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Helical spin-density waves in Fe/Cr trilayers with perfect interfaces

R. S. Fishman®
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6032

Despite the presence of only collinear, commensut@jeand incommensuratél) spin-density
waves(SDWs in bulk Cr, the interfacial steps in Fe/Cr multilayers are now believed to stabilize a
helical (H) SDW within the Cr spacer. Yet HSDWs were first predicted in an Fe/Cr trilayer with
perfect interfaces when the orientation of the Fe moments does not favor C ordering: if the number
of Cr monolayers is evefodd and the Fe moments are pointing in the sa@Eposite direction,

then a CSDW does not gain any coupling energy. Under these circumstances, a simple model
verifies that H ordering is indeed favored over | ordering provided that the Fermi surface mismatch
is sufficiently small or the temperature sufficiently high. 1®99 American Institute of Physics.
[S0021-897€09)67508-9

Recent neutron-scattering measurentensse led to the  stances, a HSDW may be more stable than eith€ or |
surprising result that helicdH) spin-density waveéSDWs  SDW. All three possible spin configuratiolsare sketched
are present in Fe/Cr multilayers. It has been well establisheth Fig. 1 for N=10 and parallel Fe moments. Stoeffler and
for many yearéthat H SDWs are not stable in bulk Cr al- Gautief conjectured that, in order for the SDW to avoid
loys, where only collinear, commensurdi€), and incom- forming nodesa H SDW may be favored over an | SDW
mensurateél) SDWs appear. For example, pure Cr enters arunder these circumstances. However, pure Cr naturally en-
| SDW state below its Nel temperature of 310 K while ters an | state with 27 MLs between nodes. So more work is
CrMn with a Mn concentration above 0.3% erter C SDW  needed to find the appropriate conditions for the formation of
state. Prior to the recent neutron-scattering measuremeni,H SDW.

SlonczesKl predicted that steps at the interfaces of Fe/Cr  All possible SDW states of Cr alloys are produced by the
multilayers would stabilie a H SDW. But even before Slon- hearly perfect nestirfg'? of electron and hole Fermi sur-
czewski's work, Stoeffler and Gautfeargued that under the faces which are roughly octahedral in shape. The hole Fermi
right conditions a H SDW would be stable in an Fe/Cr/Fe surface is slightly larger than the electron Fermi surface.
trilayer with perfect interfaces. In this article, we use aConsequently, the nesting wave vect@s =(G/2)(1+6)
simple model to verify thaa H SDW is indeed stable in a differ from G/2, whereG=4m/a is the smallest reciprocal
perfect Fe/Cr trilayer for the right Fe orientations, temperaJattice vector for a body-centered-cubibco lattice with
ture, and material parameters. constanta. But to achieve the lowest overall free enefdy,

Measurements on Fe/Cr wedgeand first-principles the ordering wave vectors of the SDQ. =(G/2)(1+5")
calculation€ have found that Fe and Cr moments are anti-li€ slightly closer toG/2 than the nesting wave vectors with
parallel at a perfect Fe—Cr interface. Take the coupling en0=9"<4.
ergy at each such interface to B&c.-S(z), whereA>0 is
the antiferromagnetic coupling constaf,. is the Fe mo-
ment, and3(z) is the Cr moment in a trilayer with interfaces
normal to thez axis. Then for an evefodd numberN of Cr
monolayers, coupling energy would be gaingdabC SDW
when the Fe moments are antiparalljgaralle). Indeed, the
properties of Fe/Cr wedges, where the top Fe moments are
unconstrained, may be predicted from a simple mbatich
adds the coupling enerd ., at the two interfaces to the
bulk free energy of the Cr spacer. As predicted by this model
and implied by the NIST measurementss C SDW obtains
a lower free energy than an | SDW for sma&l or high
temperatures—precisely the conditions for the interfacial
coupling energy to dominate over the bulk free energy of the

Cr spacer.
But if the top and bottom Fe moments are constrained by
external conditions to be parall@ntiparalle) for even(odd
N, then the coupling energy gained la C SDW at one
interface would be lost at the other. Under these circum- C H I
FIG. 1. A sketch of C, H, and | SDWs coupling parallel Fe moments for
dElectronic mail: fishmanrs@ornl.gov N=10.
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If the Bloch wave functions are approximated by delta LT o S B B L B
functions at every lattice site an@’ is taken along the
axis, then | and H SDWs may be written as
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yvhereas_ls a constantn Is th? p0|anzatlon of the | SDWY FIG. 2. The IH phase boundaffgolid) for an Fe/Cr trilayer with energy
IS an arbltrary phase, arg(T) is the order parameter. At low mismatchz,, N—c, and Fe moments that frustrate C ordering. For bulk
temperatures in bulk Crasg(0)~0.6ug. For an | SDW,  cr, the Nel temperature is given by the dashed curve, with the triple point
the distance between nodes i$’LMLs. For a H SDW, this  labeled by a solid circle.
is the distance for & twist. Keep in mind thea H SDW can
be smoothly generated froa C SDW by simply twisting
one end. But an | SDW cannot be smoothly transformed int
a C SDW.

