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Detailed magnetic structure of spin-density way®®WSs in epitaxial C(001)/Sn multilayers was inves-
tigated by neutron scattering combined with Mossbauer spectroscopic studies. Monatomic Sn layers were
embedded in 240-nm-thick @01 films with varying the periodic spacing from 4.2 to 16.2 nm. All samples
were revealed to be a commensurate antiferromag@@aé) 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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[. INTRODUCTION simply controlled by the nesting vector of the Fermi surface
but by the artificial periodicity introduced by the embedded
Although it was recognized several decades ago that thgn monatomic layers. This suggests that the band nesting and
spin-density wavgSDW) is realized in bulk Cr below the the periodic potential by the Sn spacer layers in these multi-
Néel temperature of 312 K in metallic Cr, the microscopic|ayers are competing with each other. Nevertheless, the SDW
mechanism of the incommensurate SRMDW) itself can-  state in C(001)/Sn epitaxial multilayers, where the SDW
not be completely understood. In particular, the fact that thetructure in bulk Cr is modified by the insertion of the non-
SDW state is sensitively changed by various environmentgagnetic spacer, gives a direct evidence of the wave nature
such as the effect of impurity, internal stress, and externahf the SDW in metallic Cr. We report here detailed results of
pressure has been the subject of the Fermi surface éffect. neutron diffraction studies from the @01)/Sn multilayers
addition, magnetic properties are drastically modified in thinjncjuding the dependence on multilayer periodicity at various
films, and the magnetic properties of Cr in multilayers areiemperatures, which was not shown in the previous letter,

very sensitive to the thickness of Cr layers and the counterang discuss the microscopic mechanism of the SDW stability
part elements of the bilayefs’ These facts are still issues of i cr.

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 Stacked bilayers ofCr(ts,)/Sn(0.2 nm] (tc,=4.0, 8.0,
the structure of the multilayers and the proximity effé&.  10.0, 12.0, and 16.0 nmwere epitaxially grown on

One way to solve these issues is to study the SDW state iMgO(001) substrates at 473 K with a 5-nm-thick Cr buffer
Cr/nonmagnetic metal multilayers. In this respect, we havéayer with ultra-high vacuum deposition. The stack-
been investigating ©001)/Sn multilayers in which mon- ing number of the bilayer in each sampl, was determined
atomic Sn layers are periodically inserted in thé(Dd) ep- to make the accumulated thickness of Cr to be 240 nm
itaxial films and reported the existence of exotic SDW statests, X M=240 nn). According to the thickness of each Cr
in the multilayer$-12 In these multilayers, the ISDWs are layer separated by the monatomic &,in a unit of nanom-
stabilized at low temperatures. The structure is, however, nadters, the samples are denoted as CS4, CS8, CS10, CS12,
the same as that in bulk Cr but very exotic one. The mosCS14, and CS16, respectively. A thin Cr layer with a thick-
striking feature of the ISDWs is that their wavelength is notness of 240 nn{C240 was also synthesized on the same

II. EXPERIMENT
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substrate and buffer in order to clarify the effect of inserting

Sn spacer layers. Due to a well-established epitaxial condi- L // Cr[001]
tions, the MgQ001] and the body-centered-cubigcc) 8

Cr{001] directions are normal to the sample plane, and the -=-

MgO[110] and the Cf010] are parallel to each other in the ' Mg0(003) >t 2
film plane. We define the @®01] direction in the reciprocal '___i Cr(001)
space as and the[010] direction asK hereafter. Details of

the sample preparation procedure have already been reporte
in Ref. 8. {

MgO(004) XA /3

. . 2=
Neutron diffraction measurements were performed on N

conventional triple-axis spectrometers, TOPAN, TAS-1, andmgo[o01] // C1{001] (000) Cr(010) ¥~ 77T Kk //Cr{010]
TAS-2 at JRR-3M in JAERI. The incident neutron energy 4 {1 1 >
|

