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The role of the electronic structure in determining the transport properties of ballistic point contacts is
studied. The conductance in the ballistic regime is related to simple geometrical projections of the Fermi
surface. The essential physics is first clarified for simple models. For real materials the band structure is taken
into account using parameter-free local-spin-density approximation calculations. In magnetic metallic multi-
layers the electronic structure gives rise to a large difference in conductance between the parallel and antipar-
allel configurations. For Co/Cu and Fe/Cr multilayers the dependence of the conductances on the layer thick-
nesses and the crystal orientations is investigated for the geometries with the current perpendicular, parallel,
and at an angle to the interface planes. In spite of the absence of spin-dependent scattering at defects, the
ballistic giant magnetoresistance effects in the perpendicular geometry can be as large as 120% and 230% in
Co/Cu and Fe/Cr multilayers, respectivel$0163-182608)04612-4

[. INTRODUCTION was pointed out by Sharvirthat electrical transport in bal-
listic samples is a sensitive tool to study Fermi surface prop-
Most experimental studies of electrical transport are in theerties, as has been demonstrated by electron focusing
diffusive transport regime, in which the sample dimensionsexperiment$:® In studies of electrical transport through
are much larger than the mean free path. In this regime thgingle ballistic point contacts attention has often been fo-
conductivity is determined both by the electronic structure ofcussed on the nonlinear phenomena in the current-voltage
the material and by the scattering at defects. This can bgharacteristics. The observed deviations from Ohm’s law can
illustrated within the free-electron model with two com- pe ysed for a spectral analysis of the interaction mechanisms

monly used expressions for the Drude conductivity, of the conduction electrons with elementary excitations in
metals*=® The conductance in the linear response regime is
n 2e? k% just a constant that appears to be not very interesting. Even
Torude &V (7T T 134 @) in relatively well defined microfabricated point contddts

the cross-sectional area of the contact is not accurately
The diffusive conductivity depends both on electronic strucknown. This prevents the experimental determination of the
ture parametergin curly brackety such as the Fermi wave conductance per unit area, which is a material specific pa-
vectorkg or the ratio between the densityand the masm rameter that contains information on the electronic structure.
of the electrons, and on scattering parameters such as the fact, usually a theoretical estimate for this parameter is
mean free path | or the relaxation timeThis division into  used to determine the area of the cross section from the mea-
an electronic structure part and a scattering part is not uniqugured conductance.
since the electronic structure also plays a role in determining Recently, we identified a situation in which the measure-
the scattering properties. The relaxation time, for examplement of the conductance of a single ballistic point contact
depends on the density of states at the Fermi energy. Thgives rise to interesting new effects in the linear response
factorization of Eq.(1) into electronic structure and scatter- regime? For magnetic metallic multilayers consisting of al-
ing contributions is an artifact of the free-electron model. Forternating magnetic and nonmagnetic layers and the current
general band structures and scattering mechanisms the tviowing perpendicular to the interface planes we predicted
aspects are strongly entwined and a simple factorization dodbkat the conductance in the ballistic regime should increase
not exist. This complicates the evaluation of the effect thaby more than a factor of 2 when the relative orientation of
the electronic structure has on the transport properties.  the magnetizations of adjacent magnetic layers is changed
In the ballistic transport regime the sample dimensionsfrom antiparallel to parallel. This change in conductance
are much smaller than the mean free path. In this regime tharises from the difference in electronic structure between the
conductance does not depend on the scattering properties kartiparallel and the parallel configuration. The alignment of
only on the band structure and on the device geometry. lthe magnetization can be realized experimentally by apply-
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ing an external magnetic field to antiferromagneticallyports a giant MR. This is in contrast with the common belief
coupled magnetic multilayers. The large change in resistandhat GMR is mainly due to spin-dependent defect scattering.
induced by applying a magnetic field to such systems is reFor Co/Cu multilayers this surprising result can be ascribed
ferred to as the giant magnetoresistaf@#R) effect. Even  almost entirely to the fact that we realistically take into ac-
if the cross-sectional area of the point contact is not knowngount the hybridization between the free-electron-lelec-
the relative resistance change can still be measured acctrons and the heaviet electrongsee Sec. V § this hybrid-
rately since the experiment can be done using a single corization is neglected in the simple theories. Before trying to
tact. understand the GMR in dirty multilayers it would be very
Experimentally the GMR effett~*2has up to now only desirable to have some insight into the transport properties of
been observed in the diffusive transport regime. Some initiaideal multilayers. In this paper an attempt is made to provide
experiment$~1°on very small samples have been performedsuch insight. Besides being of interest for future experiments
but thus far ballistic transport in magnetic multilayers has notin the ballistic regime we believe that our calculations are
been realized. The GMR effect has been the subject of inalso relevant for the interpretation of present measurements
tense investigation mainly because of the advantages ih the diffusive regime.
promises for magnetic recording and sensing. Most measure- The method that we use to study ballistic transport in
ments are made in the geometry with the current flowingmagnetic multilayers can be applied straightforwardly to
parallel to the interface planes, the so-called current-in-planether materials. Gnez Abal, Llois, and Weissmaffhcalcu-
(CIP) geometry. The experimentally more challenginglated the ballistic magnetoresistance in the FeRh intermetal-
current-perpendicular-to-plan€CPP geometry®8 results  lic compound. The magnetic moments on the Fe sites in
in an enhanced GMR and should also help to clarify theFeRh are coupled antiferromagnetically but can be aligned
origin of the effect because of the higher symmetry and théy applying an external magnetic field. The corresponding
clearer role of the interfaces as compared to the CIP geommagnetoresistance calculated in Ref. 40 is as large as 400%.
etry. In addition to the CIP and CPP geometries the conducExperimentally*! the dependence of the resistance on the
tance can also be measured in the so-called CAP gecthetryexternal magnetic field is highly nonmonotonic. A theoreti-
in which the current flows at an angle to the interface planescal description of this dependence is still lacking but will
There is consensus about the conditions under which theequire the self-consistent calculation of tgerobably non-
GMR effect occurs, namely, when the magnetizations otollinea) magnetic structure of FeRh as a function of the
neighboring ferromagnetic layers, which are initially ori- external magnetic field. The changes in resistance that ac-
ented antiparallel or at random, are aligned by applying amompany the metamagnetic phase transitions in both mag-
external magnetic field. A satisfactory microscopic explananetic multilayers and intermetallic compounds are induced
tion of the physical processes causing the GMR is still lackby changes in electronic structure. The same mechanism ac-
ing, however. Most theories that attempt to explain the GMRcounts for the magnetoresistances that are calculated in the
by spin-dependent scattering at defects, either in the bulk adiffusive regime using a spin- and state-independent
at the interfaces, do not treat the underlying electronic strucrelaxation-time approximation for multilayet$3’ the FeRh
ture realistically. Instead, transport is assumed to be medieompound® and uranium compound$*® This mechanism
ated by thes electrons, which are described by a parabolicwas invoked earlier to explain resistance anomalies around
band with some appropriate effective nfds’or by a non-  the magnetic ordering temperatures in rare-earth m&t4fs.
degenerate tight-binding bait:>3The magnetism, whichis ~ Weissmannet al*® considered the ballistic transport in
associated with the tightly bourdl electrons, is introduced Co/Ni multilayers in which all layers are magnetic and
in terms of phenomenological scattering or tight-binding pa-strongly ferromagnetically coupled. This system does not go
rameters. Studies of transport in the diffusive regime that dahrough a metamagnetic phase transition and therefore does
take into account the complicated band structure of thenot exhibit a giant magnetoresistance effect. The Co/Ni mul-
multilayer*=3° suffer from strong intertwining of electronic tilayers are of interest because of the oscillatory behavior of
structure and scattering effects that is inherent to the diffuthe resistance as a function of the layer thickne85es.
sive regime and that complicates the interpretation of the Mathorf® has calculated ballistic transport through Co/Cu
results. A clear distinction between band structure and scagnd Fe/Cr multilayers of finite thickness sandwiched be-
tering contributions can only be obtained at the cost of maktween infinite leads of Cu and Cr, respectively. The values
ing approximations in the transport theory, such as the statde calculates for the MR are similar but not identical to the
independent relaxation-time approximatithri’ The validity ~ ones we obtained in Ref. 9. This discrepancy is partly due to
of such approximations is, however, not clear. Furthermoresmall differences in the electronic structtfréut, more im-
the choice of a realistic model for the disorder, either micro-portantly, also due to the difference between the “finite”
scopic or phenomenological, is far from trivial. geometry considered by Mathon and the “infinite” geometry
In this paper we calculate the conductance of a ballisticonsidered by us; these two geometries are depicted sche-
point contact in the linear response regime with emphasis omatically in Figs. 2a) and 2b), respectively, of Ref. 4&not
its dependence on the electronic structure. In addition teshowr). Similarly, different experimental geometriésuch
model calculations that clarify the basic physics we carry ouas “finite,” “infinite,” or as in Ref. 14 “semi-infinite”)
first-principles electronic structure calculations based on thehould be distinguished. Direct comparison between theory
local-spin-density approximation. The parameter-free resultand experiment is possible only for the same geometry. The
for the ballistic conductance can in principle be comparedsimilarity between our results and those of Matffoimdi-
directly with experiment. For magnetic multilayers we find cates, however, that the effect of the geometry on the results
that a perfectly periodic structure without any defects sup-obtained so far is only minor. Besides the ballistic regime,
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Mathon also considered transport through mult”ayers Withsinceljvg(a) at EF is a|WayS normal to the Fermi surface,

fluctuating layer thicknessé8. ~ .  th o ctiBAS ) of
The organization of this paper is as follows. In Sec. “G(n) ca_ln be E)fpres.seij in terms of the projecti§ps(n) o
ES(VO') in the directionn:

derivations are presented of the expression for the ballisti
conductance that is valid for a general electronic structure. 2 A1

This expression is evaluated in Sec. Ill for free-electron, G(N)=—— = 2 S,,(N). (5)

