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Strongly enhмlced superconducting tran8ition temperatures 
Т0 COIIIPared to tЬе pure •tal one8 т~>~ 0.1 - 0.6 К have been 
ob8erved in recent Н and -D ion-i111p1antation experi111ent8 on Ti, 
Zr, and Hf foil8 /I.Sf. In addition to the То -enhanceшent in 
ZrНz(Dz) an~ llfВJD1) а r_.rkaЬlB imrer8e isotope effect (ПЕ) 

va8 found, ~.е., Т 0 -w'Т0(111а) < Т 0 • Т 0 (110 11) ; 11 • Zr Ьнr. Con
trarily, no (zero) isotope effect (ZIE). i.e., т: • Т 0 for the 
aaxi.IU1 T0 -enhanc 1t concentration ra:\e х • О. 13 and а sligb-
tly nor..1 i8otope effect (RII), i. е. , Т 

0 
>Т~ at 1over concen-

tration8, vere fouad for the Т1Н 11(0 11) sy8teua. · 
То our knovledte there 18 no 8ati8factory exp1anation for 

the8e effect8 at present. Тhе standard mechanisas ba8ed on the 
es8ential inf1ueace of hi&h frequency ~.D) optica1 phonons, 
vhich have been diacaased in connection vith the ПЕ for the 
vell-knovn PdH11 (DiJ systea, (n8111ely the 11888 dependence8 of the 
electron-optica1 рЬоаоn interaction /1,4,S/ can Ье ruled out for 
the sy8te.s under caa.ideration. Тhе шain reason for this is the 
veakness of tЬе eleCU'on-optical pbonon (Н, D) interaction caused 
Ьу the 88811 va1ue of the expected H.D-Ropfie1d para.eter 
'111 о « 11 zr • Тhis is due to the Ferad energy falls рrоЬаЬlу in . . . 
the region of d-ь.ads. vhich 1ead8 to 811811 partia1 den8~t~es 
of state8 vith s 8DII р SJ118!try coшpared vith the d one (c0111pare 
vith the ~rica1 resu1ts obtained for 8imilar sy8t8188/8/ ) • 
Purt}U!t'1110re, tЬе --.r of availaЬle optica1 (Н. D)-phonon mo- , 
dea • 10-1 is a1so su11 and the opticaJ force constant8 1 • 
• llв,o<OJ 2 > are wry 1arse. Веnсе, Ao'Y«A~Д(Pdii(D))- 0.6. 

If one nevertheleaa as8U888 considerat1e strength of the elect
ron-optical phoaoa interaction А 0,, , seriou8 difficulties appear. 
In inelastic neatтQQ acattering experU.nts for ZiH~(D11) а "ne
gative" anь.r-icit\ (11 8<., 1>в (1 + fJл> • М o<OJ 1)о; Р л • -0.08). 
vhich vould lead to А t • (1. + 0.08) л~,) va8 obaerved /t/. 
In the case of NS(D) Tt can Ье 8hown that the other •chani81DS 
vhich support the 1П like the appearance of the Debye-va1ler 
factor in the 8&tтix ele.ent of the electron-optical phoQQit in
teraction or . ·tЬe dUference in the 8creenl~ of the H.D poten
tiala/IO/ are 3 + 10 tiмa as less as lfJлl' . 'lЪerefore. they . 
cannot cancet the effect caused Ьу the anhat'1110Uicity of the for
~e constants. AltЬoalh the absence of any isotope effect for 
the pure lr ~ stroq electron-electron interaction, our 
atte.pts to .. scriЪe tЪе III on the basis of the Вerk-Schrieff~r 
equation8 at reasonaЬle electron-electron pseudo-potential8 
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fail; it was impossiЬle to overcome the mentioned "negative" 
anharmonicity. 

