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Calculated oscillation periods of the interlayer coupling in Fe/Cr/Fe and Fe/Mo/Fe sandwiches

S. Mirbt, A. M. N. Niklasson, and B. Johansson
Condensed Matter Theory Group, Department of Physics, Uppsala University, S-75121 Uppsala, Sweden

H. L. Skriver
Center for Atomic-scale Materials Physics and Department of Physics,
Technical University of Denmark, DK-2800 Lyngby, Denmark
(Received 2 November 1995; revised manuscript received 29 March 1996

We have performed aab initio study of the oscillation periods of the interlayer coupling in sandwiches of
[100] layers of body centered cubic Cr, respectively, Mo, with up to 20 monolayers thickness embedded in an
Fe host. Our derived values for the oscillation periods of the interlayer coupling agree well with those expected
from the respective Fermi surface calipers and are in excellent agreement with experiment. We compare the
interlayer coupling across a nonenhanced paramagnetic Cr spacer with the interlayer coupling across a Cr
spacer in the spin-density wave state. We find that the spin-density wave gives rise to an additional contribu-
tion to the interlayer coupling. The origin of the observed and calculated 18 A period of the interlayer coupling
can be explained as due to a caliper of the Fermi surface of Cr in the CsCl structure. In the case of the Mo
spacer we investigate the influence of the lattice constant on the interlayer coupling and also the dependence of
the interlayer coupling amplitude on the Fe magnetic mon{&@163-182@6)00633-9

[. INTRODUCTION Since the Fermi surfaces of Mo and Cr are very similar,
we have also studied the Fe/Mo/Fe system. It is krfofwn
The oscillation of the interlayer coupling as a function of that Cr has a 2.1 ML oscillation, which is connected with the
the spacer thickness has been extensively studied in recengsting properties of the Cr Fermi surface. In correspondence
years. In 1986 Gmberget al! found an antiferromagnetic to this, for the Mo spacer we also find a 2 ML oscillation,
interlayer coupling in a(100-oriented Fe/Cr/Fe sandwich. Which has already been predicted by Koelfirand Levy
Later, Parkiret al2 systematically investigated the interlayer €t al.® based on the nesting properties of the Fermi surface.
coupling for all transition metals as a spacer imbedded in Cdhe long period that we find for Mo (15)As in excellent
by measuring the giant magnetoresistance. Among these syagreement with what is implied by the Fermi surface. How-
tems, the Fe/Cr/Fe system is a special case for the following§ver, our calculational method does not take lattice relax-
two reasons. ations into account. Since the lattice constants of Fe and Mo
First, Cr is an antiferromagnet in contrast to the otherdiffer by about 9%, we made one set of calculations where
investigated spacer materials which are paramagnets. Ther@e used the lattice constant of May,,, for the entire sand-
fore the question arises of how much the exchange enhanc#ich, i.e., for both Fe and Mo, and analogously one set of
ment(see Sec. Il Aof Crinfluences the interlayer coupling. calculations where we used the lattice constant ofdrg,
Up to now all model calculations and all total-energy calcu-This gives us an idea about the influence of lattice relax-
lations which make use of the force theordmave neglected ations on the interlayer coupling. Moreover, the choice of
the exchange enhancement effects. In order to answer thigttice constant affects the magnitude of the magnetic mo-
question we performed two sets of self-consistent totalment. We calculate that the Fe bulk magnetic moment is
energy calculations, one where the Cr exchange enhancé-23ug Usingag, and 2.72g usingay,. We will show that
ment was supressed by treating Cr as a paramagnet, aifiis difference in the Fe magnetic moment is responsible for
another one where we allowed for the Cr exchange enhancéhe difference in the interlayer coupling amplitudes for the
ment by letting Cr build up an incommensurable spin-densitjwo lattice constants. The organization of the paper is the
wave. following. In Sec. Il we describe the details of our calcula-
Second, experiments have found an extraordinarily |ongi0nS. In Sec. lll we present our results for the Fe/Cr/Fe
period (18 A) for Cr as a spacer, despite the fact that thesandwich, and in Sec. IV we present our results for the
bce-Cr Fermi surface does not display a corresponding caliFe/Mo/Fe sandwich. Finally in Sec. V we summarize our
per. We show, however, that the CsCl-structure-Cr Fermlesults.
surface exhibits exactly the 18 A caliper, where the CsClI
;tructure is the same as the bc_c structure but with two atoms Il. CALCULATIONAL METHOD
in the unit cell. This observation seems to rule out other
possible explanations for the experimentally observed long We have performed self-consistent electronic structure
period oscillation, e.g., that it is not a higher harmonic of thecalculations by means of the scalar relativistic spin-polarized
short period oscillation as Schilfgaareé¢ al. suggesf, and  Green’s-function techniqdebased on the linear muffin-tin
that it is not due to small variations of the Fermi energy asorbitals methotf within the tight-binding* frozen core, and
for example Koelling has suggested. atomic-sphere approximations. This has been done using the
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local spin-density approximation in the Vosko-Wilk-Nusair ~ TABLE I. Fitting parameters and Fermi-surface calipers of Cr in
parametrization schemé.The Fe/Cr/Fe(Fe/Mo/Fg sand-  the CsCl structure.

wiches were constructed by embeddimdj100] layers of Cr

(Mo) between two semi-infinite body centered cubic crystals Crspw Crem Fermi
of Fe, which symbolically may be written in the form i o (ML) A; (meV) &; o (ML) A; (meV) &; Q; (ML)
.. . Fe{Crl Fe - 2. @y L 205 326 -0.70 2.07 99  -031 210

