
1[!1lctiqucs de bismuth- etaill 

Iii' 

; I ~ (1902). 
Ph,·s. Rev. 13;),1118 (1964). 
;.1)'; :?O, 1633 (1965). 
"Il,m1S, 921 (1963); :?2, 89 (1967). 
%6) . 
. Philips Res. Rep. 19, 103 (1964). 
\(-t he-dands) 21, 603 (1966). 
Idal and Narrow-Gap Semiconductors, 

; . . J. app!. Phys. 38, 66S (1967). 
·,' 11. J. app!. Phys. 38, 4852 (1967). 

Phys. - J. exper. theor. Phys. 16, 769 

.; (Xetherlands) 23, 622 (1966). 
\=i:3, 796 (1967). 

IHI. 531 (1967). 
'. KEYES, Phys. Rev. Letters 5, 241 (1960) . 

- Phys. - J. exper. them'. Phys. 16, 769 

w .; ct K. F. CUFF, Proe. Internat. ConL 

r~ 14, 902 (1965); Proe. Internat. ConI'. 

(1956). :. ,e Congres Internat. Semicondueteurs, 

.1 . 

1! '(jO. 

J.\KITOYSKII et V. D. I SKRA, Soyiet Phys. 

\. eo. 1943 (1960). 
. 1:1.), A779 (1964). 

fJ. 19GO) 

I , 
\ 
I 

\ 
I 

~ , 
\ 

( 

( 
, 

\ 

• 

I 

GALK- AA 69-0353 

A. A. GALJUX et al. : Effect of High Pressme on the Encrgy Gap 421 

phys. stat. sol. 35, 421 (1969) 

Subject classification: 13.1; 12.1; 14.2 

Physico-Technical Institute, Ukrainian Academy oj Sciences, Donetsk 

Effect of High Pressure on the Energy Gap of Indium and 
Thallium Superconducting Films 

By 

A. A. GALKIN, V. nr. SVISTUNOV, and A. P. DIKII 

The effect of high pressure (up to 15000 atm) on the encrgy gap of In and TI supercon
ducting films was investigated by the tunnel effect on supcrconductor-barrier-supt>rconduc
tor systems. As directly found in the experiments, the In yalues 2 Jjk'l'c indicate a reduc
tion of the electron- phonon interaction under pressure for this metal. In the range up to 
8 katm the value 2 tJjkTc for Tl remained constant within the expcrimental error [md was 
found to be 3.64 ± 0.06. 

MeTOnO)1 TYlIHCJlLllOrO 3(p(pClna Ha CIlCTC~lax cBepXrrpOBO:1I1lIl,-uapt.cp- cBepx
rrpOBOnnlll' Jl3Yllanocb Il:mllIllJe llhICOI,lIX (;{O 15000 anI) ;:tau':J(' l\l11t lla 3HepreTH
tIecHYlo menb cBepxnpoBo,Vlll.(HX nJJcnol' In II Tl. HerrOCpe;{CTBcJ-!110 HuH:1CIIIlhIC 
B 3l'CrrCpIDleJlTaX 3Hal lCHllfI 2 tJjl~'l.'c ;:tJHI JIIIUIUl YHa3bIBaIOT lIa oc.:mO.:IClllle 3.1eI-;
TpoH-qlOJIOIlHOrO Il3aH)lO;{eltCTBllH rro;{ ;{UBJlClllIE')1 ;{:tH 3Toro )ICTU.l.la . .[{.lH Ta.:I.lllfI 
B oO.laCTJI )];aBJJCllllii no 8 Han! B npc;:te:lax norpCWIIOCTlI a[-;cnCpJDleHTa IlC':1ll l IIIHa 

2 tJjkTc 9CTaBa.:1aCh rrOCTOJl[[J[ort II COCTUll.1R:la 3,64 ± 0,06. 

