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Abstract: <span>After a brief overview of the three broad classes of superconducting quantum bits (qubits)--flux, charge and phase--1 describe
experiments on single and coupled flux qubits. The quantum state of aflux qubit is measured with a Superconducting QUantum Interference Device
(SQUID). Single flux qubits exhibit the properties of a spin-1/2 system, including superposition of quantum states, Rabi oscillations and spin
echoes. Two qubits, coupled by their mutual inductance and by screening currents in the readout SQUID, produce a ground state |0& gt; and three
excited states |1&gt;, |2&gt; and |3&gt;. Microwave spectra reveal an anticrossing between the |1& gt;and [2& gt; energy levels. The level repulsion
can be reduced to zero by means of a current pulse in the SQUID that changes its dynamic inductance and hence the coupling between the qubits.
The results are in good agreement with predictions. The ability to switch the coupling between qubits on and off permits efficient realization of
universal quantum logic. This work was in collaboration with T. Hime, B.L.T. Plourde, P.A. Reichardt, T.L. Robertson, A. Ustinov, K.B. Whaley,
F.K. Wilhelm and C.-E. Wu, and supported by AFOSR, ARO and NSF.</span>
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Superconductivity

Josephson Tunneling Flux Quantization

msulating
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O=nd®,(n=0, £1, £2. )
where

O, =h2e=2x 10> Wb
15 the flux quantum
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Superconductivity

Josephson Tunneling Flux Quantization
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Three-Junction Flux Qubit

@ @

I‘l\‘ I‘l\.

0) 1y ¥

Degeneracy pomt: Applied flux @ = D,/2

[Py = (|0) £ [1))N2

JE. Moo ef al., Science 285, 1036 (1999)
C.H Van der Wal et al.. Sciennce 290. 773 (2000)

* Loop inductance << Josephson
inductance @, 2nl,
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Energy of the Flux Qubit

E
D, = D,/2

1>
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The dc Superconducting Quantum
Interference Device (SQUID)
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Two Flux Qubits, a SQUID and Flux Lines

SOUID junctions Qubit junctions
2I5x250nm? C =85 [F 180x205 nm? Cyx~6.5 [F

» E-beam lithographv. angled evaporation ot Al film

* Two on-chip flux lines enable one to apply
independent fluxes to any two of the three devices

» Large inductances to keep currents n tlux lines
small and provide adequate coupling energy

Flu

l“ ,

Lq ~200 pH » No deposited msulating layer
L,~ 600 pH
oo OOP INdUCtance o

. ourde e e 060506-1 (2
. 7. B.L.T. Plourde et al., Phys. Rev. B72, 060506-1 (20
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SQUID Readout

5 ns nise / fall
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* Pulse bias current:
detect switching events

* Repeat (sav) 1000 times

to determine probability
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Controllable Coupling of Two Qubits

* The abilitv to switch the coupling of two qubits on and off 1s
highlv desirable for certain quantum computing algorithms:

* Qubits uncoupled: prepare their quantum state
independently

* Qubits coupled: allow the qubits to entangle

* Qubits uncoupled: read out the states of the qubits
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Controllable Coupling of Two Qubits: Theory

» (Qubits have an mteraction of the form 6,6
where < 1s a Pauli spin matrix

» The fixed part of this qubit-qubit mteraction ca
be written in the form A/ [ , I 5. where [ , an
I g are the qubit circulating currents and M 1s
the mutual inductance between qubits

« Qubits are also coupled via the SQUID: #us
coupling depends on the SQUID current

and flux biases
* Thus. one can use the SQUID to control the

rea: 07040012 total coupling energy between the qulbite



Circulating Current in dc SQUID vs. Applied Flu

L ¥, IO Increasing [,

|

.. b
02 04

1

Lt =071/0ds
(®o/lo)/ L
o)
=g Iy/L(0.45 o)
0 .
-2
s ooacoplourde. Wilhelm er a/. Phys = age 16169

