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Spin-density waves and reorientation effects in thin epitaxial Cr films covered
with ferromagnetic and paramagnetic layers
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We report about synchrotron and neutron-scattering studies investigating incommensurate spin-density
waves(I-SDW'’s) in epitaxially grown thin C{001) films, including surface and interface effects. These studies
show that thin ferromagnetic cap layers of Fe, Ni, and Co with a thickness of only 2—3 nm have a strong effect
on the propagation and orientation of the I-SDW's in Cr. For thick Cr films there exist essentially only
transverse I-SDW's propagating parallel to the film plane with the spins oriented normal to the plane and at
right angles to the in-plane magnetization of the ferromagnetic cap layers. With decreasing Cr thickness a
different transverse I-SDW grows at the expense of the in-plane ones, now propagating normal to the plane and
with spins parallel or antiparallel to the film magnetization. At a Cr thickness of ab@&ufA25he transverse
out-of-plane I-SDW completely dominates the phase diagram of Cr. All other domains are suppressed and a
spin-flip transition does not occur above 10 K in strong contrast to bulk. For in-plane propagation of the
I-SDW we find a coexisting commensurate spin-density W@+«SDW) which vanishes during the reorienta-
tion to out-of-plane propagation with Cr thickness. Finally, for Cr thicknesses well below the period of the
I-SDW, the Cr can only order as a C-SDW. The behavior of the SDW's in thin Cr films with ferromagnetic cap
layers can be understood in terms of competing interactions at the rough interfaces inducing frustration and by
finite-size and strain effects. We have also investigated the effect of Cu and Pd cap layers on the SDW. The Cu
cover is similar to a Cr/vacuum interface, whereas the effect of the Pd cover is intermediate between the
ferromagnetic layers and C[50163-18209)11513-3

I. INTRODUCTION scattering. With this method either the Thomson or the mag-
netic scattering cross section can be utilized. However, since
The complex magnetic structure of Cr, comprising an in-no magnetic resonance enhancement occurs at tkeedge,
commensurate antiferromagnetic spin-density wagle  the magnetic cross section is too weak for the investigation
SDW), has been of continuing interest since its discovery irof thin films. The normal Thomson cross section yields in-
1959} Recent attention to the magnetic structure of Cr is information on the propagation of the charge-dengipW's)
part due to its use as spacer layer in giant magnetic resistan@@d strain wavegSW's) accompanying the spin-density
materials, in particular in Fe/QiRefs. 2 and Band Co/Cr Waves, but not on the orientation of the Cr spins. Recently,
superlatttice4. Predictions of surface enhanced magneticPerturbed angular correlation spectroscOBACS has been
moments and topological ferromagnetic order on stepped dfsed for th? analysis Of.SDW S |n.Cr films. This method is
surfaces have spurred much experimental activity using sur-OnIy sensitive to the spin orientation but not to the propaga-

face science methods to characterize the magnetic surfa&'@ n of the SDW S In contrast 'to.synghrotron charge scatter-
state of Cff However, a characterization of the Cr magnetic' o PACS experiments can distinguish between commensu-
' ' g rate and incommensurate SDW'’s and can provide an

state at surfaces and in thin films is not an easy task. Free'stimate for the magnetic moments. Compared to the other

quently used experimental techniques in the area of surfagge,oys neutron scattering remains the only experimental
and thin-film magnetism, such as vibrating sample magnégschnique which provides information on both spin orienta-
tometry, superconducting quantum interference device magion and propagation direction of the spin-density waves, on
netometry, or magneto-optical Kerr effect are only applicable;ommensurate and incommensurate phases, as well as on the
to ferromagnets. In the past, the most powerful method fofagnetic moments. Examples of this will be shown further
studying the magnetism of Cr has been neutron scatteringe|ow.

due to its sensitivity to antiferromagnetism. On the other For an excellent and comprehensive review of the physi-
hand, when studying thin films, the intensity of neutroncal properties of Cr we refer to the review paper by Fawtett.
sources may not suffice. Nevertheless, we will show thaHere, only the properties, which are of direct concern to this
neutron scattering remains the most useful and direct methqgaaper are briefly mentioned. Chromium has a bcc structure
even for thin-film investigations. With elastic magnetic with a lattice parameten=2.88 A . As a 3l metal, Cr has
neutron-diffraction the spin orientation and the propagatiorto be considered an itinerant antiferromagnet with an average
direction of the spin-density waves can be analyzed. Furthemagnetic moment of 0.46; per atom at 4.2 K% If Cr had a
more, commensurate and incommensurate SDW'’s can easipmmensurate antiferromagnetic structure, the magnetic mo-
be distinguished and the magnetic moments including theiment density at the corners would be opposite to the ones at
orientation can be determined. Scattering with synchrotronhe center of the bcc unit cell, as schematically indicated in
x-ray radiation is a very important alternative to neutronFig. 1(a), forming a commensurate spin-density wai@

0163-1829/99/5@ 4)/940824)/$15.00 PRB 59 9408 ©1999 The American Physical Society



PRB 59 SPIN-DENSITY WAVES AND REORIENTATION . . . 9409

311 K, Cr is a paramagnet. Between 123 and 311 K the

f f periodicity of the SDW depends markedly on the tempera-
4 ture, increasing from 60 A at 123 K to 78 A at 311 K, as
mentioned before.
Under normal conditions, below the “Bletemperature
/&, bulk Cr forms a polydomain state. A single domain state can,

however, be achieved by cooling the sample through the
Neel temperature either in a high external magnetic field or
under tensile stress along one of the cube edges. As already
pointed out, the spin-density-wave structure of Cr is usually
incommensurate. However, elastic strains or chemical impu-
rities may cause the SDW to be commensutatEor in-
stance, alloying 3% Mn is sufficient for a complete transition
to the commensurate phase. The commensurate antiferro-
magnetic structure is designated as the, ARase.

We have recently studied the spin-density-wave structure

FIG. 1. Schematic representation of the magnetic structure of? thin epitaxial Cf001) films as a function of film thickness
Cr. The top shows the bee unit cell of Cr with the arrows indicating@nd temperatufé*> Aside from a native oxide layer, these
a commensurate antiferromagnetic spin structure. The lower panélms were not covered by another metallic film. The striking
represents the incommensurate modulation of the antiferromagnetfeatures of these experiments include a sirialla)ngitudinal
spin structure causing an incommensurate spin-density wave. HeteSDW, propagating out-of-plane, an enhanced modulation
a transverse |-SDW propagating in th@01] direction is shown period of the magnetic moments, an enhanced spin-flip tem-
with the magnetic moments at right angles to the propagation direcperature, and a commensurate antiferromagnetic phase with
tion. Aspy indicates the period of the I-SDW, which is about moments out of plane, which first appears close to the bulk
42-54 Cr monolayers depending on temperature. Neel temperature at 311 K and persists well above it. The
enhanced\ gpy can be attributed to strain effects. Possible
explanations for the out-of-plane propagation of the ISDW
and the out-of-plane orientation of the Cr spins in our
samples include surface pinning effects, hybridization with
the buffer Nb layer, and interaction with the native Cr oxide

corner atoms

W

¢ SDW >
center atoms

SDW) structure with a wave vector d)=2n/A=2x/a
=2.18 A~! commensurate with the lattice, whefeis the
periodicity of the C-SDW. Furthermore, the magnetic mo-
ments can be oriented parallel to any of {460 crystallo-
graphic axes. Therefore, in thermal equilibrium three differ-

fact, an incommensurate spin-density wiSDW) struc- perpendicular to the surface. Unlike neutron scattering the

f’luert?c’: Wr:gcnqecncigs'zss 2Lgvis‘niiﬂgﬂa?§;wa¥3n :fttrgiST:?SEACS data also allows an independent determination of the
A ' . lative volume fraction of both phases and the respective
SDwW N Fig. 1(b). Here the magnitude of the SDW wave magnetic moments of the Cr atoms in both phases.
vector |sQ=(f27;/a)d(1—_ 5.):2f77/a_hZ7T/ASDW' wherilél}s Here we report on neutron and synchrotron scattering ex-
a measure o the e\./lat'|on rom t € commensura Hity an%eriments to study the effects that ferromagnetic and para-
Aspw IS now the perlqdlcty of the Incommensurate SDW magnetic cap layers have on the SDW's in epitaxigOL)
The I-SDW can be visualized by a spin lattice which IS g These investigations are important for a better under-
slightly expanded as compared to the crystal lattice, yieldingi, jing of interface effects between ferro- and antiferro-
i bea_tmg effect Iﬁetwien both, with a bea;“p?r'Od'C'tyAOfmagnetic layers with possible applications to exchange cou-
sow=2a/d. In gu CrAspw increases smoothly from 60 A iy ang interface bias effects. In particular for the Fe/Cr
at 10 K'to 78 A at the Nel temperature of 311 K, corre- interface we know that the interlayer exchange integral is

sponding to an increase from 42 to 54 Cr monolayers, répeqaiive, prefering an antiparallel alignment of the Fe and Cr

spectively. magnetic moments at the interfatdeThus, for a perfectly

Next we need to distinguish between the propagation digpar interface we expect that a ferromagnetic Fe layer with
rection and the orientation of the I-SDW. The propagation P P g Y

. s ) in-plane magnetization will project out a transverse SDW
direction can be any of the three crystallograpfiiég} di- propagating perpendicular to the plane with spins in the

rections. The orientation may, h_owever, bg either Iongitudi-mane, as depicted in Fig. 23. Almost ideal epitaxial growth
nal or transverse. For longitudinal I-SDW'’s the spins are

