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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 magnetic
coupling between magnetic proximity layers. For parallel or antiparallel moments in the proximity
layers, the order parameters of the SDW oscillate as a function of the spacer thickness with a two
monolayer period. The SDW phase transition between incommensurate and commensurate phases can
be controlled by flipping the magnetization of one of the proximity layers. [S0031-9007(97)02435-6]

PACS numbers: 75.70.Cn, 75.30.Ds, 75.30.Fv

Spin-density waves (SDW) have been the subject o&ctually given by [6]Q. = O+ F A 8 27 /a, wherea
intensive study for many years [1]. While the SDW in is the lattice constant of the conventional bcc unit cell.
bulk Cr is incommensurate (l), a commensurate (C) SDWFor pure Cr,6 = 0.05 [7] so that the hole Fermi surface
can be stabilized by doping. Recently, the SDW phasés somewhat larger than the electron Fermi surface. When
in thin films or in the spacers of magnetic multilayers hasA = 0, the SDW wave vector equals the nesting wave
received a great deal of attention. In scanning electrorector; whenA = 1 the SDW is commensurate with the
microscopy with polarization analysis (SEMPA) studiesunderlying lattice. In order to minimize the nesting free
[2], Cr films on Fe substrates exhibit an | SDW even wellenergyAF, 0 < A = 1 so the SDW wave vector@’. lie
above the Néel temperatufg ~ 311 K of bulk Cr. Al-  closer to2#/a than the nesting wave vectogs.. If the
though the SEMPA study cannot distinguish whether thesDW wave vector lies along thgedirection normal to the
observed SDW is induced by the magnetic coupling withmultilayer interface, the spin at each atomic layer can be
the Fe proximity layers or by the strong Fermi-surfacewritten
nesting in Cr, perturbed angular correlation spectroscopy
on Fg/Cr multilayers [3] attributes the magnetic behav-  S(z) = a, g (—1)%/¢ co{—(l —N)dz— } (1)
ior of the Cr spacer to the intrinsic antiferromagnetism of
bulk Cr. First-principles calculations have shown that thewhere a; is a constantf is an arbitrary phaseg is an
oscillatory magnetic coupling between two Fe layers carprder parameter, and,;g = 0.6up for bulk Cr at zero
be explained by either paramagnetic or antiferromagnetitemperature.

Cr spacers [4]. Despite these remarkable studies, the re- For a spacer consisting oV ML'’s sandwiched by
lationship between the interface coupling and bulk SDWiwo ferromagnetic layers with momerfg;, the coupling
magnetism is still poorly understood. In this Letter, webetween the spacer and the magnetic layers may be ap-
study the competition between the bulk SDW antiferro-proximated by an interaction of the form 8f; - S(z) at
magnetism of a Cr spacer and the magnetic coupling at thigterfaces |1 ¢ = 1) and Il (z = N). Assuming that the or-
interfaces. As described below, this competition affords #ler parameters of the SDW are the same for each atomic
novel way to select the | and C SDW phases by switchlayer in the spacer, the energy of the SDW per interface
ing the magnetic configurations of the proximity magnetlcare«':la2 is given byE/a* with

