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We consider fermions in one-dimensional superlatti&ss), modeled by site-dependent Hubba&sdeou-
plings arranged in a repeated pattern of repulgivee, U>0) and free U=0) sites. Density matrix renor-
malization group diagonalization of finite systems is used to calculate the local moment and the magnetic
structure factor in the ground state. We have found four regimes for magnetic behavior: uniform local moments
forming a spin-density wavéSDW), “floppy” local moments with short-ranged correlations, local moments
on repulsive sites forming long-period SDW'’s superimposed with short-ranged correlations, and local moments
on repulsive sites solely with long-period SDW's; the boundaries between these regimes depend on the range
of electronic densitiep and on the SL aspect ratio. Above a critical electronic dengity, the SDW period
oscillates both withp and with the spacer thickness. The former oscillation allows one to reproduce all SDW
wave vectors within a small range of electronic densities, unlike the homogeneous system. The latter oscilla-
tion is related to the exchange oscillation observed in magnetic multilayers. A crossover between regimes of
“thin” to “thick” layers has also been observed.
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I. INTRODUCTION erties of a one-dimensional superlattic®_) model?~in
which electronic correlations are incorporated and treated
Magnetic multilayers have been the subject of intensenonperturbatively. The model consists of a periodic arrange-
study over the last decade. The technologically importanment ofL; sites(“layers”) in which the on-site coupling is
giant magnetoresistan¢&MR) is one of the most interest- repulsive, followed by free (i.e., U=0) sites. In dealing
ing aspects of these compounds. Another aspect that hagth one-dimensional superlattices, one probes the influence
brought attention to multilayers is the oscillation of the ex-of electronic correlations along the direction of superlattice
change coupling between magnetic layers as the spacer laygrowth, thus capturing the role played by relative layer thick-
thickness is varied. While oscillations with single periodsnesses on the magnetic properties of higher-dimensional
have been well understood for some tinmeyltiperiodicity  systems.
has been theoretically predictéd,and indeed observed, in The SL structure gives rise to several remarkable
trilayer materials. Fe/Cr/Fe samples grown by sputtering ofeatures:? in marked contrast with the otherwise homoge-
molecular-beam epitax§MBE) display two periods of oscil- neous system: Local moment maxima can be transferred
lation of the exchange coupling: a so-called long period, ofrom repulsive to free sites, and the range of parameters in
about 10 to 12 monolayers thick, is superimposed to a shorwhich this occurs has been expressed in terms of a “phase
period component of about two monolayers thickhis su- diagram.™® In addition, spin-density-wavéSDW) quasi-
perposition of short- and long-period components has alsorder can be wiped out as a result of frustration, and the SL
been observed in other MBE-fabricated trilayer materialsstructure also induces a shift in the densityat which a
such as Fe/Mn/Fé Fe/Au/Fe3 Fe/Mo/Fe® and Co/Cu/Cd.  Mott-Hubbard insulating phase sets*fhFurther, by exam-
Short-period oscillations, however, disappear if interfaceining the Luttinger liquid version of the mod&l,one finds
quality is not carefully maintainet®® Recent experiments  that these superlattices provide the means to reghigsess
in Fe/Cr/Fe show that areas of constant Cr thickness, witinsulating phases?
diameter larger than 3—4 nm on the interface, are necessary Previous studies of the discrete version of the mgaét
for the development of short-period oscillations. It is there-resorted to Lanczos diagonalization, which sets limits on the
fore believed that multiperiodicity has not yet been observesdystem sizes used; for instance, a 24-site lattice size could
in multilayers due to interface roughness. only be considered for the low- and high-density regimes
From the theoretical point of view, both the quantum well (p=1/6 and p=11/6). Nonetheless, one was still able to
theory’ and the so-called Ruderman-Kittel-Kasuya-Yosidaprobe the period of exchange oscillations for these special
(RKKY) theony can account for many features related to thedensities through the analysis of the magnetic structure fac-
oscillations of the exchange coupling. For instance, a director: the peak position displayed oscillatory behavior with the
relation between the periods of oscillation and Fermi surfacspacer thickness. Here we use the density matrix renormal-
extrema of bulk spacers has been establistféd However, ization group (DMRG) techniqué’ to study superlattices
since the notion of a Fermi surface is not widely applicablelonger than those available through the Lanczos method.
to strongly correlated systems, a deeper understanding 6¥ith the aid of the magnetic structure factor, we have been
multiperiodicity is clearly in order, and microscopic models able to probe the periodicity of the superlattice over a wider
should provide useful insights. range of layer thicknesses and densities. As we will see, this
With this in mind, here we investigate the magnetic prop-has led to significant improvements on the phase diagram
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previously reported? with the addition of information rela-
tive to the regions in which one- and two-period oscillations
are found; as it turned out, these regions are closely related to
the behavior of the local moment. We have also been able to

