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Through the analytic solutions of the Bogoliubov de Gennes (BdG) equations the effect of a static and ho-
mogeneous magnetic field applied parallel to the interface of an NIS (N: Normal metal, S: superconductor and
I: Insulator) junction on the differential conductance is calculated. For a d,y - symmetry we obtain zero bias
conductance peak that can be split by a magnetic field. The shift of the zero bias conductance peak depends on
the spread () of the tunneling electrons in k space, on the magnitude of the applied field H and on the ratio
between the Fermi energy of the superconductor and the normal region, Eps/Ery. Finally we estimate the
minimum value of the magnetic field, H,,;,, that splits the zero bias conductance peak. In general H,,;, depends
on B, Ers/EFn, the strength of the insulating barrier Z and on the temperature 7.
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I. INTRODUCTION

In high temperature superconductivity different experi-
ments have been interpreted assuming a d-wave symmetry of
the pair potential, see for example [1]. A feature of d sym-
metry is the zero-bias conductance peak (ZBCP) observed in
tunneling conductance in NIS junctions [1]-[6]. The ZBCP
appears when the angle between the a axis of the supercon-
ductor and the vector normal to the interface is nonzero; it is
a maximum when this angle is +m/4, (110) orientation. This
peak is due to the formation of the zero energy states (ZES)
that are originated by the Andreev reflection at the interface; it
undergoes a difference in phase of © due to the anisotropy of
the pair potential [7]-[10]. Different experiments have shown
that the ZBCP can be split due to application of a magnetic
field [2]-[5]. From numerical solutions of the Eilenberger’s
equations, it has been shown that the effect of the magnetic
field is to produce a shift of the ZES proportional to the ap-
plied magnetic field [11]-[12], other experiments show [13]-
[14] that the effect of the magnetic field is to decrease of the
heigth of the ZBCP. In this work we solve the BdG equations
for this system and show that the splitting depends on Z, B,y
and T, The above mentioned experimental characteristics are
explained in this work.

II. THEORY

The quasiparticles in a superconductor are described by the
BdG equations. For steady states and anisotropic supercon-
ductors these equations are [15]

z

arai(eye2)virs) = £y, wir) = (1))

H,(r1)8(r —12) A(ry,r2) ) NC))

A(ry,r) = ( A*(r1,1r2)

where H,(r)) = (—ihV —eA(ry))? /2m+V (r;) — u is an elec-
tronic hamiltonian, with A(r;) the vector potential associated
with the magnetic fields present in the system, V (ry) the scalar
potential and u the chemical potential, A(ry,r,) is the pair po-
tential, u(r;)and v(r;) are the wave function for the electron-
and hole-like components of a quasiparticle. The insulating

—H;(r1)8(r1 —r2)

barrier of height Vj and thickness d is located in x > 0, this
barrier can be modeled by a delta function, V(x) = Upd(x),
where Uy = Vpd. We concentrate on cuprate superconduc-
tor junctions. It is supposed that the quasiparticle moves on
the CuO; plane with the a and b axes in the x-y plane, the
interfaces are normal to the x-axis, see Fig. 1. The Fourier
transform of the pair i)otential is modeled by

Apr(k,r) = dRe*®A(r;,r) ~AK)O(x), (2
where R =r| —rp,r = (r; +132)/2, ©(x) the Heaviside func-
tion and A(R) is the pair potential that undergoes a quasipar-
ticle with momentum k, for s-symmetry A(k) = Ay and for
dy—y-symmetry A(k) = Agsin26;,where 6; is the quasipar-
ticle angle in the superconductor region 8, = sin~' (k,/ [K|).
The magnetic field H, is applied parallel to the z-axis, there-
fore the vector potential can be written as A(r) = A, (x)i We
consider the situation of a high Tc superconductor where the
coherence length of the pair potential & is much smaller than
the penetration length A of the magnetic field and approximate
Ay = —HA. As the potentials depends only on x, the solutions
of the BAG equations can be written as y(r) = ().

FIG. 1: NIS junction, The insulating barrier is located in x = 0 and
is modeled by a delta function. For dy-symmetry, the pair potential
is modeled as A(8g) = Agsin(265s). The solid and dashed lines rep-
resent the electron and the hole-like components of a quasiparticle,
respectively.

