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Detailed magnetic structure of spin-density waves(SDWs) in epitaxial Crs001d /Sn multilayers was inves-
tigated by neutron scattering combined with Mössbauer spectroscopic studies. Monatomic Sn layers were
embedded in 240-nm-thick Crs001d films with varying the periodic spacing from 4.2 to 16.2 nm. All samples
were revealed to be a commensurate antiferromagnetic(CAF) phase at 300 K. The CAF structures changed to
incommensurate SDW states with complex wave forms whose wavelength are controlled by the artificial
periodicity at low temperatures although the CAF structure in the sample with the period of 4.2 nm persisted
even at 10 K. The phase transition depends on the thickness of the Cr layers intervening between Sn mon-
atomic layers. An appreciable phase slip in the SDW was observed during the phase transition in the sample
with the period of 10.2 nm. The SDW structure is discussed by taking account of the competing forces between
the nesting of Fermi surface and a pinning of antinodes at the Sn monatomic layers.
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I. INTRODUCTION

Although it was recognized several decades ago that the
spin-density wave(SDW) is realized in bulk Cr below the
Néel temperature of 312 K in metallic Cr, the microscopic
mechanism of the incommensurate SDW(ISDW) itself can-
not be completely understood. In particular, the fact that the
SDW state is sensitively changed by various environments
such as the effect of impurity, internal stress, and external
pressure has been the subject of the Fermi surface effect.1 In
addition, magnetic properties are drastically modified in thin
films, and the magnetic properties of Cr in multilayers are
very sensitive to the thickness of Cr layers and the counter-
part elements of the bilayers.2–7 These facts are still issues of
the effect of the band structure near the interfaces in Cr mul-
tilayers itself or the magnetic interaction at the interface with
counter magnetic elements. This subject is also related to the
giant magnetoresistance effect of Fr/Cr multilayers, where
the magnetic transport properties are strongly influenced by
the structure of the multilayers and the proximity effect.3–5

One way to solve these issues is to study the SDW state in
Cr/nonmagnetic metal multilayers. In this respect, we have
been investigating Crs001d /Sn multilayers in which mon-
atomic Sn layers are periodically inserted in the Crs001d ep-
itaxial films and reported the existence of exotic SDW states
in the multilayers.8–12 In these multilayers, the ISDWs are
stabilized at low temperatures. The structure is, however, not
the same as that in bulk Cr but very exotic one. The most
striking feature of the ISDWs is that their wavelength is not

simply controlled by the nesting vector of the Fermi surface
but by the artificial periodicity introduced by the embedded
Sn monatomic layers. This suggests that the band nesting and
the periodic potential by the Sn spacer layers in these multi-
layers are competing with each other. Nevertheless, the SDW
state in Crs001d /Sn epitaxial multilayers, where the SDW
structure in bulk Cr is modified by the insertion of the non-
magnetic spacer, gives a direct evidence of the wave nature
of the SDW in metallic Cr. We report here detailed results of
neutron diffraction studies from the Crs001d /Sn multilayers
including the dependence on multilayer periodicity at various
temperatures, which was not shown in the previous letter,
and discuss the microscopic mechanism of the SDW stability
in Cr.

II. EXPERIMENT

Stacked bilayers offCrstCrd /Sns0.2 nmdg (tCr=4.0, 8.0,
10.0, 12.0, and 16.0 nm) were epitaxially grown on
MgOs001d substrates at 473 K with a 5-nm-thick Cr buffer
layer with ultra-high vacuum deposition. The stack-
ing number of the bilayer in each sample,M, was determined
to make the accumulated thickness of Cr to be 240 nm
stCr3M =240 nmd. According to the thickness of each Cr
layer separated by the monatomic Sn,tCr in a unit of nanom-
eters, the samples are denoted as CS4, CS8, CS10, CS12,
CS14, and CS16, respectively. A thin Cr layer with a thick-
ness of 240 nmsC240d was also synthesized on the same

PHYSICAL REVIEW B 70, 104408(2004)

1098-0121/2004/70(10)/104408(9)/$22.50 ©2004 The American Physical Society70 104408-1



substrate and buffer in order to clarify the effect of inserting
Sn spacer layers. Due to a well-established epitaxial condi-
tions, the MgOf001g and the body-centered-cubic(bcc)
Crf001g directions are normal to the sample plane, and the
MgOf110g and the Crf010g are parallel to each other in the
film plane. We define the Crf001g direction in the reciprocal
space asL and the[010] direction asK hereafter. Details of
the sample preparation procedure have already been reported
in Ref. 8.