By doping pure Cr with Mn or Fe, botld and 6’ are
diminished. Above some critical impurity concentration,
which depends on temperaturé,—0 and the SDW be-
comes commensurate. In this limit, Eg$) and(2) reduce to
C SDWs with the same amplitudé.

The energy mismatch between the electron and hol
Fermi surfaces is given by,=4mdve/\/3a, wherev is

Interfacial coupling dominates over the spacer’s free energy.
As y—0, the H SDW evolves imta C SDW with moments
rotated 90° away from the Fe moments.

Since the C SDW is unstable fer>0 and appropriately
chosen Fe moments, the phase boundary plotted in Fig. 2 for
N— o« separates the H and | SDW phases. The dashed curve
in Fig. 2 denotes the paramagnetic phase boundary of bulk
€r while the solid dot denotes the bulk triple point. To the
. . . , right of this point, a bulk Cr alloy enters the | phase; to the
the Fermi velocity. We also introduce the &dléemperature left, it enters the C phase. Recall thzgtcan be controlled by

, .
Tn~100 meV of a perfgctly nested aII_oy wid=0 andz, doping: it is increased by doping with V and decreased by
=0. For pure Crzy=~5Ty . If the Fermi surfaces are mod- doping with Mn or Fe

eled as octagons, then the change in the bulk SDW free Whenzy/T%>3.35, the IH phase boundary for large

eﬂergies beIO.WT'Y[. drg?é/ bg evaguatetd dwithlin thg/ r_;’_:mdom- lies above the bulk N& temperature. Under this condition
phase appro>,<|ma| an a}re enoted byF,(9,6".T.20)  4nq for fixed Fe moments that frustrate C orderimg,(N
andAF.(g,6',T,z5). Whené’ =0 both free energies reduce ) is implicitly given by the relation

to the free energyfaa C SDW.
Adding the coupling energy at the two interfaces to the

free energy of a Cr spacer with thickndss (N—1)a/2, we 2 R 1 =0, (4
obtain the free energy of an Fe/Cr trilayer per cross-sectional n=0 (n+21/2+iz/8aT ;)™
areaa’:

with m=5. By contrast, the IC phase transition temperature
En=A[Ske'S 1(0) + Ste:Sin(L) ]+ AF, yaL. (3)  T,c(N—wx) for perfect interfaces and free Fe moments that
can choose the lowest-energy orientation is given by the
This assumes the SDW to be rigid, with the same amplitudsame condition wittm=3.” For a fixedz,, T,y is always
and wave vector throughout the spacer. To determine thirger thanT,c. Below the bulk Nel temperature, the IH
lowest-energy configuration, we minimize this free energyphase boundary is solved by expanding the eneifgjesnd
with respect tay, &', and@ for both the | and H phases. Itis Ey in powers ofs’. Along the IH phase boundary for large
straightforward to show that the energiEs and E,; only N, both the | and H SDWs have a half-period o651+ (N
depend on the single dimensionless coupling constant —1) MLs. Therefore, the | SDW contains only a single node
=Aa S/ (VIN) per Y, Where pg, is the density-of-states while the H SDW undergoes a single twist betweenz
of the nested Fermi surfaces. Since the interfacial coupling iss0 andz=L. In the limit of largeN, these phase bound-
linear in the SDW amplitude, it always induces some SDWaries are independent of the coupling constantAs indi-
ordering within the spacer and the paramagnetic phase ated by Fig. 2, the H phase is re-entrant in a narrow range of
never stable within this model. z,/ Ty between 3.19 and 3.35. Wheny/T{<3.19, the |
For any nonzeray, the interfacial coupling with the par- phase is never stable and the trilayer with paraisienN)
allel (evenN) or antiparallellodd N) Fe moments applies a or antiparallel (odd N) moments always supports the H
torque which transforsma C SDW into a H SDW. In the H phase.
phase, the angle between neighboring Fe and Cr moments With decreasing thickness or increasifg the interfa-
approaches 180° for large or high temperatures, when the cial coupling grows and the IH phase boundary shifts to
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