Rev. B 70, 140501 (2004) g >



Controllable Coupling of Two Qubits: Theory

» (Qubits have an mteraction of the form 6 ,,65.
where < 1s a Pauli spin matrix

» The fixed part of this qubit-qubit interaction ca
be written in the form A/ [ , I . where [ , an
[ g are the qubit circulating currents and M 1s
the mutual inductance between qubits

* Qubits are also coupled via the SQUID: #is
coupling depends on the SQUID current

and flux biases
* Thus. one can use the SQUID to control the

rea: 07040012 total coupling energy between the qubiis



Circulating Current in dc SQUID vs. Applied Flu

J/ 1o Increasing [
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Controllable Flux Qubit
Coupling Using a SQUID

R e I U RUE S s “—r-’J."h_r L . . T 1.11.--\_rJ.-|.- B R e T T A

directly coupled flux The total flux change 1s

ad et goppling energy1s, i)
- The assfue(tedbﬁe&ﬁhﬂ I %AS@;, —In\afidipen &uoﬂtrﬂg%tmn

—a I A@g 4 arises from the'c energy stored fn the mutual
inductance (Ferber and Wilhelm).

» Thus, the net coupling energy 1s

K= %IAD  ~IA(-MM,/t—M)=K+K,

: 07040012 9 ol gﬂ.’i"
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Numerical Values

e Qubits
I, =0.46 uA, My = 33pH, M, =0.25pH
Ko/h= —MyI;/h =—0.16GHz

* SQUID

L =200pH. Ip = 0.48 yA. Bz = 0.092

I, =0: K, /h = —0.14GHz
D5 =0.45D¢
I, =0.57L.(®s) - K;/h =0.16 GHz

T 075} off

= 05¢

= 025}

e : : Ay

v OO . 0.6 09
Vi In/Le(0.450)
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Controllable Flux Qubit
Coupling Using a SQUID

Net coupling energy 1s

K=IA(-MgM,Jt—M)=K,+K,
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Numerical Values

® Qubaits I
I, =0.46 uA, My = 33pH, M, =0.25pH
Ko/h= —My,I;/h =—0.16GHz

* SQUID

L=200pH. Ip = 0.48 yA. Bz = 0.092

I, =0: K./h = —0.14GHz |_.
D =0.45D¢
I, = 0.571.(®s) - K,/h =0.16 GHz l

= 075! orf

= 05
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v o

" Df_ 06 009
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Controllable Flux Qubit
Coupling Using a SQUID

Net coupling energy 1s

K=IAMpM,JL—M,)=K+K,




Numerical Values

e Qubats
I, =0.46 uA, My = 33pH, M, =0.25pH
Ko/h= —My,l;/h =—0.16GHz
e SQUID
L=200pH, Ip =0.48 yA, Bz = 0.092
I,=0: K,/h = —0.14GHz
@5 —0.45D0
I, =0.571.(®s) : K;/h =0.16 GHz
T 075} off
= 05
= 0.25
e . g ey
re | . 0.6 0.9
£ ) In/Le(0.45P0)
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Controllable Flux Qubit
Coupling Using a SQUID

Net coupling energy 1s

K=I2(-MgM,JL—M,)=K+K,

19




Numerical Values
® (Qubats
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D =0.45D¢
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Quantum Mechanics of Coupled Flux Qubit

= 1 S _ 1 e
Hyy, = (28,0, — 24,0, ) + (2505, 24508,) + K0,,03,

Basis states:
Svmmetric triplet |11, [S> = (|01> + [10>)/2V=, |00
Antisvmmetric singlet [A~ = (|01 - —[10 ) 2V-

Eigenstates
3 :

2~
1>
0>

Storcz et al. Phys. Rev. A 67. 042319 (2003) e



Microwave Spectroscopy of Qubits A and |

@, - D /2 (MD,) ‘
20 15 10 5 0 -5 -10 Dashed lines are
T T T T T T T : i
o T fits to v = (A + &)V2
= 1\ \ / ; A,/h=8.872 £0.005 GHz
> | , :
ENEFE - 2.7 nA IF-\ E Ag h=8 990+ 0004 GHz
= ; F -
E:,' 10 k 4
=] N w ] I[,,=1460%£02nA
RN & __x__x__s__» qu: 147.8 £ 0.2 nA
10 -5 0 5 10 15 20 25 30
®,- P J2 (M)

