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The order parameter of high: superconductors through a series of experiments has been quite conclusively
demonstrated to not be of the norngivave type. It is either a purd,._,»-wave type or a mixture of a
dy2_y2-wave with a small imaginarg-wave ord,,-wave component. In this work a distinction is brought out
among the four type€.e., swave,d,2_2>-wave,d,>_,2+is-wave, andd,2_,2+id,-wave typepwith the help of
guantum pumping spectroscopy. This involves a normal-metal double-barrier structure in contact with a high-
T, superconductor. The pumped current, heat, and noise show different characteristics with change in order
parameter revealing quite easily the differences among these.
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I. INTRODUCTION apply the principles of quantum adiabatic pumping to bring
out the differences between the different types of order pa-
rameters. Quantum adiabatic pumping involves the transport
bt particles without the application of any bias voltage. This
ris done by varying in time at least two independent param-
dters of the mesoscopic system out of phase. The physics of
the adiabatic quantum pump is based on two independent

One of the outstanding issues of highsuperconductor
research involves the identification of the order-paramete
symmetry and the underlying mechani$fAlthough a host
of experiments have indicated the order-parameter symmet
to be of ad,._.-wave type’* there are theoretical works
that indicate that an imaginaigrwave ord,,-wave compo- ; .
nent is necessary to explain some of the eyxperimental resultorks by Brouwet! and by zzghouet_ al? which built on
These experimental restfitseing notably the splitting of the 'earl.ler works by Butt!keet al#° The first experlmen'tal real-
zero energy peak in conductance spectra, which indicates tjgation of an adiabatic quantum pump was made in Ref. 24.
presence of an imaginargwave or dy,-wave component, The phenomenon of qL_Jantum ac_ilabatlc pumping has peen
that would break the time-reversal symmetry. Many theoretextended to pump a spin curréftit has also been used in
ical attempts have been made to bring out the differencedifferent mesoscopic systems, such as quantum-hall
among the different order parameters. Early theoretical atsystems? luttinger liquid-based mesoscopic conduciom
tempts were made by Htiwhere the existence of a sizable the context of quantized charge pumping because of surface
areal density of midgap states on thEL0} surface of a acoustic wave& a quantum dot in the Kondo reginigand,
d_,2-wave superconductor was brought out. Furthermorepf course in the context of enhanced pumped currents in
using tunneling spectroscopy, Tanaka and KashiWaya hybrid mesoscopic systems involving a supercondu€tdr.
brought out the fact that zero bias conductance péak&h  In Ref. 30, Wanget al. showed that Andreev reflection at the
were seen earlier in many experimédtsare formed when a junction between a normal metal and a supercondugtbr
normal metal is in contact with d2_,>-wave superconductor s-wave type can enhance the pumped current as much as
enabling a distinction betweestwave andd,._.-wave su- four times that in a purely normal-metal structure.
perconductors. A shot-noise analysis by Zhu and Fiadso  Blaauboet! showed that for slightly asymmetric coupling to
revealed differences betwesiwave andd,._>-wave super- the leads, this enhancement can be slightly increased. Re-
conductors. Further inclusion of phase breaking effédts  cently, Taddeiet al3? generalized the adiabatic quantum
double barriers formed by normal and superconducting eleggumping mechanism wherein several superconducting leads
trodes revealed a double-peaked structure in casew@ive  are present.
whereas a dramatic reduction of zero bias maximum for This work is organized as follows. After generalizing the
dy2-y2-wave superconductors. These are in addition to manyjormula for the adiabatically pumped current through a
other works that involve spin-polarized transport innormal-metal lead in presence of a highsuperconductor,
ferromagnet-superconductor junctiofst’ which reveal dif-  we derive the amount of pumped charge current into the
ferences between different possible high-order param- normal metal in the vicinity of a highx, superconductor with
eters. In a recent review, DeutscHemnas used the Andreev— different types of order-parameter symmetry. Next we focus
Saint James reflections to indicate the presence of aon the heat transported and noise generated in the pumping
additional imaginary component in the order parameter. Als@rocess in the case of each of the specific order-parameter
in another review? Lofwanderet al. arrived at some conclu- symmetries. Finally, we juxtapose all the obtained results in
sive arrivals ford,._,>-wave superconductivity in the cu- case of different order-parameter symmetry in the amount of
prates. Recently, Ng and Varfisstudied some of the pro- pumped current, heat, and noise to have some conclusive
posed order parameters and also suggested experimentsawivals and to propose experiments that would fulfill this
bring out the subtle differences among these. In this work weheoretical proposal.
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\! V2 The quantitydN;/dV (wherein, the subscript denotes
left lead or the normal leads the electronic injectivity given
at zero temperature by

