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Temperature dependence of magnetization-induced second harmonic generation
at buried exchange-biased interfaces
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We have investigated the temperature dependence of magnetization-induced optical second harmonic gen-
eration (MSHG) in the exchange-biased CoO/Cu/Fe multilayer. Below the blocking temperature, there is a
strong MSHG response from the CoO/Cu interface which, for large exchange bias values, equals and even
dominates the contribution of the ferromagnetic Fe interfaces. In a previous publication we showed that there
is a correlation between exchange bias and the MSHG asymmetry. Here we demonstrate the relationship
between the second harmonic Kerr rotation and exchange bias and, based on that, we offer additional evidence
that pinned uncompensated spins are present beyond the range of Cu spacer thickness where a hysteresis loop

shift is observed.
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Exchange bias has been discovered almost 50 years ago,’
yet despite the intense research efforts on the subject,>* there
is still no complete theoretical explanation for the phenom-
enon. Recently, its exploitation in exchange-biased devices,
such as hard disk drives and magnetic random access
memory* has renewed research interest. The effect is ob-
tained when a ferromagnet (FM)/antiferromagnet (AFM) bi-
layer is cooled from above the Néel temperature but below
the Curie temperature, in the presence of an external mag-
netic field. Its main characteristics are: a shift Hg of the
hysteresis loop away from zero field and, generally, an in-
crease of the coercivity Hc. The temperature below which
the effect occurs is called the blocking temperature T7.

Recent research suggests that a small number of pinned
uncompensated AFM spins at the interface might be the ori-
gin of the loop shift.® Other recent studies revealed a long-
range nature of exchange bias: upon insertion of a nonmag-
netic spacer layer between the FM and the AFM, the authors
observed a decrease of the effect with increasing spacer
thickness as measured with the hysteresis loop shift.”~! This
suggests that the number of pinned uncompensated AFM
spins diminishes and becomes zero with increasing spacer
thickness, though a clear interpretation of this observation is
still lacking. The study of these spins and their behavior at
buried interfaces with different experimental approaches is
therefore of prime importance for the understanding of their
role in the exchange bias process. In particular, for direct
observation it is desirable that the experimental responses
from the relevant interface can be distinguished from those
of other magnetic interfaces.

Magnetization-induced second harmonic generation
(MSHG) has been known to exhibit an excellent sensitivity
to interfacial magnetism'' and has been previously employed
to the study of exchange bias on a different type of multilay-
ers (without spacer) although the observed effects were very
subtle.!? In an earlier communication,’> we have demon-
strated how MSHG can be applied to the study of the inter-
facial spins responsible for exchange bias in a CoO/Cu/Fe
system. Furthermore, we found evidence that the exchange
bias interaction propagates even further across the Cu spacer
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than the range estimated from the loop shift measurements.

In this paper, we have applied the interface-sensitive tech-
nique of MSHG to investigate the temperature dependence
of exchange bias in the CoO/Cu/Fe system after positive
and negative field cooling. We observe that for large ex-
change bias values, the nonlinear magneto-optical suscepti-
bility of the sample is dominated by the tensor elements
associated with the CoO/Cu interface rather than by those
associated with the ferromagnetic Fe interfaces. This indi-
cates that MSHG offers the possibility of a direct observa-
tion of the spins responsible for exchange bias. Furthermore,
in an independent experimental approach that provides an
alternative way of investigating the pinned uncompensated
AFM spins with MSHG, we demonstrate the relationship
between the second harmonic Kerr rotation and exchange
bias. Based on that, we offer additional supportive evidence
that pinned uncompensated spins are present beyond the
range of Cu spacer thickness where a hysteresis loop shift is
observed. Moreover, our results offer deeper insight into the
MSHG asymmetry sensitivity to the pinned uncompensated
spins.

