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Magnetic Structure of Cr in Exchange Coupled F¢/Cr(001) Superlattices
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We demonstrate how the noncollinear exchange coupling between the Fe layergdn(0Bé)
superlattices is caused by a frustrated spiral modulation of the Cr moments not observed in bulk. The
noncollinear coupling vanishes above the Néel temperature of this commensurate antiferromagnetic
Cr order. This clarifies the essential contribution of Cr ordering to the coupling in the regime
of smallest thicknesses where no incommensurate Cr spin density wave can form. For larger Cr
thicknesses we observe a predicted incommensurate to commensurate transition with temperature.
[S0031-9007(97)04817-5]

PACS numbers: 75.70.Cn, 75.25.+z, 75.30.Fv

The oscillatory exchange coupling between ferromagfound in F&Cr(001) [18] and FeCAMVn [21], no direct
netic (FM) layers over a non-FM interlayer [1], the relatedinformation on the magnetic structure of the interlayers in
giant magnetoresistance effect [2], and the biquadratic uch NC coupled superlattices exists.
noncollinear (NC) exchange coupling between FM layers Here we present high angle neutron scattering data, giv-
[3,4] were important recent discoveries in the field of thining access to the magnetic structure of the Cr interlay-
film magnetism [5]. F£Cr(001) layered structures played ers in F¢Cr(001) superlattices. The results are correlated
the key role in these findings. Since Cr is antiferromag-with polarized neutron reflectometry (PNR) and magneto-
netic (AF) in bulk [6], it is of fundamental importance optic Kerr effect (MOKE) data on the coupling of the Fe
to understand the role of the Cr magnetism in this modelayers. For the smallest Cr thickness investigated, strong
system. NC exchange coupling between the Fe layers occurs as

After the discovery of the long range period of the ex-soon as a frustrated, commensurate structure of AF Cr
change coupling in F&r(001) as a function of Cr thick- spirals forms below its Néel temperature. This highlights
ness [1], an additional short two monolayer oscillationthe essential contribution of Cr order to the coupling.
period was found [7,8] exhibiting phase slips [7]. TheseThus, the correlation between Cr order and coupling is
phase slips are consistent with the same nesting vectaxactly opposite to the one reported previously [15,22,23]
which gives rise to the incommensurate spin density wavéor larger Cr thicknesses, where an ISDW forms. For this
(ISDW) antiferromagnetism in bulk Cr. Current modelsregime we confirm the predicted [24], previously over-
for oscillatory exchange coupling [9—-12] readily explain looked transition from an incommensurate to a commen-
the short period oscillation and the phase slips as a resurate SDW with increasing temperature.
sult of this nesting vector, independent of the existence The samples were grown in a molecular beam epitaxy
of any magnetic long range order (LRO) of the Cr [13], (MBE) system aB00° C at a pressures10~'© mbar using
in the same way as for nonmagnetic interlayers. Initialgrowth rates of.16 A/s for Cr and0.2 A/s for Fe on a
experiments [14,15] yielded contradictory results on theCr/Nb buffer system on AIO; (1102) substrates [25]. To
existence of any LRO in Cr interlayers. maximize the amount of Cr, large X 5 cn? substrates