S of Cr(001) on a Fe whisker appears to support this
oriented parallel to the propagation directi@,(S||Q),  notion!>® Domain images of a top Fe layer capping a Cr
whereas for the transverse I-SDW's they are oriented perpeRvedge on a Fe whisker substrate show that the average mag-
dicular t0 Q,(SLQ). In bulk Cr one finds at low tempera- netization vector in the Fe domains rotates by 180°, when-
tures a longitudinal I-SDW, refered to as the Aphase. ever the Cr layer thickness is incremented by one monolayer.
Usually all three propagation directions occur with equalAdditional phase slips are consistent with the incommensu-
probability in three different domains. At 3X a first-order  rability induced by an I-SDW® However, interfacial rough-
spin-flip transition occurs to a transverse I-SDW (AF ness may have a dramatic effect on the orientation of the
phase, again coexisting in different domains. The transverseéSDW’s in the Cr films, on the domain formation of the
[-SDW exhibits a first-order Ne transition at 311 K. Above SDW's, and possibly on the magnetic moments themselves.
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Computer simulations by Stoeffler and Gautiérave shown L

that interfacial roughness may lead to a moment reduction. T @ CrBragg-Peak

This appears to be supported by the ddbauer experiments / O  SDW satellite

. - oo ! / g

probing the hyperfine fields close to the Fe/Cr interfdce. # 910 CDW satellite
In this paper we provide the first systematic study of spin- 002 @1

density waves in epitaxial @01 films covered with ferro- , ’ & e

magnetic and paramagnetic cap layers as a function of the Cr o /3 {%w

; ; o pryi £9001) « L(011) (021)

film thickness. Preliminary reports of these stu as

well as a letter-style excerthave been published else- ) ‘

where. - 3 - —»
This paper is organized as follows. In Sec. Il we describe (010) o o (020} K

the scattering techniques used, including the selection rules H

for synchrotron and elastic magnetic neutron scattering, in

Sec. Il we provide information on the sample preparation FIG. 2. Overview of the satellite reflections as they occur for
and sample characterizations, in Sec. IV we discuss the exlifferent longitudinal and transverse incommensurate spin-density
periments on SDW's in Cr films capped with Fe layers, inWaves.

Sec. V we report about equivalent measurements with ferro-

magnetic cap layers of Co and Ni and with the paramagneti€omponents of the magnetization vector perpendicular to the
layers of Cu and Pd. Finally in Sec. VI we discuss our result$cattering vector. At least six scans aldigK, andL across
and compare the effect of the different cap layers on théhe satellite peak positions at two different orthogonal
SDW in epitaxial Cf001) films. In closing we want to em- reciprocal-lattice points are required for a unique character-
phasize that this paper mainly deals with proximity effectsization of the SDW's in Cr. For thin films the axis is de-
between the SDW state in Cr films and ferromagnetic ofined to be perpendicular to the film plane, i..,is the
paramagnetic cap layers. It does not discuss the interlay&@ut-of-plane direction whereds andK are the two equiva-
exchange coupling which results from this. For the latterlent in-plane directions. In practice, four scans across the

properties we refer the interested reader to recent re¢féis (010 and(001) positions in theK andL directions, respec-
and to a number of recent publicatiof& 22 tively, have turned out to be most useful for thin films, since

the two in-plane directiondd and K can be regarded as
IMENT equivalent. In this case the scan directions are always either
Il. SCATTERING EXPER S parallel or perpendicular to the scattering vector, which sim-

The most powerful tool for the investigation of spin struc- Plifies considerably the interpretation of the results. For ex-
tures and phase transitions in Cr has been elastic neutrogMple, scanning along the direction across th€010) posi-
neutron Scatterin&? More recenﬂy also X-ray and Synchro_ tion will detect an in-plane transverse SDW with SpinS either
tron scattering experiments have been adfietf:*2*%In  parallel toH or L. AnotherK scan at the(001) position
neutron-scattering experiments the magnetic moment of thieveals whether there are any in-plane components of the Cr
neutrons Coup|e to the magnetic moments of the magnetimagnetic moments. If satellite peaks exist in this scan, the
material via dipolar interaction. Working out the elastic- SPins lie in the plane, otherwise they are orientated in the
scattering cross section, one obtdi¥ for the scattering Perpendicular direction. Table | provides a summary of the
cross section of an unpo|arized neutron beam with a magné-our different SC::_ln directions and their interpretation accord-
tization wavel\7|(F): ing to the selection rules. A
The magnetic spin-density-wave vect@r can also be
do R measured via nonresonant magnetic x-ray scattering, as has
FTOL IMg|?sinf@, (1)  recently been shown by Hi#t al>® According to Brickel et

al.,33"the nonresonant magnetic x-ray cross section for very

. - - - igh ph ies=100 keV i
where @ is the angle betweeM and g, and M is the high photon energiesx100 keV) can be written as

Fourier component ol (F), corresponding to the scattering )

vectorq=k’ — k. Equation(1) describes the scattering inten- do_ 5(hc S |2 5
) A i > s de—ray r0 d | J_| . ()

sity of a Bragg peak due to a magnetization wawér),

which in the case of Cr represents the SDW with a polariza-

tion vector$(r)=M(r) and a spin-density-wave vectqQr.  Here,r2 is the classical electron radius¢ is the Compton
Figure 2 shows a partial reciprocal lattice of Cr. Thewavelengthd is the interplanar lattice spacing, agd is the
SDW satellite peaks are marked by open circles. They occuspin component perpendicular to the scattering plane. Thus,
around the structurally forbidden bcc reflections. Any inten-nonresonant magnetic x-ray scattering with high-energy pho-
sity in their vicinity has, therefore, to be of magnetic origin. tons is sensitive to the spin component perpendicular to the
There are two selection rules to be obeyed for finding thescattering plane, and the selection rules are similar to those
propagation direction and spin orientation of SDW's. First,for magnetic neutron scattering. However, this scattering
the vector between any of the satellite peak positions and theontribution is rather weak and can only be applied to bulk
next-nearest-allowed bcc reciprocal-lattice point determinesamples’ Resonant enhancement of the magnetic cross sec-
the propagation direction of the SDW. Second, the magnetition does not occur in the vicinity of the & edge. There-
neutron-scattering cross section yields only intensity forfore, magnetic x-ray scattering on Cr films remains not prac-
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TABLE I. List of four different neutron scans across 1) and (010 reflections used in the present
work and the information gained from these scans. The schematics indicate the positions of the satellites in
reciprocal space observed for each of the I-SDW's listed.

(001) (001) (010) (010)
L-Satellite K-Satellite L-Satellite K-Satellite

SDW Mode

out-of-plane longitudinal

. O
Spins out-of-plane © ¢ ©
out-of-plane transversal

L. L ) ® O
Spins in-plane
in-plane longitudinal

. O o O O
Spins in-plane
in-plane transversal

. 0] ® o L
Spins in-plane
in-plane transversal

O O O o

Spins out-of-plane

tical. The spin-density wave sets up a charge density and messes down to about 1O® . Investigation of thinner Cr
strain wave in the Cr lattice. The amplitude of the charge-ilms requires the growth of multilayers, such that the signal
density wave is only about 0.1 electrons and can hardly bean be added up from a stack of Cr layers.

recognized in the presence of the normal charge scattering. We have carried out synchrotron experiments at the Na-
The strain wave, on the other hand, is more easy to detedional Light Source in BrookhavefNSLS, beamline X22B
The strain waves can be visualized as frozen phonons, yield&nd at the HASYLAB in Hamburg(beamline RQ®VI).

ing the same selection rule for the scattering cross section dd¢eutron-scattering experiments were carried out at the re-
a one-phonon cross section, i.e., the scattering vector and tlsearch reactors of the National Institute of Standards and

displacement amplitude form a scalar produgtX), where ~ Technology(NIST, instrument BT2 and of the Forschung-

|A| is the amplitude of the strain wave. Therefore, only sat-Szentrum Jiich (instrument UNIDAS. In all cases we used

. . L = a monochromater and analyzer. For the synchrotron experi-
ellite reflecilons with &) component parallel to the scatter- ments either two $111) crystals (HASYLAB) or two

ing vectorq will yield intensity, the others are silent. The Geg(111) crystals(NSLS) were used. For the neutron experi-
charge-density wave and the strain wave are independent gients we used highly oriented pyrolytic graphite as mono-
the orientation of the magnetic moment. TherEfore, the perichromator and ana|yzer_ The/2 contamination was sup-
odicity is only half that for the spin-density wave and the pressed with a stack of pyrolytic graphite filters.

wave number is doubled. Thus, the satellite reflections due to

the CDW or SW occur at the positioﬂszd close to the bcc

allowed charge peaks 00, {110, etc., providing infor- lll. SAMPLE DESIGN, GROWTH METHODS,

mation on the propagation direction of the spin-density AND CHARACTERIZATIONS

waves but not on their polarizatideee Fig. 2. For informa- A. MBE growth

tion on the spin direction and polarization, neutron scattering We h indl talline beeloo1] |
is required. Furthermore, with neutron scattering one can € have grown single 9wsa ine bce[0B1] layers .on
easily distinguish between commensurate and incommensé203[1102] substrates with a NBO1] buffer layer using
rate SDW's, since at th¢l00} position no scattering from Molecular-beam epitaxidMBE) methods. Using a well es-
the chemical structure is allowed. In contrast, the huge altablished growth recipe already reported previotfsiye
lowed charge peak at th00; position is prohibitive for ~achieved high-quality single-crystal growth of the Cr films
detecting any commensurate phase with synchrotron exper@n the Nb buffer. The universal three-dimensional epitaxial
ments. Therefore, neutron scattering has a distinct advantagglation between Nb and sapphire, which is essential for
over synchrotron x-ray scattering as concerns the analysis §fowing epitaxial metal films W'tg‘s single domains, has al-
the polarization of the SDW and the detection of commenJ€ady been reported by Durbét al.™ The NH 111] direction
surate contributions. The disadvantage of neutron scatteringPints along thec axis of the sapphire, whereas th@01]

is the lower flux even at high flux neutron sources as comdirection of Nb is parallel to the AD;[1102] direction,
pared to synchrotron sources. Therefore, elastic neutron scdieing the surface normal of the sapphReplane. Since
tering for the study of SDW's in Cr films is limited to thick- bcc-Cr grows parallel to bce-Nb in spite of the large lattice



