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Giant oscillations of coupling strength in Mo/Si multilayers
with constant semiconductor thickness
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We report the observation of anisotropy ragicand interlayer-coupling-strength oscillations with variation
of metal-layer thickness in Mo/Si multilayer series with constant Si-layer thickness. These oscillations corre-
late with previously found oscillations af., R;o0/R,, anddH;, /dT. The giant amplitude of oscillations
makes one believe that all oscillation effects are due to the variation of the Josephson coupling. The possible
origin of these unusual effects is discusse&D163-18207)05126-4

Lately, the anomalous oscillation behavior of supercon- Here we report the results of parallel critical magnetic
ducting and kinetic parameters has been discovered on arfields measurements on the same series of Mo/Si SL’s. On
ficial Mo/Si superlattice$:? For SL series with a constant all samplegwith the single exceptiomearT,, linear three-
Si-layer thicknessg=25 A) and variable Mo-layer thickness dimensionalH(T) dependences are observed. From the
(d=8-200 A), the resistivityp,,, resistivity ratiopsgo/pn , parallel critical field slope neaf., dHC“/dTlTC, and from

superconducting transition temperatufe, and the deriva-  the slopedH,, /dT|r_the values of the anisotropy parameter

tive of the upper critical mag.netlc f'eldj'H‘?i/dThc’ were v are obtained for the samples with different wavelengths.
found to oscillate as a funtlztzlon of the Mo-layer thicknessThe giant oscillations of are found which are in phase with
with a periodicity ofd=35 A.**The extremum positions for the dH_, /dT oscillations. The amplitude of oscillations
all dependences mentioned coincided. Theand the ratio  exceeds its average value. The parametés usually con-
p3oo/ pn Oscillated in phasethe minimum of T, corre-  sidered as a measure of interlayer Josephson coupling
sponded to the minimum gfso/ p, @nd vice versp and the  strength. Thus one has to conclude that in the case of Mo/
oscillations of thedH,, /dT were out of phase with the both Sj-layered system coupling strength can change essentially at
mentioned parameters. The oscillationslefandpzge/p, 0N the constant Si-layer thickness and this change is provoked
Mo/Si SL’'s resemble closely the thickness dependences ainly by the change in the metal layer thickness. The data on
T. and resistivity ratio inherent to the semimetal and metaMo/Si SL'’s are in obvious contradiction with those obtained
films in the thickness range where the quantum size effeadn Nb/Ge SL’'s(Ref. 6 for which the exponential depen-
takes placé. dence of the interlayer coupling strength on Ge-layer thick-
In spite of obvious similarity in the oscillatory behavior ness was obtained in accordance with the suggestion about
on Mo/Si SL’s and on single films of Sn and Bthe expla- quantum-mechanical tunneling through Ge layers, and no de-
nation of the oscillations found on SL'’s in terms of usual pendence on Nb-layer thickness was found. While the results
quantum size effect appeared to be rather doubtful becausm Nb/Ge SL's testify about the electrical passivity of Ge
of extremely small mean free path of electrdnis the sys- layers® the oscillation behavior observed on a Mo/Si system
tem considered. For all samples the electron diffusion coefmay be considered as an evidence that some redistribution of
ficient Dy, determined fromdH;, /dT by the formula charged carriers between metal and semiconductor layers
Do=4kc/(medH,, /dT), appeared to be<1l cm?/s, and may occur. Other possibilities to explain the unusual behav-
thus| is only about interatomic distance. It means that theior observed are discussed.
smearing of the quantum levels connected with the carrier The Mo/Si SL'’s consisting of 30 bilayers have been pre-
scattering exceeds the distance between the levels, and thared by magnetron sputtering on a glass substrate at a sub-
oscillations have to become indiscerniBle. strate temperaturé&,=100 °C. In addition to former work
The results of the investigations of tie vs d depen- on sample characterizatidnye recorded standar@-26 dif-
dence on the single Mo films with silicon underlayers andfraction patterns for SL'’s witld,,= 49, 70, 90, 122, and 152
overlayers in distinction to multilayered samples have reA. We observe a peak located a#239.6°, which we at-
vealed monotonous, increase withd.?® Thus the oscilla-  tribute to the Mo(110) Bragg peak. From the peak position
tory behavior found is the property inherent only to the lay-and the half-width, we obtaia=(3.22+0.03) A for the Mo
ered system. For understanding of the origin of thelattice constant andL~(25+ 3) A for the grain sizgwith
oscillation effects, the additional experiments are necessaryelatively large errors due to the poorer signal-to-noise ratio
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o FIG. 2. Critical magnetic fields as a function of temperature for
= 20 three Mo/Si SL’s.
00 50 100 150 200 For SL’s withd=80 A, the 2D square-root-like dependence

starts directly fromT, testifying at the first sight about full
decoupling of superconducting laye(iSig. 3). This depen-