observe a crossover between the regimes of thin and thick A o3 vyl
layers; in the latter regime, the “aspect ratib=L /L, is N ffyvyyvyyyyyvvyww
the only relevant geometric parameter, whereas the magnetic ~ Q/2

behavior in the former regime depends lop andL, sepa-
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rately. One should remark that while the magnetic structure \
factor of superlattices could be directly measured by neutron 01 ./ L=1L=2 —R-NE12p=0250 )
scattering experiments, we are not aware of any such mea- / U=4 N =48 __:‘E;z":)ggg \
surements being carried out in magnetic multilayers; instead, * S . P .
the exchange coupling oscillations have been detected by 0 10 ) 40

light scattering and magnetometry experiméhts. 1

The layout of the paper is as follows: In Sec. Il we intro-
duce the superlattice model and comment on the calcula- FIG. 1. Local moment as a function of the sii¢ for the SL
tional procedure. Section Il focus on the local moment andvith Ly=1, Lo=2, U=4, Ns=48, for p=0.25 (squares p
how it changes with density and layer thickness. The mag= 0.667(triang|es),_ aqd haIf-fiIIing(circlgs)._The local moment pro-
netic structure factor and the periodicity of the superlatticedil® changes qualitatively as the density increases.

are discussed in Sec. IV, and Sec. V summarizes our find- ) - . o )
ings. as forp=0.25, one identifies small-amplitude oscillations in

the local moment profile; their period {Z2kg, with 2kg
=p) is determined not by the underlying SL structure, but
by the Friedel oscillations in the charge density of the other-
wise homogeneous systéfh.

As the density is increased, the SL structure dominates
over the Friedel oscillation as evidenced by the data:pfor
=0.667 the maxima lie on the free sites and the modulation
of the profile perfectly matches that of the SL. For large
enough densities the maxima migrate to the repulsive sites,
dimensional IatticeciTU (ci,) creategannihilates a fermion  as shown by the data for half filling. One should also note
at sitei in the spin stater= 1 or |, andn;=n;;+n;, with  that even at the maximéS?) is considerably reduced from

Niy=C, Ci,: the on-site Coulomb repulsion is taken to beits value at the completely localized limit=), namely
site-dependent); = U>0, for sites within the repulsive lay- <S|2>=3/4; the itinerant behavior in these cases is therefore
ers, andJ;=0 otherwise. evident.

We consider the Hamiltoniafl) on lattices withN, sites The above example illustrates the existence of three re-
and N, electrons, and open boundary conditions are useddions, characterized by different local moment profiles: ho-
The appropriate finite size scalii§SS parameter, however, mogeneousor Friedel-like, free-site peaked, and repulsive-
is the number of periodic cellf.=N/Ny,, for a basis with site_ peak_ec_l. In order to Iocate_the boundaries between these
Np=Ly+Lo sites. The ground state wave function and en-égimes it is useful_to determine how the I(_)cal moment at
ergy are obtained by numerical diagonalization using thdepulsive and free sites separately change with the density. In
finite-system DMRG metholf. We used lattice sizes up to addition, we define a bias of the local moment maxima as
150 sites, and truncation errors in the DMRG procedure were 5 2
kept around 10° or smaller. We have performed a system- 5= (Su)—(Sp)
atic study of the magnetic properties for different values of (SH)+(S5)’
the Coulomb repulsiord, different occupationp=Ng/Ng . . .
and different configurationgU;}. Not all configurations and _also study its dependence with the density. .
{U;} fit into all sizes and occupations but, since DMRG al- |;|gure 2 Sho‘_Ns th;? local momgrﬁboth at _repulswe
lows us to study a wide range of lattice sizes, we were able 16(Su)) and free sites(Sy))] and the bias as functions of the

density, forU=4. In the case of Fig. 4,,=L, with all SL
configurations havind.o=1, andLy=1 (Ng=24), 2 (Ng

establish overall trends.
=48) and 3 \;=64). In order to reduce the effects of open
boundary conditions we have averaged over the six inner-
The local moment at sité is defined as(S?)=3((n;; most cells. As the density is increased from the completely
—n; )%, and is a measure of both the magnetism and th€MPLy system, we see that for densities smaller thgn
degree of itinerancy of the system. Figure 1 shows the loca¥iven by
moment profile for the SL witl. =1, Lg=2, U=4, Ng

