World's first experimental observation of a Kondo cloud

Physicists have been trying to observe the Kondo cloud quantum phenomenon for many decades. An
international research team including a scientist from City University of Hong Kong (CityU) has recently
developed a novel device that successfully measures the length of the Kondo cloud and even allows for
controlling it. The findings can be regarded as a milestone in condensed matter physics, and may
provide insights for understanding multiple impurity systems such as high-temperature superconductors.
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What is the Kondo cloud?

The Kondo effect is a physical phenomenon discovered in the 1930s. In metals, as the temperature
drops, electrical resistance usually drops. However, if there are some magnetic impurities in the metal, it
will show the opposite result. Resistance will drop at first. But when it is below some threshold
temperature, the resistance will increase as the temperature decreases further.

This puzzle was solved over 50 years ago by Jun Kondo, a Japanese theoretical physicist for whom the
effect was named. He explained that when a magnetic atom (an impurity) is placed inside a metal, it
has a spin. But instead of just coupling with one electron to form a pair of spin-up and spin-down, it
couples collectively with all the electrons within some areas around it, forming a cloud of electrons
surrounding the impurity—this is called the Kondo cloud. When a voltage is applied over it, the
electrons are not free to move or are screened off by the Kondo cloud, resulting in resistance increase.

How big is the cloud?

Some basic properties of the Kondo effect have been proven experimentally and were found to be
related to the Kondo temperature (the threshold temperature where the resistance starts to go up at
low temperature). However, the measurement of the Kondo cloud's length was yet to be achieved.
Theoretically, the Kondo cloud can spread out over several micrometers from the impurity in
semiconductors.



"The difficulty in detecting the Kondo cloud lies in the fact that measuring spin correlation in the
Kondo effect requires the fast detection of tens of gigahertz. And you cannot freeze time to observe and
measure each of the individual electrons".

Isolating a single Kondo cloud in the device

Thanks to the advance in nanotechnology, the research team fabricated a device that can confine an
unpaired electron spin (magnetic impurity) in a quantum dot, like a small conducting island with a
diameter of only a few hundreds nanometers. "Since the quantum dot is very small, you can know
exactly where the impurity is," said Dr. Borzenets.
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Connecting to the quantum dot is a one-dimensional and long channel. The unpaired electron is
constricted to couple to the electrons in this channel and form a Kondo cloud there."In this way, we
isolate a single Kondo cloud around a single impurity, and we can control the size of the cloud as well,"
he explained.

The novelty of the system is that by applying a voltage at different points inside the channel with
various distances away from the quantum dot, they induced "weak barriers" along the channel.
Researchers then observed the resulting change in electron flow and the Kondo effect with varying
barrier strength and position.

The secret lies in the oscillation amplitude

By changing the voltages, it was found that the conductance went up and down, no matter where they
put the barriers at. And when there were oscillations in conductance, oscillations in the measured Kondo
temperature were observed.

When the researchers plotted the oscillation amplitude of Kondo temperature versus the barrier distance
from the impurity divided by the theoretical cloud length, they found that all their data points fall onto
a single curve, as theoretically expected. "We have experimentally confirmed the original theoretical
result of the Kondo cloud length which is in micrometer scale," said Dr. Borzenets. "For the first time,
we have proved the existence of the cloud by directly measuring the Kondo cloud length. And we found
out the proportionality factor connecting the size of the Kondo cloud and Kondo temperature."

Provide insights into multiple impurity systems

The team spent almost three years in this research. Their next step is to investigate different ways to
control the Kondo state. "Many other manipulations on the device can be done. For example, we can
use two impurities at the same time, and see how they will react when the clouds overlap. We hope the
findings can provide insights into the understanding of multiple impurity systems such as Kondo lattices,
spin glasses and high transition-temperature superconductors."
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When a magnetic impurity exists in ametal, conduction electrons forma spin cloud
that screens the impurity spin. This basic phenomenon s called the Kondo effect*?.
Unlike electric-charge screening, the spin-screening cloud®® occurs quantum
coherently, forming spin-singlet entanglement with the impurity. Although the spins
interactlocally around the impurity, the Kondo cloud can theoretically spread out
over several micrometres. The cloud has not so far been detected, and so its

