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Spontaneous spin-density-wave order in Cr superlattices
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Spin-density-wave order in Cr superlattices with a relatively thick Cr layer is discussed on the basis of a
first-principles electronic structure calculation for those with a boundary layer of ferromagnetic Fe or nonmag-
netic V. The spin-denisty-wave order undergoes large influence of proximity effects of the boundary layer,
around the interface between the Cr and boundary layers. When a Cr layer is sufficiently thick, however, the
spin-density-wave order grows spontaneously and becomes similar to that in bulk Cr, in the vicinity of the
middle of the Cr layer.
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Spin-density wavéSDW), which is one of the key con- layer and exhibits characteristics different from those of the
cepts of the itinerant electron magnetism, is conspicuous i®DW in bulk Cr. For instance, the wave vector of SDW is
the respect that its origin is ascribed to a special feature ofiot determined by the nesting vector but by the thickness
the Fermi surface, that is, the nesting between electron amdlc,, and the amplitude of SDW does not disappear even for
hole Fermi surfacesThe SDW order of a long-range modu- @ very smallN¢,, corresponding to a wave vector far away
lation in a real space reflects the feature of the electroni&om the nesting on.The magnitude of the local magnetic
structure viewed in a reciprocal space, which is not commormoment of a Cr atom at the end of the Cr laye2} be-
to a ferromagnetic or simple antiferromagnd#d=) order at comes almost constant k., increases, which also supports
all. the large influence of the Fe layer.

As the archetype of SDW, Cr has been extensively inves- These facts about the SDW order in the Fe/Cr superlat-
tigated up to the presehtand recently interest has been fo- tices motivate us to advance further calculations for Cr su-
cused on SDW in Cr superlattices with layered structuresperlattices; one is a calculation for the Fe/Cr superlattices
where characteristics of SDW are affected through interfacialvith a largerN¢,, where the Cr layer will contain one period
magnetic coupling with a ferromagnetic or nonmagneticof SDW (one SDW orderor one and a half period of SDW
boundary layef.The SDW in Cr superlattices may be altered (3/2 SDW orde), and another is a calculation for superlat-
from that in bulk Cr under real-space constraints due to proxtices with a nonmagnetic metal like V. The calculations are
imity effects of the boundary layer. expected to reveal characteristics of the SDW order in Cr

Above all, SDW in Fe/Cr/Fe trilayers or Fe/Cr multilayers superlattices more clearly and illustrate sensitiveness of the
has attracted much attentifiin connection with oscillatory SDW order to its surroundings aridc,. One of the keen
properties of interlayer magnetic coupling between ferro4nterests is how the SDW order changes from an order gov-
magnetic Fe layersThe interlayer magnetic coupling oscil- erned by proximity layers to an order inherent in the Cr layer
lates between parallel and antiparallel with a two-monolayeitself, which will grow rather spontaneously with a wave
period of the spacer thickness of a Cr layer, but the oscillavector independent dfl, and probably resemble the SDW
tion is followed by periodic phase slips for a thicker Cr in bulk Cr.
layer® A first-principles electronic structure calculation for ~ The aim of the present study is to investigate crossover of
Fe/Cr superlattices has shown that the two-monolayer periothe SDW order from that due to the proximity magnetism to
of the oscillation comes from decisiveness of the parity ofthat intrinsic to the Cr layer. The investigation is fulfilled by
N¢, (that is, whetheN¢, is odd or evejy which is due to a first-principles electronic structure calculation for Fe/Cr
commensurability of magnetic orders within the Cr spacerand V/Cr superlattices with a sufficiently larfyg,, and we
layer, whereN¢, is the number of monolayers of the Cr expect that the investigation may provide convincing evi-
layer! Moreover, the calculation has shown that the mag-dence for the discussion about the SDW order in Cr super-
netic order in the Cr layer changes from an AF one to arattices.