layers. _ ) ) 3 ar

The SDW in bulk Cr is produced by the coherent E=ASy S(1) + 4S8y S(V) + AFa’ (V- 1)/2. (2)
motion of electrons and holes coupled by the CoulomiHereA > 0 is the antiferromagnetic coupling constant at
interaction [5]. Although usually believed to coincide the interface and is measured in units af/2. The free
with the Fermi surface nesting wave vecto@. =  energy per unit volumaF of the spacer at temperatufe
(27 /a)(1 = 8), the SDW ordering wave vectors ar|e can be constructed with a Green’s function approach [6]:
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where w, = 2n + 1)# T are the Matsubara frequenciels, the electron and hole Fermi surfaces- & 2600 meV A
pen is the electron-hole density of states, d&iid~= 80 meV is the Fermi velocity) will decrease with Mn doping and
is the Néel temperature for a perfectly nested Cr alloy withincrease with V doping. This expression for the free
8 =0. The energy mismatch, =47 6vr/+/3a between energy of the spacer should be valid fér= 10 ML’s.
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After fixing the magnetic configurations of the prox-
imity magnetic layers, the SDW order parameterand
A as well as the arbitrary phageare chosen to minimize
the energyE in Eg. (2). For simplicity, we consider §
magnetic layers which are either ferromagnetically (F) or
antiferromagnetically (AF) arranged so that the SDW is
linearly polarized with#: parallel toSy; [8]. ThenS(1) =
S(N) andS(1) = —=S(N) for F and AF arranged magnetic
layers, respectively. The corresponding energies of the
multilayer are

Ep = —2Aa,gSmlcosp| + AF(g, A, T)a’ (N — 1)/2, g
4 2

Earp = —2Aa,gSulsing| + AF(g, A, T)a® (N — 1)/2,( )
where¢ = (7 /2)(N —1)[1+ (1 —A)&S]. In numerical
calculations, we use the parametérs= 0.05 and gy = ° 10 20 30 20 50 6o 70
5Ty of bulk Cr. The SDW order parameter is restricted ML)
to values below the bulk maximum @f..x = 1.246Ty, FIG. 1. Bilinear magnetic coupling as a function of spacer
which is achieved in the C SDW phase of a bulk Crthickness fory = 1 and (a)7 = 0.5Ty or (b) T = 1.2Ty.
alloy at7 = 0. Upon normalizing the energy by, 75>,
we are left with the lone dimensionless coupling constanfhe same features are obtained using different effective
y = A a; Sm/(pehTX/z) [9]. coupling constants e.gy, = 2.5. A physical explanation
Beyond shifting the SDW amplitude and wave vector,for this phase transition is provided below.
the interfacial interactions are expected to affect the Because the temperature is much less than the Fermi
electron-hole pairs at the interface in a complex fashionenergy, the conventional RKKY coupling mediated by
However, corrections to the energies of Eq. (4) can bé&pin-polarized electronic states has very little tempera-
safely neglected because the coherence length of tHere dependence. Although the temperature dependence
electron-hole pairs in Cr is so short. In analogy with theof the RKKY coupling has been verified in magnetic mul-
result for a BCS superconductor [10], the pair coherencélayers with nonmagnetic spacers [12], it caot explain
length is given byéy = livy/mAg =43 A, where A = the strongly temperature-dependent magnetic coupling ob-
190 meV is the energy gap of the C SDW. So the SDwserved in some magnetic multilayers with Cr and Mn spac-
order parameters will be modified only within two or ers [13,14]. At least qualitatively, our model explains the
three monolayers from the Fe interface. This behavior hagecrease in the AF coupling strength in/Ee multilay-
been confirmed by the recent first-principles calculation$rs by a factor of two between 50 and 350 K [13] and the
of Mirbt et al.[11]. While the change in the SDW order disappearance of the AF coupling above 320 K iry o
parameters near the interfaces will somewhat enhance tteultilayers [14].
coupling constanty, the predictions of our model are  Clearly, the proximity magnetic layers will modify the

otherwise unaffected. SDW order parameters of the spacer. In the absence
We first evaluate the bilinear magnetic coupling
Jeowp = Ear — Ef as a function of temperaturg and 0

thicknessN. Takingy =1 and T = 0.5Ty, we plot

Jeouwp @s @ function of spacer thickness in Fig. 1(a). As
expected, /.., Oscillates between F>0) and AF (<0) -1
values with a short 2 ML period. Above the Néel tem-
perature, the magnetic coupling quickly decreases wittZ
increasing spacer thickness as demonstrated in Fig. 1(b§ 2
The overall coupling patterns shown in Fig. 1 resemblel!
those observed in FEr systems [2].