Considering an incoming electron from the normal region,
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the wave functions #i(x) and ¥(x) are given taking into account
the in the Andreev approximation [15] by

()= (43 o) )
+ (Ceiﬁ x (ng9+ ,»%) +De <M6Z§i“’*>) o), ©)

where

ky =\/k2y, £2mE /12, kpyy = \/Im’
ki = \/krg £2mQy 12, ke = m’

1+Q. /E 1-Q./E
aﬁ:\/%i/, \%z\/%/,ifE>VA

o 1-Q1 /E ot 1+Q1 /E
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- - - hk, NH
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The wavenumbers kry and krg are determined by the Fermi
energy in the normal and superconducting regions respec-
tively, k%s / k%N =Eps/Epn = x2. The quasiparticles with ki
and k_ wavenumber move in the pair potential Ay and A_
respectively

1 E < Vy,

As(8y) = A(FkET+ k) = Asel®*. 5)

The effect of the magnetic field is an energy shift that depends
on ky and H. One finds a, b, C and D using the boundary
conditions in x = 0. The electron-electron and electron-hole
reflection coefficients are respectively, R, = |b|*, Rj, = |a|*.

III. DIFFERENTIAL CONDUCTANCE
Using the model developed by Blonder et al.[16] the differ-
ential conductance for an angle 65 and for 7 = OK is calcu-
lated from R, and Ry, coefficients as
os(eV,0s) = on(0s)(142%) (14 Ry (eV,05) — Re(eV,05))
1+ Ty + (Ty — 1) [T512 |

= ON ~ - R 2 (6)
1= (Ty — )T T_emilor—0-)|
with
—+
~ 1% kFS mU()
r = —0 = —, =5,
* iy K krn IPkpy
4y cos Oy cosOg
v = 7
N (cosBy +ycosOs)2 +422’ ™

oy is the differential conductance when A = 0 (NIN junction),
Z is the strength of the barrier and Oy is the quasiparticle an-
gle in the normal region and is determined by the momentum
conservation condition in y direction

sinOy = sinBg. ()
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Firstly the case of y = 1 (By = 65 = 0) is analyzed. The
relative total differential conductance is found by integration
in the k-space as

(os5(eV,6))

(on(0)) ©)

OR (€V) =

where

R .
:/52 d0cosBeBsin®
()= : (10)

R ,
362 dBcos e Bsin’0

and P is related to the spread of tunneling electron in k- space,
it is given by

B = hdk2 /~\/2mVy. an

It is important to note that the insulating barrier is character-
ized by the parameter Z and B. If in the equation (6) H = 0, our
results agree with [7]-[8]. When H # 0 the differential con-
ductance Gg(eV,0) has a shift given by V,4(0).The Gaussian

distribution, e Psin®6 , diminishes 99% for a angle given by

6, = 1/In(100)/B. The maximum peak energy shift is deter-
mined by V4(0max), Where Opax is the maximum angle for

which an electron tunnels the insulating barrier. This angle is
w/2-€ (¢ — 0) if 0 < B < 4.2 or approximately 6, if f > 4.2.

Vi,max = ehkp sinOmaxAH /m. (12)

The maximum value of Vy is max{A(8)} = Ay, therefore the
maximum magnetic field is

Hmax = c/ Sinemaxa (13)

with H, the bulk critic magnetic field. The average shift is

FIG. 2: Relative differential conductance g for different values of
B with Z = 3, the inset shows how the maximum of G changes with

B.

8V = (|Va|) = ehAH (|sin®]|) /m. For B >> 1,8V is approxi-
mately

H
8V = (|Val) = Ao~

1
H. \/mp’

(14)
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FIG. 3: o for different values of H with Z = 3, the inset shows how
the peak of og changes with H.

2.5

2.0

FIG. 4: o for different values of H with Z = 0.5, (a) p =35, (b)p =
10.

The average shift 8V is strongly affected by 3, this behavior
is due to the fact that as [ increases, the tunneling cone dimin-
ishes and therefore the shift energy decreases. Fig. 2 shows og
at different values of [, the splitting of ZBCP increases as 3
decreases. In the inset of the Fig. 2 it is contrated the average
shift obtained in Eq. (14) with the numerically value. Fig. 3
shows o for different values of H with Z =3, ZBCP is split
and the shift depends on the magnetic field and [, as shown
the inset of Fig. 3. Fig. 4(a) shows o for different values of
H with Z =0.5. Is observed that beyond some value the mag-
netic field ( Hyi, ) the ZBCP is split. This value depends on
Z and B as shown the figures 4(a) and 4(b). For an estimation
of Hpin one can compare 8V with the width T'y of the ZBCP.
For an angle 0, the width is given by

Brazilian Journal of Physics, vol. 36, no. 3B, September, 2006

Tn|A(6)|
I'(0)=—"——"7=%. 15
Averaging over 0 the width is approximately
_ 2A
Ty = {T'o(6)) = ; (16)

Z(1422)1/2 /7B
As B increases , T decreases, this is because the tunneling cone
decreases and therefore average gap diminishes. The splitting
appears when 8V ~ I'/2, from this relation we obtained Hyy;n

