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Abstract. We report the first observation of the effects of exchange bias on the nuclear spin polarization
and induced magnetic moments at a magnetic/non-magnetic interface, applying low temperature nuclear
orientation (LTNO) to Co/Au(z)/CoO trilayer systems. This technique allows us to determine simulta-
neously the average alignment of the nuclear moments for the two radioactive probe isotopes '® Au and
50Co with respect to an external magnetic field axis. The total average Au v-ray anisotropy measured was
found (i) to decrease with increasing Au thickness, indicating that large hyperfine fields are restricted to
the interfacial Au layers and (ii) to be canted away from the applied field axis even when the Co layers are
magnetically saturated. This canting was found to originate at the CoO/Au interface as could be shown
from comparative measurements on CoO/Au/CoO trilayers containing two AFM CoO/Au interfaces and
on a Co/Au/Co trilayer with two FM Co/Au interfaces. In the case of CoO/Au/CoO, the observed canting
was found to be dependent on the Au layer thickness.
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Hyperfine interactions

1 Introduction

The introduction of a non-magnetic spacer layer into a
simple magnetic system allows for the possibility of engi-
neering its magnetic properties to be drastically different
from bulk characteristics. The first such systems inves-
tigated were ferromagnetic (FM)/spacer/FM structures.
By varying the spacer composition and/or thickness, it
was discovered that the coupling between FM layers
could be changed from ferromagnetic to antiferromagnetic
(AFM) [1].

Recently, a classical exchange bias (EB) system, con-
sisting of a simple FM/AFM bilayer, was also modified to
include a spacer (FM/spacer/AFM) [2]. The EB effect oc-
curs in many ferromagnetic materials when they are cou-
pled to an AFM [3,4] surface, and it manifests itself in
hysteresis loops whose centers are shifted away from the
zero-field axis. One possibility to induce the EB effect is
by field cooling a FM/AFM bilayer below the Néel tem-
perature of the AFM. In many systems, the strength of
the induced EB and the magnetic coercivity then increase
with decreasing temperature.
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Originally, EB was thought to be exclusively an inter-
face effect; however, it was then experimentally shown that
magnetic coupling can also occur across a non-magnetic
‘spacer’, e.g. Cu, Ag or Au, in FM/spacer/AFM sys-
tems [2,5-7]. In all cases where the EB strength has
been investigated as a function of the spacer thickness,
the induced EB and the coercivity were found to de-
crease with increasing spacer thickness. Above a critical
spacer thickness, which has proved to be material de-
pendent, the EB effect vanishes. Nevertheless, it has not
yet been established whether interlayer exchange coupling
in FM/spacer/AFM systems is a general phenomenon,
and there remains some controversy as to whether the
EB effect is transferred through ‘pinholes’ in the spacer
or whether it is in fact a long-range coupling persisting
through the non-magnetic spacer [8]. However, it is clear
that the coupling in EB systems is strongly influenced
by the interactions at the FM/AFM interface. The in-
troduction of a non-magnetic spacer such as Cu, Ag or
Au between the FM and AFM layers modifies this inter-
face coupling. Therefore it is of great interest to obtain
information on the spin directions in the vicinity of the
interface, especially in the non-magnetic spacer, and to
study how induced magnetic moments are formed in or
transferred across a spacer layer.
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In order to understand systematically the compli-
cated interactions in a FM/spacer/AFM EB system, we
have performed comparative measurements on related tri-
layer systems containing two interfaces of the same type:
(i) a FM/spacer/FM trilayer with two FM/spacer in-
terfaces and (ii) AFM/spacer/AFM trilayers with two
AFM/spacer interfaces. We begin by investigating the
AFM /spacer/AFM trilayers. This type of magnetic sys-
tem containing intrinsic AFM materials has rarely been
experimentally addressed. For most AFM materials with
Néel temperatures near room temperature, the magnetic
anisotropy field is prohibitively high (well over 10 T) [9].
Furthermore, most experimental techniques are sensitive
only to macroscopic detection of the magnetization, and
thus will have difficulties investigating these systems with-
out a FM “sensor” layer.

The low-temperature nuclear orientation (LTNO)
technique detects the average magnitude and alignment of
the nuclear spins, ({(I2)), of radioactive probe nuclei [10].
In the case of the neutron-activated Co/Au/CoO EB sys-
tems and related trilayer samples studied here, these probe
nuclei are 9Co and '"®Au, which result from neutron
capture by the naturally-occurring Co and Au isotopes.
Generally, for the majority of radioactive probes cooled
to mK temperatures, a local magnetic hyperfine field of
over ~ 3 T is required to obtain observable nuclear align-
ment by this technique. Previous theoretical [11] and ex-
perimental [12] hyperfine interactions studies on metallic
FM/noble-metal thin film systems have shown that large
induced spin polarizations at the site of the probe atoms
(hyperfine fields > 3 T) in a thin non-magnetic spacer
are to be expected exclusively in the atomic layer adja-
cent to the interface with a magnetic material. The mag-
netic hyperfine fields of the non-magnetic spacer atoms in
the second and third layers away from the magnetic inter-
face generally have magnetic moments and hyperfine fields
10 times smaller than the atoms at the interface. In par-
ticular, this has been demonstrated experimentally using
perturbed angular correlations (PAC) studies on Fe/Ag
bilayers with '1In probes [13]; on Fe/Ag multilayers us-
ing LTNO [12]; as well as with Mdssbauer spectroscopy
performed on Au/Ni and Au/Fe multilayers [14] and with
XMCD on Ni/Pt multilayers [15].