Thus, on the basis of two independent considerations any 
essential direct influence of high-frequency modes can Ье exclu
ded. Tberefore, · we consider the influence of some hypothetical 
low-frequency local_.modes (of tunnelling or resonance types). 
For the metastaЬle ~- (hcp) systems under consideration it is 
known that the H(D) ions move in an anharmonic potential which 
in а particular case may take the form of а douЬle (or many) 
well potential (compare 1111 ). Furthermore, rich tunnelling pheno
mena for Н and D in various solids are reported(see ,e. g ., /12,13 / ) 

То get some insight into the influence of such а low-lying 
local mode on the superconductivity and especially the isotope 
effect for Т с• we consider а simple model. It describes the 
tunnelling of the Н(D) ions between equivalent minima in the 
potential of the f~rm 

V(x) = ~ f(x + О for х ~ О, ( 1) 

whe:re the force constant С = Mcu~ can Ье evaluated Ьу the H(D) 
local vabration frequency: hcu 0{ZrHx) • 140 meV. Thus, we get 
а two-level system (TLS) · which has been used for the descrif
tion of superconductors with structural unstaЬle lattices/1 •15/ 
and superconducting metallic glasses / l,lб / . In contrast with me
tallic glasses in the simplest approximation the tunnelling mat
rix elements are assumed to Ье identical for all tunnelling cen
ters. 

In our case the concentration of the TLS с is assumed to Ъе 
identical with the H,D-concentration. This value is then of an 
order of I0-2-Io-1 . Thus, с greatly exceeds the value usually 
accepted for glasses с f -10-5 . Hence, the electron-TLS coupling 
constant Лтts can also 8greatly enhanced, that can easily explain 
the Те -enhancement /1 7, l8 / and the observed IIE (see below). 

In order to calculate the Tc-enhancement we need the Elia
shberg function S(cu) which now consist$ of two terms, namely 
the convenient phonon spectral density Spь(cu) and the spectral 
density of the TLS STLS (cu) / 15/ which leads to 

А=Лрь+ЛтtS• (2) 

where Лрh is in our case given Ьу the standard relation 

Лрh = 71zr / (Mz. < cu2 > zr) = N 1 vuz. I 2/ (Mz. < cu2 >zr) (З) 

ЛTLS is determined Ьу an analogqus expression/15/ : 

2 2 2 
ЛTLS = NF < J 5 >)( 5 (0) = N F 1 VUH,D 1 {2xsa) с < S z >/ !J. 0 , (4) 

. 
, v-:. ъ. , ~ . ··. ···!нут 1 
J ~.l;.~r; :... .~. 4 .~ ."7:·t~'t ~ ·~ w t>~: · 
t б~ !(r · . ·· ' , i::~! . f -·-----------
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where ~o.is the tunnelling energy which results from the overlap 
of the "left" state ФL into the "right" well and vice versa: 

H,D 
~о Г ФL НФн dX 

-оо 

11ш Н• 0 

2 
ехр[ _ _ ....:-· (5) 

and х sa= < Ф s !x l Фа> =r is the matrix element between the sym
metrical Фs and antisyппnetrical Фа states constructed Ьу using 
the functions фу_,. and Фн . The mass dependence of the exponential 
function in (5) ос v'M (2f) 2 ( 2f being the distance between the 
two potential minima) is quite general (compare, e.g., the exp
ression used Ьу Wipf and Neumaier / 121 for а sinusoidal poten
tial) • .Тhis strong inverse isotope dependence for the tunnelling 
energy ~о - ехр(-$ const) leads to а very strong inverse iso
tope effect for the Те enhancement provided that ~О > 21rт<g>, 

~ccordin~ to the experimental data for ZrH~x) /9/ we take 
tш~"' 140 meV and set approximately ш8 =ш~/v'2.Then, from (1) 
and (5) one obtains, e'.g., for f = 0.3 А, ~~= 38 К and ~~= 
= 7.б К. Using (4) we have Л. ~LS ",л~LS which indicates а strong 
IIE, provided ЛтLsis not too small compared with Лрh· According 
to (3) and (4) the ratio ЛтLs/ Лрh can Ье estimated Ьу 

Л ТLS/ Лрh "'2сМ Zr <ш ~Zr f 21/ opt tanh(~o/2Tc)/(77 Zr ~О )с . (б) 

Using <ш 2 >zr .. О.5ш Ъ z~ ш D Zr "' 250-300 L and as а crude esti
mate 7/

0 1 /77zr -10-2 ~see e.'g. 3.74.10-2 for ZrH2 one obtains 
Л I.}LS- С20 +40) с Л2/ь. The value of л~rh is expected to Ье some
what enhanced compared with that for the pure met·al ( .. О. 34 -
0.41 due to the disorder resulting from the implantation pro
cess. Thus, taking c-lo-1 we found the values л9Ls- 1 + 2 and 
Л~LS- 0.2 + 0.4 which can easily explain the observed Tc-enhan
cement and the IIE for ZrHx(Dx) (Т~= 4.б5 К and Т~= 3.14 К). 