Normal Metal a
aNe 1 .
FIG. 1. The model system. A normal-metal double-barrier struc- dV, - 2771(899(9\’13994- SEhanSerD' )
ture in proximity with a high¥, superconductor. The double-barrier ) ] )
structure is modeled by twé barriers a distance apart. In the above equation and belo@represents the imagi-

nary part of the quantity in parentheses. Similarly, the adia-
batically pumped hole current into the normal lead in pres-
ence of the highF, superconducting lead is given by

_ %deT(d_NEd_Vl . d_NE%)
dv, dt = dV, dt /)’

II. THEORY OF THE PUMPED CHARGE CURRENT

The model system is shown in Fig. 1. It consists of a
normal-metal double-barrier structure in junction with a I, =
high-T, superconductor. The double-barrier structure is mod- 2
eled by two s barriers of strength¥, andV,, a distancea ) N ) _
apart. Quantum pumping is enabled by adiabatic modula- The quantitydN!/dV (wherein, the subscript denotes
tions in the strength of thes barriers, i.e., V;=V, left lead or the normal leads the hole injectivity given at
+V,sinwt) and V,=Vo+V, sin(wt+¢), whereV, is the  Z€ro temperature by
strength of the pumping amplitude. Andreev reflection dN . .
mechanisr#3* is what takes place when a normal metal is —L = T T(Sov S+ Siedv. She) (7)
brought in contact with a superconductor. The scattering ma- dv; 27 : :

trix for the entire system is given by with g.=-q,, as per the usual convention, and in the weak

(6)

0

Sde) SHo pumping regime the adiabatically pumped electronic current
Syde) = n (1)  similar to the analysis in Refs. 21 and 30, is giveri®y
Siel€) Shle)/’
. ) " . . WG Sin( )V . .
whereinS.de), SiH€), Sie(€), Sin(€) are 1X 1 matrices, since le= —EI(avlsee&stee+ NS, S (8)
we are considering single-channel leads. The explicit analyti- m
cal form of the expressions are given®by and the adiabatically pumped hole current in the weak pump-
S0 = Sye) + 22O Sal= IaSi(9 e regime 15
1l h e * ! i 2
1- - wg;, sin(¢) V! . -
@SSl ) Ih= h—EI[é)Vlth(gVZSwh + v, Shedv,Shel, (9)
X _ e x
Sele) = Slﬁ( €)a 321(6) , whereas for a normal-metal structure, the expression for the
1-a"a’Syl€)Sy(—€) pumped electronic current in the weak pumping regime is
given by
Si€)a"Sy (- ¢ N
€)= * , WG Sin(@)V, * *
Sl 1-a"aSyy(€)S,,(- ¢) I(N) = —WQI(ﬁvlSuﬂvZSu‘F N, S1,S1) -
(10

SiA(— ©)a’Syl€)a"Sy (-~ €)
1-a"a’Sy(e)S(—€)

With. ol = i arccose/Aky [+id(ky) e = oi arccoelA(k)]-id(ke) lIl. PUMPED CURRENT FOR DIFFERENT
’ ' ' ORDER PARAMETERS

Sin(e) =Sp(- &) + (2)

Ak gedkn = A(kp) 3 In Ref. 30, the pumped current for a normal metal-
“AK)’ anae ™ = Ak, (3)  superconductofNS) system(where the superconductor is of
s-wave type has been shown to be four times of that in a
where ¢(k) and ¢(k,) are the phase of the order parameterpurely normal-metal junction. The system considered in Ref.
for electroniclike quasiparticles and holelike quasiparticles30 is also a doublé-barrier structure. We rederive the re-
respectively, withk, andk;, being the respective wave vectors sults for the pumped current in a normal-mesalvave su-
for the electroniclike quasiparticles and holelike perconductor junction and subsequently derive the results for
quasiparticled? the pumped current in a normal-met@/s- >-wave supercon-