Neutron diffraction measurements were performed on
conventional triple-axis spectrometers, TOPAN, TAS-1, and
TAS-2 at JRR-3M in JAERI. The incident neutron energy
was fixed at 14.7 or 13.7 meV using a vertically focusing
PGs002d monochromator, and the higher order contamina-
tion was removed by a PG filter before the samples. A ver-
tically focusing PGs002d analyzer was used in order to detect
only an elastic component. The horizontal collimations
were chosen to be 1008-308-308-1008 for TOPAN and
1008-408-408-1008 for TAS-1 and TAS-2. The samples were
mounted in Al cans filled with He gas, which were attached
to the cold head of a refrigerator. The stability of temperature
during the measurements was ±0.02 K.

Scans were performed along theL and K directions
through the(001) and (010) reciprocal points of the bcc
[body-centered-tetragonal(bct)] Cr films, where the nuclear
peaks of the bcc(bct) structure are forbidden. In bulk Cr the
spin reorientation occurs at 123 K from the transverse SDW
(TSDW) to the longitudinal SDW(LSDW) with decreasing
temperature. In thermal equilibrium the multipleQ state is
realized, where the propagation vectors of SDWQ and the
spin orientations are parallel to one of the bcc principal axes,
and all their combinations coexist with equal probability. In
the multipleQ state, the satellite peaks originating from the
TSDW states appear ats±d ,0 ,1d, s0, ±d ,1d, ands0,0,1±dd
around the(001) position in a neutron diffraction profile. The
satellites are observed only ats0,0,1±dd in the case of the
singleQ state where theQ is parallel to theL direction. The
single Q state can be realized by the field cooling process
across the Néel temperature with sufficient magnetic fields
along theL direction. The incommensurabilityd in bulk Cr is
defined asd=1−uQu, whereQ is measured in units of 2p /a.1

In the following sections we denote the scan along theL
direction asL scan and that along theK direction asK scan.
These scans are schematically displayed in Fig. 1.

III. SAMPLE CHARACTERIZATION

The multilayer structure with the desired artificial period-
icity was confirmed to be well established by observing well-
defined satellite peaks around Crs002d as many as the fourth
order by conventional x-ray diffractometry. Figure 2 shows
theLs=tCr+ tSnd dependence of in-plane and out-of-plane lat-
tice parameters measured by TAS-1 and TAS-2 at ambient
temperature where all of the samples show a commensurate
antiferromagnetic(CAF) structure.10 The lattice parameters
were determined from the peak positions of Crs010d and
Crs001d because Crs020d and(002) peaks could not be iden-
tified due to the large peak of Als220d from the Al can. Some

of the parameters in Fig. 2 were also deduced from the peak
positions of Crs020d and Crs002d by the measurements with
the samples outside the Al can. The values obtained by the
conventional x-ray diffractometer are also shown. Both in-
plane(010) and out-of-plane(001) lattice constants were ex-
panded in comparison with bulk Cr. However, they gradually
approach the bulk value with increasingL. The in-plane lat-
tice constants were larger than the out-of-plane ones except
CS10. Therefore, the crystal structure of these multilayers is
not bcc but bct. Note that the obtained out-of-plane lattice
constants are averaged ones of Cr-Cr and Cr-Sn. TheL de-

FIG. 1. Schematic representation of reciprocal plane for
Crs001d /Sn epitaxial films. Scans were performed along the princi-
pal axes through the(010) and (001) reciprocal points, where the
nuclear reflections for bcc Cr are forbidden. Satellite peaks from
incommensurate antiferromagnetic structures with the propagation
vector parallel to the(001) direction would appear ats0,0,1±dd
and s0,1, ±dd in bulk Cr of the singleQ state parallel to theL
direction as indicated by solid circles. Several peaks from the MgO
substrateshd appear in the scans. The lower left shows the epitaxial
relation between MgO and Cr in real space.

