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To explain this shift,
we have summed different contributions so far

R MB Mattis-Bardeen surface resistance

R,tners : others
Damaged layer
Metallic sub-oxide
Subgap states
Dielectric losses

etc

Ry ¢ trapped flux contribution

A. Gurevich and G. Ciovati, Phys. Rev. B 87, 054502 (2013).



To explain this shift,
we have summed different contributions so far

RMB

R others
Damaged layer

Metallic sub-oxide
Subgap states

R.= R, Ry +

ux

Dielectric losses

etc

Rf lux



Today, <, can be substantially reduced by cooling
down a cavity with a large temperature gradient-

® A. Romanenko, et al., Appl. Phys. Lett. 105, 234103 (2014).
® S. Posen et al, J. Appl. Phys. 119, 213903 (2016)
® S. Huang, T. Kubo, and R. Geng, Phys. Rev. Accel. Beams 19, 082001 (2016)
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Today, K, can be substantially reduced by cooling
down a cavity with a large temperature gradient-

manenko, et al., Appl. Phys. Lett. 105, 234103 (2014).
e J. Appl. Phys. 119, 213903 (2016)

A. Ro
® S. Posen et al,
S. Huang, T. Kubo, and R. Geng, Phys. Rev. Accel. Beams 19, 082001 (2016)

RMB

R others
Damaged layer

Metallic sub-oxide R
Subgap states S
Dielectric losses

et Understanding this part

% is becoming important
more and more!




In the present study, we incorporate
based on the BCS theory

RMB

R others
Damaged layer

Metallic sub-oxide
Subgap states
Dielectric losses

etc

Rf lux



and obtain a theory that unifies R, and
the effects of real materials-

R
MB -

unified

R others
Damaged layer

Metallic sub-oxide
Subgap states
Dielectric losses

etc

Rf lux



[t should be noted that

We do not propose
“a new BCS” or “new MB”

We do not propose
“a new model”




and obtain a theory that unifies R, and
the effects of real materials-

We incorporate
the realistic surface

and bulk properties
based on the BCS theory-

Rf lux



At the end of this talk we will

have a unified theory,

which will provide us with clues to
understanding what makes the differences of
the low field R, among

®LP only

®LP + 120°C baking

ON or Ti doping

® Nitrogen infusion

Etc

and tell us how to engineer the cavity
surface to minimize R
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Overview



Strategy

If we start from

BCS model of
SC with an
idealized surface

\

Mattis-Bardeen
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Strategy

If/@lé sﬂrt fropy

We start from

BCS model of
“a more realistic” SC




“More realistic” SC

normal conductor

with thickness d<<¢
(e.g., damaged Nb or

metallic sub-oxide with
a few nm thickness)

Proximity o \

LEALLE : bulk superconductor
/
effect g Nby

SSSSSSS



“More realistic” SC

Main physical parameters of this system

Normal layer thickness d
)

Normal conductance
for N layer g, —

Interface

resistance Rg -d ) \ X

Normal conductance

for bulk region a,f
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Theoretical tool

We use the quasiclassical theory in the diffusive limit-

A h
(Usade/ equation &0" =—F—cosf+ AL sin & = VhD; 20 (j = Nh

® Self-consistency condition A(x)=2rkpTg(x Zsm9

wn

® Boundary conditions  0'|ggee =0,  ypénd. =sin(6y — 0_)
0(00) = 0o,  Y¥ENO_ = &by,
. D. Usadel, s. Rev. Lett. 25, . — N S — N
@ug Kudprliaiz\\// asd V.LF.tJIE_uiischSe?Z g)?/?g)hys.JETP 67,1163 (1988). Wher‘e fY — O-n €S/O-n€N fyB o Jn RB /gy

Normal and anomalous

Quasiclassical Matsubara Green functions G = cos F =sinf
T. Matsubara, Prog. Theor. Phys. 14, 351 (1955).

Retarded normal and anomalous
R __ R -
Quasiclassical Green functions G*'* = cosh 0 F'* = sinh 0

Physical quantities: Density of states and surface resistance

\ & Bl
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Results



Density of states: n=Re[GR]
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N(e)/ Ny
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The proximity effect and resultant DOS
depend on the boundary parameters

N(&)/ Ny

d | where . _ ﬂ f_s is proportional to the
aA=y— ¢S &y conductance ratio
51\/\ between N and 5-
N-side DOS S-side, DOS

?




The proximity effect and resultant DOS
depend on the boundary parameters

d

N

,BEVBSC_

N
o

where Vg = n R,
En

N(&)/ Ny

N-side DOS

?

\

is proportional to the
interface resistance

between N and S-
Barrier parameter

S-side| DOS
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So far, in order to explicitly show the proximity effect and
resultant minigap, we have neglected the bulk DOS

br oadening (due to an inlelastic scattering, magnetic impurities, random
inhomogeneities of the BCS pairing constant etc). ['=0-

Now we incorporate a finite T

\
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Surface resistance

Now we can calculate the surface resistance of the
proximity coupled NS system taking the minigap
induced at the N layer into account-

microwave
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Surface resistance