However, AFM /spacer interfaces containing an intrin-
sic AFM material, such as CoQO, have thus far not been
been investigated in this way. A secondary aim of this work
is therefore the extension of this picture to the Au hyper-
fine fields at the more complex AFM CoO/Au interface,
i.e. to test whether the observed LTNO signal is found to
decrease as the spacer layer thickness is increased.

Large magnetic hyperfine fields acting on the Au nu-
clei, e.g. in Co/Au/CoO and related systems, result from
the induced valence polarization of the Au atoms by the
local s-d hybridization with the d-band of the nearest Co
neighbors (Ref. [11], Ohnishi et al.). The degree of hy-
bridization and thus the strength of the induced hyperfine
field is thus strongly dependent on the Co-Au distance.
Therefore we unfortunately cannot answer the question
of whether EB is transferred through ‘pinholes’ or there

The European Physical Journal B

exists a long-range mechanism through a non-magnetic
spacer of many monolayers (ML) thickness. The issue of
pinholes has been previously investigated and discussed
for the case of Co/Au/CoO EB trilayers prepared in an
identical way to the samples used in this work reference [7].

In contrast to LTNO, conventional macroscopic mag-
netic techniques, including SQUID magnetometry, vi-
brating sample magnetometry (VSM), Brillouin Light
Scattering (BLS) and Ferromagnetic Resonance (FMR),
are sensitive only to the magnetic layers [4] in the sam-
ple. The microscopic method of low energy muon spin
rotation (LE-uSR) offers the possibility of investigating
the induced conduction-electron spin polarization at many
ML distance from a magnetic interface in a non-magnetic
metal, because of the sensitivity of the implanted muons
to very small magnetic fields [16]. However, those muons
which are randomly stopped in the FM layers or near
the ferromagnetic interface experience a wide distribu-
tion of large magnetic fields and do not contribute to the
LE-uSR signal. Thus, excited-nuclear-probe techniques,
such as LTNO, can complement these measurements by
observing specifically the nuclear spin polarization (direc-
tion and magnetic hyperfine field strength) near the inter-
face in multilayer systems (e.g. Co/Au/CoO) of both the
magnetic (e.g. Co) and the non-magnetic (e.g. Au spacer)
layers simultaneously.

Another microscopic experimental technique used to
study induced magnetism is X-ray Magnetic Circular
Dichroism (XMCD). However, the depth resolution of this
technique, which uses the total electron yield detection
method, is limited by the escape depth of the electrons,
extending over several atomic layers. Furthermore, the sig-
nal from XMCD is sensitive to electrons with non-zero or-
bital angular momentum, i.e. p-, d- and felectrons. The
magnetic hyperfine field measured by LTNO in the Au
spacers studied here is mainly due to spin polarization of
s-electrons.

The present measurements were performed on
Co/Au/Co0O exchange bias and related systems with in-
creasing Au layer thickness by means of LTNO. This
type of EB system is characterized by extremely large
exchange anisotropy. The magnetic Co layers consist of
round or elliptical-shaped, predominantly (111)-oriented
grains [17]. Due to their granular structure, there is ba-
sically one prominent direction, which is the direction of
induced EB. Other prominent directions which might oc-
cur due to intrinsic anisotropies are averaged out. The
dependence of the EB effect in Co/Au/CoO trilayers on
the Au spacer thickness was previously studied via SQUID
magnetometry [7]. A strong EB between the antiferromag-
netic CoO and the ferromagnetic Co layers across thin Au
spacer layers was observed even for a nominal Au thick-
ness of 2.25 nm.

In this work, we report the first measurement of the
EB effect in the Co ferromagnetic layer and at the same
time in the adjacent Au non-magnetic spacer layer us-
ing the LTNO method. The magnetic properties of differ-
ent Co/Au/CoO EB trilayers (and related systems) were
studied. In order to understand the mechanisms leading to



M. Gierlings et al.: Induced magnetism in the Au spacer layer of Co/Au/CoO exchange bias trilayers

EB, it is crucial to have information about the behavior of
the magnetic moments at the AFM interface. This can be
achieved by comparing the experimental findings obtained
from Co/Au/CoO (EB) systems with those obtained from
a Co/Au/Co system containing two FM /spacer interfaces
and CoO/Au/CoO systems containing two AFM/spacer
interfaces. Furthermore, we present the first demonstra-
tion of changes in magnetic orientation induced in the
spacer layer in AFM/spacer/AFM trilayers as a function
of the spacer thickness.

2 Experimental procedures

The [Co(16.4 nm)/Au(x nm)/CoO(2 nm)] trilayers were
MBE-grown on hydrogen passivated Si(111) substrates
with Au layer thicknesses of x = 0.5,0.75 and 1.25 nm. For
comparison, a [Co(16.4 nm)/Au(0.5 nm)/Co(16.4 nm)]
trilayer with two FM Co/Au interfaces and two
CoO(2 nm)/Au(z nm)/CoO(2 nm)] trilayers with two
AFM CoO/Au interfaces were prepared, having Au layer
thicknesses of = 0.5 and 0.75 nm. The base pressure of
the ultrahigh vacuum (UHV) chamber was 1071 mbar
and the samples were grown at room temperature. A
40 nm Ag capping layer was deposited on top of the tri-
layers to provide protection and a good thermal contact
for the LTNO experiment. The method of CoO growth
employed was that developed by Gruyters et al. [18] and
has been used to achieve very large EB coupling ener-
gies in Co/CoO bilayers. First, a 2 nm layer of (111)Co
is MBE grown and subsequently exposed in situ to pure
oxygen at 1075 mbar for 22 minutes. Previous Auger spec-
troscopic studies on as-prepared CoO layers reveal ap-
proximately a one-to-one ratio of Co and O [18]. X-ray
diffraction confirmed that the Co metal layers had an fcc
structure [7]. The EB samples were further characterized
by SQUID magnetometry at 10 K after field cooling from
T = 300K (i.e. in the saturated state). They exhibited an
exchange-bias field of 32, 27, and 19 mT for Au thicknesses
of 0.5, 0.75, and 1.25 nm, respectively [7]. As an example,
a SQUID curve of a H-Si(111)/Co/Au(0.5 nm)/CoO/Au
layer is shown in Figure 1. The curve was recorded at
10 K after field cooling the sample in an external field of
400 mT.