* Two independent flux lines enable one to move the spectra
to arbitrary values of flux
* Spectra measured at a constant SQUID flux:
qubit-qubit coupling 1s constant
ooz Dir1ft m one month < 0.1 m @, Page 290



Anticrossing of |1> and |2>

P - P /2 (MP,)
76 15 74 73 72 7% 70O

ney (

Frequ

722 73 74 75 76 717 78 719
®, - D /2 (M)
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S = NI
I I

« Qubit intersection frequency 11 25 Gl
» Spectra measured at constant SQUID
flux, 0.28 &,. and hence at constant

qubit-qubit coupling strength
» Zero SQUID bias current
* Ninmimum sphlitting 1226 £ 0 8 MHz

» Note absence of data tor |1~ near
anticrossing
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Coupled-Qubit States

Triplet
>0
7
=
5,
D &
=
E 1 T T T T T T 1 1 L I ' 1 L
a
O 08 0.8} |3>—
Qo6 06

o
o

o
)

20 10 0 10 20 30 40 20 10 0 10 20 30 40
®,-B,/2 (MD,)

Triplet

Singlet

Triplet
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Peak Heights at Anticrossing of [1> and |2>

D, -P/2 (mP)
76 F5 A T3 T IX T8

* Precisely at the anticrossing:
|0=_ | 2> are mixtures of triplet stat
|1 1s pure singlet

* Transitions trom |0 to |1 forbidden

Moty » .. . . . .4
2 I3 A TS J6 JIF TR I8
®,- D /2 (MD,)

Peak Heights and Matrix Elements

1T T 1
- ok |
- E_, i =1 =-
Matrix elements e S | &
= L 3
—F ~ |2 r ) " | o
| :t GZ..—'}_ + GZB|0} E -{IEi}i B }{ ] }} :H i = { }f { ) Ea'
— gL g it - A Ehel ==
o
(+TH
I . i
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Anticrossing of |1> and |2>: Changing the Coupling

Qubit intersection frequency: 10.75 GHz

D, - P/2 (MD,)

86 b.4 6.2 B.6 6.4 6.2
7 — T %
z ._
-g-: 108 | Jr25na _ L friom
B L
“ 105 |
6.4 6.6 6.8 T 64 a.6 6.8 7
D, - D2 (MP,)
Bias current: 0 417 557 nA

Splitting: 135 +2 103 £2 56 £t5 MHz

Pirsa: 07040012 Page 34/69



irsa:

Mutual inductances

_.'_1 [ﬂ}q:!.

.-'_1 [ﬂ l]_—‘!’t

"‘(Iﬂ.{lB

0707.1001i1]3 5

Flux
map

(pH)*

1.65

Fast
Henrv

(pH)*

1.70
-3.20

3.10

63.8

* Averace error: 1.6 %

Self inductances

Fast
Henrv

(pH)
194

182
423

Measured and Calculated Parameters

Qubit currents
dgdd =21

[,4=146.0£02nA

Ip=1473+£02nA
SQUID critical curren

25 —®mA IR ..

=1.21 £0.054
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Entangling operation with variable coupling

For feasible parameters ¢ When combined with appropnate single qubit rotations
- with K =0, a single pulse of current can generate the
= 0.75] CNOT gate in 29 ns.
< 05
= 1. ® Qubiat states can be determined immediately afterwards
;E 0.25¢ with a larger I, pulse to measure SQUID critical current
- 0_;0 06 009 without changing the static flux.
oz o In/Ic(0.45dbo)
- 4 ® Pulse parameters can be adjusted to compensate for both
On crosstalk terms and finite risetime of I pulse.
= A—————— | ——————
—~ 7.5} ] ! : 1
:-.*" T i : || Il : 7
Y| S e :
P o "'"‘] P__Hq 1 00 0
-.:_O.l L ! : \ tK III [ i . 1 * 0O 1 0 0
=02t 4 g 40> 1
0.3} - - 1 0 @ & 12
= - s 0 010
<o £ | ' & :
= 1} | : : | CNOT
<5 0.5} : \ J : {1 t(ms)
5 10 5 2 25 30 r -
Pirsa: 07040012 Single qubit |, Two qubir : Single qubit Plﬂmde, W ﬂhtzhgalge g/{s_ga]' : Pj
rotations | rotations Rev. B 70 140501 (R) (20(

