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Exchange Bias as a Probe of the Incommensurate Spin-Density Wave in Epitaxial Fe /Cr(001)
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We report clear multiple period oscillations in the temperature dependence of exchange bias in an Fe
thin film exchange coupled to a neighboring Cr film. The oscillations arise due to an incommensurate
spin-density wave in the Cr, with wave vector perpendicular to the Fe/Cr(001) interface. The exchange
bias and coercivity allow for a determination of the extent of the thermally driven wavelength expansion,
the (strain-suppressed) spin-flip transition temperature, and the Cr Néel temperature, which show a
crossover from bulklike to finite-size behavior at a Cr thickness of ~1100 A. The data are consistent with
a transition from a transverse to longitudinal wave on cooling.
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Motivated by the discovery of giant magnetoresistance
[1,2], the intensive study of Fe/Cr heterostructures has led
to the elucidation of much new physics, such as oscillatory
coupling [3-6], spin-dependent interfacial scattering [7—
9], surface spin flops [10,11], and biquadratic coupling
[12,13]. The magnetism of Cr itself has also attracted
attention [14]. Bulk Cr orders in an antiferromagnetic
(AF) structure known as an incommensurate spin-density
wave (ISDW), where the magnitude of the sublattice spin
(S%k) is sinusoidally modulated [14]. The ISDW has a
wave vector Q and a wavelength A = 277/ | Q | that are
incommensurate with the atomic periodicity. Below the
Néel temperature (Ty) of 311 K, two phases of the
ISDW are found. A high 7 transverse phase (Q L S{3)
is separated from a low T longitudinal phase (Q || S%4¥) by
the spin-flip transition temperature Tgp = 123 K [14].
Neutron diffraction shows that Q lies along (100) and
that A expands with 7 from 60 Aat 10 K to 78 A at Ty
[14,15]. In thin films, confinement, strain, and proximity to
adjacent layers add a new layer of richness. Many differ-
ences from bulk are observed, such as coexistence of
longitudinal and transverse phases [16], in-plane and out-
of-plane Q and S,r [16-22], suppression of Tgg
[16,18,21,22], and a commensurate SDW [23]. Surpris-
ingly, little has been done to use exchange coupling to
probe the Cr spin structure via adjacent Fe layers. It was
recently shown that the exchange bias (Hg) at AF/ferro-
magnet (F) interfaces is influenced significantly by an
ISDW in the AF [18]. Hg, a shift of the F’s hysteresis
loop due to interaction with the AF [24,25], can therefore
be used to probe the Cr spin structure.

In this Letter, we report a comprehensive investigation
of exchange bias in epitaxial Fe/Cr(001). We observe
multiple period oscillations in H(T) due to the thermally
driven wavelength expansion of an ISDW with Q perpen-
dicular to the interface. The exchange bias and coercivity
(H() allow a quantitative determination of the extent of the
wavelength expansion, the (strain-suppressed) T'sf, and the
thickness-dependent 7. The data reveal a crossover from
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“bulklike” to “finite-size” behavior at a very large thick-
ness (~1100 A) in addition to allowing us to deduce the
relative orientations of S,r and Q, both above and below
Tsg. The results provide further evidence that exchange
bias is sensitive to the ISDW and, moreover, that it can be
used as a quantitative probe of the complex phenomenol-
ogy in Cr thin films.

