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Spin-density wave in Fe/Cr superlattices: A first-principles study
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A first-principles electronic-structure calculation for Fe/Cr superlattices is presented, where a spin-density-
wave order in the Cr layer is considered in addition to an antiferromagnetic one. The interlayer magnetic
coupling between ferromagnetic Fe layers is investigated, and the oscillation of the interlayer magnetic cou-
pling with a two-monolayer period of the spacer thickness of the Cr layer is illustrated. The appearance of the
spin-density-wave order in the Cr layer, which gives rise to a phase slip of the oscillation, is furthermore
demonstrated.S0163-18209)51010-7

As an archetype of spin-density wa@DW) in itinerant  therefore expected to supply significant knowledge for the
electron systems, Cr and its alloys have been extensivelguantitative discussion on the SDW in Fe/Cr superlattices. In
investigated up to the presehfAn interest has recently fo- most of the electronic structure calculations for Fe/Cr super-
cused on SDW in a Cr spacer of Fe/Cr superlattices, in conlattices, however, the AF order has been considered as the
nection with the interlayer magnetic coupling between ferro-magnetic order in the Cr layer. The SDW order has never
magnetic Fe layersThe coupling of magnetizations of two been considered properly, since the calculation for the SDW
successive Fe layers oscillates between parallel and antipaprder is rather time consuming on account of the large num-
allel with a two-monolayer period of the spacer thickness ofoer of atoms in the unit celf a calculation for the SDW
a Cr layer, and for thicker Cr layers the oscillation is fol- order was once done without fulfillment of a self-consistent
lowed by periodic phase slips, as is revealed by scanningroceduré? but it is questionable whether such a non-self-
electron microscopy with polarization analysiSEMPA) consistent procedure is competent to discuss a delicate sta-
studies’ These phase slips are supposed to be due to inconility between the AF and SDW orders.
mensurability of an SDW order in the Cr layer, and the ap- In this paper, we present a first-principles electronic struc-
pearance of an SDW order is ascertained by neutronture calculation for Fe/Cr superlattices, which is performed
diffraction studies for the superlattices with a relatively thick by means of the Korringa-Kohn-Rostok&(KR) Green’s-

Cr layer of more than 36 monolayetsthe SDW order in  function method within the framework of the local spin den-
Fe/Cr superlattices is thus substantial when the spacer thiclsity (LSD) functional formalism. The calculation is a self-
ness of a Cr layer is large enough. On the other hand, it isonsistent one without adjustable parameters and is carried
generally accepted, at least in a theoretical aspect, that the ©ut for periodic superlattices which consist of ferromagnetic
layer has a nonmagnetic or antiferromagndiid=) order Fe layers and AF or SDW Cr layers, with the magnetizations
when the spacer thickness of a Cr layer is smalither of  of two successive Fe layers being aligned parallel or antipar-
the orders roughly accounts for the oscillation of the inter-allel. The purpose of this work is to supply reliable knowl-
layer magnetic couplinf. The nonmagnetic order, which edge for the quantitative discussion on the SDW in Fe/Cr
may be justified by the existence of interfacial roughrfess,superlattices. We survey variation of the interlayer magnetic
has a magnetism induced by the proximity Fe I&}/he AF  coupling with respect to the spacer thickness of a Cr layer,
order, to the contrary, is inherent in the Cr layer itself and istogether with an investigation for the possibility of the ap-
expected to appear when the spacer thickness is small cormearance of an SDW order in the Cr layer. We add that the
pared with the period of the SDW, as is suggested in elecpresent author already performed a first-principles calcula-
tronic structure calculations for Fe/Cr superlattiéeShe  tion for bulk SDW Cr with results in good agreement with
guestion to be discussed here is what the magnetic order experiments concerning its magnetism; for example, the
the Cr layer is, specifically, whether the order is AF or of wave vector of SDW of the lowest total energy per atom is
SDW, when the spacer thickness of a Cr layer isfound to bea*(19/20,0,0), which is close to the observed
intermediaté’. one at low temperaturg* (0.952,0,0), whera* =2=/a and

There are two points at issue; one is a critical thickness o denotes a lattice constant of the chemical bcc latfice.