II. MODEL AND CALCULATIONAL PROCEDURE

We define the Hamiltonian as

HZ—tiE (CiTo'Ci+10'+H'C')+2i UiniTnil, (1)

where, in standard notation,runs over the sites of a one-

()

Ill. LOCAL MOMENT PROFILE

1

=48, and for three different densities; effects of system size
on the local moment are negligible. For small densities, such
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FIG. 2. Bias(triangles and local moment at repulsivequares FIG. 3. Bias(triangles and local moment at repulsisquares

and free(circles sites, as functions of density, f&4=4 and for  and free(circles sites, as functions of density, f&t =4 and for
superlattices witha) Ly=Ly=1, Ng=24; (b) Ly=2, Lo=1, Ng superlattices witha) Ly=Ly=1, Ng=24; (b) Ly=1, Lo=2, Ng
=48; and(c) Ly=3, Lo=1, Ny=64. =48; and(c) Ly=1, Lo=3, Ny=64.

the local moment increases, and is the same on both subl

tices (henceé=0). For the SLs withLo=1 andLy=1, 2, Fig. 2 sh th : i . fthe bi
and 3 one hapy=0.5, 0.33, and 0.25, respectively, which irﬁ.hissin'?ev;/\?él e consequence is a steady increase of the bias

are indicated by arrows in Fig. 2. This density corresponds to For densities larger thap the free sites are almost com-

having one electron on each cell, so that in the cage letelv fill hich | - .
- . ) , n a considerable decrease in
=L, electrons have equal probability of being either on ap etely filled, which is apparent by

free or on a repulsive site for< the magnitude of the derivative ¢83) with respect to the
arepu P=po. ... density. Fermions will then start to double occupy the repul-
From Fig. 2 one sees that there is a range of densltlegive sites. thus causing a reduction(&f,)

above_po, in which the local moment grows slower on the The e ’uivalent of Fig 2 for the ca$eJ.<L is shown in
repulsive sites than on the free ones, since added electrolq? 3 V\?hile the overaglgl'behavior is the;ar?le 2 few differ-
will preferentially occupy the free sites; hence a negatlveengc.es. are worth mentioning. The first one is the behavior of
bias develops within this range. By the same toK&3) will the bias in the rande< '.Wh'l the b ishes f

. . " ge<po: ile the bias vanishes for
reach its maximum value at densities smaller than those P

) oy . . i Ef_uz Lo, for Ly<L,g it is negative, though of small magni-
){’\r’]h[[c?h<5u> d_|splays |t|s ma;x;?ur, f?r compl;atenests], recalltude. This is due to the fact that in this range of densities, and

at the maximum vaiué ot the focal moment on & NOMOYET,;ihin each cell, the electrons have more free sites at their
neous free lattice is 0.375, occurring at half-filling.

. : .. disposal to resonate than repulsive ones; this excess of free
In strong coupling, the free sites saturate at the density sites within each cell also explains why the bias still de-
2L, creases for densities aboyg.
PUST L (4) Second, forLy<L,, (S?) is boosted whenevep
S =2mpgy, With m=1,2,...Lo+Ly—1; this can be attrib-
which corresponds to having two electrons on each free sitejted to the fact that the double occupancy of the repulsive
while the repulsive site is empty. Nonetheless, even for modsites is least likely whenever there are an even number of
erate couplings, this density is special. Indeed, from Figselectrons per cell. Note also that the first bump, a§,2co-
2(b) and Zc) one can see that fdr;> L the bias reaches its incides with the minimum of the bias.
minimum value exactly ap,, . Also, the local moment at And, third, while forL,>L, the bias changes sign for
repulsive sites shows a bump @¢, , indicating the begin- p; <p<p,, whenLy=<L, this occurs forpo<p<p;,; the
ning of a steady occupation of repulsive sites. actual location of the density at which=0 depends on the
Increasing the density even further, one sees (5@1} SL configuration, as well as on the Coulomb repulsihn
reaches its maximum af, , defined as