physical existence—a fundamental aspect of the Kondo effect—remains
controversial”®, Here we present experimental evidence of a Kondo cloud extending
over alength of micrometres, comparable to the theoretical length &. In our device, a
Kondo impurity is formed ina quantum dot>*™, coupling on one side to a quasi-one-

dimensional channelthat houses a Fabry-Pérot interferometer of various gate-
defined lengths L exceeding one micrometre. When we sweep a voltage on the
interferometer end gate—separated by L from the quantum dot—toinduce Fabry-
Pérot oscillations in conductance we observe oscillations in the measured Kondo
temperature Ty, whichis asignature of the Kondo cloud at distance L. When L is less
than & the T oscillation amplitude becomes larger as L becomes smaller, obeying a
scaling function of a single parameter L/, whereas when L is greater than § the
oscillationis much weaker. Our results reveal that & is the only length parameter
associated with the Kondo effect, and that the cloud lies mostly within alength of &.
Our experimental method offers a way of detecting the spatial distribution of exotic
non-Fermi liquids formed by multiple magneticimpurities or multiple screening

channels®7

and of studying spin-correlated systems.

Although Kondo physics for a single magneticimpurity has been well
established except for its spatial extension, our understanding of mul-
tiple impurity systems such as Kondo lattices, spin glasses, and high-
transition-temperature (high-7,) superconductorsis far from complete.
Insuchsystems, the Kondo cloud length (or the spatial distribution of a
Kondo cloud) withrespect to the distance betweenimpurities and other
length parametersis crucial for an understanding of their properties.
The detection and control of a Kondo cloud is therefore a milestone
in condensed matter physics. There have been attempts to detect the
Kondo cloud for 50 years®>®'>77"2* Nuclear magnetic resonance meas-
urements have not found any signature of the cloud’. Scanning tun-
nelling microscopy experiments have shown asignature of the Kondo
effectbutinaregionadistance away from a magneticimpurity thatis
much shorter than the cloud length?. The difficulty lies in the fact that
measuring spin correlation in the Kondo screening requires the fast
detection of tens of gigahertz'® and there may be complications arising
fromthe atomic or electronicstructures of the sample. However, recent
advancesin nanotechnology have opened up another way of detecting
the Kondo cloud. We can now prepare a single spinin a quantum dot
(QD) in contact with an electron reservoir, thus achieving systematic
control of asingle-channel Kondo state®™°, The theoretical value of the
cloudlengthistypically® & =g/ (ks T,) =1 um (Where kg is the Boltzmann

constant) for Ty = 1K and the Fermi velocity is vy =10° m s™. Arecent
theoretical study? of quantum entanglement shows that the Kondo
state lies mostly within the distance & from the impurity, with along
algebraically decaying tail extending farther. Interesting proposals sug-
gest the use of afinite-size electron reservoir, to observe competition
between the cloud length and the reservoir size® 2.

Here, instead of rigidly limiting the reservoir size, we perturb the
reservoir by inducing aweakbarrier at a position L far from the Kondo
impurity and observe the resulting change in the Kondo effect with vary-
ing barrier position, following a recent proposal®. Figure 1ashows the
deviceand measurement schemes. Anunpaired electron spin (magnetic
impurity) is confinedina QD coupled to aone-dimensional (ID), long,
ballistic channel®*”. The QD isin the Coulomb blockade regime. The 1D
channelis tuned to contain several conducting channels and has three
quantum point contact (QPC) gates placed away from the QD at lengths
L=1.4pm, 3.6 pmand 6.1 pm. Application of voltage Vi to one of the
QPC gates creates a weak barrier so that a Fabry-Pérot (FP) cavity? of
length L is formed between the QD and the QPC. The charging energy
ofthe FP cavity is ineffective owing to strong coupling to the reservoir
through multiple conducting channels. Changing Vi allows us to con-
tinuously tune the FP cavity between on- and off-resonances by altering
the cavity length on the scale of the Fermi wavelength AL = A; (where
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Fig.1|Measurementsetup and characterization. a, Device and measurement
schematic. The device consists ofaQD coupled to alD channel (see Methods),
inwhichthree QPCgatesareembedded atdistances L =1.4 um, 3.6 umand
6.1pmfromthe QD. The activation of aQPC gate creates a FP cavity oflength L.
The QDis tuned viaacentral plunger gate voltage V,, and two side gates V, and
Vi. The device is measured via the lock-in method: asmall a.c. voltage Vyp is
applied, and the current /y,through the systemis measured.b, The
conductance G (measured in units of quantum conductance, €*/h) of the device
versusthe plunger gate voltage Vy,and the L =1.4 pm QPC gate voltage V.
Coulombblockade peaks are observed withrespect to changing V.
Oscillations associated with the FP cavity are seen with respect to changing
Vape- €, Conductance G versus Vo taken at Ve = 0. Coulombblockade and a
region of enhanced conductance around V,,=-0.50 V associated with the
Kondovalley are clearly observed.

