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Electron localization in Co/Ni superlattices
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The residual resistivity in Co/Ni superlattices is shown to oscillate as a function of superlattice period for
fixed Co to Ni thickness ratio. Additional experimental evidence shows that this behavior is enhanced when
randomness is artificially introduced in the individual layer thickness. We analyze this in terms of a scattering
mechanism associated with the presence of localized electron eigenstates near the Fermi level in the metallic
superlattices. A one-dimensional tight-binding calculation shows that localized states appear close to superlat-
tice periods for which the resistivity exhibits maxinj&0163-18206)50632-§

Since the introduction of the superlattice conceptuch Figure Xb) shows the 300 K resistivity for the same set of
progress has been made in engineering new types of mategamples. Within the experimental uncertainty the oscillation
als with interesting physical properties. Recent improve-amplitude is identical to the one at 4.2 K. This indicates that
ments in the quantitative structural analysis of thin filmsit is the residual resistivity which oscillates.
make the identification ofntrinsic propertiesunrelatedto For several samples the resistivity was measured in the
structural disorder possibfeThe successful growth and thor- 4.2_300 K temperature range. When the residual resistivity
ough structural  characterization of ferromagnetic/yas subtracted, the data fell on a universal curve within the
ferromagnetic Co/Ni was recently reporte&ubsequently, experimental error as shown in Fig. 2. In the low-
an oscillatory dependence of the resistivily) (and aniso-  mperature range below 18 K, the resistivity exhibits?a

Frogc/gpagnetcl)rtetglstan((é\l\él_R) on r%]; Cqb(?r NI t:uckr:_ess dependence, implying that the dominant mechanism respon-
N &0/ Superiatlices was dISCOVEreerossIvle explanalions  giq s electron-electron scattering, which is consistent with

of these oscillations are zone folding of the superlattice en; S
ergy band and electron localization. In this paper, we reporPUIk Co and Ni resistivity measuremeitsiowever, the co-

. . 2 - —5 2 o9_ i
on further experiments which indicate that electron Iocaliza-eff'cIent of T° term are~3Xx 10" uf) cmK*, 2—3 times

tion may be responsible for the oscillations. A model calcu-2r9€r than reported bulk values for Co or Ni. The changes in

. . 2 . .
lation of the energy eigenvalues of the localized states, basd€ coefficients off“ are much smaller than the oscillations
on a one-dimensional tight-binding model, is consistent withoPserved for the residual resistivities, i.e., the temperature-

the observed resistivity oscillations. dependent portion of the resistivity is not affected signifi-
Epitaxial Co/Ni (fcc/fcc) superlattices were grown by cantly by the superlattice structure.
molecular-beam epitaxyMBE) along the[111] direction on In order to examine the effect of randomness on the elec-

single crystal[11.0] sapphire substrates. Sample growth,tron transport, a series of samples were made with random
structural characterization, and resistivity measurementtyer thickness variationgfluctuation”) in each bilayer in-
were similar to those presented previousfy. tentionally introduced during the growth process. The same
Figure 1a) shows the 4.2 K resistivity as a function of the fluctuation pattern was used for all samples, but their width
superlattice modulation periofl for a fixed ratio of Coto Ni  was varied to produce different amounts of disorder. The
atomic planes in each bilayer, denoted #S0,4,/  total number of bilayers was 25 in order to avoid statistical
Nig.4)n- The number of bilayersN in each sample was artifacts. Since all other growth parameters were identical to
adjusted to make the total thickness of the film-b&000 A.
Two oscillations of the resistivity are clearly observed. The (b) T=300K
peak to peak amplitude of the oscillations is about 2 %
wQ cm. The overall resistivity is small compared to other 12¢ \
typical published resistivities of metallic multilayers. This (}/ é é@
may be a result of the high structural quality of the samples L
together with the low intrinsic resistivity of the Co/Ni
alloys® In samples with higher resistivities, the oscillations
may be difficult to observe due to the large background. o
Since the relative concentration of Co and Ni is kept con- o / \
stant, this effect cannot be due to significant sample alloying. 4t % '.
40
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(a) T=42K