was fixed at 14.7 or 13.7 meV using a vertically focusing MgO(230) x4 /2 ’___f

PG(002 monochromator, and the higher order contamina-
tion was removed by a PG filter before the samples. A ver-
tically focusing PG002) analyzer was used in order to detect
only an elastic component. The horizontal collimations
were chosen to be 10B0'-30'-100 for TOPAN and
100'-40'-40'-100 for TAS-1 and TAS-2. The samples were
mounted in Al cans filled with He gas, which were attached FIG. 1. Schematic representation of reciprocal plane for
to the cold head of a refrigerator. The stability of temperaturecr(001)/Sn epitaxial films. Scans were performed along the princi-
during the measurements was +0.02 K. pal axes through th€010) and (001) reciprocal points, where the
Scans were performed along the and K directions  nuclear reflections for bcc Cr are forbidden. Satellite peaks from
through the(001) and (010 reciprocal points of the bcc incommensurate antiferromagnetic structures with the propagation
[body-centered-tetragonébct)] Cr films, where the nuclear vector parallel to thg001) direction would appear &i0,0,1+6)
peaks of the bcebcet) structure are forbidden. In bulk Cr the and (0,1, +5) in bulk Cr of the singleQ state parallel to the-
spin reorientation occurs at 123 K from the transverse SDWlirection as indicated by solid circles. Several peaks from the MgO
(TSDW) to the longitudinal SDWLSDW) with decreasing substraté[J) appear in the scans. The lower left shows the epitaxial
temperature. In thermal equilibrium the multip@ state is ~ relation between MgO and Cr in real space.
realized, where the propagation vectors of SIAand the o
spin orientations are parallel to one of the bce principal axesof the parameters in Fig. 2 were also deduced from the peak
and all their combinations coexist with equal probability. In Positions of C(020) and Cf002) by the measurements with
the multipleQ state, the satellite peaks originating from the the samples outside the Al can. The values obtained by the
TSDW states appear &t8,0,1), (0, +6,1), and(0,0,1+5) conventional x-ray diffractometer are also shown. Both in-
around th001) position in a neutron diffraction profile. The Plane(010) and out-of-plang001) lattice constants were ex-
satellites are observed only @,0,1+5) in the case of the Panded in comparison with bulk Cr. However, they gradually
singleQ state where the is parallel to theL direction. The —approach the bulk value with increasing The in-plane lat-
single Q state can be realized by the field cooling processt|ce constants were larger than the out-of-plane ones except
across the Néel temperature with sufficient magnetic field$S10- Therefore, the crystal structure of these multilayers is
along theL direction. The incommensurabiligin bulk Cr is not bcc but bet. Note that the obtained out-of-plane lattice
defined ass=1-|Q|, whereQ is measured in units of2/a.t constants are averaged ones of Cr-Cr and Cr-Sn.Alde-
In the following sections we denote the scan along lthe
direction ad. scan and that along th€ direction asK scan.
These scans are schematically displayed in Fig. 1.

MgO[110] // C1[010]

0.292 ; ; ;

® in-plane (010)
Y X out-of-plane (001)]
0291 ¥ X-ray (001)

Ill. SAMPLE CHARACTERIZATION

*¥X

g
The multilayer structure with the desired artificial period- % o0
icity was confirmed to be well established by observing well-
defined satellite peaks around(@®2) as many as the fourth 0289
order by conventional x-ray diffractometry. Figure 2 shows
the A(=tc,+tg,) dependence of in-plane and out-of-plane lat-
tice parameters measured by TAS-1 and TAS-2 at ambien 0288 m e ™ 00
temperature where all of the samples show a commensurat A (am)
antiferromagnetiq CAF) structuret® The lattice parameters
were determined from the peak positions of(@0 and FIG. 2. The artificial periodA, dependence of in-plan@01)
Cr(001 because G020 and(002) peaks could not be iden- and out-of-plane001) average lattice parameters of Cr(801)
tified due to the large peak of £120) from the Al can. Some multilayers measured by neutron and x-ray diffractions.