Fe(001)/Cr(001)/Al layers were deposited by dc mag-
netron sputtering (2 X 10~ Torr base pressure) on vac-
uum annealed (500 °C ) MgO(001) substrates. 50 A of Fe
was deposited at 0.6 As™!, followed by a variable thick-
ness (400 A < ter <2100 A) Cr layer at 0.9 As™'and a
30 A Al capping layer, all at 400°C and 3 mTorr Ar.
Wedged samples were employed in which ¢, was contin-
uously varied (at 19 A per lateral millimeter) across a
single substrate. The constant Fe thickness ensures that
the strain state at the F/AF interface is identical for all
samples. Structural characterization by wide-angle x-ray
diffraction (WAXRD), grazing incidence x-ray reflectivity
(GIXR), in-plane diffraction, and atomic force microscopy
(AFM) was performed. Prior to measurement, the samples
were field cooled in Hc,, = 350 Oe, along one of the Fe
(110) directions, from 350 K [increasing the cooling field
to as much as 30 kOe produced no changes in the data; an
oscillatory Hg(T) and nonmonotonic H(T) were still ob-
served]. To measure small oscillations in Hg, magneto-
optical Kerr effect measurements were made in a wide-gap
Helmholtz coil with a Hall field sensor (absolute and
relative field accuracies of 100 and 50 mOe, respectively).
SQUID magnetometry was performed in a commercial
system with a vector coil set. Figure 1 displays character-
ization data on a representative sample (7, = 400 A). The
WAXRD shows only MgO substrate and Cr(002) peaks,
confirming the (001) out-of-plane orientation. The Fe/Cr
bilayers grow with the expected epitaxial relationship
where the unit cell of the Fe is rotated 45° with respect
to that of the MgO. The inset in Fig. 1(a) shows the rocking
curve through the Cr(002) peak, which has a width of 0.7°.
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FIG. 1 (color online). (a) Wide-angle x-ray (Cu K, ) diffraction
from MgO(001)/Fe(50 A)/Cr(400 A)/A1(30 A). Inset: Rocking
curve through Cr (002). (b) Grazing incidence reflectivity. The
black line is the data, and the red line is a simulation with a layer
thickness (roughness) of 47 (5), 410 (8), and 30 A (20 A) for Fe,
Cr, and Al respectively. Inset: In-plane diffraction on Cr (002).

The in-plane diffraction (¢ scan) in the inset in Fig. 1(b)
shows four peaks separated by 90°, demonstrating the in-
plane epitaxy. The main panel shows the GIXR data, which
reveal large amplitude oscillations persisting to 3°. The
solid line is a simulation [26] with the layer thicknesses
and roughnesses given in the caption. We find an Fe/Cr
interfacial roughness of 5 A, consistent with AFM.

The basic magnetic phenomena are illustrated in Fig. 2,
which shows the 7' dependence of Hy and H at fc, =
1125 A. Examining Hz(T), we observe three distinct re-
gimes. At high T, a blocking temperature (7p) is visible,
above which Hg = 0. At intermediate temperatures
(70 K < T <290 K), small but experimentally resolvable
oscillations in Hp occur with an amplitude ~1 Oe and
period ~40 K. At T <70 K, Hg shows a distinct change
in character; the amplitude increases by a factor of 3, but
changes in sign still occur. This distinct change in behavior
is also evident in H.. At high temperatures (7" > Tp),
Hc~ 10 Oe, but as T is lowered H becomes enhanced,
strongly below 200 K, and reaches a peak at 70 K. Several
features of the data can be readily interpreted. First, we
identify Ty as the actual Néel temperature. This is sup-
ported by Fig. 3(b), which shows the ¢, dependence of T,
as determined from H (T, as well as a direct measurement
of Ty (measured on samples with constant 7c,) from the
well known resistivity anomaly [14]. Ty and T coincide at
all #¢,. The most unusual aspect of these data, which will be
addressed below, is the anomalously large thickness
(~1250 A) at which finite-size effects occur. Note also
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FIG. 2 (color online). Temperature dependence of (a) H, and
(b) Hy for MgO(001)/Fe(50 A)Cr(1125 A)/Al(30 A). Ty (ar-
row) and T (dashed line) are labeled.

that prior work found 7 > 311 K [23] due to a thin film
commensurate SDW phase. The fact that we find Tz values
below the bulk 7 implies that the ISDW phase is present.
Next, we identify the 70 K transition temperature as 7.
Although Tqg = 123 K in bulk Cr [14], this is reduced by
strain in thin films [16,18,21,22]. Our identification of this
temperature as Tgp is supported by prior work showing
anomalies in H. at Tsg [18,22,27]. Tgg is independent of
tcr (within 10 K), presumably due to the fixed strain at the
Fe/Cr interface. Finally, in agreement with Yang and
Chien [18], we interpret the oscillations in Hg(7T) in terms
of an ISDW. The oscillations [shown for several thick-
nesses in Fig. 3(a)] arise due to the T dependence of the
ISDW wavelength A, which is known to expand as 7 —
Ty, due to weakening of the interatomic exchange. This
expansion in A leads to an oscillation, in both sign and
magnitude, of the AF interface moment as it is modulated
by the ISDW. The fact that we observe these oscillations
implies that (i) Q is perpendicular to the interface and
(ii) the Fe/Cr interface is not a node of the ISDW.