FIG. 2. The artificial period,L, dependence of in-plane(001)
and out-of-plane(001) average lattice parameters of Cr/Sns001d
multilayers measured by neutron and x-ray diffractions.
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pendence and the anisotropy of lattice spacing leads to dif-
ferent internal stress in each sample.

Mössbauer spectra of these multilayers show sextets
which correspond to the hyperfine fields between 9 and 11 T
at 119Sn nuclear positions at ambient temperature.8 The hy-
perfine field distribution is quite different from that observed
at 119Sn dispersed in bulk Cr, where the hyperfine field con-
tinuously distributed between 0 and 12 T.13 The hyperfine
field does not change so much with decreasing temperature
although the magnetic phase transition from the CAF and
SDW state occurs between 300 and 20 K.12 This large hy-
perfine field is consistent with the fact that the Neél tempera-
ture of these multilayers is much higher than that of bulk Cr,
and that all of the multilayers have the CAF structure at
300 K, which was confirmed by the neutron diffraction
measurements.10

Figure 3 shows neutron diffraction profiles at 300 K byL
scans of the Cr/Sn multilayers and Cr thin filmsC240d
through the(001) position. The multilayer period is indicated
by L. Intensities are normalized by the intensity of the
Crs002d nuclear peak except C240. The single peak appear-

ing on the position at exactly a half of the reciprocal lattice
position of(002) indicates the existence of the CAF structure
at 300 K in all multilayers examined in this study.

The peak at 22.4 nm−1 in Fig. 3, which is remarkable in
the profile of CS4 and C240, can be assigned to be(003)
forbidden peak of MgO substrate exposed byl /2 contami-
nated incident neutrons. As reported in Ref. 9, the CAF peak
at 21.8 nm−1 in C240 at 300 K disappears at 20 K, while the
peak of MgOs003d was still observed with almost the same
intensity. The temperature dependent feature of the(001)
peak shows that this peak does not arise froml /2 contami-
nation of the Crs002d reflection but from the CAF structure.
Intensities of(001) peak in the other multilayers also de-
creased with decreasing temperature as shown in the follow-
ing section. To summarize, the CAF structure is formed in all
multilayered samples and that an ISDW coexists in C240 at
300 K. The rather largel /2 component from MgOs003d in
the CS4 and C240 profile may be caused by the poor quality
of MgO substrates.

The integrated intensities of the(001) and (010) are not
equal even after normalized by(020) and (002) of bct Cr
nuclear peaks. This difference indicates either a CAF with
noncollinear structure in a single magnetic domain or the
volume distribution of domains of CAFs with different spin
polarization which is parallel to one of the principle axes of
bct structure(multi-S domain). In the former case the inten-
sity of (010) peak is proportional to the sum of squared in-
plane[100] and out-of-plane[001] components of Cr spins,
and that of(001) to the sum of two squared in-plane compo-
nents of[100] and [010]. In the latter case, the(010) inten-
sity represents the sum of the volume of in-plane[100] and
out-of-plane[001] Sdomains of CAF, and the(001) intensity
is proportional to that of two in-planeSdomains of[100] and
[010].

The averaged spin polarization deduced from the intensity
ratios are[112], [223], [111], [112], [112], and [223] for
CS4, CS8, CS10, CS12, CS14, and CS16 in this order. The
direction of each sample is one of[111], [112], and [223].
However, there is no systematic correlation betweenL and
the direction. It is known that the easy axes of the ISDW in
bulk Cr are bcc principle axes. The hard axis of bulk Cr like
[111] is unlikely to be the easy axes of these multilayers.
Therefore, it is natural to conclude that the ratios indicate the
volume fraction of multi-S domains. The Mössbauer studies,
however, have revealed that an averaged spin polarization is
always the same for samples with the same multilayer struc-
ture, although it is expected that the volume fraction of theS
domains may vary under a slight difference in condition of
synthesize.14 At the moment we cannot determine experi-
mentally which case is realized in these multilayers. Al-
though some uncertainties are included, Table I shows the
volume fraction ofS domains for the multi-S domain model,
and the magnitude and direction of averaged Cr spins. In
comparison with the low-temperature value of bulk Cr, CS4
has almost the same magnitude of moment.

