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Surface Phonon Scattering in the Electrical Resistivity on Co/Ni Superlattices
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The effect of surface phonon scattering on the electrical resistivity has been observed in Co/Ni
superlattices, with reproducible film microstructure, independent of the film thickness. The temperature-
dependent part of the resistivity increases rapidly with decreasing film thickness for films thinner than
the electronic mean free path. The resistivity shows a universal behavior well characterized by the
Bloch-Grineisen model. The deviation from the bulk resistivity can be explained by a reduced surface
Debye temperature and additional surface phonon modes. [S0031-9007(96)02093-5]

PACS numbers: 73.50.Bk, 68.65.+g

Many interesting phenomena are induced by surfacenough(~260 A) [13] that a wide range of thickness is
boundaries of solids, such as surface states [1], surfacevailable for studies without any complication due to sur-
plasmons [2], or surface phonons [3]. In thin films theface contamination. Second, no structural changes with
size reduction in the direction perpendicular to the filmthickness have been observed by any available structural
surface allows the observation of many effects due t@nalysis techniques [13]. On the other hand, the superlat-
confinement of electronic states between the substrate-filtice structure of these films did not introduce any compli-
and vacuum-film interfaces, such as quantum well statesations into electron-phonon scattering, because Co and
[4], classical size effects [5], and quantum size effectdNi have very similar properties, including the Debye tem-
in the electrical resistivity [6]. Although these effects perature, electrical resistivity, lattice parameters, and ther-
are generally somewhat insensitive to film microstructuremal conductivity. Therefore, Co/Ni superlattices are ideal
many theoretical models of the size effect have to relysystems for study of surface phonons on the electrical
on phenomenological parameters to account for structuraksistivity.
changes with thickness [7]. In general, thin films undergo Epitaxial Co/Ni (fcc/fcc) superlattices were grown by
gradual structural transformations with thickness, suchultrahigh vacuum (UHV) molecular beam epitaxy (MBE)
as lattice strains, point defects, dislocations, etc. Thesalong the [111] direction, on single crystal [11.0] sap-
in turn have a strong effect on the transport propertiephire substrates. Sample growth, structural characteriza-
of thin films. For this reason there have been fewtion, and electrical resistivity measurement methods were
studies on the effect of the surface phonons on theimilar to those presented previously [12]. A 50 A Co
transport properties, although the thermal conductivitybuffer layer was grown at 30 and subsequently an-
of dielectric materials [8,9] and the electrical resistivity nealed at 5560C for 15 min prior to superlattice deposi-
of thin films [10] are known to be sensitive to surfacetion at a reduced substrate temperature of Ta0 All
conditions. A temperature-dependent size effect in thesamples had the same ratio of Co to Ni thickness (3:2)
electrical resistivity of metals has been reported for thirfor two different superlattice periods, 25 A and 35 A.
wires [11], but these experiments are limited to lowThe number of bilayerdl was adjusted to make the total
temperature$<<4.2 K), where many scattering processes,film thicknessd. The resistivity was measured in the tem-
other than electron-phonon scattering, are known to beerature range of 4.2 to 300 K on photolithographically
significant. Consequently, the electrical resistivity ofpatterned samples. We want to point out that no apprecia-
thin metallic films has been studied for many decadeshle changes have been found, either in the microstructural
but surface phonon scattering has never been clearlyniformity of superlattices or in the temperature depen-
observed experimentally. This is partly due to difficulty dent part of the resistivity, caused by different
in achieving uniform film microstructure for ranges of We analyzed the film microstructuie situ, using re-
thickness where such an effect is anticipated. Here wéection high energy electron diffraction (RHEED). The
found a strong increase in the temperature-dependeiri situ RHEED profile from a single Co film, with the
resistivity for films thinner than the electronic mean freeelectron beam along the [1-10] in the fcc (111) Co sur-
path. This effect can be explained easily by the reduceéace, using the same growth parameters, is shown in
Debye temperature and the increase in the number dfig. 1(a). These single crystalline Co films show contin-
phonon modes due to scattering by surface phonons.  uous changes in the RHEED profile with increasing thick-