a(‘iirop) in the local moment at the repulsiv&ee) sites. As

2Lg+Ly IV. MAGNETIC STRUCTURE FACTOR
P Ly ®) AND EFFECTIVE DENSITIES

which, in strong coupling, corresponds to having two elec- Let us now turn to the magnetic structure factor, which is
trons on each free site and one on each repulsive site; tidefined as

maximum of(S3), at exactly this density, is indicative of the

SL being in a Mott-Hubbard insulating stdtkln the region

betweenp,, and p,, the repulsive layer is preferentially S(q)ziz alri—r)(s. S, (6)
filled as the overall density is increased, causing a steep rise N 77 !
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FIG. 4. Magnetic structure factdig. (6)] for a SL with L FIG. 5. Magnetic structure factdieq. (6)] for a SL with L,
=2, Ly=1, Ng=60, N.=52 (hencep=0.87), and ford=4 and =2, Lo=1, U=8, p=1.2, and for different system sizedlq
16. =30 (squares Ng=60 (circles, Ng=120 (up triangle$, and Ny

=150 (down triangles

As qis related to the repeating unitS(q) probes the relative We can then turn to a systematic study of the number of

arrangement between different cells. It is important to have,eays and their positions, by analyzing the evolution of the
in mind that the homogeneous system displays a single pealycture factor as the density of electrons is increased. As
in the magnetic structure factor %ﬂaXZZkF_:WP' for p discussed in Sec. IlI, fgp< p, the local moments are small,
<1, Orqmax=2k,:=77(2—p), forp_>1; the lattice spacing is g4 either their maxima are on the free layers, or they are
taken to be unity throughout this paper. evenly distributed throughout the lattice, depending on

Figure 4 showsS(q) for a SL with Ly=2, Lo=1, p whetherL,<L, or Ly=L,, respectively. A small or zero
=0.87, and for two values df, namelyU=4 andU=16.  pjas signals that the SL structure is not very relevant in this
Two peaks in the magnetic structure factor are clearly seen igjtation. Indeed, the spatial decay of the spin-spin correla-
this case: one aj=, and another af=3w/5. While the o function (not shown hergin the case of a superlattice
former is not affected by an increaselh the latter grows \jth 3 small bias can hardly be distinguished from that of the
W|th U though without changing its position. Actually, for corresponding homogeneous system: as a result, the mag-
sufficiently largeU the peak afj#m even becomes more petjc structure factor displays a single peak. In addition, this
pronounced than the one@t 7. Further data show that this single peak displays a size andUadependence similar to
happens for a range of valueslaf, L, andp, as discussed those for the homogeneous system.
below. In order to relate the peak position with some density, one

The presence of two peakat, say,dmax @Nd dmax With  can think of a freghomogeneouslattice in which the sites
Omax<Omax in the structure factor is associated with a ten-are grouped in cells mimicking the SL structure under con-
dency of the system to orddstrictly speaking, toquasi-  sideration; it then follows that a meaningful quantity is the
order, in one dimensionin a magnetic arrangement domi- cell densityof electrons,
nated by the corresponding periods=27/qna and X'
=2/ As We will see below, the long period oscillates
with the spacer thickness, a behavior reminiscent of the ex-
change oscillation observed in magnetic trilayers.

These two peaks also differ in the way they depend on th
system size. Figure 5 shows{q) for the SL withL =2,
Lo=1,U=8, p=1.2 (p;;<1.2<p,), and for four different
lattice sizes, ranging fromig=30 to Ng=150. From Fig. 5
vi/e see that the mfle_ctlon already present Ngrr_SO atq Umen= TPoet OF p=po. ®)
=2/5 sharpens ag increases, and that there is no change
in the position of the peak. We have checked that a similafhus, the peak position grows linearly wighup top= p, (at
slow, but steady, growth of the peak height witlh occurs ~ which densityp.=1), when it reacheg,,=; see Figs. 6
for the homogeneous Hubbard model away from half filling.and 7.