manipulation



Concluding Remarks

* Spectroscopv of coupled qubits shows splitting of |1 - and |2 energ

* Peak heights measured from transitions from |0~ to |1~ and |2 agre
qualitatively with square of calculated matrix elements

* Coupling reduced to zero—and 1ts sign even reversed—byv bias
current pulse 1n SQUID. mn good agreement with prediction

* The abilitv to measure the quantum states of two qubits and to swit
their coupling on and off with a smgle SQUID solely by pulsing its
bias current 1s an efficient architecture

* Independent tlux lines are the kev: therr tluxes are kept constant

* The quantum controlled NOT (CNOT) logic gate can be implement
with this architecture. and provides the building block for scalable
unmiversal logic
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The Ubiquitous 1/f Noise

40 T
e
7!
e O T N L ="
time (t) ogt

&

irsa: 07040012

: Spectral densityv:
Vacuum tubes S.(f) o 1/18, B ~1
Carbon resistors

Semiconductor devices
Netal films

Superconducting devices
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Decoherence in Superconducting Qubits:
A Model for I/f Flux Noise

* Introduction Roger Koch
e st : David DiVincenzo
» /T flux noise in SQUIDs and qubits .
* Model for I't flux noise Heights
* Questions & concluding remarks IC
UC Berkeley
LBNL
Support

Armyv Research Ottice (DD
Department of Energv (JC)
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Random Telegraph Signals and I/f Noise

time (t)

* For a single characteristic time t:
Spro(l) < T[] + (2rfTy]

—

i W e
\“\\

* The superposition of a set of
Lorentzians with a broad

distribution of t vields 1 f noise 1/ \& R -
(Machlup 1954)

log S.(f)

log t
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1/1f Noise in Superconducting Devices

Examples: SQUIDS. single electron transistors (SETs). charge
qubits. tlux qubits. phase qubits

Three kinds of noise:

Charge noise: Hopping of electrons between traps induces tluctuatin
charges onto nearby films and junctions

Critical current noise: Trapping and release of electrons in tunnel
barriers modity the transparencyv of the junction. causing its
resistance and critical current to fluctuate (Wellstood, Buhrman.
Van Harlingen. Martinis... ). At low temperatures. the process
mayv mvolve quantum tunneling and atomic rearrangement

Flux noise: Flux-sensitive devices (SQUIDs. flux qubits.. . ) exhibit
flux noise ot hitherto unknown origin
» All three kinds of noise generate decoherence in superconducting
oogllb1ts, and are a significant barrier to scaling up to manv-gubits






I/f Flux Noise in SQUIDs

* Measurements of noise in de SQUIDs 1 a flux-locked loop vield
the spectral density of the equivalent 1'1 tlux noise Sy (1) o< I't

* Bv using two ditferent bias reversal schemes. Koch er a/. (1983)
showed there were two imndependent contributions: g

* (Critical current noise

— can be removed by bias current reversal

. Flux noise

— cannot be removed by bias current reversal =

Spl- (1 Hz) = 5 — 15 n®, HzV-= for SQUID areas
6 x10°°—7 mm-

Quartz. glass and S1 substrates
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DC SQUIDs: S;V*(1Hz) vs. T

20 1 £ 1 1 | | - T 0 | 1 | ®
' ' | " a5 A3 Al Loop material
] oy Nb (Al-4. F1
e B1 g /! )
W10 == —_— o £ - eh ==
T [ ESESSSsSeaaas o / ' PbIn (AS. BI.
o L o - 3 ’,_H _
g [ ~—c2 \ =, CL EL2)
;:ﬁ o -:“"‘:-- — Tz ﬂ 7/ A2-
A - ey a» s .
- [ e ‘ : C1 1 Loop effectiv
o~ C1 :
s I { areas:
» -
i 1.400 pum—
s | 200.000 wm?
o | l I L | U O T | ] | |
01 02 05 10 2 5

