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Helical and Incommensurate Spin-Density Waves in F&Cr Multilayers with Interfacial Steps
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Although absent in bulk transition metals, a noncollinear, helical (H) spin-density wave (SDW) is
stabilized by steps at the interfaces in/Ee multilayers. Using the random-phase approximation, we
evaluate the phase boundary between the H SDW and the collinear, incommensurate (I) SDW found in
bulk Cr. In agreement with neutron-scattering results, the I-to-H transition tempefgiuris always
lower than the bulk Néel temperatui® and the nodes of the | SDW lie near the Fe-Cr interfaces.
While a H SDW with a singlet7 /2 twist has lower free energy than a | SDW abdig H SDW's
with larger twists are stable betwe&py and7y. [S0031-9007(98)07739-4]

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

Despite its absence in bulk transition metals, recenRemarkably, a H SDW was the first SDW predicted
neutron-scattering measurements [1,2] ofiGremultilay- by Overhauser [13] in 1960. Soon afterwards, however,
ers suggest that a helical (H) spin-density wave (SDW)olarized neutron-scattering measurements [14] revealed
appears inside the Cr spacer at high temperatures or smétlat the SDW in pure Cr was collinear.

Cr thicknessesv. By contrast, extensive measurements All three SDW states are produced by the nearly perfect
on bulk Cr alloys [3] only reveal collinear, incommen- nesting [15,16] of electron and hole Fermi surfaces which
surate (1), or commensurate (C) SDW’s. Although pre-are roughly octahedral in shape. Because the hole Fermi
dicted [4] to be stabilized by the steps at Fe-Cr interfacessurface is slightly larger than the electron Fermi surface,
the precise conditions required to support a H SDW havéhe nesting wave vector®+ = (G/2)(1 = §) differ
been unknown. This Letter uses a simple model to comfrom G/2 = 27 /a. To maximize the nesting on both
pare the free energies of the C, H, and | SDW's in arsides of the Fermi surfaces [17], the ordering wave vectors
Fe/Cr trilayer with interfacial steps. of the SDW QL = (G/2)(1 = §&') are slightly closer to

Early measurements [5] on F&r multilayers indicated G /2 than the nesting wave vectors with= §’ < §.
that the magnetic coupling between adjacent Fe layers
survives up to about 500 K, far above the bulk Cr Néel
temperature offy = 310 K. Since then, the role of the
SDW in Fe/Cr multilayers has been intensely debated [6].
Only recently have neutron-scattering measurements [1,7]
confirmed the presence of a SDW in /& multilayers.
Measurements by Schreyet al. [1] strongly suggest that
a noncollinear, H SDW produces the observed [8] 80
biquadratic coupling [9] between adjacent Fe moments for
thicknesses below 30 monolayers (ML'’s) or temperatures
aboveTy. The biquadratic coupling gradually disappears
for larger thicknesses or smaller temperatures, as the H
SDW is replaced by an | SDW with nodes close to the Fe-
Cr interfaces [7]. Schreyesat al. [1] find that the H and
| SDW phases coexist in a region of thicknesses above
30 ML'’s and for temperatures between 200 and 300 K.

Based on a tight-binding approximation, Stoeffler and
Gautier [10] first argued that a H SDW would be stable
in a perfect FECr trilayer when the orientation of the Fe
moments frustrates C ordering. In the presence of steps
at the Fe-Cr interface, a single C SDW domain would
be totally decoupled from the neighboring Fe moments.
Yet as shown in Fig. 1, two sets of H SDW domains
with opposite helicity [4] can maintain their antiferro- Fe
magnetic coupling with Fe moments that are orientetl 90
apart [11]. ) . . FIG. 1. A sketch of two H SDW's, one right handed & 1)

A H SDW is unstable in bulk Cr [12] because its free and the other left handedi(= —1), coupling Fe moments 90
energy is always higher than that of a C or | SDW.apart due to a step at the interface.