a Cr layer above which the SDW order appears, and the other Through self-consistent calculations with different initial

is whether the SDW in Fe/Cr superlattices is attributed to thenagnetic orders in the Cr layer, we can confirm that the
proximity Fe layer or to the Fermi-surface nesting respon-coupling of the local magnetic moments between Fe and Cr
sible mostly to the Cr layer, which is intrinsic in the bulk Cr. atoms across the interface is a strongly antiparallel one in
These points have so far been discussed qualitatively bgomparison with that between Cr atoms, which may be
means of a phenomenological mod&hut they have hardly readily understood in the case of the superlattices without
been discussed quantitatively, although the Fermi-surfaciterfacial roughnes§.The strong interfacial coupling be-

nesting, which is closely related to its electronic structure, isween Fe and Cr layers influences the magnetic order in the
a seriously delicate factor. The electronic structure calculainner Cr layer, especially when Fe layers exist on both sides
tion of first principles, which is at present most reliable, isof the Cr layer, as is the case of periodic Fe/Cr superlattices
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(2) Fe/Cr superlattices difference between the AF and half-SDW orders in the cor-
parallel coupling antiparallel coupling respondence of the parity &, with the coupling of the

magnetizations of the Fe layers. In addition to the half-SDW
I] ]] ﬂ ﬂ n u I] u order, we have an SDW order such that the spacer-Cr layer
Cr Fo Cr Fo Cr Fo Cr Fo O Cr Fo Cr Fo Cr Fo Cr Fo Cr contains one period of SDWne-SDW ordey, and this one-
SDW order is commensurate within the spacer-Cr layer un-
(b) odd N der the same situation as the AF ordsee Fig. 1. Because
AF of the strong interfacial coupling, the antinode of SDW is
LLLLLLLL generally fixed on the interface, and SDW orders commen-
[TTTTTTTI half-SDW surate within the spacer-Cr layer may be restricted to half-
Fe o L K - e SDW, one-SDW$-SDW, and so on, when the spacer thick-
ﬂ U ness of a Cr layer, that i$\c, is not so largé? It is to be
"""" o emphasized that such commensurability within the spacer Cr
Fe Cr Fe layer is not an assumption but a consequence of the self-
SRR consistent calculations. The wave vector of the SDW orders
Fe or Fe is thus not determined by the Fermi-surface nesting but by
N¢r, SO long asN¢, is not so large; for example, the half-
(c) even Ne H SDW order corresponds to an SDW order of a wave vector

a*(q,0,0) with q=(N¢—2)/(Ne,—1) and accordingly to
that of bulk Cr whenNg, is 20~24. WhenNg, is not so
Fo Cr Fe large, it is not likely that the Cr layer in superlattices admits
an incomplete portion of SDW with a specific wave vector,
which is usually determined by the Fermi-surface nesting
and is in principle incommensurate with the underlying lat-
: tice.
Fe Cr Fe Let us discuss results of the calculation, which is carried
. ) ) ) out for the superlattices witN,<21 and withNg.= 3 for an

FIG. 1. Magnetic order in[@ Fe/Cr superlattices and in the 0dd N¢, andNg.=4 for an everNc,, whereNg, is the num-
spacer-Cr layer for the cases @ odd N¢, and(c) evenNe,. AN par of monolayers of an Fe layer. We adopt an experimental
arrow indicates the direction of the magnetization of an Fe Iayer|attiCe constant of bulk Cr, that is.= 5.45 a.u. to view varia-
and a bar 'n(.j'cates the local magnetic moment of a Cr atom. h on of the interlayer magnetic coupling between Fe layers
local magnetic moment of a Cr atom at the interface is antiparalle . . .

o ) . Jre With respect tdN¢,; we assume that the superlattice re-
to the magnetization of the neighboring Fe layer. h . . . X )
tains cubic lattice spacing. Hetg, is defined as