The importance of the structure of the /@& inter- were used and up to 200 Rer bilayers were grown.
faces has been pointed out by many authors [5,7,16]. FdReflection high energy electron diffraction performed
example, it was demonstrated that for a given substratduring growth indicated a smooth growth front with steps
the lateral length scale of the interface fluctuations in-and a smoothing during growth. High angle x-ray data
creases strongly with the growth temperature, drasticallyith sharp superlattice peaks up to third order are proof of
modifying the coupling behavior [5,17,18]. In the re- a coherent superlattice structure. Energy dispersive x-ray
cent proximity magnetism model [19] for NC coupling, (EDX) analysis yielded the relative Fe and Cr contents
such interface fluctuations and the intrinsic magnetisnwhich, combined with the measured superlattice period,
of AF interlayers such as Cr or Mn were taken into ac-provided the layer thicknesses. X-ray scattering and EDX
count, yielding a parabolic expression for the exchangespectra taken from the center and near the edges of the
energy causing an asymptotic approach to the saturateshmples confirmed a perfect lateral homogeneity obtained
state as a function of applied field, in contradiction to theby continuous rotation of the sample during growth.
usual bilinear-bigquadratic [3] exchange coupling formal- High angle neutron measurements were performed at
ism. Recent band structure calculations confirm this picNIST on the SPINS spectrometer. Bulk Cr is AF be-
ture [20]. Although the asymptotic approach has beerow its Néel temperatur@y ;spw = 311 K, exhibiting an
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ISDW. Depending on polarization (longitudinal or trans- designate the layer thicknesses in A, whereas the one
verse) and propagation, the ISDW causedoablepeak outside gives the number of bilayers. To characterize
structure around certaif®01} positions [6]. A commen- the magnetic order of the Fe layers we used hysteresis
surate AF order causeinglepeaks at th¢001} positions.  loops measured by MOKE and PNR with polarization
Our findings are summarized in Fig. 1 as a function of Cranalysis as detailed in Ref. [18]. A PNR scan of the
interlayer thicknes®c, and temperature fabg, =~ 20 A.  sample taken at room temperature [27] near remanence
The insets indicate schematically the observed intensitpn the reflectometer BT-7 at NIST is shown in the left
around (001) with the arrows pointing along the [001]inset of Fig. 2. The splitting in thé++) and(— —) data,
(out of plane) direction. ISDW double peaks were ob-together with the existence of a first order peak at about
served forD¢, = 80 A at low temperatures, indicating 0.1 A~! = 277 /Ag. in the (+—) and (—+) scattering,
a transverse ISDW propagating along [001], i.e., withindicate a net magnetization in the sample. In addition,
the moments in the film plane [6,26]. Between abouthalf order peaks at abo@055 A~! are observed in all
175 and 310 K we observe a gradual transition (markedross sections, indicating that the magnetic periggnc
T in Fig. 1) from incommensuratél) to commensurate is doubled with respect to the chemical superlattice period
AF order(C). Furthermore, we find a Néel temperature As.. Since collinear AF order could not yield such a net
Tn.com = 500 K of this C phase, above which the Cr be- magnetization, the individual Fe magnetizations must be
comes paramagneti@). Naively, thel to C transition NC oriented [18], consistent with our MOKE results.
could be correlated with the increase of the ISDW period In the main part of Fig. 2 a scan along the out-
with temperature, as it occurs in bulk: For a giveg;, a  of-plane [00/] direction through(010) taken from the
single ISDW period cannot form above a certain temperasame sample at 30 K is shown. Clearly, on both sides
ture and the LRO becomes. For thinnerD¢, =~ 42 A of the fundamental010) peak, additional satellites are
we find only strong, modulated peaks which again visible. These are proof for modulationof the C AF
vanish atTycom = 500 K. Thus, below aD¢;min the  structure with a periodA¢, ap. The separatiolMQ =
ISDW cannot form even for the lowest temperature mea2#/Ac; ar between the satellites is the same as the one
sured. Ty com IS significantly enhanced with respect to observed between the first and half-order peaks in the
the bulkTy 1spw. Such highTy com have been observed PNR spectrum in the inset. Thus, we finkk, or =
in strainedC Cr in bulk [6]. Our observations are quali- Ag.nc = 2As.. This would result from the coupling
tatively consistent with a recent theoretical study [24] ofbetween Fe and Cr at each interface being equal:
Fe/Cr with ideal interfaces predicting th€ to / transi-
tions as a function oD¢, andT observed here. Finally,
we point out that we always find strong intensity at or
around a (001) reflection belo#y com. Since neutron
scattering is sensitive only to magnetic moment compo-
nents perpendicular to the scattering vector, this indicates
an in-plane orientation of the magnetic moments in the
D¢, range discussed here. As we show elsewhere [26], a
reorientation occurs for largdc;.

Now we focus on the sampleCry, /Feio 00, With the
C order belowDc; min. The subscripts in the brackets

In
the right inset of Fig. 2 the Fe magnetizations are shown
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FIG. 2. Left inset: PNR of the sampleCry, /Feolo at RT
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FIG. 1.
the Cr interlayers. Diamonds denote commensurate SDW

squares denote incommensurate SO and circles denote
paramagneti¢P) regions. T is a transition region. The insets

in B = 14 G, indicating NC coupling of the Fe layers with
2AsL = Apenc. The full squares indicat¢++), the empty
ones(— —) and the up and down trianglgs-—) and (—+)
scattering. + (—) designate the neutron spin state up (down)
before and after the sample, respectively. The—) and
(—+) data are shifted byl0"2. Main part: High angle!
scan through the (010) position & = 30 K for the same

Phase diagram summarizing the magnetic structure cfample. Also shown is a fit to the data using five Gaussians

separated bAQ = 27 /Ac; ar. Right inset: schematic of the
magnetic structure deduced from the data in the figure fulfilling
Acrar = Apenc = 2AsL. The empty and filled small arrows

schematically indicate the measured intensity (dots) arounthdicate an opposing sense of rotation of the Cr moments

(001) with the arrows denoting the [001] scan direction.

