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Geometrical dependence of the low-frequency noise in superconducting flux qubits
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A general method for directly measuring the low-frequency flux noise (below 10 Hz) in compound
Josephson-junction superconducting flux qubits has been used to study a series of 85 devices of varying design.
The variation in flux noise across sets of qubits with identical designs was observed to be small. However, the
levels of flux noise systematically varied between qubit designs with strong dependence upon qubit wiring
length and wiring width. Furthermore, qubits fabricated above a superconducting ground plane yielded lower
noise than qubits without such a layer. These results support the hypothesis that local impurities in the vicinity

of the qubit wiring are a key source of low-frequency flux noise in superconducting devices.
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Qubits implemented in superconducting integrated cir-
cuits show considerable promise as building blocks of scal-
able quantum processors. However, low-frequency noise in
superconducting devices places fundamental limitations on
their use in quantum information processing.'~* Recent the-
oretical work has highlighted several potential sources for
low-frequency noise. These include ensembles of two-level
systems (TLSs) that could be associated with dielectric
defects,>”’” magnetic impurities in surface oxides on super-
conducting wiring,® and flux noise induced by spin flips at
dielectric interfaces.” Characterizing low-frequency noise is
an essential step in understanding its mechanism and in de-
veloping fabrication strategies to minimize its amplitude.
Several techniques have been exploited to indirectly measure
low-frequency noise in superconducting qubits.'®!! This
Rapid Communication describes a technique for directly
measuring low-frequency noise in rf superconducting quan-
tum interference device (SQUID) flux qubits. We present
measurements performed on a series of qubits of varying
wiring lengths and widths, and qubits with and without su-
perconducting shielding layers.

The devices described in this Rapid Communication were
fabricated on an oxidized Si wafer with a Nb/Al/Al,O5/Nb
trilayer process. There were two additional wiring layers,
WIRA and WIRB, above the trilayer [see Fig. 1(a)]. All wir-
ing layers were insulated from each other with layers of sput-
tered SiO,. 85 qubits with a range of geometries (wiring
length, wiring width, and the presence or absence of shield-
ing planes) were tested. Qubit wiring lengths ranged from
350 pum to 2.1 mm and wiring widths ranged from 1.4 to
3.5 wm. Moreover, the qubits were drawn from several wa-
fers to control for variability in fabrication process condi-
tions.

The compound Josephson-junction (CJJ) rf SQUID is
shown schematically in Fig. 1(b) and consists of a small CJJ
loop (inductance ~10 pH) and the main qubit loop (induc-
tances vary from ~80 to ~800 pH). The loops are exter-
nally flux biased with CIDSJJ and @Y, respectively. The CJJ
loop contains two Josephson junctions with critical current /¢
when connected in parallel. For L¢yy <L, the Hamiltonian for
an isolated device can be approximately expressed as!'?
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where @7 is the total flux, Q is the charge stored in the net
capacitance C7 across the junctions, E;=®yl?/2, and
®y=h/2e. The potential energy U(®P,) is monostable when
B=27L,, cos(ﬂ'CI)f.JJ /D) /Py<<1 and classically bistable
with two countercirculating persistent current states (denoted
as |0) and |1)) possessing persistent current of magnitude
|I,|=(n|®4/L4|n)| for B> 1. Ignoring all but the two lowest-
energy levels (two-level approximation), one can map an iso-
lated CJJ rf SQUID onto a qubit Hamiltonian,

a. I

WIRB | 600 nm
L isomm
WIRA 300 nm
BASE 100 nm | 200 nm ALO,

Thermal SiO, 150 nm |
| Silicon Wafer |

CJJ loop

Qubit body

Readout DC SQUID

FIG. 1. (a) Cross section of the fabrication stack. There are three
Nb metal layers: BASE, WIRA, and WIRB. The trilayer is grown
on the top of the BASE layer. Wiring layers are insulated from each
other with layers of sputtered SiO,. (b) CJJ rf-SQUID qubit
schematic.
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H,=- %[EO‘Z+AO'X:|, (3)
where e=2|1,|® is the energy bias, A is the tunneling energy
between |0) and |1), and o, and o, are Pauli matrices. For an
rf-SQUID qubsit both |7,| and A are functions of ®¢". A dc
SQUID, inductively coupled to the qubit with mutual induc-
tance M,,.,, distinguishes between the qubit states by mea-
suring the flux generated by the persistent current for CDSH
=n®, where A=0.