Fixing the thickness of the spacer, we also evaluate 3L 02 .
the magnetic coupling as a function of temperature. Foi Q/v{‘ ol ——>2
N =25andy = 1, Joou is plotted as the dashed curve T WM N R
in Fig. 2. Notice that/.,,, decreases by a factor of 2 4 w w L w . L ! .
as the temperature increasesltp, and becomes weakly 0 02 04 06 08 10 12 14 16 18 20
F above 1.41Ty. The corresponding F and AF energies T/Ty
of the SDW are plotted in Fig. 2 as the salid and dOttedFlG. 2. Magnetic energies as functions of temperature for

curves, respectively. As implie_d by the peak i at” =1 andN =25 ML. Inset: The wave vector parameter
0.897y, the SDW undergoes a first-order phase transition\ of the SDW as a function of temperature for F arranged

[1] from the | phase A = 0.05) to the C phaseX = 1).  magnetic layers.
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of interface coupling ¢ =0), the bulk values of the As the spacer thickness increases for odd or eVen
SDW amplitudeg and wave vectoA are evaluated by in Figs. 3 and 4, the SDW first stretches to optimize the
minimizing AF in Eq. (3). If T=0.5Ty, thengp,yx =  interface coupling and then suddenly relaxes to lower the
0.647Txy andAp, =0.125. Wheny > 0,the SDW order bulk free energy. For example, the SDW with = 34
parameteg always exceeds its bulk value. After fixing the ML drawn as the solid curve in the inset to Fig. 3 contains
magnetic configurations of the proximity magnetic layers,a single node. As eveN increases, the SDW stretches
we find that both order parameters oscillate as a function afintil it attains the profile of the dotted curve fof = 50
the spacer thickness with a 2 ML period and approach theL. With the addition of two more ML’s, two new nodes
bulk values asv — «. For F arranged magnetic layers appear in the SDW profile (dashed curve for= 52 ML)
with T = 0.5Ty andy = 2.5, g and A are given by the and the SDW amplitude drops towards its bulk value. As
dotted lines of Figs. 3 and 4, respectively. WhjlandA N increases further, the cycle of stretching and relaxing
jump between lower and higher values with a period of 2repeats with a period close to the wavelengd ML of
ML, their oscillation patterns shift at spacer thicknesses ofhe bulk SDW. For oddV, the same cycle is offset by
34, 51, and 74 ML. about 20 ML. So the jumps in the SDW order parameters
The striking features in Figs. 2—4 can be explainedat 34, 51, and 74 ML are also separated by about 20 ML.
by the competition between the interface coupling, whichThe inset to Fig. 4 indicates that these thicknesses coincide
maximizes the SDW amplitude at the boundaries, and theith the maxima in the F energies.
intrinsic antiferromagnetism of the spacer, which favors For AF arranged magnetic layers, the oscillation pat-
the bulk values of the SDW amplitude and wave vectorterns forg and A plotted in Figs. 3 and 4 are shifted to the
While the SDW gains energ2AaSyglcosp(N, A)| or  right by one ML. The dotted and dashed lines in the inset
2Aa,SMglsing (N, A)| due to the interactions at interfaces, of Fig. 4 then represerfi,r for even and oddN, respec-
it forfeits energy[AF (g, A) — AF(gpuik, Apuix)]a®(N —  tively. As shown in the inset to Fig. 4, the SDW order
1)/2 due to the changes in the order parameters of thparameters relax at the same thicknesses whierg | is
spacer. Whem\ =1, |cosp|=1 and|sin¢|=0 for odd a local maximum. The order parameterand A corre-
N while |cosp|=0 and |sing| = 1 for even N Hence sponding to the lowest energy magnetic configurations (F
the interactions at the interfaces with F (AF) momentsor AF) of the proximity magnetic layers are plotted in the
prefer a C (I) SDW in a spacer with oddand an | (C) solid “stable line” in Figs. 3 and 4, respectively. So fér
SDW in a spacer with eveN. If AF =0, the interface between 24 and 39, the F (AF) configuration is stable for
coupling always favors a C SDW state witbosp| or  even (oddW while for N between 40 and 61, F (AF) con-
|sing | equal to one. So as shown in Fig. 2 fér=25,the  figurations are stable for odd (eveN) The steps on the
C SDW is stabilized and the F coupling is favored at a highstable line of the order parameters at the spacer thickness
enough temperature that the bulk free enehgy(g, A) is  of 23, 39, and 61 ML correspond to the nodes/gf, as
sufficiently small. indicated by the inset of Fig. 4.
Using neutron scattering to study /er superlattices,
Fullertonet al. [15] recently estimated the SDW periods