. . . . . h 4 2 2 vo

tight-binding, and Kronig-Penney models and in Sec. IV for ™ o

realistic bulk materials using first-principles band-structure o o )
calculations. The ballistic transport and magnetoresistance in The above derivation of the ballistic conductance is analo-
Co/Cu and Fe/Cr multilayers are discussed in Secs. V an@0Us to the calculation of molecular effusion of a dilute gas
VI, respectively. Our results are summarized in Sec. y||.through a small hole in response to a pressure gradient. The

Short accounts of part of this work were given in Ref. 9 ang@mount of gas that flows through the aperture per unit time is
a number of conference proceedif§s>2 in that case directly related to the equilibrium velocity dis-
tribution function of the molecules. Experiments in the re-
gime where the mean free path of the gas is much larger than
[Il. BALLISTIC TRANSPORT the dimensions of the hole were undertaken in 1908 by
In this section the general expression for the ballistic con-KHUdseﬁs 0 test_the predlctlons O.f the kinetic .theory of
ductance is derived. Consider two semi-infinite electroded2S€S: The ballistic regime of electrical transport is therefore
separated by an insLJIating barrier and only connected via a_ometlmes referred to as the Knudsen regime and the Shar-
Vin conductance as the Knudsen conductafice.

i:’;:giggeggﬁs& th?)ir??réfrziaz?livggxliﬁésdri(;friréﬁgr tgfati: The expression for the ballistic conductance can alterna-
P ively be derived from the Landauer-Riker formalism®®

o i
::;F:’eg:’ntgh;?’l E[?llécglesé?r?)lge\r/v:]vaézrllet:g%n';ﬁ:r:efgiaseta%itg ;n;jug:]uc}gor a general band structure the Landauer conductance for-
9 mula can be written in terms of incoming and outgoing

a point contact is determined by the ballistic motion of the -
electrons through the openifgEven though the electrons Bloch states that are labeled by the compongnof the
passing through the constriction are not scattered out of theff!0ch vector parallel to the insulating plafiee., perpendicu-
Bloch states, the conductance of the point contact is finitéar to n) and by the indices’ and o:

due to its finite cross sectioh. A sufficiently small opening

is a small perturbation to the unconnected electrodes and, in
lowest order, does not disturb the equilibrium distribution
functions of the electrons in the two electrodes. The net cur-
rent is given by the difference in the number of electronsThe calculation of the transmission probabilities
incident upon the opening from each side per unit time. Thug. - = 2 e oo N
for a small voltage differenc¥ between the electrodéand ?tq”w’q”” /|* from the incident modajj "¢ to the trans
at6I0W temperaturgshe current in the transport direction
is

=%

G="= 2 |tguedel® (6)

P
qyvo.q, v o

mitted modegq,vo is in general difficult. In the ballistic re-

gime, however, this calculation is trivial because the modes
are not scattered at all and the transmission probability ma-
trix is simply the unit matrix. The conductance then becomes

| AeVeEE dq IN-0,,(q)] 8(e,,(A) —Ef), (2 2
= o 31 Uys €y - ’ ~ ~
2 | g3Mvwld U G(n)=%2 N, (R), %

wherev,,(d) ands,(q) are the velocity and the energy, whereN(n) is the number of conducting channels for trans-

respectively, for a state with Bloch vectqy band indexv,  port in directionn. The number of channels can be counted
and spin indexo. The velocity of a Bloch state can be ob- by noting that the density of transverse modes eqféisr2
tained from the band structure using and that only the propagating modes moving towards the
contact should be taken into account. This gives Ej.
R | _ again and thus the two derivations yield the same result.
V1o(A) = 7 Vaevol(a)- 3 The above discussion is limited to the three-dimensional
case. For electrical transport in two-dimensional electron

, gases in semiconductor nanostructtfé® the two-
The factor 1/2 in Eq.(2) appears because only electrons jinensional case is relevant. In two dimensiokss the

moving towards the opening contribute to the current. Th&yigth of the constriction and the density of transverse modes

integration ovely can be replaced by an integration over theequalsA/27. The right-hand sides of Eq&2), (4), and (5)

corresponding sheet of the Fermi surfacée$. The ballis-  should therefore be multiplied by a factorrdn the two-

tic or Sharvin conductanc&(n)=1/V can then be written dimensional case.

as* We briefly compare the formalism for the ballistic regime
with an approach used by others to study transport in the

ds diffusive regime where scattering at defects should be taken

In-v,,(q)]. (4)  into account. Defect scattering in magnetic multilayers has

SO |
n)=-———»-= Y
h 472 53 Jeso) |0,,(9)] not yet been calculated from first principles and approxima-
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tions have been employed instead. In the relaxation-time ap-
proximation to the Boltzmann equation the diagonal compo-
nent of the conductivity tensor in, for example, tkxe @
direction is given by

- @ (b)
o€ [ S (IO (D20~ ER) i ick I
XX ~ 83 Vo vo ve F/s FIG. 1. The shape of the Fermi surfagkick line) for a nearest-
(8) neighbor tight-binding model on a square lattice in two dimensions
as a function of the band filling. The large squares are the bound-

with TW(a) the relaxation time of statémr. Oguch?* and  aries of the first Brillouin zone, the hatched areas represent the filled
Zahnet al3” made the additional approximation that,(q) sjrtitfs' @ eomdt=Ep<eo; () Ep=so; (0 eo<Er=eo
does not depend amand v. The spin-polarized conductivity
can then be factorized into a scattering term and an electronic B. Tight-binding model
structure term, of which the latter can be evaluated without | | the Sharvi q d d h
any free parameters. In the constant-relaxation-time approxi- n ggner@ t eTh' avin an L1|c;tance de'“ef‘ S on the trans-
mation the electronic structure part of E8) for the diffu- port direction. This can be lllustrated using a nearest-
sive conductivity resembles that of E@) for the ballistic ne|gh_bor t|ght-b|n(_j|ng "_'Ode' for_a square lattice in two d".
conductance, except that the weighting over states is diffefN€nsions. The dispersion relation depends on the on-site

A s . . otentialey and the hopping matrix elemetit
ent by a factotx-v,,(q)|. We emphasize that the choice of P fo pping
a constant relaxation time is rather arbitrary. Equally well,

the mean free path,,(q) = 7,,(q)|v,,(d)| could be chosen _ _ . _
to be independent af and ». The same electronic structure Wherea is the lattice parameter. The dispersion relatibt)

term as in the ballistic expression would be obtained by takdétermines the shape of the Fermi surface as a function of
ing the mean free path in thedirection constant in Eq8). the band filling. When the Ferml energy is close to the bot-

For CPP transport this would correspond to a statelom (top) of the band, the Fermi surface resembles the free-
independent mean free number of traversed inter&ces. electron(hole) Fermi circle, as shown schematically in Fig.

Note that in the calculation of the ballistic conductance suchH@ [Fig. 1(c)]. As Er approaches the center of the band, the
approximations are not required. Fermi surface starts to deviate from the free-electron behav-

ior and exactly at half-filling it becomes a square, as shown
in Fig. 1(b). The Fermi surface always has the fourfold sym-
metry of the underlying square lattice. From Figb)lit fol-
Before evaluating the Sharvin conductance from firstiows that the projection, and therefore the conductance, de-

principles, it is instructive to first consider the results for pends om; at half-filling the projection in th¢10) direction

£20(q) =eo— 2t(cosq,a+cosqya), (11)

IIl. MODEL CALCULATIONS

several simple models. is a factorv2 larger than the projection in th@1) direction.
The Sharvin conductance is thus anisotropic even for a
A. Free-electron model square lattice, in contrast to the diffuse conductivity. By ana-

. _ . lyzing the shape of the Fermi surface as a function of the
The simplest model for the electronic structure is the freeg 5 filing we obtain, for a spin-degenerate band

electron model with a single parabolic band. The Fermi sur-

face of a free-electron gas in three dimensions is a sphere, 262 A 1 |E— e

the projections of the two hemispheres are circles with radius G%B(lO) T an arcco%z—t — 1) , (122
ke, thusS,(n)=27k2, independent ofi. By substitution

of S,(n) in Eq. (5) and using spin degeneracy the well- 0 2e2 A V2 |EF— &)

known free-electron expression for the Sharvin conductance Grp(1) = -~ 5 —arccos— —.  (12h

Ggg is obtained:
We used the fact that the boundaries of the projections along
2e? Ak,% the(10) and the(11) directions are located on the lingg=0
GFE:T e 9 and q,=dq,, respectively, independent of the band filling.
The numbers of conducting channels in tti®) and (11)
Note the resemblance &g to the electronic structure part directions are shown in Fig. 2 as a function of the band
Opruge IN EQ. (D). filling together with extrapolations of the free-electron and
In two dimensions the Fermi surface is a closed line in thehole behavior near the top and bottom of the band, respec-
two-dimensional Brillouin zone. For a free-electron gas thetively.

projection of the Fermi circle equalskd from which we For a nearest-neighbor tight-binding model on a cubic lat-
obtair”8 tice in three dimensions the Fermi surface cannot be ana-
lyzed as easily as in the two-dimensional case. We therefore

2D 2e? Ake resort to numerical methods to calculate the projection. In

FE- T o4 (10 Appendk A a suitable adaptation of the tetrahedron

method®5%is described, including a discussion of its accu-
where the factor 2 comes from spin degeneracy. racy. This tetrahedron method will be used in the next sec-
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Lot u
v 0.6 ,,.:_,-"Q'\\:?\ - dA dB
< £ )
b4 | '/"/ \"\5 i
0.4 y R FIG. 4. The potential landscape for the Kronig-Penney model of
a multilayer consisting of materias andB with layer thicknesses
0.2 ] d, anddg, respectively. Only the situation that both materials are
metallic is considered, i.e., that the potential stefs smaller than
0.0 : ‘ ' the Fermi ener .
2 - 0 1 2 -

E (21) :
C. Kronig-Penney model

_ FIG. 2. The number of conducting ch_annels per spin asa func- The Kronig-Penney model has been used by several au-
tion of the Fermi energy for a nearest-neighbor tight-binding modelthOrS to study the effect of a modulated potential in the

Chosen as ihe zero of emergy. The soi and the dashed inss are (IEOWth directionz on the transport properties of magneti
: 24.2527-30.12rha effect of such a potential on the