*
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J ) J ' ing on the position at exactly a half of the reciprocal lattice

300K CAF position of(002) indicates the existence of the CAF structure
Mg0(003) at 300 K in all multilayers examined in this study.
A=16.2nnm The peak at 22.4 nm in Fig. 3, which is remarkable in

ssosoee the profile of CS4 and C240, can be assigned tq(fs)
forbidden peak of MgO substrate exposedNy2 contami-
14.2 nm nated incident neutrons. As reported in Ref. 9, the CAF peak
bosoeeod at 21.8 nm* in C240 at 300 K disappears at 20 K, while the
peak of Mg@003) was still observed with almost the same

12.2 nm 1 N intensity. The temperature dependent feature of (O@&l)
Pe-eeeeee peak shows that this peak does not arise fiol# contami-
10.2 nm |

nation of the C{002) 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 larga/2 component from Mg@@O03) in

the CS4 and C240 profile may be caused by the poor quality

* e of MgO substrates.

* The integrated intensities of th@01) and (010) are not
film (240 nm) T equal even after normalized k920) and (002 of bct Cr
A nuclear peaks. This difference indicates either a CAF with

Counts (arb, units)

8.2 nm

4.2 nm

bulk Cr ISDW noncollinear structure in a single magnetic domain or the
ISDW + volume distribution of domains of CAFs with different spin
H MgO
I [ A I polarization which is parallel to one of the principle axes of
205 210 215 220 225 230 bct structurgmulti-S domain). In the former case the inten-
2mt/a (nm) sity of (010 peak is proportional to the sum of squared in-

plane[100] and out-of-plang001] components of Cr spins,
FIG. 3. Peak profiles by scans of Cr/Sn multilayers and Cr and that of(001) to the sum of two squared in-plane compo-

thin film (240 nm through (001 reciprocal point at 300 K. nents of[100] and[01Q]. In the latter case, th@10) inten-
A(=te+tgy) indicates the artificial period of Cr/Sn multilayers. sity represents the sum of the volume of in-plgheQ] and
Solid lines are the fits to the data using Gaussians. Arrows indicateut-of-plane/001] S domains of CAF, and thé@01) intensity
positions of C(001) which are equal to a half of those of @02 s proportional to that of two in-plan@domains of100] and
peak. The existence ¢001) peak shows a CAF structure of these [010).

samples. Peaks of the incommensurate spin-density wave are also The averaged spin polarization deduced from the intensity
observed in the thin film with thickness of 240 nm. Intensities of 5tigg are[112], [223), [111], [112], [112], and [223] for

the forbidden peak of Mg®O3 depend on quality of MgO g4, S8, CS10, CS12, CS14, and CS16 in this order. The

substrates. direction of each sample is one ff11], [112], and[223].
pendence and the anisotropy of lattice spacing leads to difiowever, there is no systematic correlation betwéeand

Mossbauer spectra of these multilayers show sextetBulk Cr are bcc principle axes. The hard axis of bulk Cr like
which correspond to the hyperfine fields between 9 and 11 T111] is unlikely to be the easy axes of these multilayers.
at 1%Sn nuclear positions at ambient temperafufde hy- ~ Therefore, it is natural to conclude that the ratios indicate the
perfine field distribution is quite different from that observed volume fraction of multiS domains. The Méssbauer studies,
at *1%n dispersed in bulk Cr, where the hyperfine field con-however, have revealed that an averaged spin polarization is
tinuously distributed between 0 and 129 The hyperfine always the same for samples with the same multilayer struc-
field does not change so much with decreasing temperatuitgre, although it is expected that the volume fraction of$he
although the magnetic phase transition from the CAF andlomains may vary under a slight difference in condition of
SDW state occurs between 300 and 262KThis large hy-  synthesizé? At the moment we cannot determine experi-
perfine field is consistent with the fact that the Neél temperamentally which case is realized in these multilayers. Al-
ture of these multilayers is much higher than that of bulk Cr,though some uncertainties are included, Table | shows the
and that all of the multilayers have the CAF structure atvolume fraction ofS domains for the mults domain model,
300 K, which was confirmed by the neutron diffraction and the magnitude and direction of averaged Cr spins. In
measurements. comparison with the low-temperature value of bulk Cr, CS4

Figure 3 shows neutron diffraction profiles at 300 Klby has almost the same magnitude of moment.
scans of the Cr/Sn multilayers and Cr thin fil(€240
through thg001) position. The multilayer period is indicated
by A. Intensities are normalized by the intensity of the Neutron diffraction profiles oL scans across th@021)
Cr(002 nuclear peak except C240. The single peak appeaiand (010 at 20 K are displayed in Figs(& and 4b). The

IV. DIFFRACTION PROFILES AT LOW TEMPERATURES
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TABLE |. The designed artificial period\, the volume fraction ofS (spin polarizatiom domains in the
case of multiS 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 singf®-domain is realized in the sample.