Epitaxial Co/Ni superlattices grown on sapphire sub-ness. The [00] RHEED streak has a narrower FWHM,
strates [12] are ideal candidates for investigating the effedtigher peak intensity, and less diffuse background for
of surface phonon scattering on the electrical resistivitythicker films. For films thinner than 300 A, film growth is
First, the electronic mean free path is estimated to be longiore sensitive to substrate conditions. Figure 1(b) shows
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FIG. 1. (a) RHEED spot profile observed in a typical Co film. (b) FWHM of the diffraction peaks as a function of the film
thickness. Co films No. 1 and No. 2 were grown on substrates prepared by slightly different procedures. Note that FWHM for 50
and 1000 A thicksuperlatticesare similar. (c) FWHM and peak intensity observed in Co film No. 2. Lines are guides to the eye.
(d) RHEED spot profile observed in a typical Co/Ni superlattice film.

changes of FWHM in Co films grown on substrates submay be deterred by: (a) the heteroepitaxy at interfaces,
ject to different Ar ion sputtering and thermal annealingand (b) the domain size of Co buffer layers. The success-
procedures. Especially for films thinner than 300 A, theful growth of Co/Ni superlattice films with uniform mi-
film microstructure is strongly affected by the substratecrostructure allows a study of the effect of surface phonon
preparation method, and changes dramatically with thickscattering on electrical resistivity.
ness. Because the effect of surface phonon scattering onAccording to Mathiessen’s rule [14], the electrical
transport is expected precisely in this thickness rangeesistivity can be expressed as a sum of the resigugl
(<300 A), this structural change may obscure the presand the temperature-dependgpt(T)] resistivities:
ence of surface phonon scattering. Although for Co films
thicker than 300 A the RHEED FWHM is limited by the p = po + pr(T). @
spatial resolution of our instrument, the increased diffrac-
tion peak intensity [Fig. 1(c)] suggests the size of the The low temperature behavior gbr(T) has been
coherent scattering region is still increasing, even abovextensively studied for bulk elements [15]. The alkaline
300 A. These changes will clearly obscure any thicknessmeals showl” dependence, a characteristic of electron-
dependent measurements of the transport. phonon scattering. However, thi> dependence has
On the other hand, Figs. 1(b) and 1(d) show thenot been observed in the transition metals because of
RHEED data from Co/Ni superlattices. The full width the enhanced electron-electron scattering due to the large
at half maximum (FWHM), peak intensity, or diffuse density of states ofd electrons at the Fermi level.
background are independent of thickness between 50 ariche iron group elements (Fe, Co, Ni) show even more
1000 A, showing that the film microstructure is main- complicated behavior because of additional scattering
tained for all thicknesses. This is somewhat unexpectegdrocesses of magnetic origin [16]. Nonetheless, the
because film structure is usually expected to improve withesistivities of bulk Co and Ni are apparently well
increasing thickness. The cause of this uniform growthdescribed by the linear and quadratic termsTin A
is unclear. We speculate that the usually found increastew of our Co/Ni superlattice films, which we have
of coherent crystalline domains with increasing thicknessneasured the resistivity below 4.2 K, showed similar
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behavior. Therefore the low temperature data are difficult
to analyze. However, the resistivity of many metals e
at intermediate temperatures (10—300 K), is surprisingly g
well described by a simple form, known as the Bloch- 20rg
Griineisen (B-G) model [16], which accounts for electron- &
phonon scattering in idealized monovalent metals with
Debye phonon spectra and spherical Fermi surfaces.
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where S is a material specific property ang, is the — Co bulk
Debye temperature. Not all materials follow the simple i
Mathiessen’s rule, and not all metallic superlattices have
a temperature-dependent resistivity described by the B-

2057

G model. In addition, the resistivity of bulk Co and 05 160 " 500
Ni is known to deviate from the B-G formula at high
temperature close to the Curie temperature. However, T(K)

the deviation is not yet significant at 300 K. In fact, FIG. 2. Temperature-dependent resistivity for various total
the observed resistivity of Co/Ni superlattices is wellfiim thicknesses. (a) 85, (b) 100, (c) 200 (d) 300, and
described by this model between 10 to 300 K, indicating(€) 1000 A thick film. "Inset: residual resistivigy,. The solid
that electron-phonon scattering of the B-G model is thdn€ IS @ fit to a quantum size effect model.
dominant mechanism in this temperature range.