These features have been observed for other SL configura- The single-peak regime persists feg<<p<p;,, and, as
tions and densities, which therefore indicate that whenever shown in Figs. 6 and 7, now the peak is alwaygatr. The
peak is found af# m, it is robust. On the other hand, the single peaks in this region show a very weak dependence on
peak atg= 7 shows a much weaker size dependence, so thdhe system size, which is reflected in the spatial decay of the
it should be associated with strong, although short-ranged;orrelation functions{SgS;). As illustrated in Fig. &) for
correlations; this point is illustrated below. Ly=Lo=1, U=4, andp=0.75, correlations with origin in

Ne
PceII:N_:p(LU'H—O)' (7)
c

here p is the overall density. For the interacting SL, we
ave found that the peak position is given by the same ex-
pression as for the homogeneous case, but with replac-
ing p; that is,
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FIG. 6. Maxima positiong,ay, Of the magnetic structure factor
as a function of density fod =4, and(a) Ly=1 Ly=1 N¢=24,
(b) Ly=1 Lo=2 Ng=48, and(c) Ly=1 Lo=3 N.=64. The
dashed lines indicate the presence of another peak(q) (see
text).

FIG. 8. Spatial decay of correlations, for a SL with;=L,
=1 and U=4 for Ny=48 sites: in(a) p=0.75 and in(b) p
=1.75. Circles and squares correspond to the origin being taken on
free and repulsive sites, respectively.

either of the sublattices barely survive at large distances; thi¥/ith this definition, it also becomes clear that forp;,

should be contrasted with the case displayed in Fig),8or ~ there is no net moment at the repulsive layers, sipge

p=1.75(see below, in which correlations in one of the sub- =0. _ ) _

lattices are “long” ranged. '!'h|s two peak structure is present until one reachgs
At p;|, and in strong coupling, the free layers are com-defined by

pletely filled while the repulsive layers are empty. But as the

_der_lsity is increased bequql , a s_econd peak emerges, as PU=2-po, (12)

indicated by the dotted lines in Figs. 6 and 7. This second

peak results from the robust moments located on the repu

sive sites. Indeed, if one defines an effective electronic de

sity on therepulsivelayers as

!/'vhich corresponds to a single hole per cell. One should also
Mhave in mind that the overall magnetic arrangement is deter-
mined by the long-periodcharacterized byy/,,), since, as
discussed above, this is the one increasing with system size.
peit=p(Lo+Luy)—2Lo, ©) An interesting difference between the cases depicted in
) _ ) Figs. 6 and 7 is the fact that in the formeg=p,, while in
wherep is the overall density, the long periods are located at, latterp,>p, , andq,.,is able to go through at least one
complete oscillation beforg reachespy . In this case, the
Umax™ TPeft - (100 situationq,,,=0 does not indicate any tendency towards a
ferromagnetic arrangement, but is to be associated fwit
T . tration of the corresponding long-period SDW.Indeed,

‘ol @L, =1L ] whenLy=2 andL,=1 the Mott-Hubbard insulator at, is
f 0., ,/| frustrated, since two spins on each repulsive layer form local
05 Py ;‘*,f’ P,=Py ) singlets. Singlets on different repulsive layers, in turn, do not
00 5 S - : couple with each other, though short-ranged correlations are
X 1wk L2Ls . i still present; see Fig.(B). The frustration at half-filling for
E | N AN | Ly=3 andLy=1 can be understood by a similar strong
ot oSt N \ ’ . . o
Py |, P’ Py coupling analysis: of the four electrons on each cell, two
0.0 — ; = occupy the free site and the remaining two resonate between
(©L3L=1 . . ) .
1ok - - . 4 three sites, but always forming a singlet. Figute) &hows
osl [ Pu s, PN 1IN ] that further addition of electrons renders these singlets unfa-
Py [, AN Py vorable, and the system again displays a SDWpAt3/2,
000 o5 1o T 20 one reenters a frustrated state, again as a result of having an
) even number of electrons on the repulsive layer. Therefore,

we can relate the reentering frustrated configurations to the

FIG. 7. Maxima positiong,x, of the magnetic structure factor formation of singlets on the repulsive layer, which occurs
as a function of density fdd =4, and(a) L,=1 L,=1 N¢=24(b),  Whenever there is an even number of electrons per cell; that