9412 P. BODEKER, A. SCHREYER, AND H. ZABEL PRB 59
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FIG. 3. RHEED and LEED pictures of the 001) surface.(a) FIG. 4. Auger spectrum of the uncovered Cr surface of 2000 A
RHEED picture along th¢100] azimuth, (b) along the[110] azi- thick Cr film. No lines other than from Cr are visible.
muth; (c) and(d) show the corresponding LEED pictures of the Cr

surface. B. RHEED, LEED, and Auger analysis

mismatch of 13%R plane orientated sapphire substrates are Figure 3 shows RHEED and LEED pictures of the Cr
used for the growth of001] oriented Cr films on Nb. We surface in two different orientations after completion of the
have grown a series of Cr layers with thicknesses rangingrowth and after annealing. In both azimuths along[ &G0
from 500 to 4000 A as well as Fe/(DO1) superlattices in and[110] direction, Laue zones of the zero and first-order
this fashion. To maximize the amount of Cr in the beam, 5reflections can be recognized. The LEED pictures are re-
x5 cn? large substrates were used for the samples intendezbrded with two different energies to probe the ¥@pand
for the neutron-scattering experiments. X-ray scattering anthe 110 surface symmetii). Figure 4 reproduces an Auger
energy-dispersive x-ray spectra taken from the center anspectrum of the Cr surface after growth. Only the Cr LMM
near the edges of the samples confirmed a perfect laterbihes at 447, 459, 489, 529, and 571 eV are visible. There are
homogeneity obtained by continuous rotation of the sampleso signs of any C, N, or O contaminations at the surface.
during growth. Due to the 13% lattice mismatch, pseudomor- When depositing Fe on Cr, many RHEED oscillations can
phic growth of Cr on Nb is excluded. As a result of the highbe observed. This is shown in Fig. 5.
lattice misfit the crystal quality of the first monolayers is not A more detailed RHEED study of the growth of (881
very high according to reflection high-energy electron dif-on Cr001) as a function of substrate temperature and growth
fraction (RHEED), but improves with increasing film thick- rate has been reported in Ref. 39. In Fig. 6 again RHEED
ness. We find that a minimal thickness of the Cr buffer ofand LEED pictures are reproduced after deposition of a 20 A
200 A is necessary for a sufficiently high film qualf§The  thick Fe cap layer on Cr. The sharp reflections seen in these
Cr films are expanded in the film plane and relax with in-graphs are an indication for the high quality of our samples.
creasing film thicknes® The in-plane lattice relaxation fol- The Auger spectrum in Fig. 7 exhibits only Fe LMM lines at
lows the usual strain relaxation model for metis. 562, 596, 651, and 703 eV, but no lines from the Cr sublayer,
The CK001) films were grown on N{01) at an opti- indicating that the Fe layer completely covers the Cr film.

mized substrate temperature of 450 °C with a growth rate OFurthermqre, the_ lack of any O, N, or C lines proves again
0.15 A /s. At this temperature @01) grows in a layer by the chemical purity of the sample.

layer fashion and there is essentially no increase of the sur-
face roughness noticeable with increasing film thickness. Af-
ter growth, the Cr films were annealed at 750 °C for 30 min,
which leeds to a considerable improvement of the surface
roughness and crystal structural coherence, as shown by the
RHEED and low-energy electron diffractiottEED) pic-
tures presented in the next section.

After Cr growth and the annealing step, the samples were
cooled to 300°C and different 20 A thick metal layeid (
=Fe,Co,Ni,Cu,Pd) were deposited on the Cr. The growth
temperature for th# layer is a compromise between surface
roughness and interdiffusion. Finally, as a protection against
oxidation, theM films were covered with another 20 A thick . . . . | -

; i ; S 50 100 150 200
Cr film. This Cr layer passivates the other epitaxial films Time [s]
since at room temperature and under normal atmospheric
conditions the Cr-oxide film thickness saturates at about FIG. 5. RHEED intensity oscillations observed during the
10-15 A #2 growth of F€001) on Cr(001).

Intensity [a. u.]
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FIG. 8. Small-angle x-ray reflectivity scan of a sample consist-
ing from surface to substrate of a 20 A thick protecting Cr-oxide
layer, 20 A thick F€001) cap layer, 3300 A thick GB01) film, 100

FIG. 6. RHEED and LEED pictures from the surface of a 20 AA thick Nb(001) buffer layer on a AQO3(1T02) substrate.
thick Fg0021) layer on Cf001). The top panels show RHEED pic-
tures in the(a) [100] and(b) [110] azimuth. The lower panels show peaks describe the split peaks having a full width half maxi-

the corresponding LEED pictures of the(6@1) surface. mum of A(26)=0.062°. This width translates into a struc-
tural coherence length of 1600 A or about 50% of the total
C. X-ray characterization film thickness. The two peaks are superimposed on a broader

We have characterized the structure of the Fe/Cr sample¥€ak peak with a widthl (2¢) =0.33°. The broader peak
most likely reflects some disorder at the Cr/Nb interface,

with our laboratory x-ray sources. Small-angle reflectivity £ th | rel . K | duri
measurements were used to determine the thicknesses of twgereh mTtht of the _strufctura hre %agorr:.ti gs P aC? uring
individual layers. Figure 8 shows a typical example from ad"oWth. The scattering from the thick Fe cap layer Is

le with a | ing f h 20 A ompletely submerged in this broader component. In Fig.
sample with a layer sequence starting from the top: 20 Crg(b) is shown a transverse scan through thé0Q2) reflec-

20 A Fe/_ 3300 A C_:[rOOl]/ 5.00 A Nb/A|203(1.102)‘. The tion at the position of th& a1 peak. The solid line shows a
short period oscillations, which are enlarged in the inset, ar@t 1o the data points with just one Gaussian peak with a
due to the Cr layer thickness. The longer period oscillation§Nidth of 9=0.23°. The anisotropy in the in- and out-of-
originate fr(_)m the Nb buffer layer. Su_perlmpc_Jse_d on '_[hes lane coherence lengths will play an important role in ex-
two oscillations is an even longer period oscillation with aplaining the origin of C-SDW's in the system
broad maximum at 0.195 _éRef. ) due to_the 20 A th'Ck Fe We have also studied the in-plane structure and epitaxial
cap layer and the 20 A thick Cr of Cr-oxide protective layer. relation of the C{001) using surface x-ray scattering meth-
Ne_xt_twef ?]Udé tlhe strulctu'g;ll csoherecr;lula Iengttr; andhth%ds under glancing incident and exit angles to the surface.
mosaicity of the Cr layers. In Fig(§) a ra 1al scan through - gince we have reported earlier the epitaxial relation between
the (002 Bragg peak of the same sample is shown as d'?'Cr(OOl) and the NK001) buffer layer*® only the structural
cus?jed before. '_I;Ee scan r\:\'/tas perforhmed utsmg athCu_ ro_tgltl rameters will be discussed here. The in-plane structural
anode source with a graphite monochromator In the InClderl e ence length for all samples reported in this paper lies
be?”?- Due to the high structura_l qoht_arence,(ﬂ@) peakis between 250 and 8A , and the in-plane mosaicity is on the
split in the t.W(.) componenys pnglnatlng from Qﬂal and order of 0.3-0.4°. These values are slightly worse compared
CuKea? radiation. The solid line represents a fit to the dat o the out-of-plane parameters for which we obtain coher-
points using three Gaussian peaks. Two of the Gaussm@nce lengths of 50—80 % of the total film thickness and out-

of-plane mosaicities of 0.2—-0.3°.

s radial-scan Cr(002) 5 transverse-scan Cr(002)
R ;‘5 I3 L) Ky 20=6454 L b Ao =0.23°
PR T adh, Baly G @ 4+ A(26) =0.062° 4r
%"’”"."“"”tw%\f P {%' : f;‘e CEY L Nfeeein N Z 5]
H .« iR B A A E - = -
= . .. .3 : F K = +
g Fe/ ! . g 2L o2 £ 2 -
Eg 1+ - 1
% 0 A 0 . A
-_‘ . 642 644 646 648 65 31.5 32 325 33 335
M . 26 [deg) o [deg)
Fe / / . .
i F FIG. 9. (a): Radial x-ray scan through the (002 reflection of
a 3300 A thick Cr film. The double peak is due to the indicent Cu
00 a0 500 - 60 700 800 radiation containing Clkal and CuK a2 spectral lines. The solid

line is a fit to the data points with three Gaussian line shafi®s.
Transverse x-ray scan through the out-of-plan@@2 peak, mea-

FIG. 7. Auger spectrum of the surface of the 20 A thick Fe layersuring the mosaic distribution in the film. The solid line is a fit to
on Cr(001). Only Fe Auger lines are visible, but no Cr lines, indi- the data points with one Gaussian line shape with a width of 0.23
cating that the Fe layer completely covers the Cr surface. degrees.