1. Introduction 

The central part of microscopic theory of supcrconductiYity [1] is the prescnce 
of an energy gap in the spcctrum of elementary excitations: 

LI = lun 

sinh (N1 v) , 
(1) 

where wand V are cut-off frequency and interaction strength, respectiYely, 
N is the state density on the Fermi sm-face. In this theory the energy gap is 
coupled with the critical temperature by the uni,-ersal relation 

2tJ 
kT = 3.528. 

c 
(2) 

This value char-acterizes the electron-phonon interaction strength which 
differs for real superconductors from 3.528, reaching a maximum yalne of ,l.G 
for Hg [2]. 

It is interest.ing to investigatc the influence of different factors on 2 Lljkl'c 
for one crystal modification. In this respect high prcssure.' as a method arc 
most pcrspccth-c. 
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In aU im-estigat-ions concerning pressure influence on superconducti\' il \ 
main attention is given to the change of the critical temperature I]'e and crit il",;1 
magnct,ic fi eld He [3]. In [4] it was considered that 2 iJ jl:'l'e does not, chal\ .~" .\ 
with pressure. ,II i. 

One of the direct experimental methods for the study of the energy gap ill 1'1" " 
superconductors is thc elcctron tunnelling techniqu e. Possibilities of tlii , " . ~ . 
finest instrum ent allowed to find out a change of 2 iJjk'l'e " 'ith pressure at fir,t \ il .\ 
for Pb [5] and then less for Sn [GJ. I,I' !''' 

This paper presents rcsults on tunnelling investigations of the energy gap ill 11' 11 1' 

In and Tl under pressure. 

2. Experimental 'l'eclmiflue 

2.1 Samples 

As is kno\\'n [7] the best gaps can be obtained on superconductor-barricr
superconductor tunnel sYtitems. This made supercondllcting diodcs useful [ 01' 

investigations under pressure. O[ a ll systcms investigated the best are puil'ti 
prepared on AI base, i.e. an AI- A1203 superconductor. 

AI-I-In and AI-1- Tl samples were prepared by deposition in high (1 X 1O-6TolT) 
vacuum on a cooled (up to 80 to 100 OK) glass slide 4 X IG mm2 . Therc were 
three junctions on one slide, each l.u x O.5In• Tl mm2 (Fig . 1). To avoid edge' 
effects films were depositcd through stencils supported by an electromagl1l't. 
Junction quality in the sense of fitness for their use in pressure measurements 
much depended on condensation and oxidation conditions of the Al film. 
Aluminium was sprayed from a tungsten U-\-aporizer. During deposition the 
vacuum did not become worse due t o preliminary long annealing (up to ,aelll1111 
restoration) of the vaporizer and the hinge. Oxidation took place in the atmos
phere of dry air at a pressure of 0.2 Torr for 5 min. Sample preparation was 
controlled by film and junction resistance measurements both during deposition 
and subsequent heating up to room temperatures. Junctions wit.h resistanC'l' 
50 to 100 .Q were chosen. AI- I-TI samples were co\-ered with Si monoxide of 
about 1 fLm thickness. In and TI film thickness was determined by Linnj ck'~ 
microinterferomet er )[II-4 and was equ a l to (1000 + 100) A. For Tl films 

R300 = 14 to 18. 
R4.2 

Al films had resistivities of 4000 to 6400 .Q mm 2, and their initial criticill 
temperature varied from 1.65 to 2 cK. 

Fig. 1. Tunnel sample ami 0Jturator. 1 Sample hol,ler marlr ~r 
gctinax, 2 indium contacts , 3 ."'-1 film, 4 In :111111'1 film~. 5 CO\ l" r 

glu:$$, G outurntor, 7 elec tri ca l wirc~ 
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2.2Iligll l)1'eSSIII'e t echnique 

A high pressure bomb with keroscne-oil mixtme [8] was used in all inHsti
gations. Pressure was created at room temperature and controlled by a hydraulic 
pressure manometer. Here an almost linear change of tunnel junction resistance 
(e.g. for R(O) = lOOn, dR jdp = 6 .o jkatm) was a reliable indicatioll. Sensiti. 
vity of junct.ion resistance to pressures gan the possibility of rejecting samples 
before immersing into liquid helium. The final pressure in the bomb at low 
temperatures was calculated from Te changes of an In wire [9]: 

Te = 4.36 X 10-5 p + 5.2 X 10-10 p2 .. 