between the NC coupled Fe layers (large arrows).
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as large arrows in a NC structure withg, xc = 2As  Slonczewski [19] in his proximity magnetism model for
as found by PNR. The AF Cr moments in betweenNC coupling. Comparison of the schematics in Figs. 2
are represented by the smaller arrows (filled and emptgnd 3 shows that this arbitrary variation of the sense of
for two senses of rotation). The spiral-type modulationrotation strongly reduces the coherence of ii@dulation

of the AF Cr interlayers is the topologically simplest of the AF Cr in the out-of-planel) direction. Structure
assumption with the boundary condition of AF couplingfactor calculations confirm the model structure depicted
[28] at each Fe/Cr interface. A consequence of this in Fig. 3. Specifically, these calculations also reproduce
equal coupling is\crar = Arenc as observed [29]. The the line shape in the main part of Fig. 2, confirming
higher order satellites in the data of Fig. 2 indicate rathethe insensitivity of such a scan to the vertical disorder.
sharp interfaces of the AF Cr structure. Furthermore, the small intensity of the central peak in

The coherence length of the magnetic order of therig. 3 is explained as a destructive interference due to
Cr along the growth direction can be determined fromfluctuating Fe thicknesses. The lateral disorder depicted
scans through001) along [00/]. As shown in Fig. 3, in the model structure of Fig. 3 is fully confirmed, e.g.,
we again observe a multicomponent intensity around théy recent diffuse x-ray scattering data from similarly
(001) position. The peak can be decomposed into grepared FECr superlattices [18]. Also it is obvious
sharp fundamental reflection and one satellite peak othat the in-plane magnetic structure must be limited in
each side [30]. As in Fig. 2, these satellites are offsetoherence as well due to the lateral fluctuation. From the
with respect to the fundamental reflection yQ =  width of a scan along the in-plaf@k0] direction through
27 /Ace.ar. However, they are much broader. This (010), we obtain a coherence length of abolf =
indicates an out-of-plane coherence length of only about50 A. The Cr spiral structure, which we postulated from
60 A for the AF Cr modulation. Thus, we observe topology arguments, can be tested with polarized neutrons
coherence of the NC order of the Fe layers over manynd polarization analysis. Repeating the scan of Fig. 3
bilayers (from the PNR data) and of tl¢ AF structure we find the same intensity within statistics in all four
of the Cr (from the sharp central peak in Fig. 3). Oncross sections consistent with a spiral distribution of the
the other hand, we find a short coherence of the AF CCr moments. More details will be discussed elsewhere.
modulation Consequently, the schematic in the inset ofFinally, we again point out that the observation of strong
Fig. 2 is idealized. (001) intensity requires the in-plane orientation of the Cr

In the following, we consider disorder. In the inset of moments assumed so far.

Fig. 3 the effect of Cr interlayer thicknesses fluctuating Thus, we have demonstrated that all aspects of the
by one monolayer is shown schematically. Comparingnagnetic structure postulated in the proximity magnetism
the left and right parts of the figure, we find that themodel [19] are actually observed. In the model, the
sense of rotatiorof the partial Cr spirals changes upon occurrence of NC coupling is explained by the opposing
varying the number of Cr monolayers by one withintorque which laterally coexisting partial spirals apply to
the sameCr layer. This is a consequence of the equakhe Fe layers. Since the Fe layers can neither couple AF
coupling at each F&Cr interface and was demonstrated by (even number of Cr layers) or FM (uneven number of
Cr layers) the system compromises on a NC orientation.
Slonczewski [19] also provides an upper limit on the
lateral length scald.!l of D¢, fluctuations, above which
the magnetic exchange stiffness of the Fe becomes too
weak to prevent the formation of AF- and FM-coupled
domains. This value is consistent with the measutgd
which is directly connected tb!!.

So far we have correlated NC coupling between the Fe
layers with a specific LRO in the Cr interlayers. Finally,
we study the effect on the coupling between the Fe layers
when the Cr order vanishes @y com-. In Fig. 4 the
temperature dependence of the (001) peak intensity is
shown for the same sample. Clearly, the LRO in the

1,9 2,0 2,1 22 @AY Cr interlayers vanishes at about 500 K. In the insets
Q we show hysteresis loops measured by MOKE along an
FIG. 3. High angle/ scan through the(001) position at €asy axis of the in-plane anisotropy at and belvowm.
T = 30 K for the same sample as in Fig. 2. Also shown is aBelow Ty com, the sample is not saturated at 2 kOe,
fit to the data using three Gaussian;: WhiCh again are Sep.aratﬂﬁ’dicating strong exchange coupling. In passing, we note
by AQ =2m/Ac,ar. Inset: Modification of the model in hat equivalent hysteresis loops measured up to 10 kOe

Fig. 2 by inserting a vertically uncorrelated lateral Cr interlayer. . . -
thickness fluctuation which reduces the coherence explainin?dlca’[e the asymptotic approach to saturation expected

the broad satellites. The empty and filled small arrows agaifor the proximity magnetism model [18,21]. Alty.com
indicate opposing senses of rotation. we observe square hysteresis loops, indicating parallel
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