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Tunneling between a bipolaron superconductor and a normal metal
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We show in this paper that the bipolaron theory is able to describe the main features of tunnel experiments.
This theory explains the experimental value of a gap, a form of peaks at low bias voltage, and a different value
of an asymmetry in different tunnel experiments. The temperature variation of the gap width was obtained as
well. [S0163-18208)06513-9

[. INTRODUCTION tunneling of pairs because of the smallness of the two-
particle tunnel probability compared with that of the one
The investigation of the tunneling through a particle. As it was predicted in Ref. 9 and will be shown
superconductor—normal-metal junction provides importanbelow, the accounting of the polaron band leads to a good
information on the excitation spectra of superconductors. Irigreement with the experiment. We considered, as an ex-
the low-temperature superconductors accurate experimeng&nple, the YBaCu;0;_ ;s superconductor.
unambiguously confirmed the BCS theory. Experiments on We investigate the tunneling through the superconductor—
high-T,. superconductors are much more complicated and exaormal-metal (SN) contact on the basis of the bipolaron
planations for them are far from obvious. There is still notheory of highT superconductor$™We explain the asym-
general consensus on such important tunneling features, &etry of the tunneling current, the mechanism of variation of
the number of gaps in superconductéosie or twd=%; the its value from very small to an arbitrary large, and weak
existance of a smaller gap; the ratid kT, that varies from temperature dependence of the experimental gap. In Sec. II
0.7 to 2—-12 in different experiments. we present the one-particle tunneling mechanism on the ba-
The main features of higfi; junction are the presence of Sis of bipolaron theory. Numerical calculations are done in
a large gap and the asymmetry of the tunneling current. A lofec. lll. Section 1V is devoted to the discussion of the pho-
of experimental papers report on asymmetry, but its valugion contribution into the tunneling current.
varies from very small*® to rather largé:® The observed
temperature dependence of the gap is wehkny).>* The Il THE TUNNELING MECHANISM
authors of Ref. 7 presented experimental data on the tunnel-
ing current with the asymmetry depending on the density of As mentioned above, we chose the simplest form of tun-
charge carriers. There are several papers that represent syneling mechanism in the framework of the bipolaron model
metrical conductivity curve’s as well. for high-T. superconductor® There are two different
The features mentioned above are not completely exmechanisms for tunneling of charge carriers: two-particle
plained. Several theoretical models were suggested. Calcul&iinneling, discussed in Ref. 9 and one-particle tunneling. In
tions on the basis of the local pair motiet bipolarongled  this paper we consider the second one assuming that the first
to a strongly asymmetrical tunnel conductance at low temmechanism is exponentially suppressed. At positive voltage
peratures. To improve the situation and explain the asymmeéY [Fig. 1(a)] a process of tunneling consists of a bipolaron
try, the authors of Ref. 8 supposed a smaller coupling interdecay into an electron in a normal metal and a polaron in a
action near the junction than in the bulk material. In Ref. 10polaron band of the superconductor. Evidently, this transition
authors supposed the existence of local centers in high- is allowed only av>A/2 (T=0, e=kg=7%=1), whereA/2
materials and obtained symmetrical curves, but they did nais the gap between the bipolaron band and the polaron one.
obtain any peaks in thel/dV-V characteristic. The authors At the negative voltag¥/<—A/2 the usual tunneling of the
of Ref. 11 applied the idea of a local level and considered &lectrons into the polaron band takes plaEe. 1(b)]. As
potential barrier in the junction that contained localized elec-one can see from Fig. 1, the tunneling mechanism is different
tron states. In the framework of this model the low-energyat V>0 andV<0, which explains the tunnel current asym-
gaplike structure and the experimentally observed two-gametry. The effect of the polaron tunneling into a normal
behavior of the conductivity at low voltages was obtained. Inmetal at positive voltage is negligible at low temperature
Ref. 9 the tunnel current was studied in the framework of thewhen the polaron band is practically empty. Effects of upper
bipolaron model. The existence of both large and small gapbipolaron bands, such as triplet adevave® bands are con-
and the origin of the asymmetry were explained there, busidered to be suppressed for the same reason. Two-particle
the theoretical tunneling conductance was too asymmetricalinneling from the upper band contributes only to a fine
compared with the experimental one. structure of the gap at a very small voltage. So, we suppose
In this paper we propose a one-particle tunneling mechathat different mechanisms are responsible for tunneling at
nism in the bipolaronic superconductors and explain severalifferent signs of voltage. To study these transitions we use
experimental features of the tunnel conductivity curves. Wehe standard tunneling Hamiltonian metfibdnd assume the
discuss here the simplest form of the model and neglect thelamiltonian in the form
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whereD,, o is the matrix element of the bipolaron decay
ol ___ into a polaron(in the polaron bandand an electrorin the