Our qubit magnetometry technique consists of initializing
the qubit at its degeneracy point (®!=d/2,P9=0), rais-
ing the tunnel barrier by applying a 30 us linear ramp from
PN =d/2 to D= to localize the qubit in |0) or [1) and
then measuring its state with the dc SQUID. We repeat this
bias and measure cycle n times, assigning each |0) measure-
ment a value 0 and each |1) measurement a value 1. We then
average these n measurements to produce a population mea-
surement P e [0,1] which has an uncertainty 1/v4n. In the
absence of flux noise one would expect P=0.5. However, in
the presence of low-frequency flux noise, the population
measurements will fluctuate about P=0.5 with an amplitude
that depends on the noise scale. We can thus use P to directly
probe the flux environment experienced by the qubit as a
function of time.

To calibrate the mapping from P to flux noise amplitude
we first measured the flux periodicity of the rf SQUID. We
then assume a phenomenological form for population versus
external flux bias

1+ D (1) - cpg)} @

1
P(®Ln=—|1+ tanh(
2 26

where ®,(7) is a time-dependent flux noise, ®f is the ex-
ternal flux needed to balance P=0.5 (€=0), and & captures
the breadth of the transition. With sufficient averaging,
we measure a static population distribution P(@j{):%[l

+tanh(q)22_ (DS)] which allows us to calibrate ®f and & [see

Fig. 2(a)]. Inverting Eq. (4) then allows one to convert mea-
surements of P to ®,(z).

Figure 2 shows example qubit magnetometry measure-
ments. Each flux measurement is derived from 128 popula-
tion measurements. Time traces were collected for 325 s. The
white-noise level of the resulting power spectral density
(PSD) is consistent with the error expected from a binomial
distribution of population measurements. At a fixed tempera-
ture this noise level can be reduced by sampling at a higher
frequency. In practice, we are limited to a sample frequency
of 5 kHz by the bandwidth of the control lines connecting the
qubit to the room-temperature electronics.

In addition to the aforementioned white noise, a typical
PSD also shows a 1/f frequency dependence for f<10 Hz.
To separate the contribution to the PSD from white noise and
1/f noise, we define the 1/f contribution as

1 Hz)“"
f

and fit the measured PSD from every qubit tested with the
function

Sa(f) =A< (5)
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FIG. 2. (Color online) Flux noise measurements for a typical
qubit. (a) Static qubit population P vs external flux bias. The fit is
shown in red (gray). (b) Qubit flux versus time. (c) Power spectral
density of flux signal. The fit to Eq. (6) is shown in red (gray) and
the white-noise level expected from a binomial distribution is
shown in blue (dashed).

PSD(f) = So(f) + w,,, (6)

where A represents the magnitude of the 1/f noise at 1 Hz
(CI)é/ Hz), « represents the power of the frequency depen-
dence, and w, represents the white-noise level. We interpret
the 1/f power extracted from the PSD fit as a low-frequency
flux noise signal S (f) that biases the qubit.'> Measurements
of the current noise of the room-temperature current sources
that provide ®7 reveal that their low-frequency noise is over
a factor of 50 below the smallest measured S¢. The fit values
of a were clustered around a=1.00£0.15.

To investigate the variation in the low-frequency noise
between qubits of identical design, we measured a set of 27
identical qubits (700 wm long and 1.4 um wide). Figure 3
shows a histogram of the low-frequency flux noise Sq¢(1 Hz)
for these qubits. We measure a median A=1.9%*0.3
X 1071°®2/Hz.

In Fig. 4(a) we compare the value of A as a function of
wiring length for qubits that are 1.4 wm wide and have a
shielding plane under the qubit wiring. A fit of the form
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FIG. 3. (Color online) Variation in qubit flux noise across 27
identical qubits.

Se(1 Hz)=A(LP yielded Ay=1.7+0.3X 107'°®;/Hz and B
=1.14%0.15. Ay measures the 1/f power scaled to a length
of 350 um and 8 measures the scaling with length. The 1/f
power scales approximately linearly with the wiring length
of the qubit. Performing the same comparison for qubits that
are 3.5 um wide and have no shielding plane yields A,
=9.5+0.3X107""®3/Hz and B=1.1=0.25.