All EB samples were then neutron activated for two to
three days with thermal neutrons at a flux of 10! n/cm? /s
in the BER-II research reactor at the Hahn-Meitner Insti-
tute, Berlin. The [CoO/Au(0.5 nm)/CoO] sample was ac-
tivated for three days, while the [CoO/Au(0.75 nm)/CoO)]
sample was activated for 4 weeks. During this process, ra-
dioactive isotopes of %8 Au (2.7 d) and 5°Co (5.26 a) were
produced from the naturally occurring stable Co and Au
isotopes within the sample. No significant radiation dam-
age is to be expected since fast neutrons were avoided
at the irradiation site; careful X-ray examination of com-
parable samples irradiated under similar conditions for
longer times showed a minimal increase in interface rough-
ness. The samples were soldered together with a calibrated
54MnAg nuclear thermometer onto a Ag holder using a
Ga-2%$Sn eutectic.
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Fig. 1. SQUID hysteresis curve of a H-Si(111)/Co/

Au(0.5 nm)/CoO/Au layer recorded at 10 K after field cooling
in a field of 400 mT.

In order to induce the EB effect in the trilayers,
an external field of >400 mT was applied above room
temperature. The samples were then top-loaded into a
3He/“He dilution refrigerator together with the 5*MnAg
nuclear thermometer and cooled from the remanent state
below the blocking temperature of about 200 K [17]. The
induced EB effect is reduced because the samples are
cooled in the remanent state and not in the saturated
state [19]. At 4.2 K, a magnetic field was applied in the
film plane and the samples were finally cooled to the base
temperature of below 6 mK.

The distribution of the ~-rays following the (§-decays
of 198 Au and %°Co and the electron capture decay of >*Mn
can be expressed as [10]:

W(H) =1+ Z BkUkAkaPk(COS 9),
h=2.4

(1)

where 6 is the angle between the direction of the detec-
tor and the magnetic hyperfine field, and By (T, Brs) are
the nuclear orientation parameters, which are functions of
both the temperature 7" and magnetic hyperfine field B ¢.
U and Ay are known nuclear decay scheme parameters,
Q. are solid angle corrections for the finite detector size,
and Py are the Legendre polynomials. The 7-ray inten-
sity angular distributions of the 412 keV, 1173 keV and
1332 keV, and 835 keV 7-rays from the decays of 198 Au,
60Co, and the ®*Mn thermometer, respectively, were mon-
itored with two Ge detectors: Detector D1 was mounted
parallel to the plane of the trilayers and along the ap-
plied field direction, and detector D2 was also mounted
parallel to the sample plane but perpendicular to D1 (see
also the inset in Fig. 2). A typical energy spectrum of the
EB samples, as measured by the Ge detectors, is given in
Figure 2.

The v-ray intensity depends on various factors, such
as the amount of material, the neutron capture cross sec-
tion and the radioactive half-life. In the present case, the
thicknesses of the materials are 0.5 nm Au, 16.4 nm Co
and 2 nm CoO. The neutron capture cross sections o,
amount to 37 barn for **Co and 98.8 barn for *TAu, and
the half-life for the resulting radioactive isotope is 2.7 days
(198 Au) and 5.26 years (°Co). The measured 7-ray inten-
sities are corrected for nuclear decay during the experi-
ments. The black circle in the inset of Figure 2 represents
an isotropic ~v-ray distribution, which can be measured
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Fig. 2. Typical energy spectrum from a Co/Au/CoO sample
containing the radioactive isotopes *°Co and '*® Au together
with the **MnAg thermometer. The experimental geometry
and possible anisotropic v-ray distributions are illustrated on
the top right.

at higher temperatures, i.e. at 1 K, where the nuclei are
not oriented (‘warm counts’: isotropic v-ray distribution
with W(©) = 1). The values of the y-ray intensities at
1 K were used to normalize the values obtained at very
low temperatures (‘cold counts’: anisotropic y-ray distri-
bution), yielding the magnitude W (©) which is a function
of different parameters as can be seen from equation (1):

Icold

W (detector i) = (2)

warm .
The solid grey “figure-8” patterns represent the aniso-
tropic 8 Au and 69Co ~-ray distributions at low temper-
atures, indicating nuclear alignment. The orientation of
the pattern indicates the in-plane direction of the nuclear
alignment symmetry axis with respect to the applied field
direction. The normalized 7-ray intensities can be studied
then as a function of time during the cool-down procedure
in the magnetically saturated state of the samples. From
the cool-down curves, the average hyperfine field By, s and
the average angle © between the applied field axis and
the nuclear magnetization of the specific radioactive probe
isotope can be determined.

Furthermore, when the samples are in thermal equi-
librium at mK temperatures, hysteresis curves can be ob-
tained by plotting the normalized y-ray intensities as a
function of the applied magnetic field.