As=40nm << L, §) without affecting the potential profile around the
QD. We find that changes in Vi strongly affect the measured Kondo
temperature Ty whenthe cavity length L is shorter than §..=fivy/ (kg Tx..).
Here &..and T..are the bare theoretical cloud length and bare Kondo
temperature defined inthe absence of the QPCs or equivalently for the
case of L =, For L >> &..,, changes of Vi, have little effect on 7. This
implies that the Kondo state extends over about &...

The device is defined using top gates deposited on top of a GaAs/
AlGaAs two-dimensional electron gas (2DEG) wafer, with an electron
mean free path of about 8 um (which is bigger than the device size).
The QD population is controlled via a middle plunger gate voltage
Vqp- The coupling of the QD to the 1D channel on the right side and to
the left side is adjusted by changing the side gate voltages Vyand V,,
respectively. The QD is coupled more strongly to the right 1D channel
thantheleft channel, so that the Kondo stateis sensitive to the FP cavity
of the 1D channel. We tune V; to change the bare cloud length &..and
Kondo temperature T... Figure 1c shows the conductance Gbetween
the right 1D channel and the left lead via the QD as a function of the
plunger gate voltage V,, when the QPCs are turned off. Several Cou-
lomb blockade peaks are clearly visible with the measured charging
energy of >500 peV (ref.?°). The Kondo effect is observed, manifest-
ingitselfinincreased conductance in the valley region between two
Coulomb blockade peaks***, The effect of the QPC gates is shown in
Fig.1b, which plots the conductance G versus plunger gate voltage Vy,
as well as the voltage Vi applied to the QPC gate at L =1.4 pm. Both
the Coulomb blockade peaks as well as the Kondo valley undergo FP
oscillations with respect to changing Vyc; we note that at small Vi
(equivalent to the first few FP oscillations) there is no effect on the
QD energy level. The resonance level spacing 4 = 300 peV estimated
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Fig.2|Influence of FPinterference onthe Kondo effect.a, Conductance Gatthe
centre of theKondo valley versus the QPC gate voltage VypcatL =1.4 pmand device
temperature 7. Gdecreases with increasing 7, indicative of the Kondo effect. For
each Ve, the Kondo temperature 7 is extracted by fitting conductance versus
temperature toan empirical formula®. b, Plot of the extracted T versus Vgpc
(blue), shownalongside the conductance of the Kondo valley centre at base
temperature G (green). Ty oscillates with respect to V¢, butin anti-phase with
respecttoconductance. The T oscillation amplitude is quantified by tracking the
maximum Ty ., and minimum Ty ;, of the first oscillation.

fromthe datais consistent with the cavity length L =1.4 pum, consider-
ing that v;=2.46 x10° ms™. The resonance level broadening of about
80 peV implies a weak barrier formed by Vyc (Supplementary
Information).