IV. DIFFRACTION PROFILES AT LOW TEMPERATURES

Neutron diffraction profiles ofL scans across the(001)
and (010) at 20 K are displayed in Figs. 4(a) and 4(b). The

FIG. 3. Peak profiles byL scans of Cr/Sn multilayers and Cr
thin film s240 nmd through (001) reciprocal point at 300 K.
Ls=tCr+ tSnd indicates the artificial period of Cr/Sn multilayers.
Solid lines are the fits to the data using Gaussians. Arrows indicate
positions of Crs001d which are equal to a half of those of Crs002d
peak. The existence of(001) peak shows a CAF structure of these
samples. Peaks of the incommensurate spin-density wave are also
observed in the thin film with thickness of 240 nm. Intensities of
the forbidden peak of MgOs003d depend on quality of MgO
substrates.
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difference of half width at half maximum(HWHM) of the
peaks in both figures arises from the resolution effect. It
means that the resolution for the scans parallel to the scatter-
ing vector is broader than that of the perpendicular case.
Nevertheless, the HWHM of each peak reaches the resolu-
tion limit. It was confirmed that a long-range incommensu-
rate magnetic order of Cr along theL direction is formed
across the Sn monatomic layers.

In these figures each scan is normalized by the same fac-
tor as used in the normalization of corresponding scan at
300 K. It is noted that the intensities are multiplied by dif-
ferent factors in order to show the peak height almost con-
stant. The difference in intensities between Figs. 4(a) and
4(b) comes from the fact that the spin polarization or the
volume ratio ofSdomains is dependent on the sample. How-
ever, the ratio of integrated intensities ofK and L scans is
almost constant between 300 and 20 K. Therefore, it seems
that no spin reorientation like the transition from TSDW to
LSDW in bulk Cr at 123 K occurs. Total integrated intensity
at 20 K is slightly larger(20%) than that of CAF peak at
300 K in bothK andL scans.

The CAF peak of C240 at 300 K was no longer detected
at 20 K. The peak splits into two satellite peaks at 0.953 and
1.047 r.l.u. This shows that the SDW is formed in theL
direction as observed in an epitaxial Crs001d film of 300 nm

thick on Al2O3s11̄02d substrates.15 From thed=0.047 r.l.u.
we find that the wavelength of the ISDW is equal to 6.2 nm
in real space. The deviation ofd from the bulk value and the
transition from the CAF structure to the ISDW are consistent
with the phase diagram reported in Ref. 15.

The CAF structure persists in CS4 down to 20 K. The
thickness of each Cr layer in CS4, 4.0 nm, is shorter than the
wavelength of ISDW in bulk Cr. We speculate that the thick-
ness of one Cr layer is not long enough to form ISDW in this
sample. It is consistent with the other observation in either
thin Cr films or other multilayered and trilayered
systems.3–7,16A tiny peak emerges in theL scan at(00 0.96).
The magnitude ofd is equal to that of C240. However, there
is no corresponding peak at(00 1.04) nor in the L scan
through(010). The origin of this peak is unclear.

For the other multilayers in which the artificial period,L,
is longer than the nesting vector of bulk Cr, several satellite
peaks appeared around(001) and (010) positions when the
samples were cooled down to 20 K. No such satellite peaks
were detected by theK scans through neither(001) nor (010)
points. This indicates that all ISDWs are in the singleQ state
where theQ is parallel to out-of-plane,[001]. Because of no
evidence of spin reorientation, the averaged spin polarization
in each sample is the same as that listed in Table I. When a
sample is in a single domain state, ISDW with canted spin

TABLE I. The designed artificial period,L, the volume fraction ofS (spin polarization) domains in the
case of multi-S domain state, the averaged spin polarization, and the magnitude of Cr spins deduced from
neutron diffraction measurements at 300 K. The averaged spin polarization corresponds to possible easy axes
in the case that a single-S domain is realized in the sample.