The basic structure of our layered samples was
Si(111)/Fe/Cu/Co0O/Au. Initially, 6 nm Fe was deposited
by molecular beam epitaxy (MBE) on hydrogen-passivated
Si(111),' followed by a Cu layer of 2.5 nm thickness. Dif-
ferent Cu thicknesses were deposited for the experiment in
Fig. 3. After the preparation of 2 nm Co0O,'3 the sample was
covered by a 6 nm Au cap layer to prevent contamination
from the atmosphere. The Fe film possesses a single crystal-
line bee(110) surface orientation'® while the CoO consists of
densely packed roundly shaped particles. Because the CoO
does not reveal any x-ray diffraction peaks, it is assumed to
be amorphous.

Exchange bias was induced by cooling the sample from a
temperature of 300 K, in the presence of an external mag-
netic field of 2.5 kOe. Hysteresis loops extended from
—4.5 to +4.5 kOe.

MSHG measurements were carefully performed!” using a
Ti:sapphire laser at 800 nm wavelength with a pulse width of
~100 fs and a repetition rate of 82 MHz. The laser power
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FIG. 1. MSHG intensity as function of the
rotation of the fundamental light polarization
from the P;, direction at different temperatures,
after negative field cooling (a) and after positive
i field cooling (b) for Mg, <0 and after positive (c)

o : : : : o : : .

A 7/5_1 — 294K At 77 6 nm

/2 190K ol 3
2 |Cu Z 160K Cu —Wtz.ﬂm
B |Fe =4 — 110K | g —=6nm
8 |siny Si(111)
R=|
&}
jas)
W
p=
2
g
o]
=
b=
(b) () |

and negative (d) field cooling for Mg, >0. The
analyzer was fixed along the S, direction. The
signal was normalized to the room temperature
response. In the inset, the magnetization at the
] sample interfaces above and below T7j is repre-
sented, indicating the parallel [(a) and (c)] and
antiparallel [(b) and (d)] configurations.
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was 5 mW and the light was focused to a spot with a diam-
eter of ~100 wm. The angle of incidence was 30° and the
magnetic field was applied in the longitudinal configuration,
i.e., in the direction where the plane of the sample surface
intersects the plane of optical incidence (for further details
see Ref. 11). In all experiments, the light polarization was
linear.

For intense electromagnetic fields E(w), such as those
generated by a pulsed laser beam incident on a thin
multilayer film, the polarization at the harmonic frequency
2w is given by

P (20) = X{JE/(w)Ej(w), (1)
where x;j is a third order polar tensor describing the second
order nonlinear optical (NLO) susceptibility at the symmetry
breaking interface between the centrosymmetric films and /
numbers the interfaces in our sample.'> We can separate two
types of contributions to the susceptibility: the “magnetic”
(x,) and “nonmagnetic” (x,,,), depending on whether the
tensor elements associated with them change sign upon re-
versal of the magnetic moment. Note that the non-magnetic
part also includes the NLO response from defects or micro-
structure effects, that will not reverse sign after field cooling
in an opposite external magnetic field.

The nonzero net magnetic moment at the CoO interfaces
is related to the exchange bias and its sign can be reversed if
the sample is field cooled in an opposite magnetic field. We
can distinguish two types of configurations: parallel (P) and
antiparallel (AP), which are related to the relative orientation
of the FM Fe layer and the pinned uncompensated spins at
the CoO/Cu interface, see insets in Fig. 1. In the case of the
AP configuration, the sample was field cooled down to the
temperature of measurement and then the orientation of the
FM layer was reversed by reversing the external magnetic
field.

For a fixed polarizer-analyzer combination, the second-
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order susceptibility y at any given interface can be described
by a single number.'®!° In the limit of ultrathin films we can
combine those susceptibilities (the interfaces are numbered
as in the inset in Fig. 1)

Xo= X2+ @+ X2, (2a)
XAP = X3 (X 4 9, (2b)
Xom = Xom + Xomn + X 4 X + X, (2¢)

Note that here we have excluded a possible contribution of
the Au/CoO interface )(E,f) (as shown previously'3). A poten-
tial contribution from the AFM ordering in CoO (Ref. 20) is
incorporated in the nonmagnetic part as it should be sym-
metrical with respect to the direction of the field cooling.