Toseetheeffect of the FP oscillations on the Kondo state, we measure
the conductance G around the centre of the Kondo valley as afunction
of the QPC gate voltage Vi at different temperatures T (Fig. 2a). The
valley conductance decreases with increasing temperature, indica-
tive of the Kondo state. For each value of Vi, we extract T around the
valley centre by fitting conductance G versus temperature 7to a well
known empirical formula (see Methods)*°. This method of extract-
ing Ty is applicable for constant density of states of the reservoirs,
but s still applicable to our QD coupled to the FP cavity, because the
resonance level broadening is sufficiently large or the QPC barrier is
weak (see Methods). We find that the Kondo temperature T, undergoes
oscillations with respect to changing V. (Fig. 2b). Clearly, the Kondo
stateis affected by the perturbation atalocation micrometres distant
from the QD. The oscillation shows that the electron density of the
FP cavity at the Fermi level that is coupled with the Kondo impurity
differs between on and off resonances. This implies that the Kondo
coherence is extended through the entire FP cavity, supporting the
picture of the spatial extension of the Kondo cloud. It alsoimplies that
theresonance level spacing A islarger than the Kondo temperature, as
theoretically expected. We note that, based on the scatterin 7y versus
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Fig.3|Shape ofthe Kondo cloud revealed from modulation of the Kondo
temperature. Oscillation amplitude of Ty asafunction of the FP cavity length L.
The amplitudeis quantified by In(Ty .x/Tk..), the maximum value T ..., of the
oscillation normalized by the bare Kondo temperature Ty..inlogarithmicscale,
and L isscaled by the bare Kondo cloud length ... We note that T..is estimated
asTy..= (Tg maxTx, min)2 (s€€ Supplementary Information). The greensquares are
obtained from the oscillation of T, with respect to changes in the voltage V¢
ofthe QPCgatelocatedat/ =1.4 pmfromthe QD, the bluecircles are for

L=3.6 um, and the magenta triangles are for L = 6.1 um. Different data points of
thesame symbol correspond to different Ty.. (that s, different settings of Vy
and V). The dataare compared with the theoretical results of the NRG
calculation (red crosses) and the scaling of In(T 1,/ T..) = —n7In(L/&..) with
n=0.47 (dashed curve). The inset shows the same data as the oscillation
amplitude of T versus the length L notscaled by Ty... The different curves
represent those having the same T...

Varc (Where a smooth curve is expected), we estimate an error for the
extracted T, of about 20%.

The oscillations of T, are anti-phase with those of the conductance.
This agrees with scattering theories combined with the Fermi liquid
and numerical renormalization group (NRG) methods whenthe QD is
coupled more strongly to the FP cavity than to the left channel (Sup-
plementary Information). In the on-resonance situations where the
Fermi momentum k; satisfies e’?- = 1, the FP cavity supports a maxi-
mum amount of electrons at the Fermilevel, and hence the Kondo state
with maximum Kondo temperature is developed. The development
effectively changes the resonance condition to off-resonance, result-
ing in a minimum value of the conductance, since the electrons gain
twice the scattering phase shift t/2 off the Kondo impurity in the QD"
The opposite happens in the off-resonance situations of e/ 2= -1,
We note that evidence of the Kondo scattering phase /2 has been
observed?®, and that the antiphase in Fig. 2b can be considered as
further evidence. To quantify the effect of the FP cavity on the Kondo
state we track the maximum Ty .., and minimum Ty ;, of the first oscil-
lation of T.. Only the first oscillation is used because the subsequent
oscillations require a higher V., which will have a stronger effect on
the QD owing to capacitive coupling through the FP interferometer
island.

We now discuss the dependence of the oscillation amplitude of Ty
onthe FP cavity length L shownin the inset of Fig. 3. The amplitude is
quantified by In(Ty .,/ Tk..), and we estimate the bare Kondo tempera-
ture from the oscillation as Ty..= (Ty maxTx min)2 (s€€ Supplementary
Information for a validation of the estimate); T,..is not directly acces-
sible because a QPC gate can form a barrier even when its voltage is
turned off. The oscillation amplitude is small, that s, Ty .~ =1.1T..
O Ty max=1.2Ty min fOr cavity lengths L =3.6 pmand 6.1pmand 7y..= 0.39-
0.44 K.By contrast, the amplitude becomes much larger for L =1.4 pm,
for example, Ty max~3.2T.. OF T mayx 2 10Ty in fOr Ty..= 0.31K. For each
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L,the amplitude becomes larger as Ty..is smaller. The result shows that
the Kondo state is sensitive (oscillation amplitude of >30%) to the per-
turbationatdistance L 3.6 umfor T..=0.39-0.44 K, while also sensi-
tiveat L > 3.6 pm for Ty..= 0.31 K. This implies that the cloud length is
close to 3.6 um for Ty..= 0.39-0.44 K, while larger than 3.6 pm for
T«..=0.31K. This finding is consistent with the bare cloud length &..
estimated by the theoretical relation of &.. = fivy/(ksTy..), that is,
=519 um, 4.12 um, 3.92 pm and 3.65 pm for 7,..= 0.31K, 0.39K, 0.41K
and 0.44 K, respectively.

