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Oscillatory Exchange Bias due to an Antiferromagnet with Incommensurate
Spin-Density Waves
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Oscillatory exchange bias in both magnitude and in sign has been observed in epitaxial
(100)Cr/Nig Fe;9 bilayers due to the incommensurate spin-density waves in antiferromagnetic
(100)Cr layers. Salient effects due to the spin-flip transition between longitudinal and transverse
spin-density waves as well as that of expanding wavelength have been observed.
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Chromium (Cr) metal exhibits a host of interesting
properties, among them, its unique antiferromagnetic
(AF) properties. Unlike the well-known AFs with local-
ized moments (e.g., MnF,, and CoQO) that order into
specific spin structures, Cr is an itinerant AF with an
incommensurate spin-density wave (SDW) ordering be-
low the Néel temperature Ty, which for bulk Cr is 311 K.
Neutron and x-ray scattering have revealed many fasci-
nating aspects of the SDW in Cr [1-3]. In bulk Cr, the
wave vector Qgpw of the SDW propagates along the {100}
directions in the crystal. The magnitude of the magnetic
moments along Qgpw is not constant but sinusoidally
modulated with a SDW wavelength A, which depends
on temperature 7. Furthermore, there are both longitudi-
nal and transverse SDW, where the magnetic moments
lie parallel and perpendicular to Qgpw, respectively. In
bulk Cr, transverse SDW exists at 7" larger than the spin-
flip (SF) transition Tgg = 123 K. Below Tgg, the SDW
changes from transverse to longitudinal and the moments
become parallel to Qgpw. Very recently, AF domains
in bulk single-crystal Cr have also been observed using
x-ray microdiffraction [4]. The antiferromagnetic SDW
ordering notwithstanding, Cr has also been featured
prominently in magnetic nanostructures. Oscillatory in-
terlayer coupling has been observed in Fe/Cr multilayers,
in which the sign of the coupling oscillates as the thick-
ness of the intervening Cr layer is varied. The giant
magnetoresistance effect was first discovered in antifer-
romagnetically coupled Fe/Cr multilayers [5-7].

The exchange bias phenomenon between an AF and a
ferromagnet (FM) has also captured intense interest be-
cause of its intriguing physics and the central role in spin-
valve based devices [8,9]. At the interface of a FM and an
AF with uncompensated AF moments, the net AF mo-
ments at the interface will generate a bias magnetic field
and the hysteresis loop of the FM will be shifted away
from the origin. It has been generally recognized that the
understanding of exchange bias hinges on the AF spin
structure and its interaction with the FM layer. To date,
virtually all the exchange-biased systems incorporate
only AF layers with localized moments (e.g., CoO,
FeMn, IrMn, and MnF,, etc.). The rich features of the
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PACS numbers: 75.70.—1, 68.55.—a, 75.25.+z, 75.30.—m

AF spin structure of Cr provide a unique medium for
studying exchange bias. In this Letter, we report the
observation of oscillatory exchange bias in epitaxial
(100)Cr/FM bilayers, through which we have revealed
the effects of incommensurate SDW antiferromagnetic
ordering on exchange bias.

Neutron scattering shows that while Qgpw propagates
along the {100} directions in bulk Cr, the Qgpw is ori-
ented perpendicular to the film plane in thin (100)Cr
layers [10,11]. It is therefore essential to fabricate epitax-
ial (100)Cr thin films to be exchange-coupled to a soft
ferromagnet, for which permalloy = Py = Nig,Fe|¢ has
been used. We have made epitaxial (100)Cr/Py bilayers
using magnetron sputtering with a base pressure better
than 7 X 10~% Torr in the sequence of (100)MgO/(100)
Cr(179 A)/(100)Au(500 A)/(100)Cr(rc,)/Py(100 A) as
shown in Fig. 1(a). The first (100)Cr(179 A) layer on the
(100)MgO substrate serves as the buffer layer for
(100)Au(500 A), which acts as the buffer layer for
(100)Cr(z¢,). Because the lattice constants ag,. for Au
and \/iabcc for Cr are within 0.003%, the second
(100)Cr(zc,) layer so produced has little strains, which
is important for the study of incommensurate SDW in Cr
[3,12]. The (100)Cr(179 A)/(100)Au(500 A) buffer layers
were grown on a (100)MgO substrate at a substrate tem-
perature of T¢ = 500°C, followed by the growth of
(100)Cr(te,)/Py(100 A) at Tg = 150 °C with the deposi-
tion rates of 1.1 A/sec for Cr and 1.4 A/sec for Au.
Because of the thick Au layer, only the upper
(100)Cr(z¢,) layer is exchange-coupled to the Py layer.
A number of samples have been made where only 7, of
the upper (100)Cr(zc,) layer has been varied from 75
to 448 A.