X ; multilayers?
numbers of conducting channels for transport in ¢th@ and (11) - . .
directions, respectively. The dashed-dotted line shows for energiegonductance can be significant in the CPP geometry and it is

smaller and larger than, the free-electron and the free-hole be- mstr.uctlve to study this mode_l in the ballistic "”."t- Th_e po-.
havior, respectively. tential landscape for the Kronig-Penney model is depicted in

Fig. 4. First we consider the limit in which the potential is
) ] o o o only a weak perturbation on the free-electron result. In Fig.
tions in combination with first-principles band-structure cal-5(g) a cross section of the unperturbed Fermi sphere is plot-
culations to evaluate the conductances of bulk materials angd in an extended zone scheme. When the multilayer period
multilayers. For the three-dimension&D) tight-binding  d,+dg is larger than half the Fermi wavelengtl , several
model, the numbers of conducting channels in {80, Bragg planes cut the Fermi sphere. The perturbed Fermi sur-
(110, and(111) directions calculated numerically as well as face will (almost always intersect these Bragg planes per-
the free-electron and hole extrapolations, from the top angendicularly, as is well known from nearly-free-electron
bottom of the band, respectively, are shown in Fig. 3. Theheory®® Gaps open in the projection of the Fermi surface in
anisotropy in the Sharvin conductance is less pronouncethe z or CPP direction, as shown in Fig(l§. This reduces
than in the two-dimensional case. Our results for ¢h@0)  the projected area and thus the conductance. The position of
direction are in good agreement with the calculations bythe gaps is determined by the multilayer period, their size by
Todoro? except for the finite-size effects, which result the strength of the potential. Near the edge of the projection
from the finite cross section used in Ref. 62. In Appendix Bthe gaps become wider because electrons that meet the inter-
an alternative calculation of the conductance in (260 faces under grazing incidence can be reflected more easily. A

direction is given that agrees excellently with the result op-Similar nearly-free-electron analysis for the CIP directions
tained using the tetrahedron method. shows that the opening of the gaps decreases the projection

of the Fermi surface on one side of the Bragg planes, but
increases it on the opposite side. These two contributions

nearly cancel, causing only a small effect of the potential on
06} = 1 the CIP conductance.
.&”’ é"‘a
/” AN q
4 0.4 A //’ \\\ \“ i v
< L R
=z ,;'// \‘\s\
02l /A‘/. \\\.‘ ]
I 1
0.0 ‘ ‘ ‘ ‘ ‘ ! !
3 2 A 0 1 2 3 \ \
E- (29 1 I
1 1

(@ (b)
FIG. 3. The number of conducting channels per spin as a func-

tion of the Fermi energy for a nearest-neighbor tight-binding model FIG. 5. (a) The cross section of the unperturbed Fermi sphere
on a cubic lattice in three dimensions. The on-site potemtjais (thick line) at g,=0. The spacing between the Bragg planes repre-
chosen as the zero of energy. The solid, dashed, and dotted lines aented by the dashed lines equats/ @+ dg), which correspond

the numbers of conducting channels for transport in ¢h@0), to the multilayer periodi,+dg in the z direction. (b) The projec-
(110, and (111 directions, respectively. The dashed-dotted linetion (black area of the perturbed Fermi surface in tkzeor CPP
shows for energies smaller and larger tharthe free-electron and direction. The positions of the gapg@hite ring9 in the perturbed

the free-hole behavior, respectively. The numbers of channels weréermi surface correspond to the positions where the Bragg planes
calculated using 48k points in the first Brillouin zone. cut the unperturbed Fermi sphere.
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R () FIG. 7. The oscillations of the ballistic conductance as a func-
0.8} .. 1 tion of d, around the asymptotic valudotted ling for the Kronig-
N \\ Penney model withtU/E=0.8 anddg =20\ .
o 0.6f .
a ferent interface$see Fig. 6)]. Mathon, Villeret, and Itoff
% 0.4 ] studied similar oscillations in the transmission through trilay-
ers. From the approach used in Appendix C it is obvious that
0.2| o] the ballistic conductance of a multilayer is intimately related
. to the transmission through a single barrier, i.e., a trilayer. In
00 ‘ ‘ ' = Fig. 7 the depend @B(CPP) ond, is plotted f
00 02 04 06 08 1.0 9. e dependence db( ) ond, is plotted for

U/E U/E-=0.8 for large layer thicknesses. In Ref. 64 two
_ _ o asymptotic oscillation periods are identified: one from the
FIG. 6. (a)_ The Sharvin condu_ctance_m tizeor CPP direction stationary point of the Fermi surface.g/2) and the other
;Or tthe Kr]??r']g'Fl)e“”egl’q,kade' W'"U/Ele_l(,)'z' 0'56 gr OO'|8 ?\Sda from the cutoff point due to the potential step that is equal to
unction of the layer thicknessak, (solid line§ andds (dashed />y /1y). The oscillations shown in Fig. 7 correspond

lines) with the other layer thickness constant and equal 820 . o . L
very well with these two oscillation periods. This is another

The dotted lines are the asymptotic valuesdgrdg>Ag . (b) The . . . . .
dependence of the Sharvin conductance dgr.ds>\r on the manifestation of the close relationship between the single

height of the potential step. The dashed line represents the approXprrier scattering properties and the ballistic conductance of
mate result obtained by Bauer in Ref. 24. the multilayer. Figure 7 also shows that the asymptotic value

obtained from Eq(C8) and plotted in Fig. &) corresponds

We study the ballistic conductance in the CPP direction’®” well with the value around which the numerical results

G(CPP), as a function of the layer thicknesses and thgscnlate for large but finite layer thicknesses.
height of the potential step. Using the cylindrical symme-
try of the Fermi surface its projection can be calculated nu-
merically by determining fog, from 0 to ke how many of IV. BULK MATERIALS
the corresponding components of the Bloch vectors inzthe
directionq, are real and correspond to a conducting channel. We now turn to the calculation of the ballistic conduc-
Figure Ga) shows the dependence G{CPP) on the layer tance for real materials. To obtain a realistic description of
thicknessesl, anddg for a constant value dfl. Fordg=0  the electronic structure that does not contain any free param-
the free electron result is retrieved. Fiy=0 the bulk con- eters we calculate band structures in the local-spin-density
ductance of materiaB is obtained that is only (2 U/Eg) approximation(LSDA). The only input for such calculations
times G due to the reduction of the Fermi wave vector inis the species and the positions of the atoms. The LSDA
the bulk of materiaB by the potential step® For large layer provides an accurate, though not exact, description of Fermi
thicknesses the number of gaps increases but their sizes bsurface$>% Note that the conductance as an integrated
come smaller and3(CPP) converges to some finite value property is not very sensitive to the details of the Fermi
that is lower than either of the bulk conductances. The desurface topology. We make use of the linear-muffin-tin or-
pendence of this asymptotic value@{CPP) onU is shown  pjtal (LMTO) method in the atomic-spheres approximation
in Fig. 6(b) and derived in Appendix C. The main reduction (ASA).5"%8For the bulk calculations presented in this section
of G(CPP) comes from statep that are propagating in ma- the electronic structure was calculated self-consistently using
terial A but evanescent in materiBl?* The additional reduc- a mesh of 12 k points in the first Brillouin zone. Unless
tion of G(CPP) is due to the perturbation by the potential ofstated otherwise a basis sf p, andd orbitals is used; the
the states that are propagating in both materials. The contreffect of f states is discussed below. To evaluate the projec-
bution of the states that are evanescent in mat&iale- tion of the Fermi surfaces use is made of the tetrahedron
creases exponentially witthg . method described in Appendix A. Good convergence was
For finite values of the layer thicknesses, oscillations aris@btained using interpolation grids with as many as 48
from the interference of the propagating states between difpoints in the first Brillouin zone.

F
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FIG. 8. The ballistic conductance per spin for bulk fcc copperas gy 9. The ballistic conductance for bulk fec cobalt as a func-

a function of the energy for a rigid band structure. The Fermi en+,qn of the energy for a rigid band structure. The Fermi energy is

ergy is chosen as the zero of energy. The solid, dashed, and dottef{osen as the zero of energy. The solid and dashed lines are the
lines are the Sharvin conductances for transport i(106), (110, gharyin conductances for transport in tH®0) direction for the

and (111) directions, respectively. The conductances were Calcu'majority and minority spin electrons, respectively. The conduc-

lated using 48 k points in the first Brillouin zone. The dashed- (5nces were calculated using®48points in the first Brillouin zone.
dotted line shows the free electron result obtained using @@nd

the parameters from Ref. 63. estimate for the ballistic conductance is O4BO*®

Q! m~2, which is only about 10% smaller than the calcu-

Figure 8 shows the ballistic conductance of bulk Cu forg:\ted value in Fig. 9. For the minority spin thislike bands

three different transport directions. The Sharvin conductancare shifted to higher energies. At the Fermi energy this re-

depends 0_"?‘ but the anisotropy is small compared to that ingyts in a minority spin conductance which is more than
the tight-binding model. This can partly be explained by theyice the majority spin conductance. In contrast to the results
close-packed structure of the face-centered-cubic crystal iRy, cy and the majority spin of Co, no reasonable free-
which each atom has 12 nearest-neighbor atoms compared §@.cron estimate can be given for the minority-spin conduc-

6 nearest-neighbor atoms in the more open simple-cubic latznce of Co, which reflects the complicated band structure
tice considered in the model calculation. To indicate the CONfor the Co minority spin around the Fermi energy.

tributions from different bands the conductance is plotted as |, the expansion of the wave function only a limited num-

a function of the energy keeping the Cu band structure Unper of partial waves are taken into account. To estimate the
modified. Obviously, only the value at the Fermi energy isiyqyence of the cutoff in angular momentum we compare the
relevant for the linear response regime. The free-electron besp4vin conductances B for Cu and Co calculated using

havior of Eq.(9) is also shown, assuming a density of oneg,q angspdf bases. As shown in Table | the difference is
free electron per Cu atoffi.Around the Fermi energy the

ballistic conductance corresponds very well with the free- 1,5 e | The Sharvin conductances per spiin units
electron estimate of 0.5710% Q 1.m 2 at Eg. For ener- 1415 -1 m-2) in the (100), (110, and(111) directions for a num-
gies around 3 eV below the Fermi energy the ballistic conye of cubic metals. Most calculations are performed using ah
ductance is significantly larger due to the high density ofyasis and for the experimental lattice constanwhich is taken
electrons of mainlyd character. The enhancement is, how-from Ref. 68. For Co and Cu results obtained usingspa f basis
ever, considerably less pronounced than in the correspondinge also listed, as well as the conductance for Cu using the experi-
density of states pIB% (not ShOWI) due to the Weighting in mental lattice constant of Co and vice versa.