0031-900798/81(22)/4979(4)$15.00  © 1998 The American Physical Society 4979



VOLUME 81, NUMBER 22 PHYSICAL REVIEW LETTERS 30 NVEMBER 1998

Since the Bloch wave functions are sharply peaked aan | SDW, the distance between nodeslj&’ ML's.
the lattice sites, they may be replaced by delta functiongor a H SDW, this is the distance for a twist. Just
in the spin density. WitlQ’. along thez axis, the local below the Néel temperature of pure Cr, the SDW nodes
spins in the | and H SDW phases can be written are separated by/8’ = 27 ML's [3].
. 22/ 27, The mismatch between the electron and hole Fermi
S1(z) = masg(—1) COS(? o'z = ‘9>’ (1) surfaces is measured by the enetgy= 4w dvr/\/3a,
2 wherev is the Fermi velocity. Agy andé are decreased
Su(z) = asg(—l)ZZ/“{fc cos<— &'z — 0) by doping with Mn or Fe,8’ is also diminished. At
a some critical value ofzy, 8’ drops to zero and the
. (27 SDW becomes commensurate wifh, = G/2. In the
+ ySIh(; 0z — 0)} @ Jimit ' — o, Si(z) andSy(z) reduce to C SDW’s with
whereq; is a constantj: is the polarization of the | SDW, amplitudea;g.
0 is an arbitrary phase, angT) is the order parameter.  Within the random-phase approximation, the change in
At low temperatures in bulk Cr [3]e,¢ = 0.6up. For | the bulk SDW free energy belofi is given by [17,18]:
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wherew, = 2n + 1)#T are the Matsubara frequencieg, out each domain. Indeed, the inherent “softness” of bulk
pen IS the density of states of the nested portions ofCr—as evidenced by its rotational and translational Gold-
the Fermi surfaces, andy =~ 100 meV is the Néel stone modes [20]—is broken by its interactions with the
temperature of a perfectly nested alloy with= 0 and two interfaces. But as mentioned latter, some softness
zo = 0. We shall use a value for the mismatch energy ofmay be retained by an | SDW in a large spacer. In the ab-
70 = 5Ty, which is appropriate for pure, unstressed Cr. sence of interface steps, Shi and Fishman [21] employed
In the limit 8/ — 0, AF; andA Fy reduce to the same C this model to evaluate the magnetic phase diagram of an
free energy. The bulk values of the SDW order parameteFe/Cr wedge [22] with nearly perfect interfaces.
and wave vector are obtained by minimizing these free To calculate the coupling energy, we assume that the
energies with respect gpandé’. Both H and | SDW states regions of the spacer with thicknessgsand N + 1 (or
have the same Néel temperature and the same pefid/d N — 1) are the same. For the H phase, this implies that
at Ty [19]. Below T, however, a H SDW has a shorter adjacent Fe moments lie 9@part [4]. For the collinear
period than an | SDW. For any fixed and7T < T, the | phase, adjacent Fe moments are either parallel (F) or
minimum value ofAFy exceeds the minimum value of antiparallel (AF). MinimizingE..,, with respect to the
AFy so that a H SDW (withs’ > 0) always has a higher arbitrary phas® of the | SDW for F or AF Fe moments,
free energy than an | SDW. Nonetheless, the stabilityve find

of the H phase in the presence of interfaces is possible g ) — —Aa,gSr.|cosp — cogmd’ — B,  (5)
only because the H SDW state already provides a local (AF) B ) . ,
minimum of the bulk Cr free energy. Egqp = —AagSrelsing + sin(z&" — ¢)I,  (6)

The total energyE of the multilayer is modeled by sim- where ¢ = (wL/a)(1 + 8'). As expected, both cou-
ply adding the free energ\Fa2L of the spacer (with pling energies vanish in the C phase with= 0. In the
area a®) and the interfacial coupling energi.,, = | phase, the coupling energies are minimized when the
A[SII:e -S(0) + SEL - S(L)], whereL = (N — 1)a/2 is SDW nodes lie precisely at the Fe-Cr interfaces. How-
the width of the Cr spacer. In accord with the observa€Vver, the actual spin configuration is obtained by mini-
tions of Fullertonet al. [7], we assume that the SDW is mizing thetotal energyEr ar = E((:guApF + AFa’L with

rigid with the same amplitude and wave vector through+espect tag and§’.
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Despite the rotation of the SDW in the H phase,vector in the plane of the multilayer. This figure clearly
neighboring Cr and Fe moments are still assumed to bandicates that the I-to-H phase transition occurs below
antiparallel [23] at the interfaces. Hence, the H couplingthe bulk Néel temperature of the Cr spacer. For perfect
energy in each domain is given ., = —2Aa,;gSke. interfaces, on the other hand, the I-to-C phase transition
The boundary conditions imposed on the H SDW in apredicted by Ref. [21] happens above the bk
domain with thicknes#®/ restrict the wave vector to values  With increasing thickness, the IH transition temperature
8'(m,N) = m/2(N — 1), wherem = 2n + 1 is an odd passes through consecutive valleys. The maxim&jn
integer and the helix rotates through the angler/2  occur as|m| changes by 2. The minima ifijy occur
fromz=0toz=L. Form>0andé' >0, Eq. (2) when the H SDW wave vector passes closest to its bulk
indicates that the helix is right handed; far < 0, the  value. Similar oscillations in the transition temperature
helix is left handed. Becaus®(m,N) = &8'(m,N = 1)  are produced by a model [24] which forces the | SDW
for large N, the bulk free energieA Fya’L of H SDW's  nodes to lie at the Fe-Cr interfaces. For larger values of
in the two sets of domains with thickness€sor N = 1 v, the lower critical thickness &t = 0 increases andi|y
are taken to be the same. decreases as the larger coupling energy of the H SDW