The mean free path of these samples is limited by the
in-plane grain sizés(~200 A) and the resistivity of a co- 0 20
evaporated Co/Ni alloy of comparable concentration is A(A)
~4.6 uQ) cm. This indicates that interface scattering is rela-
tively small and the mean free path along the superlattice FIG. 1. Average resistivity for a series 6€0q g, /Nig44)n as a
direction is longer tham\. This makes the observation of function of A in A at two different temperature$a) T=4.2 K and
superlattice effects possible. (b) T=300 K. The solid lines are guides to the eye.
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lations may be enhanced by slight disorder induced in the

6l s A=25A : periodicity. It is interesting to note that the resistivity of the
- o A=35A 8 A=35 A samples saturates somewhat below the alloy resis-
£ o A=45A g tivity, which could be considered as the upper limit for the
G 47 | = a=60A o interface scattering, while theé=25 A samples have higher
= resistivities than the alloy, which implies the presence of a
Tl different scattering mechanism.
< Based on the above experimental results, we evaluated the

proposed mechanisms in Ref.the minigap modelassoci-
0 ‘ , , ated with the zone folding of the superlattice energy band,
0 100 200 300 andelectron localization

T (K) In the minigap model, the energy band is divided into
minibands associated with the reduced size of the superlat-
FIG. 2. Average resistivity with residual resistivity subtracted. fice Brillouin zone(BZ). As a consequence, energy minigaps
The solid line is the average of the data shown. appear at each of the superlattice BZ boundary. The energy
minigap changes the density of stai@O09S at the Fermi
other Co/Ni superlattices, we believe that structural properlevel or reduces the mobility due to an increase of the effec-
ties such as interface roughness, chemical sharpness of tlige mass. If the Fermi level lies in the minigap, the resistiv-
interface, and other uncontrolled structural defects should bigy increase<. Energy minigaps were recently observed in
similar for all samples in this series. Ag/Au superlattices grown along tHd.11] direction using
Three series of samples were prepared with average sphotoemission spectroscopy.
perlattice modulation periodd=25, 30, and 35 A . These There are three possible reasons why the data perhaps are
values were chosen because they represent a local maximunpt consistent with the minigap model. First, because the
intermediate, and minimum of the resistivity in Fig. 1. The temperature-dependent resistivity is almost sample indepen-
superlattice structure was analyzed using x-ray diffractiordent, the contribution from dynamic scattering mechanisms,
(XRD). As the layer thickness variation increased, the supersych as electron-electron, electron-magnon, or electron-
lattice peaks broadened and decreased in intensity with reshonon scattering, are similar in all samples. Moreover, if
spect to the main Bragg peak, while the main Bragg pealhe minigaps are smaller than50 meV, large variation in
position remained unchanged as expected. Other x-ray strughe temperature dependence should be observed especially
tural parameters, such as the full width at half maximumfor the samples at the peak in the resistivity. This implies
(FWHM) of 6—26 peaks, sharpness of the finite size peakshat the DOS at the Fermi level may not be significantly
of the low angle spectra, and the width of the rocking curveaffected. Second, if the resistivity oscillations are caused by
of the central XRD peak, were similar for all samples. energy minigaps at the Fermi level, their amplitude is ex-
Figure 3 shows the 4.2 K resistivity as a function of anpected to decrease with increasing disorder as the modula-
art|f|C|a”y introduced Gaussian |ayel‘ thickness ﬂUCtUationtion period becomes more diffuse_ The data in F|g 3 C|ear|y
o for these three series. In all cases, there is an increase Hpntradict this prediction. Finally, according to the miniband
resistivity with o. The resistivity increase in thd=25 A model, the resistivity is primarily dependent dn because
samples, which have higher resistivities, is very clear. Howthe energy minigaps appear only at the superlattice BZ
ever, the resistivity in theA\=35 A series seems affected boundary. The Co and Ni thickness in each bilayer could
very little. TheA=30 A series show the intermediate behav-have an indirect impact on the resistivity by causing the
ior. This indicates that the amplitude of the resistivity oscil- Fermi level to move and/or the band structure to change. The
residual resistivity for the samples which have the same su-
perlattice modulation periody =50 A , exhibit two oscilla-
A=25A tions of comparable amplitude as a function of the Co con-
centration between 15% and 60%. Together with the data in
6r Ref. 4, it is clear that the residual resistivity is a function of
‘ A=30A both the Co and Ni thicknesses. However, a realistic band-
structure calculation may perhaps reconcile these observa-
_,|alloy film tions with the minigap model.
A=35A Due to these experimental facts, described above, we ex-
4r plore an alternative model which may describe semiquanti-
tatively the data. We assume that most of the conduction
. come from the extended band$ and that some of the
2 electrons are localized in the superlattit®3hen, we calcu-
o ( A ) lated the energy eigenvalues for the localizkdlectrons at
each superlattice period. Theseelectron states cross the
FIG. 3. Average resistivity foXCog g\ /Nigy)n, A=25, 30, Fermilevel at particular values of the superlattice period. If
and 35 A as a function of layer thickness variation, The arrow these localized states, close to the Fermi level, give rise to
indicates Co/Ni alloy resistivity. The solid lines are guides to thestrong scattering with the conductienelectrons, they may
eye. give rise to an increase in the resistivity.
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The chemical composition of a superlattice along the