Multi-S domain

Designed artificial period In-plane Out-of-plane

Lsnmd components(%) components(%) Averaged spin polarizationMs300 KdsmBd

4.2 37 63 [112] 0.57±0.19

8.2 51 49 [223] 0.44±0.10

10.2 68 32 [111] 0.38±0.08

12.2 32 68 [112] 0.43±0.16

14.2 32 68 [112] 0.44±0.08

16.2 47 53 [223] 0.39±0.10

FIG. 4. L scans of Cr/Sn multilayers and Cr thin films240 nmd
through (a) (001) and (b) (010) reciprocal points at 20 K. Solid
lines are the fits to the data using Gaussians. There is a large peak of
MgOs002d at (00 0.92), which is removed in Fig. 4(a).
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from the bct crystallographic axes is realized in the sample.
In the case of the multi-S domain state, TSDW and ISDW
coexist with the volume fraction given in Table I.

The satellite peaks appear as several pairs at both sides of
the CAF peak position. While the intensities of two satellites
in each pair are almost identical in Fig. 4(b), apparent unbal-
ance in intensities can be noted in Fig. 4(a). The similar
asymmetry in intensities of satellite peaks originating in
ISDW was observed in bulk Cr. It was revealed that the
asymmetry indicated the existence of strain wave, and that
degree of the unbalance depended on scalar product of a
scattering vector and an amplitude vector of the stain
wave.17,18 Therefore, the present result indicates the exis-
tence of the strain wave in these multilayers with the ampli-
tude vector along the perpendicular direction of the films. It
is consistent with the difference of the in-plane and out-of-
plane lattice parameter as shown in Fig. 2.

Figures 5 and 6 show the temperature dependence ofL
scan profiles of CS16 and CS10, respectively. The corre-
sponding peak positions and integrated intensities are plotted
in Figs. 7 and 8. At low temperatures the CAF peak at 300 K
of CS16 gradually splits into sextet with keeping the total
integrated intensity almost constant. In this sample the peak
position of the satellite peaks little changes with changing
temperature. In contrast, the CAF peak of CS10 also changes

into multiplets at low temperatures, but the main satellite
peaks, whose intensities are most dominant, abruptly
changes between 170 and 150 K.

V. EXOTIC SPIN-DENSITY WAVES IN Cr/Sn
MULTILAYERS

As reported in Refs. 9–12 combination of neutron scatter-
ing and119Sn Mössbauer spectroscopic studies made it clear
that the satellite peaks in Fig. 4 are assigned to the funda-
mental and the higher harmonics of the ISDW whose wave-
length is not simply governed by the nesting vector of the
Fermi surface but dominantly by the multilayer period. The
Mössbauer spectra indicated that the Cr spins adjacent to the
Sn layers are enhanced and ferromagnetically coupled across
the Sn monatomic layers. The enhancement is believed to
cause a pinning of the Cr moments at Cr/Sn interfaces, and
the pinning is likely to make antinodes of the ISDW at the
interfaces.12

This exotic ISDW is composed of several higher har-
monic components. It is convenient for indicating positions
of the satellite peaks to introduce a new parameter,
D=a001/ s2Ld, using the multilayer period and the lattice pa-
rameter of epitaxial Cr. By the new parameter,D, the posi-

FIG. 5. The temperature dependence of(a) the s00Ld and (b)
s01Ld scan profiles of Cr/Sn multilayer with artificial period of
16.2 nm.

FIG. 6. The temperature dependence of(a) the s00Ld and (b)
s01Ld scan profiles of Cr/Sn multilayer with artificial period of
10.2 nm.

MAGNETIC STRUCTURE OF SPIN-DENSITY WAVES IN… PHYSICAL REVIEW B 70, 104408(2004)

104408-5



tions of all peaks can be assigned ass0,1, ±NDd and
s0,0,1±NDd whereN is a positive integer. For example in
CS8 two pairs of satellite peaks appeared ats0,1, ±Dd and
s0,0,1±Dd.10

From the positions of satellites, the period or wavelength,
l, of each modulation of magnetic structure in real space can
be obtained. Thel vs L is plotted by solid circles in Fig. 9.
The size of each circle is proportional to the averaged inte-
grated intensities ofs0,1, ±NDd in theL scans through(010)
for each sample. The integrated intensities of peak at the
CAF position are also plotted asl=`. This figure shows that
all the circles are located on one of the lines

l = L/N, N = 1, 2, 3, 4, 5, and 6. s1d

This clearly indicates that thel is defined by the artificial
period,L.