Multi- S domain

Designed artificial period In-plane Out-of-plane
A(nm) componentg§%) componentg%) Averaged spin polarizatioM(300 K)(ug)

4.2 37 63 [112 0.57+0.19

8.2 51 49 [223] 0.44+0.10
10.2 68 32 [117] 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

difference of half width at half maximurtHWHM) of the
peaks in both figures arises from the resolution effect. Itor as used in the normalization of corresponding scan at
means that the resolution for the scans parallel to the scatteB00 K. It is noted that the intensities are multiplied by dif-
ing vector is broader than that of the perpendicular caseferent factors in order to show the peak height almost con-
Nevertheless, the HWHM of each peak reaches the resolwstant. The difference in intensities between Fig&) 4nd
tion limit. It was confirmed that a long-range incommensu-4(b) comes from the fact that the spin polarization or the

rate magnetic order of Cr along the direction is formed

across the Sn monatomic layers.

(a)
20

Intensity (arb. units)

K A=162nm

14.2 nm

12.2 nm

M
ﬁ 8.2 nm

42
x 0.4

nm

x0.5

thin film (240 nm)
| 1 |

090 095 1.00 1.05

FIG. 4. L scans of Cr/Sn multilayers and Cr thin fil{840 nm)

(00L) (r.l.u.)

1.10

In these figures each scan is normalized by the same fac-

volume ratio ofS domains is dependent on the sample. How-

ever, the ratio of integrated intensities ikfand 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 largern(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 the

direction as obsgved in an epitaxial(@@2) film of 300 nm
thick on AlLO5(1102) substrate3® From the §=0.047 r.l.u.

-0.10 -0.05 000 005 0.10

(01L) (r.l.u.)

we find that the wavelength of the ISDW is equal to 6.2 nm
in real space. The deviation &ffrom 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"18A tiny peak emerges in thie scan ai00 0.96.

The magnitude of is equal to that of C240. However, there
is no corresponding peak &00 1.09 nor in theL scan
through(010). The origin of this peak is unclear.

For the other multilayers in which the artificial period,
is longer than the nesting vector of bulk Cr, several satellite
peaks appeared arouri@d0l) and (010) positions when the
samples were cooled down to 20 K. No such satellite peaks
were detected by thi€ scans through neith€901) nor (010)
points. This indicates that all ISDWs are in the sin@istate
where theQ is parallel to out-of-plang,001]. Because of no

through (a) (001) and (b) (010) reciprocal points at 20 K. Solid evidence of spin reorientation, the averaged spin polarization
lines are the fits to the data using Gaussians. There is a large peakiof each sample is the same as that listed in Table I. When a
MgO(002) at (00 0.93, which is removed in Fig. @).

sample is in a single domain state, ISDW with canted spin
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[Cr(16.0nm)/Sn (0.2 nm )] x 15 [Cr (10.0nm)/Sn (0.2 nm )] x 24
T T T T T T T T T T T T
(a (b) (a (b)
T=290K[l o5 ” x 0.2 T=250 KZHS x 0.5 x 0.2
250K } % x 0.5 % 0.2 200K ;1 A % 0.5
4 b f L 2
~~ ~
£ |180KwY{ 2 |170K
c =
= L o - =} B i | i
el o
8 |10 :{_A{Mn\. 8 150 M x ’i 1
N’ N’
b r L 3 b r L 4
L 120K unz!n L 120K ﬂ ﬂ u
=t =i
= [ 3 = r 1 r
" I;-/\MN\‘ ,,_JJ UU‘XJ b\ : " K—/\J\f\l\.
1 | 1 1 1 1 1 | | 1 1 1
090 095 1.00 105 110 010 -005 000 005 010 090 095 100 105 110 -010 -005 000 005 010
(00L) (r.Lu.) (01L) (r.Lu.) (00L) (r.l.u.) (01L) (r.Lu.)
FIG. 5. The temperature dependence(af the (00L) and (b) FIG. 6. The temperature dependence(af the (00L) and (b)
(01L) scan profiles of Cr/Sn multilayer with artificial period of (01L) scan profiles of Cr/Sn multilayer with artificial period of
16.2 nm. 10.2 nm.

