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The coherence of superconducting quantum computers is severely limited by material defects that
create parasitic two-level-systems (TLS). Progress is complicated by lacking understanding how TLS
are created and in which parts of a qubit circuit they are most detrimental. Here, we present a method
to determine the individual positions of TLS at the surface of a transmon qubit. We employ a set of on-
chip gate electrodes near the qubit to generate local DC electric fields that are used to tune the TLS’
resonance frequencies. TheTLSposition is inferred from the strengths atwhich TLScouple to different
electrodes and comparing them to electric field simulations. We found that the majority of detectable
surface-TLS was residing on the leads of the qubit’s Josephson junction, despite the dominant
contribution of its coplanar capacitor to electric field energy and surface area. This indicates that the
TLS density is significantly enhanced near shadow-evaporated electrodes fabricated by lift-off
techniques. Our method is useful to identify critical circuit regions where TLS contribute most to
decoherence, and can guide improvements in qubit design and fabrication methods.

The nature of two-level tunneling systems (TLS) in amorphous materials
has been puzzling generations of physicists1. Today, TLS are recognized as
the primary source of decoherence in superconductingqubits.A type ofTLS
that was well-studied in glasses is thought to originate in the tunneling of a
single or a few atoms between two slightly different locations in the dis-
ordered material as illustrated in Fig. 1a2. In superconducting circuits,
amorphous surface oxides on electrodes and those used for tunnel barriers
of qubit junctions are thus a known host for TLS3–8. In addition, micro-
fabrication techniques were shown to spoil the crystallinity of the substrate
and to leave residuals of glassy photoresist9–11. There is a variety of other
models of TLS formation, and it remains unknown which types of TLS are
limiting qubit coherence12. To obtain insight into the elusive microscopic
TLS structure, atomistic modeling has gained in importance and was, e.g.,
used to characterize TLS formed by Hydrogen interstitials13, by dangling
surface atoms14, and by tunneling atoms in Josephson junctions15,16.

When the tunneling entity carries a charge, TLS defects possess an
electric dipole moment by which they couple to the AC electric field of the
resonator or qubit mode, and they quickly dissipate resonantly absorbed
energy via their strong phonon coupling. Optimizing the circuit design in
order tominimize the couplingofTLS to theAC-electricfield from thequbit
mode is thus a prerequisite for long coherence times5,17. The experimental
progress currently relies on laborious experiments searching for better
materials and improving fabricationprocedures14,17–19.A standardmethod is

to extract TLS loss in resonators from their power-dependent quality factor.
In qubits, however, energy relaxation can be dominated by only a few of the
most strongly coupled near-resonant TLS. Moreover, the resonance fre-
quencies of TLS often fluctuate due to their electric dipole or longer-range
phonon interaction with thermally activated TLS20,21, due to diffusing
charge22, and due to the impact of high-energy particles which may redis-
tribute the states of neighboring charge traps and bi-stable TLS23–25. The
resulting fluctuations of qubit resonance frequencies and coherence
times26–28 are especially problematic for quantum processors as they rely on
well-calibrated and stable qubits.

The strong interaction of TLS with qubits allows one to characterize
them individually3,4,29. TLS swap spectroscopy reveals the resonance fre-
quencies of sufficiently strongly coupled TLS by detecting minima in the
qubit energy relaxation time T1 that is measured as a function of qubit
frequency4,30,31. This method becomes especially powerful when it is com-
bined withmeans tomanipulate the TLS’ properties in-situ. Tuning TLS by
applied mechanical strain has revealed their interactions with coherent32

and with thermal33 TLS, and was used to characterize the TLS’ coherent
dynamics34.