Temperature (K)

Atlow T: SgVX(1Hz) = 7 + 3 u@,Hz V>

W& fstood. Urbina and Clarke (1987) PaoeAeies



I/f Flux Noise in Flux Qubits

* Decoherence due to tlux noise enters via cv/c®._,
where v = (A” + €9)> and € = 2[ (D, — @,/'2)

* Hence decoherence due to flux noise vanishes
at®, = d,2

Y oshihara ef al (2006)
* Measured 5 flux qubits:

Sel* (1 Hz) = 0.9 — 2u®, Hz12 <) .
« Showed that decoherence was nof 001 0 0.001

due to critical current tfluctuations
* Loop area of qubit = 3 um-

W
I

FID dephasing
rate 106 g1

» 1/'1 flux noise also observed 1n:
* Quantrontum (charge-phase hvbrid) (Ithier er a/. 2005)
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Area Dependence of I/f Flux Noise

Area Se (1 Hz)

(},Lm:) (-”‘(I)U HZ_I_-:)
Wellstood er a/. (SQUIDs) ~2x 10° 5—-10
Yoshihara er a/. (flux qubits) -3 1 -2

* Measurements performed at millikelvin temperatures

* Experiments heavilyv shielded against environmental magnetic
field noise

* Weak tendencv for flux noise to increase with area

» Data rule out a “universal magnetic ficld noise™
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Model for 1/1f Flux Noise

* Single electrons hop on and off defect centers bv thermal
activation (as with charge and critical current noise)

* The spin of an electron 1s locked m direction while the
electron occupies a given trap. This direction varies randomly
from trap to trap. The flux coupled to the qubit bv an electron
at a grven position depends on the orientation of the spin.

* Two 1ssues:

* What 1s the mechanmism for “spin locking™? The locking
must persist for tumes at least as long as the mverse of the
lowest frequency at which 1/f noise 1s observed.

» What 1s the magmitude of the 1/f flux noise generated bv an
ensemble of these RTSs?
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Spin Locking I: The Kramers Degeneracy*

* For an odd number of fermions with spin !> 1 zero magnetic
field. Kramers showed that the ground state 1s doublv
degenerate. It was shown subsequently that this result 1s a
consequence of svmmetrv. The two states have oppositely
directed momenta.

* For an electron u-‘it& NONZEro orbital momentum (L~ 0). the
magnetic moment M = pg(L + 2S) produced by spin-orbit
coupling 1s locked to the direction of the crvstal field (electric).

* If there 1s no orbital angular momentum (for example. 1if 1t 1s
quenched). the remaining angular momentum is due solelv to
the electron. which does not couple to the crvstal field and will
thus not be locked

rsa:orocorz: F1. 2. Kramers, Koninkl Ned. Akad Wetenschap.. Proc. 33. 959 (L830)



Spin Locking II: Van Vleck Cancellation

MARCH 1, 194D PHYSICAL REVIEW VOLUME 52

Paramagnetic Relaxation Times for Titanium and Chrome Alum

J. H. Vax Viecx
Harvard University, Cambridge, Massachuselis

(Received December 26, 1939)

* Van Vleck showed that in zero magnetic ficld matrix elements
for direct transitions between the two states vanish. Thus. spin
tlip processes are forbidden. and the electron spin remains
locked 1n the state it occupies.