Once we know that the antinodes of sinusoidal waves are
located at Cr/Sn interfaces, it is ready to notice thatN cor-
responds to the number of nodes in each Cr layer intervening
between Sn monatomic layers. TheN also represents a sym-
metry of sinusoidal waves of each harmonics. Even(odd)
functional sinusoidal waves therefore give rise to the even
(odd) satellites. Furthermore, these higher harmonics couple
only with those of the same symmetry(even or odd). For
examples, in CS8 only the first and the third harmonics
couple with each other, whereas the CAF peak withN=0 is

independent of the other harmonics with the oddN. It means
that the ISDW and the CAF coexist at low temperatures in
CS8. In the case of CS10 and CS14 all harmonics have even
N. Therefore, all these harmonics may essentially couple and
form highly distorted sinusoidal ISDW.

Model calculations of119Sn Mössbauer spectra for the
ISDW with the higher harmonics showed that the spectra
were very sensitive to the sign and amplitude of the
harmonics.19,20Actually the existence of the highly distorted
ISDW has been revealed in polycrystals of Cr and Cr
alloys13 and in the vicinity of surface region of bulk single-
crystal Cr21 by the single use of119Sn Mössbauer spectros-
copy. In the present study we will show concrete wave forms
of the ISDW in Cr/Sn multilayers deduced from the neutron
diffraction profiles. However, the results of Mössbauer spec-
troscopic studies are also very important for the reconstruc-
tion as described later. Without the information given by the
Mössbauer spectroscopy we could not determine the position
of nodes or antinodes of the ISDW.

When the spinsSl of site l is described by

Ssld = o
n=−`

+`

SnQexpsinQ · ld, s2d

the elastic magnetic neutron cross section can be written in
the following equation:

FIG. 7. The temperature dependence of(a) peak position and(b) integrated intensity of each satellite of Cr/Sn multilayer with artificial
period of 16.2 nm in Fig. 5(b). Each symbol in(a) and (b) corresponds to the same satellite peak, and the size of symbols in(a) is
proportional to integrated intensities of the corresponding peaks. A commensurate antiferromagnetic structuresN=0d at 300 K changes into
an ISDW with three nodessN=3d in the Cr layers at low temperatures without undergoing an ISDW withN=1.

FIG. 8. The temperature dependence of(a) peak position and(b) integrated intensity of each satellite of Cr/Sn multilayer with artificial
period of 10.2 nm in Fig. 6(b). Each symbol in(a) and (b) corresponds to the same satellite peak, and the size of symbols in(a) is
proportional to integrated intensities of the corresponding peaks. Two transitions of the number of the nodes,N, from 2 to 1 and from 1 to
0 occur between 10 and 290 K.
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ds

dV
~ o

t
o

n=−`

`

ufmstdu2dsk + nQ + w − td

3suSnQu2 − uSnQ · k̂u2d sn = 0, ± 1, ± 2, . . . , ±̀ d.

s3d

Herek is the scattering vector,k̂ the unit vector ofk, andt
the reciprocal vector of bct structure

t =
2p

a
Sh,k,

a

c
lD sh + k + l = even integerd, s4d

fmstd the magnetic form factor, and the reciprocal vectorw is
defined by

w =
2p

a
S1,1,

a

c
D s5d

describing two sites in the bct unit cell; i.e., expsiw·ld= +1
for the corner atoms and expsiw·ld=−1 for the body centered
atoms. Herea is the in-plane lattice constant, andc the out-
of-plane one.

Although neutron scattering experiments give no informa-
tion on a phase of each component of the higher harmonics
in Eq. (2), we can reproduce the wave form of the ISDW
under following simple assumptions;(1) all of the harmonics
have antinodes(or nodes) at the interfaces,(2) all harmonics
with the same symmetry, the evenn or the odd n, are
coupled, and(3) the directions of spin polarization of all the
harmonics which form a single ISDW are common.