SDW one asN¢, increases and this change gives rise to a This study of a first-principles calculation is performed by
phase slip of the oscillation. means of the Korringa-Kohn-RostokefKKR) Green-

In the correct description, this SDW order in the Fe/Crfunction method within the framework of the local spin-
superlattices is an order such that the Cr layer contains a hadfensity (LSD) functional formalism. The calculation is car-
period of SDW(half SDW orde) with its antinodes located ried out for periodic superlattices of Hd®0 which consist
around the interfaces between the Fe and Cr layers and itsf Fe or V layers and Cr layers, where magnetizations of two
node located at the middle of the Cr layer. This is due tosuccessive Fe layers or induced ones of V layers are usually
strong (antiferromagnetic interfacial coupling with the Fe assumed to align parall2lA case where the magnetizations
magnetization, which favors a larger magnitude of the locaklign antiparallel is not discussed here, but this may not
magnetic moment of a Cr atom around the interface. Theause any serious effects for the discussion about the SDW
SDW order in the Fe/Cr superlattices, at least the half SDWorder, as has been proved in the previous calculatsee
one, undergoes large influence of proximity effects of the Fébelow).
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Let us begin with a brief review of the previous calcula- Fe/Cr superlattices

tion for the Fe/Cr superlattices, in whidh, is varied up to (2) half-SDW ) Nee =36
21. We have self-consistent solutions of the AF and half _ 10 g md

SDW orders for odd and eveN¢,’s, respectively, for the 505

case of parallel magnetizations, while those of the AF and ;5_8'2

half SDW orders for even and od\dt,’'s, respectively, for the 00 ~end

case of antiparallel magnetizations. These half SDW orders o : :

slightly differ between the two cases of parallel and antipar-

allel magnetizations, that is, of even and ddg,’s, but the a
difference is small and variation of the half SDW order with 306
respect toN¢, is smooth. A fundamental wave of the half ;50.4
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SDW order is specified by a wave vectotr/2(q,0,0) with = o2 fgff mid .

g=(N¢—2)/(Nc,—1), whereais the lattice constant of the 0.0 [Z5ER 000090000900,

bce lattice, and amplitudes of harmonics of the half SDW o N e

order turn out to be fairly small in comparison with an am- &

plitude of the fundamental wave, so long Mg<21. (b) one-SDW .
The present calculation with a much larger ewg for 10 g md

the Fe/Cr superlattices shows that the half SDW order under § 03
goes some modulation, that is, its profile becomes more >§_g’2
“rectangular” (not “triangular”). This can be noticed in Fig. _10 “~end
1(a), where distribution of the local magnetic moments in
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the Cr layer, that is, the magnitude of the local magnetic osl

moment of a Cr atom in each mo_nolaym%r, with v=1y' go‘ﬁ ._ end eesesssssy 30'6 ._ oSO vey]
—(Ng+1)/2 andv’'=1,2,... ,Ng,, is shown forN¢,= 36. gl ! o7 At 350 w &« 4]
In Fig. 1(a), we also show variation with respect My, of §0-4 [ qartAfaas ] F04F " x_: . ]
Im&r, Imgr], or [m&*1, wheremg} andmd;*"arem¢, near So02f midd ’ 02F  ppx24 ®%0e®7
to the middle and that near to the quarter position of the Cr 00—ttt 00 ——L——b—
layer, respectively. It is found that these magnitudes become Nes Ner

nearly constant for a largé¥, and also thatm@®®1 is larger

than|m(e:?'1/\/§ for N¢> 24, which indicates rectangular pro- FIG. 1. Distribution of the local magnetic moments in the Cr

file of the half SDW order. The modulation of the half-SD !ayer for the(@ half SDW with an everNc, and (b) one SDW
order can be expressed by a Fourier series orders w!th an och.Cr in the Fe/Cr superlat.tlce.s, W.hemCr is
shown with an abscissa of. The Fe magnetizationdig arrow
align parallel, and the distribution is symmetric with respect to the
me,= 2 M, cog 7q,v), 1) middle of the Cr layethin vertical ling. Variation with respect to
n Ner of [m&, Im2, or |[m2@1 and that of significan,’s are

shown below the figure of distribution. A solid line neighboring

which has nonzero componerit, for wave numbers |m2a4 for the half SDW order indicatelsn&™/ /2.
~ Ng—=2 _ Ne—4 ~ Ng—6 Fourier series of Eq(1) for the one SDW order has signifi-
42~ Ne—1' Aa= Ng—1' q6_Nc:r—1’ e () cant componentd,, for wave numbers
whereM, corresponds to the amplitude of the fundamental Ng,—3 Ng—5
wave of the half SDW order andl ,,Mg, - - - correspond to 9:=1 qs= Ng—1" and gs= Ng—1' )