We think that ' the same feature holds in the case ofHf.In Ti, 
Н and D probaЬly occupy different interstitial positions [Т- and 
0-sites) with different potentials too / 9/, Thus, the case of 
TiНx(Dx) is more complicated and needs special investigations. 

In order to check our estimates Ьу ~reating SтLs(ш) as а per
turbation to Sрь(ш) Ьу means of the functional derivative 
и(ш) = 8 Т 1 8Sph (ш) 1191 we calculate the Те -enhancement ~Т с = = ·т т <о> - с- с 

~ ЛтL~О 
~Те= Jи(ш)STLS(ш)dtu = 9 и(~ 0 ). (7) 

о 

It is well known that the shape of и(ш/Т(2)) is nearly an univer
sal function and its magnitude is scaled Ьу the factor 
11 (1 +Л) 1211 Therefore, one can use the curve obtaiнed for . . ' 
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Zr А1 А D;· (О) А Н; · о Al(Лph "'Лрh .. 0.37). Tfius, we have u 0 Те al2.7, u 0 Те .. б3.3 
and и D= и(~~)= О.б и = и(~~) "' 0.35. In the case of low con
centration, one can rewrite formula (7) 

~TH,D= const С и H,D ; и 0 > и Н 
с ' . 

(8) 

\ n qualitative agreёment with the experimental curves / 21 / From 
those curves and (7-8) we extract Л~LS .. lб.3 с and Лl.\-Ls• 3.7 с 
in good agreement with the estimates given above . 

At higher concentration . с~ О. 1-0.2 deviations from the li
near c-low and finally а saturation (Zr) or а weak maximum 
were observed in the experiments. We think that fthese effects 
partially are due to the TLS-TLS interaction neglected so far 
in the expression for the tunnelling energy ~о: The latter should 
Ье shifted to higher values, ~(с) > ~о due to this interac"'" i. 
tion / 15/. 

In connection with the proposed mode experiments with tri
tium (Т) would Ье of great interest. The tunnelling energy f~r 
Т should Ье smaller compared with the deuterium one. Thus, ~о 
probaЬly could Ье smaller than 2wт~>,the optimal value for the 
Tc-enhancement. Then, for ZrTx а normal or zero isotope effect 
compared to the D system is likely to occur. Further~ore, for 
these systems consideraЬle strong-coupling deviations from the 
BCS theory for the thermodynamics properties should Ье expected. 

То summarize, the IIE and Tc-enhancement of the systems un
der consideration can Ье qualitatively explained if а low-lying 
tunnelling mode is assumed. The presence of such а mode could 
Ье observed Ьу excess specific heat at temperatures - 0.5 ~о 
or Ьу inelastic slow neutron scattering experiments. 
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Дреаспер II.Л., ВуАчнс Г.К., Пп81СИДа Н.К. !17-84-477 
Об аномапьвом изотопическом эффекте в сверхnрово~ 
светемах (Zr.Нt) -(H.D) 

Дано качественное объ•снение аномапьному изотопическому 
эффекту и порsдку вепичинм повw.ениа крнтичесхой темаературы 
'10 с: воsраст~й коицентрацией Н ( D) в сверхпровоДJIЩИХ си
стемах (Zr.Hf}-(H.D) на основе пpeдnonozeНRJI о сУJ~~ествовании 
в них низкоns81ЦИХ локапънwх возtSуждениА двухуровневого типа. 

Работа выполнена в ЛаtSоратории теоретической фиsики ОИЯИ. 

д,бва 198/t 

~echaler S.L., Vuji~ic G.K., Plakida N.K. !17-84-477 
а. the Iпverse Isotope Effect in Superconductins 
(Zt-Вf) - (H,D) Systeшa 

Asuumins the presence of lov-lying local excitations of 
tье two-level (ТLS)-type in auperconductina (Zr,Hf)-(H,D) 
eyst888, the inverse i1otope effect for the critical temperatu· 
re Т0 and the asount of the т1-enhancement vith increasins H(D) 
cancentrations is qualitative у explained. 

ТЬе investisation has been perfor.ed at the LaЬoratory 
of Тheoretical Physics, JINR. 
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