2 343 431 3.87 266 315 -553 264
For the Fe/Cr/Fe sandwich the atomic Wigner-Seitz radius i§  5.02 910 756 361 246 -065 3.88
assumed to be 2.662 bohr for both Fe and Cr corresponding 11.05 738 -0.71 11.98 486  2.82 116
to the experimentally observed volume of bcc Fe. The
Green’s-function technique takes into account the broken

symmetry perpendicular to the interface and therefore deals Ve emphasize that this does not imply that the Cr mag-
correctly with the purely two-dimensional symmetry of the Netic moment is identical to zero, since a paramagnet under
problem. The interlayer coupling is very sensitive to the to-the influence of a magnetic fieléh our case the surrounding
pology of the Fermi surface. Therefore it is important to Fe layer$is indeed spin polarized.

perform thek point and energy integration with high accu- It is well known that Cr at room temperature is an anti-
racy. We use the principal layer technidli@and thereby ferromagnet but in LSDA it is calculated to be a
avoid an integration ovek, , the component of the wave Paramagnét at its equilibrium volume. Neither does Cr be-
vector perpendicular to the Cr layers. Within our method wecome antiferromagnetiAFM) in our calculations in which
have thus n&, , but onlyk;. The direction perpendicular to We allow for the exchange enhancement in Cr, 1..0, but

the Cr layers is dealt with in real space. For Kyéntegration it does build up an incommensurable spin-density wave
we find that 528 specidl points® in the irreducible part of (SDW). The difference between an AFM and the SDW so-
the two-dimensional Brillouin zone are sufficient for spacerlution becomes particularly evident at large Cr thicknesses.
thicknesses up to 20 layers. The energy integration was pef-0r an AFM solution the magnetic moment of Cr is indepen-
formed at 16 logarithmically spaced points on a semicirculafdent of the layer thickness, whereas for the SDW solution the
contour in the complex energy plane. The point on the conMagnetic moment of Cr decreases with the layer thickness.
tour closest to the real axis lies 70 meV below it. This is

comparable to a temperature smearing of 235 K. The princi- B. Interlayer coupling oscillation

pal layer consists of three atomic layers which implies that
the total number of layers, of Fe and Cr, has to be a multiplc-;-1e
of three. Thus the bulk Fe on each side of the sandwich i
adjusted in the range 3-5 Fe layers depending on the numb
of spacer layers.

We have calculated the total energy for two distinct mag-
tic configurations where the alignment of the Fe magnetic

oments between the two separated Fe sides were either
6£1rallel or antiparallel. Hence the interlayer couplihgs
defined as the energy difference

lll. Fe-Cr-Fe J(d)=E/4(d)—E[l(d), 5
A. Exchange enhancement

whered is the spacer thickness aift is the total energy.
The enhanced susceptibilty(q), of Cr can be written in  For small spacer thicknesses the interlayer coupling de-

terms of the Pauli spin susceptibility,(q), according to creases exponentially and thkepoints which contribute to
the interlayer coupling do not necessarily fulfill the station-
Xo(Q) ary phase condition. Therefore we only include thicknesses
x(q)= T Ixo(Q)’ (2 larger than 5 ML in the following analysis. To extract the

oscillation periods we perform a least squares fit of our cal-
where | is the Stoner exchange parameter. If we assumeulated interlayer coupling to the asymptotic limit of the
=0, the susceptibiltyy(q) is equal to the nonenhanced RKKY expression:

Pauli spin susceptibilityyo(g). For nonenhanced paramag- A

netic Cr, hereafter denoted g, we requirex(q) = xo(q). Aisin(wd+ ¢q) A;sin(w;d+ ¢;)
In our calculation we achieve the restrictigiq) = xo(q) in =g F iZZ B E— (6)
the following way: The exchange-correlation energy in the
spin-polarized case is The first term on the right-hand side has d tlependence.
oM This is expected for full planar nesting, i.e., for the short
€xc(l's 0) = €4 (Fe) T Aexe(rs, ), (3 period oscillation. The terms in the summation show the

2 . . . _
wherer ¢ and{ are the standard variables for density and spir{usual 14" dependence, which is expected for calipers be

polarization, respectively, and PM stands for paramagne ween extrema of the Fermi surfat®This expression con-

) : . ains 12 parameters, the fitted values of which are found in
During the entire self-consistency cycle we use fopgr

Table 1. Both configurations, SDW and PM, have been
treated separately but we find that the fit fqr, J agrees
exc(rSvg):esc’;\A(rs)v (4) . P y . erPM g
better with the values of the self-consistent calculafithe
i.e., we only allow those exchange and correlation interacfoot mean square amounts to 0.8 meV fopfpand to 2.2
tions which are inherent in a paramagnetic system. meV for Crgpy). This is also evident in Figs. 1 and 2, where
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FIG. 1. Calculated interlayer couplin@,.gDW as a function of the
Crgpw spacer thicknessl,. The inset shows G]suw (solid line) (100)
together with the fi{broken ling in the asymptotic regime.

FIG. 3. Fermi surface of bulk Cr along thé—H direction

we show the calculated interlayer coupling together with thek ). The lines indicate extremal spanning vectors. We show the
fit. Nevertheless, the agreement between the calculated curggrmi surface in the bee structure, but in the left half of the figure
and the fit is quite good in both cases. Both forpzrand  we also show the Fermi surface in the CsCl structure.
Crgpw We obtain a short period oscillatid8PQ, 2 ML, and
a long period oscillatioiLPO), 11.5 ML. Both the LPO and are in very good agreement with the corresponding Fermi
the SPO are in excellent agreement with experi®as  surface calipers. This notwithstanding neither the 2.66 nor
well as with the Fermi surface calipefBig. 3 and Table)l  the 3.61 ML period have been verified experimentally. On
However, the experimentally obtained amplithidé the in-  the other hand, experiment revea 3 ML period for a Mo
terlayer coupling is about £Qimes smaller than the calcu- spacer, which has a Fermi surface very similar to the one of
lated amplitude. Cr (see Sec. IV A However, the amplitude of the 2.66 ML