fv normal metal, M, is the matrix element of the electron

! transition into a polaronN; is the number of cells in the

~ Y superconductor. The determination of the tunneling matrix

(@) Normal Metal element is not a simple problem, but as it will be pointed out
in the next section, the main features of tunneling curves are
independent of the form of the matrix element and we con-
sider a simplest cas®,, , = const andM, ;= const.
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Ill. THE TUNNELING CURRENT

Our starting point is the calculation of the tunneling cur-
v rent using the standard method of the tunneling
Hamiltonian*
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Normal Metal <J>:<a>=—|m<[HT,N]>, (5)

where(J) is the tunneling current and . . ) means the equi-
(b) librium state averagelN is the operator of number of par-
ticles in the normal metal. We choose the cubic cell units for
FIG. 1. Tunneling from a superconductds)(to normal metal  the sake of simplicity. The calculation of the commuta&r
(N). (a) Bipolaron decay to a polaron in the polaronic band and angives
electron in the normal metalb) Electron transition from a normal
metal to bipolaronic superconductor.

1 t * ifall
<J>= w p%k [Dpyq'k<bpcqak>_ Dp,q,k<bpakCQ>]
VN; p.a.

H=Hg+Hy+Hr+VY, alay, (1)
K —qu [ Mg{Cla) — M3 (aiCy)]. (6)

Where HT iS the Ham”tonian Of the bip0|al’0niC Supercon- Th|s expression may be Written in the form
ductor with a strong electron coupling, ahiq, is the Hamil-

tonian of a normal metal. 1 ) .
The normal metal ) is described by the Hamiltonian ~ (J)=21m —= X D, q(b/Coan)— > Mqi(Claw)|.
\/N_l p.a.k a.k
(7
Hy=2, &ajay, (2)  The average$b/C.a,) and(Cla) are found from the fol-
k

lowing equations:

whereal and a are the creation and al_"mihilation operators g (bIC a0 = — ([H,bIC.a])
for electrons in the normal metal, argg is an electron en- dt \pak ks
ergy. All energies are measured from a chemical potential

level. The superconductof§] is assumed to be the material d +
with bipolarons described by the bipolaronic Hamiltorifan gt (Ca = —([H,Cqanl),
as

and for the tunnel current we obtain

| |
[1_fE<N)_ fgpo)]_f&N)fgpo)
- Ep+ 8q+ §k+V—I5

_ t t
Hs—% prpbp+% £4CqCa> ) (By=21m| X [Dpqul? o
p.ak

. . . N |
bg and b, are creation and annihilation operators of bipo- f(k )_ffqpo)

— 2__x 94
Iarons,Cg, C, are polaron operators,,, eq, are energy qZ‘( [Maud eq—&—V—io %O’ ®
spectra of bosons and polarons, respectively. As follows \ | S
from the previous discussion, the tunneling Hamiltonian mayf (=™ (e,) and f{’*={®(¢,) are Fermi distributions
be written in the form of electrons and polarong,= ¢(E,) is the Bose distribu-
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tion of bipolarons,ep=ngd; p + @p. No is the number of particles in the polaron band, alhtg#) is the number_ of the
particles in the condensate at temperatdresT, . The spec- supracondensate bosons. A more detailed equation has the

tra of particles are chosen in the forrEs=p?/(2my), &4 form

=q?/(2my) + A2, &=k?/(2my)—Eg+&;, and & is the b VI [t

additional energy of the electrons in the normal metal. This _P_ dEMVEo(E
energy shift usually appears when one connects two pieces Po=2™ 277 ), [VEe(E)]
of different crystals to make their chemical potentials equal. Jam?
i i iti = m b
ng)laccounted for this value using a conditi¢d(V=0) B pr A/st[ —s—AIZf(s)],

The second term in Ed8) describes the electron tunnel-
ing from the normal metal to the polaronic band and vicewhere p is the number of particles per cell ang is the
versa. number of the condensate bosons per cell.