The 6 states of a p-electron
split by a crvstal field

e
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Spin Locking III: Second-Order Processe

PHYSICAL REVIEW VOLUME 107, NUMBER 2 JULY 15, 1957

Donor Electron Spin Relaxation in Silicon*®

Eimm ABRAHAMS
Deparimend of Physics, Rutgers University, New Brunswick, New Jersey, and Bell Tdephome Loboratories, Mwrrey Hill, New Jorsey
(Received April 15, 1957)

Second-order processes are in principle
allowed However, for the Raman process
Abrahams showed that the lifetime 1s

toc 1/TH

Second-order spin-

Thus. transition rates for such processes are .
tlip processes

utterly negligible at low temperatures

® Abrahams wrote this paper to explain the absence of electron spin
resonance 1n donors m Si1 at low temperatures. In this context. spin

Pirsa: 07040012 Page 53/6
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Configuration for Simulations vy

' Exterior

B
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L] » - .
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Configuration for Simulations vy
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Simulation Scheme for One Spin

Loop Hole Exterior
o ; lrumn E
X
Perpendicular ' In-plane
moment moments
Test loop Area A

Magnetic moment A1 = pu, = 9.27 x 10 J'T
Mutual inductance to SQUID loop M(x.V)
Calculate M using superconducting FastHenrv
Flux coupled to SQUID loop @_ = M(xv)ug A

>

0.1 pm Plot @_ ug= M(Xv) A versus position
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Flux Coupled to SQUID Loop from Current Loo

)
-

Flux from perpendicular moment
* Local mmimum at the middle

* Peaks at edges of film

» Vanishes at midpoint of the film

-
Cad

Flux from m-plane moment parall
to the path

* Peaks at midpomt of film

» Falls off rapidly awayv from film

0.1

Flux inloop (ndg/us)

Position(um)
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Mean Square Flux Noise Coupled to SQUID
Loop by Ensemble of Spins

For one spin at (X V). the tlux coupled to the SQUID loop 1s
O =MXY) ug/A

Mean square value <M= (xv'>= (M~ + I\L}F +M_>)/3

Mean square tlux noise 1s

(D+L) X
<(3@)*> = Snpg?fdx [dy <MA(xy)>/A2
0 0
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Spectral Density of Flux Noise

Set the spectral density S (1) = o/t. where « 1s to be determined

Introduce lower and upper cut-oft frequencies t, and 1,

f,

Then <(3®,)%> = a | df f = & In(£y/f))
fl

Assuming f; = 10+ Hz and {, = 10° Hz

We find S (T) @, = <(6D_, D,)>>/301

Note that this result 1s only very weaklyv dependent on 1, and f,
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Fit of Areal Density of Defects n

We regard » as a fitting parameter to produce values of S, (1 Hz)
comparable to those observed experimentallv:

r—5<10"m=
We assume these are surface defects 1n the S10, and contaminants
produced by exposure to chemicals and the atmosphere. For a
10-nm laver. this value corresponds to about 1 defect per 10° atoms.

Koch and Hamers (1987). Performed STM measurements on ultra
clean Si1 surface exposed to 3 x 107 torr of O, for 20 s m UHV
chamber. Thev found about 8 two-level systems 1n 6.5 X 6.5 nm-are
m a bandwidth ot 10-300 Hz. corresponding to an arcal densitv of

2 X 101" m~—. This represents an arcal defect density of 21 x 101 mr
over 13 decades of frequencv.
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Flux Noise Versus Loop Size for Fixed Aspect Ratio

2
-
~N
E 1F
-
=7
o —
e 06
2
———
o
= 13
7

Pirsa: 07040012

Loop size D +d (uum)

» Noise increases by a factor
of about 4 for increase mn
area of about 200

* The dominant noise 1s fror
mplane moments under the
superconductor.

* This noise could equally w
arise from mplane moment
on the superconducting fili

« Inplane noise 1s negligible
hole and exterior.

Fixed Total noise
aspect ratio
2d/W =4 Inplane-loop
,/ : -
- / ” " ‘..:_;:.‘1‘-""; i
/f ::t‘f == Ji"" # perp |DC‘D
s E
a~ ;F- “ ‘.it‘
- Y . s . . -
& ° =«  Perpendicular-exterior
P :
10 100 1000
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Could the Noise be Generated by Nuclear Spins

Model predicts that noise power scales as (#~n
Superconducting film
* >Nb: 5.56 x 10-®* m~>, abundance 100%. «=0.00336 14
« “9Pb: 3.30 x 10 m~, abundance 22%. = 0.00032 4
* Nb noise power Pb noise power == 830