To see the universality of the results, we plot the oscillation ampli-
tude of Ty versus the cavity length L scaled by the bare cloud length
& inFig. 3. Since we analyse only the first oscillation, the transmission
through the QPC is almost independent of V,c and common for all
QPCs. Wefind that all data points fall onto a single curve, as theoreti-
cally expected for afixed transmission through the QPC. This scaling
result is the evidence that & is the only length parameter associated
with the Kondo effect. For L = §.., the Kondo state is little affected by
the perturbationat distance L, because the maximum of the oscillation
is20% larger than the minimum, Ty ., ~1.2T ... As L decreases below
&« the oscillation amplitude becomes very much larger, showing that
the maximum s 1,000% larger than the minimum (7 ., 10Ty ;) at
L =0.1&..(we note that the oscillation amplitude is much bigger than
the 20% error in the extracted 7). The increase follows the universal
scaling of In(T max/ Tx..) = —1IN(L/&..) with a constant r defined as the
modulation of the density of states set by the QPC pinch-off strength.
The plotisingood agreement with theoretical NRG calculations based
onrealistic parameters estimated from sample characterization (Sup-
plementary Information). The result is consistent with the theoretical
result® of the spatial distribution of the Kondo singlet entanglement
that the main body of the Kondo cloud lies inside the length ., with
alongtail extending beyond &... An equivalent, alternative pictureis
that for aFP cavity of length L, there are L/&.. (approximately k3 Ty../4)
localized single-particle states of size &..in a row. When L/§..> 1,
the single-particle state located closest to the Kondo impurity forms
the main body of the cloud and is wholly within L. Hence, the local
perturbation at L affects only the other single-particle states contrib-
uting to the cloud tail. When L/&.. < 1, the main body of the cloud
extends beyond distance L and hence it is strongly affected by the
perturbation.

Ourresult provides evidence of the spatial distribution of the Kondo
state over micrometres. It will be interesting to study the spatial distri-
bution further, for example, by engineering the spatial spin screening
and the entanglement of the Kondo state. For example, by applying
large QPC gate voltage to our device, we could systematically study
thescreening cloud of aKondo box" 2. It will also be valuable to study
the spin screening by multiple independent channels as in the multi-
channelKondo effects orinasituation of multiple impurities asin the
two-impurity Kondo effects, because those effects are accompanied
by non-Fermiliquids and aquantum phase transition™*, Our strategy
of detecting spin screening by applying a weak electrostatic gate ata
positiondistant from animpurity spinis applicable to the realization'>'®
of these effects with systematic control.

Our work is aninitial measurement of a Kondo cloud. It may enable
Kondo cloud detection in other systems and in other ways, such as by
measuring spin-spin correlations. The universality implies that Kondo
cloudsin a conventional metal or in the mixed-valence regime have a
spatial distribution similar to that found here, albeit with a shorter
& Ballistic electron transport over § will be required to apply our
approach.
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Methods

Sample preparation

The system of the QD coupled to the quasi-1D FP resonant cavity
was fabricated in a 2DEG (carrier density n =3.12 x 10" cm™, mobil-
ity u=0.86 x10°cm?V's™) heterointerface using a standard surface
Schottky gate technique.

Measurement

Measurements were performed in an Oxford Instruments MX100 dilu-
tion refrigerator with a base lattice temperature of 40 mK. The base
electron temperature was measured to be around 80 mK. (Electron
temperature versus measured mixing chamber temperature was cali-
brated viaanalysis of the QD Coulomb blockade peak width.) The quasi-
1D channels were formed by applying an approximately —0.45V (-1V)
signal to the gates defining the bottom (top) boundary of the channel.
(This voltage was sufficient to fully deplete the carriers below the gates,
isolating the channel from the rest ofthe 2DEG.) Electron transport was
measured using the lock-in method. An a.c. voltage oscillation with
ad.c. offset was applied to a sample via a divider with the a.c. excita-
tion set to 3-15 puV. The d.c. offset was set so as to achieve zero bias at
the sample. (The d.c. offset was varied in order to calculate the QD
charging energy.) Current through the sample was measured using a
custom current sense amplifier with a current-sense resistor of 10 kQ
mounted on the mixing chamber. Gate voltages were controlled viaa
customdigital-to-analog converter (DAC). Temperature of the device
was changed globally via a heating coil at the mixing chamber.