The residual resistivityo increases with decreasi
(d overall film thickness), as shown in the inset to Fig. 2,0f 2. This shows that the electron-phonon scattering as
which is well described by the power law1/4>3 for  described by the B-G model is the dominant contributor
d < 500 A. This is consistent with a surface scatteringto the temperature-dependent resistivity of our samples.
mechanism of a quantum size effect [6]. It should beThe inset in Fig. 3 shows the same data in log-log plot.
pointed out that this dependence is not a unique proof ofhe deviation from the B-G model at low temperature is
surface scattering since, in many cases, the in-plane graftiie to electron-electron scattering, exhibitifig depen-
size may decrease with decreasing thickness. And thusdence. However, as the thickness decreases, the data tend
may mimic a similar thickness dependence. to follow the B-G model more closely, suggesting the

Figure 2 shows the temperature-dependent resistivitgver-increasing contribution from electron-phonon scat-
pr for a number of thicknesses. Faf> 300 A, no tering. ForT > 0.2¢p, excellent agreement was found
dependence was found ahor A, which suggests that in all samples between the data and the B-G model. Even
electronic and phonon structure are affected little by either
superlattice structure or total film thickness. However,
for d < 300 A, pr increases rapidly as the films become
thinner. Not only the magnitude but also the shape
of pr changes in the thinner films. The resistivity
of the 85 A thick film, for example, increases almost
three times as fast as that of 300 A or thicker films,
while the resistivities of the films forl > 300 A were
virtually indistinguishable from the average resistivity of
bulk Co and Ni [17]. Thinner films show a linedr

pr/ SI(D)

dependence at lower temperature, which is characteristic — BG

of electron-phonon scattering f@r > Debye temperature 0.5 e ﬁfoi

and indicative of softening of the phonon modes. A 2004
pr is well described by Eq. (2) in the temperature : zggi

(10-300 K) and thickness ranges investigated, as shown o 1000 A

in Fig. 3. There are only two adjustable parameters, /

6p the Debye temperature an8l the scaling factor, 0.0% 0.5 10

material specific properties which may be calculated if

the phonon dispersion relations are known. Note that T/GD

the fit is excellen_t for all samplt_as'a_md temperature, alT:IG. 3. Temperature-dependent resistivifyy in reduced
though the magnitude of the resistivity and the temperagnits. A solid line is a Bloch-Griineisen model calculation.

ture scale in reduced units vary by more than a factofnset: same data shown in log-log plot.
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for T < 0.260p, the data show a clear trend toward the B-from bulk values, for films thinner than the electronic
G model as the film thickness decreases. mean free path, although they are governed by completely

Figures 4(a) and 4(b) show these parameté@fs dnd  different processes.
S) normalized to the values obtained from a 1000 A thick In summary, Co/Ni superlattice films with a uniform
film (8p ~ .450 K), which are close to the known bulk microstructure independent of film thickness have been
parameters. The room temperature electrical resistivitiefbricated by molecular beam epitaxy. Because of this
of bulk Co and Ni are indicated by the arrows in Fig. 2. uniform film microstructure, the effect of surface phonon
The Debye temperature of the thinnest film is reducedcattering in the electrical resistivity has been clearly ob-
by almost half compared to the bulk Debye temperatureserved. The sharp increase of the temperature-dependent
because surface phonons are softer than bulk phononwsistivity for films thinner than the electronic mean free
This is consistent with other experiments, showing thepath can be attributed to a reduced effective Debye tem-
surface phonon Debye temperature is about half that gferature and an increase in the number of phonon modes
the bulk [18]. The 40% increase in the scaling factor fordue to additional surface phonons. This is the first time
the thinnest film suggests the presence of the two addihat this effect has been clearly observed in the electrical
tional surface phonon modes, decaying fast into the bulkiesistivity of metallic films.
which supports only three bulk acoustic phonon modes. It We thank Dmitry Reznik for useful discussions. The
may also be a consequence of the relaxed selection rulegork was supported by the National Science Foundation
for scattering processes due to the removal of momerand the Department of Energy.
tum conservation normal to the surface. Therefore, the
reduced Debye temperature and the increased scaling fac-
tor can be explained quantitatively as being due to surface
phonon scattering.
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