3 LTNO results for AFM/spacer/AFM
systems

We began our investigation by first replacing the FM layer
of a typical EB system with an AFM layer, in order
to observe the dependence on spacer thickness of the
induced magnetism in the Au spacer layer. Thus two
CoO/Au(z)/Co0 trilayers, with Au layer thicknesses of
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Fig. 3. Left: normalized v-ray intensity from CoO(2 nm)/
Au(z)/CoO(2 nm), with = 0.5 and 0.75 nm, determined by
the detectors D1 (squares) and D2 (crosses); Right: Schematic
of the -ray distribution, projected onto the sample plane, for
the case of (i) an isotropic distribution (black solid line) and
(i) finite nuclear alignment (“Figure 8” pattern) parallel to
the field (grey dashed line) and at an angle with respect to the
field (grey solid line).

x = 0.5 and 0.75 nm, were prepared at the same time
and under exactly the same conditions, to ensure that all
preparation parameters were the same, except for the Au
spacer thickness. Before top-loading the samples into the
cryostat, a field of >400 mT was externally applied to
it, to duplicate the procedure later employed for the EB
systems. During the cooling down from 4 K to mK tem-
peratures, a constant field of 500 mT was applied.

The cooling-down curves of the °®Au v-ray intensities
are plotted in Figure 3 (left hand side) as a function of time
for the two samples, down to a base temperature of about
6 mK. The corresponding cooling-down curves of the 5°Co
~-ray intensities are discussed later. The normalized y-ray
intensity at 1 K, W(©) = 1, is marked by a horizon-
tal line in each plot. The nuclear spin-lattice relaxation
(NSLR) time for 1%Au can be estimated from the cool-
down curve to be less than 30 minutes, consistent with
the expected Korringa constant of Cx = 1 sK. Firstly,
both samples show a marked deviation from the isotropic
~-ray distribution (i.e. W(©) # 1), indicating that on
average the Au atoms in the spacer possess an induced
magnetic moment and correspondingly exhibit magnetic
alignment. Secondly, a drastic change in the Au nuclear
spin alignment was observed as the Au spacer thickness
was varied. For both samples, the ~-ray anisotropy mea-
sured by detector D2 (crosses) is W(©) < 1, while the
~-ray anisotropy measured by D1 (squares) is W(0) > 1
for the sample with Au(0.5 nm) and W(©) < 1 for the
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Table 1. Average angle G4, of the nuclear alignment of the
198 Ay moments in the Au spacer sandwiched between two
AFM CoO layers with respect to the applied field axis. The
average hyperfine field (“single-fraction model”) and the hyper-
fine field calculated with the assumption that large Au polar-
izations are restricted to the CoO/Au interface (“two-fraction
model”) (see text), are given for two different Au spacer thick-
nesses, * = 0.5 nm and 0.75 nm.

“average” “interfacial”
Au-thickness +60g4, hyperfine field hyperfine field
2 in nm | Bur | [T] | Bur | [T]
“one-fraction “two-fraction
-model” -model”
0.5 62(3) 23(2) 24(2)
0.75 45(2) 16(2) 21(2)

sample with Au(0.75 nm); this indicates a significant re-
orientation of the nuclear spin alignment induced in the
Au layer.

On the right-hand side of Figure 3, a schematic repre-
sentation of the shape of the «-ray distribution is shown,
projected onto the sample plane. This schematic neglects
fourth-rank contributions to the angular distribution and
assumes the ensemble of radioactive nuclei to be oriented
along an axis at the angle +@ to the applied field. It
is shown for illustrative purposes. Furthermore, with the
present setup, we cannot distinguish between positive and
negative values of ©. In order not to complicate the sche-
matic diagram of the vy-ray distribution, the shape of the
distribution W(—6) is not displayed. From the ratio of
the normalized ~-ray intensities measured by the detec-
tors D1 and D2, the in-plane average angles between the
symmetry axis of the Au nuclear alignment and the ap-
plied field axis were determined; see Table 1. They are
schematically shown in Figure 3. As seen in the table, the
average in-plane angle for the sample with [Au(0.5 nm)]
was found to be £62(3)° at 500 mT. In contrast, for the
sample with [Au(0.75 nm)], the nuclear spin orientation
of the Au moments was observed to rotate to an in-plane
angle of +45(2)°.

There are two possibilities to determine the hyperfine
field of 198 Au in a non-magnetic Au spacer from the mea-
sured intensities: the first follows the assumption that all
nuclei in the Au spacer experience the same average hy-
perfine field (“single-fraction model”). In the second ap-
proach, the assumption is made that only the Au nuclei
situated at an interface with Co or CoO are subject to a
large hyperfine field. The Au spacer atoms further away
from the interfaces are assumed to experience negligible
hyperfine fields in this “two-fraction model”. As stated in
the introduction, LNTO is not sensitive to hyperfine fields
< 3 T. The calculation of this latter model is carried out
by introducing a fraction f into equation (1):

W) =1+ fx > BiUpArQiPi(cosh),  (3)
k=2,4
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where 1 — f is the fraction of '”® Au nuclei experiencing a
negligible hyperfine field. The second approach was exper-
imentally confirmed for FM /spacer interfaces by [13], who
performed Perturbed Angular Correlation (PAC) experi-
ments on a Fe/Ag interface and by [14] using Mdossbauer
spectroscopy on Ni/Au and Fe/Au multilayers as well as
by [12] applying LTNO to Fe/Ag multilayers. It was found
in these experiments that only the Au or Ag nuclei imme-
diately adjacent to the ferromagnetic material experience
large hyperfine fields, as described above.