The first term describes the bipolaron decay. One of two Let us compare now the values of the matrix elemewts
electrons constituting a pair tunnels to the normal metal an@nd D. Both of them contain the matrix element of one-
the second goes to the polaron band simultaneouslyT At electron tunneling through a junction that can be estimated in
<T, the charge conservation is provided partly by the bipo-standard fort? M~exd—[y2m,(U—E)]dx and D
laron condensate motion with a momentpg¥ 0. The esti- ~exd —fv2mg(U—E')]dx. HereU is the potential of the
mation of this momentum using the known values of thebarrier(the same for both matrix elemehtndE,E’ are the
current leads to a small value of the boson enekgy energies of tunneling electrons. Keeping in mind tiat

<102 meV and may be neglected in the calculations. We—E’~A/2~10 meV<U~1eV we can concludeM~D
assumed,, ;= Dg, Mg =M, for both matrix elements to and hencey~ 1. Of course, this is only an estimation and we

simplify our calculations. The final expression for the tunnelMay considery a free parameter. As we will see below, the
current is value y~1 does not contradict the experiment.

The main contribution into the expressi@®) at T<T, is

V2 2 b/T given by the first and the second terms, because of small
<J>:A0(W2— T3’2L/2de\/x—A/2T number of supracondensate bosons.
b At T=0 the expression can be calculated analytically and
X[FMN(x=VIT— & /T)— FPV(x)] (J) takes a form
V2m? b/T (0 [V|<A/2
- T2 J dxyx—A/2T ' ’
37 YPo
my Al2T 2(V—A/I2)%2 AlI2<V<b,
(N) _ §(po) V272
X[f (X+V/T+§0/T) f (X)] <J>:A0 m:-z < —%(|V|—A/2)3/2po'y, 2/2<_V<b,
T b/T b
—T3yf dx\&f dy\y—A2T{ ¢’ (x) $(b—A/2)%, V>Db,
0 A2T 2 3/2
| —5(b=A/2%pgy, V<-—Dh,

XFN(X+y+VIT+EIT)— P (y)]

anddJ/dV is
— PN E N (—x—y=VIT-&/T)} ¢, C) 0, IV|<A/2,
dJ_A \/2772X (V—A/2)Y? A2<V<b,
2vZm3mp"mgA Mo|2 EENIN, dv- "0 mgT | (VI=A72)%ypo,  Al2<-V<b,
Ao: (] I} 0, |V|>b

T

(10)
where m,,m,,m, are the masses of bipolarons, polarons, _
and electrons in the normal metal, respectively, Ads a We calculate also the tunnel current with the other form
number of cells in the normal metay=|Dy/Mo|2, andp, Of the matrix element,NP) Mg=Mo\d,. This momen-
is the number of particles per cell in the condensate. The firdm dependence is well known in the case of the ordinary
term in the expressiof®) represents the one-particle transi- onejpartlcle tu'nnellné‘.‘ The same result takes place for two-
tions between the polaron band and normal metal. The searticle tunneling as well. In this case the tunnel current has
ond term describes the decay and the transition of bipolarori§€ following form atT=0:
in the condensate. The third term is the same one for supra-

condensate bosons. (O, IV|<ar2,

The density of the bosons in the condensajés calcu- —2(|V|-A/2)%2 A/I2<—V<Db

. . . . 3 YPo: ’
lated using the law of the particle conservation:
J=A;x{ V2-VA/2, A/2<V<b,
— B B P
N=2Ng+2Ng.,+N", —2(b—A/2)%2yp,, V<-b,

where N is the number of particles\§ is the number of [ b%2—DbA/2, V>b,

bosons(bipolarons in the condensaté\" is the number of (11
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where y=v27|D|%(Vmy|Mol?), A;=8v2ZmimEAM,|? A

x JEEN;N, /(7% and the conductivity has the form [’ \

0.8

Aeff

0, |V|<Al2, | 06
dJ (|V]|—AI2)Y2ypo, Al2<—V<b, 5
B V—A/2, A2<V<b, (12 00 03 04 06 08
0, [V|>b.