Egs.(4) and(5) with the velocity, which is much smaller for
the relatively flat bands in this energy range. For energies a(A) basis spin (100 (110 (111
more than 6 eV below the Fermi energy there is only one

band that has mainlg character. The Sharvin conductance ¢ €4 3614 spd 055 058 0.5
in this regime is shifted in energy with respect to the free-fc¢ Cu 3.614  spdf 055 058 055
electron line but has the same slope, which means that tH§c €U 3.549  spd 057 0.60  0.57

curvature of this band corresponds to the free-electron mas&c €0~ 3.549  spd  ma 048 049 045

In magnetic materials the degeneracy between the majofcc Co 3549 spdf maj 047 047 043
ity and the minority spin electrons is broken. The ballistic fcc Co 3.614 spd maj 047 049 045
conductance then depends on the spin direction due to tHec Co 3549 spd min 116 1.09 1.10
spin dependence of the electronic structure. In Fig. 9 thécc Co 3.549 spdf min 1.19 111 1.13
Sharvin conductance is shown for bulk fcc Co. For the mafcc Co 3.614 spd min 1.12 1.05 1.06
jority spin the dependence of the conductance on the banidc Ni 3.523  spd maj 0.48 0.49 0.45
filing resembles that of Cu, except that the width of thefcc Ni 3523 spd min 1.38 1.36 1.34
bands with mainlyd character is larger. The calculategpin)  becc Fe 2.861 spd  maj 0.48 0.42 0.43
magnetization of Co is 1.63 Bohr magnetgig] per atom, pcc Fe 2861 spd  min 0.92 0.89 0.93
which yields an estimate for the density of free majority-spinpcc cr 2.885 spd 0.63 0.57 0.59
electrons of 0.32 per atom. The corresponding free electroa




8914 KEES M. SCHEP, PAUL J. KELLY, AND GERRIT E. W. BAUER 57

negligible for Cu, the largest deviation being The charge and spin densities in the P configurations are
0.003x 10 Q! m~2 for the (100) direction. For Co the calculated self-consistently using a basisspfp, d, and f
differences are significantly larger but do not exceed 4%. Werbitals and meshes of approximately 140@oints in the
attribute this deviation mainly to the small change in thefirst Brillouin zone. From the self-consistent potentials the
magnetic moment of Co. The magnetization of Co decreasdsand structures are determined usingsgrd basis and dif-
from 1.63 to 1.5@ 5 /atom whenf orbitals are included. This ferent meshes containing up to 55 OR(oints in the first
gives rise to a decrease of 6% in the estimated density of freBrillouin zone. The projections of the Fermi surfaces are
electrons in the majority-spin band, which corresponds to ahen calculated by the tetrahedron method described in Ap-
decrease of 4% in the Sharvin conductance, in reasonabfgendix A. For Cq/Cu, in the P configuration we performed
agreement with the calculated values for the Co majoritythe self-consistent calculations of the charge and spin densi-
spin. ties both using as pdand using aspdf basis. The conduc-
In multilayers the layers of the constituent bulk materialstances(calculated with arspd basig differed by less than
are strained. We therefore evaluate the dependence of tt3%4.
Sharvin conductance on the atomic volume by performing The band structures in the AP configurations are calcu-
calculations for Cu using the experimental lattice constant ofated from potentials obtained by interchanging the spin den-
Co and vice versgsee Table)l For Cu the increase in the sities from the corresponding P configurations on alternating
conductance for a smaller lattice parameter can be undeCaq,/Cu, cells. By calculating the potentials in the AP con-
stood in terms of the free-electron model. From E%).we figuration forn=1 andn=2 self-consistently, we checked
expect an enhancement of 3.7% in the Sharvin conductanagat this procedure has only a minor effect on the final re-
when the lattice constant decreases by 1.8%. The calculategits: forn=2 the difference in the magnetic moment on the
enhancements for Cu are 3.7%, 3.5%, and 3.3% for th€o atoms is as small as 004 and the relative changes in
(100, (110, and(11]) directions, respectively. For Co at the the conductances do not exceed 1%. Whets odd the
lattice parameter of Cu the magnetization is increased teharge density on the Cu atom in the center of the layer in
1.67ug/atom, which is due to the reduced overlap of atomicthe AP configuration is taken equal to the charge density of
orbitals. The reduction of the conductance for the majoritybulk Cu. Alternatively, the average of the charge densities
spin due to the larger lattice parameter is almost exactly carfor the majority and minority spins in the P configuration can
celed by the enhancement due to the larger magnetic m@e used; for Cg/Cu, the conductances in the AP configura-
ment. For Cu and for either spin of Co the changes in thejon that follow from these two choices differ by approxi-
conductance due to the 1.8% change in the lattice parametgiately 1%.
are smaller than 4%. From the above discussion it is clear that there are several
The calculations can be straightforwardly carried out forsources ofminor) inaccuracy. Fortunately, the conductance
other materials. Besides the results for Cu and Co, Table ik not very sensitive to the precise parameters used in the
also displays the Sharvin conductanceg&atfor fcc Ni and  calculation, changing typically by a few percent when indi-
bcc Fe and Cr. vidual parameters are changed. The overall error bars of the
conductances are estimated to be smaller than 10%. This is
V. Co/Cu MULTILAYERS sufficiently accurate for our present study in which we are
interested in changes in the conductance that are laige
and. In the following we will quote the calculated conduc-
tances without error bars.

The method of calculation for multilayers is similar to
that for bulk materials in the previous section. Using the
LMTO method in the ASA the band structures of magnetic
multilayers are calculated for both paral{®) and antiparal-
lel (AP) alignment of the magnetizations in adjacent mag- B. (100) orientation

netic layers that are separated by nonmagnetic layers. This Figures 10a) and 1@b) show the projections of the Fermi

section focuses or(100 oriented Cgq/Cu, multilayers, X S .
wheren is the number of atomic layers of each material in asu_rfa;:eds Cm /tge CPI;.Idlrecpo?hfo; the ]:[.WO stpms '?E]la?t |
unit cell that is repeated periodically in the growth direction. OM'€nted Le/us multiiayer in the I configuration. The tota

Resuilts are also obtained for a £6u; multilayer in the black area is ameasure of the conduct'ance aIthoqgh it should
(111) orientation. _be noted that different sheets qf F_erml su_rface _mlght k_)e pro-
jected on top of each other, which is not visible in the figures
but which is taken into account in the numerical results. The
projection for the majority spin resembles the free-electron
The lattice distortion that arises from the 1.8% lattice mis-projection, which is a circle. As in Fig.(b) for the Kronig-
match between Co and Cu is taken into account using thBenney model the projection is split up into a series of rings
model from Ref. 70, which was based upon the results ofeparated by minigapghe “white” rings) due to the pres-
total-energy calculations: the in-plane lattice parameter i®nce of a periodic multilayer potential. Furthermore, the
chosen to be that of bulk fcc copper, the cobalt layer isfree-electron circle is distorted in a way that reflects the four-
tetragonally distorted keeping the bond lengths betweefiold symmetry of the underlying lattice. This is similar to the
nearest-neighbor atoms constant. The lattice constants in tledfect found for the tight-binding model in Fig.(d). The
calculations are chosen to be 1% smaller than the experimeiprojection for the minority spin is more difficult to interpret
tal ones in order to be close to the total-energy minimum forand certainly not free-electron like, which is caused by the
calculations in the local-density approximation; the bulk lat-complicated Fermi surface of the Co minority-spin electrons.
tice parameter of Cu is thus taken to be 3.578 A. It is clear that the total projected area and thus the number of

A. Technical aspects
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FIG. 11. The layer thickness dependences (ftd0 oriented
Co,/Cu, multilayers of the MR(filled circles and of the conduc-
tances for the majoritydiamond$ and the minority(squares spin
in the parallel configuration and for both spins in the antiparallel
configuration(open circleg (a) CPP geometry(b) CIP geometry.

FIG. 10. Projections inside the first Brillouin zone of different ransport measurements in the ballistic regime will find val-
Fermi surfaces for 4100 oriented Cg/Cus multilayer on a plane  Ues for the CPP MR comparable to those measured in the

parallel to the interfacesa) Majority spin and(b) minority spin in diffusive limit."72 . .
the parallel configuration(c) either spin in the antiparallel configu- Figure 11 summarizes the results for layer thicknesses
ration. varying from n=1-8. The thickness dependences in the

CPP geometry can be interpreted in terms of the Kronig-
channels available for conduction is much smaller than folPenney model, compare Figgaband 11a). For small layer
the majority spin. In the language of the Kronig-Penneythicknesses the conductances decrease rapidlynyitrhich
model this corresponds to a higher potential step. Somarises at least partly from states that are evanescent in either
states(the thin line$ have no dispersion in the direction Co or Cu. An additional contribution to the enhanced con-
normal to the multilayer planes and can be identified agluctances at smafi might originate from the deviations of
guantum-well states. Because their velocity is perpendiculathe potentials near the interfaces from the bulk potentials,
to n, their contribution to the CPP transport is negligible. Which can smooth the discontinuity and modify the height of
Figure 1@c) shows the projection of the Fermi surface of the the potential step for thin layers. The magnetic moments on
same multilayer in the AP configuration. Because the projecthe central Co atoms, for example, are, fior 14, slightly
tions for spin-up and spin-down electrons are identical, onlyeduced compared to the bulk val(y at most 0.25). For
one is shown. The projection in the AP configuration is mordarger layer thicknesses the conductances approach a con-
similar to the projection for the minority spin than to that for Stant value. Small oscillations of the conductance as a func-
the majority spin in the P configuration. The number of gapdion of the number of monolayers are observed for both spins
is, however, twice as large for the AP configuration becausé the AP configuration and for the P minority spin, reflect-

the unit cell is doubled. The magnetoresistance is defined 489 quantum size effects on the conductance. Qualitatively,
the most important effect for the CPP geometry can be cast