1.4 . . — . . .
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FIG. 3.  SDW amplitudeg in units of T as a function of N (ML)

spacer thickness fdf = 0.5Ty andy = 2.5. The dotted line

is for F arranged magnetic layers, and the solid line is for the=IG. 4. Wave vector parametek as a function of spacer
stable magnetic configuration (F or AF) with the lowest energy thickness for the same parameters as in Fig. 3. Inset: Magnetic
Selected thicknesses are displayed. Inset: SDW profiles ienergies as a function of the spacer thickness for odd (dotted)
the spacer fotv = 34 ML (solid), 50 ML (dotted), or 52 ML  or even (dashedy. The bilinear coupling is also drawn as the
(dashed). solid line.
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Note Added—Since submitting this paper, we have
learned that the prediction of the temperature-induced
incommensurate-to-commensurate phase transition in the
Cr spacer has been confirmed by neutron scattering
measurements reported by J. F. Ankeeral. at the 41st
Annual Conference on Magnetism & Magnetic Materials.

FIG. 5. Wave vector parametek as a function of spacer
thickness for the same parameters as in Fig. 3. Solid and
empty dots are calculated data for AF and F configurations [1]
of proximity magnetic layers, respectively.

(2]

for several thicknesses of Cr spacers. Their data can bgg)
well-described by a rigid SDW as in Eq. (1). Because [4]
interfacial roughness suppresses antiferromagnetic order,
the nodes of the SDW are found to lie at the interfaces and
the Néel temperature is found to vanish for thicknesses|[5]
less than about 30 ML. By contrast, the couplByg - S
maximizes the magnetic order at the smooth interfacesl®l
assumed in this Letter and observed in Ref. [16]. Despite
this important distinction, Ref. [15] observes a C to | (7]
SDW transition between 21 and 35 ML like the one 8]
predicted along the stable line in Fig. 4. Unfortunately,
the large error bars (of about 10%) reported for the |
SDW period do not permit a detailed comparison with
the oscillation pattern predicted in Fig. 4. [9]
Finally, we introduce anagnetic switcho select the |
and C SDW phases by changing the magnetic configura-
tions of the proximity magnetic layers. Traditionally, a
transition between the | and C phases may be produced
only in a narrow range of impurity concentrations by care-
fully tuning the temperature [1]. In Fig. 5, we show that
such a phase transition can be achieved by simply flip
ping the magnetization of the proximity magnetic layers
between F and AF configurations. Since the spin excita-
tions of | and C SDW phases are quite different [17], this[11]
technique may provide a practical method to nano-engineer
the spin dynamics of thin films. [12]
In conclusion, we have studied the interplay between
SDW magnetism and the coupling with proximity mag- [13]
netic layers. Because of the change in its wave vector, the
SDW produces a temperature-dependent magnetic colt4l
pling between the proximity layers. Neutron-scattering 5
measurements should be able to confirm the predicteH ]
stretching and relaxation of the SDW order parameterfm]
as a function of spacer thickness. A novel approach to
select the | and C SDW phases in the spacer by switch-
ing the magnetic configurations of the proximity layers is[17]
presented.
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