The epitaxy of the various layers has been established
by x-ray diffraction. The 6/26 x-ray scan of one example
shows only the (200) and (400) peaks of MgO, Au, and
Cr, as shown in Fig. 1(c). The pole figures of the off-axis
Au(220), Cr(110), and MgO(220) peaks exhibit fourfold
symmetry as shown in Fig. 1(d). The 45° rotation of
the four-spot patterns among Au(220), Cr(110), and
MgO(220) established the epitaxial relationship of the
three crystal structures as MgO[001] || Cr{011] || Au[001]
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FIG. 1. (a) Layered structure of epitaxial (100)MgO/
(100)Cr(179 A)/(100)Au(500 A)/(100)Cr(tc,)/Py(100 A), (b)
epitaxial relation among (100) MgO, Au, and Cr, (c) x-ray
6/26 diffraction scan of the sample with 7o, = 179 A showing
only the (200) and (400) peaks of MgO, Cr, and Au, and

(d) pole figures of Au(220), Cr(110), and MgO(220) confirming
the epitaxial relationship shown in (b).

as shown in Fig. 1(b). The rocking curve of the Cr(200)
peak gives a full width at half maximum of 1.1° for the
179 A Cr layer.

The magnetic properties of the essential
(100)Cr(zc,)/Py(100 A) have been studied by a high-
resolution (0.01 Oe) vibrating sample magnetometer at
T = 100 K and a superconducting quantum interference
device (SQUID) magnetometer at lower temperatures for
some of the samples. To establish exchange bias, we field
cooled (FC) the (100)Cr/Py samples in a magnetic field
(Hgc) of 1.5 T parallel to the [001] axis of Cr from
373 K to low temperatures and measured the hystere-
sis loops along the same axis.

We have observed exchange bias in all the (100)Cr(tCr) /
Py(100 A) samples with 75 A = 1, = 448 A. Repre-
sentative hysteresis loops of (100)Cr(448 A)/Py(100 A)
from 25 to 350 K are shown in Fig. 2. Two characteristic
fields can be determined from the hystersis loops, H and
H{, where H(. is the switching field at which M becomes
zero as H was swept from positive to negative and Hf is
the switching field as H was swept back to positive. The
coercivity He = (H: — Hg)/2 decreases monotonically
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with increasing temperature as expected. However, un-
like all the other exchange-biased systems, the exchange
bias field H; = (H: + Hg)/2 does not vary monotoni-
cally with temperature. It is clear from Fig. 2 that while
the values of Hy at 115 and 225 K are substantial and
negative, Hy is nearly zero at 25 and at 200 K. The
temperature dependence of Hy for rc, = 448 A is not
monotonic but oscillatory as shown in Fig. 3(a). This is
the first time that oscillatory behavior of Hr has been
observed in any exchange-biased system.

Samples of (100)Cr(zc,)/Py(100 A) with other Cr layer
thicknesses show a similar behavior as shown in Fig. 3(a),
indicating that the oscillatory exchange bias is a general
behavior of (100)Cr(z.,)/Py. However, while the promi-
nent peak of Hg is at 115 K for the sample with ¢, =
448 A, its location occurs at about 50 K for 7, = 179 A.
This indicates that the location of the prominent peak
shifts to lower temperatures for samples with smaller
tc.- The temperature at which Hg vanishes is known as
the blocking temperature Tz, whose value is often close to
the Ty of the antiferromagnet (e.g., in CoO) if field cool-
ing commences at 7 > Ty. For AF with small layer
thickness, the values of Ty and that of Ty are depressed
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FIG. 2. Hysteresis loops of a (100)Cr(448 A)/Py(100 A) bi-
layer at (a) 25 K, (b) 115 K, (c) 200 K, (d) 225 K, and (e) 350 K
with exchange bias fields of —2 Oe, —28.6 Oe, —1.2 Oe,
—4.8 Oe, and 0 Oe, respectively.