The second harmonic intensity for the parallel and anti-
parallel configurations is then given by

IP/AP m|212, (3)

[ Xom %
where [ is the intensity of the incoming fundamental light.
For observing an MSHG contrast, only the sign change of y,,
relative to x,, is relevant. In nonabsorbing materials, the
relative phase between these susceptibilities is 90° and there-
fore they do not interfere. However, in the case of our
samples interference is allowed and the relative phase can be
considered to be temperature independent as the optical
properties of the sample do not change noticeably in the
temperature range that we consider.?!

So far, it has been shown that reversing the magnetization
in ferromagnetic materials changes the sign of y,,.!' Here,
we demonstrate that such a change can also be obtained
when reversing the direction of the spins responsible for ex-
change bias at the antiferromagnetic/spacer interface.

Figure 1 shows the MSHG intensity as function of the
rotation of the fundamental light polarization at different
temperatures. During the experiments in Figs. 1(a) and 1(b),
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FIG. 2. The exchange bias loop shift Hg and the change in the
second harmonic Kerr rotation as function of temperature. Hgx and
Mg, <0, after positive (empty circles) and negative (empty squares)
field cooling. The polarizer was fixed along the §;, direction while
—10° corresponds to the P, direction of the analyzer.

the applied external field (Hgyx) and therefore the magnetiza-
tion at the Fe interfaces (My.) was along the negative direc-
tion (i.e., Hgx, Mg, <0). In Fig. 1(a), the MSHG signal in
the parallel configuration can be seen above Ty (Tj
~ 185 K, see Fig. 2) and after field cooling to 10 K. The
curves exhibit two peaks: a large one at ~70° and a smaller
one at ~145°. We observe that the two curves are very simi-
lar. On the other hand, Fig. 1(b) shows the MSHG response
in the antiparallel configuration above Ty and after field
cooling. Again, we see that above Ty (=294 K and T
=190 K), the curves are similar, however below Ty the sig-
nal starts changing with decreasing temperature, indicating a
polarization rotation due to the appearance of new tensor
components—st). The latter are related to the appearance of
a magnetic symmetry at the interface, due to the pinned un-
compensated spins at the CoO/Cu interface.

The nature of this change can be better understood when
we look at Fig. 1(c). Here, we plotted again the MSHG in-
tensity as function of the rotation of the fundamental polar-
ization at different temperatures, but this time Hgyx, Mg,
>(. We can see that above Tg, the curves exhibit two peaks
close to the angles in Fig. 1(a) but having an inverse rela-
tionship: there is a large one at ~145° and a smaller one at
~60°. Therefore, the temperature dependence of the SHG
polarization in Fig. 1(b) corresponds to a transition from the
magnetization state of Fig. 1(a) to the magnetization state in
Fig. 1(c). In other words, we can conclude that the change in
the MSHG response in Fig. 1(b) at T<Tp is due to a reversal
of the sign of the total magnetic part of the NLO suscepti-
bility in the sample. The same can be seen in Fig. 1(d). Thus,
the MSHG technique allows us not only to detect XS), which
originates from the pinned uncompensated spins at the
CoO/Cu interface, but also shows that its absolute value
becomes larger than those from X,(:) and XS), which are as-
sociated with the Fe interfaces.

Another way of examining the Xf,f) tensor components is
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FIG. 3. The exchange bias loop shift Hg (a) and the second
harmonic Kerr rotation (b) as function of temperature for different
Cu spacer thicknesses. The lines are guides to the eye. The polarizer
was fixed along the S;, direction while -10° corresponds to the P,
direction of the analyzer.

by studying the nonlinear optical Kerr rotation 05(2). This is
done by performing the following experiment: the funda-
mental polarization was fixed while the analyzer was rotated.
Fig. 2 shows the thus obtained MSHG Kerr rotation angle at
different temperatures (during the measurements, Hgy, Mg,
< 0). We can see that for positive field cooling (antiparallel
configuration) there is a clear change in 65(2) from 0° to 50°,
which exactly follows the variations of the exchange bias
loop shift Hg. On the other hand, for negative field cooling
(parallel configuration) there is no change in 05(2) with tem-
perature.