We provide additional details about the gate voltage settings (see
Fig.1a). The voltage applied to the long global gate defining the upper
boundary of the 1D channels and the QD was fixed to about -1.0 V for
the entire experiment. The gate voltages defining the left and right 1D
channels fromthe lower side were set to about —0.45V, fully depleting
the carriersunderneath the gatesbutleaving several conducting chan-
nelsineach 1D wire. The gate voltages defining the QD were operated
around —0.5V, being varied in order to achieve different values of Ty...
The voltages on the tunnel coupling gates V,  were set in arange of
-0.45Vto0-0.6V, while the middle plunger gate voltage V;,, was swept
between-0.4Vand-0.7V.The QPCgates were set to zero voltage when
notoperated. We confirmed that Ve 4 and Vigpes ) have noinfluence on
the conductance through longer FP cavities defined by Vpcgs.6) OF Vopcio)-

Calibration of measured sample temperature

For temperatures below about 500 mK it becomesincreasingly difficult
tothermalize hot electrons sent to the sample from the measurement
electronics. Inthis measurement setup, the hot electrons were cooled
at the mixing chamber via a thermalization coil as well as via copper
powder filters. Nevertheless, calibration was required to match the
measured mixing chamber lattice temperature to the actual electron
temperatureinthe sample. This was achieved by measuring the shape
of'the Coulomb blockade peaks of the QD with all the QPCs turned off
(Extended Data Fig. 1c). Picking a peak that does not feature any Kondo
temperature, we should expect that the conductance G(6V;) (where
6V;istheshiftin plunger gate voltage away from the Coulomb blockade
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pTav )(ref. ). The constant

aisindependent of electron temperature and should depend only on
the sample geometry. (Extended Data Fig. 1a shows the fit of G versus
gate voltage V;taken ata measured temperature of T;,casurea = 300 mK).
Indeed, above T,.,surea > 600 mK we see that a has little tono variation,
so the mixing chamber thermometer temperature and the electron
temperature arethe same Tyjivraed = Tmeasurea- BY l00King at how the con-
stant a evolves for T eaeured < 600 MK we can now build the calibration
for the electron temperature T praced = F(Tmeasurea) @S Shown in Extended
DataFig. 1b. Throughout the text, the temperature Trefers to the cali-
brated temperature T, iprated-

peak centre) will be proportional to cosh (

QPCbarrier strengths

Thesstrengths of the oscillationsin Ty .,/ 7. depends on the QPC pinch-
off strength a. Here we define a =1- (t,/t)* with , being the hopping
energy across the QPC and t being the hopping energy along the 1D
channel. (a=0 means thereisno pinchoff present due to the QPC, and
a=1means that the QPC fully decouples the FP cavity from the rest
of the wire. See the Hamiltonian in the Supplementary Information.)
Below we estimate ain three different ways, which show a = 0.1. Fitting
the main results (Fig. 3) to the NRG calculations, we arrive at a = 0.1.
In addition, we find that a can be obtained from the ratio of on- and
off-resonance conductances of the Kondo valley at T=0 as follows:
@ =1- (G pin/Gomax) - The conductances at zero temperature can be
extracted similarly to T, by fitting to the empirical formula® (see below
for fitting details). Averaging the data over several values of V, and
Vywe arrive at a = 0.1. Finally, we estimate a also by considering the
behaviour of the system away from the Kondo regime. The strength s
proportional tothe fluctuationsinthelocal carrier density pinside the
FP cavity: a=1- (0 in/Prmad) >, WHETE P posmimy IS the maximum (minimum)
value of the fluctuations in p. In turn, the effective coupling strength
I, of the QD to the FP cavity is proportional to the local carrier density
p.The coupling strength I, directly affects the width of the Coulomb
blockade peak with respect to gate voltage V;. Indeed, as we tune the
FP resonance by changing the QPC gate voltage V¢, the Coulomb
blockade peak undergoes fluctuations in width in synchrony with
fluctuations in conductance (Extended Data Fig. 2). Taking the first
oscillation, we arrive at the QPC pinchoffstrength a=1- (W, ./ Wil **
=0.1, where Wis the width of the oscillation.

