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Superconducting transition temperatures and structure of MBE-grown Nb/Pd multilayers
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We have studied the structure and superconducting properties of molecular-beam-epitaxy-grown Nb/Pd
multilayers. The resistivity of each layer was calculated from the multilayer resistivity by including size effect
and bulk imperfection terms. The superconducting transition temperatures obtained using these resistivities
together with the de Gennes–Werthamer theory showed good agreement with the experimental results.
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I. INTRODUCTION

The coexistence of superconductivity and magnetism
been observed previously, when it was shown that ferrom
netism and antiferromagnetism coexist with superconduc
ity in molybdenum chalcogenides1 and rhodium boride2

compounds. Other more recent studies show that super
ductivity also can coexist with spin glasses.3–6 Because of
the multiple magnetic phases that occur in relatively dil
Pd-Mn alloys,7,8 we are interested in the superconducti
properties of Nb/Pd12xMnx multilayers, beginning with Nb/
Pd.

The theory that describes the proximity effect betwee
normal metal and superconductor was proposed by
Gennes,9 and extended to magnetic materials
Werthamer.10 However, for the de Gennes–Wertham
~dGW! theory to apply, the electron mean free path~mfp!
must be smaller than the layer thickness,di.l i . The resis-
tivity of each layer is required to determine the mfp. F
sputtered samples, measurements of thick film resistivity
low temperature are often used to obtain the mfp. Howe
our thick films prepared by molecular-beam epitaxy~MBE!,
had large mean free paths that are not representative o
mfp in the layers of our multilayers. Therefore we used
multilayer resistivity data to determine the mfp in each lay
by assuming resistivity is caused by a size effect,11–13 along
with imperfections including impurities, grain size, and oth
contributions.

II. EXPERIMENTAL PROCEDURES

Multilayer samples were prepared in a Perkin-Elmer 43
MBE system with a base pressure of;5310211 Torr. 4°
miscut Si~111! substrates were used to grow Nb/Pd multila
ers on 40-Å Cu buffer layers. The Si~111! substrates were
first dipped in a 2% HF acid solution for 2 min and the
immediately loaded into the ultrahigh vacuum~UHV! cham-
ber via a load lock. The substrates next were anneale
UHV at 750° for 15 min in order to drive off hydrocarbon
and reflection high-energy electron diffraction~RHEED! and
low-energy electron diffraction~LEED! employed to verify
the 737 reconstruction of the Si. After the substrate coo
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to room temperature, a 40-Å Cu layer was deposited
e-beam evaporation as a buffer layer for the subsequ
growth. Although there is a 15% lattice mismatch, the 40-
Cu layer grows epitaxially on Si~111! by forming an inter-
mediate silicide.14–16We also verified the Cu~111! plane was
rotated 30° with respect to the Si~111! surface. The deposi
tion rates for Cu, Nb, and Pd were 0.4, 0.1, and 0.2 Å
respectively. Five bilayers of Nb~110!/Pd~111! were depos-
ited on the buffer layer, and we verified epitaxial growth
each multilayer with RHEED and LEED. Having five bilay
ers minimizes the effects of the underlayer and top la
oxidation on the superconducting properties, as well as m
ing detailed x-ray analysis possible. A moving shutter w
used to produce regions with different Pd thickness acr
the three-inch wafers.

We used x-ray diffraction~XRD! and low-angle x-ray re-
flectivity ~XRR! to determine the thickness of each layer a
to verify the crystal structure. The resistivities of the mul
layers were measured by the van der Pauw method, dow
4.2 K.

III. RESULTS AND DISCUSSION

The RHEED and LEED patterns are indicative of epita
ial layers with limited in-plane order. As shown in Fig. 1, th
RHEED patterns consist of bulbous, somewhat diffu
streaks typical of a surface that is not atomically flat a
somewhat disordered, although still having a well-defin

FIG. 1. A typical RHEED pattern of the surface of a Nb lay

along the@11̄1̄# direction.
8229 © 1998 The American Physical Society
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orientation. The short in-plane coherence is likely due t
relatively high density of grain boundaries needed to relie
the stress caused by the symmetry difference between
fcc-Pd ~111! and bcc-Nb ~110! planes. Interestingly, the
XRD spectra exhibit superlattice peaks which demonst
that the crystalline coherence in the perpendicular direc
extends over several periods, i.e., many hundreds of A
stroms. Figure 2 shows theu22u XRD for samples with the
thickest, 80 Å, and thinnest, 10 Å, Pd layers. The thin-
sample exhibits clear superlattice satellites while
thick-Pd XRD looks more like separate Nb and Pd pea
The thick-Pd result is typical for multilayers with such
large period. The rocking curve widths for these peaks
2–2.5 deg full width at half maximum. This spread of cry
tallite orientations is much narrower than typical sputt
deposited multilayers but not as narrow as the highest qu
metallic superlattices. The XRR shows that the layers
well-defined with rms interface roughnesses on the orde
10 Å. Taken together, these measurements show that
structure is an epitaxial mosaic with columns that are v
long in the ~111!/~110! direction but relatively small in di-
ameter. Although the interface roughness corrrespond
several atomic spacings, it is much smaller than the su
conducting coherence length which is several hundred A
stroms. The layer thicknesses obtained by fitting the X
spectra is included in Table I.