From Figs. 1 and 2 we notice two different preasymptoticperiod with Cr as a spacer is smaller than the 3 ML period
behaviors. For the 1 ML Cr spacer, the interlayer couplingwith Mo as a spacer, which might be the reason why it has
amplitudes, i.e.Jc,, andJc . are more or less identical, not been observed yet.

whereas between 2 and 6 M, is smaller than S by In the case of C¢pyy We find 3.4 ML and 5.0 ML periods.

nearly 2 orders of magnitude. We find that the frustration of \ON€ Of these two periods matches with any Fermi surface
the spin-density wavésee Sec. Ill Dis energetically more caliper of Fig. 3, but in Ref. 17 Stiles finds by means of a

expensive in the preasymptotic regime than in the asymptotif’0de! calculation a 5.0 ML Fermi surface caliper having its
regime. This explains the large amplitude &, in the origin in a Fermi surface plane parallel to the one shown in

. . Sbw Fig. 3, i.e.,k;#0. This concludes the discussion about the
preasymptotic regime.

Besides the SPO and the LPO we find a 2.66 ML and géeormai(gaiggenods and we now turn our attention to the

3.61 ML period for Cpy. These two intermediate periods

1. Short period oscillation
60.0

We find a 2.07 ML, respectively, 2.05 ML, periddiable
400 1 I) both of which are in excellent agreement with the experi-
. ] mental value of 2.11 0.03 ML (Ref. 6 and the length of the
R A ﬂ nesting caliper of 2.10 MI(Fig. 3.
oo P v/ R\(/@\v’&v&w Due to the incommensurability of the SPO with the lattice
%s’ 200 y v v Y a phase slip occurs with a period of
—_— } 30.0 T T
G“EL 400 L 200 | ) T
= 0 100 | ﬁ\ ﬂ Tphase slip:ﬁ- (7)
-60.0 | 0.0 f\@ ) A R. /ﬂ\@/@ QI‘) § SP
w0l 100 J Y Y Y YT 1 With the calculated SP(2.07 ML) we get a phase slip every
200 | = - - 29 ML, whereas experimentally at room temperature a phase
1000 ¢ : - = 5 slip is obtained every 22 ML. In our calculation the period of
dg, [ML] the phase slip is governed by the difference between the

kinetic energy and the sum of Hartree and exchange-

FIG. 2. Calculated interlayer coupling,) as a function of the  correlation energy. Thus the behavior of the phase slip

Crpyw spacer thicknessc,. The inset showsd), (solid line) to-  strongly depends on the calculational accuracy of the total
gether with the fitlbroken ling in the asymptotic regime. energy. If we fix theE, parametel at its bulk value, we
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FIG. 4. Dispersion of QW states with thickness. The energy FIG. 5. Energy position of the QW states fig,=16 ML and
position of the QW states relative to the Fermi energy as a functioithe nesting pointk;=(0,0.25) when the Fe magnetic moments are
of the Cr thickness is shown for one nestikgoint kj=(0,0.25) aligned parallel. For this thickness the SDW is frustrated. The solid
when the Fe magnetic moments aligned parallel. The broken line&otted line indicates the QW states of &y (Crppy) and for com-
indicate the periodic movement of the QW peaks through the Fermparison the dashed line shows the QW states of lg,) in the
energy. Fe/Mo/Fe system, i.e., a system for which the SPO follows the

strong scattering limit.
obtain a phase slip at 13—14 ML in agreement with the cal-

culation by Schilfgaardet al® If we include theE, param-
eter in the self-consistent procedure, i.e., if we always choos
E, at the center of the occupied density of states, we expe&’
a phase slip at about 29 ML. Unfortunately, the calculated
interlayer coupling fod,>20 ML was not fully converged 2. Long period oscillation

within the computational limits. Moreover, the phase slip  As already pointed out in the Introduction, the nature of
depends on the accuracy of the calculated short period oscijhe LPQ in Cr has been puzzling for quite a long time. Until

lation (SPQ. Let us assume a value of 280.02 ML. With  now, no first-principles calculation could reproduce the LPO.
this accuracy the phase slip can vary between 23 ML and 4f1oreover, the fact that the bce Cr Fermi surface offers no
ML, which shows the difficulty to compare the calculated caliper of a length that would correspond to the LPO left

Boints, since in the range of (08K <(0,0.25), the Cr
ave functions indeed experience a gap.

result of the phase slip with experiment. room for speculations. Recently, Schilfgaarde and Harfison
For a discussion of the amplitude of the SPO, we caculatgrgued that the LPO might be a higher harmonic of the SPO.
the spectral densit{ps, Their argumentation seems to lead to the conclusion that the
1 phase slip period is identical to the period of the long oscil-
Dy(E,kp)=——Im Y, Gi(E k), @ lation, which certainly is not tru&®Koelling et al. suggested
I

that a small change in the Fermi energy might modify the
Fopology of the bcec Fermi surface such that the 9 ML caliper
changes to a 1812 ML caliper. We investigated the bcc
Fermi surface for a different value of the Fermi energy
gEF(TZO)+T=3OO K] and found no changes that would

for k| equal to a nesting point. The trace is to be taken ove
the orbitals ands;; is the Green'’s function of the layéerWe

