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Interplay between Spin-Density Wave and Proximity Magnetic Layers
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A spin-density wave (SDW) is shown to mediate a strongly temperature-dependent magn
coupling between magnetic proximity layers. For parallel or antiparallel moments in the proxim
layers, the order parameters of the SDW oscillate as a function of the spacer thickness with a
monolayer period. The SDW phase transition between incommensurate and commensurate phase
be controlled by flipping the magnetization of one of the proximity layers. [S0031-9007(97)02435-
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Spin-density waves (SDW) have been the subject
intensive study for many years [1]. While the SDW
bulk Cr is incommensurate (I), a commensurate (C) SD
can be stabilized by doping. Recently, the SDW pha
in thin films or in the spacers of magnetic multilayers h
received a great deal of attention. In scanning elect
microscopy with polarization analysis (SEMPA) studi
[2], Cr films on Fe substrates exhibit an I SDW even w
above the Néel temperatureTN , 311 K of bulk Cr. Al-
though the SEMPA study cannot distinguish whether
observed SDW is induced by the magnetic coupling w
the Fe proximity layers or by the strong Fermi-surfa
nesting in Cr, perturbed angular correlation spectrosc
on FeyCr multilayers [3] attributes the magnetic beha
ior of the Cr spacer to the intrinsic antiferromagnetism
bulk Cr. First-principles calculations have shown that t
oscillatory magnetic coupling between two Fe layers c
be explained by either paramagnetic or antiferromagn
Cr spacers [4]. Despite these remarkable studies, the
lationship between the interface coupling and bulk SD
magnetism is still poorly understood. In this Letter, w
study the competition between the bulk SDW antiferr
magnetism of a Cr spacer and the magnetic coupling at
interfaces. As described below, this competition afford
novel way to select the I and C SDW phases by switc
ing the magnetic configurations of the proximity magne
layers.

The SDW in bulk Cr is produced by the cohere
motion of electrons and holes coupled by the Coulom
interaction [5]. Although usually believed to coincid
with the Fermi surface nesting wave vectorsQ6 ­
s2pyad s1 6 dd, the SDW ordering wave vectors ar
s
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actually given by [6]Q0
6 ­ Q6 7 L d 2pya, wherea

is the lattice constant of the conventional bcc unit ce
For pure Cr,d ø 0.05 [7] so that the hole Fermi surfac
is somewhat larger than the electron Fermi surface. W
L ­ 0, the SDW wave vector equals the nesting wa
vector; whenL ­ 1 the SDW is commensurate with th
underlying lattice. In order to minimize the nesting fre
energyDF, 0 , L # 1 so the SDW wave vectorsQ0

6 lie
closer to2pya than the nesting wave vectorsQ6. If the
SDW wave vector lies along thêz direction normal to the
multilayer interface, the spin at each atomic layer can
written

Sszd ­ m̂ as g s21d2zya cos

∑
2p

a
s1 2 Lddz 2 u

∏
, (1)

whereas is a constant,u is an arbitrary phase,g is an
order parameter, andasg ­ 0.6mB for bulk Cr at zero
temperature.

For a spacer consisting ofN ML’s sandwiched by
two ferromagnetic layers with momentsSM, the coupling
between the spacer and the magnetic layers may be
proximated by an interaction of the form ofSM ? Sszd at
interfaces I (z ­ 1) and II (z ­ N). Assuming that the or-
der parameters of the SDW are the same for each ato
layer in the spacer, the energy of the SDW per interfa
areaa2 is given byEya2 with

E ­ ASI
M ? Ss1d 1 ASII

M ?SsNd 1 DF a3 sN 2 1dy2 . (2)

HereA . 0 is the antiferromagnetic coupling constant
the interface andz is measured in units ofay2. The free
energy per unit volumeDF of the spacer at temperatureT
can be constructed with a Green’s function approach [6
DFs´0, g, L, T d ­ reh g2 ln