Gmajt Gmin— 2Gap in terms of the “semiclassical” model of Ref. 24: the resis-
= 2G , (13)  tance for the minority-spin channel in the P configuration is
approximately equal to that of either channel in the AP con-

with G, and Gy, the conductances in the P configuration figuration but is shunted by the “open” majority-spin chan-
for the majority- and the minority-spin electrons, respec-nel. Quantitatively, however, the present realistic calcula-
tively, and G,p the conductance of either spin in the AP tions yield much larger results for the magnetoresistance
configuration. The CPP MR for the GiCus multilayer of  than could be expected on the basis of the simple estimates
Fig. 10 is 120%. We thus predict the unexpected result thamade in Ref. 24.
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For the CIP geometry it is not very instructive to plot the
Fermi surface projection because many sheets of Fermi sur- \
face are projected on top of each other due to the reduced
size of the Brillouin zone in the direction. The numerical \ @)

calculations are, however, straightforward and the results are

shown in Fig. 11b). Unless stated otherwise our calculations

for the CIP geometry are for the current alon¢l@0) direc- N
tion, results along #110) direction being very similafsee

below). As in the CPP case the conductances saturate for \

. . L b
large layer thicknesses. For the majority spin in the P con- ©)
figuration the conductance is approximately the average of . . . .
the bulk conductances of Cu and Co. This corresponds to thae Elaeﬁtl}i'_vf;?Zg?gcf&;?r:‘s;ﬂtﬁgoghi? ::\n@gl)enz%atstﬁzzgsp;th of
simple interpretation of two layers contributing to the con- 9 g

ductance in rallel. Eor the minorit in the multil rFermi surface. In(b) the states at different sheets have opposite
uctance parallel. o € orty sp € mulliaye velocity components along the interfaces. There is no transmission

conductance Is considerably sm_aller th_an the a"‘?rage of trlﬁrough the interfaces that are indicated by the thick black lines.
bulk conductances and the simple interpretation breaks

down. The conductance of either spin in the AP configura- . . A
tion is approxima‘[e'y the average Gmaj and Gmin- The dOWn, hOWeVer, if not all Ve|0C|ty Components in direction
calculated CIP MR of Co/Cu is only a few percent, which is have the same sign. In that case the inequality in (£6)
much smaller than the values that are observed experime@Pplies and the multilayer conductance is reduced compared
tally in the diffusive regime® to the averaged bulk conductances. This is consistent with
The breakdown of the simple interpretation for theour results for the minority spin. Weissmaahal*® find for
minority-spin conductance can be understood as follows. I°0/Ni multilayers in the CIP geometry that the multilayer
the limit of thick layers the Bloch states of &B multilayer ~ conductance is approximately equal to the weighted average
are linear combinations of bulk Bloch states of materials Of the bulk conductances for the majority spin whereas it is

andB. The velocityv; of multilayer Bloch staté at g, and con5|d.erab|y smal[er for the minority-spin cpnductance; this
result is also consistent with our interpretation.

Er can then be written in terms of the yelout@é anduy The physical origin of the reduction of the multilayer con-
of the bulk Bloch state$ andk in materialsA andB, re-  gyctance in the CIP geometry is elucidated in Fig. 12 for a
spectively, at, andEg as state that is localized in one layer. In Fig.(dRthere is only
one sheet of Fermi surface and the two bulk Bloch states
Ji - 2 |aij |2;JA+ 2 |,3ik|217|? , (14) with energyEr and wave vectoﬁf (ﬁ” ,*q,) have velqcity
i k components that are the same in the CIP but opposite in the

. . CPP direction. In this case the velocity in the CIP direction is
where a;; and gy are the coefficients of the linear expan- o ajiereqd by the reflection at the interfaces. In Fig(bl2
sion. The local density of states for a multilayer in the thickyere are two sheets of Fermi surface and states can be re-
layer limit is the same as in the bulk from which we obtain fj¢teq into states on the other sheet of the Fermi surface that
the relations have an opposite velocity component along the interfaces.

q Due to the mixing by the intersheet scattering the multilayer

> |aii]?= A (159  Bloch states are linear combinations of bulk states from the
T 1 datds two different sheets, which slows down the multilayer Bloch
electrons and thereby reduces the conductance. The reduc-
) dg tion of the multilayer conductance in the CIP geometry in
Ei | Bixl “di+dg (15 this case thus originates from reflection, which changes the
velocity direction along the interface, even though the reflec-
For the calculation of the conductance using 8).the sum tion is “specular” in the sense thaj, is conserved. In the
of the absolute values of the velocities in directionis CPP geometry, reduction of the multilayer conductance oc-
needed. Employing Egs(14) and (15 and the relation curs even in the case of a single sheet of Fermi surface be-

|Zixi|<Zi|x| yields cause the two states @t have opposite velocity components
perpendicular to the interfaces.
o . d o | . . | h . h . . . ;-
' A A B B n principle, the intersheet scattering in magnetic multi
Z In U'|$dA+dB 2 In-vjl+ da+dg EK In-vil. layers depends on the magnetic configuration and can

(16)  thereby give rise to a finite CIP MR. From the low values
o ) ) obtained for the CIP MR we conclude that this mechanism is
The equality in Eq.(16) only holds if all velocity compo-  not very effective in Co/Cu. This probably indicates that the
nentsn-vJA andn-vE have the same sign. This condition is intersheet scattering occurs predominantly by reflection of
fulfilled in the CIP geometry for the majority spin of Co/Cu states in the Co minority layers and that this reflection hardly
multilayers and the multilayer conductance is the average adepends on the potential landscape beyond the directly adja-
the bulk conductances weighted by the layer thicknesses. &ent Cu layers. For Fe/Cr multilayers the mechanism of in-
similar point was made for the diffusive conductivity in the tersheet scattering turns out to be more efficient in generating
Kronig-Penney model by LeW# The argument breaks a CIP MR and we will elaborate on this in Sec. VI.
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FIG. 13. The dependences on the direction of transport for a 2 \ //
(100 oriented Cg/Cus multilayer of the MR(filled circles and of 0
the conductances for the majoritgiamond$ and the minority N
(squaresspin in the parallel configuration and for both spins in the s 2 g —
antiparallel configuratiorfopen circles The CPP geometry corre- o <
sponds to th€001) direction, (100 and (110) are two CIP direc- § -4F AT
tions. The spacing between adjacent tick marks on the horizontal 2
axis corresponds to a rotation of the transport direction by 15°. The W .sf ]
conductances were calculated using<7Z2x 12 k points in the first
Brillouin zone. 81 ]
Besides for the CPP and CIP geometries the conductance 1OW L T X W K
can also be calculated for the CAP geom#gtip which the (b)
current flows at an angle to the interface planes. Figure 13 _ )
shows for a(100) oriented Cg/Cus multilayer the depen- FIG. 14. The band structures of bulk Ca) with and(b) without

~ o d hybridization. The Fermi f the hybridized bands i
dences of the conductances and the MRhofhe majority- zrisenyag tIhZ:Iz?er:o ofzneergcl enerdy of the hybridized bands 1S

spin conductance is only weakly dependent on the transport

direction as expected. The dependenceS gf, andGp can

roughly be described by a constant term plus a term propc),potentials unchanged. The band structure for bulk Cu with-

tional to|sin 4 with @ the angle between and the(001) or outsp-d hybridization, as shown in Fig. 1), mimics the

CPP direction. The constant term can be interpreted as th%lectronlc structure adopted in simple models: a single nearly

projection of spherical parts of the Fermi surface representr-)"’IrabOIIC band crossing Ioca@hzeldaands without miXing. In
: . . . contrast, the correct calculation that includgsd hybridiza-
ing propagating states. Thein ¢| term then arises from parts . . : .
of the Fermi surface that have their normals perpendicular tgon displays strong anticrossing of different bands, as shown
the (001) direction, which is characteristic for quantum-well n Fig. 14a). FOI’. Cu the.dlfference In eIectronlp structure

) e . _around the Fermi energy is small, and the same is true for the
states. In reality such a strict division between propagatin

and quantum-well states is too crude, of course. The condugz?:rjr?]ri'tgn:}:m Ilir:asci(r)f trfgrb;hnedsmvlvnh%:g tsglmokc]j%\i,zz\t/iirr;st?r?
tances and the MR depend only weakly on the CIP direction gy

the main anisotropy in multilayers is thus between CPP an(gqe band s'truc;ture due to hybr.|d|zat|on are substanual.
CIP. The projections of the Fermi surfaces fof1®0) oriented

Co5/Cus multilayer withoutsp-d hybridization in Fig. 15
are strikingly different from the projections witkp-d hy-
bridization in Fig. 10. The projections of ttsp parts of the
The large value we calculate for the CPP MR is in strik-unhybridized Fermi surfaces are free-electron like, with only
ing contrast to what one would expect on the basis of simplemall distortions due to the fourfold rotational symmetry.
models that ascribe the GMR effect completely to spin-Because the diameters of the circles are greater than the
dependent scattering at defects. In the simplest free-electramidth of the first Brillouin zone the Fermi surfaces are folded
models potential steps are absent and the electronic structuback at the zone boundaries. The minigaps formed by the
does not depend on the magnetic configuration at all. In theeriodic multilayer potential are small but clearly resolved.
ballistic regime where defect scattering is absent the MR is-or the minority spin in the P configuration and for both
then expected to vanish. To understand the origin of the disspins in the AP configuration there are atbstates present
crepancy between the simple models and the realistic calcat Er. These bands are confined to a single magnetic layer
lations we investigate the effect of hybridization between theand have only small widths in the direction perpendicular to
d electrons and the free electrons in the band. This hy- the interfaces. These quantum-well states hardly contribute
bridization is neglected in most early theorf8s3 In our  to transport perpendicular to the interfaces. The positions of
calculations we switch thep-d hybridization off by setting the quantum-well states are the same in Figgb)l&nd 15c)
the matrix elements between the and thed orbitals in the  because the width of the wells is the same. A careful analysis
LMTO structure constants equal to zero, but keeping theshows that the lines in Fig. 1§ are slightly narrower,