20 electrical conductors were introduced into the obturator, this allowed mea
surements to be carried out simultaneously, by means of a 4-probe system, 
of the critical temperature of films, the In wire, and corrcsponding tunnel 
chara cteris tics. 

2.3 Ot'yogellics ami IIH'asH I'illg uppat'uills 

Low temperature measurements were carried out in a metal cryostat where 
it was possible to get temperatures from 4.2 to 1.15 Ole The bomb with samples 
was in liquid helium. 

During the experiments the voltage-current charac teristic was measured both 
at constant voltage and constant current conditions. Depending on the con
dition dIjdU or (d U/dI)-U at a modulation frequency of 383 Hz were plotted. 

All tunnel characteristics were rccorded automatically on a X-Y coordinate 
EPP.09.type register. Constant voltagc at a sample was measured by a high . 
ohmic potentiometer to within:::::; 1 fL V during recording. 

3. Ucsults ancl Discllssion 

I ndium: After preparation Al-I-In samples were annealed for SOUle days 
at room temperature. The critical temperature of In films practically did not 
differ from Te! for massive pure indium. The half"'idth of the superconducting 
junction did not exceed 0.01 OK for all pressures. Table 1 gives the change of 
critical temperature for the film which is fOlmcl to be 

p 
/(=F o.~l OK)I (kntrn) 

0 I 3.42 
5 3.23 
7 3.15 
7.9 3.13 

10.5 3.03 
14 2.91 

d7'e 
dp 

OK 
(3.65 + 0.15) X 10- 5 - , 

- atm 

Table 1 

Te and 2 LI of indium under pressure 

T I 2 LI(p, t) I 2 LljkTe t =-
To (=F 0.01 me \') (p, t) 

' I 

0.342 1.090 I 3.69 
0.36 1.01 3.63 
0,372 0.982 3.62 
0.374 0.974 3.61 
0.387 0.930 3.57 
0.4 0.880 3.51 

2 LI(p, 0) 2 Ll jkTe 
(meY) (p,O) 

1.09 3.69 
1.02 3.66 
0.99 3.6-1 
0.98 3.64 
0.9"* 3.60 
0.89 3.55 
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Fig. 2. Current- yoltnge charac teris ti cs of .>.1-1- 1n snIll ' Fig. 3. d I I" U-U chara cteristic. of _~I-1-1u samp,,", " I ,I t 
pIes at differe nt prCS5UfC$. T = (1.17 ± 0.02) oK; nor- different press ure •. 7' = (1.1 6 ± 0.02) oK 

malized units arc along the I-axis .1 p 

where the error does not include the ina ccuracy in pressure meaSlU·emcnt. 
Such Tc change of In films with pressure excellently coincides with Berman . 
Brandt, and Ginzburg's measurements [10) on massi\-c indium. 

Fig . 2 shows voltage-culTcut characteristics for two Al- I - In samples plotted 
at different pressurcs. The energy gap was defined from the maxima of the 
(dlld U)-U characteristics (Fig. 3). 

Fig. 4 sho\\'s the result of high pressure influence on the energy gap of indium. 
For comparison the 2 Ll(p) = 3.69 kTc line is drawn which in fact correspond ~ 
to the critical t emperature change. The gap values obtained by extrapolatjll~ 
2Ll(T) to T = 0 oK are also included in Table 1. From experiments it is [oulld 

d 2 L1 = _ (1.43 + 0 .13) x 10-5 rneV • 
dp - atm 

The energy gap of In at zero pressure, 2 Ll(O.O) = (3.69 ± 0.04) k'l'c ' is in good 
agreement. with data obtained from precision measurements of critical field 

curves [11), where the coefficient defining a clc\-i<1 -
tion from the parabola was found to be 

5 10 15 
Pfkalm)-

where 

aln = 2 n y ~i = 0.985 

2 9 k? N y = 3 n -·· . 

