary t
themSR data from 260 to 125 K. This static field oscillatio
is likely due to the twisted moment directions at t
ferromagnetic/antiferromagnetic interface that allows the
cal field distribution to vary. Below 125 K, the late-time da
exhibit a weak exponential decay that is of the same ma
tude as that fitted from the lower temperature as-prepa
data described above~Fig. 4, n!. However, unlike that data
which show a trend typical of spin dynamics in a fine parti
system, the relaxation rate~l! increaseswith cooling, and
the distribution of fluctuation moments has changed cha
ter as well. The nature of the decay has changed fr
exp~¯! to exp~¯!2.

Changes in the field-cooled ZF-mSR data can clearly be
linked to fixing exchange bias~evident through theM vs B0
results in Figs. 2 and 3!. Although theA1 part of Eq.~2! is
plainly due to the local magnetism of the Co nanopartic
~as it is in perfect agreement with the as-preparedmSR re-
sults!, theA2 component describing the results of field coo
ing the sample tracks with the temperature dependent m
netism set by the exchange bias. Comparing the tempera
variation of the normalizedHc from theM vs B0 loops and
the normalizedD2, shown in the inset to Fig. 3, we see the
is excellent agreement. This is a strong indication that
part of the ZF-mSR signal is tracking the magnetism set
the interfacial exchange coupling between the ferromagn
13443
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core and antiferromagnetic shell in the particles. Examin
n(T) in Fig. 4, we see that for temperatures whereHE50
~i.e., above;175 K! n(T) is constant. Treating this as a
offset to the lower temperaturen(T) values ~i.e., below
;175 K!, and subtracting it from the lower temperatu
n(T), we find that the resulting magnetic field measured
the muon, (n/2p)(1/gm), is in remarkable agreement wit
the exchange bias field measured via the magnetization
~Fig. 3!. The muons are clearly sensitive to the exchan
field set by field cooling the sample in a direction parallel
the muon beam. However,mSR cannot discern between th
different possible spin configurations at the interface~e.g.,
parallel to perpendicular or parallel to antiparallel!, and due
to the disordered nature of the nanoparticles, the differ
interfacial oxides~e.g., the CoO or Co3O4) do not present
distinct signals. It is interesting to note that at temperatu
above where bulk techniques measureHE.0, there seems to
be a constant interfacial field present, implying that so
sort of balance between exchange and thermal energie
present, behavior that has been predicted by theory2,3 and
inferred from a general trend of the measured increase oHc
in exchange biased ferromagnetic/antiferromagnetic bilay
compared to a single ferromagnetic layer of equal thickne2

Concomitant to this uniquen(T) behavior is the spin dynam
ics reflected in themSR spectra. Figure 4 shows that o
cooling the sample, the moment fluctuations increase in
quency@l ~h!, with a very different local field distribution
exp~¯! to exp~¯!2#. This is atypical behavior for a magneti
fine particle system.4 However, this trend has been observ
in the low temperature ZF-mSR spectra of materials that ex
hibit spin-density waves.5,15 The unprecedentedn(T) and
l(T) behavior, coupled with the uniquemSR line shape of
this fine particle system, provide dramatic evidence that sp
density-wave-like behavior is associated with the setting
exchange bias.

IV. CONCLUSIONS

In summary, the observation of an oscillating signal in t
field-cooled ZF-mSR spectra is a clear and unambiguous s
nature of static magnetic correlations that are tied to the m
sured exchange bias in the sample. This is confirmed by
fitted D2 and n temperature behavior. Furthermore, the
crease of the measured moment fluctuation rate,l, with de-
creasing temperature and resultingmSR line shape points
towards a spin-density-wave-like phenomenon being ass
ated with exchange bias. The measured static field oscilla
is likely due to the twisted moment directions at th
ferromagnetic/antiferromagnetic interface that allows the
cal field distribution to vary. This is a direct measure of t
fundamental interface behavior, and is in excellent agr
ment with the present interfacial coupling picture previou
inferred from bulk magnetic measurements and presente
theory.1–3As a single large amplitude oscillation is sufficie
to describe themSR spectra when exchange bias is set,
can infer that the interface from ferromagnetic to antifer
magnetic spins is very uniform throughout, as one wo
expect a range of oscillations with different frequenc
~hence different fields! present for a more gradual shift o
0-4
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moment direction from ferromagnetic to antiferromagne
spins. The above magnetic behavior, in addition to the foc
ing of the local static field distribution with the setting o
exchange bias and the subsequent marked change in th
ture of the spin dynamics, indicates that the local magneti
while sharing many attributes of the bulk~shown by the
excellent agreement between the measured static fields
the loop shifts as a function of temperature! is quite complex.
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500 E. University Ave., Ann Arbor, Michigan 48109-1120.
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