Energy [eV]
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grees. We used a He-Ne laser beam with a wavelength
=632.8 nm and a power of 5 mW. We have chosen the
plane of polarization to be perpendicular to the plane of in-
cidence 6 statg. We have investigated the longitudinal and
polar Kerr effect over a temperature range from 4—340 K. In
Fig. 10 longitudinal MOKE measurements from a 20 A thick
Fe(001) layer on a 2100 A thick Cr film are reproduced for
different temperatures. For the whole temperature range the
easy axis remains in the plane. We do not observe a reorien-
tation of the easy axis or a reduction of the order parameter
over the temperature range investigated here. Therefore, we

H{Oe] can safely assume that our 20 A thick cap layers are in a
0.008 ferromagnetic state with in-plane magnetization. This is also
e 0.004 o true for the Co and Ni layers. The shape of the hystereses
§ ; curves in Fig. 10 changes with temperature. In particular the
170004 coercivity field increases with decreasing temperature which

L -0.008

FIG. 10. Magnetic hysteresis curves of the 20 A thick Fe cap

500 1000

H [Oe]

-1000 -500 0 500 1000

is due to the development of magnetic order in the Cr layers
when going through the N temperature. This behavior is
in basic agreement with the observations reported earlier by

layer on a 2100 A thick GP01) film for different temperatures, Berger and Hopsté‘ﬁ

measured with a high-resolution magneto-optical Kerr setup.
IV. SDW IN CR FILMS CAPPED WITH FE LAYERS

D. MOKE characterization A. Thick Cr films

We have studied the magnetic properties of the overlayers
via the magneto-optical Kerr effe€MOKE) using a setup
described in more detail in Ref. 43. With a Faraday modula- In Fig. 11 we reproduce scans with synchrotron radiation
tor and applying lock-in techniques we achieve an angulaat 30 K for a 2100 A thick Qi©01) film covered with a 20 A
resolution of our Kerr magnetometer of better than4@e-  Fe(001) layer. In order to determine the propagation direc-

1. Synchrotron radiation experiments
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FIG. 11. Synchrotron measurement of the strain waves in a 2100 A th{@0@film capped with a 20 A thick Fe layer. The scans were
taken at 30 K. With three scans along tHedirection(a), the K direction(b), and thel direction(c) the propagation direction of the strain
wave can be uniquely determined. In this case the strain wave propagates entirely in the plane dlbd@| toed[010] directions, while
the out-of-plane propagation is completely suppressed.
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FIG. 12. Synchrotron data of the strain waves in 2100 A thifoGb film capped with a 20 A thick Fe layer. Scans are recorded along
the K direction across thé011) peak for different temperatures.

tions of the SDW, at least three scans have to be performed: Scans at th€011) peak along th& direction are shown in
two scans at thé011) reflection in theK andH direction to  Fig. 12 for different temperatures between 30 and 310 K.
determine possible in-plane propagations, and one scaWith increasing temperature the satellite intensity decreases
along thel direction at the002) peak position to determine continuously and the peak positions move smoothly towards
out-of-plane components. As can be seen by the scans prghe (011) commensurate position. From the peak position we
sented in Fig. 11, CDW/SW satellite peaks exists only in thecan calculate the period of the CDW, which is plotted as a
vicinity of the (011) peak position along thel andK direc-  function of temperature in Fig. 13. Also shown is the tem-
tions. No satellite peaks are found at 002 peak along the  perature dependence for another thicker Cr film and for the
L direction. This implies _that the SDW or CDW in this ik as reported by Wernat al?® The period of the CDW
sample propagates only in the plane. Since th@nd K s enhanced in the thin films as compared to the bulk and
satellites exhibit the same intensity, both propagation direCgc|es inversely with the film thickness. An increased period
tions, alongH ar_1d K, appear to be equally popylated. Therefor the CDW has already been noticed for plain Cr films and
are no perpendicular com'ponents. From the width of the sa{ian be explained by residual epitaxial strais.
elite peaks we determine a poherence length for the The temperature dependence of the satellite peak intensity
CDW/SW of about 30 A . This is on the same order of . h in Fia. 14 for the two Cr fil tioned ab
magnitude as the in-plane structural coherence length of thg Shown in +1g. or Ine two LT Hims menfioned avove,
and these results are also compared with the intensities for

Cr film, indicating that structural domains limit the coher- . L
ence of the CDW/SW, not magnetic domains. Before we will?ulk Cr measured with synchrotron radiatfriThe dashed
line denotes the peak intensity calculated in analogy to the

determine the Cr spin orientation in relation to the propaga > e
tion via neutron scattering, we first study the temperaturé>CS theory of superconductivityyielding
dependence of the satellite peak intensity and of the peak

position.
1F OAL-—§.
C e 4 =
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FIG. 14. Temperature dependence of the intensity of the strain

FIG. 13. Temperature dependence of the period of the strainvave satellite reflections as determined for the 2100 and 3300 A
waves in 2100 and 3300 A thick @01) films covered with a 20 A thick Cr{001) films. The open squares show the corresponding mea-
thick Fe layer. The open squares indicate the temperature depesurements for bulk Cifrom Hill et al. (Ref. 32]. The dashed line
dence of the period of the spin-density wave in bulk Cr, as deteris a calculation of the intensity according to H8) with a Neel
mined by neutron scatterirfdrom Werneret al. (Ref. 29]. temperaturd of 311 K. The intensity is normalized to 1 at 100 K.
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FIG. 15. Neutron scattering on a 3000 A thick(@?1) film covered with 20 A thick FE&01) layer to explore the the propagation
directions and polarizations of the spin-density waves for different temperatures from 30 to 450 K. Scans are shown in different directions
in the reciprocal space as sketched close to the respective panels, where the filled circles represent existing peaks while open circles indicate
satellite positions scanned but no intensity detected at 50 K. For more details see text.

1(T) T |42 temperature of 38836 K for a 3000 A film!® This value
W:[ —<T—N) } ' (3 appears to be somewhat above the experimental result.

] We have also varied the thickness of the Fe cap layers
using the bulk Nel temperaturely=311 K. For most of from 8 to 100 A , keeping the Cr thickness nearly constant at
the temperature range the satellite intensities from t,he epia value of 200 A . In all cases the SDW propagates in the
taxial films match those of the bulk. Only close to theeNe plane and the period of the CDW is again enhanced by the
temperature may some deviation to higher values be presergame amount. This shows that the Cr properties observed are
However, since the peak intensities closd tpare very low,  due to the Fe/Cr interface and do not scale with the thickness
it is difficult to judge whether or not the étemperature in  of the ferromagnetic cap layer. Therefore, in the following
the thin films deviates from the bylk. Using the relation be-experiments the thickness of the ferromagnetic cap layers
tween external pressure and elletemperature Ty= was kept constant at about 20 t6 & . This thickness as-
—6.0 kbar*xp+311 K and the pressuro=-13.5 sures that the layers are homogeneously magnetized and do
=6 kbar induced by the epitaxy, we would expect a&Ne not break up into small domains. The Curie temperature of
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the Fe, Co, and Ni layers is also sufficiently high such that A Fe /3000 A Cr
they do not interfere with the N¢ state of the Cr layer. The

MOKE measurements discussed in Sec. Il D confirm the 100
ferromagnetic state of these cap layers.

LSDW "7 T
—» TSDW "™
2. Neutron scattering

relative
intensity [%]
W
S
1

In Fig. 15 we show the neutron results for a similar, 3000
A thick Cr(001) film covered with 20 A thick Fe layer, as . .
used previously for the synchrotron experiments. The reason 0 100 200 300 400 500
for using a slightly different sample is the larger surface area T [K]
required for performing neutron-scattering experiments as
compared to x-ray scattering. Figure 15 shows all four scan FIG. 16. Qualitative phase diagram for the spin-density waves
directions described before for different temperatures. Thén 3000 A thick Cf001) covered with a 20 A thick Fe film, accord-
scans are offset by constant amounts for clarity. Above oing to the results of the neutron-scattering experiments shown in
below each set of scans the scan directions are shown. Opé&ig. 15. The arrows indicate the orientation of the magnetic mo-
circles refer to satellite reflections which are allowed by thements in the respective phases, where the vertical direction refers to
selection rules but not detected in the scans at 100 K, whiléhe [001] direction. LSDW and TSDW refers to the longitudinal
closed circles refer to allowednd detected satellite reflec- @nd transverse incommensurate spin-density waves, respectively,
tions. AF indicates a commensurate phase and P the paramagnetic phase.
From 50 K up to about 311 K, satellite reflections due to "€ Small labels “in-plane” and “out-of-plane” refer to the propa-
incommensurate SDW's occur only in thedirection in the ~ 9ation direction of the I-SDW's.
vicinity of the (010 position, i.e., at (0,2 §,0). This con-
firms the synchrotron results that the incommensurate SDVperature dependence of the order parameters for the com-
propagates parallel to the film plane. This result, combinednensurate and incommensurate phases, it should not be con-
with the absence of satellites in the scan aléhghrough cluded that the paramagnetic phase coexists with the
(001) determines the spin orientation to be perpendicular tdncommensurate spin-density wave phase below thel Ne
the film plane. On the other hand, at 30 K we observe largéemperature. As in all ferro- or antiferromagnetic systems the
intensities for (0x 8,1) satellites, while there are only weak long-range ordefor order parametgibecomes reduced with
satellite intensites at the (0+15,0) positions. Again apply- increasing temperature due to spin-wave excitations. Never-
ing the selection rules described in Sec. Il, this indicates &heless, this does not imply a coexistence between paramag-
spin-flip transition between 30 and 50 K from a longitudinal netic and spin density wave phases belw The paramag-
to a transverse SDW, both propagating in the plane akong netic phase with short range order exists only Tee Ty .
but with spins rotating from in-planébelow 40-10 K) to  However, above the N#temperature of the incommensurate
perpendicular to the growth platebove 4610 K).Inthe phase, commensurate and paramagnetic phases may indeed
bulk, the spin-flip transition occurs at 123 K, whereas in thecoexist.