FIG. 1. T, dH., /dT, andy as a function of metal-layer thick- den(;]e vl\allllhbe_comﬂr:enteddln m(_)k:eddet)all be_lowr.] .
ness. Error bars for perpendicular critical field derivative corre- 1€ behavior oH(T) described above is characteristic

spond to the transition width in a range (6-0.9)R,. Relative OF many superconducting SL's &1 type (Sis & supercon-

error in y values only slightly exceeds one fdiH,, /dT due to ~ ductor, | is a semiconductorwith varying semiconducting

essentially narrower transitions in parallel field. The width of tran-Spacer thickness. The data demonstrating all three types of

sitions in zero field does not exceed 0.2 K, and error bars for théd¢|(T) dependence were obtained on V/&tef. § and

T, are less than the point sizes. Nb/Ge(Ref. 6 SL’s. The coupled 3D behavior was observed
at small spacer thicknesses: 24 A, decoupled 2D behavior

for the thin Mo filmg. Comparing these values &o=3.24 A ats>45 A Ge), or s>70 A (S The Crossover was ob-
andAL = (30+3) A, obtained in Ref. 7 for Mo/Si SL's with served at intermediate values ©fIn distinction to the cited

dyo=176 and 195 A, it seems reasonable to exclude signifi?bove results, on Mo/Si SL’s three different types of

cant changes in the structural properties of the Mo Iayeryﬁ‘é-nr)or?leht?\!Or;;ﬁ-lficdth?ékaheissi?;n ngsr?x:;i that
throughout the whole sample series. For all samples Si laye 1y . ‘ay anges. o
are amorphous. or multilayers investigated the usual simple description of

The resistivity measurements in magnetic fields up to 5 H¢(T) behavior with the assumption about the Josephson

were performed with an ac bridge using the four-probeCOUp”ng depending only os fails. This statement is con-

method. Temperature was measured wih an accuray IV 2R RO SRTES Y B Te S TS R
tr:/};.t':;nasriwt(ijoljlé\(/\_/re)re defined by the midpoints of the resis- y=(M/m)¥2=(d Hg /dT)/(dH,, /dT) with d is shown.
The comparison of the data fdg and sheet resistance per The effective mass ratio oscillates with practically the same

layer, Ry, with the results obtained on the same sample@ (:r:lolictjuzz thhgeg?r:an:fete;f,e?;'\io{, SalluSL s;ltagd \gz;[rhs ?hg'tant
about 2 years ago revealed some aging effect. The compaﬁ‘- P 9 9 €yollt app

son of T;'s obtained in two different runs is shown in Fig. 1. TABLE L. Val f the SL btained i
The aging effect is not very significant, and all the features of *= - alues of the SL parameters obtained in recent mea-

the oscillatingT.(d) dependence were reproduced. The mea-
surements oH., (T) dependences were also repeated. d dH. /4Tl 1dH./dTl H —

The upper critical magnetic fields, andH,, as a func- A |dHe, /dT] - |dHg /dT] - He T,y ’ 7
tion of temperature are shown in Fig. 2 for several Mo/si®) (T/K) (T/K) Mm & @ @ 6

d(A)

SL’s. The dependencés$,, (T) on temperature are linear for o4 20 7.4 3.7
all samples. The values of the slogkl., /dT|TC obtained in  3g 1.98 23.7 09 3095 119 242 172
recent measurements are presented in Table I. They also di2 1.92 18.7 9.7
fer from obtained befordFig. 1) only slightly and reveal 39 1.87 6.0 14 564 32 11.1 18.1
oscillating behavior. 49 1.7 3.7 2.2

As for in-plane critical fieldH(T), the different types of o 1.77 45 26
temperature dependence are foRiys. 2 and 8 For some  7q 1.84 19.5 0.7 546 106 97 10.2
samples this dependence is linear in the entire accessiblg 213 12.5
range ofH. For other samples the crossover from linearg 1.41 59 13 698 42 38 40

three-dimensional(3D) dependence neall, to the 2D
square-root-like dependence at low temperatures is observetthe way of obtainingy=12.5 is described in the text.
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rameter becomes field dependent, and it grows tittiue to
—Q\:::(:j thermal fluctuations of vortices, weakening the Josephson
1