From Refs. 30 and 31, the adiabatically pumped elecductor junction, for the pumped current in a normal metal—
tronic current into the normal lead in presence of the high- d,2_j.+is-wave superconducting junction, and finally for the

ko

superconducting lead is given by pumped current in a normal-metéle- ,2+id,-wave super-
; - conducting junction. We consider in the examples below as
lo= WO T(ﬂ% + d_Nﬁ%) (4)  Wwell as in the succeding sections the Fermi energy to match
2m )y \dVy dt  dV, dt the chemical potential of the superconducting lead so that
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€=0. In which case, from Eq(2) we haveSee=8:]h. The  metal double-barrier structure at resonance. The effective or-
system we consider is a normal-metal double-barrier strucder parameter of thel,._,>-wave superconductor for elec-
ture at resonance in junction with a high-superconductor. tronlike quasiparticles isA(ky)=A4c0426,-2a) and for
The resonance condition in the normal-metal quantum daholelike quasiparticles it isA(k,)=A4cog26,+2a), with
structure is exemplified by the fact that the reflection coeffi-g, being the injection angle between the electron wave vector
cients are zero, while the transmission coefficients are unityk,) and thex axis, whereasy is the misorientation angle
Thus, [S;4/°=[S,)*=0, while [S;]*=[S,|*=1, with S;,=S);  between thea axis of the crystal and the interface normal.
=g 2ka for the double-barrier quantum dot at resonance. Furnow for ad,e_,2-wave superconductor with @10 orienta-
thermore, from Eq(2), we have,Sy=a" andS,e=a®. With  tion, a==/4. Thus, A(k)=Aq4sin(269) and A(k,)

this we getdy Son=dy$he=0, for j=1,2.Thus, by the argu-  =—_Asin(26). In light of this we have,&*'=1, and
ments above, the pumped electron and hole currents are eg¢k=-1 and thusa,=—-i and ay=i, therefore we have
actly one and the same in both magnitude as well as directioa,lsee: A, See=0, and hence in the weak pumping regime for
and reduce to a dy_y>-wave superconductor in junction with a normal-
metal double-barrier heterostructure the pumped current de-

WG, Sin(¢)V2 :
=le= %Ez[évlseeﬁvzgej- (1)  noted byl(ND) regardless of the injection angle is zero.

Ih_ e
Furthermore, for the double-barrier structure at resonance I(ND) =0. (19
from Eq. (2), one has the normal scattering amplitug, dyz-,2+is-wave superconductor: Now, we consider the or-
=Sy1+a"a%(S;,)’S,,, and for the partial derivatives appearing der parameter of the higfi superconductor to be a mixture

in Eq. (1), we havedy See=dv, S+ a"a*(S19)%d, Sy, With  of the dojo+is type. Thed,o.,» component has 4110)

the help of the Dyson equatiéﬁ,&V_GgﬁzG;jG}B, and the oriented surface, witlv=7/4. The effective order parameter

Fisher-Lee relatiod® S,z=-8,5+i2kG,, onze can easily for electron- and holelike quasiparticles becomes

derive gy S;1=-i/2k, and &, S,,=-1/2k(S;»).* Thus for a , i ) )

double barrier guantum dot at resonance, we have for theA(ke) =A¢sin(26) +iAs, andA(ky) == Aq sin(269) +iAs.

partial derivatives appearing in E(L1), For the phases of the pairing symmetries for electron- and
—i i . holelike quasiparticles, we have

A, See= E(l -a"a®), and N, See= —e ka1 — oNa®).

