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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 to room temperature, a 40-A Cu layer was deposited by

The coexistence of superconductivity and magnetism hag—beam evaporation as a buffer layer for the subsequent
P y 9 rowth. Although there is a 15% lattice mismatch, the 40-A

been observed previously, when it was shown that ferroma Su layer grows epitaxially on §i11) by forming an inter-

netism and antiferromagnetism coexist with superconductiv-_" . = a0 "
ity in molybdenum chalcogenidbsand rhodium boride mediate silicidé®*~1®We also verified the Qa11) plane was

compounds. Other more recent studies show that supercoh%r?tfgte")’so fovrv'tgureil%ec;;g tgg(alg)esgr;facg 'JZ?K?eOpgS;/S

ductivity also can coexist with spin glassE§.Because of . “ '
the multiple magnetic phases that occur in relatively d“uterespectwely. Five bilayers of Nb10/Pd111) were depos

Pd-Mn alloys® we are interested in the superconducting'ted on the buffer layer, and we verified epitaxial growth of

. ; S . each multilayer with RHEED and LEED. Having five bilay-
gr(;)pertles of Nb/Pd..Mn, multilayers, beginning with Nb/ ers minimizes the effects of the underlayer and top layer
: . - oxidation on the superconducting properties, as well as mak-
norTn?SI t?ﬁggl tgit ddessucnebrigr;[gﬁc?gr)xw;sy efrfgcésbeedtWEen deller1g detailed x-ray analysis possible. A moving shutter was
P > Propose Y %sed to produce regions with different Pd thickness across
Gennes, and extended to magnetic materials bythe three-inch wafers
Werthamert® However, for the de Gennes—Werthamer :

We used x-ray diffractioiiXRD) and low-angle x-ray re-
(dGW) theory to apply, the electron mean free pathfp) - . ;
must be smaller than the layer thicknegs>/: . The resis- flectivity (XRR) to determine the thickness of each layer and

to verify the crystal structure. The resistivities of the multi-

tivity of each layer is required to determme_ the ”.‘fp.- _Forl yers were measured by the van der Pauw method, down to
sputtered samples, measurements of thick film resistivity a > K

low temperature are often used to obtain the mfp. However"
our thick films prepared by molecular-beam epitdMBE),
had large mean free paths that are not representative of the 1. RESULTS AND DISCUSSION

mfp _in the Iay_er_s_of our multilayers_. Therefore_we used the The RHEED and LEED patterns are indicative of epitax-
multilayer resistivity data to determine the mfp in each Iayerial layers with limited in-plane order. As shown in Fig. 1, the

by assuming (esist_ivity is. caysed _b_y a sizg efféél?along RHEED patterns consist of bulbous, somewhat diffuse
with imperfections including impurities, grain size, and otherStreaks typical of a surface that is not atomically flat and

contributions. somewhat disordered, although still having a well-defined

Il. EXPERIMENTAL PROCEDURES

Multilayer samples were prepared in a Perkin-Elmer 433S
MBE system with a base pressure 6x10 ! Torr. 4°
miscut S{111) substrates were used to grow Nb/Pd multilay-
ers on 40-A Cu buffer layers. The (31L1) substrates were
first dipped in a 2% HF acid solution for 2 min and then
immediately loaded into the ultrahigh vacudbiHV) cham-
ber via a load lock. The substrates next were annealed in
UHV at 750° for 15 min in order to drive off hydrocarbons,
and reflection high-energy electron diffractitRHEED) and
low-energy electron diffractiofLEED) employed to verify FIG. 1. A typical RHEED pattern of the surface of a Nb layer
the 7x 7 reconstruction of the Si. After the substrate cooledalong the[111] direction.
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FIG. 2. XRD spectra of two Nb/Pd multilayers with five bilayers ~ FIG. 3. Pd resistivity in a multilayer, calculated from the
each, thicknesses as indicated. The thin-Pd sample exhibits supenultilayer resistivity at low temperatur@0 K).
lattice satellite peaks.

40 41
26 (deg.)

. ) ) o To apply the de Gennes—Werthamer theory to the Nb/Pd
orientation. The short in-plane coherence is likely due to anultilayers, the resistivity of each layer in the multilayer is
relatively high density of grain boundaries needed to relievgequired. To determine the resistivity, we assumed a parallel

the stress caused by the symmetry difference between th@sistor model for the multilayer structure, so that
fcc-Pd (111 and bcc-Nb (110 planes. Interestingly, the

XRD spectra exhibit superlattice peaks which demonstrate 1 1 1
that the crystalline coherence in the perpendicular direction p_: St 3.1