TT.  fle—1

One can see by comparing the expressidi and(12),
that the main features of the tunnel conductivitiie wide \
gap, the existence of two peaks and zero conductivity at high ‘-+____e_ff_____r.’_;|.
voltage do not depend on the form of the matrix element. i i

Let us consider the results of numerical calculations of the / \\. ]
tunneling current at the different parametetsp and tem- ”. ...\\ "__.\4_5/4
peratureT using the formula9). Temperature dependencies /J NS, _.-Y A
of the tunneling current are represented in Fig&) 2nd ,' }_\\ /! |\‘
2(b). One can see that, in spite of different mechanisms of I El NS g \
tunneling atV>0 andV<0, the temperature dependencies ,’. ‘ /i H
of the value of both peaks are similar at a wide range of o e
temperatures. In Fig. 2 we present the asymmetry of the ! 2 0
curves for different values of the parametgy [Figs. 4a) (@ VIT,
and Zb)]. A slight variation of the charge carrier densjtpr
junction structure, which is represented by the parameter A~ i
leads to the alternation of the asymmetry. This might be a /

dJ/dV (arb. units)

o =)
B

reason for the difference in the experimental results of Refs.
3 and 4. .

One can see from the inset in FigapRthat the effective i
gapA i increases with decreasing temperature. The physical
explanation is obvious: the bosons leave the condensate
and fill the upper levels of the boson band. It leads to the
decreasing of the effective gap between the bo&mpo-
laron) and the fermior(polaron bands.

Figure 3 represents the comparison of our results with the
experimental data. Figurdd is obtained with the parameter
yp=1.8 and fits the experimehat |V/T;<2. The experi-
mental asymmetrical tunneling current in Fig(bB was
found in Ref. 5 as well. It may be fitted by our theoretical ]
curve with the parameteyp=1.28. It is assumed that the 7_<—--‘g\\—\ oz
junction structure varies for different samples that leads to i EEN P
the small variation of the parametep. The behavior of the -
experimental curve d¥/T|>2 is explained, in our opinion, T T T
by a phonon contribution that is considered in the next sec-
tion. (b) V/IT,

dJ/dV (arb. units)

v

FIG. 2. dJ/dV vs V/T, for different temperaturd, (1) T/T,
=0.05, (2) T/T,=0.17, (3) T/T,=0.55, 4 T/T,=0.75. my=1k
IV. THE ROLE OF PHONONS and my=1/(b—A), A/(2T)=1.04, b/T,=2.91, t/T,=0.47, T,

. ] . =85K; (a) yp=2, (b) yp=1.7. Inset shows the dependenktg;
Our theoretical results are in a good agreement with expn T/T, .

periments at low voltage and describe the gap features quite

w_eII. But as one can see in Fig. 3 there is an .essent'all¥emperatures. Here only one-phonon emission is taken into
different behavior of the experimental and theoretical CUIVes, ..ount. A momentum dependence of the phonon energy is

at high bias voltage. . neglected too. The calculation leads to the tunneling current
We have considered above the tunneling process wher the form

absorption and emission of phonons were neglected. It wil
be shown here that the phonons considerably improves our
fit. We keep in mind that only emission is essential at low J=Jg+J;. (13



dJ/dV (arb. units)

TUNNELING BETWEEN A BIPOLARCN . .. 10871

N

L
P

]

]
1
)
L]
]
]
L
]
L]
1
1
i
(]
\

R TN e e
mmm——aeZEE
. \

dJ/dV (arb. units)

dJ/dV (arb. units)

108 6 4 2 0 2 4 6 8 10
VIT,

FIG. 4.dJ/dV vs V/T_ for differentT calculated on the basis of
the bipolaron model. yp=1, my=1t and my=1/(b—A),

-4
(b)

A/(2T)=3.2, bIT,=6.45, t/T;=2.8, T;=85K, wo/T.=5, z
=0.5.

FIG. 3. dJ/dV vs VIT, for different yp calculated within the
framework of the bipolaron model with parameteng=1/t and  that the phonon radiation is responsible for the behavior of
my=1/(b—A), A/(2T;)=1.06,b/T =2.93,t/T;=0.4,T.=85K;  the tunneling current at high voltage. The phonon radiation
(@ yp=1.8, (b) yp=1.28. The dotted lines are the experimental jncreases effectively the width of the peaks and does not

curves(Ref. 10.

influence the gap width. A similar phonon structure has been
observed in the experiment that is described in Ref. 16.