FIG. 2. XRD spectra of two Nb/Pd multilayers with five bilaye
each, thicknesses as indicated. The thin-Pd sample exhibits s
lattice satellite peaks.

TABLE I. Summary of Nb/Pd multilayered samples.rm is the
resistivity of the multilayer. All the samples were deposited on
miscut Si~111! substrate.

Sample Measurement
~Nb/Pd! ~Å!

periodL ~Å! rm (mV cm) Tc ~K!

1a 196/9 205 8.10 8.70
1b 195/18 213 8.05 8.10
1c 196/25 221 8.03 7.85
1d 196/31 227 8.02 7.10
2a 198/21 219 8.18 8.02
2b 198/42 240 8.15 7.55
2c 198/58 256 8.00 7.40
2d 198/70 268 7.85 7.24
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To apply the de Gennes–Werthamer theory to the Nb
multilayers, the resistivity of each layer in the multilayer
required. To determine the resistivity, we assumed a para
resistor model for the multilayer structure, so that

1

rm
5

1

rNb
1

1

rPd
, ~3.1!

where rm , rs , and rn are the resistivity of a multilayer
superconductor~Nb! and normal metal~Pd!, respectively.
This model is valid when interface scattering is complet
diffuse, and is a good approximation when the mfp’s a
limited by substantial interfacial on other scattering as in
cated by the resistivity measurements of these samples. S
the thickness of the Nb layer is a constant;200 Å, we
assume the resistivity of each Nb layer is constant. Assum
the resistivity of the Pd layers is limited by the siz
effect17–19and imperfections in the layers, the resistivity c
be expressed by

rPd5rPd
bulk1rPd

SE1rPd
i , ~3.2!

where the contributionsrPd
bulk , rPd

SE, and rPd
i are due to the

bulk, size effect, and imperfections including impurities, n
found in the ‘‘bulk’’ thick-film material. The size effectrPd

SE

has the form

rPd
SE5

4

3

1

g~112p!

1

ln~1/g!
, ~3.3!

whereg is the ratio of the film thickness to the mean fre
path,dPd/l Pd, andp is a fraction of the electrons scattere
elastically from both surfaces of the film~specular scatter-
ing!. Note that, for our MBE-grown Pd,rPd

bulk is negligible
compared to other terms.

The resistivities of the Nb and Pd layers were obtained
fitting the resistivity data using Eqs.~3.1! and ~3.3! as a
function of the Pd thickness. For the size effect, we assum
the complete diffuse scattering case (p50) in Eq. ~3.3!. We
estimate the resistivity of Nb to be;10 mV cm, and that of
the Pd layers we calculate to be 40250 mV cm, as shown
in Fig. 3. These resistivities for the Pd layers are compara
to the recent experimental results of Hloch and Wissman20

For the Nb layers, the resistivities were the same as for

er-

°

FIG. 3. Pd resistivity in a multilayer, calculated from th
multilayer resistivity at low temperature~10 K!.



h
1

o

for
and

ur
ata
s
en-

Pd
n
es–
es
l-
the
ted
s.
ly

g-
rt by
o.

00
ng

PRB 58 8231BRIEF REPORTS
previous samples.21 From the resistivities, the mfp of eac
layer was calculated to be 35 Å for the Nb layer, and 8–
Å for the Pd layers. Using these values,Tc of the multilay-
ers can be calculated from the de Gennes–Werthamer the

The equations of de Gennes–Werthamer9,10 theory were
used to calculate the transition temperatures,Tc , with the
well-known expression22

kn

rn
tanh~kndn!5

ks

rs
tan~ksds!, ~3.4!

FIG. 4. Transition temperature of Nb/Pd multilayers with a 2
Å Nb layer thickness. The solid line is calculated usi
de Gennes–Werthamer theory with no adjustable parameters.
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wherer is the resistivity,k is the wave vectors andd is the
layer thicknesses. The indicesn ands stand for normal metal
and superconductor, respectively.

In Ref. 22, the author mentioned that the equations
multilayer sample may be the same as the single bilayer
showed that a three-bilayer sample had the sameTc as the
single bilayer. We applied the single bilayer equation to o
five-bilayer samples. Figure 4 shows the experimental d
and the calculatedTc as a function of the Pd thickness. A
can be seen, the solid line in Fig. 4 describes the experim
tal data with good agreement.

In summary, we have grown epitaxial, coherent Nb/
multilayers by MBE and have shown that their transitio
temperatures are in good agreement with the de Genn
Werthamer theory. It is important to use layer resistiviti
extracted from the multilayer data rather than thick-film va
ues or even size-effect-corrected values when doing
dGW calculation. Layer resistivities are higher than expec
by including a size-effect correction to the thick-film value
The additional increase in resistivity in the layers is probab
due to stress-induced dislocations in this bcc/fcc system.
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