growth direction can be represented by a one-dimensional
sequence of binary numbers. For example, a Co/Ni superlat- 17 po-0-0-0-0-0-0~0-00-0-0=0-0-0-0-00
tice with A=5a (a, a lattice spacingand Co to Ni ratio= = * > prom0a
3/2 can be described as a sequence of occupations L e P
{Q)={--1110011100--}, which is perfectly peri- & re //r"/o .

. . . . . . . = o _0
odic. However, this sequence is alteredifa is an irrational g e o o
number and/or disorder with a finite interface widif, is - s K A
present. This disorder can be introduced into a model in two 0 / Val < o E
ways: (i) assuming thaf), is randomly distributed ofii) by F

taking a quasiperiodic sequence’fof),,. A superlattice po- ' : : ' -

tential can be generated by each sequdiitg: 20 40 61 80 100
A(CA)

FIG. 4. Energy eigenvalues fO€0 g /Nig 40)y measured from
the bulk Fermi level as described in the text. The superlattice Fermi
where(), represents the occupation of Co atoms at site  level is drawn at the bulk Fermi level. The solid lines are guides to

For the model calculation described below, we assume &e eye.
quasiperiodic sequence ft¥, . In this case, the potential can energy level is referenced to the bulk Fermi level, which is

be decomposed into two partgp, which is periodic, and 1 gy pelow the Co band edge and close to the Ni band
Va, which is aperiodic with respect @. To perform a cal-  oqge.

culation, we decomposed the potential in accordance with \we calculated the energy eigenvalues of the localized

V(x)=2, QVeo(x—na)+(1—Q,)Vy(x—na), (1)

the scheme introduced by Ref. 12: states for each superlattice, represented by a seqyepke
with interface range gi =2 ML. We used the method devel-

_ _ _ _ oped by Lubaret al,*= which finds the doubly minimal so-

Ve(X) En: Vi(x=na),  Valx) En: V- (x=na), lution (DMS) of Eq. (5) numerically using the backward it-