The oscillatory Hg(T) can be quantitatively understood
with a simple model. We focus on the region 7 > Ty,
where multiple period oscillations occur. A modified
Meiklejohn-Bean approach is used [24], ie., Hp «
Jar/ESF - Sar/Mptp, wWhere Japp is the interfacial ex-
change, Sr is the interfacial Fe moment, M and ¢y are
the saturation magnetization and thickness of the Fe layer,
and Sup is the uncompensated Cr interfacial moment.
Ignoring quantities with little or no 7 dependence, we
obtain Hg « S, where S,r is modulated by the ISDW.
We assume (as confirmed below) that for 7' > Tgg, Spr is
in-plane and thus perpendicular to Q. In bulk Cr, the

227206-2



PRL 97, 227206 (2006)

PHYSICAL REVIEW LETTERS

week ending
1 DECEMBER 2006

magnitude of S o is proportional to (1 — T/Ty)* [14], and
we model the modulation of S sg with a sinusoidal function
sin(te,/A(T)), giving Hp = [(1 — T/Tp)* sin(te,/ AM(T)]-
This assumes that the node of the ISDW occurs at the Cr/
Al interface. We assume the same functional form for A(T)
as found in bulk [14,15], fix the low T wavelength at the
bulk value, and allow the wavelength at T to vary. The
extent AA of the expansion from T = 0 to T is therefore
an adjustable parameter. The result of fitting to this func-
tional form is shown in Fig. 3(a). Note the increase in
oscillation period with decreasing fc, (as tc, — A) and
with decreasing T [due to the flattening of A(T) as T —
0]; i.e., as ¢, increases, the oscillation period decreases
and thus more oscillations are observed, as seen in
Fig. 3(a). In contrast to Yang and Chien [18], we observe
multiple period oscillations where the T and #. depen-
dence of the period can be simply understood. The simple
model adequately describes the data for all t-,, with a
systematic dependence of AA on tc. This is shown in
Fig. 3(b), along with the 7c, dependence of Ty. Signifi-
cantly, the AA for 7, > 1000 A agrees closely with the
known bulk value (18 A), an important validation of our
model. Below this thickness, AA increases rapidly; i.e.,
both Ty (t¢,) and AA(z¢,) reveal a clear crossover from bulk
to finite-size regimes at low 7. The well known features of
the ISDW, in particular, the large A and the acute sensitiv-
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FIG. 3 (color online). (a) Temperature dependence of Hg(T >
Tgr) for MgO(001)/Fe(50 A)/Cr(te,)/Al(30 A) (645 A < 1, <
2070 A). Open points are the data, while lines are fits to the
model. (b) ¢c, dependence of AA (open red points, left axis) Ty
and Ty (right axis). Ty was measured from Hy(T) (solid points)
and Ty from p(T) (open squares).

ity to strain, are consistent with the onset of finite-size
effects at large 7c, [16-18,21,22].

In bulk Cr, the spin-flip transition involves reorientation
from S84 L Q (high 7) to S%¥ || Q (low T) [14], but thin
films and heterostructures are more complex [16—22]. The
fact that we consistently observe oscillatory Hz(T) even at
T < Tgr [Fig. 2(b)] allows us to draw the important con-
clusion that in our case Q is always perpendicular to the
interface. In order to probe further the orientation of S,
we used vector magnetometry to assess the exchange
anisotropy. The in-plane longitudinal (|| to H) and trans-
verse (L to H) magnetizations M) and M are shown in
Fig. 4 for four representative temperatures [320 (>Ty),
160 (Ty > T > Tsp), 100 (=Tsg), and 10 K (<Tgp)]. The
M| (H) loops are almost T-independent, while M (H)
changes dramatically. The M(H) data were simulated
with a coherent rotation model including three anisotropy
terms (see the schematic polar plots in Fig. 4): the fourfold
anisotropy of the Fe (K,), the unidirectional exchange
anisotropy (Ky), and an exchange-induced uniaxial con-
tribution (K;). Above Ty, Ky = K, = 0 (as anticipated),
and the simulated and experimental loops [Fig. 4(a)] are in
agreement. The abrupt reversal in M | (H) is due to a slight
misalignment of H (by 0.5°) from the hard axis. The field
at which this jump occurs decreases rapidly below 200 K
[see Figs. 4(c) and 4(e)], and the transverse loop becomes
almost closed at 100 K (near Tsg). A nonzero K, (which
turns on at 7 and is therefore exchange-induced) is re-
quired to account for this observation. The easy axis of K,
lies along one of the [100] axes, and its magnitude in-
creases monotonically with decreasing T [Figs. 4(d) and
4(f)], reaching 9 X 10* erg/cm’ at Tgp. Below T, the
loop reopens dramatically but with M, (H) rotating almost
continuously throughout the reversal process [Fig. 4(g)].
As shown in Figs. 4(g) and 4(h), the “‘reopening’ can be
approximately modeled by rotating K, such that [110] is an
easy axis of K,. Except for the unsurprising overestimation
of H, the overall agreement with experiment is good.