do not include all layers in the above summation because
otherwise the existing interface states would complicate th . .
interpretation of the spectral density peaks. Every peak in thgVe rise to a 16-12 ML callpe_r. . .
spectral density that moves periodically through the Fermi In the past, the bce CF Fermi ;urfaqe has. been investigated
energy with increasing spacer thickness corresponds to ' ord_er to f|r_1d the caliper Wh.'Ch gives rise to the LPO.
quantum well(QW) state. In Fig. 4 we show the dispersion Investlgatlng instead the Ferml surface of Cr n the CsCl
of the QW states for the nesting calipers, i.e., the energ tructure, i.e., that the unit cell of the Cr cpnssts o_f two
position of the QW state for different spacer thicknesses. Th toms per cell, we fo_und tha.‘t the Cr F_erml surfa_ce in the
stars in the figure correspond to peaks in the spectral densi SCl structure gives rise to d|_fferent_cal|per_s than in the bcc
and the lines indicate the periodical movement of the Q t_ructure as.long as the nesting caliper |s'|ncommensurable
states through the Fermi energy. The period of the QW state ith th_e Iat_tlce. In_the bec structure a C‘.”‘"p_@f along the
amounts to 2.0Z0.02 ML which is in excellent agreement 00 direction, fulfills the following equation:

with the fitted SPO and the nesting caliper. In Fig. 5 we
display the energy dependence of the QW states for a par-
ticular spacer thickness. The QW states are rather broad
compared to Mo, for example. A look at the band structure
alongk, at that nesting pointFig. 6) for both Fe and Cr whereG, is the reciprocal lattice vector of the bcc lattice.
reveals that the Cr wave functions at the Fermi energy do ndn the CsCI structure the same calig@rfulfills instead the
experience an energy gap. This is not the case for all nestinfpllowing equation:

Q+k=Gp, (9)
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Cr Fe

0.8 minority majority

FIG. 6. Energy bands along a nesting caliper
in Fe and Cr. The left panel shows the Fe spin-
down bands and the right panel the Fe spin-up
bands. The middle panel shows the Cr bands.
71 has the coordinates, ¢Za)(0,0.25,0 and y;
the coordinates (#2/a)(0 ,0.25,).

(E-E,) [RYD]

Y, Y, Y n,

= e tions, namely, the spin-density wave contributibg,, and
Q+k'= 2 - 10 the multiple scattering contributiofy;atering

If we now assume the caliper spanning the hole octahedron Jergpw = Jsowt Jscattering 1D

atH in the bcc structure to be identical wiin Eqg. (9) and
Eq. (10), the caliperQ, in Fig. 3 is identical tok’ in Eq.
(10). As long as the nesting calip€J, is incommensurable
with the lattice, we find no caliper in the bcc structure which
is identical withQ, in Fig. 3. In other words, the calipers
Q. and Q, have different lengths as long &%, is incom-
mﬁ?%ﬁ&%ﬁa%@ti?éﬁ?ﬁi.rrectly described assuming a be For a spacer thickness where the SDW in Cr is frustrated,
. L2 (f:ig. 5 displays the spectral density for one nesting point for
structure, the bcc and CsCl Fermi surfaces should give rise [§oth the Ce. and the C spacer and confirms the above
the same calipers. Our findings suggest that even our para- P Spw SP

magnetic bulk solution is not correctly describable assumin quality. For spacer thlcknegses where the SDW |n'Cr IS
a bcc structure for Cr, i.e., the CsCI structure of Cr is not rustrated(Sec. 11l D) there exists nearly no SDW contribu-

. : : tpn to the spectral density. Therefore the spectral densities

reducible to a bcc structure, as long as the nesting caliper A e and Cr in Fia. 5 should be rather similar to

Cr is incommensurable with the lattice. In agreement with PM SDW 9. . o
each other. The small differences in the spectral densities

L 19 ; 3
our findings Schwartzmaret al.~ showed that if many ave their origin in slightly different boundary conditions at

particle effeptfs_, l.e., exchange al_wd correlation, are neglectea‘e Fe interface(Due to hybridization the Fe interface mo-
the susceptibility of paramagnetic Cr has a sharp peak near

the nesting caliper in contrast to Mo. ment depends on whether it is in contact with agBpacer

Since Cr has an incommensurable nesting vector the cs& athlscc)jw sptacfelj. In Fig. Z we s.h(t)va, ‘f t'rr: t';'g‘ > ghe
and bcc Cr Fermi surface give rise to different calipers at th pectral density Tor one nesting point for bo BN

L . ~ . . he Crgpy Spacer, but now for a spacer thickness where the
I' point, ie., the caliper®, and Q4 give rise to different SDW in Cr is matched at the Fe interface. We notice that the
periods. Calipers),,Q,, and Q5 are identical for the bcc

and CsCI-Cr Fermi surface. For the CsCl Fermi surface thgpectral density peaks of &g are exchange shifted and

Q4 caliper is 11.6 ML long and gives rise to an intraband
transition, whereas for the bcc Cr Fermi surface hecali-
per is 9.3 ML long and gives rise to an interband transition
which exactly at thel’ point even is symmetry forbidden
(Fig. 3. This means that the agreement is excellent between
the Fermi-surface calipers, the fitted interlayer coupling pe-
riods, and the experimentally obtained interlayer coupling
periods if we use the paramagnetic CsCl Fermi surface.

In the case of, say, bcc Cu the calipers of the CsCl and of
the bce Fermi surface are exactly the same because there is ¢ s |
no incommensurable nesting vector. The correct description

For Cr as a paramagnetic spacer the interlayer coupling has
its origin merely in multiple scattering. Therefore the mul-
tiple scattering contribution to the interlayer coupling across
the Crgpyw Spacer approximately equals the total interlayer
coupling across the paramagnetic Cr  spacer,

Jscattering: J Clom

50.0 -

~
o
°

states/(eV k,)]
8

of Cr is a unit cell which contains two atoms per cell. By 100 |

increasing the number of atoms per unit cell even more, for

example, by using four atoms, the lengths of the calipers do 00 o =
not change. ' (E-E;) [meV] '

FIG. 7. Energy position of the QW states fdg,=15 ML and
the nesting pointk;=(0,0.25) when the Fe magnetic moments are
In this section we describe the interlayer coupling foraligned parallel. This thickness allows the formation of a SDW. The
Crgpw by considering it as a sum of two distinct contribu- solid (dotted line indicates the QW states of Gy (Crpy).