147201-2



VOLUME 90, NUMBER 14

PHYSICAL REVIEW LETTERS

week ending
11 APRIL 2003

(=}

75 é/e/‘* ATB

1
N

Lok
S L O L O
T QT e e T QT

Hy, (Oe)
=

h§) PRIV I ) IV I AP PN TRV Iy NI B

_ = —
wnm O N O
e 8
N
N
oo
>0
|
.
~
1 l““h“l

)
(e}

A ARaaaat
L

050

100 150 200 250 300 350
T (K)

FIG. 3. Temperature dependence of (a) Hr and (b) H. for
epitaxial (100)Cr(¢,)/Py(100 A)) bilayers with tc, = 75, 179,
224, and 448 A

to lower values due to the finite-size scaling effects [13].
For the samples with 7c, = 448 A, we have found that
T = 350 K, which is close to but slightly higher than the
value of Ty = 311 K for bulk Cr due to the commensu-
rate AF phase in the film [2,3]. For the samples with ¢, =
224 A, 179 A, and 75 A, Ty is reduced to about 250 K,
225 K, and 200 K, respectively, and the latter agrees well
with the neutron scattering result for a 80-A-thick Cr [10].

The coercivity H¢ of all the samples decreases mono-
tonically with temperature without an oscillatory behav-
ior and reaches the free FM layer value at T as shown in
Fig. 3(b). However, unlike the H- in other exchange-
biased systems with a quasilinear temperature depen-
dence, the temperature dependence of H. is distinctly
nonlinear, with a rapid increase below T'. It is also noted
that the value of H is higher for the sample with a higher
tcr- This is opposite to those of all other exchange-biased
systems using conventional AFs, where a thinner AF
layer generally causes a larger Ho [14]. It is particularly
noteworthy that while the H values of the samples with
o = 179 and 448 A are negative even when they are
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close to zero, in some cases (e.g., fc, = 224 A) the oscil-
latory Hg includes values that are positive as well. These
results suggest that the oscillatory Hy in (100)Cr(7¢,)/Py
intrinsically involves oscillations in both magnitude and
sign. While the oscillation in magnitude is prevailing, the
observation of oscillation in sign requires superior quality
samples.

The most fascinating result in (100)Cr(zc,)/Py(100 A)
is the oscillatory exchange bias, which is due to the
incommensurate SDW in the thin (100)Cr layer as de-
scribed below. The exchange bias phenomenon is due to
the interaction between the FM and AF moments at the
EM/AF interface via a Heisenberg-like interaction of
SFM SAF, where SFM and AAF are the spins of the FM
and AF moments, respectively. In exchange bias, the
essential quantity is Mgy + AM s, where M M 1S the
magnetization of the FM and AM AF 18 the net uncompen-
sated magnetization of the AF at the interface as a result
of field cooling. The exchange bias depends on the exis-
tence of AM Ap» Which has been extensively addressed in
other AF systems [9]. The exchange bias also depends on
the angle between the directions of M v and AM AF>
which is revealed in this work. In particular, should
AM Ar become perpendicular to M M, there would be no
exchange bias. When AM Af and M Fum are in plane, should
AM AF reverse its sign due to the spin structure of the AE
the sign of the exchange bias would likewise be reversed.

The underlying mechanism of the oscillatory exchange
bias in (100)Cr/Py is the AF spin structure of the incom-
mensurate SDW in the thin Cr layer, schematically shown
in Fig. 4. For bulk Cr, the spin-flip transition occurs at
Tsr = 123 K, where the AF spins change from being
perpendicular to Qgpw (transverse SDW) to being paral-
lel to Qgpw (longitudinal SDW) when T decreases across
Tsp. For (100)Cr(z¢,) thin films, Qspyw is perpendicular to
the film plane [3,15]. After field cooling from above Ty,
the AF spins first form a transverse SDW below Ty with
Ospw perpendicular to the film plane and the net AF
moment AM AF is parallel to the Cr/Py interface. At
Tsg, the AF spins begin to flip from being perpendicular
to Qgspw to parallel to Qgpw (i.e., from being parallel to
perpendicular to the FM/AF interface). The prominent
peak of Hg at 115 K in the samples with 7, = 224 and
448 A can be readily identified as Tsg, whose value is
slightly lower than 123 K for bulk Cr. This transition at
Tsr in exchange-coupled Cr thin films is not abrupt but
gradual. At 25 K, the interfacial AF moments for 7c, =
448 A become perpendicular to the film plane resulting in
a nearly zero exchange bias field because AM AF 1S NOW
perpendicular to MFM The value of Tgr decreases from
115 K to lower temperatures for samples with thinner ¢,
e.g., 50 K for tc, = 179 A. Below Tgp, the coercivity
shows a rapid increase of coercivity due to the spin-flip
transition. A sharp rise in H¢ below 130 K has previously
been reported in Fe film on bulk (100)Cr [16].