+ Wellstood er a/. measured essentially the same 1/1 noise 1n
SQUIDs with Nb and Pb loops

Substrate
* “Si: 5.0 x 10® m~, abundance 5%. = 0.00030 14
« Sapphire 2"Al: = 3 x 10-® m~, abundance 100%, 2= 0.0020 4
* Sapphire noise power Si noise power =~ 300
* Martiis er a/i. (private comm.) find no significant difference
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Could the Noise be Generated by Nuclear Spins

Model predicts that noise power scales as (7
Superconducting film
* Nb: 5.56 x 10 m~, abundance 100%. «=0.00336 14
« “%Pb: 3.30 x 10 m, abundance 22%. = 0.00032 4
* Nb noise power Pb noise power == 830

+ Wellstood er a/. measured essentially the same 1/1 noise 1n
SQUIDs with Nb and Pb loops

Substrate
* Si: 5.0 x 10® m~3, abundance 5%. = 0.00030 14
+ Sapphire -"Al: = 3 x 10-® m~, abundance 100%, 2= 0.0020 4
* Sapphire noise power Si noise power == 300
* Martinis er a/i. (private comm.) find no significant difference

We have no model for 1/1f noise from nuclei
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Questions
» What kinds of defects are mnvolved?
* How might one measure the densitv of two level svstems?
— Vanable temperature STM to determine the density of detect:
as a function of temperature
* How might one verity the scaling with dimensions?
— Fabricate SQUIDs with a wide range of dimensions 1n a singl
process
* How might one reduce the magnitude of 11 tflux noise?
— Measure the flux noise i a device at low temperature. attemp
to remove the surtace contamination with 77z sz7 1on
bombardment. and remeasure the noise (heroic and nonscalabl
— Surface passivation
Two sets of IBM SQUIDs which were passivated showed
lower noise:
Foglietti et al. Syt=(1 Hz) = 0.5 x10° ®,Hz -
Tescheetal S,72(1Hz)=~02x10°®, HzYZ ™
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Concluding Remarks

* Flux noise model based on the hopping of electrons between
traps in which their spins have fixed. random directions

* Crucial underlving phvsics of “spin locking™ 1s the two-fold
degeneracv—the Kramers degeneracv—and that transitions
between these states do not occur at low temperature

* Traps have a broad range of energies. and hence trapping
times. so that uncorrelated processes lead to 11 noise

* A ftrap areal densitv of 5 - 101"m - 1s required to account for
the observed levels of 1 T noise: this appears to be reasonable
for heavilv contaminated surfaces

* Noise amphitude increases slowlv as the device dimensions are
increased

* The model does not discriminate between detects on the
substrate and on the superconductor

* This model unifies the concepts of charge. critical current and
flux noise
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DC SQUIDs: S,V*(1Hz) vs. T

o e T T e A Al Loop material
AFLS Nb (Al-4. F1
;-I_; 10? ‘—2"# e B1 o ; / . Pb (CZ)-

T [ S=ESSse==a o // | Pbln(AS. Bl
g [ = NN~y ] CLELY)
N 5 -:*‘“‘:: e\ !:"! ~ha-
= [ G ‘ F C1 1 Loop eftective
= 5 { areas:
3 = 1.400 pm-—

. 1 1 - 1 200.000 um?>

~01 02 05 10 2 5
Temperature (K)

Atlow T: SgV+(1Hz) = 7 + 3 n@,Hz V-

" Wellstood, Urbina and Clarke (1987) rage o8les



SQUID Readout

5 ns nise / fall
Ig=0 —l ~1 s \

T\"-S =0

* Pulse bias current:
detect switching events

* Repeat (sav) 1000 times

to determine probability

.+ Increment bias current
and repeat

Vihreshold

B 1

Z 0.8

=

S 0.6

0,

20().4

£

So2

=

el |
280 310 340

Pulse Current (nA)

(I)Q__,i =0.48 @,
(DQA =0.52 @,

@d, = constant

* Determine current /> for
50%0 switching prob&btiity