For the case of ballistic electron transport and a similar a for all three
QPC gates, one would expect the amplitude of the FP oscillations in
Coulomb-blockade peak conductance to be independent of the QPC
gates at different distances. Indeed, when comparing the oscillations
for the same settings of V, and V;, but activating QPC gates at the three
different distances, we see that the amplitudes are within 15% of each
other (Extended Data Table 1).

Kondo temperature estimation
The Kondo temperature Ty is estimated by fitting the experimental
data to the empirical formula® of

T/Z S
_ K
G(T) = GO[T2+ T.’f]

with T} = T, /<2/5 - 1, where the zero-temperature conductance G, and
theexponentsare fitting parameters; according to ref.*°, the exponent
sshould not vary much from 0.22; in this sense, the fitting has only two
fitting parameters, T, and G,. This estimation works well when the
density of states of the reservoirs coupled to a Kondo impurity is
approximately energy-independent near the Fermilevel. In our setup,
inwhich the Kondo impurity in the QD is coupled to the FP cavity, the
density of states is energy-dependent and the estimation is applicable
when the QPCbarrier defining the FP cavity is so weak that the energy
dependence is not crucial. The applicability of the estimation is con-
firmed by our NRG calculation with the model parameters chosen from
the experimental data (Supplementary Information).

An example of the fit of our data to the empirical formula is shown
in Extended DataFig. 3, with T, and G, as fitting parameters (Extended
Data Table 2). (On average, the fitting function returned a degrees-of-
freedom adjusted R*value of 0.995 for all the values of Vi within the
first oscillation cycle.) The trend of G versus T'is described well by the
empirical formula with s =0.22 + 0.01 (Extended Data Table 2).The fit
is done with the temperature dependence of the conductance G over
anelectron temperature window of 0.1-0.5 K. In usual cases (namely,
in the absence of the FP cavity), the conductance G measured within
the temperature window [0.57, 1.57] around the T is sufficient to



correctly estimate the Kondo temperature from the fit; this can be
confirmed by using NRG calculations or by analysing the empirical
formula. It is because this window can capture the Kondo crossover
(fromthe Kondo fixed point to the local moment fixed point). Even with
the FP cavity, this estimation is expected to work well in the regime of
L <0.4&..according to our NRG calculation (Supplementary Informa-
tion). The estimation becomes worse as L increases (>0.4&..), but not
enough to affect our conclusion in the main text and Fig. 3.

Weremark two points. First, while the fitting functionimplies agood
fit, it is difficult to estimate the error in the fitted T, from a single fit.
Instead, as discussed in the main text, we obtain an error by looking
at the scatter of T, when the QPC voltage is changed. In an ideal case,
the Kondo temperatureis expected to evolve smoothly with QPC volt-
age. That s, for asmall change in voltage AV we expect only a small
deviation in temperature T (Vope) = T (Vgpe + AVgpc). Large changesin
Ty for small changes in Vi are therefore attributed to error. Using this
method, we arrive at an error in T of about 20%.

Second, the fitting parameter s = 0.22 implies that our experiment
isin the Kondo regime rather than in the mixed-valence regime. The
empirical formula provides agood fit withits parameters=0.22in the
Kondo regime, while the parameter deviates rapidly from 0.22 in the
mixed-valence regime®,

We note that the estimation of 7 directly from the experimental data
is amerit of our experimental regime; it is unclear how to estimate Ty
directly inthe opposite regime where the QPCbarrier is strong (corre-
sponding toafinite-size reservoir coupled toa QD" ?). Thisis because
the temperature dependence of the conductance G has a nontrivial
feature due to the FP resonance when the QPC barrier is strong (the
nontrivial feature is enhanced as the barrier becomes stronger, and
the feature is not captured by the empirical formula), as shown in our
NRG calculations.