2k (k) = Agsin(26) +iAg ,
(12) VAZ sir?(26,) + A2
With these formulas in mind we herein below derive thegng
results for the pumped charge current for a normal-metal _ _
double-barrier structure in junction with a high- super- gl = —DaSIN26)) +iA
conductor, which we assume to have,_ .-wave, N/Aﬁ SirA(26,) +A§’

de_y2+is-wave, andd,2_2+id,,-wave order parameters. For
the sake of completeness and comparison we rederive tind hence, the produaf'a® reduces to
already known results for a pure normal-metal structure and

that of a normal-metal double-barrier structure in junction h e:%,
with an isotropics-wave superconductor. Agsin(26y) +iAs
A pure normal-metal double-barrier structure: From the . : o T
discussion above the pumped current in case of a norma 22 ;‘]Igzlly for the partial derivatives appearing in Edl)
metal double-barrier structure at resonance reducéscm
Eq. (10)] A
H 2 aVlSee: i S .
- W@ Sin(@)Vs . K[A4sin(26,) +iAg]
I(N) = > sin(4ka). (13
47k and
An isotropics-wave superconductor: For a nornsalvave A 4ka
superconductor, which is isotrop'ztc(kh):A(ke):A_and ah (9\,2569= KA s'r:(ze YiAg’ (16)
=af=—i. Thus, dy,Se=-i/k and &, Sue= (-i/KIe 3, and ¢ SIN20,) +1
therefore in the weak pumping regime for an isotropicThus, the pumped charge current reduces to
s-wave superconductor in junction with a normal-metal _ 5 5
double-barrier heterostructure the pumped current denoted I(NDS) = - W sin(é)V As sin(4ka)
by (NS is four times that in a pure normal-metal structéfte, k? Aé Sin?(26,) + Ag '
I(NS =4I(N), (14 (17
with [(N) as given in Eq(13). From Egs.(13) and(17), the ratio of the pumped current

dy2_,2>-wave superconductor: Now we consider the case oin presence of the higfi; superconductor to that in a pure
a de_2-wave superconductor, in junction with a normal- normal-metal double-barrier structure becomes
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FIG. 2. The ratio of the pumped current for double-barrier quantum dot at resonance in junction withTg sigierconductor to that in
a pure normal-metal double-barrier structyes.Magnitude of the subdominant component in the mixed-order parameter cases is 10% of the
dominant componenth) magnitude of the subdominant component in the mixed order parameter caséfoisthe dominant component,
and (c) magnitude of the subdominant component in the mixed order-parameter caspgit the dominant component.

I(NDS) _ AZ 18 PR A} cog26 e 4ka
I(N) —  AZsir(26) + A% Ve ™ K[Aqsin(26) +iA) cog26)]’

From the expression it is evident that the maximum en-
hancement of the pumped current is four times of that in eﬁﬂg é?g:rtggrgﬁqrgfeidbgzgrirgslnto the normal-metal lead for

pure normal-metal structure. Depending on the relative mag-

nitudes of A; and Ay and the injection angl&, the ratio i ) 2

I(ND9)/I1(N) can be as low as zero as in the pdge.2 case |(NDd) = - WG, Sin(¢)V;, A cos(26)

or as large as 4 as in the pusevave case. k? AZsin?(26,) + A? co(26,)
dy2_2+id,~wave superconductor: Finally, we consider .

the oréer payrameter of the high-superconductor to be a xsin(4ka). (20

mixture of thed,_2+id,, type. The order parameter for Furthermore, the ratio of the pumped current in presence

electronlike  quasiparticles is A(ky)=A4co926;-2a) of the highT, superconductor with pairing symmetry of the

+iAjsin(26;—2a), whereas for holelike quasiparticles it typed,_2+id,, to thatin a pure normal-metal double-barrier

becomes A(ky)=Aqcoq26+2a)+iA]sin(20;-2a). The  structure[see Eq(13)] is

dy2_,2 andd,, component have €110 oriented surface, with

a=m/4. Thus, A(k)=AqsiN(26)—iA] cog26,), and A(k,) I(NDd') A? cog(26,) 01
=—Aqsin(20;) —iAy cog26y). I(N) A2 sirX(269) + A2 co2(26) 21
For the phases of the order parameter for electron- and
holelike quasiparticles, we have From the above expression it is evident that the maximum
) o, enhancement of the pumped current is four times of that in a
gl bk = Agsin(26) — 144 co926y) pure normal-metal structure. Depending on the relative mag-
\/Ag sir?(26,) + A(’f co§(205)’ nitudes ofA; and Ay and, of course, also depending on the
injection angle, the ratio(NDd’)/1(N) can be as low as zero
and as in the pured,>_» case or as large as 4 as in the pure
o) = AqSin(26s) —iA; co926,) S-wave case. . _ .
€ T T2 > To conclude this section we have seen contrasting results
VAGSIn?(265) + Ay” cos'(26) in all the four cases. Although as seen before forgiveave
and hence the produet’a® reduces to case there is fourfold enhancement as compared to the
. - normal-metal case, in case ofdg_>-wave superconductor
Dol = AgSin(20y) +iAq 005(293)_ there is no pumped current at all, and for the case,ef.
Agsin(26y) —iA} cog26y) +is-wave andd,>_2+id,,-wave superconductor the enhance-