from the bet crystallographic axes is realized in the sampleynig myltiplets at low temperatures, but the main satellite
In the case of the mult domain state, TSDW and ISDW  peaks whose intensities are most dominant, abruptly

coexist with f[he volume fraction given in Ta_ble l. _ changes between 170 and 150 K.

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 I_:igb;, apparent .un.bal— V. EXOTIC SPIN-DENSITY WAVES IN Cr/Sn
ance in intensities can be noted in Figay The similar MULTILAYERS
asymmetry in intensities of satellite peaks originating in
ISDW was observed in bulk Cr. It was revealed that the As reported in Refs. 9-12 combination of neutron scatter-
asymmetry indicated the existence of strain wave, and thdng and*'°Sn Méssbauer spectroscopic studies made it clear
degree of the unbalance depended on scalar product of that the satellite peaks in Fig. 4 are assigned to the funda-
scattering vector and an amplitude vector of the stairmental and the higher harmonics of the ISDW whose wave-
wavel”18 Therefore, the present result indicates the exisdength is not simply governed by the nesting vector of the
tence of the strain wave in these multilayers with the ampli-Fermi surface but dominantly by the multilayer period. The
tude vector along the perpendicular direction of the films. [tMOssbauer spectra indicated that the Cr spins adjacent to the
is consistent with the difference of the in-plane and out-of-Snh layers are enhanced and ferromagnetically coupled across
plane lattice parameter as shown in Fig. 2. the Sn monatomic layers. The enhancement is believed to

Figures 5 and 6 show the temperature dependende of cause a pinning of the Cr moments at Cr/Sn interfaces, and
scan profiles of CS16 and CS10, respectively. The correthe pinning is likely to make antinodes of the ISDW at the
sponding peak positions and integrated intensities are plottétiterfélcesl-2
in Figs. 7 and 8. At low temperatures the CAF peak at 300 K This exotic ISDW is composed of several higher har-
of CS16 gradually splits into sextet with keeping the totalmonic components. It is convenient for indicating positions
integrated intensity almost constant. In this sample the peakf the satellite peaks to introduce a new parameter,
position of the satellite peaks little changes with changingd =ago/ (2A), using the multilayer period and the lattice pa-
temperature. In contrast, the CAF peak of CS10 also changeameter of epitaxial Cr. By the new parametér,the posi-
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. 0.06F T T T T T 1= RPN T
c 0.04 £ o ]
=) . E; :N=3: 58— N=0 'i% 4+ %X 0.25
§ 0.02 - -~ - :;
’~ A 2 > 2 3k ]

£ 0.00f * M z
z 002 1 £ 2t -
a, s —8—u—s '
~ -0.04 - - -
g (a) g
A 0,06 I I 1 I I 'n = 1 I ] ] ]

0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (K) Temperature (K)

FIG. 7. The temperature dependenceafpeak position angb) integrated intensity of each satellite of Cr/Sn multilayer with artificial
period of 16.2 nm in Fig. ®). Each symbol in(a) and (b) corresponds to the same satellite peak, and the size of symbds is
proportional to integrated intensities of the corresponding peaks. A commensurate antiferromagnetic siéacuet 300 K changes into
an ISDW with three node&N=3) in the Cr layers at low temperatures without undergoing an ISDW it