()
vZ
[ >
=
—
A

present thin film the transition is reduced to400 K. This The most remarkable result of these measurements is the
spin-flip transition could not be detected with synchrotronfact that above the spin-flip transition and contrary to our
scattering and is only seen by neutron scattering. expectations, the SDW'’s propagate in the film plane having

In addition to the incommensurate state, a commensurafé@eir magnetic moments oriented perpendicular to the sur-
antiferromagnetic spin strucure coexists starting from thdace, i.e., at right angles to the Fe magnetization. This rather
lowest temperature to temperatures of at least 425 K, weMnexpected result signifies some roughness at the Fe/Cr in-
above the Nel temperature for the incommensurate phaseterface causing frustration in theter- andintralayer inter-

At 30 K, the commmensurai®10 and(001) peaks indicate action. This will be discussed in more detail in Sec. VI.

a C-SDW with spins oriented in-plane. Above the spin-flip
transition at 46 10 K, only the(010 peak remains, consis-
tent with a C-SDW with spins out-of-plane. Thus, we ob-
serve a reorientation of the C-SDW at the spin-flip tempera- Next we present results on the SDW's in a sandwich
ture of the coexisting I-SDW. Again, with synchroton structure of 20 A Fe/ 3000 A Cr/20 A Fe, i.e., without a
scattering the commensurate phase could not be reveale@r/Nb interface as in the sample discussed in the previous
The origin of the C-SDW will be discussed below in Sec. VI. paragraph. This experiment allows us to study the signifi-

A qualitative phase diagram for the 3000 A thick(@1) cance of the Cr/Nb interface for the magnetic phase diagram.
flm capped with a 20 A Fe layer as derived from the First we should note that the growth of Cr on Fe does not
neutron-scattering experiments is shown in Fig. 16. The relahave the same high structural quality as the growth of Fe on
tive volume fraction of the different phases was estimatedCr. This may lead to a broadening of the Bragg peaks. Sec-
from the intensity of the incommensurate satellite or com-ond, two Fe/Cr interfaces on either side of a 3000 A film
mensurate Bragg reflections. At 30 K the sum of all intensi-may be viewed as equivalent to a 1500 A thick Cr layer with
ties was set to 100%. Since the in-plane SDW can propagajest one Fe/Cr interface.
along the[100] and[010] directions, their weight is counted In Fig. 17 the neutron results from this sandwich structure
twice. are reproduced. Only scans along the#(6,1) and (0,1

While the phase diagram expresses relative intensities of §,0) positions are shown, the scans aldngxhibit no
the different coexisting phases and therefore shows the tenstructure at all and are therefore omitted. Starting from the

B. 3000 A thick Cr films sandwiched between Fe layers
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FIG. 17. Neutron-scattering experiments to explore the spin-density waves in a 3000 A tt0€K)Gilm sandwiched between 20 A
thick Fe layers on both sides as function of temperature. The scans show that the incommensurate spin-density wave propagates in the film
plane and that the spins are oriented out-of-plane. A commensurate phase coexists from the lowest temperature of 11 K up temperatures far
above the Nel temperature for the incommensurate phase.

lowest temperature of 11 K, there is a very pronouncedng the volume fractions of the different phases as a function
I-SDW, propagating in the plane with spins out-of-plane,of temperature is reproduced in Fig. 18.

similar to the situation which we have seen before. This in-

commensurate phase is present from the lowest temperature C. 500 A thick Cr layers

r_neasured up to the I-SDW themperat_ure. At the same We will now reduce the Cr thickness further and study the

time a commensurate phase coexists with the incommens hase diagram of the SDW's in 500 A thick epitaxial

rate phase exhibiting the same spin orientation. There is n%r(OOl) films. The neutron data are collected from a super-

spin flip transition observable above 11 K. The commensur_ ..o compr.ising five double layers [0 A Fe/500 A Ci

rate phase per_sists again to temperatures at least as high,@ssmentioned previously this was done to provide enoug.;h Cr

\ﬂiﬁ ' Olgzirresst;r:g;)got&erzeog t%s;ggng (\:/\(/)imms%?r?:rg??er?:a %Sfﬁ the experiment. The neutron results are shown in Fig. 19.
The remarkable feature of these scattering data is the fact

|n?plane_. .AS we will see belov_v, it is important to note that that now satellite reflections from the incommensurate phase
this additional C-SDW occurs in the same temperature rangg...r in thek scans as well as in the scans. While the

in which the -SDW vanishes. The phase diagram SUMMANZg ans shown in the lower right corner reflect the same be-

havior as before, a transverse I-SDW propagating out of the
A Fe /3000 A Cr/Fe plane and with spins in the plane is clearly visible via the
(0,0,1£ 6) and (0,1 8) satellite peaks. Therefore, in this
_ thickness range we have a mixture of in- and out-of-plane
TSDW " T propagating I-SDW’s. The commensurate phase coexists
throughout the temperature range studied. At low tempera-
tures the spins of the C-SDW lie in planes perpendicular to
AFT the growth direction. At 200—250 K again a second com-
; ; ; mensurate phase occurs with spins in-plane and parallel to
0 100 200 300 400 500 the surface, reminiscent of the C-SDW observed before in
T[K] the 3000 A thick Cr film sandwiched between Fe. Again,
there is no spin-flip transition above 15 K. All -SDW'’s have
FIG. 18. Qualitative phase diagram for the commensurate an@ transverse nature. We should also note that the peaks in
incommensurate spin-density waves in a 3000 A thick0Gb both commensurate and incommensurate phases are consid-
sandwiched between 20 A thick Fe layers, as derived from theerably broader than measured before, indicating shorter co-
neutron scans shown in Fig. 17. herence lengths and more disorder in the spin lattice. This is

100
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—

relative
intensity [%]
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FIG. 19. Neutron scans similar to those shown in Fig. 15, now for a 500 A thig@0@rfilm sandwiched between 20 A thick Fe layers.

In these scans a mixture of in- and out-of-plane transverse spin-density waves can be recognized.

probably the result of the pol@ domain state with rather
small domains for each individu® state.

D. 250 A thick Cr film
We will now discuss the SDW's in a sample consisting of

Unfortunately, for this sample no data for temperatureslO double layers of20 A Fe/250 A Ct. The neutron scat-
above 310 K are available. However, we assume that alstering results are compiled in Fig. 21. For this sample we

9419

here the volume fraction of the Afphase has a maximum at observe only a transverse SDW-SDW) propagating out of

about 350 K.

the plane with spins in the plane. There are only (0,0,1

The phase diagram for the present sample is shown in Fig- 8) and (0,1 6) satellite reflections visible, all other sat-
20. The most remarkable feature of this phase diagram is thellite reflections have vanished. Therefore, the partial reori-
fact that two instead of one transverse SDW with about equatntation, which was already noticeable in the last sample, is
volume fractions coexist. This indicates a reorientation of thecompleted here. It is also interesting to remark that the in-
SDW from propagating out-of-plane to in-plane, a reorientatensity of the (0,0, §) satellites is due to T-SDW's do-

tion, which will continued as we decrease the thickness ofnains with spins oriented along either tHeor K direction.

the Cr films.

On the other hand, the (0;t5) peaks are sensitive to the
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Fe/500A Cr/Fe or paramagnetic films would also be of high interest, how-
ever, much less is known on this subject at the present time.
For example, reports on SDW's in Cr in proximity with Sn

100

< TSDW ™= 4 (Ref. 47 and Ag (Ref. 48 have been published recently.
o= . Nevertheless, none of these considered SDW's in thick Cr
g 2 50 {TSDW ™™ = ~4p p films. Here, we present the effect of thin ferromagnetic Co
g ": and Ni layers, as well as of paramagnetic Pd and Cu layers
E AF4 ! on the spin-density waves in thick Cr films. We discuss syn-
0 I 5 i ) —> chrotron and neutron-scattering results for roughly constant

0 100 200 300 400 500 Cr layer thickness of about 2000 A covered with the differ-

T[K] ent ferromagnetic and paramagnetic layers.

FIG. 20. Qualitative phase diagram for the commensurate and
incommensurate spin-density waves in a 500 A thictoG) sand- A. Co cover

wiched between 20 A thick Fe layers, as derived from the neutron )
scans shown in Fig. 19. The arrows indicate the orientation of the The Co/Cf001) interface has attracted much less atten-

Cr spins in the different phases, where the vertical direction corretion in the past than the Fe/Cr interface. It is, nevertheless, of

sponds to th¢001] direction. considerable interest to compare these two interfaces as con-
cerns theirinterlayerexchange coupling and proximity ef-
same T-SDW but with spins oriented only along tHedi-  fects on the SDW's in Cr. The somewhat lower interest in