C. sp-d hybridization
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FIG. 15. Projections inside the first Brillouin zone of different
Fermi surfaces for £100) oriented Cg/Cus multilayer on a plane
parallel to the interfaces. In the calculations #ged hybridization FIG. 16. Projections inside the first Brillouin zone of different
is omitted. Thesp parts of the Fermi surface are gray and the Fermi surfaces for #111) oriented Cg/Cu; multilayer on a plane
parts are black(@ Majority spin and(b) minority spin in the par-  parallel to the interfacega) Majority spin and(b) minority spin in
allel configuration;(c) either spin in the antiparallel configuration. the parallel configuratiortc) either spin in the antiparallel configu-

ration.

which is due to the larger interwell spacing in the AP con-

figuration. The MR decreases from 120% to 3% when theative features of the projections are similar to the ones for
sp-d hybridization is discarded. A similar calculation for the (100 orientation shown in Fig. 10, except that in the
Co,/Cuy, yields a reduction from 78% to 1%. Such low val- (111) orientation the rotational symmetry along thexis is

ues were already estimated from a simple model using reakixfold. In Figs. 16b) and 1&c) two very clear examples of
istic parameter$! The effect of the multilayer potential on strongly confined quantum-well states are observed. The cal-
the unhybridized free electrons is thus negligible. culated conductance in the CPP geometry Gyg;=0.41,

By mimicking the band structure that is assumed in theG,,,=0.32 andG,p=0.26, all in units of 16 Q"1 m™2
simple models we retrieve a nearly vanishing ballistic MR.This results in a CPP MR of 40%. The MR in the CIP ge-
In the correct calculations the free electrons hybridize withometry is only 4%.
the d electrons, which results in a strong coupling to the
“magnetic lattice” and a greatly enhanced reflection at the
interfaces. GMR in the ballistic regime is thus induced by VI. Fe/Cr MULTILAYERS
hybridization and theories that neglect this hybridization do . . . .
not describe the effect correctly. The effect of the hybridiza- Th_e GMR effect Waéroolrllglnally dlscqvered in multilayers
tion can be (partially) mimicked by the Kronig-Penney consisting of Fe and Cr.~~ In this section results are pre-

model only by adopting potential steps that are much Iarge§ented for both100 and(110) oriented Fe/Cr multilayers.
than the real ones.

A. Technical aspects

D. (119 orientation Bulk Fe and Cr both have a bce structure and their lattice

It is straightforward to obtain results for different crystal constants differ by less than a percent. In the multilayer cal-
orientations. In Fig. 16 the projections of the Fermi surfacesulations we therefore neglect any tetragonal distortions and
of a(111) oriented Cg/Cu; multilayer are shown. The quali- assume a common bcc lattice for Fe and Cr with a lattice
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Fe,/Crg multilayers of the MR(filled circles connected by dotted
line) and of the conductances for the majoriiamond$ and the
minority (squares spin in the parallel configuration and for both
spins in the antiparallel configuratiofopen circles The filled
circles that are not connected by the dotted line are the MR values
for Fe,/Cr,, multilayers withm+6. () CPP geometryfb) CIP
geometry.

FIG. 17. Projections inside the first Brillouin zone of different
Fermi surfaces for 4100 oriented Fg/Cr, multilayer on a plane
parallel to the interfacega) Majority spin and(b) minority spin in
the parallel configuration(c) either spin in the antiparallel configu-
ration. oriented Fg/Cr, multilayer are shown. In contrast to the

majority-spin projections for Co/Cu multilayers it is impos-
parameter of 2.844 A, which is 99% of the average of thesible to analyze the projections for Fe/Cr multilayers in terms
experimental bulk values, as was the case for Co/Cu multief simple models because the Fermi surfaces of both Fe and
layers in Sec. V A. Cr are very complicated for either spin direction. Figure 17

In Fe/Cr multilayers there is an extra complication due toshows a nice example of quantum-well formation: the
the spin-density wave in Cr, which causes an approximatelynajority-spin states near the corners of the Brillouin zone
two-monolayer oscillation of the magnetization along thethat are propagating in the P configuration are confined to
(100 direction. The magnetic moment of a Cr monolayer atform quantum-well states in the AP configuration because of
an interface is strongly antiferromagnetically coupled to thethe absence of corresponding minority-spin states.
moment of the adjacent Fe layer. Since adjacent Cr mono- In Table Il the conductances and MR values are summa-
layers couple antiferromagnetically, the spin-density wave isized for a large number dfLO0) oriented Fg/Cr,,, multilay-
frustrated for an even number of Cr monolayers in the Rers. Most calculations are fon+m=even because for
configuration and for an odd number in the AP configurationn+m=odd the unit cell in the P configuration contains
In the other magnetic configurations the spin-density wave (n+m) atoms compared ta+m atoms forn+m=even.
fits nicely in between adjacent Fe layers. To take the spinExcept for very thin layers the calculated MR in the CPP
density wave into account correctly we perform the calcula-geometry lies between 70% and 230%, again comparable to
tions in both the P and the AP configuration self-the experimental values in the diffusive regifién contrast
consistently. to Co/Cu where most of the current is carried by the

All calculations in this section are performed using anmajority-spin electrons, the conductance in Fe/Cr is domi-
spd basis. The results we present for the CIP geometry araated by the minority-spin bands, which can be understood
calculated along #100 direction; we checked that the re- from the better matching of the bulk band structures of Fe
sults along other CIP directions are not very different. and Cr for this spin direction.

The large number of different layer thicknesses in Table
_ ) I makes it possible to analyze the results as a function, of
B. (100 orientation m, andn+m. We find that the CPP MR depends mainly on
In Fig. 17 the projections of the Fermi surfaces fgd@0  the Fe thickness. Figure (@ shows the dependence of the
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TABLE 1. Values of the calculated conductanc@s(in units  the minority spin in the Co/Cu multilayers. We tried to fit the
10" Q' m™?) in both the CPP and the CIP geometry for severaldata in Table Il by the simple model of effective bulk con-
(100 oriented Fg/Cry, multilayers. Gpy (Gmin): conductance of  gyctances in parallel, but the calculated layer thickness de-
the majority(minority) spin in the parallel configuratio 5p: con- pendence does not follow such simple behavior, which prob-
ductance per spin in the antiparallel configuratidoth spins are o\ indicates that our calculations are not in the asymptotic
the samg The magnetoresistance is defined BWER= (G g .
+ Gy —2Gpp) 12 pp. regime. F|gure 1®) shows_, the results for the C_IP geometry
as a function of the Fe thickness. The spread in MRnds
CPP CIp changed(for constantn) compared to the amplitude of the
Gmsy Gmn Gap MR  Gpy Gmn Gap MR oscillations in the MR as a funct_lo_n ofis larger than for the
CPP geometry. The most surprising result from Table Il and
Fe/Cr; 052 029 032 25% 058 0.27 0456%  Fig. 18b) is that the calculated CIP MR lies in between 25%
Fe/Crs 0.40 044 021 101% 048 044 036 26% gnd 80%, in contrast to the nearly vanishing CIP MR for
Fe/Cre 0.41 062 017 193% 051 058 032 70% Co/Cu multilayers. The only exception is the ;Fers
Fe/Cr; 032 049 018 119% 041 051 032 46% mytilayer for which the CIP MR is even negative, an atypi-
Fe/Cr, 048 061 031 77% 058 060 044 36% (gl result that can be ascribed to the very thin layers. The
F&/Cre 033 062 027 75% 050 0.61 042 33% cglculated values are substantially smaller than the maximum
Fe/Crg 028 0.62 025 78% 041 0.63 039 33% gpserved value of 220%.
Fe/Cr; 036 049 013 231% 045 049 029 62% A CIP MR of around 50% for large layer thicknesses can
Fe/Crs 026 053 0.14 191% 036 057 031 48% pe interpreted in terms of the backscattering mechanism that
Fe/Cre 028 052 013 199% 043 056 031 58% a5 discussed in Sec. V in relation to Fig. 12. Whereas for
Fe/Cr; 018 060 013 203% 034 065 031 59% Co/Cu multilayers the intersheet scattering is restricted to the
Fe/Cr, 026 041 012 185% 048 047 031 55% Co minority-spin electrons, for Fe/Cr multilayers it occurs
Fe/Cre 015 046 011 175% 039 054 030 56% for ejther spin direction in both Fe and Cr. Particularly in the
Fe/Crg 016 046 010 199% 037 054 030 51% ponmagneti¢Cu or Ci layer the reflection is expected to be
Fe/Cr; 023 042 015 117% 045 048 026 78% gensitive to the magnetic configuration because this layer is
Fe/Crs 017 042 015 97% 035 052 027 58% (jrectly adjacent to two magnetic layers. In Cr, which has
Fe/Cre 0.17 041 0.14 106% 031 045 030 25% myltiple sheets of Fermi surface, reflection can give rise to a
Fe/Cr; 0.14 040 016 69% 031 051 030 38% reduction of the CIP conductance, which makes an important
Fe/Cr, 028 044 012 195% 047 050 029 68% gifference between Co/Cu and Fe/Cr multilayers. However,
Fe&/Cre 023 040 011 175% 045 051 029 64% gych a reduction does not only require a finite reflection but
Fe/Crg 019 043 012 155% 039 051 029 56% this reflection should also couple different sheets of Fermi
Fe/Cr; 016 044 0.14 108% 036 049 030 42% gyrface. We expect that the intersheet scattering is relatively
Fe/Crs 0.15 0.40 0.12 125% 0.32 0.51 0.28 48% strong for the(100) orientation because of the atomic struc-
Fe;/Cr; 0.20 0.41 0.11 166% 0.39 0.46 027 57% ture of the interface as represented schematically in Fig. 19.
Fe;/Cr; 014 042 010 170% 0.31 0.50 0.27 50% In the (100 orientation of a bcc multilayer the density of
Fe/Cr, 027 042 0.11 212% 0.48 0.48 0.29 66% atoms in the atomic planes is low whereas the different
Fe/Crg 0.18 0.42 0.11 174% 042 050 0.29 59% atomic planes are close together, which gives rise to an in-
Fe/Crg 017 0.42 0.12 140% 0.40 0.50 0.30 51% terface that is not very flat, even though it is atomically
sharp. From a Kronig-Penney type of model it can be under-
stood that interfaces that are modulated periodically with a
conductances and the MR in the CPP geometrynofor  period larger thar\ /2 give rise to scattering between dif-
(100 oriented Fg/Crg multilayers and also the CPP MR for ferent sheets of the back-folded Fermi surface. The ampli-
Fe,/Cr,. The thickness dependence of the conductances reéude of this intersheet scattering depends on the height of the
sembles those for Co/Cu multilayers in Fig.(dland those potential step and on the amplitude of the interface modula-
for the Kronig-Penney model in Fig.(®. A pronounced tion. The contribution of the “potential step” to the inter-
guantum size effect is found in the CPP MR mainly due tosheet scattering depends on the magnetic configuration and
oscillations inG,;; and Gap. The amplitude of the oscilla- the spin direction and can in combination with the large
tions in the MR forn=2-6 is larger than the spread in the modulation amplitude in thé100) orientation give rise to a
MR due to variations in the Cr thickness. The relatively considerable decrease in the CIP conductance when switch-
weak dependence of the MR on the Cr thickness implies thatg from the P to the AP configuration. The large values we
the spin-density wave being frustrated or not makes only abtain for the CIP MR indicate that this mechanism is quite
minor difference to the GMR effect. The fact that the oscil-effective in (100 oriented Fe/Cr multilayers. Note that the
lations can be measured for a constant Cr thickness is adva@iP MR that arises from the modulation of the interface has
tageous for experimental observation of the quantum-size ethe same origin as the MR in the CPP geometry.
fect in the MR because the Cr thickness can be chosen such We briefly discuss the effect afp-d hybridization on the
that the interlayer exchange coupling is antiferromagnetic fotransport properties of Fe/Cr multilayers. For(200) ori-
all Fe thicknesses. ented Fg/Cr, multilayer the MR in both the CPP and the
Table Il also contains the results for the CIP geometry.CIP geometry is approximately 65% when the hybridization
All CIP conductances are smaller than the weighted averageas switched off. These large values for the MR arise from the
of the bulk conductances for Fe and Cr, as was the case fal electrons that are presentB&t for both spin directions in
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FIG. 19. Schematic representation of the positions of the atoms E 201 1
near the interfaces dfL00) and (110 oriented Fe/Cr multilayers. O o
The white and hatched spheres represent the Fe and Cr atoms, re- ol ‘ o © o)
spectively. In the top views perpendicular to the interfaces one 0.4 0.6 0.8 1.0 1.2