4r coupling between layerslt is not obvious whether this re-
5l8 6o sult might be used for explaining relatively largevalues
TR obtained fromH, and T for SL’s with the smallD.
3L At last we would like to comment thid ;(T) dependence
39 A on the sample witld=80 A. Due to a very large slope of this
= \ 49 A curve, the first value oH which could be registered is
= 70A about 0.5 T. If we try to consider this field as an upper limit
52 80 A for crossover field, then, according to formy®, the lower
T 90 A limit for vy may be definedy,,=12.5. Thus, for the sample

considered, the situation with the largesalue is possible as
well as the situation of fully decoupled layers.
1r : It is also worth mentioning that the absolute values of
both dH, /dT anddH/dT are extremely high, and they
exceed ones even for high: oxides. For superconductors of
the YBCO group, thédH,, /dT| values in the range 0.4-1.9
; ‘ : ; T/K (Refs. 10,11 are reported, for Bi-based oxides in the
092 0.96 1.00 range 0.3-1.2 T/R213while for Mo/Si multilayers they at-
T/Tc tain values above 2 T/K. In the case of an in-plane field for
the first group of compounds, the valueg@H,/dT| are in
FIG. 3. Parallel critical magnetic fields as a function of the the range 1'4__10'5 T/K)”lioand for B"b_aSEd compounds
reduced temperatur®/T, for several samples. Inset? vs T for |dHg) /dT|max is 14 T/K.® The maximum value of
SL with d=80 A. |dH¢/dT|=23.7 T/K is obtained for Mo/Si SL's. Thus, not
only oscillations found, but also extremely high values of the
the parametersiH /dT and y (their values are listed in critical magnetic fields in Mo/Si multilayered system may be
Table ) oscillate in phase witfdH,, /dT and in opposite regarded as anomalous. . o
phase withT.. For SL’s with d=80 A, the 2D behavior Considering the results obtained, one must bear in mind
visually starts directly fronT, and the value ofy cannot be  thatT oscillations are not found on single Mo films, and this
determined straightforwardly. This fact as was mentioned@ct may be treated as important evidence against the expla-

before may be considered as the evidence of full decouplin@tion based on conventional quantum size effect. In the
of the superconducting layerg{ ). mean-field approximation the, of the infiniteS/I-type SL’s

It was showf that if the dependencki(T) reveals a should coinci_de wit_hTC of the constituting superconducting
3D-2D crossover, the value gfmay be determined from the layers (the slight difference betweefi;’s of the SL's and
experimental data using the theory i SL'’s in three in-  film may be observed only at small number of bilayers
dependent ways. Beside the usual way of definirfgpom the N<10).*" It is obvious that the mean-field GL approxima-

ratio of the critical field slopes tion fails in the case of Mo/Si SL's as well as in some other
cases. In terms of this theory the depressioi oin Nb/Ge
y=(dH¢ /dT)/(dH, /dT), (1) SL’s with the growth ofs (Ref. 6 and anomalously large