C. Contributions to the interlayer coupling
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the Fe moments fods,= 15 ML.
FIG. 8. The multiple-scattering contributioncgieringand the

spin-density wave contributiongd,y, as a function of the spacer . . i .
thicknessde; of Crgpyw decreases only slightly with layer thickness as is

evident from Fig. 9(left). At the interface the Fe magnetic

amplified compared to the peaks of G. For all Cr layers moment is _reduced due to hybridization with €rAt the
having a positivenegativé magnetic moment the peaks are interface with Cepy (Crpy) the Fe moment amounts to
shifted by plugminus half the exchange splitting compared 1-97«s (1.91up), which corresponds to a 14% reduction
to the peaks of Gay. compared to the magnetic moment of bulk Fe.

Now we can compare the two different contributions to
the interlayer coupling, i.e.,JSDWZJC,SDW—JC,PM since
Jscattering=J cryy, 1N Fig. 8 we show both the spin-density IV. Fe/Mo/Fe

wave and the multiple scattering contribution to the inter- A. Fermi surface
layer coupling across the G#,y spacer. We notice that both
contributions are of the same order of magnitude. Therefor%
the interlayer coupling for a Cr spacer has two equally im->"""" :
portant contributions, multiple scatteriigand spin-density Imit. i.e., for large distancesl between the Fe layers, the
wave. The effect of the spin-density wave in Cr is to forceRKKY theory predictsl~e'?*¥% in the free-electron cade
the magnetic moments of the ferromagnetic layer to alignrand J~e'ki—%)9 for a periodic potential, wherd points in
with the magnetic moment of the closest Cr layer. For mosthe direction perpendicular to the interfaces. Thus it is the

spacer materials the spin-density wave contribution is negligifference between twok points at the Fermi energy,

gible, as in Mo, or even absent, as in Cu. In most cases thﬁ—ﬁ,— , that determines the periods of the interlayer cou-
multiple scattering contribution is equal to the interlayer cou-

pling, i.e.,J=Jys. For Cr, on the other hand, there exists in Pling. The vectork; andk; have to fulfill the following four
addition a spin-density wave contribution, since Fe induces §onditions in order to asymptotically determine the periods
spin-density wave in Cr. We expect an antiferromagnetic calof the interlayer coupling: First; andk; have to lie on the
culation to give about the same results Jgg as obtained  Fermi surface, second(—k;)|d, third the group velocities

here, since for the presently investigated range Of SPacef and,. must be antiparallel, and fourth the band symmetry
thicknesses the amplitude of the SDW in Cr is more or less )

- in pointsk; andk; must be the same.
constant within the spacésee Sec. Iil D. In Fig. 10 we show the Fermi surface of bulk-Mo with the

_ _ experimental lattice constant of May,,=3.14 A, and with
D. Magnetic properties the experimental lattice constant of Fas.=2.86 A. Some

In Fig. 9 we compare the magnetic moment profiles forpairs of k points (calipers, which fulfill the above-
Crgpw With Crpy. For an oddeven number of spacer lay- mentioned conditions and therefore contribute to the oscilla-
ers the absolute value of the magnitude of the Cr magnetiion of the interlayer coupling in the asymptotic limit are
moment has to go through zero, if the Fe magnetic momenti§idicated by arrows: CalipeQ; is the nesting caliper. It
are aligned antiparallgparalle).” In short, this behavior is connects the jack centered Brwith the octahedron centered
due to the boundary conditions the spin-density wave expeen H (2 ML). Caliper Q, connects the ellipses &. The
riences at the interface, i.e., we have one situation where thegliper Q; connects the ellipse & with the jack. Finally,
spin-density wave is matched at the Fe interface and anoth#éine caliperQ, connects the jack with the lens found along
situation where the spin-density wave is frustrated. In thghe A line from I" to H. The lengths of the calipers depend
matched situatioffleft graph the Cr interface magnetic mo- on the value chosen for the Mo lattice constant. The 2 ML
ment for Crpy is reduced to 26% and in the following layer caliper is shorter usingre, Whereas the three other calipers
it is reduced even further to 6% compared to the respectivare longer usingar.. The calipers for the two lattice con-
moments of Cgpy. We point out that the magnetic moment stants which were determined graphically, are collected in

The oscillation periods of the interlayer couplidgare
etermined by the Fermi-surface topology. In the asymptotic
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TABLE II. Fermi surface calipers of Mo.

w; [ML] Are amo
01 2.00 2.05
w; 3.11 2.74
w3 4.21 4.00
Wy 10.77 9.66

(010)

In Fig. 11 we show the bands along the califgy for
ayo- Forag (not shown, but similar to Fig.)6the Mo and
Fe bandsgbands 3 and 5 in Fig. 21match each other for
both spin directions, but faa,,,, only the spin-down bands
of Mo and Fe match. The spin-up bands of Fe and Mo are of
different symmetry at the Fermi energy, which leads to a gap
for the spin-up states of Mo. Thus, f@; we find a gap
usingay,, but no gap usin@g,.
In Fig. 12 we show the bands aloi@@, and Q5 for ag..
CalipersQ, and Qs have about the sang, which implies
that the band structures alol, to Q4 do not differ signifi-
cantly. The bands 2 and 4 give rise to califigs whereas
caliper Q, involves only band 2. For both lattice constants
. . . . and both calipers the Mo states find Fe states to couple with
Table I, using the relatiom; = 1/Aki’ wheree Is the period, at the Fermi energy regardless of the spin direction, since the
Ak iS' the Iength of the Caliper andlabels the four above- Fe and Mo bands have the same Symmetry_ We find no gap
mentioned calipers. for either lattice constant and the Fe and Mo bands match.
In Fig. 13 we show the bands alor@, for ay,. The
B. Band structure caliperQ,4 connects bands 3 and 4. At first sight it seems as