. . m PNb  PPd
extends over several periods, i.e., many hundreds of Ang-
stroms. Figure 2 shows the- 26 XRD for samples with the Where py,, ps, and p, are the resistivity of a multilayer,
thickest, 80 A, and thinnest, 10 A, Pd layers. The thin-Pgsuperconducto(Nb) and normal meta(Pd), respectively.
sample exhibits clear superlattice satellites while thelhis model is valid when interface scattering is completely
thick-Pd XRD looks more like separate Nb and Pd peaksdiffuse, and is a good approximation when the mfp’s are
The thick-Pd result is typical for multilayers with such a limited by substantial interfacial on other scattering as indi-
large period. The rocking curve widths for these peaks aréated by the resistivity measurements of these samples. Since
2-2.5 deg full width at half maximum. This spread of crys-the thickness of the Nb layer is a constan200 A, we
tallite orientations is much narrower than typical sputter-assume the resistivity of each Nb layer is constant. Assuming
deposited multilayers but not as narrow as the highest qualitihe resistivity of the Pd layers is limited by the size
metallic superlattices. The XRR shows that the layers ar&ffect’ **and imperfections in the layers, the resistivity can
well-defined with rms interface roughnesses on the order dpe expressed by
10 A. Taken toggthe_r, these_megsurements show that the  buk, SE, |
structure is an epitaxial mosaic with columns that are very Ppd=Ppd T PpdT Ppds (3.2
long in the (111)/(110) direction but relatively small in di- buk SE

. where the contributiongpe, pa§, and ppy are due to the
ameter. Although the interface roughness corrresponds t8u|k, size effect, and imperfections including impurities, not

several atomic spacings, It Is mL_Jch_smaIIer than the SUPCE uNd in the “bulk” thick-film material. The size effeqin;
conducting coherence length which is several hundred Ang:
stroms. The layer thicknesses obtained by fitting the XRF{]als the form
spectra is included in Table I. « 4 1 1

TABLE |. Summary of Nb/Pd multilayered samplgs, is the Prd 3 y(1+2p) In(1/y)’ 33
resistivity of the multilayer. All the samples were deposited on 4°
miscut S{111) substrate.

where vy is the ratio of the film thickness to the mean free
path,dpq//pq, andp is a fraction of the electrons scattered
elastically from both surfaces of the filispecular scatter-

Sample (l\lillzjas;rigentpenodA A pm (w2 em) T (K) ing). Note that, for our MBE-grown Pdy2e* is negligible
compared to other terms.

la 196/9 205 8.10 8.70 The resistivities of the Nb and Pd layers were obtained by

1b 195/18 213 8.05 8.10  fitting the resistivity data using Eq$3.1) and (3.3) as a

1c 196/25 221 8.03 7.85  function of the Pd thickness. For the size effect, we assumed

1d 196/31 227 8.02 7.10  the complete diffuse scattering cage=0) in Eq.(3.3). We

2a 198/21 219 8.18 8.02  estimate the resistivity of Nb to be10 w() cm, and that of

2b 198/42 240 8.15 7.55 the Pd layers we calculate to be-480 uQ cm, as shown

2c 198/58 256 8.00 7.40 in Fig. 3. These resistivities for the Pd layers are comparable

2d 198/70 268 7.85 7.24  to the recent experimental results of Hloch and Wissntann.

For the Nb layers, the resistivities were the same as for our
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101 wherep is the resistivity k is the wave vectors and is the
layer thicknesses. The indicasands stand for normal metal
and superconductor, respectively.

o In Ref. 22, the author mentioned that the equations for
multilayer sample may be the same as the single bilayer and
showed that a three-bilayer sample had the s@amas the
single bilayer. We applied the single bilayer equation to our
five-bilayer samples. Figure 4 shows the experimental data

¢} and the calculated . as a function of the Pd thickness. As
can be seen, the solid line in Fig. 4 describes the experimen-
tal data with good agreement.

In summary, we have grown epitaxial, coherent Nb/Pd

6'(') 5 m & 2 multilayers by MBE and have shown that their transition

Pd Thickness [A] temperatures are in good agreement with the de Gennes—

Werthamer theory. It is important to use layer resistivities
FIG. 4. Transition temperature of Nb/Pd multilayers with a 200 extracted from the multilayer data rather than thick-film val-

A Nb layer thickness. The solid line is calculated usingues or even size-effect-corrected values when doing the

de Gennes—Werthamer theory with no adjustable parameters.  gGw calculation. Layer resistivities are higher than expected

by including a size-effect correction to the thick-film values.
previous sample$. From the resistivities, the mfp of each The additional increase in resistivity in the layers is probably

layer was calculated to be 35 A for the Nb layer, and 8-1Qjue to stress-induced dislocations in this bcc/fcc system.
A for the Pd layers. Using these valuds, of the multilay-

ers can be calculated from the de Gennes—Werthamer theory.
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