Note that 50° is the direction of the MSHG polarization
for Hgyx, Mg, >0 after positive field cooling. This is a paral-
lel configuration, and since we have established that for par-
allel configurations there is no or little change occurring with
temperature, we can conclude that again the change of the
second harmonic Kerr rotation angle from 0° to 50° must be
attributed to a sign change in Y,,!

This sign reversal can be explained in the following way.

233101-3



BRIEF REPORTS

Above Tjy, the sign of y,, is solely determined by X,(:) and
)(S). When the sample is field cooled in the direction in
which the measurement is performed, (i.e., parallel configu-
ration), the appearance of )(S) does not affect this sign [see
Eq. (2a)]. There is only a change in the absolute value of X,Z
and it does not have a very pronounced influence on the
MSHG signal since the magnetization of the sample is satu-
rated. However, when the sample is field cooled in one di-
rection after which the external field is reversed, [i.e., anti-
parallel conﬁ§uration, see Eq. (2b)], the sign of y,, changes
for | ij)| > | an)+ XS)| and, hence, the large MSHG response
that is observed. The observation that we see an effect in the
antiparallel configuration and not in the parallel one may also
indicate that MSHG is particularly sensitive to X,(j) through
the frustrations between the AFM pinned uncompensated
spins and the FM ones.

The consequences of this finding are quite general. The
fact that the signal generated by X;(s)’ i.e., originating from
the pinned uncompensated spins at the CoO/Cu interface,
dominates the contribution from the Fe interfaces suggests
that MSHG can be used for direct observation of the ex-
change bias related spins in a large variety of samples. In-
deed, depending on the fundamental wavelength, the angle
of incidence and the refraction indices of the materials, it is
in principle possible to optically “quench” the contributions
to the MSHG signal from the FM interfaces while at the
same time enhancing the response from the relevant AFM
interface.

Understanding that there is a clear difference in the
MSHG response between the parallel and antiparallel con-
figurations gives us additional insight into the sensitivity of
the MSHG asymmetry A= (I - )/ (I’ + ") to the tempera-
ture variations of exchange bias that we have found previ-
ously. Clearly, it is the variations of /¥ that give rise to this
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sensitivity, i.e., the changes of the value of y,,, including its
sign reversal.

To investigate the MSHG sensitivity to the pinned uncom-
pensated spins at the CoO/Cu interface as a function of the
Cu spacer thickness, Fig. 3 shows the observed loop shift Hg
and 0(,(2) as function of temperature for various Cu spacers.
We can see that for a Cu thickness of 3.5 nm, the loop shift
in Fig. 3(a) is zero, while the second harmonic Kerr rotation
in Fig. 3(b) still indicates the presence of pinned uncompen-
sated spins. This result is consistent with our earlier experi-
ment that monitored the MSHG asymmetry (A) derived from
hysteresis loop measurements (Ref. 11, Fig. 2). It is impor-
tant to notice that the data in Fig. 3 were obtained from a
different experiment. They provide additional evidence for
the presence of pinned uncompensated spins at the CoO/Cu
interface for a Cu thickness of 3.5 nm. Although the condi-
tions for the two measurements are different, both are sensi-
tive to Xz(j)'

In conclusion, we have demonstrated that for rotating in-
coming and outgoing polarization, in the antiparallel con-
figuration there is a strong MSHG signal below Tp, associ-
ated with the CoO/Cu interface. The observed large second
harmonic Kerr rotation 05(2) is shown to be proportional to the
exchange bias loop shift Hg. For large exchange bias values
(below 60 K) the MSHG signal equals and even dominates
the contribution of the ferromagnetic Fe interfaces to the
nonlinear magneto-optical susceptibility of the sample.
Based on the second harmonic Kerr rotation dependence on
magnetic order at the CoO/Cu interface, we offer additional
evidence that pinned uncompensated spins at this interface
remain present even though the hysteresis loop shift indi-
cates no exchange bias effect.
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