µ
T

T p
N

∂
1 reh

X̀
n­0

g2 1
n 1 1y2

2 reh

X̀
n­0

T
Z 1`

2`
d´ ln

Ç
1 2 g2 2ivn 2 ´0 1 2´

sivn 2 ´dfsivn 2 ´0y2 1 ´d2 2 s´0sL 2 1dy2d2g

Ç
, (3)
i
d
e

where vn ­ s2n 1 1dpT are the Matsubara frequencie
reh is the electron-hole density of states, andTp

N ø 80 meV
is the Néel temperature for a perfectly nested Cr alloy w
d ­ 0. The energy mismatch́0 ­ 4pdyFy

p
3a between
,

th

the electron and hole Fermi surfaces (yF ø 2600 meV Å
is the Fermi velocity) will decrease with Mn doping an
increase with V doping. This expression for the fre
energy of the spacer should be valid forN $ 10 ML’s.
© 1997 The American Physical Society 1351
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After fixing the magnetic configurations of the prox
imity magnetic layers, the SDW order parametersg and
L as well as the arbitrary phaseu are chosen to minimize
the energyE in Eq. (2). For simplicity, we consider
magnetic layers which are either ferromagnetically (F)
antiferromagnetically (AF) arranged so that the SDW
linearly polarized withm̂ parallel toSM [8]. ThenSs1d ­
SsNd andSs1d ­ 2SsNd for F and AF arranged magnetic
layers, respectively. The corresponding energies of
multilayer are

EF ­ 22AasgSMjcosfj 1 DFsg, L, T da3 sN 2 1dy2 ,
(4)

EAF ­ 22AasgSMjsinfj 1 DFsg, L, T da3 sN 2 1dy2 ,
wheref ­ spy2dsN 2 1d f1 1 s1 2 Ld dg. In numerical
calculations, we use the parametersd ­ 0.05 and ´0 ­
5T p

N of bulk Cr. The SDW order parameter is restricte
to values below the bulk maximum ofgmax ­ 1.246Tp

N ,
which is achieved in the C SDW phase of a bulk C
alloy atT ­ 0. Upon normalizing the energy byreh Tp 2

N ,
we are left with the lone dimensionless coupling consta
g ­ A as SMysrehT p 2

N d [9].
Beyond shifting the SDW amplitude and wave vecto

the interfacial interactions are expected to affect t
electron-hole pairs at the interface in a complex fashio
However, corrections to the energies of Eq. (4) can
safely neglected because the coherence length of
electron-hole pairs in Cr is so short. In analogy with th
result for a BCS superconductor [10], the pair coheren
length is given byj0 ­ h̄yFypD0 ø 4.3 Å, where D0 ø
190 meV is the energy gap of the C SDW. So the SDW
order parameters will be modified only within two o
three monolayers from the Fe interface. This behavior h
been confirmed by the recent first-principles calculatio
of Mirbt et al. [11]. While the change in the SDW orde
parameters near the interfaces will somewhat enhance
coupling constantg, the predictions of our model are
otherwise unaffected.

We first evaluate the bilinear magnetic couplin
Jcoup ­ EAF 2 EF as a function of temperatureT and
thicknessN . Taking g ­ 1 and T ­ 0.5TN , we plot
Jcoup as a function of spacer thickness in Fig. 1(a). A
expected,Jcoup oscillates between Fs.0d and AF s,0d
values with a short 2 ML period. Above the Néel tem
perature, the magnetic coupling quickly decreases w
increasing spacer thickness as demonstrated in Fig. 1
The overall coupling patterns shown in Fig. 1 resemb
those observed in FeyCr systems [2].

Fixing the thickness of the spacer, we also evalua
the magnetic coupling as a function of temperature. F
N ­ 25 and g ­ 1, Jcoup is plotted as the dashed curv
in Fig. 2. Notice thatJcoup decreases by a factor of 2
as the temperature increases toTN , and becomes weakly
F above 1.41TN . The corresponding F and AF energie
of the SDW are plotted in Fig. 2 as the solid and dotte
curves, respectively. As implied by the peak inEF at
0.89TN , the SDW undergoes a first-order phase transiti
[1] from the I phase (L ø 0.05) to the C phase (L ­ 1).
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FIG. 1. Bilinear magnetic coupling as a function of spac
thickness forg ­ 1 and (a)T ­ 0.5TN or (b) T ­ 1.2TN .