We propose that, as in bulk Cr, a transverse ISDW occurs
above Tgr. Q lies perpendicular to the interface [as re-
quired for oscillatory Hg(T)], and S, is in-plane, consis-
tent with the exchange-induced in-plane uniaxial
anisotropy. In bulk, Cr spins orient along the (100) direc-
tions [14]. With Hg,, aligned exactly along [110]
[Fig. 4(b)], the alignment of Sy with H¢,, would lead to
equal populations of interface spins along [100] and [010].
In practice, small field misalignment leads to a preference
for one of these directions [in Figs. 4(d) and 4(f), it is
shown as [010]], giving rise to a uniaxial anisotropy
aligned 45° from Hc,,, as observed. This anisotropy
grows with decreasing 7, explaining the strong H. en-
hancement below 200 K. At T < Tgg, the reopening of
M | (H) indicates a significant change in the anisotropy.
The data can be approximately modeled by a rotation of K,
such that Hc, is now an easy axis of K, [Fig. 4(h)]. This is
difficult to explain while maintaining in-plane S, (due to
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FIG. 4 (color online). Longitudinal (solid blue circles) and
transverse (open red circles) M(H) loops at T = (a) 320,
(c) 160, (e) 100, and (g) 10 K for MgO(001)/Fe(50 A)/
Cr(1500 A)/Al(30 A). The solid lines are simulations for the
longitudinal (black) and transverse (red) situations. The model
parameters at 320, 160, 100, and 10 K are K, =32X
10° erg/ecm?, K, =0; K;=32X10 erg/cm?®, K,=
2.1 X 10* erg/cm®, ¢ = 45°; K4, = 3.2 X 10° erg/cm?, K, =
9.0 X 10* erg/cm?, ¢ =45°; and K, = 3.2 X 10° erg/cm?,
K, =9.0 X 10* erg/cm3, ¢ = 0°, respectively, where ¢ is the
angle between Hc,, and the uniaxial anisotropy. The right
panels show corresponding schematic polar plots of the total
energy surface (gray), K, (cyan hatched region), and S [out of
plane in (h)].

preferred orientations along the (100) directions) but it can
be simply explained if S,f is oriented out-of-plane. The
cooling field (and alignment of Sf) induces canting of the
out-of-plane AF spins, resulting in an easy axis along
Hc,,- These data are therefore consistent with a longitu-
dinal ISDW for T < T, as is observed in bulk. Although
the distinct change in character in Hp(T) at T < Tgg
[Fig. 2(b)] is explained by this model, the increase in
magnitude is more difficult to understand. Recent work
on Cr crystals using spin-polarized scanning tunneling
microscopy has revealed that the longitudinal ISDW does
not extend to the surface, leading to a domain wall in the
subsurface region [28]. This would explain the dramatic
change in Hg and the anisotropy surface below 100 K. The
complexity of the actual anisotropy in this situation is
likely responsible for the significant discrepancies between
the experimental data and our simple rotation model for
T < TsE.

In summary, we have presented a comprehensive inves-
tigation of the incommensurate spin-density wave ordering

in thin film Cr using exchange coupling to adjacent Fe
layers. Distinct oscillations in the exchange bias are under-
stood within a simple model, enabling extraction of the Cr
Néel temperature, the spin-flip transition temperature, and
the extent of the thermally driven wavelength expansion. A
clear crossover from bulk to finite-size behavior is ob-
served at large thickness, highlighting the sensitivity to
strain and the presence of interfaces. The nature of the
exchange bias and induced anisotropy allows us to deduce
the relative orientations of the AF spins and the propaga-
tion direction of the spin-density wave.
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