Similarly, TLS were tuned by an applied DC-electric field and
individually characterized with superconducting resonators35–37. In
qubits, E-field tuning allows one to identify whether a TLS is residing in
the tunnel barrier of a qubit junction6, and provides means to enhance

1Physikalisches Institut, Karlsruhe Institute of Technology, Karlsruhe, Germany. 2Google Research, Mountain View, CA, USA. e-mail: juergen.lisenfeld@kit.edu

npj Quantum Information |           (2026) 12:80 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-026-01272-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-026-01272-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-026-01272-5&domain=pdf
mailto:juergen.lisenfeld@kit.edu
www.nature.com/npjqi


qubit T1 times38,39 and their temporal stability40. When the tuning electric
field can be spatially varied, e.g., by using two independently biased gate
electrodes placed above and below the qubit chip, it is possible to obtain
information on the circuit interface at which TLS reside7. Recently,
Hegedüs et al. demonstrated scanning gate microscopy to determine the
positions and electric dipole moment orientations of individual TLS at
the surface of a superconducting resonator41.

Here, we demonstrate a method to generate maps of the locations of
individual TLS on the surface of a transmon qubit. The TLS locations are
inferred from theirmeasured coupling strengths to eachof four on-chip gate
electrodes that are placed around the qubit, realizing a method of trila-
teration. The majority of all detected surface-TLS were found to reside near
the leads of the Josephson junctions. Considering the dominant contribu-
tion of the qubit’s planar capacitor and ground plane to surface area and
electric field energy, this result indicates that the TLS density is enhanced at
shadow-evaporated electrodes that are deposited by additive lift-off tech-
niques, in contrast to subtractive etching.

Results
Qubit sample with gate electrodes
The transmon qubit sample, shown in Fig. 1b–d, is based on the XMon-
design by Barends et al.4 and consists of a DC-SQUID and a cross-shaped
island that forms a shunt capacitor with the surrounding ground plane. In
addition, thedesign integrates four gate electrodes labeledα. . .δ in vicinityof
the qubit island which are used to tune the TLS by local DC-electric fields.

The simulated E-field strengthEαwhen a voltage of 1V is applied to the
α-electrode is shown by color in Fig. 1c. Due to the large spatial E-field
gradient, the response of aTLSdepends sensitively on its distance to the gate
electrode. The TLS position can thus be estimated by measuring its tuning
strengths to different electrodes and comparing them to the simulated
strengths of the local electric fields.

TLS spectroscopy
The resonance frequency of a charged TLS is given by the hyperbolic
function

ωTLS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ ðϵþ 2p � EÞ2

q
=ℏ; ð1Þ

whereΔ is the tunneling energy between its two states, and ϵ is a background
asymmetry energy of the TLS’ double-well potential (see Fig. 1a) that
depends on local static electric and strain fields. In addition, the asymmetry
energy is tuned by the component of the applied E-field E at the position of
the TLS that is parallel to the TLS’ electric dipole moment p. In our

experiments, the E-field E = Eα+ Eβ+ Eγ+ Eδ is controlled via the applied
voltages Vα…Vδ on the four gate electrodes.

We detect TLS resonances using the TLS swap-spectroscopy
protocol4,6,32 depicted in the top inset of Fig. 2a. The qubit is excited by a
microwave π-pulse and tuned to one of various probe frequencies for a
duration of 2.5 μs to allow for interactions with TLS. The remaining qubit
excitation P 1j i then provides an estimate for the qubit T1 time at the probe
frequency38, which shows aminimumwhen the qubit is in resonance with a
sufficiently strongly coupled TLS.

To measure the TLS’ coupling strengths to the four DC-electrodes,
their resonances are traced by TLS spectroscopy while the voltages on the
DC-electrodes are swept. As an example, Fig. 2a shows the resonance of a
TLS that was tuned through the symmetry point of its hyperbola Eq. (1),
where in each segment the voltage on the indicated gate electrode α. . . δwas
stepwise increased by 1Vwhile other voltageswere kept constant. The slope
of the hyperbola in the different segments then depends on the tuning
strength of the TLS by the corresponding electrode. It is obtained by fitting
such traces to Eq. (1), where the factor for the induced asymmetry energy 2p
⋅ E is replaced by

P
iγiVi. Here, i∈ {α, β, γ, δ} indicates the electrode that is

biased by the voltage Vi, and γi are the fitting tuning strengths that contain
information on the distance of the TLS to the corresponding electrodes.