rection. These two sets of satellite peaks exhibit a 2:1 intenCo/Cr is, in part, due to the mismatched crystal structures
sity ratio, indicating that indeed the propagation of theand to the complex epitaxial relation between Co and Cr.
T-SDW is purely out-of-plane, and that each domain withWhile both Fe and Cr have a bcc structure with a lattice
spins oriented along thel and K direction occupies about mismatch of less than 0.4%, the equilibrium crystal structure
the same volume fraction. The Bletemperature for the in- of Co is hcp. The first few monolayers of Co grow with a
commensurate phase is again close to 310 K, as seen preyiseudomorphic bcc structure on(@1), where the original
ously. hcp c axis lies in the film plane and is rotated by a constant
In contrast to the samples studied before, there exists nangle of 45° with respect to the [@0Q] in-plane axis. With
commensurate phase at low temperatures. The C-SDW onigicreasing Co thickness the structure continuously relaxes
becomes visible at higher temperatures when the I-SDWack into the intrinsic hcp structure, while keeping the hex-
vanishes. In the commensurate phase the spins are also o#gonal ¢ axis in the plané?> This lattice relaxation
ented parallel to the film plane. The phase transition for thestrongly affects the magnetic anisotropy properties at the
commensurate phase is presumably again between 400 aR@/Cr interface?*2 Co on Cr exhibits a reorientational per-
450 K, i.e., much higher than the Bletemperature of the pendicular anisotrop§? At a Co thickness of about 10 A the
incommensurate phase. easy axis rotates out of the plane but relaxes back into the
The phase diagram for this sample is shown in Fig. 22. Iplane with decreasing Co thickness. This reorientation is due
is much simpler than the phase diagrams for the thicketo the concomitant structural phase transition of Co from hcp
samples. Only one T-SDW propagating in the out-of-plango pseudo-bcc. Here we work with Co thicknesses of 20 A
direction is seen which is the expected propagation and oriand more. Thus the Co film is almost completely relaxed to
entation of the SDW for a well-ordered Fe/Cr system. Thisthe hcp structure and displays an in-plane easy axis.
situation is shown schematically in Fig. 23. In Fig. 24 we show synchrotron results from a sample
As we decrease further the thickness of the Cr layer, propeonsisting of 2300 A G001) covered with a 20 A Co layer.
erties connected with the exchange coupling between the H8 the lower panel we reprodudé scans across the @11
layers become important. Our results have been discusségflection for different temperatures, in the upper panelan
previously in detail by Schreyeet al?*?” and will not be  scan at 15 K across the (002 reflection.L scans at other
dealt with here. Related work by Fullertat al?>?should ~ temperatures are omitted, since they are identical. Similar to
also be noted. One important property of thinner Cr films nothe Fe/Cr case of comparable Cr thicknéssmpare Fig.
further investigated here is the thickness-dependent redud-), we find in-plane propagation of the CDW/SW for all
tion of the Nel temperature for the incommensurate temperatures. Compared to the Fe/Cr case, the satellite re-
phas€®?Finally, at a thickness of less than 45 A an incom-flections appear broader, reflecting a shorter coherence
mensurate spin-density wave cannot be established anymdength for the CDW/SW in Co/Cr and more disorder in the
at any temperature arfl, becomes zero. In this thickness Cr spin lattice.
range the Cr spin structure is completely commensurate an- In Fig. 25 the equivalent neutron results are shown. For
tiferromagnetic and becomes strongly affected by laterathese measurements a different and larger sample was nec-
thickness fluctuations inducing a spiral Cr spin structure an@ssary, such that the thicknesses are not identical. This

strong noncollinear coupling between the Fe layérs. should, however, not affect the main conclusions. The
I-SDW’s and C-SDW'’s are almost completely identical to

the case which we have discussed before for a 3000 A
Cr(001) film covered with Felcompare Fig. 1p In particu-
The foregoing experiments have demonstrated that a 20 far, a spin-flip transition occurs close to 50 K. There is only
thick Fe layer has a dramatic effect on the SDW state of Crone slight difference, as can be seen in the lower left panel of
The proximity of Cr with other ferromagnetic, ferrimagnetic, Fig. 25. Above the spin flip transition there exists a small

V. CR(001) FILMS COVERED WITH CO, NI, CU, AND PD
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FIG. 21. Neutron scans similar to those shown in Fig. 15, now for 250 A thi¢&0Qy films sandwiched between 20 A thick Fe layers.
In these scans we can clearly recognize that the incommensurate spin-density waves propagates solely out-of-plane. No commensurate
antiferromagnetic structure exists at low temperatue, only above thketdfaperature for the incommensurate phase.

fraction of a L-SDW propagating in the out-of-plane direc- The scans again show a similar behavior for the SDW as
tion, which coexists with the much more dominant T-SDW, seen before for Fe and Co cap layers. Note, however, that for
propagating in the film plane. this magnetic film the spin-flip transition is quenched at least
Combining the x-ray and neutron results, the phase diato temperatures below 30 K. Therefore, the phase diagram is
gram for this sample is shown in Fig. 26. Because of techsimpler, consisting only of a T-SDW with in-plane propaga-
nical reasons, data above 300 K are not available. Howevetion and a commensurate SDW with spins out-of-plane.

we assume from the experience with similar systems that the

commensurate phase again persists up to about 400-500 K. C. Cu cover
B. Ni Compared to the previous discussions, the effect of a 20
- N cover A thick Cu layer on the phase diagram of 2000 A@)) is

Similar synchrotron and neutron data for(@21) films  completely different. In Fig. 29 characteristic neutron scans
covered with a 20 A Ni layer are shown in Figs. 27 and 28.from this sample are shown. The lower left panel confirms a
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FIG. 22. Qualitative phase diagram for the commensurate and
incommensurate spin-density waves in 250 A thick00f) films
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sandwiched between 20 A thick Fe layers, as derived from the
neutron scans shown in Fig. 21. The arrows indicate the orientation F|G. 23. Schematic representation of the magnetic structure de-

of the Cr spins in the different phases. As compared to the phasgicted for the situation present in 250 A thick films in proximity
diagrams shown previously, this one is much simpler consistingyith Fe layers. The incommensurate spin-density wave propagates
only of one dominating transverse spin-density wave at low temin the out-of-plane direction and the Cr spins are oriented in the
peratures, with spins in the plane and propagation out-of-plane. plane, allowing for an antiferromagnetic exchange interaction at the

Fe/Cr interface.

L-SDW propagating out-of-plane for all temperatures start-

ing at 15 K up to the Nel temperature. Therefore, there is no
spin-flip transition in this system. Second, there is no com-

<

D. Pd cover

Finally we discuss the case of Pd on(@1). Pd is a

mensurate phase at low temperatures coexisting with the irighly polarizable metal with a Stoner enhancement factor of
commensurate SDW’s as seen for the ferromagnetic cap Ia)9-3-53 Therefore, we expect a considerable interaction be-
ers. The commensurate phase occurs first close to tlee Netween Pd and the top Cr layer. In fact, for monolayers of Cr
temperature. A small amount of a T-SDW propagating in theon Pd001), a strong enhancement of the Cr magnetic mo-

out-of-plane direction starts at about 100 K, but remains 4nent has been predictétiHere we are not concerned with

small fraction of the total volume. The phase diagram for thisth® magnetic moments at the Cr/Pd interface, however the
mutual influence is appreciable, as revealed by our experi-

sample is shown in Fig. 30.
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FIG. 24. Synchrotron measurements of the strain waves in a 2300 A thi{@RITfilm covered with a 20 A thick Co layer. Similar to
the Fe covered thick Cr films, the strain wave propagates in the film plane.
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FIG. 25. Neutron-scattering experiments to explore the spin density waves in a 4000 A tf@6k)@itm covered with a 40 A thick Co
layer for temperatures between 12 K and 300 K. Similar to the Fe covered thick Cr films, the incommensurate spin-density wave propagates
in the film plane with spins oriented out-of-plane. Again a commensurate phase coexists from the lowest temperature of 12 K all the way up

to 300 K.

In Figs. 31 and 32 are shown the x-ray and neutronbetween Fe and Cu. In Fe/Cr the incommensurate SDW is
scattering results for a 2000 A thick Cr film capped with a 30only in-plane transverse, whereas in Cu/Cr it is only out-of-
A thick Pd film. At low temperatures, three phases coexistplane longitudinal. In Pd/Cr we see a mixture of both. The
an in-plane T-SDW, an out-of-plane L-SDW and a minorhigh magnetic polarizability of Pd appears to be able to ro-
fraction of a C-SDW. The minority commensurate phase betate, at least partially, the SDW from out-of-plane to in-
comes more dominant at higher temperatures with a maxiplane. Note that the fraction of commensurate phase at low
mum at about 300 K, and finally disappears above 400 K. Irtemperatures is connected with the fraction of the in-plane
all three phases the Cr spins point out-of-plane parallel to thpropagating T-SDW.
film normal. According to the intensities we estimate that the There is another remarkable effect of the Pd cover on the
L-SDW phase occupies about 40% of the sample volume an@r SDW's. With a Pd cap layer the line shape of the x-ray
is, therefore, the majority phase at low temperatures. satellite peaks along tHé€ direction(see bottom panel of Fig.

Comparing the Pd/Cr data with the previous examples i81) is smoother and more Gaussian like than for any other
appears that the Pd effect on the SDW in Cr lies somewherferromagnetic cap layer, in particular for Heig. 12 and Co
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plane is present at low temperatures and an enhanced spin-

A
Col40005,Er flip transition from longitudinal to transverse is observed in
100 — the thinner of the two samples investigatédossible expla-

& LSDW nations for the out-of-plane propagation of the I-SDW and
L= =k P the out-of-plane orientation of the Cr spins include surface
§ %‘ 50 LSDW pinning effects, hybridization with the buffer Nb layer, and
e § AF : interaction with the native Cr-oxide layer at the surface.