ment depends on the relative magnitude of the components
as well as the injection angle. To probe the dependence of the
injection angle and relative magnitudes of the different com-
A} cog26,) (19 ponents in the cases where we have considered mixed pair-
. N ing symmetry, in Fig. 2 we plot the the ratio of the pumped
K AqSin26;) ~ A4 cod269)] current in presence of the high-superconductor as function
and of the injection angle for different ratios of the relative mag-

Furthermore, for the partial derivatives of the scattering
amplitudes appearing in E¢L1), we have

ﬁvlseez -
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nitudes where mixed pairing symmetry is considered along The heat current pumped is defined as the magnitude of

with the pures-wave andd,._,>-wave cases. the electric current multiplied by energy measured from the
From Fig. 2, it is quite evident that theewave and Fermi level

de_y2-wave cases are completely independent of injection .

angle. Furthermore, one can clearly see that whatever the H = if de(E— E)

strength of the subdominant component in the mixtues, s T F

or dy, for the injection anglefs=0, £m/2), one has for the

pumped current ind,>_2+is-wave and d,e,2+id,,-wave X{S\IS(E t){f(EHﬁ) _f(E)]SLS(E t)} . (24

cases four times that in the pure normal-metal structure. Also ' 2 " ee

it is evident especially for the relative magnitudes of the

subdominant component in the mixture being around half or

more, that there is a marked difference betweendhe

+is-wave andd,._,2+id,-wave cases at injection anglés

=+m/4, where as for thel._2+is-wave case the pumped 1

current is almost same as that in a normal-metal structure in H= —f dt[atS\,s(E,t)atS,T\,s(E,t)]ee (25)

Fig. 2(b). In Fig. 20c) it is almost twice of that in a normal- 8m7Jo

metal structure, but in both Figs(8 and Zc) the pumped

current in thed,2_,2+id,,-wave case is zero at the same in-

Expandingf(E+i(d,/2)) up to second order one gets a
nonvanishing contribution to the heat current in the zero tem-
perature limit as

and since two parameters are being varied, we have

jection angle values These differences can be easily ex- 1 N, av
ploited in distinguishing the different pairing symmetries H——f dt E [3v5eef9v5ee+ 3v5ehf7v3eh]
considered here. ij=12

(26)

By integrating Eq.(26) up to 7=27 we get the pumped
current in the weak pumping regime as
A time-dependent scatterer always generates heat flows WA

IV. PUMPED HEAT AND NOISE

and can be considered as a mesosc(gliase coherepheat H=z—P 2, P 2

source, which can be useful for studying various thermoelec- 16m ﬁ_zeh % Seﬁ| E | VZSEB|

tric phenomena in mesoscopic structures. The adiabatic .

quantum pump thus not only generates an electric current, +2cog¢) X R(dv,Sepdv,Sep) (27)
=e,h

but also heat current which can be expressed as the sum of
noise power and the joule heat dissipat&d! In this section
we look into the heat pumped and the noise generated for tl]
various order parameters of the highsuperconductors con-
sidered above to further unravel the differences among the
The expressions for pumped heat and noise in the pres-
ence of a superconducting-wave lead have been derived 1 (7
earlier in Ref. 40. Below we extend the description to in- H =8—f d Sy ED SIS EDSUSE, D ASISE D ee
clude thed,2_>-wave,d,>_y2+is-wave, andd,z 2 +id,,-wave 7o

R refers to the real part of the quantity in parentheses. Simi-

&r to the above one can derive expressions for the noise and
joule heat dissipated. The expression for the heat current can
e reexpressed as

superconductors. The pumped current in Ef), can be re- 1 (7 :
expressed as follows: *gmr] Ot > [ASuE DS E D]
TTJo  B=eh
1= f dE(- G&f) f dt 2 [T(SoeSoe* Surh sehn XISIEDISSE Ve (28)
™ i=1,2

The diagonal term is identified as the joule heat, whereas
(22 the off-diagonal element is the noise powr.