Since the bulk free energies are proportionab;@Tsz, gains it more of an advantage over the | SDW.
the total energye depends on the single dimensionless pa- Even with steps at the interface, the | SDW continues
rametery = Aa,Sre/(V/N)penTn. For a perfect Fe-Cr to magnetically couple adjacent Fe layers bel@yy;.
interface withASg =~ 100 meV [21],y = 12. However, However, Joou = Ear — Er is roughly an order of
interfacial roughness and interdispersion supptebg an  magnitude smaller than in the absence of interfacial steps
unknown amount. The phase diagram of afiGewedge [21]. The magnetic coupling and order parameters of
is fit rather well withy = 3 [21]. the | SDW atT /Ty = 0.05 are plotted in Fig. 3. With

Interfacial steps have two important effects within thisincreasing thickness, the coupling alternates between F
model. First, steps frustrate C ordering so that a Cand AF except on either side of the nearly vertical lines
SDW does not gain any coupling energy at the interfacesn Fig. 2, when the magnetic coupling repeats. As in
Second, steps reduce the coupling between an | SDW argk/Cr wedges, these phase slips are roughly separated
the neighboring Fe moments to the point that a H SDWhy the bulk value ofl /6’ = 26.4 ML's. Between phase
has the lower total free energy for high temperatures oglips, the SDW stretches to keep its nodes near the
small thicknesses. interfaces. Across a phase slip, both the SDW amplitude

In Fig. 2, the IH phase boundary fgr = 2 is plotted  and period change discontinuously as the SDW suddenly
in the solid curve. Abovel1y, a H SDW with twist  contracts. A similar series of oscillations about the bulk
parameter|m| has the lowest free energy between theorder parameters, except with much larger magnitudes,
thin dashed lines. So a helix with a singter /2 twist  was predicted for FCr wedges [21].
is stable for thicknesses below 25 ML's. Higher-order ynlike a H SDW, an | SDW in a large spacer can adjust
helixes with |m| > 1 become stable a®v increases. to the presence of lattice defects by shifting the position
Different |m| states may be distinguished by polarizedof its nodes with very little cost in free energy. Higher-
neutron-scattering measurements with the scattering wavtder helixes withm| > 1 may be especially frustrated

by the presence of defects in the Cr spacer. Assuming that

1.2 e only |m| = 1 helixes are stable, the IH phase boundary
1 /) /) )/ / 7im1=" is plotted in the thick dashed curve of Fig. 2. As
r H SDwW / | / . /_: |m|=1 . P
‘ L expected, Ty is a!wgys larger thf_;uTIH but still lies
0.81- I A ,’ 9 - below Ty. For realistic F¢Cr multilayers, we expect
> ! /3 ! ! A~ that the | SDW and higher-order H SDW'’s coexist in the
= 09 Imi-1 i region betweerTyy andTim . With increasingy, this
04k _ coexistence region becomes even largefgsdecreases,
so this calculation may explain the IH transition region
021 8 observed by Schreyet al. [1] between 200 and 300 K in
‘ . epitaxially grown multilayers.
%26 a0 80 80 100 120 By contrast, higher-order helixes may be unable to form

N(ML) in rougher, sputtered multilayers. Then the thick dashed
FIG. 2. Phase diagram of an f@r multilayer with y =2  CUvVe .would correspond to the monotonically increasing
andzo/Ty = 5. The thick solid curve gives the IH transition transition temperature measured by F|U|||§i’mra|- [25].
temperature between an | SDW and a H SDW withnas /2 Fitting this curve to the expressidn— Tia (N)/TN =
twist. The thick dashed curve gives the phase bounda%(N _ NO)—A/ yields the exponent’ ~ 0.86, consistent

between an | SDW and a H SDW with a singles/2 : .
twist. Below T, the magnetic coupling between adjacentVith the resultA’ ~ 0.8 + 0.1 of the Argonne group [25].

Fe moments experiences a phase slip across the thin, nearly Because the coupling energy of the | SDW is so small
vertical lines. in the presence of a step, almost exactly the same IH phase
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