.g 0o 2L "}FT | N L Deposition of a thin Cu layer on the @01) surface does not

! : ' : ST change this situation very much. The spin-density wave is
0 100200 300 400 500 longitudinal and propagates out-of-plane. However, no spin
TIK] flip to transverse occurs. We suspect that any other paramag-

FIG. 26. Qualitative phase diagram for the commensurate antgl1 e“':slialeeréi\s/gf tHgn&ggl\;v I;:”r:]o:,v(i:tr;]agggﬂ?epsee l;eseurltsv.ve
incommensurate spin-density waves in a 4000 A thicfoQd) film . - yer,
covered with a 40 A thick Co layer, consistent with the neutron-eXpeCt that the Ir_l-plane magnetization of th? Fe layer
scattering results shown in Fig. 25. matches the Qr spin st_ructure, such that at. the mterface t_he
Fe and Cr spins lie antiparallel, as schematically depicted in
(Fig. 24). Therefore, in the Pd/Cr system less disorder ap—Fig' 34@a). This rt'aqui'res a reorientation of the' spin-density
' wave from a longitudinal out-of-plane propagation to a trans-
pears to be present and the coherence length for the SDW'S . ; e
is larger than in other systems. verse out-of-plane propagation with spins in the plane. _
The synchrotron and neutron-scattering experiments dis-
cussed above contradict this expectation. The overriding ob-
servation for all thick C{001) films covered with a ferro-
A. Influence of overlayers ma_lgnetic _Iayer(Fe,Co,N} is an incommensurate transverse
: spin-density wave, which, contrary to expectation, propa-

The synchrotron and neutron-scattering experiments degates parallel to the film plane and with spins pointing out-
scribed above provide a very clear and systematic picture aff-plane, perpendicular to the in-plane magnetization of the
the proximity effects between the spin density waves in epferromagnetic films. From this observation we can immedi-
itaxial Cr002) films and magnetic or nonmagnetic cover lay- ately conclude that the specific exchange interaction between
ers. In order to work out the essential factors, we will discus<r and the ferromagnetic layer, which is antiferromagnetic
only the dominating phases observed. Let us start with afor Fe/Cr and ferromagnetic for Co/Cr, cannot be responsible
uncovered, thick @002 film. In these films a single domain for the unexpected propagation direction of the SDW. There
with a longitudinal spin-density wave propagating out-of- must be another reason.

VI. DISCUSSION
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FIG. 27. Measurements with synchrotron radiation of the strain waves in a 2200 A tHRSACHIM covered with a 20 A thick Ni layer.
Similar to the Fe covered thick Cr films, the strain waves propagate in the film plane.
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FIG. 28. Neutron-scattering experiments revealing the spin-density waves in a 2000 A tf@6K)Gitm covered with a 40 A thick Ni
layer for temperatures between 30 and 450 K. Similar to the Fe covered thick Cr films, the incommensurate spin-density wave propagates
in the film plane with spins oriented out-of-plane. In addition, a commensurate phase coexists from the lowest temperature to at least 400 K.

The following discussion of Fe/Cr interface may easily becould form either in the Fe or the Cr layfFigs. 34c) or
generalized to the other ferromagnetic/Cr interfaces studied4(d)]. For an intermediat&g..c,; the system can react by
Surface roughness introduces steps of varying heights. Anforming a domain wall along the Fe/Cr interface by reorient-
step height with an odd number of atomic layers introducesng the Cr perpendicular to the FEig. 34e)]. Reorientation
frustration to the interlayer exchange coupling at the Fe/Cof the Cr moments requires less energy than reorientation of
interface due to the antiferromagnetic order of the[§€¥e the Fe moments. In the latter case work has to be done
Figs. 34b)—34(e)]. How the system overcomes this frustra- against the shape anisotropy energy, which is not required
tion depends on the relative magnitude of the intralayer exfor the antiferromagnetic Cr film. Recent computer simula-
change energied...c; andJe._reand the interlayer exchange tions using a classical Heisenberg Hamiltonian for describing
energyJee.cr- In case of a very small._, the frustration at the spin structure and exchange coupling for the system stud-
the interface can be overcome by breaking the antiferromaged here, confirm that in the presence of steps, the Cr mag-
netic coupling at the Fe/Cr interfa¢Eig. 34(b)], thus avoid- netic moments reorient in the direction perpendicular to the
ing the formation of domain walls in the Fe or Cr. On the Fe moments [Fig. 34(e)] consistent with our experimental
other hand, in the case of a very lardg._c, a domain wall  observation. Even some interdiffusion at the interface may
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FIG. 29. Neutron-scattering experiments revealing the spin-density waves in a 2000 A tt06))Gitm covered with a 20 A thick Cu
layer for temperatures from 15 to 450 K. Here the incommensurate spin-density wave propagates in the out-of-plane direction and has

dominantly longitudinal polarization.

be allowed without changing this conclusion. The simulation Figure 33 summarizes the spin-density waves observed in
also indicates that the reorientation causes some spin disahick Cr films at about 100 K and covered with different
der in the Cr spin structure close to the interface. With grazferromagnetic and paramagnetic layers. The origin of the
ing incidence surface scattering methods, where the penetraemmensurate phase is considered in the following.
tion depth of the beam can be controlled by the glancing
angle of the beam to the surface, we have in fact verified thisB - . . . ,
disorder’® The similarity of the results for all ferromagnetic Origin of the commensurate spin-density waves in Cr films
overlayers implies that the above discussion is valid for Co There is another dominating feature of the Cr spin struc-
and Ni overlayers as well. ture in thick films to be discussed. As soon as the transverse
As mentioned before, due to the high polarizability of Pd,spin-density wave propagates in the plane, there occurs si-
the effect of a Pd cover on the the SDW in thick @¥2) film multaneously a commensurate antiferromagnetic spin struc-
is somewhere between the ferromagnetic and the uncoverddre coexisting with the incommensurate spin-density wave.
case. The reorientation is only partial, such that longitudinall his observation can be explained as follows. A spin density
and transverse SDW's coexist. wave, in order to develop, requires a structural coherence
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I-SDW. Recent surface neutron-scattering experiments prob-

A Cu /2000 A Cr . : : - .
TSDW *etsine ing theT spm_—densny waves as a function of depth are consis-
100 —— tent with this layering of the incommensurate and commen-

T surate phase.It should be noted that this model also holds
o= cutotplane p for those samples which have a Cr/Fe/Nb growth sequence
g2 50 T LSDW ? instead of Cr/Nb. Since the Fe layers are always only 20 A
e % T thick, the Fe cannot completely relieve the strain imposed by

= AF the misfit with the Nb. Instead, the poor crystal quality will

0 : i i i —> extend into the subsequent Cr layer, causing a s&yalbnd
0 100 200 300 400 500 thus a C-SDW close the Nb interface.
T[K] Vice versa, in uncovered thick Cr films the longitudinal

spin-density wave propagating normal to the film plane
FIG. 30. Qualtitative phase diagram for the commensurate an%robes the perpend|cu|ar structural coherence |er§gth
incommensurate spin-density waves in a 2000 A thict0@d film Since ¢, is always much larger thag, an I-SDW can
covered with a 20 A thick Cu |ayer, aCCOI’ding to the the neutron-develop in these |atter f||ms The same |S also true for the

Reviewing the phase diagrams presented above, addi-

length¢, which is larger than roughly one period of the spin tjonal C-SDW's also occur close By of the I-SDW. In
density wave, i.e£= A gpy. Neutron-scattering experiments nearly all cases, either a new C-SDW phase occurs Tigar
by Fullertonet al?® and Schreyeet al* have shown that for  of the I-SDW or the intensity fraction of the existing C-SDW
any film thickness much smaller thakgpyy, the Cr SDW  is enhanced considerably. Keeping in mind thafp,, in-
becomes commensurate. This applies also to our case. Tleeeases strongly upon approachifig, it is plausible to as-
transverse SDW in thick epitaxial Cr films, forced by the sume that a C-SDW forms whenevg&gp,y, is on the order of
ferromagnetic cap layer combined with interfacial roughness limiting length scale.

to propagate in the plane, probes the in-plane structural co- Three different cases can be distinguished.

herence lengtt) . As outlined in Sec. Il A, close to the (1) The limiting length scale can be the film thickneégs
Cr/Nb interface where the misfit is large and the structuralfor out-of plane propagation arg] =tc,), as shown experi-
relaxation rapid, the structural coherence of the Cr film ismentally by Schreyeet al?’ and theoretically by Shi and
poor. In this part of the film only a commensurate antiferro-Fishmart?

magnetic Cr spin structure can develop. Further away from (2) For very thick films and out-of-plane propagation the
the Cr/Nb interface the film quality improves significantly, limiting length scale would be, instead, since thef,
i.e., § increases, allowing a formation of an in-plane <t,.
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FIG. 31. Synchrotron measurements of the strain waves in a 2200 A thi@R L film capped with a 20 A thick Pd layer. The top panel
shows a scan taken at 15 K along théirection across thé€002) peak, the bottom panel shows scans taken at different temperatures along

the K direction across th€l10) reflection
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FIG. 32. Neutron-scattering experiments revealing the spin-density waves in a 2000 A tf06k)Gitm covered with a 30 A thick Pd
layer for temperatures between 15 and 450 K. A mixture of spin-density waves can be recognized, partly with longitudinal polarization and
propagating in the out-of-plane direction and partly with transverse polarization propagating in the film plane.