TLS localization
Possible locations of the TLS could in principle be inferred from the mea-
sured tuning strengths by searching for positions (x,y) where the simulated
electric fieldEi(x, y) fulfills the equation 2p ⋅Ei(x, y,Vi) = γiVi. However, this
would require knowledge of the TLS’ electric dipole moment p and its
orientation relative to the local E-field. In our analysis, we therefore consider
only relative tuning strengths of the TLS by different electrodes, and search
for positions (x,y) fullfilling the equations

2p � Eiðx; yÞ
2p � Ejðx; yÞ

¼ γiVi

γjVj
; where fi≠jg 2 α; β; γ; δ: ð2Þ

In these equations, the TLS’ electric dipole moment p can be eliminated
given that the two fields Ei and Ej have parallel orientation at the position of
the TLS. In the following, we argue that this is indeed the case in our
experiment, because we are detecting only TLS in close vicinity to the edges
of qubit electrodes where all electric fields are sufficiently aligned.

Tobe able todetect aTLS inqubitT1-swap-spectroscopy, its (resonant)

coupling strength to the qubit g ¼ Δ
ℏωTLS

� �
p � Erms must be large enough to

result in a measurable decrease of the qubit’s energy relaxation rate. Thus,
TLS can only be detected in circuit regions where the qubit’s AC-electric

Fig. 1 | Qubit design to measure TLS locations. aModels of Two-Level-Systems
(TLS) formed by delocalized atoms in an amorphous material, and corresponding
TLS double-well potential that is characterized by the tunneling energy Δ between
the TLS states and the asymmetry energy ε. b Layout of the transmon qubit, formed
by a cross-shaped island that is connected via two Josephson junctions to the

surrounding ground plane. c Four electrodes indicated by α to δ are placed around
the qubit to generate locally concentrated DC-electric fields. The color encodes the
simulated magnitude of the DC-electric field at the sample surface when 1V is
applied to electrode α. d False-colored SEM picture of the DC-SQUID and a single
Josephson junction.
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field strength ∣Erms∣ exceeds gmin=pk. AssumingΔ/ℏωTLS ≈ 1 (most strongly
couplingTLSnear their symmetrypoint) andafield-parallel dipolemoment
of p∥ ≈ 1eÅ3,4,36,42, the required minimum coupling strength gmin can be
estimated from the energy relaxation rate of the resonantly coupled qubit-
TLS system4Γ1 ¼ 2 ðgmin=ℏÞ2=Γþ Γ1;Q, where Γ1,Q is the energy relaxation
rate of the isolated qubit, and Γ= Γ1,TLS/2+ Γ2,TLS+ Γ1,Q/2+ Γ2,Q is the sum
of TLS and qubit energy relaxation and dephasing rates. The assumption
that TLS are detected if they reduce the qubit’s T1 time by a factor of κ

translates into aminimumcoupling strength of gmin ¼ ℏ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ � Γ1;Q Γ=2

q
and

corresponding minimum AC-electric qubit field strength Emin ¼ gmin=pk.
A plot of these relations can be found in Supplementary Note E. For a qubit
T1 = 7 μs, TLS coherence times in the range of T1,TLS ≈ T2,TLS ≈ 0.1− 2 μs
4,6,32,43–45, and κ = 5%, we find a Emin range of ≈ 0.3 − 3 V/m.

Figure 3a shows the simulated magnitude of the qubit’s AC-electric
field ∣Erms∣. A cross section through the edges of ground plane and qubit
island is shown in Fig. 3b and illustrates that in our qubit sample, TLS can
only be detected within an ≈ 1 − 2 μm distance from the edge of qubit
electrodes where jErmsj > Emin. Since Emin decreases with the square root of

the qubit’sT1 time,more coherent qubits are affected by TLS in a wider area
which includes more weakly coupled ones as illustrated in Supplementary
Note E.