The average Au hyperfine field given in Table 1 (mid-
dle column) was calculated from the measured ~-ray in-
tensities using equation (1) and assuming a temperature
as given by the °*MnAg thermometer in thermal contact
with the cold finger.

Using this “single-fraction model”, a large reduction
of the average hyperfine field | Byy | from 23(2) T to
16(2) T was found as the Au spacer thickness increased
from 0.5 nm to 0.75 nm. This can also be expressed as

a reduction in the degree of nuclear spin alignment by a

B3[Au(0.75 nm)] _
f Bzg[Au(O.5 nm)] 0.54.

Now assuming instead that only Au sites directly adja-
cent to the CoO interface experience a nonzero hyperfine
field, i.e. applying the “two-fraction model”, the average
Au hyperfine fields for these sites were recalculated for
both samples. The resulting values (24(2) T [Au(0.5 nm)]
and 21(2) T [Au(0.75 nm)]) are shown in the right col-
umn of Table 1. A comparison of the results for the hy-
perfine fields | By | strongly supports the “two-fraction
model”, since the hyperfine field values at the CoO/Au in-
terfaces are — within error bars — equal for the two samples,
while the average hyperfine field (i.e. the “single-fraction
model”) decreases with increasing Au spacer thickness.
Thus, large polarizations of the nuclear Au moments are
restricted to the interface layers. It should be mentioned
that a thickness of 0.5 nm Au would correspond to roughly
two monolayers of Au.

We now turn to the corresponding cooling-down curves
of the °Co «-ray intensities for the two CoO/Au(z)/CoO
samples. For both samples no vy-ray anisotropy — within
error bars — from the °Co (in CoO) was observed at
low temperatures (W(@) =~ 1). As an example the
60Co cooling-down curve is shown in Figure 4b for the
Co0O/Au(0.5 nm)/CoO sample together with the corre-
sponding 3 Au coolingdown curve. Given an experimen-
tally determined magnetic hyperfine field of +49.5 T for
60Co in CoO, as measured by Okada [20] using NMR (for
calculations of By r see also [21]), the expected 59Co ~-ray
anisotropy would amount to W(0°) = 0.09, assuming
full magnetic alignment at a measurement temperature of
T = 5.7 mK. This is an order of magnitude less than the
measured value.

A possible explanation for the negligibly small nu-
clear alignment of %°Co (in CoO) at these temperatures
is a very long ®°Co nuclear-spin lattice relaxation (NSLR)
time in CoQO, so that the nuclei cannot be cooled to the
lattice temperature during the duration of the experi-
ment. The NSLR times of %°Co in bulk CoO are in fact
expected to be of the order of weeks for the following

factor o
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reasons: (i) phonons cannot make a significant contribu-
tion to the relaxation, since they are hardly excited at
these temperatures and are only weakly coupled to the
nuclear moments;(ii) magnons, owing to the large energy
gap, are not excited at these temperatures. For exam-
ple, for non S-state ions, the magnon energy gap E, is
comparable to kT [22]. Considering that a NSLR time
of 38 days at temperatures below 60 mK [23] has been
reported for MnCls.4H50O, which has an energy gap of
Ey/k ~ 1 K, then the NSLR time of ®*Co in bulk CoO,
with Ty = 300 K, should be even much longer.

Another possible explanation for the observed near-
zero 59Co 7-ray anisotropy is that on average, the CoO
grains are not magnetically aligned. However, this would
appear unlikely. Given that the Au has achieved some
alignment at the interface, as observed, this implies that
the Co ions on the CoO side of the same interface are
also at least partially aligned, since the exchange coupling
with them is responsible for the induced moments on the
Au atoms. It should be noted that the %°Co (in CoO) sig-
nal is not exclusively due to the CoO/Au interface, but
is an average over the whole CoO layer (its thickness of
2 nm corresponds to about 8 ML). The partial alignment
at the CoO interface may be attributed to the existence
of uncompensated moments in the CoO interface layers,
as were experimentally found by Gruyters et al. [17]. For
further discussion of these results see Section 6.

4 LTNO results for EB FM/spacer/AFM
and related systems

In order to understand the different magnetic inter-
actions induced in the Au spacer at the interfaces
in EB systems, we have investigated all three com-
binations; FM/spacer/FM, AFM/spacer/AFM and the
FM/spacer/AFM EB system. The normalized v-ray in-
tensities emitted from the 5°Co and 1”8 Au nuclear probes
during the cooling down were monitored by the detectors
D1 (square symbols) and D2 (cross symbols) and are plot-
ted in Figure 4 as a function of time for the three different
magnetic systems: a) Co/Au/Co; b) CoO/Au/Co0O; and
¢) Co/Au/CoO [= EB system|. The Au spacer thickness
was kept constant at 0.5 nm, which is approximately 2 ML
of Au. These measurements were carried out in an applied
field of 0.5 T, at which the FM Co layer is magnetically
saturated.

The isotropic value of the normalized ~-ray intensity
at 1 K, W(©) = 1, is marked by a flat horizontal line
in each plot. For consistency we have repeated the ' Au
cooling-down curve (Fig. 4b) originally shown in Figure 3a
for the CoO/Au(0.5 nm)/CoO sample. Similar to Figure 3,
on the right hand side of Figure 4, a schematic diagram
of the shape of the ~v-ray distribution, projected onto the
sample plane, is given for both isotopes, using the same
simplifications described for Figure 3.