the amplitudes of the harmonics. The variationd, M,,
or Mg is also shown in Fig. &), and it is found thaM,  whereM corresponds to the amplitude of the AF order and
becomes positive and then increases whigh exceeds 20, M; corresponds to that of the fundamental wave of the one
which is consistent with the appearance of the rectangulaBDW order. From the variation &fl ;, M3, or M5 shown in
profile. Fig. 1(b), it is found thatM; does not monotonously de-
For an oddNg,, the calculation shows that a self- crease but increases fdtc,>49, whereMj slightly de-
consistent solution of the one SDW order appearsNgf  creases in contrast.
=33. This one SDW order has an antinode at the middle of The variation of the Fourier componert, andM;, and
the Cr layer, as can be seen in Figb)]l where the distribu- also that of|m&®], may suggest change of the one SDW
tion for N¢,=37 is shown, together with the variation of order for a largeMN,, which can be clearly seen in Fig. 2,
|mg, |m29|, and|m1. It is found thajmZ| is smaller ~ where the distribution of the Cr local magnetic moments is
than |m&Y and hence the one SDW order is somewhatshown withN¢, varying. AsN¢, increases, an interval from
modulated from that by naive definition of one cosinethe middle to the nod&;, four times of which corresponds
function® This modulation of the one SDW order can be to the period of SDW, becomes a constant of 10 monolayers
described as considerable mixing of the AF order, since thésee the lower right of Fig.)2and similarly,|mZ, which
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FIG. 2. Change of the one SDW order in the Fe/Cr superlattices, -L0% "9 6(4;) end -0.5 end
Ne: = 69

where a right half of the distribution of the Cr local magnetic mo-

mentsm¢, is shown forN¢,=45,53,61, and a value under an arrow £ 05
indicates\ . Difference of the distributiond\m¢, from that of 00
N¢,=61 is also shown, together with variationof with respect to g -‘11(5)

N, 9.7

. FIG. 4. Change of théa) one SDW andb) 3/2 SDW orders in
corresponds to the amplitude of SDW, becomes a constant %e V/Cr superlattices, where a right half of the distribution of the

0.67 ug [see Fig. W)]. These values of 204=40and 0.67 ¢ ocq) magnetic moments, is shown forN¢,=40,52 andN,
are both close to those obtained in the calculation for bulk CL_ g7 gq respectively, and a value under an arrow indicates

a}nd also to those observed in experiméritghe d'Str'bu' Difference of the distributions mg, from that of Ne,=52 (69) is
tions for largeM¢,'s become alike to each other, particularly 4jso shown for the one SDVB/2 SDW order.
in the vicinity of the middle of the Cr layer, which can be
readily confirmed by difference of the distributiodsm{,  node around the quarter positian, double of which corre-
from that ofN¢,=61 shown in Fig. 2; the difference between sponds to the period of SDW, becomes a constant of 20
Ng=53 and 61 is fairly small in comparison with that be- monolayers(see the lower right of Fig.)3 and the largest
tweenNc,=45 and 61. The results mentioned so far indicatemagnitude between the middle and the node becomes a con-
that the change of the one SDW order takes place at arourgfant of 0.67%.5. The difference of the distributiondmg,
49, betweenN,=68 and 76 is fairly small in comparison with

Such a change of the SDW order can also be seen in Fighat betweeMN,=60 and 76, and the distributions for larger
3, where figures similar to Fig. 2 are shown for the 3/2 SDWN,'s become alike to each other in the vicinity of the middle
order; a solution of the 3/2 SDW order appears for an evemnf the Cr layer; the change of the 3/2 SDW order takes place
Nc=44. AsNc, increases, an interval from the middle to the at around 68.

Thus the one SDW or 3/2 SDW order in the vicinity of

Fe/Cr superlattices the middle of the Cr layer is roughly insensitive kg, and

3/2-SDW resembles the SDW in bulk Cr, with regard to its period and
10 mid Mo O 4 05 mia Ner =60 amplitude, for a largeN¢,. The order, however, is roughly
G g-g S ol _,|||||||,_H insensitive toN¢, around the interface at the same time, as
>8 o5 g "||| ||" J can be noticed in Figs. 2 and 3, which means that the order
Y 16.10%0) end 3 -05 end still undergoes large influence of the Fe layers around the
10 Nee=68 oo Nc: = 68 interfaces. It can be concluded that the modulation of the one
g 05 £ |.<| SDW or 3/2 SDW order is given rise to by competition be-
- 0.0 .5 00 tween an SDW controlled by the Fe layers and an SDW

“1"(5) 5 sl H growing spontaneously in the Cr layer itself.