In the present multilayers the propagation vector of ISDW
is parallel toL direction. If the ISDW is TSDW and spin
polarization of all the harmonics is parallel tox (// [100])
direction, the integrated intensities of each satellite around
t−w=s001d and (010) in Fig. 4 becomes

Inskd ~ fn
2dsk + nQ + w − td, s6d

fn = ± uSnQ
x u sn = 0, ± 1, ± 2, . . . , ±̀ d, s7d

and the spins at the sitel can be written as

Sxsld = f0 + 2o
k

+`

f2kcoss2kQ · ld, s8d

or

Sxsld = 2o
k

+`

f2k−1coshs2k − 1dQ · lj, s9d

with k=1,2, . . . , +̀ . Equation(6) indicates that the higher
harmonics withnQ appears as the satellite ats0,1,nuQud or
s0,0,1−nuQud. Therefore, the relation betweenD andQ is

ND = unQu. s10d

Note that Eq.(3) is too simple because the asymmetry in
intensity of the ±N satellites cannot be explained, which was
observed in theL scans around(001) in Fig. 4(a). As already
mentioned the asymmetry in intensity stems from the strain
wave whose amplitude vector is parallel to theL direction.
For the sake of simplicity, the asymmetry was not taken into
account in the calculation and analysis. However, the profile
around(010) in Fig. 4(b) can be safe for quantitative analysis
by using this equation.

The sign of each coefficient of Eq.(7) cannot be deter-
mined even by the earlier mentioned hypothesis. Four com-
binations of the signs(uf0u± uf2u± uf4u or uf1u± uf3u± uf5u) are
possible for the first three terms. Since Mössbauer spectro-
scopic study suggested that the spins at interfaces are en-
hanced, two solutions to give reduced moments at the inter-
face should be excluded.11,12 Figure 10 shows the
superimposed ISDWs in the real space, which composed of
up to three harmonics with the combination of signs,(a)
uf0u+ uf2u+ uf4u or uf1u+ uf3u+ uf5u and (b) uf0u+ uf2u− uf4u or uf1u
+ uf3u−uf5u. ufnus were obtained from the squared root of the
integrated intensities of each satellite peak in Fig. 4(b). The
wave forms corresponding to the TSDW with the propaga-
tion vector parallel to[001] are shown representatively. The
solid lines corresponds to spins at the conners and the broken
lines to those at the center of the bct unit cell. The dotted
lines indicate the magnitude of spins if all the satellites
gather to(010) position and make a fictitious single peak
corresponding a CAF structure.

In bulk Cr the sign off3/ f1 in Eq. (9) was determined to
be negative using intensity ratios ofIs1−dd / Is1+dd and

FIG. 9. Relation between the period of modulation of the SDW,
l, and the multilayer period,L. The modulation periods were ob-
tained from the position of the satellite peaks in Fig. 4(b). Solid
linear lines arel=L /N (N=1, 2, 3, 4, 5, and 6). The commensurate
antiferromagnetic SDW(CAF) corresponds toN=0 andl=`. The
size of each circle is proportional to the intensity of the correspond-
ing diffraction peak.
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Is1−3dd / Is1+3dd.17,18HereIs1±dd andIs1±3dd are intensi-
ties of the fundamental and third harmonic satellites at
s1±d ,0 ,0d ands1±3d ,0 ,0d, respectively. This analysis may
be also valid in these multilayers. It is, however, more com-
plicated because it is necessary for the phase determination
to analyze all the observable ratios ofIs1−nQd / Is1+nQd.

In Fig. 10 it is assumed that the component withN=0 is
superimposed with the other even components. In several
cases in Fig. 10(a), this superimposition makes the resultant
waves not to have clear nodes, which is defined as the zero-
crossing point of the waves. On the other hands, the CAF,
which is independent of the odd components, is thought to
coexist with the ISDW for instance in CS8. The same coex-
istence cannot be excluded in the samples with ISDW com-
posed of even harmonics. In this case the wave forms of the
ISDW in CS10, CS12, and CS14 displayed in Fig. 10 are
modified so that the solid and broken lines come together
towards the 0 line and that clear nodes will appear.

First-principles electronic structure calculations of Fe/Cr
multilayers have been done for the system with ideally flat
interfaces and found that theL governs the wavelength of
the ISDW instead of the nesting vector of Fermi surface.22,23

It was independently predicted that the magnetic moments of
Cr are enhanced at the interface of Cr/vacuum.24 In the
present case, instead of the proximity effect from the ferro-
magnetic layer the monatomic Sn layers are thought to have
the same function as the vacuum for 3d electrons of Cr. In

the present Cr/Sn multilayers the enhanced moments cause
the pinning of the antinode of the ISDW at the interface
although there is no proximity effect from Sn to Cr. This
causes the similar situation between the Fe/Cr and Cr/Sn
multilayers concerning the ISDW formation. The positions
of satellite peaks of CS16 are insensitive to temperature as
shown in Fig. 7. This rigidity of the peak positions were also
observed in CS12.10 This fact supports the idea that the
wavelength of ISDW in these multilayers is governed not by
the nesting of Fermi surface but by the artificial period,L.