atomic plane on either side of the interface is shown. Twice as Layer thickness (nm)

many atomic planes are shown in the side view. )
FIG. 20. The layer thickness dependencegayfthe CPP MR

both Fe and Cr and that contribute to the current in parallef"d (?) the CIP MR for Fg/Cr, multilayers in the(100 (filled

. . circles and (110 (open circle orientation. Note that the layer
to the free-electron-likesp electrons. This is in contrast to . . .
the situation for Co/Cu discussed in Sec. V C where dhe thicknesses are plotted in nanometers because the thickness per
. . e {nonolayer is different for the two orientations.
electrons are localized in the Co minority layers and do no

contribute to the MR. indicates that our results are not in the asymptotic regime. In

Fig. 20 the MR values fof100) and (110 oriented Fg/Cr,

multilayers are compared. For the CIP geometry the differ-
ence between the two orientations is striking. The MR in the
(110 orientation is only a few percent, as in the Co/Cu mul-
tilayers, which we ascribe to the smaller sensitivity to the
“potential steps” due to the flatter interfaces. The reduction
f the multilayer conductance for the minority spin in the P
onfiguration does not give rise to a significant MR, which
robably indicates that this reduction mainly arises from
states that are confined in the Fe minority layer. The differ-

C. (110 orientation

To check our explanation for the large CIP MR for the
(100 orientation, we performed calculations for th&10
orientation in which the density of atoms in the atomic
planes is a factovr2 larger than in th¢€100) orientation while
the different atomic planes are further apart by the sam@
factor. The interfaces are therefore much flatter, as is clearl
seen in Fig. 19. The calculated results for {h&0 oriented

Fe,/Cr, multilayers are summarized in Table Ill. The con- . : L
ductances in the CIP geometry are larger than for(10®) ence between thél00 and the(110) orientations indicates

orientation, especially for the majority-spin channel, whichthat the (E]lp MR IIS ver?/ selnsmvehto the mterfar\]ce d_sftfructure
we ascribe to reduced intersheet scattering due to the smalldPWn o the monolayer level. For the CPP MR the difference
amplitude of the interface modulation. The multilayer con-'S MUch less pronounced, which indicates that transport prop-
ductance for the majority spin is slightly larger than the av-erties in this geometry are less sensitive to details of the

erage of the bulk conductances of Fe and Cr, which probablwtﬂigi;;ug:’ 1[(?0 multilayers such as Co/Cu the interface

TABLE Ill. Values of the calculated conductances(in units modulation is more similar for different crystal orientations
10" O~ m2) in both the CPP and the CIP geometries for severaithan for bcc multilayers such_ as Fe/_Cr. Due to the close-
packed structure of the fcc lattice the interfaces for(tt@0
and (111) orientations are quite flat. The relation between
intersheet scattering and the microscopic structure of the in-

(110 oriented Fg/Cr,, multilayers. For explanation of the quanti-
ties, see Table II.

CPP cIP terface can be studied more explicitly by using methods that
Gmaj Gmn Gap MR Gy Gmn Gap MR are capablg of cglculatlng t_r%nsmlssmn and reflection coeffi-
cients for single interface’s:
Fe;/Cr; 0.34 0.45 0.18 120% 0.61 0.56 0.53 9%
Fe/Cr, 021 037 0.16 85% 0.58 053 053 4% VII. DISCUSSION
Fe/Crs; 024 036 0.15 94% 0.60 052 0.53 6%
Fe/Crs 0.20 0.33 0.15 79% 058 0.53 0.54 3% We have shown that the conductance of classical ballistic

point contacts can be calculated rigorously and parameter
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free by using electronic structure calculations in the local-surface for ideal interfaces resembles diffuse scattering at
spin-density approximation. For Co/Cu and Fe/Cr multilay-rough interfaces. Also experimentally the CIP MR strongly
ers in the CPP geometry a large ballistic GMR is predicteddepends on the structural properties of the interf4ctill,
We hope that this prediction will stimulate experimental we believe that the results derived in the ballistic limit have
studies of transport in the ballistic regime. Ballistic point 2n even more general significance. Spin-dependent surface
contacts have already been fabricated for both nonmagneti¢oughness scattering, which contributes to the GMR in the
and magnetitbulk metals. The fabrication of magnetic mul- CIP geometry, is inextricably connected with the existence
tilayers of high structural quality in nanometer sized contact®f strong spin-dependent reflection at ideal interfdCéhis
remains an experimental challenge!® means that a large CPP effect as calculated by the present
Our calculations not only predict the values of the con-Mmethod is an important condition for a giant MR, either CPP
ductances, they also make a detailed analysis feasible of & CIP.
role of the electronic structure in determining the transport [N summary, we have shown that in the ballistic limit the
properties. We find that thep-d hybridization is of crucial ~transport properties can be evaluated rigorously using
importance for the GMR in Co/Cu multilayers. In Fe/Cr the parameter-free calculations based on the local-spin-density
contribution of thed electrons to the MR is important even approximation. The calculated CPP-MR is comparable to ex-
in the unhybridized case. Neither of these effects is take®erimental values, even though defect scattering has been
into account in theories that assume that the current is carriegPmpletely disregarded. We hope that this will stimulate ex-
exclusively by free-electron-like electrons. For the CPP Perimental studies of transport in multilayers in this regime.
geometry the effect of hybridization can beartially) mim-  TO describe the effect it is of crucial importance to take into
icked by adopting potential steps which are much larger thafccount the complete hybridization. We emphasize ttuat
the real ones. The ballistic CIP MR ¢100) oriented Fe/Cr €mpirical parameters or other phenomenological input have
multilayers cannot be obtained by adjusting the parametef@een used.
of the Kronig-Penney model because it is essential to take
into account multiple bands. These results indicate that to ACKNOWLEDGMENTS
describe the electrical transport in transition metal multilay-
ers correctly the electronic structure should be taken into We thank Reinder Coehoorn and Martin Gijs for discus-
account in a realistic manner, preferably usiag inito  Sions. This work is part of the research program of the
methods. “Stichting voor Fundamenteel Onderzoek der Materie”
Although our calculations are directly applicable only to (FOM), which is financially supported by the “Nederlandse
the ballistic regime we believe that they are also relevant foforganisatie voor Wetenschappelijk OnderzogN'WO). We
diffusive transport. It would be very surprising if none of the acknowledge benefits from the TMR Research Network on
band-structure effects discussed above survives into the dif/nterface Magnetism” under Contract No. FMRX-CT96-
fusive regime. For the CPP geometry, in particular, the in0089(DG12-MIHT).
fluence of the band structure is very importahit: We find

that the ballistic MR saturates at about 90% for Co/Cu mul- APPENDIX A: TETRAHEDRON METHOD
tilayers and between 70% and 230% for Fe/Cr multilayers, ) _ _ _
comparable with the experimental values for Co/®efs. In this appendix we describe an adaptation of the tetrahe-