Modelling

Tomodel our experiments, we theoretically study an Andersonimpurity
formedinaQD coupledtotwo 1D leads, one of which houses a FP cavity.
The Hamiltonian of the modelis found in the Supplementary Informa-
tion. The parameters of the model are estimated from the experimental
data. The QD spectral function is obtained by using the NRG method,
and the temperature dependence of the conductance is computed' by
combining the spectral function and the Fermi-Dirac distribution func-
tion. The featurein Fig. 2 (that the oscillations of Ty are anti-phase with
those of the conductance) isreproducedin our theoryintwo different
ways. The feature is obtained by using the scattering-matrix formal-
ism combined with the Fermi liquid theory and by taking into account
the scattering phase shift 1/2 off the Kondo impurity. The anti-phase
featureisalsofoundinanindependent way based onthe NRG method
and conductance calculation. On the other hand, the NRG result of the
Kondo temperature Ty in Fig. 3 is obtained, in the same way as for the
experimental estimation of Ty, by fitting the conductance obtained
by the NRG method to the empirical formula. The universal scaling
behaviour in Fig. 3 is obtained by using the Poor Man’s Scaling? and it
is confirmed by NRG calculations; the Poor Man’s Scaling and the NRG
give the same scaling form but with different values of the parameter

n,as ndepends on the estimation method of Ty. The details are found
inthe Supplementary Information.

Universalscalingat L <§..
The experimental datain Fig. 3 show the behaviour of

IN(Ty max/ T) = = 1 In(L/§.) )

at L <&... Thisbehaviour is scaled only by Ty..and .., so it is a universal
feature characterizing the core region (hvy/U<L <&..) of theKondo cloud.
Here Uis the QD charging energy (see Supplementary Information).

We derive the behaviour. In our experimental regime of ¢, << t, and
small a, the Poor Man'’s Scaling™ leads to In(Ty e/ Tx.) = —alIn(L/&..).
Here t, (¢,) is the tunnelling amplitude between the QD and the left
channel (the FP cavity). See Supplementary Information. In this esti-
mation based on the Poor Man’s Scaling, 7 equals a. This implies that
the coefficient n is determined mainly by the resonance broadening
parameter a for small a. The NRG calculation confirms the universal
scaling in equation. (1), but with n # a. The value of n depends on the
estimation method of the Kondo temperature; the Kondo temperature
is defined in the Poor Man’s Scaling in a way that is different from that
inthe NRG method. We find that the scaling behaviour also occursin
the other regime of ¢, . and a including the regimes of large a. We also
note that at L > &.,, the Kondo cloud has a long tail following another
algebraicscalinglaw characterized by quantum entanglement or elec-
tron conductance®*,
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Extended DataFig.1|Calibration of measured sample temperature.

a, Conductance versus QD gate voltage V;taken atatemperature of 300 mK.
Thegreylines show the fit of the datato the theoretical lineshape fora
Coulombblockade peak.b, The electron temperatureinour device T pracea
versusthe lattice temperature measured by athermometer located at the
mixing chamber T,,.,cureq- €, Conductance of the Coulomb blockade peaks
versus gate voltage (around the peak centre) 6V;shown for several values of the
measured temperature. (a.u., arbitrary units).
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Extended DataFig. 2| Full width at half maximum of a Coulomb blockade
peak versus QPCgate voltage V. Dataare shown foraCoulombblockade
peak away from the Kondo valley. The inset shows conductance G through

the QD asafunction of (shifted) gate voltage 6V;and QPC gate voltage Vpc.
Oscillations of both peak conductance and peak width with respect to Vypc are
clearly observed.
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Extended Data Table 1| Coulomb-blockade peak FP
oscillation amplitude

QPC distance L  Oscillation amplitude AG

1.4 pm 0.080 e2/h
3.6 um 0.073 €%/h
6.1 um 0.071 €%/h

The amplitude of FP oscillations in Coulomb-blockade peak conductance versus distance to
the QPC gates.
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Extended Data Table 2 | Fitting parameters with upper and lower bounds

Fitting Parameter Lower Bound Upper Bound

Kondo Temperature T 0K 1.2K
Conductance at T'= 0 Gg 0 e?/h

Power Law Factor s 0.21 0.23
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