At temperatures far below 1 K, the v-ray distribution
of 99Co in the Co/Au/Co trilayer and in the Co/Au/CoO
EB-system was observed to be anisotropic, and as ex-
pected, aligned along the external applied magnetic field
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Fig. 4. Normalized ~-ray intensities for three different mag-
netic systems: Co/Au/Co (a); CoO/Au/CoO (b); Co/Au/CoO
(EB) (c), each with a 0.5 nm Au spacer, during the cooling-
down process in an applied field of 500 mT. The experimental
geometry and the ~-ray distributions are illustrated on the
right.

(see Figs. 4a and c). In contrast, as discussed above, no
60Co v-ray anisotropy was observed for the CoO/Au/CoO
system (see Fig. 4b). In comparison to %°Co, the %8Au
~-ray distribution shows a different behavior. For the two
samples containing CoO layers (see Figs. 4b and c), the
nuclear alignment axis determined from the "®Au ~-ray
intensities (detectors D1, D2) was found to be canted
(non-collinear) with respect to the applied field.

In particular, in comparison to the two other sys-
tems, the canting of the nuclear '"®Au moments in the
Co0/Au/CoO samples was large enough to reverse the
sense of the intensity deviation of the y-radiation at mK
temperatures, monitored by the two detectors, with re-
spect to the “warm” intensity at 1 K: an intensity increase
(decrease) was observed by D1 (D2); see Figure 4b. In con-
trast, no canting of the induced magnetic Au moments
was observed for the Co/Au/Co sample (see Fig. 4a). A
summary of this situation is schematically illustrated in
Figure 4 (right). From the values of the ~-ray anisotropy,
W(©), as measured by both detectors, the angle between
the alignment axis and the external applied field as well as
the average hyperfine fields were determined using equa-
tion (1) and equation (3), see Table 2.

In summary, two basic trends have been observed when
replacing the Co interfaces with CoO interfaces. They are
shown in Table 2: (i) the average angle © between the
direction of the magnetic hyperfine field and the applied
saturating field increases from 0° to 62°; while (ii) the
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Table 2. Awverage angle ©a, of the axis of nuclear align-
ment of the Au moments relative to the applied field axis in
a 0.5 nm Au spacer sandwiched between two magnetic layers,
and the average Au hyperfine field | Bgr | [T] for three differ-
ent magnetic sample types: FM/Au/FM, FM/Au/AFM, and
AFM/Au/AFM, with FM = Co and AFM = CoO.

Au(0.5 nm) +Oan  Average hyperfine field
in | Bur | [T)
Co/Au/Co 0 78(3)
CoO/Au/CoO  62(3) 23(2)
Co/Au/CoO 21(4) 48(4)

average hyperfine field acting on the '"8Au nuclei de-
creases. It is interesting to note that the average hyperfine
field of Au in Co/Au/Co is 78(3) T, which is surprisingly
close to the measured value of 87.02(11) T known for Au
as an impurity in fcc Co [24]. Unfortunately, more pre-
cise knowledge of the structure of the Co/Au interface,
or whether Au has diffused into the Co layer, cannot be
obtained from the level of resolution observable by LTNO.

However, appreciable diffusion of single Au impuri-
ties into Co and CoO can be neglected for various rea-
sons: Firstly, Co and Au are immiscible in the bulk [25].
Secondly, investigations on Co/Au film-substrate systems
show that only at elevated temperatures do Au atoms ei-
ther segregate to the surface [26] or occupy interstices be-
tween Co clusters [25]. Because all our experiments were
performed close to room temperature or below it, segre-
gation plays no role for our CoO/Au/Co system, as is also
evidenced by the detailed analysis of the Auger electron
spectroscopy data presented in reference [7]. That is, the
value of the Au hyperfine field given above originates from
Au at Au/Co interfaces rather than from single Au impu-
rities in Co.

To derive the average hyperfine field, the temperature
first must be determined. Where possible, the tempera-
ture of the layer systems investigated was measured di-
rectly from the %°Co v-ray intensity emitted from the
sample, provided it contained a FM Co layer. It should
be noted that the 5°Co signal for the Co/Au/CoO EB
system is composed of two fractions: (i) °Co in (16.4 nm
Co); (ii) %°Co in (2 nm CoO). This has been accounted
for by using a two-fraction model as described above (see
Eq. (3)) and assuming the °Co (in CoO) 7-ray contribu-
tion to be isotropic. The latter assumption is justified by
the results described in Section 3.

Since the hyperfine field of %9Co in Co, Bpp =
—21.63 T [27] is well known, and the FM Co layer is
magnetically saturated, the %°Co ~-ray anisotropy yields
the correct sample temperature. For example, as given in
Figure 4a, the base temperature of the Co/Au/Co sam-
ple was 8.2(5) mK, while it was 5.8(5) mK during the
experiment with the Co/Au/CoO EB trilayer (Fig. 4c).
The small difference of ~ 2 mK could be due to differing
amounts of radioactive heating due to the 8-decay for the
50Co (a typical sample of 2 uCurie produces ~ 1.2 nW of
thermal heating).
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As a final comment concerning the values reproduced
in Tables 1 and 2, the ratio (W(D1) — 1)/(W(D2) — 1)
of the normalized ~-ray intensities measured by the two
detectors is independent of the temperature and magni-
tude of the hyperfine field, when 4th order terms can be
neglected, as in the case of '8Au. From this ratio, rea-
sonable out-of-plane deviations can be restricted to £20°.
The resulting in-plane projected angles and magnetic hy-
perfine fields are largely insensitive to these possible out-
of-plane angles. The error bars in Tables 1 and 2 reflect
both the statistical and potential systematic errors (in-
cluding external dipolar fields) resulting from the above
considerations. The sign of the magnetic hyperfine fields
are unknown since y-decay conserves parity and cannot be
used to determine the sense in which the spins are directed
along a particular axis without an additional circular po-
larization measurement.