(2)  eration technique, which is free of numerical instabilities
, inherent in second-order difference equations.
with We compared the energy eigenvalues, using two different
methods of generating the sequereg}. One is to use a
Vi) =UAVeX) EVN(¥)],  7a=(2Qa=1). ) yly quasiperiodic sequende,}, which assumes a continu-
ous change between 1 andl only at the interfaces. The
other is to usé ,}, entirely composed of binary numbers but
with a weighted random distribution of 1's andl1’s at the
interfaces. The energy eigenvalues are obtained by averaging
over different ensembles. We found no significant differ-
ences in the calculated energy eigenvalues between the two
|w)y=>, fn), (49 methods. The reason for this is that the eigenvalues are
n mainly determined by the values &f away from the inter-
face, which is a small fraction of the entire superlattice for
large A’s.
In solving Eq.(7), severalocalizedstates appear near the
—(E_ _ band edge, which show strong spatially nonuniform site
Vi(tn-1tfod) =(E=me &)t © probability, |f,|2. These states could provide an additional
where scattering mechanism for thesZ4electrons, which are the
dominant charge carriers in Co or Ni. We should point out
e, =(n|T+V,.(x—na)|n), &_=(n|V_(x—na)|n), that not all the energy eigenstates are localized in this model.
Figure 4 shows the energy eigenvalues of khealized
Vy=(n|T+V,(x—na)|n+1). (6) states, found at each superlattice periodor the samples
shown in Fig. 1. The extended state bands appearing further
All other terms are discarded as higher-order corrections befrom the band edge are not shown in Fig. 4. The superlattice
cause bothV.(x—an) and |n) are localized around the Fermi levelin Fig. 4 is drawn at the bulk Fermi level, which
nth site. is used as a reference energy. This is somewhat arbitrary
If e_=0, Eq. (5 represents a one-dimensional energybecause the Fermi level of a superlattice may be higher than
band of width 4/, centered around , . Therefore, param- the bulk and may also depend an*
eters can be estimated from band-structure calculations of fcc The localized states near the Fermi level appear at
Co and fcc Nit® The 3d bands of Co and Ni have about the A = ~26 and~48 A . The systematic reappearance of local-
same width~5 eV (=4Vy). e _ is estimated from the rela- ized states near the Fermi level may explain the oscillatory
tive position of the minority spin bands of Co and Ni, which behavior in the residual resistivity. Although we cannot
are responsible for electronic transport. The Co band iguantitatively predict the magnitude of the oscillations, the
shifted by~1 eV (=2¢_) with respect to the Ni band. The agreement with the data in Fig. 1, which shows resistivity

We investigated ad-electronic state in the Hamiltonian
H=T+Vp+V,, whereT is the kinetic energy operator, us-
ing the tight-binding approximation. The eigenfunction with
eigenvalueE can be written as

where|n) denotes a Wannier state localized around site
andf, satisfies the following recurrence relation:
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maxima atA=~25 and~50 A , is remarkable. A close that their properties could be affected by the superlattice
analogy can be found in dilute alloy systefsespecially —structure. As for thes electrons, it is hard to imagine that
transition-metal impurities in Ctf For 1 at. % Cr impurities  almost frees electrons can be localized by a small perturba-
in Cu the residual resistivity increases $20 1) cm when  tion due to superlattice structure.

thevirtual bound stateat the Cr site lies near the Fermilevel.  |n summary, the resistivity of Co/Ni superlattices oscil-

When Cr is substituted by Ni, the increase is onl |ates as function of Co, Ni, and superlattice modulation pe-
w€) cm because for Ni the virtual bound state lies well be-riod. The oscillations increase in amplitude as the disorder of

low the Fermi level. . _ the modulation period is increased. A one-dimensional tight-
We expect that effective scattering cross section would bgjnding model calculation implies the existence of localized

smaller and decrease faster in energy in the present Cagegates with energies close to the Fermi surface at period-
because the localization occurs only along the growth dlrec|'cities where the resistivity is enhanced. These localized

tion. More sophlsycateq models, which include multiple states possibly provide the additional scattering needed for
bands and three-dimensional crystal structure, are necessgfy, presence of resistivity oscillations

to understand this phenomenon quantitatively. The fraction
of d electrons which are localized and the size of the scat- Itis a pleasure to acknowledge helpful conversations with
tering cross section are still open issues. M. Kiwi, R. Ramirez, H. Suhl, L. Sham, R. C. Dynes, P.
Although the nature ofl electrons in transition metals, Levy, G. Mathon, W. Buttler, M. Cohen, and A. Fert. This
itinerant or localized, is controversial, we have shown herevork was supported by the National Science Foundation.
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