or Fe/Cr/Fe sandwiches. This can be seen in Fig. 1 of the
magnetic order, anll, proves to play a key role, wheh, Jre=Eap— Ep, (1)
denotes the number of monolayers of the spacer Cr layer.
When the magnetizations of two successive Fe layers arehereE,,andE, are the total energy per one atom when the
aligned parallel, an AF order is commensurate within themagnetizations of the two successive Fe layers are aligned
spacer-Cr layer of an oddl¢,. For the spacer-Cr layer of an antiparallel and parallel, respectively, and the AF and half-
evenNc,, however, an AF order needs a defect in a mag-SDW orders in the Cr layer are considerédrigure 2 shows
netic sense, and we can hardly obtain a self-consistent soldge, and it is found thatle is positive (parallel coupling is
tion of the calculation if such a defect exists. Instead of arfavored for an oddN, and negativéantiparallel coupling is
AF order with a defect, we can obtain a self-consistent solufavored for an evenNc,. The result is consistent with the
tion of an SDW order such that the spacer-Cr layer containact that the interlayer magnetic coupling oscillates with a
a half period of SDW with its antinodes located at interfaceswo-monolayer period, and it means that in the Cr layer the
(half-SDW ordey; the strong interfacial coupling favors a AF order is more favorable than the half-SDW one, in so far
larger magnitude of the local magnetic moment of a Cr aton@s N, <21, though the energy difference between the AF
at the interface. This half-SDW order is really commensurateand half-SDW orders becomes smalleiNag becomes large.
within the spacer-Cr layer of an evédy,. To the contrary, The calculation for the case @=>5.45a.u. thus illustrates
when the magnetizations of two successive Fe layers arde oscillation of)g, with a two-monolayer period but does
aligned antiparallel, an AF order is commensurate within thenot indicate the appearance of the SDW order in the Cr layer.
spacer-Cr layer of an eveN¢, and a half-SDW order is The conclusion mentioned above, however, is drawn from
commensurate within that of an odd,. The difference in  the result of the calculation for the case of the experimental
the half-SDW order between two cases of odd and é¥gn lattice constant. For a crucial discussion concerning the
consists in the presence of a nodal monolayer; there is reall§table magnetic order, we have to discuss the case of an
a nodal monolayer at the center of the Cr layer for an odcquilibrium lattice constard, at which the total energy be-
N¢; while not for an everlNg,. comes minimum. We therefore carry out the calculation with
The magnetic order in the Cr layer is thus governed byvarying lattice constara to determinea,, for two cases of
whetherNc, is even or odd, that is, the parity b, andthe  N¢=9 andN¢,=19. In Fig. 3, we shovE, E4p, Jge, and
oscillation of the interlayer magnetic coupling with a two- the magnitude of the local magnetic moment of a Cr atom at

monolayer period seems quite natural. There is however the interfaceniér, as a function of. Itis found thatE, and

half-SDW

one—SDW

Fe Cr Fe
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FIG. 2. Variation of the interlayer magnetic coupling between %0.4 - o
Fe layersJg, with respect to the spacer thickness of the Cr layer. f‘JS
HereJg, for the case of=5.45 a.u. is shown as a function N, . 02k i
E4p both become minimum at aroura=5.32a.u., that is, o . . o .