71 and 72 and Fe/Cr(Ref. 17 obtained in the diffusive dron method®®*used to calculate the Fermi surface projec-
regime at low tempera’[ures_ The CPP MR can thus be e){jons. A uniform grld ofk pOintS is adoptEd that divides the
plained by differences in the number of conduction channel$illouin zone into parallelepipeds. Each parallelepiped can
alone. Indeed, Asano, Oguri, and MaekaWhave pointed be divided into six tetrahedra in four different ways over
out that the MR in the CPP geometry does not depend critiwhich we average the calculated projections afterwards. The
cally on interface defect scattering. Our results®0) and ~ contribution of each tetrahedron to the projection of the
(110 oriented Fe/Cr multilayers also indicate that the CPPFermi surface is calculated separately. For a particular en-
MR is not too sensitive to the interface structure. The result§€rgy band the energies at the four corners of the tetrahedron
for the ballistic CPP MR should therefore be indicative for are denoted by; , withi the index of the corner. Thiepoint

the experimental CPP M®&.In terms of Eq.(8) this can be of the corneri is denoted byk;. The labeling is such that
ascribed to a spin- and state-independent mean free number<e,<e;<e,. We illustrate the calculation for the situa-
of traversed interfaces, which corresponds to spintion depicted schematically in Fig. 21 where the Fermi en-

independent diffuse scattering that is located predominantlgrgy E_ lies in betweer; ande,. The pointK; at which the

at the interfaces. . . : > -
The calculated MR values in the CIP geometry are muchjrlmé ;ugagst a:inr;[zésﬁf/tlsin?:r :L\r]tirgslt;\{%? and ki (with

smaller than the highest experimental values of 115% for
Co/Cu(Ref. 73 and 220% for Fe/C¢Ref. 74 indicating that
some additional scattering mechanism is important. Indeed, Ki=K,+
Asano, Oguri, and Maekawhsfind that the CIP MR depends ' €478
critically on interface defect scattering. Our results fbd0) . ~
and (110 oriented Fe/Cr multilayers also indicate that the From the vectors; the projection in the direction of the
CIP MR is very sensitive to the interface morphology downFermi surface inside the tetrahedron can be calculated as
to the monolayer level. In a sense, the *“specular”

&H-conserving scattering between different sheets of Fermi

_E . .
2R (R —Ky). (A1)

>
g
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FIG. 21. Schematic representation of a tetrahedron used in the (number of k points)?*

numerical calculation of the projection of the Fermi surface for the

case thate;<Eg<e,. The pointslzi represent the corners of the
tetrahedron. The Fermi surfaeatched regioninside the tetrahe-

dron is approximated by a triangle with vertices at the poli%\ts

FIG. 22. The dependence of the calculated Sharvin conductance
on the number ok points used in the Brillouin zone integration.
The solid, dashed, and dotted lines are linear fits to the calculated
points for the(100) (closed circles (110 (open circley and(111)
(diamond$ directions, respectively. The calculations were done us-
The projections are calculated in a similar way whgnlies  ing 12, 18, 24, 30°, 36°, 42, and 48 k points in the first
in betweene, andes or in betweens; ande,. The errors  Brillouin zone.
due to the linear interpolation cancel exactly for adjacent
tetrahedra for the same sheet of Fermi surface, except whérhe difference between the extrapolated value and the value
the tetrahedron contains an edge of the projected sheet. Atabtained using 48 k points is smaller than 0.0410'
crossing of two sheets of Fermi surface the errors do nofl ™! m~2 This provides an upper limit for the error arising
cancel either. For a uniform grid the total error vanishes forfrom the Brillouin zone integration. Because of the system-
sufficiently fine meshes with the number lofpoints to the atic convergence for large numberskopoints we expect the
power — 2/3, which can be understood as the error that arisesrrors in the extrapolated values to be considerably smaller.
from approximating the projected area by the area of a poly- Plots similar to Fig. 22 were made for the results pre-
gon. In the main text we quote the values extrapolated to arented in the text. Good convergence was obtained also for
infinite number ofk points unless stated otherwise. the calculations for the multilayers. The error due to the Bril-

To test the accuracy of the tetrahedron method we firstouin  zone integration is typically smaller than
calculate the Sharvin conductance in tt80) direction fora 0.01x10® Q! m™2. Our adaptation of the tetrahedron
nearest-neighbor tight-binding model on a cubic lattice inmethod is thus sufficiently accurate for our present calcula-
three dimensions. The results are compared with an alterndions.
tive calculation presented in Appendix B. The absolute dif-

_ference betyveen the two independent numerical _ca_llculations APPENDIX B: 3D TIGHT-BINDING MODEL

in Table IV is as small as I¢. For the mesh containing 28

k points as was used in Fig. 3 the error is always smaller than In this appendix we derive a simple expression for the
102 (see Table IV. Sharvin conductance in th€00 direction for a nearest-

Figure 22 shows the dependence of the Sharvin condudeighbor tight-binding model in three dimensions. This cal-
tance in different directions for bulk copper as a function ofculation is similar to the method used to simplify the expres-
the number ok points used in the Brillouin zone integration. sion for the density of statéS.The dispersion relation is

TABLE IV. The number of conducting channels per spin chan- ete(q)=eo—2t(cosq,a+cosqya+cosg,a), (Bl)
nel in the(100) direction for a nearest-neighbor tight-binding model . ) ) )
on a cubic lattice in three dimensions as a function of the bandVith £o the on-site potentialk the hopping matrix element,
filing. The values are calculated either using the tetrahedror@Nda the lattice constant. Since the projections of the con-
method(for which both the results for a finite mesh of48points ~ Stant energy surfaces are much more complicated than in the
and the results extrapolated to an infinitely flnmesh are givenor ~ two-dimensional case, the ballistic conductance is now cal-
by numerical evaluation of the integral in E@6). All values have  culated directly from Eq(4). For transport in the direction
an absolute accuracy of 16,

N e 2ta
N(A/a?) In-v(q)[=—~[sing,al. (B2)
|eg—Eg|/2t 48® k points Extrapolated EqB6)

0.0 0.6311 0.6305 0.6304 The & function is expressed as a Fourier integral:
0.5 0.6071 0.6065 0.6066 1 .
1.0 0.5000 0.5000 0.5000 8(2)= — f dsdzs (B3)
1.5 0.3081 0.3083 0.3083 27 )=
2.0 0.1845 0.1848 0.1848 . .
25 0.0848 0.0852 0.0852 Subsequently the integrations over the components of the

Bloch vectorﬁ are carried out by using the standard integrals
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- ) . sin z To perform the averaging ovelz we note that the thickness
f dpe™'* ¢ sin p=2—r, (B4  dependent transmission probability for two equivalent scat-
0 terers in seriegpotential steps in this caswith a propagat-
and ing state in between can be writterfas
m . T(q,)=[1+b(q,)cos ¢(q,)] %, C3
f dde 12956 — ] (7). (B5) (a)=L (ay) é(ay)] (C3)
0

where¢(ﬁ”) is half the phase accumulated between the po-

whereJy(z) is a Bessel function of order zero. The Sharvintential steps for modaﬁu, which depends linearly odg.
conductance can then be expressed in terms of a single int&he transmission probability averaged oy is related to

gration as b(q) by

2e? A

leo—Egls
GTB(]-OO):T a

2 (* sins 2 > \2
R Jo dSTJo(S)COST- (T(a)g,= (C4

b(qy)+1

as can be confirmed by averaging EG3) over¢(ﬁ”). Av-

Seraging the number of conducting channels adglyields
shown in Table IV. Foile —Eg|=2t the Fermi surface is a ging g gy

slightly distorted octahedron of which the projection is ex- 1 (2n
actly half the area of the first Brillouin zone. The value N(q,) = f de(q,)(N(q)
0.5000 in Table IV is therefore exact. (NCA)ay 2m Jo DINCE)a,
We performed a similar calculation for the two- 4 (a2
dimensional situation. In that case also the final integral over =1-— J de arctafi vb(g,)cos ¢].
the variables can be evaluated and E@.29 is recovered. T Jo

(CH
APPENDIX C: KRONIG-PENNEY MODEL . . .
FOR LARGE LAYER THICKNESSES The total conductance is obtained by summing over the

transverse modes. The average probability for a propagating
In this appendix we calculate for the Kronig-Penneystateq, to be transmitted over the potential barrier is given
model the value oG(CPP) in the limit of large layer thick-
nesses. The periodic potential is a periodic arrangement o

scatterers, in this case potential barriers of heightand 2KAKB

width dg with interbarrier spacing, (see Fig. 4 The trans- (T(A))a.= ~As—53 (C6)
mission amplitude of one scatterer is written as B (kD7 (KD)

VT(q,)exdi&g)], with T(q,) the transmission probability in which

and 5(5“) a phase shift, which are functions of the mode 5 —

index g, . For a periodic arrangement of symmetric barriers k?=\(1-U/Ep)kE—qf. (C7)

the band structure is given For the evanescent states the transmission probabilities drop

to zero exponentially with increasing thickness of the barrier
and they do not contribute to the conductance for large layer

1 -
COSqLdA:\/———» cogklda+ a(qy)], (€1 thicknesses. By integrating ovaf and by using Eqs(C4)—

T(q)) (C7) we obtain
whereq, is thez component of the Bloch wave vector and
kf is the perpendicular wave vector in the bulk of material Gkp(CPP) U 4U W/Zd
A. The expectation value for the number of conducting chan- G Ef 7°Eq Jo ¢
nelsN at 6“ is obtained by integrating over a small range of
g, and in three dimensions this corresponds der\r to » fEF/Uds arctan—23 ¢ 8
averaging over different layer thicknesses. By this procedure 1 2\/@'

all quantum oscillations are integrated over and th
asymptotic or average value is retained. The avei@ge
noted by angular brackgtsver d, can be obtained by sim-
ply counting the states witftosq, da<1 in Eg.(C1), which
yields

®This function is plotted in Fig. ®). The first term on the
right-hand side of Eq(C8) corresponds to the bulk conduc-
tance of materiaA. The second gives the reduction due to
the states that are evanescent in matéiand do not con-
tribute to the conductan@.The last term describes the re-
duction in the conductance from the states that are propagat-

> 2 I ing in both materials but are partially reflected at each
(N(qy))q,=1— —arccosvT(q). €2 i erface.
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