tions of all peaks can be assigned &,1,+NA) and independent of the other harmonics with the ddldt means
(0,0,14NA) whereN is a positive integer. For example in that the ISDW and the CAF coexist at low temperatures in
CS8 two pairs of satellite peaks appeared(gtl,+A) and  CS8. In the case of CS10 and CS14 all harmonics have even
(0,0,1#A).10 N. Therefore, all these harmonics may essentially couple and
From the positions of satellites, the period or wavelengthform highly distorted sinusoidal ISDW.
\, of each modulation of magnetic structure in real space can Model calculations of'°Sn Méssbauer spectra for the
be obtained. Tha vs A is plotted by solid circles in Fig. 9. ISDW with the higher harmonics showed that the spectra
The size of each circle is proportional to the averaged intewere very sensitive to the sign and amplitude of the
grated intensities of0, 1, +NA) in the L scans througk010) harmonics>2°Actually the existence of the highly distorted
for each sample. The integrated intensities of peak at thESDW has been revealed in polycrystals of Cr and Cr
CAF position are also plotted as=c. This figure shows that @alloys™ and in the vicinity of surface region of bulk single-

all the circles are located on one of the lines crystal CP* by the single use of'%Sn Méssbauer spectros-
copy. In the present study we will show concrete wave forms
N=A/N, N=1, 2, 3, 4,5, and 6. (1) of the ISDW in Cr/Sn multilayers deduced from the neutron

diffraction profiles. However, the results of Mdssbauer spec-
This clearly indicates that the is defined by the artificial troscopic studies are also very important for the reconstruc-
period, A. tion as described later. Without the information given by the
Once we know that the antinodes of sinusoidal waves ar@&ossbauer spectroscopy we could not determine the position
located at Cr/Sn interfaces, it is ready to notice tNator-  of nodes or antinodes of the ISDW.
responds to the number of nodes in each Cr layer intervening When the spinsg, of sitel is described by
between Sn monatomic layers. TNealso represents a sym-

metry of sinusoidal waves of each harmonics. Eyedd) +o0
functional sinusoidal waves therefore give rise to the even SOED SnoexpinQ - 1), (2)
(odd) satellites. Furthermore, these higher harmonics couple n=-o

only with those of the same symmet(gven or odgl For
examples, in CS8 only the first and the third harmonicgthe elastic magnetic neutron cross section can be written in
couple with each other, whereas the CAF peak Wth0 is  the following equation:

o~ I I T I I T I =

2 006} o0—m—mm—me—eo—is 2

= N=2 N=1 N=0 5

_Q 0041 G——-a—e—ia 1 %

S 002 s g i, 4 =z

=) | o — z

§ 00— D M—H g

Z 002kt A 4 =

a i =

-0.04 |- - S

= 0.

8 006l — — () | 9 (b)
] ] ] ] ] ] ] 2 ok ] ] ] ] ] +
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (K ) Temperature (K )

FIG. 8. The temperature dependenceafpeak position andb) integrated intensity of each satellite of Cr/Sn multilayer with artificial
period of 10.2 nm in Fig. ®). Each symbol in(a) and (b) corresponds to the same satellite peak, and the size of symbds is
proportional to integrated intensities of the corresponding peaks. Two transitions of the number of theNnfrdes,2 to 1 and from 1 to
0 occur between 10 and 290 K.
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- . : ' . .' 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 fo(// [100Q])

40,0 N=1 direction, the integrated intensities of each satellite around
A=2A/N 7-w=(001) and(010) in Fig. 4 becomes
300 [n(k) = fﬁﬁ(x+ nQ+w-17), (6)

fo=£[Sol (N=0,%1,£2,..., %), (7)

and the spins at the sitecan be written as

Wavelength of SDW, A (nm)

400

Si(1) = fo+ 22 facoq2kQ 1), (8)
k

0.0 5.0 10.0 15.0 20,0

Artificial period, A (nm) or

+oo

FIG. 9. Relation between the period of modulation of the SDW,
\, and the multilayer period. The modulation periods were ob- S(1) =22 fyqcog(2k-1)Q 13, 9
tained from the position of the satellite peaks in Figh)4 Solid K

linear lines area«=A/N (N=1, 2, 3, 4, 5, and 6 The commensurate . _ . — .
antiferromagnetic SDWCAF) corresponds ttN=0 and\=<. The with k=1,2,..., +¢. Equation(6) indicates that the higher

size of each circle is proportional to the intensity of the correspondarmonics withnQ appears as the satellite @, 1,n/Q|) or

ing diffraction peak. (0,0,1|Q|). Therefore, the relation betweénandQ is
d . _
1072 2 [fn(Dstc+ nQ+ w1 NA =InQ). (10
T N=—x