. , o , if this caliper violates the symmetry condition. The caliper
The amplitude of _the interlayer coupling is deteg%wlned byjoins the A, band (band 4 with the A5 band (band 3.
the degree of maiching between the Fe and Mo band@be  q\vever, we recall that not only the critical point, but a

amplitude is small in case the Mo states at the Fermi energy | region around it, contributes to the interlayer coupling.
can couple to Fe states, i.e., if there is no gap. The amplitudgy ye 1 hoint theA band is doubly degenerate. But already
is larger in case the Mo states at the Fermi energy find no F& a small region around th& point this degeneracy is

states to couple with, i.e., if there is a gap. In the following jite 423 5 that the transition between bands 3 and 4 does not
we wa.nt to investigate the banpl structure along the_four Ca“\'/iolate the symmetry condition. Hence calig@y, fulfills all

pers, i.e, alongk, for four differentk;. As mentioned ., jitions(Sec. IV A) and thus contributes to the interlayer
above, we have nk, in our calculation, which implies that coupling. For both lattice constants, only the spin-down

it is not obvious which band structure to investigate. We findp o 4s of Fe and Mo match each other. whereas the spin-up
that the interface-Fe properties, and not the Fe bulk propeiy  ciates experience a gap. For caIi@; we find gaps
ties, determine the amplitude of the interlayer c;oupling.using either lattice constant '

Therefore we show the bulk Fe band structure but with the
potential parametet® of the Fe interface layer. In other

words we fix the Fe bulk magnetic moment at the calculated
interface magnetic moment. In Figs. 11, 12 and 13 we show We again calculated the total energy for two magnetic
the band structures for each calipér,—Q,, separately. The configurations, where the Fe magnetic moments either point
bands in the figures are numbered in order of increasing erparallel or antiparallel to each other. Then the interlayer cou-

(100)

FIG. 10. Fermi surface of bulk Mo along the-H direction
(k,). The solid(broken line is the Fermi surface of bulk Mo for
the lattice constard, (ay,). The arrows indicate calipers contrib-
uting to the interlayer couplin¢see text

C. Interlayer coupling oscillation

ergy at the right zone boundary. pling J is defined as in Eq5). In Figs. 14 and 15 we show
FeMinority Mo FeMajority
_ 08 1 T 1 FIG. 11. Energy bands alon@, in Fe and
E 04 L 1 y s | | Mo for ay,. The first panel shows the Fe spin-
o . down bands and the last panel the Fe spin-up
-~ 00 == = a bands. The panel in between shows the Mo
L 2 Mo bands.#; has the coordinates 2a)(0,0.25,0
W o4 ;/\w ; —/ and vy, the coordinates (2/a)(0,0.25,).
-0.8
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0.8 I:eMinority Mo FeMajority .
: FIG. 12. Energy bands along, (andQ3) in
_ i 6 s Fe and Mo forag,. The first panel shows the Fe
a 04r¢ F NI i spin-down bands and the last panel the Fe spin-up
E 4 bands. The panel in between shows the Mo
= 00k A N ar, bands.7,, v, 73, and y; have the coordinates
i , —_— (27/2)(0,0.42,0. (27/a)(0,0.42.1,
w -04 /\// (27/a)(0,0.44,3, and (27/a)(0,0.44,), respec-
1 tively.
-0.8
Yo UPHA Moo 1P

the calculated interlayer coupling as a function of the tally is still open. In Ref. 5 Koelling made the argument that
spacer thicknesd (d=1,...,20 ML (solid curvg. To ex- the 3 ML oscillation is ofsp nature in contrast to the other
tract the oscillation periods we again perform a least squargseriods which all contaiml character. Then, by defect scat-
fit of our calculated interlayer coupling to the asymptotic tering thed character is washed out, whereas speharacter
limit of the RKKY (QW) expression as in Eq6). The fit  is less influenced by such factors. This line of argumentation
expression contains 12 parameters, the fitted values of whicthould also be valid for the 4 ML oscillation, which is domi-
are found in Table IIl. In order to compare the oscillation nantly ofspcharacter as well. But the 4 ML oscillation is not
periods for the two different values of the lattice constant, wefound experimentally in spite of the fact that theoretically the
have to do a fit with at least four periods. A fit with only amplitude of the 4 ML oscillation is even larger than the 3
three periods leads to the three strongest periods for the réAL oscillation.
spectivea: wq, wz, andw, for ag, and w4, w,, and w4 for
ay,. Previously* we reported results using only three fit ) _
periods all of which have a d/dependence and did not D. Interlayer coupling amplitude
obtain the 3 ML period for eithea. From the theoretical point of view the RKKYRef. 16