To show that the electric fields from different on-chip electrodes are
indeed sufficiently parallel, such that the dipole moment in Eq. (2) can be
canceled in order to simplify the solution for possible TLS positions, in Fig.
3c we plot the electric fields’~x� and~z-components along the white line in
Fig. 3a. Near the center of the gap between ground and qubit island, the
E-fields point in different directions. However, within the short distance to
the electrode edgeswhereTLSare detected inour experiment, all E-fields are
well aligned since their vector products with the qubit field ~Eq approach
unity as plotted in Fig. 3d. This is also the case near the junction leads as
shown in Supplementary Note E.

After dropping theTLS’ electric dipolemomentp in the vector product
in Eq. (2), we find the most probable TLS position (x, y) by minimizing the
sum of residuals

σ ¼
X

i≠j

Eiðx; yÞ
Ejðx; yÞ

� γi
γj

�����

�����; where fi≠jg 2 α; β; γ; δ: ð3Þ

Fig. 3 | Strength and orientations of AC- and DC-electric fields. aMagnitude of
the qubit’s AC-electric field ∣Erms∣ as simulated with Ansys HFSS. b Cross-section of
∣Erms∣ along thewhite line in a. TLS can only be detected in the red shaded area where
the field exceeds a minimum strength Emin (blue vertical line). c Components of the
electric fields from the four electrodes and the qubit, plotted in~x� and~z directions

(left and right panel). Near the center of the gap between ground plane and qubit
island, the fields induced by the gate electrodes change their direction and point in
different directions. d The normalized vector product between the fields of gate
electrodes and the qubit approaches unity near the electrode edges where all fields
point in the same direction.

Fig. 2 | Finding the location of a TLS. a TLS spectroscopy using the protocol in the
inset, to reveal the resonance frequencies of TLS from minima (dark pixels) in the
resulting qubit population Pð 1j iÞ. In each segment, the voltage on a different elec-
trode α..δ is increased by 1V. The highlighted trace shows a TLS as it is tuned through
its symmetry point (arrow) according to Eq. (1) as illustrated in the lower inset. The
TLS' response strengths γi to the different electrodes are obtained by fitting such
traces to Eq. (1), and provide information about the TLS' distance to the electrodes.

b Difference between the measured TLS response strength ratio γi/γj and the cor-
responding simulated E-field ratio (colorscale) for the TLS observed in a. Minima
(dark pixels) indicate possible TLS positions. Each panel shows data from a different
electrode pair as marked in the legends together with the measured tuning ratio.
cThe colorscale shows the difference sum σ (Eq. (3)) over all 6 unique combinations
of electrode pairs. The minimum (white circle) marks the most probable TLS
position.

https://doi.org/10.1038/s41534-026-01272-5 Article

npj Quantum Information |           (2026) 12:80 3

www.nature.com/npjqi


Each of the six summands in Eq. (3) is the difference between the
measured tuning ratio of two electrodes with the corresponding simulated
E-field ratio at position (x, y). Figure 2b shows exemplarily the contribution
of four summands for the TLS observed in Fig. 2a, where minima (dark
pixels) indicate possible TLS positions that are confined along approximate
circles centeredat the electrodewhich is nearest to theTLS. For example, the
TLS shown in Fig. 2a shows a 10 times stronger response to the β-electrode
than the α-electrode. This places possible TLS positions in vicinity of the β-
electrode as shown in the top left panel of Fig. 2b. Figure 2c shows a plot of
the complete difference sumof Eq. (3) that contains information fromall six
electrode pairs, and where the global minimum (marked by a white circle)
then indicates the most likely TLS position. In this analysis, we allow only
solutions of TLS positions within the region where the qubit’s AC field is
strong enough (jErmsj > Emin) so that TLS can be detected.