- Note that Eq(3) is too simple because the asymmetry in
X(ISnql® = IS - &%) (n=0,+1,£2, ..., 0). intensity of the &\ satellites cannot be explained, which was
(3)  observed in thé. scans around01) in Fig. 4(a). As already
mentioned the asymmetry in intensity stems from the strain
Here k is the scattering vectok the unit vector ofx, and=  Wave whose amplitude vector is parallel to thelirection.
the reciprocal vector of bct structure For the sake of simplicity, the asymmetry was not taken into
account in the calculation and analysis. However, the profile
o a around(010) in Fig. 4(b) can be safe for quantitative analysis
7= —(h,k,—l) (h+k+I1=eveninteger,  (4) by using this equation.
a c The sign of each coefficient of E@7) cannot be deter-
mined even by the earlier mentioned hypothesis. Four com-
f(7) the magnetic form factor, and the reciprocal vestds  binations of the signg|fo|+|f,|+|f,| or |fi%|fs|x|f5)) are
defined by possible for the first three terms. Since Méssbauer spectro-
scopic study suggested that the spins at interfaces are en-
2 a hanced, two solutions to give reduced moments at the inter-
w= —(1,1,—) (50 face should be excludéd!® Figure 10 shows the
a ¢ superimposed ISDWs in the real space, which composed of
up to three harmonics with the combination of sigie,
describing two sites in the bct unit cell; i.e., éwp-1)=+1  |fo|+|f,]|+|f4] or |fy]+|fs|+|fs| and (b) |fo|+|f,]—|f4 or |f4]
for the corner atoms and efip/-1)=—1 for the body centered +|f;|-|fg|. |f,|Ss were obtained from the squared root of the
atoms. Herea is the in-plane lattice constant, andhe out-  integrated intensities of each satellite peak in Fidp)4The
of-plane one. wave forms corresponding to the TSDW with the propaga-
Although neutron scattering experiments give no informa-tion vector parallel td001] are shown representatively. The
tion on a phase of each component of the higher harmonicsolid lines corresponds to spins at the conners and the broken
in Eq. (2), we can reproduce the wave form of the ISDW lines to those at the center of the bct unit cell. The dotted
under following simple assumptiond;) all of the harmonics lines indicate the magnitude of spins if all the satellites
have antinodegor node$ at the interfaceg2) all harmonics  gather to(010) position and make a fictitious single peak
with the same symmetry, the evan or the oddn, are corresponding a CAF structure.
coupled, and?3) the directions of spin polarization of all the In bulk Cr the sign off3/f; in Eq. (9) was determined to
harmonics which form a single ISDW are common. be negative using intensity ratios &f1-6)/1(1+6) and
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ot L the present Cr/Sn multilayers the enhanced moments cause
T the pinning of the antinode of the ISDW at the interface
; ~ S although there is no proximity effect from Sn to Cr. This
N causes the similar situation between the Fe/Cr and Cr/Sn
N od N S 2N multilayers concerning the ISDW formation. The positions
- 3 Fa et = of satellite peaks of CS16 are insensitive to temperature as
p shown in Fig. 7. This rigidity of the peak positions were also
A —— XK XX observed in CS1# This fact supports the idea that the
A wavelength of ISDW in these multilayers is governed not by
NG s the nesting of Fermi surface but by the artificial periad,
/ o W FAVANE Igvy On the contrary to CS12 and CS16, the peak positions of
satellite peaks of CS10 abruptly change between 170 and
\\ S \\ o7 150 K. Below 200 K the satellites assigned toNbe +1 are
TR 0 0 T 0 clearly observed in the profiles in Figg.apand &b). How-
0 5 1015 20 25 30 3% 0 5 10 15 20 25 30 35 eyer, intensities of these satellite decrease with further de-
Thickness of Layer (nm) Thickness of Layer (nm) creasing temperature. Instead of the satelliteblat:1, the