ag=5.32a.u. for both cases M=9 and N=19; this 53 54 T3 54
value is about 98% of the experimental value, which is com- a (au) a (au.)
mon with the use of the LSD formalisi.The curves ok,
andE,, do not cross as varies for the case dfic,=9, but
they cross each other for the caseNgf,= 19, with a reversal
of the sign ofJr.. At the equilibrium lattice constaraty, Jg.
is positive for N¢,=9 while negative forNc,=19, which
means that in the Cr layer the AF order is favorable for
Nce=9 whereas the half-SDW order is favorable fdg,
=19. This is different from the case af=5.45a.u., where . o
the AF order is always favorable. The difference between''c M2y furthermorf expect that there is a Cr'ct'm“
these two cases @ can be ascribed to the magnitude of theWhICh IS dgnoted byNc,, between 9 and 19; beloig,, the
local magnetic moment of a Cr atom. As can be seen in Fig'*F ordeér is more favorable than the half-SDW one, and
3(c), for the case 0&=5.45 a.u., we have a larger magnitude aboveNg,, the half—SDW_order is more favorable than the
of the local magnetic moment of a Cr atom in comparison®F one. AtN¢,, the relative stability between the AF and
with that for the case adi=a,, which usually makes the AF half-SDW orders is reversed, and accordingly correspon-
order favorablé? When the magnitude of the local magnetic dence between the parity &fc, and the sign oflg. is also
moment of a Cr atom is not so large aNg, is around 20, reversed; that is, whehc,<Ng,, Jge>0 for odd N¢, and
where the half-SDW order approaches the SDW order oflre<0 for evenNc,, whereas whem¢>Ng,, Je<0 for
bulk Cr, an energy gain due to the nesting mechanism magdd N¢, and J.>0 for evenNg,. This reversal of the cor-
become dominant to make the half-SDW order favorablerespondence gives rise to a phase changer oy the oscil-
Thus the calculation for the case of the equilibrium latticelation of Jg,, which is nothing but a phase slip of the oscil-
constant surely indicates the appearance of the SDW order iation. Such a phase slip is also expected to appear at another
the Cr layer. critical N¢, for the stability between the half-SDW and one-
Although the calculation to determine the equilibrium lat- SDW orders or such, since the stable magnetic order in the
tice constang is only performed foN-,=9 and 19, we can Cr layer will change as AF, half-SDW, one-SDW,
sufficiently discuss the variation df-, with respect toNe, ~ 3-SDW, . .., whenNc, increases. The phase slips are thus
for the case oh=a,, with particular attention to the phase irrelevant to incommensurability of the SDW order itself, as
slips of the oscillation of the interlayer magnetic couplingis shown in the discussion based on a phenomenological
observed in SEMPA. We expect that the oscillationJgf ~ model*® Here we will not discuss values dfg, of the phase
with a two-monolayer period basically does not changeslips, the reported values of which are 24, 44, and sifice
since the two-monolayer period is originated from the paritythe present calculation has not been completed yet; the dis-
of N¢,, in other words, in consequence of the commensuracussion will be presented in a future publication, with respect
bility within the spacer-Cr layer of the AF and SDW orders. to effects of temperature or interfacial roughness.

FIG. 3. Dependence of the total energy and the magnitude of the
local magnetic moment of a Cr atom upon the lattice constent
the cases oN¢,=9 and 19. Herda) E, andE,,, (b) their differ-
encelr., and(c) mi, are shown, where the reference enekgyis
E, of a=5.33a.u. A vertical arrow indicates the position of the
equilibrium lattice constard,.
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Finally, we briefly mention a helicalor spira) SDW or- 2,2, .. .) period will have an energy gain due to the nesting

der in the Cr layer, which is a noncollinear magnetic ordermechanism and might be stabilized whip, is around 11
unlike the sinusoidal one that we have so far considered. Ifor 33,55,.)).

bulk Cr, the helical SDW order never appears, since the en- In conclusion, we present a first-principles electronic-
ergy gain due to the nesting mechanism of the helical SDWstructure calculation for the SDW in Fe/Cr superlattices for
order is always smaller than that of the sinusoidal one withthe first time. We investigate the interlayer magnetic cou-
the same wave vectort’ Similarly, in the Fe/Cr superlat- pling between ferromagnetic Fe layers in the Fe/Cr superlat-
tices, it is not likely that the helical SDW order becomestices with respect to the spacer thickness of the Cr layer. It is
more stable than the sinusoidal one when the magnetizatiorshown that the interlayer magnetic coupling oscillates with a
of the Fe layers are aligned parallel or antiparallel, that istwo-monolayer period of the spacer thickness, which may be
collinear. However, when the magnetizations of the Fe layerdue to the commensurability within the spacer-Cr layer of
are not collineal there seems a possibility of the appear-the AF and SDW orders. It is also demonstrated that an
ance of the helical SDW order, in which the local magneticSDW order can appear in the Cr layer whep, is large(at
moments of the Fe and Cr atoms across the interface can feast, wherNg,=19), and the phase slip in the oscillation of
aligned antiparallel; the helical SDW order possibly does nothe interlayer magnetic coupling is discussed in connection
suffer so large an energy loss caused by compulsory twistingiith the appearance of the SDW order.

of the local magnetic moments as the sinusoidal one suffers.

We hope that the helical SDW order might be stabilized in

the Fe/Cr superlattices under an optimum condition for the The author would like to express his sincere thanks to
angle between the magnetizations of the Fe layers and tHerofessor H. Akai for helpful discussion concerning the
spacer thickness of the Cr layErfor example, in the case KKR-LSD calculation. The author thanks the Supercomputer
where the magnetizations of two successive Fe layers af@enter, Institute for Solid State Physics, the University of
perpendicular, a helical SDW order with a quart@r  Tokyo, for the use of the FACOM VPP500.
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