_ Hcp

- Z(] +Z2)1/2’
with p ~ 1. Hp, is independent of B , this is due to the fact
that as P increases, the width of ZBCP decreases but also 8V
decreases and these effects compensate each other. It is im-
portant to stand out that although in this case Hy,, is indepen-
dent of B, Hyax depends on B. If H > Hp, the magnetic field
induces a splitting of the ZBCP, but if Hpi, > Hpax it is not
possible to observe this splitting, as is shown in figures 4(a)
and 4(b) for f =5 and B = 20 respectively, and Hyi, ~ 1.4H,
with p =0.8. If B =5, Hyax = 1.2H, < Hpin and the split-
ting does not take place. If f = 20, H,yq¢ ~ 2.2H, and ZBCP
is split. In both cases if H < Hp;, the effect of the magnetic
field is to decrease the height of the ZBCP.

Now we study the effect of the Fermi energy difference be-
tween the normal and superconductor regions. This difference
is quantified by the parameter y, = krs/kry, the average angle
in Eq. (10) is modified by

R 202
fgm dOgePLsin"Os o5 9

=R 22 :
?’é’m dBge—Bx*sin"0s cog f...

a7

min

() (18)

where 0,, is the maximum angle in the superconductor, fory, <
1,6, =m/2 and for x > 1, 8, = sin" ' (1/y).1f B> >> 1
from Eq’s. (10), (14), (15), 8V and I'j are

H 1

oV = Ag— ——— (19)
He /7By
o ~ A . (20)
VB (1 +x2+422) (1 —x)? +422)
In this case Hyyi, and Hyyax are
4xH:p
Hpin =~ , 2D
" VAR 42 (1- 0 +427)
H,
Hmax =~ M (22)

2.15

In Figs. 5(a) and 5 (b) o is plotted against V for x = 0.5
and y = 1.5 respectively. From Eq. (22) Hpyin = 0.8H, and
Hpin = 1.6H, in agreement with the numerical results shown
in the figures.

Finally we study the differential conductance at finite tem-
perature, in this anse Oy is calculated from

- d(J(E—eV) — f(E))

or(eV) = dEog(E
r(eV) = dEcg(E) V) ;

with f(E) the Fermi-Dirac distribution function at tempera-
ture T: Fig. 6 shows 6 for T = 0.17, and for different values

(23)
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a) H/H,
3.0+ .

FIG. 5: og when Epy # Epg for different values of H. a) ¥ = 0.5,
(b)x, = 1.5. In both cases Z = 0.5 and 3 = 20.

2.5

2.0

-1.0 -0.5 0.0 0.5 1.0

FIG. 6: oy for different values of H with T = 0.17;, (a)Z = 0.5,
(b)Z = 3. In both cases B =20 and y = 1.
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of Z. The main effect of T is to increase the width of the peak
to H = 0 and therefore to increase Hpyi,. In order to analyze
the width of the ZBCP we considerer first the case kgT << 1,
we find that width of the ZBCP is

(T)=Ty <1+; (1{%)2+0(1{%)4>7 (24)

and Hpi, is given by

2
Hmin(T) = Hmin(o) (1 +% (f‘KOL/Z) ) . (25)

Therefore the value Hy,, at finite temperature is larger than H,
for T = 0. The relative differenceAH /Hyin(0) = (Hmin(T) —
Hinin(0))/Hmin(0) is proportional to K3T2/I3, and therefore in
this case the relative increase of Hp,i, is always less than one, as
shown in Fig, 6(a) where Hy,i, ~ 1.6H, ; from Eq’s. (17) and (22)
Hinin(0) = 1.4H, and Hyi, (T) = 1.57H, as shown in the figures. For
kgT >>T

[(T) = 1.76ksT (1 +0(f0/(kBT)2) :

Hoin ~ 1.76kgT~/TBpH./(2A0). (26)

In this case the width is determined main by the temperature T" ~
KpT, Hpin(T) is proportional to 7 and B!/2, and can be larger than
Hpin (0), in contrast to the previous case , see Fig. 6(b).

IV. CONCLUSIONS

Starting from the solutions of the Bogoliubov of Gennes equations
in an NIS junctions we have determined the effect of a magnetic field
on the differential conductance. For dy, symmetries the differential
conductance presents a ZBCP. The magnetic field induces a splitting
of the ZBCP when H > Hyj,, where Hp,i, depends on Z, x,and T,
in this case the shift of the peak is proportional to H/(B'/2y). When
H < Hy,, the effect of the magnetic field is to decrease of the height
of the ZBCP. If Hpjn > Hmax. the splitting does not take place when
the magnetic field is applied; the value of Hmax depends on y,and f.
This results can be used for the interpretation of the tunneling char-
acteristic in high Tc superconducting junctions in applied magnetic
fields.
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