FIG. 10. Wave forms of the ISDW in real space reconstructedgther even com_ponen(_N:iZ and +4 become doml_n_ant
by the squared root of integrated intensity of satellite peaks show! elow 150 K. Itis very important that the phase transition of

in Fig. 4b) using Egs.(8) and (9). The solid lines correspond to the number of nodes from=1 to 2 followed by the transi-
spins at the conners and the broken lines to that at the center of tifgon from the CAF to the ISDW state was observed. Recently
bet unit cell. The dotted lines indicate the magnitude of the spins ira similar temperature dependence has been reported for
a fictitious CAF structurgsee in text Only waves with the same CrMn/Cr multilayers?®
symmetry, odd or even, are coupled with each other. The three This phase transition was theoretically predicted in Fe/Cr
components are summed fy,f,,f, or f1,f3,fs). Two of four  multilayers and trilayers by Stet al?627 In Ref. 27 it was
possible combinations of the sigt@) [fo|+|f5|+[f4| or [f1|+|fs  reported that the number of nodes in Cr layers changes with
+|fs| and (b) |fo|+[f2~[fa| or |f1]+|fs|-|fs|, are displayed in these temperature, and that the phase transition is strongly depen-
figures because the other two combinations give reduction of spingent on the energy mismatch between the electron and hole
at the interfaces. An enhancement of s_pins at the interfaces is sugermi surface, and also on the interfacial roughness between
gested by the Méssbauer spectroscopic study. 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
1(1-38)/1(1+38).1"18Herel(1+6) andl(1£36) are intensi-  CAF to the ISDW in all samples, while the phase transition
ties of the fundamental and third harmonic satellites ato the differentN only in CS10. According to thé\-T dia-
(1£6,0,0 and(1+34,0,0), respectively. This analysis may gram of Fig. 3 in Ref. 27, the distance of the phase bound-
be also valid in these multilayers. It is, however, more com-aries betweelN andN+1 is closer in largeA. For the phase
plicated because it is necessary for the phase determinatiatip in CS12, CS14, and CS16 insufficient data points pre-
to analyze all the observable ratiosl¢1 —nQ)/1(1+nQ). vented the detailed investigations. If the nodes of the ISDW

In Fig. 10 it is assumed that the component Witk0 is  precisely lie at each interface, lack of the phase slip is pre-
superimposed with the other even components. In severdlicted in Fe/Cr multilayergmodel Il in Ref. 27. For all the
cases in Fig. 1@), this superimposition makes the resultantSamples withtc, of 8 nm and larger in the present study it
waves not to have clear nodes, which is defined as the zerb@s been revealed that the antinodes are located at the inter-
crossing point of the waves. On the other hands, the CAHaces. Therefore, model Il may be excluded if the model is
which is independent of the odd components, is thought t&Pplicable similarly to Cr/Sn multilayers, although the mag-
coexist with the ISDW for instance in CS8. The same coexetic function of Fe and Sn to the Cr at the interface differ
istence cannot be excluded in the samples with ISDW comWwith each other.
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 VI. CONCLUSIONS
towards the 0 line and that clear nodes will appear.

First-principles electronic structure calculations of Fe/Cr We have investigated the magnetic structure of epitaxial
multilayers have been done for the system with ideally flatCr/Sn multilayers with periodically embedded monatomic
interfaces and found that th& governs the wavelength of Sn layers by complementary use of both neutron diffraction
the ISDW instead of the nesting vector of Fermi surf&®.  and!'%Sn Méssbauer spectroscopic measurements. The arti-
It was independently predicted that the magnetic moments dfcial period, A, is varied from 4.2 to 16.2 nm. The sample
Cr are enhanced at the interface of Cr/vacidnin the  with A=4.2 nm has a CAF structure at 300 K, which persists
present case, instead of the proximity effect from the ferro-down to 20 K. The samples with the largarthan 8.2 nm
magnetic layer the monatomic Sn layers are thought to havalso have the CAF structures at 300 K. However, the phase
the same function as the vacuum fat 8lectrons of Cr. In  transition from the CAF to ISDW occurs on cooling. The
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