Ly=2 Ly=1 Ng=48, and(c) Ly,=3 L,=1 N,=64. The dashed is, whenever the density goes through an even multiple of
lines indicate the presence of another peal§(g) (see text 2p0.
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FIG. 9. Regions in the parameter spaggl(y) for (a) Ly=1
and (b) Ly=4: A, weak moments formed preferentially on free
layers and one single SDW perioB; local moment maxima de-
pend onU and onLy/L, and spin correlations are predominantly
antiferromagnetic, but short ranged;,docal moment maxima on
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FIG. 10. Regions in the parameter spapel(,L): the lower
surface corresponds tg, the middle one te,, , and the upper one
to py . The dotted line is the intersection of the, surface with the
planel =1 (see text

suffers successive boosts, and one finds SDW's with a
“long” period N'=2/ps; the latter are accompanied by
strong short ranged correlations, of perioe 2.

And, finally, there is a high-density regiorC§), with
densities ranging fromp=p to p=2. At py the local mo-
ment bias is maximunisee Figs. 2 and)3so it decreases as
one increases the density. Nonetheless, one still has SDW’s,
now with a single period given by=2/(2— p¢e). By com-
paring the two cases depicted in Fig. 9, one sees that a

the repulsive layers and the SDW's are dominated by two periodsﬁJ_rOW'[h of the repulsive layer increases the two-peaked re-
C,, local moment maxima on the repulsive layers and the SDW'sgion, at the expense of all others.
are dominated by a single period. See text for details. The full line  The full three-dimensional phase diagram is shown in Fig.

corresponds tg,, dotted line top,, , and dashed line tpy .

And, finally, abovepy all SL's return to a single-peak
regime: S(q) has a maximum atm(2—peen) [=7(2
—pett), SINCE peir=pcei— 2Lo]. The correlations in this re-
gime are quasi-long-ranged, since, as shown in Rig), 8he
correlation function with origin at a repulsive site is slowly
decaying.

10. The densitiepy, p;;, andpy define surfaces in the
parameter spacep(Lq,Ly), which act as boundaries be-
tween the four regions discussed above. pheurface flat-
tens considerably for thick layers, and if one imaginels a
=1 line on the horizontal plane of the figure, we see that the
homogeneouslike region is only important for moderately
thin layers. Thep,, surface is the same whether the layers
are short or long, since it dependslog andL, only through

The above analyses of the magnetic structure factor anthe combinatiorL,/Ly=I; to illustrate this, the intersection
of the local moment profile can be extended to several othewf thep;| surface with the planke=1, shown as a dotted line
SL configurations, and the outcome can be best summarized Fig. 10, yieldsp, =1 for all Ly=L,. The topmost sur-

by a diagram in the parameter spagel(,,L,), showing the

face (py) also displays a similar crossover between thin and

presence of four different regiorier phasep Cross sections  thick regimes: for thick latticep,— 2.
of the full three-dimensional phase diagram are presented in We are now in a position to discuss the oscillatiomyjg,

Fig. Q@ for Ly=1 and Fig. 9b) for Ly=4. In the low-
density region(A), located betweem=0 and p=p,, the

with the spacer(free layej thickness, for afixed electron

density as mentioned before, these are related to the oscilla-

system behaves roughly as if it were homogeneous. The locéibn of the exchange coupling between magnetic layers.
moments are small and their maxima are located preferen?/henp<p,, one hasy,,.=, so that there is no oscillatory

tially on the free layers. The SDW is dominated by a singlebehavior ingay. For po<p=<p;, the peak is always at

density-dependent wave veCtQlya= mPcel -
At somewhat larger densitiepo<<p<p,,, lies a region

Omax=", SO that again no oscillation is found. Aboye ,
the long-period maxima in the magnetic structure factor are

B, in which the positions of the maxima in the local momentlocated atq,(Lo)=mpe(Lo), Where we have emphasized

profile depend on the repulsids, onL,, andLy. Presum-

the dependence with, throughp.s. We can then calculate

ably as a result of this floppy character of the local momentsthe period of oscillationAL,, by settinggmadLo)=0maxdLo

spin correlations in this region are strongly antiferromag-

netic, but short-ranged.