- 19.5 Ne=76 ' ————r On the other hand, the SDW order in the V/Cr superlat-
= (1)-‘5’ 20 2t tices offers a marked contrast to that in the Fe/Cr one. In
2 oo <1of & 1 particular, there are not antinodes but nodes around the in-
>0 05 ol v o ] terfaces between the V and Cr layétThis is because the V

-10 200 40 1\3& 80 layer is magnetically less significant than the Fe one and a

smaller magnitude of the Cr local magnetic moment is fa-

FIG. 3. Change of the 3/2 SDW order in the Fe/Cr superlatticesvored around the interface. Solutions of the half SDW, one

Others are the same as those in Fig. 2, exceptrtidais shown for

N¢,=60,68,76 and\, is replaced byi,.

SDW, and 3/2 SDW orders appear for oblig, =13, even
Nc, =24, and oddNc,=37, respectively, which correspon-
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dence to the parity oNc, is just the reverse of the Fe/Cr interfacer® Although the V layers is magnetically less sig-
superlattices. For the half SDW order, existence of the critinificant, the proximity effects of the V layer are substantial.
cal thickness for its appearance suggests that the SDW order In conclusion, the SDW order in the Fe/Cr and V/Cr su-
in the VICr superlattices may grow spontaneously, but weperlattices grows spontaneously and resembles the SDW in
cannot find a sign of the SDW in bulk Cr. bulk Cr, in the vicinity of the middle of the Cr layer, for a
The sign can be found for the one SDW and 3/2 SDWsufficiently largeNc,. A clear crossover from the SDW order
orders, as can be seen in Fig. 4, where the distribution of thgoverned by the proximity layers to the spontaneous SDW
Cr local magnetic moments is shown wikl, varying. For  order is found in the Fe/Cr superlattices, where the critical
the one SDW order, the distribution itself does not display ashicknesses of the crossover are estimated at around 49 and
evident a sign as the variation 8f for the one SDW order g8 for the one SDW and 3/2 SDW order, respectively. The
in the Fe/Cr superlattices, but the difference of the dismb“‘ferromagnetic Fe or nonmagnetic V boundary layers still
tions Amc, shows that the distributions are alike to eachpaye some influence upon the SDW orders around the inter-
other in the vicinity of the middle of the Cr layer. This is also faces, nevertheless, even for such a laxge. The influence
trug for the 3/2 SDW O(der, and furthermore it is_found thatmay extend to 10 monolayers or more from the interface for
an interval from the middle to the nodes, four times of i, the Fe/Cr and V/Cr superlattices, though analysis of the
which corres%ci)anS to the period of SDW, is around 10 mor‘Of:)roximity effects of the boundary layer is not so straightfor-
Iayers andmg,’] is around 0'66“_5' The one SDW order ward; the analysis is an issue of the future study, where dis-
with N.C’= 40 or 3/2 SDW order W'th’z. 57. res_emt_)les the_ crimination between the bulk and proximity effects on the
S.D.W in bulk C.r as a whole, and thg distribution in the vi- SDW order will be discussed, together with analysis of the
;gzlati)rlls?fatr??nggjadslz gff the Cr layer is roughly unchanged electronic structure. Last, it is noted that the self-consistent
Cr- . I solution of the SDW order discussed here does not necessar-
theTrr:ijg dtlgeo?rt]seSCDrV\I/a%ryr 258651\{)\/'(32?% 'gé:‘/s :::Ctlz)rﬂlt)k/ gfr ily mean a stable one but may be a metastable one, since the
; ) 'stable solution is determined together with the calculation for
except for the case where the Cr layer is not thick enough t e case of antiparallel magnetizations; some of the sponta-

contain one or 3/2 period of the SDW in bulk Cr. This is :
consistent with the notion that the SDW order in the V/Crneous SDW orders, however, are surely stable for certain

superlattices grows spontaneously. It is, however, to be note'ycrs'

that influence of the V layers is rather large and not so simple The author thanks the Supercomputer Center, Institute for
as expected; the nodes never leave the interface toward ti&olid State Physics, the University of Tokyo, and the Re-
inner Cr layer, and the SDW order undergoes considerablsearch Center for Computational Science, Okazaki National
modulation even for the inner Cr layer far away from the Research Institutes, for the use of their facilities.
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