In Fig. 4(b) we compare the 1/f noise as a function of
wiring width in qubits that are 350 wm long and have no
shielding plane. We see a dependence on the 1/f amplitude
with qubit width. A fit of the results to the form Sq(1 Hz)
=Byw?, where B, measures the 1/f power scaled to a width
of 1 wum and y measures the scaling with width. The fit
yielded By=9.6+0.5X107"°®2/Hz and y=-0.98=0.10.
The 1/f power scales approximately as the inverse of the
wiring width of the qubit.

There are clear differences in qubits that are geometrically
identical except for the presence or absence of a ground
plane underneath the device. Table I shows a comparison of
the measured noise between such pairs of qubits. In all cases,
qubits with a ground plane underneath the device were qui-
eter by 30%-50%.

TABLE 1. Comparison of qubits with and without BASE
shielding.

Description Shield Sq(1 Hz)(u®y/ VHz)
WIRA, L=2.1 mm, w=3.5 um  Yes 17+1
WIRA, L=2.1 mm, w=3.5 um No 25+4
WIRB, L=2.1 mm, w=1.4 um Yes 29+2
WIRB, L=2.1 mm, w=1.4 um No 34+4
WIRA, L=1.4 mm, w=3.5 um Yes 152
WIRA, L=1.4 mm, w=3.5 um No 21+2
WIRA, L=1.4 mm, w=1.4 um Yes 21+2
WIRA, L=1.4 mm, w=1.4 um No 27+2
WIRB, L=1.4 mm, w=1.5 um Yes 21+2
WIRB, L=1.4 mm, w=1.5 um No 27+3
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FIG. 4. (a) Qubit noise for different wiring lengths and a shield-
ing plane under the qubit. (b) Qubit noise for different wiring
widths, no ground plane is present.

Qubit magnetometry on this series of devices has revealed
a clear dependence of the low-frequency noise on geometry.
The scaling with wiring length and width suggests a noise
source local to the qubit wiring. For example, the micro-
scopic model described in Refs. 8 and 14 suggests low-
frequency noise due to localized but interacting magnetic
moments (the most likely candidate is defects in Nb,Os lay-
ers on the qubit wiring) where the power should scale as L/w
for a qubit of length L and width w. While this model pre-
dicts a noise amplitude and geometrical dependence in rough
agreement with the results reported herein, the model also
predicts a high-frequency cutoff of f.~ 100 Hz with white
noise at frequencies below f.. Our data show a clear fre-
quency dependence down to 1072 Hz which disagrees with
this prediction.

The measurements also reveal that qubits with a shielding
plane under their wiring are systematically quieter than qu-
bits with shielding over their wiring or qubits with no shield-
ing plane (Table II). For qubits with underlying shielding
layers, current flow is predominantly distributed along the
bottom surface of the qubit wiring. This surface is naturally
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TABLE II. Comparison of qubits with shielding above and be-
low the qubit wiring.

Description Shield VSg(1 Hz)(ud,/VHz)
WIRA, L=0.7 mm, w=1.4 pum Under 181
WIRA, L=0.7 mm, w=1.4 um  Over 21+1
WIRA, L=2.1 mm, w=1.4 pum Under 26+2
WIRA, L=2.1 mm, w=1.4 um Over 38+2
WIRA, L=1.4 mm, w=1.4 wm Under 21+2
WIRA, L=1.4 mm, w=1.4 um  Over 28+2

protected from subsequent fabrication and ambient condi-
tions and should exhibit fewer impurities. Note also that
shielding under the qubit wiring isolates the qubit from the
Si/Si0, interface on the substrate. Impurities at this interface
could be responsible for coupling flux into the qubit, and
some models predict a frequency-dependent noise.’

The magnetometry technique described in this Rapid
Communication is an effective way of probing low-
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frequency flux noise in superconducting flux qubits. This
technique revealed that qubits having varying lengths,
widths, and shielding are subject to systematically different
levels of noise. The behavior of the measured flux noise is in
approximate agreement with theoretical microscopic models
that postulate that the source of flux noise is the magnetic
impurities proximal to the qubit wiring. However, the mea-
surements do not rule out local impurities in the dielectric
insulating layers. These measurements suggest that to reduce
low-frequency noise in superconducting qubits, the ratio of
qubit length to width should be reduced as much as possible.
A shielding layer close to the qubits and preferably between
the qubit wiring and the Si/SiO, interface further reduces
flux noise.
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