+ALg),mod(2r). Forp; <p<1 we get

As the density is further increased, one enters the double-

period region C;), which lies betweenp=p, and p

=py - In this region the local moment on the repulsive layer

K
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where Xg=mp since p<1; for 1<p<py, we similarly We have also extended to a broader range of densities our
find earlier prediction that the wave vectors for the SDW's oscil-
late as the free layer length is varied, with a period deter-
mined solely by the electronic densitthrough the Fermi
wave vectoy. In the context of magnetic multilayers, our
results for the period of oscillations exactly reproduce the
relation between Fermi surface extrema with exchange cou-
pling oscillation; in addition, the two-monolayer period ob-
served experimentally corresponds in our model to the short
period atq= 7. Another interesting prediction from our re-

ults, which should be of direct importance to the magnetic

ultilayers, is the presence of a critical electronic density for
the appearance of such oscillations. We have also established
the oscillatory behavior of the exchange couplingh the

K imation. for th iods of ilati felectronic densityWe therefore hope our results will stimu-
Hartree-Fock approximation, for the periods of oscillation of 50 oy nerimental studies in the direction of varying the elec-

the exchange coupling in magnetic multilay&fSAlso, the ;i density in a controlled fashion, in order to benefit from
experimentally observed short period of two monolayers rey,q features predicted here.

ported in Ref. 3 corresponds, in our framework, t0 e Apg finally, we have been able to observe a crossover
=2 correlations. Thus, electronic correlations do not modifypanyeen the regimes of thin and thick layers; in the latter, the
the _quz_intum interference effects determlm_ng the periods Ofaspect ratio” |=L, /L, is the only relevant geometric pa-
oscillation from the extrema of the Fermi surface of the ameter whereas in the former regime the magnetic behavior
spacer material. depends or., andL, separately. For instance, when any of
the layers are thin—less than about six sites long—the SL
V. CONCLUSIONS structure is not felt at low densities, and it behaves as if it
We have investigated one-dimensional Hubbard superlaf/€ré homogeneous; for thick layers, this quasihomogeneous
tices consisting of periodic arrangements of free and repulP€navior is only noticeable at very low densities. Similarly,
sive layers, by means of the density matrix renormalizatiori€ égion of singly peaked correlations at high densities gets
group. By considering a much wider range of lattice sizeSMaller as the layers get thicker. _
and densities than in previous studies, we have refined in. AS @ final comment, one should expect that the applica-
several aspects our earlier predictions for the magnetic be!lity of the one-dimensional model treated here is very close
havior. There are noviour distinct regimes, depending on t© Peing extended beyond the realm of higher-dimensional
the range of electronic densities. For less than one electropf'Perlattices. Indeed, fabrication of nanowire superlattices
per periodic cell, the local moment profile is approximatelyas been recently reportélAlthough these superlattices
uniform, and spin-density waves are dominated by a singl&/éré made up of semiconducting materials, the prospects of
density-dependent wave vector. When the density lies bedoWing metallic and/or magnetinanosuperlatticesare
tween those corresponding to one electron per cell and to RrOMISINg. In this case, our results indicate that a careful

fully occupied free sublatticéwith empty repulsive sitds control pf the do_ping_level leads to awio!e variety of distin_ct
maxima in the local moment profile develop, which can peMagnetic behaviors in the same material. Another possible

either on free sites or on the repulsive sites, depending on tH&2/ization of our model would be to(@s yet hypothetical

SL configuration, on the density, and bh also, spin corre- superlat'tice made up of single-walled metallic ca'rbon'nano-
lations become short ranged, but dominated by a tendency 8¢Pes, since these have been successfully described in terms
neighboring cells to align antiparallel. For densities larger®f @ Luttinger liquid; see, e.g., Ref. 16 for a partial list of
than two electrons per free site one has a two-period mad_eferences.

netic structure. There is a long-period SDW, in which the

wave vector oscillates as a fqnction of the ele_ctronic den_sity. ACKNOWLEDGMENTS
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ar
ALozk—F, (13

where now Xg=(2—p). Note that this result is not valid
for Ly=1, since, according to Fig. 7, oncg,,, Vanishes, it
does not grow a4, increases. Fop>py, on the other
hand, Eq.(13) is applicable.

We have then established th@j p;, acts as a critical
density for the appearance of “exchange oscillations,” an
that (i) our previous results for AL, obtained in the high-
density region, are valid quite generally forp, | . Further,
Egs. (12) and (13) reproduce previous findings, within the
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