(3) 

(-! ) 

}'is. 4. Change of the 5uperconducting indium energy gap undt' r pre '''· 
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I p values obtained by extrapola ting 
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:l) X 10-5 meV • 
atm 

0:0) = (3.69 ± 0.04) k1'c' is in good 
h lOll measurements of critical field 
here the coefficient defininlY a de\'ja-o 
parabola was found to be 

T2 
l in = 2 ny Hi = 0.985 (3) 

(4) 

~ Ilrltrcouductjng illdium energy gap under 1'1'1 "':

~ lIrf'. ~ experimenta l point, 
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On the basis of the thermodynamic re lation [1] 

L1 = k V61ty flo 

using (3) we have 
1 

~- 8') -2 
kT - 1. - a 

c 

(5) 

(6) 

Then from our experiments it follows that t,he parameter a increases with 
pressure from 0.985 to 1.04 (p = ]4 katm), i.e. it approaches the BCS case. 
Experimenta points tJ.h = h - (1 - t2) ginn in [10] for indium clearly show 
a tendency to the above mentioned increase of ((. "'ith pressure (see Fig. 6 in 
[ LO]). In principle on the basis of (5) one may estimate the change of statc 
dcnsity N with pressure. Using our gap data and those of Ho(p) from [10], 
thc state density seems to decrease by no morc than 2% at 14 katm. 

Thalliwn: Because of quick oxidation of TI films AI-I-Tl samples were 
charged in the bomb immediately after preparation, and control measurement 
at small pressure were carried out after somc compression cycles _ After such 
iI procedure the film critical temperature was (2.38 ± 0.01) OK at zero pressure. 
The energy gap here is 2,1(0.0) = (0.75 + 0.01) meV = (3.65 + 0.06) k1'c, 
that is in good agreement. with Clark's recent mcasurcments [12J. 

In the slUall pressure range (2000 to 4000 atm) the anomalous change of 
critical temperature typical of massiye purc TI [] 3] was not obsen-ed. Thc 
critical temperature linearly decreased up to (2.34 ± 0.01) OK at p = 8 katm 
being in qualitative agreement with Gey's data [U] on the dependencc of 1'c of 
pure TI on residual resistance produced by plastic deformation at different 
pressures . 

Fig. 5 shows I-U characteristics for Al- I - Tl at, different pressures. The gap 
ntlue obtained at 8 katm, 2,1(8.0) = (0.73 ± 0.01) meV = (3 .64 + 0.06) 7;;1'c' 
shows rather weak dependence in this pressure range. However, this does not 
l'xelude the possibility that 2L1/k'l'C changes for 
thallium at highcr pressures . 'York in this tlirec-
tion is in progress. . 

The main result of gap tunnelung measurements 
in superconductors under pressure is that the 
('[feet of 2 LI/k1'c decrease initially discovered on ..... 
Ph, which is a representative of superconductors 
with strong electron-phonon int.eraction,1 shows 
different dependence on superconductors with 
intermediate coupling: In, Sn, and perhaps Tl. This 
circumstance makes theoretical iln-estigations 
necessary to obtain i\ relation connecting the gap 

Fi~. 5. \-olta!;c- "urrcnt tharnd,'ri.tics of Al- I - Tl _'a,"plc" at dim'rellt 
Jlrc:isures. 7' = (l.1t.i ± O.O:!) 0 K; l10rlllnlizcrl Ilnits arc al(JlI~ the l .ax i ~ 
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and crit.ical temperature, taking account; ofi the rea l energy spect.rulll of .. 
superconductor, in a manner proposed by Geilikman and Kresin [15]. \rh .. I , 

explaining anomalous superconductor properties. 

...... -

In conclusion we note that in all our experiments dTe/dp of superfine' ,11". . 1. 

minium films was always larger than for massi,'e material [16] and Yal'ied rro", 
3 to 4 X 10- 5 °K/atm for different films.I) 
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