HereJ, is the expressiof9), andJ, is the one-phonon con-

tribution

V22
(J1)=2Ag\—r T

)
m

— &0l T—wlT)— 1P (x)]

V22

_ T3/2
Ebﬁ?_ YPo

+ &I T+ wlT)—FP(x)]

V. DISCUSSION
We have shown in our paper, that the bipolaron moiel

b/T
X — TFN)(y—
Lmdx X=ALRT-[F(x=VIT able to explain the main experimental features of the tunnel-

ing current. The mechanism of the tunneling current consists
of the bipolaron decay to the polaron in the superconductor
and the electron in the metal. This model explains the experi-

b/T
f dxyx—ARTFN(x+V/IT mental value of the gap, the form of the gap peak, and the
Al2T

different value of the asymmetry in different tunnel experi-
ments. The temperature dependence of the gap is one of the
hallmarks of the BCS theory. Our result on the temperature
dependence of the gap width is shown in the inset of Fig. 2.

T bIT
—TSVL dx\&Lmdy\/y—A/2T~{<p(x)[f(N>(x+y This curve is not similar to that of the BCS theory.

+VIT+EIT+ ol T)— PV (y)]—fPD(y) fN(—x

—y—V/T—§0/T—w/T)}),

Taking into account the phonon emission, even in the
simplest form, improves the agreement with the experiment
at high voltage.

14
ACKNOWLEDGMENTS

z is the multiplier that contains the constant of the electron- The authors are grateful to Professor A. S. Alexandrov,

phonon interaction.

Professor A. B. Krebs, and Professor D. A. Samarchenko for

The expressionf13) for T#0, calculated numerically at enlightening discussions. This work has been supported in
arbitrary temperature, is shown in Fig. 4. It becomes evidenpart by RFFI Grant No. 97-02-16705.




10872 G. G. MELKONIAN AND S. G. RUBIN 57

*Electronic address: gmelkony@phy.ulaval.ca Teor. Fiz.98, 1656 (1990; A. S. Alexandrov, M. P. Kazeko,

Electronic address: Rubin@phys.mephi.msk.su and G. G. Melkonian, Sov. FTB84, 3628(1992.

IM. C. Gallagher, J. G. Adler, J. Jung, and J. P. Franck, Phys. ReV°M. Hurd, R. I. Shekhter, and G. Wendin, Phys. Rev4® 8527
B 37, 7846(1988. (1992.

2Tetsuya Hasegawat al, Jpn. J. Appl. Phys., Part 28, L179 1y, A. Khlus and A. V. Dyomin, J. Supercon8, 71 (1995.

(1989. 2. S. Alexandrov and Sir Nevill MottHigh Temperature Super-
3T. Ekino and J. Akimitsu, Phys. Rev. &0, 6902 (1989. conductors and other Superfluid$aylor & Francis, London,
4J. Geerk, X. X. Xi, and G. Linker, Z. Phys. B3, 329(1988. 1994,
5J. R. Kirtley et al, Jpn. J. Appl. Phys., Part 26, Suppl. 26  3C. Zhou and H. J. Schulz, Phys. Rev4B, 7397(1992.

(1987; J. R. Kirtley et al, J. Vac. Sci. Technol. A6, 259 1A, V. Svidzinski, Space non Homogeneous Problems in the

(1988. Theory of SuperconductivifiNauka, Moscow, 1982 A. Barone
6J. Takadeet al, Phys. Rev. B40, 4478(1989. and G. PaterndPhysics and Applications of the Josephson Ef-
"A. P. Fein and J. R. Kirtleet al, Phys. Rev. B37, 9738(1988. fect (Wiley-Interscience, New York, 1982
8S. I. Mukhin, D. Reefman, and L. J. Jongh, Physicd T, 42  1°A. A. Abrikosov, Fundamentals of the Theory of MetdNauka,

(1990. Moscow, 1987.

9A. S. Alexandrov, M. P. Kazeko, and S. G. Rubin, Zh. Eksp.lGJ. M. Valles, Jret al, Phys. Rev. B44, 11 986(1991.