Now we can calculate the surface resistance of the
proximity coupled NS system taking the minigap
induced at the N layer into account-

microwave

Quasiparticles

Quasiparticles

minigap

gap
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Surface resistance

1
Ceneral o _ —u%wQ)\gaS(IN + 1)

formula s 2

fde Fle+u)] /de fle+u)]
u)\cr
2x

/de n(e,x)n(e +u,x) + m(e,z)m(e + u,x)je” >

A. Gurevich, Phys. Rev. Lett.
A. Gurevich, Supercond. Sci. Technol. 30, 034004 (2017).

/_gasu Dyn(e +u,7) + m(e, ymle +u, )

microwave

Quasiparticles

Quasiparticles

gap

minigap

SRF2017 57




Surface resistance

Approximate formula e Uiy

(for a<<7 and T—0) g(ﬁ)_%uﬁz—zﬁ?e%wﬁﬂ—\/—u
1 2A 4]€BT Qd O' _ €0 _ A
R, = 27355 < In ( R T Rg T
2’”’0“ O T hwerE (X o5 sy(B)e TET|+|e Fr
N layer Bulk 5
microwave contribution  contribution

Quasiparticles

Quasiparticles

- gap
minigap

SRF2017 i,




Surface resistance

Approximate formula

g L (14 By/1—€2)?
(for a<<l and T—0) TR Ty = =
1 5 5.3 g2A4 4kBT(2daN S )
Hs = QMOOJ A k’BTl hiwe e \[ A o> g(Be o7+ "o
N layer Bulk 5

contribution  contribution

7- The first term is tiny due to its small thickness
and small normal-conductivity-

2: As T decreases, the second term decreases
rapidly rather than the first term due to its
large gap-

3 At a low temperature, the first term becomes

dominant, which looks like the residual resistance:

SSSSSSS



Surface resistance

Approximate formula e Uiy

(FOI" a<<7 and F_’O) g(ﬁ)_%lqtﬁz—%’?eﬁwﬁm—\/—_“
1 5 5.5 g2A4 4kBT(2daN _ <0 _ Ac
s — 1 kpT k1
f QMOM A kpT = hweve \| A o3 g(Be o7+ "o
N layer Bulk 5
contribution  contribution
log R 1
We will have
N layer
contribution
1
Bulk $\contribution T 62




Surface resistance

Approximate formula

o(8) = i1+ BVT— )’

(for a<<l and T—0) e
1 5 5.5 g2A4 4kBT(2daN _ <0 _ Ac
s — In kpT kT
f QMOM Ao O sT O hwers | X o g(Be o7+ "o
N layer Bulk 5

contribution  contribution
log R 1

We will have

~| =
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Surface resistance

Approximate formula
(for a<<l and I'=0)

1 AN . 4kpT d o) €0
R = 3w’ NS =2 | 5T
= g Ao I e A g 9 oJe

log R 1

We will have
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Surface resistance

As the DOS broadening parameter increases, the
subgap state contribution pushes up the residual
resistance-

Approximate formula (for finite T)

1y oy sdkpT T2 0 (ga;}f (1+8,/1+(£)?)

R; = = 12w 3> — In S
2 9 0 n hw Ago 1+63—ﬁ.w/:ftrBT A oy ZT

log R 1

pushed up

SSSSSSS 1



Surface resistance: example
100

10

Rg (n(2)

3-1 21181161 141 1.2-1 1
SSSSSSS T_l (K—l)



Surface resistance: example

100 E
; In particular, this
yields a realistic R,
10 and
S
5 L
& | 0.1
1
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- 1=0.03
0‘1 | | | | | | |
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Rg (n{})

SSSSSSS

5“"'{2 3.0:—
100 £ \ |
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"a=01 | N layer DOS!
“I'=0.C *°
0.1
3_1 D‘f;-_ﬂl o ﬂlql T ].I[II T ]_Iql T 2.0

x E‘fimtxl

ample




Probably
you are thinking
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O OK, such a thin normal layer would
exist and the DOS is broadened-

® Development of the theory with
proximity coupled NS system with a
finite density of subgap states is
natural-

® The results seem to be nice:

SSSSSSS



Then tell me

® low to confirm the theory by
experiments?

® iow to use the theory in order
to improve &,?

SSSSSSS



Tune the surface layer
towards higher @ at 2K



|
Xs (n2)

10

2-11
.81
1.671 1
41
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Rg (n{})

N

A larger B induce a
broaden DOS peak, so
we have a smaller R/

A. Gurevich, Phys. Rev. Lett.
A. Gurevich, Supercond. Sci. Technol. 30, 034004 (2017).

10

3—1
T-1 (K1)



Rg (n{})

10

~ . .
< S Jesidual resistance

As T decreases, the
order changes due to
the minigap /’nclucej

T-1 (K1)
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We can tune R,
by varying o and -

1 -
- Qo _ Rus
: MB
: 0 Rs
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Rg (n{})
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Rg (nf)

Decreases N layer thickness d and
mcreases the interface reslstance Ry

100
10F
- Q=4.1 X 10%°
1E
i Q=2.4 X 1011
. =0.03
0.1 _| | | |
3-1 21181161 1.4°1 1.21

T-1 (K1)



The differences between the 2 curves are analogous
to those between |LC recipe and nitrogen dope!
The low field R, for different surface processing

might be explained by the normal layer thickness
and interface resistance:

10 : “*\“
S -Q=4.1 X% 1010
e i Q=1.6 X 10™
o S e e ———— e e
! Q=2.4 X 101!
. =0.03
0.1 _| | | | |
3-1 21181161 1.4°1 1.2°1 1

71 (K1)



Summary

® (e developed a unified theory of surface
resistance and residual resistance

® The theory incorporates the effects of the surface
normal layer or damaged layer and mechanism
which produce finite density of subgap states in
the bulk-

® The theory incorporates both the conventional MB
contribution and the residual resistance-

® The NS coupling affects not only residual
resistance but also surface resistance at T~2K:-

® We showed it is possible to tune R, by optimizing
the thickness of metallic suboxide layer and the
interface resistance:



Tune the surface!
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