. . enhancement of . with N on W/Si SL’s(Ref. 15 cannot be
this value can be obtame(':lufron? the crossgver fidid and explained either. It is noteworthy that on Mo/Si SL’s the
from crossover temperatufg, using expressiofis same correlation between coupling strength @pds found
. 2 like in Ref. 6: the more coupling strength, the higfigr.
Y=ol mHcD%, @ The absence of . oscillations on single Mo films and the
— giant amplitude of the coupling strength oscillations on SL’s
y=[&0)/DIN2T/(Tc—To). (3 enable one to suppose that oscillation effects appear only as
, i i a result of multilayering. The large amplitude of theoscil-
HereD=d+s is the SL wavelengthg(0) is the in-plane  |4tions and the correlation between all oscillating parameters
coherence length at=0, andT, is the crossover tempera- makes one believe that other oscillation effects may be a
ture which is defined by the extrapolation of low-temperatureconsequence of oscillations.
H¢)(T) dependence tél=0. Most probably, the oscillations of the transverse resistiv-
The experimental values dfi,, and T, along with the ity p, on SL's which obviously occur when the barrier trans-
values of y obtained by all three methods are presented irparency oscillates should give rise to the oscillations of lon-
Table I. For samples witli=70 and 90 A, the agreement gitudinal resistivityp, . These latter oscillations were directly
between they’s obtained by different methods is rather observed on Mo/Si SL’s. In the presence of this effect, the
good. But for the two samples with the smalte¢d=30 and  oscillations of T, anddH., /dT can be explained synony-
39 A), there is pronounced discrepancy in three values, thewously. According to the theory of type-Il superconductors,
y's obtained fromH, and T, being larger than the one ob- dHc2/dT|7 = —2.58&ceN0)p,, and the field$d,, of SL's
tained from the ratio of critical field slopes. It is known that of S/I type do not differ fromH,, for bulk superconductors
in strong perpendicular magnetic fields the anisotropy paif the valuep, instead of isotropic resistivity is used. From
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the formula fordH,, /dT, it follows that the derivative of tunnel junction® have shown that at silicon thickness less
the critical field should oscillate in phase with if the den-  than 70 A there is direct tunneling and the contribution to
sity of electron statesN(0)=const for all samples. Most conductivity from resonant processes appears only at larger
probably, this is the case, because the amplitudgs ahd  Si thickness. o _

dH,, /dT oscillations are practically the same, and the both At last, it is worth mentioning that for Mo/Si SL's, ac-
parameters vary witd in phase. cording to the results of the investigations of the quantum

The T, oscillations are also directly connected with thoseCOITections to the conductivity, the characteristic phase-
of p, or, more precisely, with the oscillations of the Sheetbreakmg length for electrob 4 at low temperatures is about

19 ; ; ;
resistanceRo=p, /d. In disordered 2D superconductors, 200 APie., Ly IS more than or comparable W'.ﬂh '.DOSS" .

should decrease with enhancemenRef due to localization bly, the conservation of the electron phgse during its motion
and Coulomb electron-electron interaction effé€tFhe be-  &cT9SS the metal layer may be essential from the point of

havior of the background, vs R; dependence on the Mo/Si view of its tunnelmg through barrler._ .
SL’s investigated is in agreement with the results of this In summary, oscillations of the anisotropy parameter with

theory? It means that the “local” increase 2, at definite extremely high amplitude are found on superconducting

values ofd inthe respect o ts background value should givegy ' 8 Wk P0 S VAR TS R G T s
rise to the diminishing ofT,. As may be expected from ges.

these considerations, the experimerfialand p, values os- of the other superconducting and kinetic parameters of
cillate in ooposite hz,ise ! Mo/Si SL’s previously observed. The oscillations pimay
At this gtgge ofrzche in.vestigations it is difficult to inter- be considered as an evidence of the oscillating behavior of Si

pret the oscillations of and of the Si barrier effective trans- it,zarr;rdegiﬁgvﬁoggnﬁggaeggz’ Ic|)rf1 thsetresrl; ELanggﬁ] rseal;(sazlr?ttlgh
parency in an inequivocal way. One possible assumptiony’ P ping gth. 9

mav be connected with some redistribution of the char e&ﬂo single films, the oscillation effects should be considered
y g s the exceptional property of a mutlilayered system. Now it

carriers between metal and semiconducting layers. Such eIS difficult to explain the oscillation phenomena in terms of

fect was considered theoretically for the metal/the known solid-state physics concepts. The explanation of
semiconductor interface in Ref. 17. However, this theory Sate phy PIS. pia
he quantum oscillations found seems to be a serious chal-

cannot be applied to our case directly, not only because of L ge to physicists. especially if we take into account the
constants, but also because it is valid only for clean semi- 9 PhySICISS, €sp y ;
trong disorder in the system considered.

conductors with clearly defined band structure. In our case st
layers are amorphous, and in amorphous semiconductors The authors acknowledge partial support from the Inter-
only a dense system of random local states eXfsiEhe national Science Foundation through Grant No. U9M200
essential change of the semiconducting barrier transparen€i.F. and O.T). and the AvH FoundatiofA.S.). We are
arises when resonant tunneling through the local states in thgrateful to K. Samwer, R. Tidecks, V. Gvozdikov, L. Gore-
barrier occurs, and it is an attractive idea for explaining thdik, A. Kadigrobov, A. Kosevich, A. Slutzkin, and R.
results obtained. However, the experiments ond48i/Mo  Shekhter for many valuable discussions.
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