TLS distribution
To generate a map of the individual TLS positions on the qubit circuit, we
swept thevoltagesoneachof the four electrodes ina rangebetween−60Vand
+100V and performed TLS spectroscopy in a 150-MHz wide window as
shown inFig. 2a. In total, 55TLSwere observed in a single qubit samplewhose
tuning strengths to all four electrodes could be characterized (see Supple-
mentary Note F for further details). For the analysis, TLS were discarded
whosecouplingstrength to theupperelectrodesαandγwere indistinguishable
from zero so that their location could not be precisely determined. This is the
case for TLS that reside on the long arm of the qubit island (see Fig. 1b).

The determined individual TLS positions are marked by yellow circles
in Fig. 4a. Themajority of TLS (58%)were found to reside at the leads of the
qubit’s Josephson junctions. Near the edges of the qubit island and the
ground plane, 25% and 16% were found, respectively. In this example, a
relatively small value of Emin ¼ 0:75 V/mwas chosen as the threshold field
above which TLS can be detected, which limits the area of allowed TLS
positions to the thin white line in the inset of Fig. 4a.

To check the mapping procedure’s reliability, the analysis is repeated
for various values of Emin. The resulting percentages of TLS found on the
SQUID leads vs. those on the qubit island and ground plane are plotted in
Fig. 4c. These remain at a ratio of 60:40 within the most probable range of
Emin � 0:3::3 V/m as estimated above, which backs the robustness of the
method. Above a value of Emin � 6 V/m, the procedure fails since it is
forced to place all TLS on the DC-SQUID. For the given data and qubit

sample, we estimate an uncertainty in the TLS positions of about 6 μm as
further discussed in Supplementary Note G. This resolution can be
enhanced with more suitable qubit designs that avoid sharp corners.

Excess TLS density near the SQUID
Notably, the observed TLS distribution points towards an excess density of
TLSnear theDC-SQUID leads. Since the probability to detect a surface-TLS
scales with the square of the local qubit field, the expected ratio of the
numbers ofTLSobservednear the SQUIDvs. groundplane andqubit island
can be estimated by comparing their energy participation ratios (EPRs). By
calculating the EPR, we limit the integrals over ∣Erms∣2 to regions where
Erms > Emin to account forTLSdetectability in swap spectroscopy,which sets
this calculation apart from the common participation ratio analysis5 that
includes also weakly coupled TLS. Further details are given in Supple-
mentaryNote E. The result is plotted with solid red and blue lines in Fig. 4c,
and predicts that most TLS (>50%) would be observed on either the qubit
islandor groundplane in thewhole rangeof reasonable valuesEmin < 4V/m,
in stark contrast to the experimental data.

Thisfinding canbe reconciled assuming that theTLSdensitynear theDC
SQUID is about two times larger than near qubit island and ground plane,
presumably due to its different fabrication procedure. The expected TLS dis-
tribution for this case is shownby thedashed redandblue lines inFig. 4c,which
are obtainedby scaling the electricfield energyE2

rms integrated over the SQUID
area by a factor of two. We find a very good agreement with the experimental
result that ismostly insensitive to the choice ofEmin in themapping algorithm.

FromtheTLS’ estimatedpositions,we can calculate their electric dipole
moments using the measured tuning strengths γi and the simulated local
E-fields of corresponding DC-gate electrodes. Similarly, the TLS’ coupling
strength to the qubit g can be estimated using the simulation of the qubit’s
AC-electric field strength at the TLS’ position. Figure 4b shows their his-
tograms and cumulative distributions for the representative example shown
inFig. 4a.The extractedmedianTLSdipolemoment variesweaklywithEmin
as shown in Fig. 4d, and is estimated to p∥ ≈ 1.12 ± 0.12 eÅwhich is well in
accordance with results obtained using other methods in qubits and
lumped-element resonators3,4,36.