In Eq. (22), T represents the imaginary part of the quantity in

parenthesis. Furthermore, as in the adiabatic regi® H=J+N,
=2 (9v5a36tX +...), and from complex algebra(S,4S.o
=-i(S,/Sa, the pumped current becomes 81 S E DS LS E DS E Do
T T
|:‘;ﬂdef dt{sNS[f(EH%)—f(E)}sLS} L
" ’ ° +8_mf A 4SuS(E, ) SUE, D Jed SuSE D ASUSE D e
0

(23)

with Syg being the 2< 2 matrix as defined in Ed1). In Eq. (29)

(23), the Fermi-Dirac distribution is expanded to first order ~ Similar to the analysis for the pumped heat current, the
in &, only and{.. .}¢c represents theeth element of the quan- joule heat dissipated and the noise power can be expressed in
tity in brackets. the weak pumping regime as
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FIG. 3. The noise generated for double-barrier quantum dot at resonance in junction withTa bigierconductoiNy denotes the noise
generated for the-wave case(a) Magnitude of the subdominant component in the mixed order-parameter cases is 10% of the dominant
component(b) magnitude of the subdominant component in the mixed order-parameter cdsdfsdsthe dominant component, arid)
magnitude of the subdominant component in the mixed order-parameter caspmito the dominant component.

!%ﬂz 2 * 3 ﬂ 2] 2 2
1= {[ S ISuiv,S +2R(seesehavlseé9vlseh>] 3= B IS I Sl i S
T B=e,h T
+[ > |segavzse5|2+2R<s;e8ehavzsee9v§;9] +2 CoZPIR(H, Sy, %] (33
B=eh
* V2W2
2 co$¢)[ﬁ§eh S 2R (A, Sopih, Sop) N= 2 6,0, Sl + Sl
+ R(SerSeeh, Sordv,Sed) + R(S;esehavlseeavzszro] } +2 co$ PR, e, S |- (34)

For our chosen system, i.e., the double-barrier quantum dot
at resonance in junction with the high- superconductor
when =0, we have|S.J°=0 and|S,J?>=1, therefore, J=0

while the noise power is given as below andH=N.
Now analyzing the above expressions for the different

order parameters, we have the following.
_ \/ﬁ_ﬂz D ) . . s-wave superconductor: In the-wave case as we
N="Ten Hﬁzeh |Shgdv, Sel” + ZR(%e%hﬁvlseeﬂvlserD] have already seendy, Se=2dy,Si=-i/k and d,See
’ =20y,S;1= —(i/k)(S;2).2 With this, the expression for the heat

+ [ > |SnB‘9VZSeB|2+ ZR(Sze%hﬁvzseévzsgr)] current pumped, which is equal to the noise power, reduces
B=eh

(30)

to
+ cos{sb)[ 2 [SplP R0y, Sepi,Sep) Va2
feah T H=N= 2 5[1 + cogp)cosdkall. (35)
+R( X R
Shishe Sk, Sed Thus as is evident from the expression for the pumped

(30 noise, the quantum pump is nonoptififalor nonnoiselegs
only in the special case wherkd=(2n+1)7 and ¢=2n,
Now for our considered system, ie., a double-barrierWith n=0,1,... is theoptimality condition met. Of course,
quantum dot at resonance, we ha\,/e séen in sec. Ill thé{):animplies that in this case there is no charge current as
_ _ ' : ell.
9v;She= '?ViSe“_o regardless of the order parameter symmetr d.2_,2-wave superconductor: In this case as also seen ear-
of the highT, superconductor, and hence the expressions folr Y - _ .
. , e ier, we havedy S..=0 anddy, S,e=0. Thus there is no heat
the pumped heat, noise, and joule heat dissipated reduce to 1 2 .
pumped and neither any noise generated nor any joule heat
dissipated. Thus the pump in conjunct withdg_,>-wave
VA2 superconductor is cent-percent optimal for any configuration
H= —1%—[|(9V15ée|2 + |0y, Sed? + 2 COS P R(, Sk, Sed)] of the parameters and under any condition.
& de-y2+is-wave superconductor: From the previous sec-