5 LTNO measurement of the EB effect

Finally, in order to observe the induced EB effect with
LTNO, hysteresis measurements were performed, detect-
ing the y-radiation emitted by the radioactive probes %°Co
and 1% Au from Co/Au/CoO samples as a function of
the applied field in a direction parallel to the external
field (D1) and in-plane but perpendicular to it (D2). As
an example, the result for the EB system with a 0.5 nm Au
spacer is shown in Figure 5. Since the sample was previ-
ously cooled from the remanent magnetization state, it is
in the EB state when the cryostat reaches its base temper-
ature of about 6 mK. The hysteresis curve was started at
4500 mT, i.e. with the applied field parallel to the initial
magnetizing field.

Figure 5 shows the normalized v-ray intensities mon-
itored by both detectors (D1, D2) for ®Au (left) and
60Co (middle), emitted from the Co/Au(0.5 nm)/CoO tri-
layer as a function of the applied field. Additionally, the
%MnAg v-ray intensities (right) are plotted for compari-
son. The measured y-ray intensities for all three isotopes
show a significant deviation from W(©)=1 at low (mK)
temperatures, indicating nuclear alignment. As a function
of the applied field, the 7-ray intensity of the *MnAg
thermometer shows a completely symmetric curve for pos-
itive and negative fields (Fig. 5 right). Furthermore, there
was no difference between the 7-ray intensities measured
with increasing and decreasing applied magnetic fields for
the 5*MnAg nuclear thermometer, which represents essen-
tially a paramagnetic spin system. In contrast, for both the
60Co and the '"®Au y-ray intensities, two maxima (D2:
minima) are observed at lower magnetic fields, — i.e. when
the magnetization reversals take place —, one on each side
of the zero field axis but not symmetric with respect to
B = 0. This striking asymmetry in the position (with re-
spect to the zero field axis) and also in the height of the
observed maxima (D1) and minima (D2) can thus not be
due to temperature effects (which would also appear in
the thermometer data), and must instead be attributed
to the EB effect.
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Fig. 5. Hysteresis measurement: normalized ~-ray intensity of
50Co and '°® Au in the EB state, and of the **MnAg thermome-
ter as a function of the applied field for detector D1 (top) and
detector D2 (bottom).

Comparing the curves obtained for the %°Co and % Au
~-ray intensities, it is obvious that the Au nuclear mo-
ments at the Au/Co interface are strongly polarized by
the neighboring Co atoms. The Au nuclear magnetiza-
tion appears to follow the Co ferromagnetic magnetiza-
tion during the magnetization reversal process, leading to
the same qualitative dependence of the y-ray intensity on
the external field. The only differences are the absolute
values of the normalized ~-ray intensities and a canting
angle between the alignment axis of the Au and the Co
nuclei, which was discussed above for the case of magnetic
saturation.

The positions of the two maxima are not symmetric
with respect to the zero field axis, but are shifted towards
negative fields. This can be expected for an EB system
previously cooled in a positive cooling field. Taking the
strength of the EB to be the shift in the center of the
interval between the two maxima along the magnetic field
axis, the measured EB field is found to be 20 mT for a Au
thickness of 0.5 nm. Considering the fact that the samples
were cooled from their remanent state, this EB field is
consistent with that measured by SQUID magnetometry
at 10 K [17] on similar samples.

Monitoring the counting rates in the two ~-ray de-
tectors, D1 and D2, the measurements may also be used
to distinguish between magnetic reversal processes dom-
inated by domain wall motion and those dominated by
domain rotation. Referring to the two peaks, the data
indicate a height asymmetry of the ~-ray intensities as
the magnetic field is varied along the hysteresis curve
(see Fig. 5) for both the °Co and '9®Au radioactive
probes, but (as expected), not for the **MnAg thermome-
ter. This height asymmetry can presumably be attributed
to different magnetization reversal processes on the de-
creasing and increasing field branches. The flatter re-
sponse across the magnetization reversal (left-hand peak
structures for Co and Au probes in Fig. 5) can be inter-
preted as being dominated by a breakup into domains with
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parallel or antiparallel orientation with respect to the ap-
plied field and showing less spin rotation. The higher ratio
on the return sweep (right-hand peak structures in Fig. 5)
is consistent with a magnetization reversal process that is
dominated by domain rotation. It should be noted that
no peak would be observed in the simple case where the
sample contains only domains oriented parallel or antipar-
allel to the applied field. These features are consistent with
the asymmetric reversal processes on opposite sides of the
same hysteresis loop observed for an as-prepared Co/CoO
multilayer system using polarized neutron reflectometry
(see Ref. [28]).

6 Discussion

We have studied the Au nuclear spin polarization in
Co0O/Au/CoO trilayers as a function of the Au spacer
thickness using LTNO. For the case of AFM CoO/Au in-
terfaces, we have observed that large magnetic spin per-
turbations on the Au atoms were restricted to those atoms
in direct contact with the antiferromagnetic CoO surface,
similar to many other theoretical and experimental stud-
ies on FM/noble-metal interfaces (see e.g. Refs. [11-14]).
This indicates that the technique of LTNO is sensitive
only to those non-magnetic radioactive probes located di-
rectly at the interfaces with a FM or an AFM surface. This
means that the important question of whether EB can be
transferred through many atomic layers of a non-magnetic
spacer, or only via direct contact through “pinholes”, can-
not be tested using this technique.