In the following we compare our fitted periods with the and the quantum wellQW) theory? were both put forward
Fermi-surface caliper§able Il). When we compare the sec- to explain the salient features of the interlayer coupling.
ond columns of Table Il and Table Il and the third column There is general agreement that RKKY theory and QW
of Table Il with the fourth column of Table IIl, we find a theory are equivalent and that they are capable to explain the
nearly perfect agreement. The difference between the Fermfeatures of the interlayer coupling. Both describe a multiple
surface values and the fit values is at most 4% and indicatescattering process. If one only considers the lowest contrib-
the exactness and convergence of our computational methogdting scattering order, i.e., one single scattering of the wave
Levy et al® find by use of the Anderson model, only the 2 function both at the left and right interface, one recovers the
ML oscillation and others™ find by investigating the pos- RKKY expression found by perturbation thedfyThis de-
sible Kohn-anomaly spanning vectors an extensive list ofines the weak scattering limit, which implies that the inter-
possible oscillation periods, including the periods found bylayer coupling amplituded, is proportional to the square of
our fit. Experimentally only the 3 ML oscillation has been the ferromagnet's magnetic mome?2.*1f higher orders
found in the (100 direction?® Their reported coupling of scattering are included, i.e., multiple scattering at both
strength amounts to 0.12 meVa@#=5 ML, which is equiva- interfaces one recovers the QW theory. Higher orders of
lent to a coupling amplitudé,~3 meV. Thus the experi- scattering become important when a gap opens up at the
mentally obtained coupling amplitude is by about a factor ofFermi energy. Then, in the strong scattering limit, the inter-
107 smaller than the theoretical one. This is not so surprisinglayer coupling amplitude is independent of the magnetic
since in our calculation we include neither surface roughnessmoment?®
nor defects which both broaden the scattering state and In the following we investigate the dependence of the
thereby decrease the coupling amplitude. The question ahterlayer coupling amplitude on the magnetic moment of Fe.
why the other periods have not been observed experimerkarlier Schilfgaardet al* made a similar investigation for a

FeMinority MO FeMajority

0.8
A 04F 1 1 J FIG. 13. Energy bands alon@, in Fe and
> | [ P Mo for ay,. The first panel shows the Fe spin-
) 0.0 = ? 8 a down bands and the last panel the Fe spin-up
/LuTL I : R ] Mo bands. The panel in between shows the Mo
u -04 - 1 1 1 bands.
~ ) 1

-0.8
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TABLE lll. Fit parameters for the Mo spacer.

90.0

A, Are amo
700 r T i j (ML) Ai (me\/) (Di j (ML) Ai (me\/) (Di
50.0 1 1 2.04 181 -0.32 2.06 462 -0.30
S ol 2 3.09 287 2.49 2.78 644 -1.45
‘g ' A /\ 3 4.03 495 3.66 3.94 699 0.66
00 /X A 4 11.2 355 2.02 9.66 226 2.59
/m\ R A = /\

-10.0 - y v \m/ é/ \m/ \\B/ \3/ \D

curvatures are equal for both lattice constdifig. 10. The
300 ¢ ] difference in the center of ban@, between spin up and spin
down,

-50.0

Spacer tt:i%kness [ML]15 cl-cl=AcC (13

FIG. 14. Calculated interlayer couplidgfor ag, as a function of IS to first-order approximation proportional to the difference
the Mo spacer thickness. The solid curve gives the self-consisterll 0ccupation numbers between spin up and spin down, i.e.,
results and the broken line is the result of the fitting procefiice ~ the magnetic moment
- AC~M. (14)
Fe/Cr/Fe system. In the weak scattering limit, the interlayefFrom Eqgs(12) and(14) it follows that the amplitude ratio is
coupling amplitudeA, can simply be expressed as a functionequal to the ratio of the square of the center of band differ-
of the Fermi surface curvature, and the square of the fer- ences, i.e.,
romagnet’s magnetic mome# 2.2’ Thus the interlayer cou- 5
pling does not explicitly depend on the choserMoreover, AaMo _ (ACaMo)
the Fermi surface curvatures for the two lattice constants K_ (AC, e)7
differ so little that we may approximate the ratio of the in- Fe F
terlayer coupling amplitude by the ratio of the square of theln the following we discuss whether E(L5) is fulfilled for
Fe magnetic moments, the four different calipers. In Table IV we compare our fitted

amplitudes with the square of the center of band difference.
We obtainedA C graphically by using the Fe bands that give

(15

AaMo MgMO the strongest contribution to the interlayer coupling. Obvi-
A w2 (120 ously these are bands 3 and 5 for caligy, band 2 for
8re are Q,, bands 2 and 4 foR3, and bands 3 and 4 f@,. In the

first column we show the amplitude ratio and in the second

The small difference between the Fermi surface curvatures ¢folumn we show the ratio of the square of the center of
the two lattice constants is reflected by the difference in théands difference. For the 3,4, and 10 ML oscillation the two
phases obtained by our fitable Ill). For the 2 ML oscilla-  ratios are about equal, i.e., EQ.5) is fulfilled and thus the

tion the difference vanishes. In this case the Fermi surfaca@mplitude is proportional to the magnetic moment squared.
However, for the 2 ML oscillation the two ratios deviate by

about 40%, i.e., Eq(15) is not fulfilled. The band structure
100.0 ‘ ‘ ‘ ‘ at Q, alongk, tells us that for theay, there is a gap con-
a tributing to the interlayer coupling, whereas for the, there
Mo . . . . .
is not. The disagreement for the 2 ML oscillation is thus
expected, since, as mentioned earlier, the appearance of a
gap (for the ay,) implies that the interlayer coupling ampli-

j\ A f\ f\ F\ tude is independent on the Fe magnetic moment. In contra-

50.0

= . de is in . Fe !
Y I diction with theoretical predictior8 stands that despite the
S v \J v \a fact that for caliperQ, we find a gap for both lattice con-
stants, we find the interlayer coupling amplitude to be pro-
-50.0 -
TABLE IV. Comparison between the amplitude ratio and the
center of band ratio.
1000 : ' : 2 Caliper Aa 1A ACZ JACE
° ° Spacer thickness [ML] P Ao " Bre Mo~ “re
1(2 ML) 2.6 1.6
FIG. 15. Calculated interlayer couplinfor ay, as a function 2 (3 ML) 2.2 2.5
of the Mo spacer thickness. The solid curve gives the self-consister& (4 ML) 14 1.6

results and the broken line is the result of the fitting procefidce 4 (10 ML) 0.6 0.5
(5]
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400 ‘ . . ‘ : ‘ 20
a ——- k=0.20
Mo a e K,=0.21
Fe "l ---- k=0.24
300 [ i — k=025
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N = 1 iy
= = i
> % Ly
g 200 F = " |‘ i
|
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+= (o] ] [
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Dm —_ I' ]
100 - 1 b ] - [
: w A
: o " 1
; : a’os |- ; !
. / \
0.0 i ! . d i A A ‘, ‘I
10 05 0.0 05 10 10 05 0.0 05 1.0 ! !
L/
(E-Ep) [eV] (E-Ep) [eV] 1