(32)  tion, we havel, S;eanddy, S.cfor the order parameter in this

+ R(S’;esqhavlseeﬁvzs;o} } :
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TABLE |. A comparative analysis of pumped charge, heat and noise in caseswale, d.,>-wave, dy2_2+is-wave, and
dy2_y2+id,,-wave superconductors in conjunct with a normal metal double barrier stru[:ltlge,\/gw2/8wk2[1+co$¢)cos(4ka)].,

Order Parametes s-wave dy2-y2-wave Oyo-y2+is-wave Oy2-y2+id,-wave
Pumped
Charge I(NS _ 0 1(NDs) _ A2 I(NDd") _ AP co(265)
N~ I(N) ™ AZsir?(20)+A2 I(N) ~ AZsirP(260)+Af2 cof(200)
Heat Ho 0 Hopree— __ spooden
0XZSirP(26)+A2 Hoxzsmaa g cosany
Noise Nonoptimal Cent-percent optimal Nonoptimal Nonoptimal

@0ptimal for injection angle®,=+ /4 (see Sec. 1Y].

case, with this the pumped heat, which is same as the noiswiselessin case of thed,. ,»+id,,-wave superconductor at

generated in the pumping process, reduces to injection anglesds=t /4.
Vaw? A?
—N=_P s 1+co cog4kal. V. EXPERIMENTAL REALIZATION
87Tk2A§sin2(205)+A§[ g¢)cod4ka)]

Although theoretical examples in quantum pumping phe-
Denoting the noise generated in teavave case byN,, nomena are quite abundant, experiments in this field are very
we have the noise generated for this case becoming jusauch lacking. To date there have been notably four experi-
NoA2/ (AZ sirP(265) +A2). ments in Refs. 24, 43, and 44 and a quantum spin pump in
d,>_y2+id,,-wave superconductor: From the previous sec\Watsonet al*> Watsonet al?> deals with a quantum dot,
tion, we haVeﬁvlsee and gvzsée for this case, too, with this Which with application of an in-plane magnetic field can

the pumped heat, which is same as the noise generated in tREMP & pure spin current. One can suitably modify these
pumping process, reduces to experiments and place the quantum dot in junction with a

high-T, superconductor. The resonant condition of the quan-
tum dot can be easily established by applying a suitable gate

2 12
—N= VpW2 Ay’ cos(26y) voltage that will enable resonant transport through the quan-
8mk? A7 sir?(26y) + A7 cof(26,) tum dot. After this, the twaos barriers can be two gates that
control the charge on the dot; modulating these two gates in
X[1+ cog¢)cog4ka)]. time will enable a pumped chardalso heat and noigeur-

Denoting the noise generated in thevave case byN,,  rentto flow. This setup can easily establish the results arrived
we have the noise generated for this case becoming jugt in this work and hopefully give more clues into building a
NoA? coS(26,) /[ A7 sirA(26,) + A2 cog(26y)]. correct theory for highF, superconductors.

To end this section we have seen that the pumped heat and
noise generated in the pumping process can also shpw VI. CONCLUSIONS
marked differences for the various order parameters consid-
ered. In the swave, the de.2+is-wave, and the To conclude we have given a simple procedure to distin-
de_y2+id,,-wave cases the system is nonoptimal, whereas iguish various order parameters proposed in the context of
the d,2_2-wave case it is cent-percent optimal. Furthermore high-T; superconductivity. In Table | above we juxtapose the
in the d,2_y2+id,-wave case the pump may be turned opti-results obtained in this work. The pumped charge current,
mal in some special situations as seen in Fig. 3. These sitlteat pumped, and noise generated for the four cases consid-
ations would help in differentiating between the order paramered (the s-wave, d,>_,>-wave, dy2_2+is-wave, andd,z_y2
eters for the mixed parameter cases. Especially for Fig. 3 +id,,-wave vary markedly, which easily reveals the differ-
and 3c) as it is quite clear that the pump is optim@r  ences among three.
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