The oscillation of Hy originates from the expanding
wavelength A of the incommensurate SDW spin structure
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FIG. 4. Schematic representation of the longitudinal SDW
below the spin-flip transition temperature Tsg, and three trans-
verse SDW above Tgp with different wavelength A at different
temperatures.

in Cr. The basic mechanism of the oscillation of H is
illustrated in Fig. 4. Because of the expansion of A with
increasing temperature, the net AF moments at the
Cr/FM interface would change its orientation from one
direction to the opposite direction at 7, T,, and T3. This
results in a change of sign in Hg from T to T, and from
T, to T3. Because of the roughness at the interface in
actual samples, the sign change of H, is often obscured,
whereas the oscillation in Hg is more readily observable.
It should be emphasized that the oscillation in Hg has
been observed only in epitaxial Cr layers, but not in
polycrystalline Cr, although the latter exhibits exchange
bias [17].

It has been well established that the wavelength of the
SDW in Cr increases with temperature. For bulk Cr, A
increases from 60 A at 10 K to 78 A at Ty =311 K [2].
X-ray and neutron scattering showed that A is somewhat
larger in thin films with A = 85 A for 7, = 500 A at
200 K [15]. While the precise values of A in our samples
are not known, it is reasonable to assume a similar A =
88 A in our sample with 7o, = 448 A at 200 K. The
estimated period of oscillation of Hg in Fig. 3(a) for ¢, =
448 A is about 75 K above 150 K, suggesting that the
SDW AF spins of Cr at the Cr/Py interface have been
pushed up across the Cr/Py interface by two atomic
layers, i.e., 2.88 A, from 200 to 275 K. We are aware of
no technique that can determine the anchoring point of
the SDW at which the Cr spins remain stationary.
However, the anchoring point cannot be at the Cr/Py
interface or there would be no oscillatory Hg. If the
anchoring point is at the center of the Cr layer, A would
expand from 88 A at 200 K to 89 A at 275 K to account
for the observed effect. If the actual anchoring point is
closer or away from the center of the Cr layer, the value of
A at 275 K would be larger or smaller, respectively. For
example, if the anchoring point is at 40 A away from the
Cr/Py interface, due to the stronger pinning at the Cr/Py
interface, A = 95 A at 275 K would be expected. These
estimates show that the observed oscillations in exchange
bias are consistent with an expanding SDW wavelength.
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At temperatures below 150 K, the values of A are essen-
tially independent of temperature in both bulk Cr and
epitaxial Cr films [15], and indeed no oscillation has been
observed. The samples with thin 7¢, (e.g., 75 A) exhibit no
oscillation in Hg because their blocking temperatures are
too low (e.g., 200 K).

In summary, we have observed oscillatory exchange
bias field in the magnitude, and in some cases the sign, in
epitaxial (100)Cr/Nig,Fe o bilayers as a function of tem-
perature. The unusual behavior is due to the incommen-
surate spin-density waves in antiferromagnetic Cr. The
prominent peak at about 115 K in the temperature de-
pendence of Hy is due to the spin-flip transition from
transverse to longitudinal SDW, whereas the oscillation of
Hg with temperature is due to the expansion of the SDW
wavelength in the Cr layer. The exchange bias measured
reveals these aspects of the SDW ordering in the Cr layer.
These results also show that exchange bias phenomena
depend sensitively on the spin structure of the antiferro-
magnet, which in the case of Cr, is exceptionally rich.
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