Discussion
We have demonstrated amethod to determine the individual positions and
electric dipole moments of TLS defects in a transmon qubit. The majority
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(≈58%) of observed strongly interferingTLS in the qubit samplewere found
to reside on the qubit’s DC-SQUID. This confirms that the leads of tunnel
junctions, due to their large electric energy participation, are a critical
component which can dominate qubit loss45–47. This advocates for the use of
wire-tapering techniques to dilute the electric field48, and to minimize the
size of lift-off structures.

Our results additionally indicate that the TLS density near the junction
leads is enhanced by a factor of ≈ 2. Thismay be attributed to their different
fabrication technique as compared to the qubit capacitor, which can pro-
mote TLS formation in various ways. For example, junction formation by
shadowevaporationandelectron-beamlithography is associatedwith larger
amounts of resist residuals and enhanced roughness of junction lead
interfaces10,11,49. The junctions were fabricated with a lift-off process which
reportedly leaves excess residues9,47. Also, thinner films showed a larger
density of grain boundaries associated with enhanced oxygen diffusion19.

The technique to find TLS positions works with various (charge-resi-
lient) qubit types such as flux and phase or transmon qubits, and provides
information on the local TLS density in a single sample without the need to
averageover a large ensembleofdifferentlydesignedqubits. It canbe applied
to arbitrary qubit designs when the grid of DC-electrodes is patterned on a
wafer placed above the qubits in a flip-chip configuration. This is similar to
the recently demonstrated scanning gate spectroscopy41, but does not
require mechanical control.

Control over the local DC-electric field also enables one to actively
suppress decoherence by tuning dominating TLS defects out of the qubit
resonance38–40. For this, multiple electrodes provide independent control
over TLS at different locations which enhances the ability to decouple the
qubit from the decohering bath.

The current method cannot determine at which interfaces TLS are
residing. This is possible with additional gate electrode placed above and
below the qubit chip, allowing one to also distinguish TLS located at the
metal-substrate interface from those at the metal-air interface and the
substrate as we showed in previous work7. Moreover, the combination with
TLS tuning by appliedmechanical strain provides additional information of
TLS densities in tunnel junction barriers6, and is useful to enhance the
numbers of observable TLS in a given qubit circuit.

Our method opens door to study TLS formation due to fabrication
techniques and contaminants, for example by comparing TLS densities in
differently processed areas of the samequbit circuit.This approach can serve
to guide improvements in qubit fabrication and design, which is vitally
needed for the advancement of large-scale superconducting quantum
processors where TLS defects present a major obstacle.

Methods
Sample fabrication
The qubit was fabricated from aluminum on a sapphire substrate, using
optical lithography and dry etching for the ground plane and qubit island,
and eBeam-patterned Dolan bridges to form the tunnel junctions and their
leads (shown inFig. 1d) in a 3-angle shadow evaporationprocess that avoids
unwanted stray junctions50. Details on sample fabrication and circuit
parameters are found in SupplementaryNoteA. The samplewas cooled to a
temperature of 25 - 30 mK and measured in a standard setup as detailed in
Supplementary Note B.

Loss from gate electrodes
The qubit showed energy relaxation times T1 between 5 to 8 μs at operation
frequencies between 5 and 5.5GHz. Similarly, fabricated qubits without on-
chip gate electrodes achieved only slightly longer T1-times between 10 and
20 μs38,50, and these were mostly limited by TLS near circuit electrodes6,51.
However, the observed T1-time falls within the estimate range of the
radiative loss via the capacitive coupling to the four electrodes, which were
placed in close vicinity to thequbit island toenhance the spatial resolution in
TLS localization. This loss channel can be mitigated with an improved
design of the qubit and on-chip electrodes52. Further details on loss are
discussed in Supplementary Note C.

Data availability
The raw data that support the findings of this study are available from the
public repository Zenodo, DOI:10.5281/zenodo.18847452.
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