On the contrary to CS12 and CS16, the peak positions of
satellite peaks of CS10 abruptly change between 170 and
150 K. Below 200 K the satellites assigned to beN= ±1 are
clearly observed in the profiles in Figs. 6(a) and 6(b). How-
ever, intensities of these satellite decrease with further de-
creasing temperature. Instead of the satellites ofN= ±1, the
other even components(N= ±2 and ±4) become dominant
below 150 K. It is very important that the phase transition of
the number of nodes fromN=1 to 2 followed by the transi-
tion from the CAF to the ISDW state was observed. Recently
a similar temperature dependence has been reported for
CrMn/Cr multilayers.25

This phase transition was theoretically predicted in Fe/Cr
multilayers and trilayers by Shiet al.26,27 In Ref. 27 it was
reported that the number of nodes in Cr layers changes with
temperature, and that the phase transition is strongly depen-
dent on the energy mismatch between the electron and hole
Fermi surface, and also on the interfacial roughness between
Fe and Cr layers. Furthermore, the roughness also affects the
location of the nodes and antinodes from the interfaces. In
the present study we observed the phase transition from the
CAF to the ISDW in all samples, while the phase transition
to the differentN only in CS10. According to theL-T dia-
gram of Fig. 3 in Ref. 27, the distance of the phase bound-
aries betweenN andN+1 is closer in largerL. For the phase
slip in CS12, CS14, and CS16 insufficient data points pre-
vented the detailed investigations. If the nodes of the ISDW
precisely lie at each interface, lack of the phase slip is pre-
dicted in Fe/Cr multilayers(model II in Ref. 27). For all the
samples withtCr of 8 nm and larger in the present study it
has been revealed that the antinodes are located at the inter-
faces. Therefore, model II may be excluded if the model is
applicable similarly to Cr/Sn multilayers, although the mag-
netic function of Fe and Sn to the Cr at the interface differ
with each other.

VI. CONCLUSIONS

We have investigated the magnetic structure of epitaxial
Cr/Sn multilayers with periodically embedded monatomic
Sn layers by complementary use of both neutron diffraction
and119Sn Mössbauer spectroscopic measurements. The arti-
ficial period,L, is varied from 4.2 to 16.2 nm. The sample
with L=4.2 nm has a CAF structure at 300 K, which persists
down to 20 K. The samples with the largerL than 8.2 nm
also have the CAF structures at 300 K. However, the phase
transition from the CAF to ISDW occurs on cooling. The

FIG. 10. Wave forms of the ISDW in real space reconstructed
by the squared root of integrated intensity of satellite peaks shown
in Fig. 4(b) using Eqs.(8) and (9). The solid lines correspond to
spins at the conners and the broken lines to that at the center of the
bct unit cell. The dotted lines indicate the magnitude of the spins in
a fictitious CAF structure(see in text). Only waves with the same
symmetry, odd or even, are coupled with each other. The three
components are summed up(f0, f2, f4 or f1, f3, f5). Two of four
possible combinations of the sign,(a) uf0u+ uf2u+ uf4u or uf1u+ uf3u
+ uf5u and (b) uf0u+ uf2u− uf4u or uf1u+ uf3u− uf5u, are displayed in these
figures because the other two combinations give reduction of spins
at the interfaces. An enhancement of spins at the interfaces is sug-
gested by the Mössbauer spectroscopic study.
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wavelength of the ISDW is governed byL as a result of
competition between the nesting vector of the Fermi surface
and the artificial period. The additional phase transition be-
tween different number of the node in the ISDW state was
observed in the sample ofL=10.2 nm. This phase slip is the
direct evidence of competition between the temperature de-
pendent nesting vector of Fermi surface and the rigid peri-
odic potential introduced by multilayer period.
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