In addition, it was observed that CoO causes a cant-
ing in the induced Au magnetic moments with respect
to an external applied magnetic field. Furthermore, this
canting appears to be dependent on the spacer thickness
in CoO/Au/CoO trilayers, indicating an interaction be-
tween the two CoO magnetic layers. For these samples the
canting cannot be due to a structural magnetic anisotropy,
since STM measurements have shown that the CoO grains
are almost round and have no intrinsic preferred orienta-
tion [17]. In this case, the induced magnetic EB anisotropy
in the CoO/Co is the only prominent magnetic axis and
is determined by the direction of an external applied field.
As a possible explanation for the observed canting, it was
found previously that the spin-axis distribution energeti-
cally favors those spin axes most nearly perpendicular to
the cooling field direction for thin films of CoO grown on
MgO [29].

The near zero %°Co ~v-ray anisotropy observed in the
Co0O/Au/Co0O trilayer systems has been attributed to
very long NSLR times for Co in CoO at low temperatures,
cf. Section 3. Thus, unfortunately, we could not directly
demonstrate the alignment of the Co moments within
the CoO layers. However, the observation of a Au ~y-ray
anisotropy at the interface implies a partial alignment of
the CoO surface layer and it is attributed to the existence
of uncompensated moments in the CoO interface lay-
ers. Uncompensated Co spins were first observed in CoO
films grown on SiOs, leading to a remanent magnetiza-
tion in field-cooled samples [30]. Hysteresis measurements
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performed on our CoO/Au/CoO samples up to 1 T showed
no changes in the canting angle within the error limits [31].
Thus the uncompensated Co spins possess a relatively
large magnetic anisotropy compared to this external field.

Having experimentally established that the induced
moments of Au in a CoO/Au/CoO trilayer are canted,
we compared the effects of replacing the CoO layers one
by one with Co layers. Table 2 compares the induced Au
hyperfine fields (angle and magnitude) for all three tri-
layer combinations. The average canting angle was found
to be significantly reduced by replacing one CoO layer
by a Co layer (Co/Au/CoO EB system), while for the
Co/Au/Co system, i.e. on replacing both CoO layers by
Co, the Au moments are aligned parallel to the external
field (no canting angle), as expected. Moreover, this effect
would appear to be not simply additive: i.e., in the EB sys-
tem the induced Au moments are aligned more closely to
the external field than would be expected from a simple
superposition of the two interfaces. Therefore, the effect of
replacing one CoO layer by Co is to pull the induced mo-
ments of the Au layer adjacent to the remaining CoO layer
towards the alignment axis of the external field. Finally, in
previous studies on an “as prepared” EB Co/CoO system
without a Au spacer, it was estimated that at least one
ML of a 20 A CoO film is uncompensated and is aligned
along the induced EB anisotropy direction [17].

Comparing to other systems, it has been observed pre-
viously by Ohldag et al. [32] that the uncompensated spins
at the interface in an Fe/NiO EB system are collinear. Fol-
lowing the model for EB in granular FM/AFM systems
proposed by Stiles and McMichael [33], the uncompen-
sated moments act as possible centers for the nucleation
of domain walls in the AFM layer. This model does not
necessarily imply collinear alignment of the moments at a
FM/AFM interface.

However, when considering a non-magnetic spacer,
the situation might change, as we observed for our
Co/Au/CoO trilayers, where it was found that the effect
of adding a Au spacer between Co and CoO is to allow
the interfacial Co moments in CoO (which are in direct
s-d hybridization with the interfacial Au atoms) to relax
into a canted magnetic structure at the interface, thus re-
ducing the net moment of the uncompensated spins in the
direction of the induced EB anisotropy. This might be one
of the mechanisms leading to the observed strong decrease
in the EB effect with increasing spacer thickness [7].

7 Conclusions

The EB effect was observed for the first time in the interfa-
cial Au atoms of a non-magnetic spacer layer sandwiched
between FM Co and AFM CoQ. The induced Au magnetic
moments seem to simply follow the FM Co moments dur-
ing the magnetization reversal processes. LTNO has been
shown to be sensitive only to the Au atoms in direct con-
tact with magnetic surface atoms, making this technique
valuable for understanding the interactions at the inter-
face. We are the first to observe this local sensitivity for
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the case of an AFM/non-magnetic spacer interface using
LTNO.

Furthermore, we found a non-collinear alignment of
the Au nuclear moments with respect to the applied
field for the Co/Au/CoO EB system and the related
Co0O/Au/CoO trilayers. From a comparison of the in-
duced Au magnetic moments in different trilayer sys-
tems — FM/spacer/AFM (EB-system), FM/spacer/FM
and AFM /spacer/AFM — the canting of the Au magnetic
moments was found to originate at the CoO/Au inter-
face. Moreover, measurements on CoO/Au/CoO trilayers
showed that this canting depends on the spacer thickness.
This non-collinear alignment of the magnetic moments at
an AFM /non-magnetic interface should be considered for
theoretical models of EB which include a non-magnetic
spacer layer.

A detailed explanation of the microscopic mechanism
of EB is yet to be formulated [4]. The situation becomes
even more complicated when a spacer is added between
the FM and AFM layers. We believe that the application
of a novel excited-nuclear-probe technique, such as LTNO,
sheds new insight that other techniques cannot achieve.
Finally, systematic experimental results on a particular
system will hopefully stimulate detailed calculations to
explain this phenomenon.

We thank the staff of BER II for assistance with the neutron
irradiation. One of us (MJP) thanks the Humboldt Foundation
and the DFG for support during the course of this work.
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