(3) Finally, for in-plane propagation, the limiting length ring at high temperatures in our samples may be due to
scale is¢), . strain, induced by the large lattice misfit between the Nb

This picture implies that in cas®) A spw Would have to  buffer and the rest of the sample.
increase up to values on the order of 2000 A which are the On the other hand, strain is less likely to explain the oc-
largest coherence lengthls measured for our thickest Cr curence of the coexisting C-SDW for in-plane propagation of
films. Such a large\ 5p May be consistent with our data, the I-SDW at low temperatures. Contrary to the expectation
since close tdly a strongly divergingA gp would lead to  of Poisson-like elastic behavior, x-ray measurements of the
satellites merging into the commensurate peak position whilén- and out-of-plane strain in @01)/NDb films as function of
their intensity drops dramatically. Cr thickness show a surprising similarity in magnitude and

However, an alternative explanation must be consideredsign. Thus, we do not observe a drastic anisotropy between
It should be noted that strain is well known to causein- and out-of plane strain, whereas we do observe a drastic
C-SDW's in Cr® Specifically, it has been found that in anisotropy in the in- and out-of-plane coherence lengths.
strained Cr powders the samples change from incommensiU-herefore, we attribute the occurrence of the C-SDW for
rate into C-SDW at elevated temperatures before they begn-plane I-SDW propagation to the anisotropy in the in- and
come paramagneti. Therefore, the C-SDW phase occur- out-of-plane coherence lengths as the dominating factor. Al-
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though we cannot exclude the significance of strain effects it
should be noted that in any case the large lattice misfit at the
Cr/Nb interface is the underlying cause of these C-SDW's.
Finally, for small Cr thicknesses the strofig dependence of
the phenomena indicates, that the limiting length stale
not strain at the Cr/Nb interface, is the important parameter
determining the existence of a C-SDW in our samples.
In conclusion, the presence of C-SDW's in our samples 0 , ) ,
can be explained by strain as well as finite-size effects in- ' 4 s | by
duced by the limiting length scaleg;, ¢, , or §, depending Fe. Co .Nl . Fd ‘Cu
on the propagation direction of the I-SDW. FIG. 33. Phase diagram for spin-density waves in about 3000 A
thick Cr(002) films covered with different ferromagnetic and para-
magnetic thin layers. The phase diagram reflects the situation ob-
C. Film thickness dependence served at about 100 K. The arrows indicate the orientation of the Cr

. . . magnetic moments, where the vertical orientation refers to the out-
Next we discuss the dependence of the spin-density WaVES slane direction.

on the Cr film thickness. Systematic studies are only avail-

able for Cf00]) films covered with Fe layers. However, we pieely. As outlined in the previous section, this behavior is

expect similar behavior for any ferromagnetic/Cr interface. he result of a strong anisotropy in the crystalline in-plane
As the Cr film thickness is reduced, we observe a reoriyng gyt-of-plane coherence lengths.

entation of the I-SDW from propagating parallel to the film
plane to normal to the film plane. This reorientation starts at
a Cr film thickness of about 100A , and is finished at 250
A . Between 250 and about 45 A there is only a single |n summary, we have presented extensive synchrotron
transverse I-SDW propagating normal to the film plane and-ray and neutron-scattering results probing the spin-density
with spins in the plane. This is the situation which we ex-waves in epitaxial G00Y) films. In particular, we have stud-
pected in the beginning and which is schematically depicteged the effect of ferromagnetic and paramagnetic thin cap
in Fig. 23. layers on the spin-density-wave state in the Cr. With a 20-A
The reorientation of the spin-density wave indicates thatthick ferromagnetic Fe cap layer and varying Cr film thick-
with decreasing thickness more energy is gained by formingess, the scenario for the proximity effect between the ferro-
domain walls in the CfFig. 34d)] than by forming a 90° magnetic and spin-density-wave state can be described as
wall along the Fe/Cr interfackFig. 34e)]. The case of do- follows. For large Cr film thicknesses and a perfect Fe/Cr
main walls in the FFig. 34c)], which would lead to a interface without roughness a single incommensurate trans-
vanishing magnetization of the Fe layers, is not observegerse SDW with propagation out-of-the plane and spins in
experimentally. Since the energy gained by domain-wall forthe plane is expected. Instead, we observe an incommensu-
mation in the Cr film scales with the Cr film thicknegg,  rate transverse SDW propagating in the film plane with spins
while the energy gained by reorienting the Cr moments perpointing out-of-plane at a right angle to the in-plane magne-
pendicular to the Fe/Cr interface scales with the separdtion tization of the cap ferromagnetic layer. The incommensurate
of the steps and kinks at the interface, we expect that th@DW coexists with a commensurate SDW starting already at
crossover from out-of-plane to in-plane spin orientation takeshe lowest temperatures investigated. In the commensurate
place roughly when the conditiodic,.c Xte,=Jre.crX L IS phase the spins have the same out-of-plane spin orientation
fullfilled, where Jc,.c; and Jge.c, are the Cr-Cr and Fe-Cr as in the incommensurate phase. The incommensurate phase
exchange energies, respectively. Computer simulations afxhibits a Nel temperature essentially identical with the
the Cr spin structure with a rough Fe/Cr interface confirmbulk Neel temperature, whereas the transition from the com-
this estimaté?®® Since thelc,.c; and Jg..c; €xchange ener- mensurate antiferromagnetic structure to the paramagnetic
gies are roughly on the same order of magnitude, we expestate occurs at much higher temperatures of about 450 K.
a reorientation at a film thickness tf~ L. X-ray-scattering The Cr spin structure in relation to the ferromagnetic cap
experiments on the interfacial roughness of similarly predayer can be understood in terms of interfacial roughnesses,
pared Fe/Cr interfaces confirm this estim#téf. the Cr film  causing frustrations of the exchange coupling at the inter-
thickness is reduced well below the periddspy of the  face, which in turn causes a reorientation of the Cr moments.
SDW, the SDW state collapses due to finite-size effects anéds the Cr film thickness is decreased, energy gain from
Cr becomes commensurate antiferromagnetic, accomodatirigrming domain walls in the Cr begins to dominate the re-
the frustration due to the interface structure by spirals ofbrientation effect and the Cr spins start to align parallel to the
opposing sense of rotatidh.In Fig. 35 the spin-density- ferromagnetic layer. When this procedure is finished at a Cr
wave states in epitaxial @01) films covered with a ferro- thickness of about ZbA , the incommensurate SDW propa-
magnetic Fe layer are qualitatively summarized as a functiogates perpendicular to the film plane with spins oriented par-
of the Cr film thickness, reproducing the situation present asllel to the film plane. During this rotation of the I-SDW the
a temperature of about 100 K. The data for the thinnesC-SDW phase vanishes. Finally, when the Cr film thickness
samples from Ref. 27 have been added for completeness. becomes much smaller than the period of the incommensu-
A striking feature of the phase diagram is that upon reori+tate SDW, the SDW collapses and the Cr film becomes com-
entation of the transverse I-SDW from in-plane to out-of-mensurate antiferromagnetic with a éléemperature of 500
plane propagation the concomitant C-SDW vanishes conk, i.e., somewhat higher than in the commensurate state dis-
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FIG. 35. Qualitative phase diagram of the spin-density waves in
epitaxial C(002) films covered with thin a Fe layer as a function of
the Cr film thickness. The phase diagram represents the situation at
about 100 K. The arrows indicate the orientation of the Cr magnetic
moment, where the vertical direction corresponds to spins oriented
perpendicular to the film plane.

density wave propagating normal to the film is present in

FIG. 34. Schematic and simplified representation of the inter€pitaxial Cf001) films of 500—2000 A thickness, capped ei-
face between a thin ferromagnetic Fe layer and a thicker antiferrother with a native oxide layer or with a paramagnetic layer of
magnetic Cr film. The white arrows indicate the orientation of thelow polarizability. A transverse I-SDW propagating in the
magnetic moments in the Fe film, the black arrows the Cr magnetiéilm plane can be generated in(G01) films of about 3000 A
moments.(a) represents an ideal and flat interface with antiferro-thickness when covered with a ferromagnetic layer. Finally,
magnetic coupling between the Fe and Cr momefits-(e) show  a transverse I-SDW propagating in the out-of-plane direction
interfaces with monoatomic high steps causing frustration of thgg present in thin G001 films of less than 250 A covered
interface exchange coupling. The frustration can be overcome bagain with a ferromagnetic layer. Commensurate SDW’s can
formation of a domain in the Fe layée), in the Cr film(d), or by pe obtained by limiting the Cr thickness or crystalline coher-
a reorlentatlo_n of the s_pln-(_iensny_wa(/e). The latter case is ob-  gnce lengths to values well belowspy, or by increasing
served experimentally in thick Cr films. the temperatures to values abdlg of the I-SDW.

cussed before’ Fe, Co, and Ni cap layers have the same AI: th_e fo[ﬁgﬂr;]g res_ultz 'eaFi us to the.ﬁnal .";md. m(;gzrtant
effec on he propagaton of the SDW in Cr. altough et 20 1 e SPTderery wavee 1 spiaxbon,
interface exchange coupling may be opposite, i.e., antiferro- ble fashion by the chou?e of the ma Y i thp ter-
magnetic in the case of Fe/Cr and ferromagnetic in the casf . y - gnetic cover, the inter
of Co/Cr. A cap layer of Cu on Cr has essentially the sam acial roughness, and the chromium film thickness.
effect on the SDW's as a Cr/vacuum or a Cy/QGs interface.
In either case we observe a dominant longitudinal SDW
propagating normal to the film plane. The effect of a Pd cap
layer on Cr is different from other paramagnetic cap layers. We would like to acknowledge the fruitful contributions
Due to the high polarizability, Pd behaves as a weak ferroef P. Sonntag and the collaborations with our co-workers at
magnet causoy a a partial rotation of the SDW. Thus in the different neutron and synchrotron facilities where we
Pd-capped Cr films, longitudinal out-of-plane and transverséave collected our data, in particular J. Borchers and C.F.
in-plane SDW'’s coexist. Majkrzak at NIST, K. Hamacher and H. Kaiser at MURR, D.
The occurrence of the commensurate phase can be attriksibbs, B. Ocko, and T. Thurston, at NSLS, and Fti@df
uted to strain and finite-size effects. In the latter case the Cand G. Eckold at Jich. This work was supported by the
film thickness or the in- or out-of-plane crystalline coherenceDeutsche Forschungsgemeinschaft through SFB 166
lengths determine if an I-SDW can form a complete period,(“Strukturelle und magnetische Phasenumwandlungehy
i.e., remain incommensurate. the Ministerium fr Wissenschaft und Forschung NRW, and
From a practical point of view our experiments show thatby NATO through travel Grant No. CRG901064. H.Z. and
single-domain spin-density waves in Cr can easily be proA.S. also acknowledge financial support from the Volk-
duced without the application of external magnetic fields orswagen and Alexander von Humboldt foundations, respec-
mechanical stresses. A longitudinal incommensurate spirtively, while this manuscript was written.
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