The same features are obtained using different effec
coupling constants e.g.,g ­ 2.5. A physical explanation
for this phase transition is provided below.

Because the temperature is much less than the Fe
energy, the conventional RKKY coupling mediated b
spin-polarized electronic states has very little tempe
ture dependence. Although the temperature depende
of the RKKY coupling has been verified in magnetic mu
tilayers with nonmagnetic spacers [12], it cannot explain
the strongly temperature-dependent magnetic coupling
served in some magnetic multilayers with Cr and Mn sp
ers [13,14]. At least qualitatively, our model explains t
decrease in the AF coupling strength in FeyCr multilay-
ers by a factor of two between 50 and 350 K [13] and t
disappearance of the AF coupling above 320 K in CoyMn
multilayers [14].

Clearly, the proximity magnetic layers will modify th
SDW order parameters of the spacer. In the abse

FIG. 2. Magnetic energies as functions of temperature
g ­ 1 and N ­ 25 ML. Inset: The wave vector paramete
L of the SDW as a function of temperature for F arrang
magnetic layers.
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of interface coupling (g ­ 0), the bulk values of the
SDW amplitudeg and wave vectorL are evaluated by
minimizing DF in Eq. (3). If T ­ 0.5TN , then gbulk ­
0.647Tp

N andLbulk ­ 0.125. Wheng . 0, the SDW order
parameterg always exceeds its bulk value. After fixing the
magnetic configurations of the proximity magnetic layer
we find that both order parameters oscillate as a function
the spacer thickness with a 2 ML period and approach th
bulk values asN ! `. For F arranged magnetic layer
with T ­ 0.5TN andg ­ 2.5, g andL are given by the
dotted lines of Figs. 3 and 4, respectively. Whileg andL

jump between lower and higher values with a period of
ML, their oscillation patterns shift at spacer thicknesses
34, 51, and 74 ML.

The striking features in Figs. 2–4 can be explaine
by the competition between the interface coupling, whic
maximizes the SDW amplitude at the boundaries, and
intrinsic antiferromagnetism of the spacer, which favo
the bulk values of the SDW amplitude and wave vecto
While the SDW gains energy2AasSMgjcosfsN , Ldj or
2AasSMgjsinfsN, Ldj due to the interactions at interfaces
it forfeits energyfDFsg, Ld 2 DFsgbulk, Lbulkdga3sN 2

1dy2 due to the changes in the order parameters of t
spacer. WhenL ­ 1, jcosfj ­ 1 and jsinfj ­ 0 for odd
N while jcosfj ­ 0 and jsinfj ­ 1 for even N. Hence
the interactions at the interfaces with F (AF) momen
prefer a C (I) SDW in a spacer with oddN and an I (C)
SDW in a spacer with evenN. If DF ­ 0, the interface
coupling always favors a C SDW state withjcosfj or
jsinfj equal to one. So as shown in Fig. 2 forN ­ 25, the
C SDW is stabilized and the F coupling is favored at a hig
enough temperature that the bulk free energyDFsg, Ld is
sufficiently small.

FIG. 3. SDW amplitudeg in units of T p
n as a function of

spacer thickness forT ­ 0.5TN andg ­ 2.5. The dotted line
is for F arranged magnetic layers, and the solid line is for t
stable magnetic configuration (F or AF) with the lowest energ
Selected thicknesses are displayed. Inset: SDW profiles
the spacer forN ­ 34 ML (solid), 50 ML (dotted), or 52 ML
(dashed).
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As the spacer thickness increases for odd or evenN
in Figs. 3 and 4, the SDW first stretches to optimize th
interface coupling and then suddenly relaxes to lower t
bulk free energy. For example, the SDW withN ­ 34
ML drawn as the solid curve in the inset to Fig. 3 contain
a single node. As evenN increases, the SDW stretche
until it attains the profile of the dotted curve forN ­ 50
ML. With the addition of two more ML’s, two new nodes
appear in the SDW profile (dashed curve forN ­ 52 ML)
and the SDW amplitude drops towards its bulk value. A
N increases further, the cycle of stretching and relaxi
repeats with a period close to the wavelength,40 ML of
the bulk SDW. For oddN , the same cycle is offset by
about 20 ML. So the jumps in the SDW order paramete
at 34, 51, and 74 ML are also separated by about 20 M
The inset to Fig. 4 indicates that these thicknesses coinc
with the maxima in the F energies.