0.0

FIG. 16. The spectral density [Eq. (8)] for
kj=(27/a)(0,0.25). The left(right) panel gives the spectral den- _ _
sity for ay, (ard) . The solid line gives the spectral density for FIG. 17. The spectral densif§£q. (8)] at the Fermi energy as a
only running over the Mo layers, whereas the broken line gives thdunction of the Mo spacer thickness fég=(27/a)(0,0.25) for

spectral density for equal to the one Fe layer 3 ML away from the are. The different lines give the spectral density for differégqt
interface with Mo. points, all of which give rise to a nesting caliper.

'[his demonstrates clearly the 2 ML oscillation. Moreover,
o) . ; . : N

all nestingk points contribute to the interlayer coupling in a
constructive manner. For a Mo thickness of 8 ML #hgoint
with k= 0.20 gives the strongest contribution, whereas for a
o re Mo thickness of 16 ML the samile point gives the weakest
The 3 and 4 ML oscillations both follow the weak scattering contribution. This difference is due to how close to the Fermi

I|m|t_ for both Iattlc_e constants. For calip@, we have con energy the scattering peak appears for a particular Mo thick-
tradictory results, i.e., from the band structure we would ar- .

! . ness andk point.
gue that the long period oscillations follows the strong scat-

tering limit but we find it in this section to follow the weak
scattering limit.

portional to the magnetic moment squared. This we cann
explain yet. We have thus shown that the 2 ML oscillation
for the a,, follows the strong scattering limit, whereas the 2
ML oscillation for theag, follows the weak scattering limit.

F. Magnetic moment of Fe and Mo

At the Fe/Mo interface, Fe induces a spin polarization in
Mo. By considering a single interfaceFe/Mo», one finds
that Fe gives rise to a Friedel oscillation in Mo, i.e., the Mo

The spectral densit{p [Eq. (8)] can be used to derive magnetic moment will oscillate in space. In Table V we
some information about the nature of the coupling. The unshow the charge and magnetic moment at the Fe/Mo inter-
certainty relatioPAtAE~#% implies that the longer the path face. The magnetic moment of Fe is, compared to the bulk,
of the wave(and thus the larger the timg is, the smaller reduced at the interface by 24% for thg, and by 20% for
will the uncertainty in energy become. The higher the scatthe ay,,. This reduction is due to hybridization between the
tering orders that contribute to the interlayer coupling, i.e.Mo d band and the Fd band?° We find a fast decaying Fe
the longer the path of the wave function, the narrower be€harge oscillation and a slower decaying oscillation of the Fe
comes the spectral density peak. In the following we willmagnetic moment. Mo behaves as an antiferromagnet with a
only consider the spin-up states, because the contribution mall magnetic moment. At the interface Mo has a moment
the interlayer coupling from the spin-down states is muchof 0.23ug for ay,, and of 0.04g for ag.. At the interface,
smaller. We calculated the spectral density for one nestinghe Mo and Fe moments always couple antiparallel to each
k point[k;=(0,0.25)] as a function of the energy for the two other.
different lattice constantgFig. 16). The solid curve corre-
sponds to the Mo spectral density, iieruns over the entire V. SUMMARY
spacer with the exception of the interface layers, whereas the
broken curve indicates the Fe spectral density for the one Fe !N the case of the Cr spacer we have shown that the mag-
layer furthest away from the interface. For both lattice con-"€tic moment of Cr influences the interlayer coupling dra-

stants we see at the Fermi energy two peaks which have no _ _
‘th TABLE V. Magnetic moment and charge at the Fe/Mo inter-
ace.

E. Spectral density

counterpart in Fe. These are scattering states. The peak wid
for the ap is considerably broader compared to the pea
width for theay,,, i.e., forage the 2 ML oscillation follows
the weak scattering limit while foa,,, already higher scat-
tering orders contribute. ape
In Fig. 17 we again show the spectral density but this time
for a fixed energy, the Fermi energy, and instead as a fung,,,
tion of the spacer thickness. The different curves correspond
to differentk points all contributing to the nesting caliper.

Fe Fe Fe Mo Mo Mo Mo Mo Mo

799 798 835 565 6.02 6.00 6.00 6.00 6.00
234 249 168 -0.04 0.01 -0.01 0.02 -0.01 0.01
8.00 7.98 830 5.70 6.01 6.00 6.00 6.00 6.00
272 2.76 2.20 -0.23 0.03 -0.03 0.04 -0.03 0.02
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matically. Besides the multiple scattering contribution wecoupling, all the other interlayer coupling amplitudes are
find a spin-density wave contribution to the interlayer cou-proportional to the square of the magnetic moment, despite
pling which is of the same order of magnitude. The 18 A pe-the fact that for the longest period there exists a gap.

riod of the interlayer coupling can be explained as due to a

caliper of the Cr Fermi surface in the CsCl structure. In the

case of the Mo spacer we have discussed the Fermi surface ACKNOWLEDGMENTS

of Mo and the band structure of Fe and Mo for four different
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