For AF arranged magnetic layers, the oscillation pa
terns forg andL plotted in Figs. 3 and 4 are shifted to th
right by one ML. The dotted and dashed lines in the ins
of Fig. 4 then representEAF for even and oddN, respec-
tively. As shown in the inset to Fig. 4, the SDW orde
parameters relax at the same thicknesses wherejJcoupj is
a local maximum. The order parametersg andL corre-
sponding to the lowest energy magnetic configurations
or AF) of the proximity magnetic layers are plotted in th
solid “stable line” in Figs. 3 and 4, respectively. So forN
between 24 and 39, the F (AF) configuration is stable f
even (odd)N while for N between 40 and 61, F (AF) con-
figurations are stable for odd (even)N. The steps on the
stable line of the order parameters at the spacer thickn
of 23, 39, and 61 ML correspond to the nodes ofJcoup as
indicated by the inset of Fig. 4.

Using neutron scattering to study FeyCr superlattices,
Fullerton et al. [15] recently estimated the SDW period

FIG. 4. Wave vector parameterL as a function of spacer
thickness for the same parameters as in Fig. 3. Inset: Magn
energies as a function of the spacer thickness for odd (dott
or even (dashed)N . The bilinear coupling is also drawn as the
solid line.
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FIG. 5. Wave vector parameterL as a function of spacer
thickness for the same parameters as in Fig. 3. Solid a
empty dots are calculated data for AF and F configuratio
of proximity magnetic layers, respectively.

for several thicknesses of Cr spacers. Their data can
well-described by a rigid SDW as in Eq. (1). Becaus
interfacial roughness suppresses antiferromagnetic or
the nodes of the SDW are found to lie at the interfaces a
the Néel temperature is found to vanish for thickness
less than about 30 ML. By contrast, the couplingSM ? S
maximizes the magnetic order at the smooth interfac
assumed in this Letter and observed in Ref. [16]. Desp
this important distinction, Ref. [15] observes a C to
SDW transition between 21 and 35 ML like the on
predicted along the stable line in Fig. 4. Unfortunatel
the large error bars (of about 10%) reported for the
SDW period do not permit a detailed comparison wi
the oscillation pattern predicted in Fig. 4.

Finally, we introduce amagnetic switchto select the I
and C SDW phases by changing the magnetic configu
tions of the proximity magnetic layers. Traditionally,
transition between the I and C phases may be produ
only in a narrow range of impurity concentrations by car
fully tuning the temperature [1]. In Fig. 5, we show tha
such a phase transition can be achieved by simply fl
ping the magnetization of the proximity magnetic laye
between F and AF configurations. Since the spin exci
tions of I and C SDW phases are quite different [17], th
technique may provide a practical method to nano-engin
the spin dynamics of thin films.

In conclusion, we have studied the interplay betwe
SDW magnetism and the coupling with proximity mag
netic layers. Because of the change in its wave vector,
SDW produces a temperature-dependent magnetic c
pling between the proximity layers. Neutron-scatterin
measurements should be able to confirm the predic
stretching and relaxation of the SDW order paramete
as a function of spacer thickness. A novel approach
select the I and C SDW phases in the spacer by swit
ing the magnetic configurations of the proximity layers
presented.
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Note Added.—Since submitting this paper, we hav
learned that the prediction of the temperature-induc
incommensurate-to-commensurate phase transition in
Cr spacer has been confirmed by neutron scatter
measurements reported by J. F. Ankneret al. at the 41st
Annual Conference on Magnetism & Magnetic Materials
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