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Observation of Majorana quantum critical
behaviour in a resonant level coupled to a
dissipative environment

H. T. Mebrahtu’, I. V. Borzenets', H. Zheng', Y. V. Bomze', A. I. Smirnov?, S. Florens3, H. U. Baranger'
and G. Finkelstein'*

A quantum phase transition is an abrupt change between two distinct ground states of a many-body system, driven by an
external parameter. In the vicinity of the quantum critical point (QCP) where the transition occurs, a new phase may emerge that
is determined by quantum fluctuations and is very different from either phase. In particular, a conducting system may exhibit
non-Fermi-liquid behaviour. Although this scenario is well established theoretically, controllable experimental realizations are
rare. Here, we experimentally investigate the nature of the QCP in a simple nanoscale system—a spin-polarized resonant level
coupled to dissipative contacts. We fine-tune the system to the QCP, realized exactly on-resonance and when the coupling
between the level and the two contacts is symmetric. Several anomalous transport scaling laws are demonstrated, including
a striking non-Fermi-liquid scattering rate at the QCP, indicating fractionalization of the resonant level into two Majorana

quasiparticles.

uantum phase transitions (QPTs) are attracting strong

interest in diverse fields of physics, ranging from quantum

magnets and strongly correlated materials' to, more
recently, cold atoms?, nanostructures>® and particle physics’.
The foremost remarkable property of QPTs is the possibility
to create exotic quantum states of matter at the QCP, such as
deviations from the standard Fermi-liquid paradigm for metals.
These zero-temperature states then cause anomalous physical
properties at finite temperatures'. Another intriguing aspect of
QPTs is their behaviour under non-equilibrium conditions, such
as either a sudden quench driving the system non-adiabatically
through the transition®, or a strong perturbation provided by a
large current density as typically realized in nanoelectronic devices’.
Despite the ubiquity of QPTs in contemporary theoretical physics,
obtaining clear experimental signatures has been challenging.

Here, we present a thorough characterization of all facets of a
QPT in a fully tunable single-molecule transistor built from a spin-
polarized carbon nanotube quantum dot connected to strongly
dissipative contacts®®. As the electronic level of the quantum dot
crosses the Fermi energy of the leads, in the standard case of good
metallic contacts transport occurs through a resonance of finite
width and height. In contrast, the presence of dissipation drives the
conductance to zero (in the limit of vanishing temperature), unless
one tunes the position of the resonant level to the Fermi energy
and simultaneously makes the tunnel barriers between the dot and
the two leads perfectly equal. In the latter case, the conductance
saturates at the unitary limit, e>/h (e is the elementary charge and h
is the Planck constant), and the resonance width tends to zero, as we
recently demonstrated®. A quantum critical state is obtained, whose
anomalous properties are the subject of the present study.

By optimizing the dissipative environment, we find that the
quantum critical properties surprisingly behave very closely to

the result for a bound single Majorana fermion mode, causing
in particular a quasi-linear scattering rate in temperature T
and voltage bias V. Majorana fermions are the subject of
intense scrutiny in different contexts'’, ranging from particle
physics!! to topological insulators'? and superconductors'1.
In our case, Majorana modes emerge owing to two strongly
interacting leads attempting to hybridize with the resonant
level: their competition results in only partial hybridization of
the level with the continuum. The QCP then corresponds to
a frustrated state in which a non-hybridized Majorana mode
is generated, as predicted in the related context of the two-
channel Kondo model'®"’.

The fabrication of the carbon nanotube quantum dot was
described previously®® (Fig. 1a). The device is operated in a
magnetic field of B=3 or 6T and at electron temperatures
down to T =50mK so that the quantum dot is effectively spin
polarized. A key feature of our samples is that the coupling of
the quantum dot to the left or right metallic lead can be varied
independently using side gate voltages. We present data measured
on two resonant levels during different experimental sessions,
demonstrating compatible results.

Differential conductance maps (G(V) = dI/dV) near one of
these resonant peaks are shown in Fig. 2 for different degrees of
coupling asymmetry. For asymmetric couplings, note the clear zero-
bias anomaly (ZBA)—a suppressed conductance at zero bias for
all gate values'®. The ZBA is eliminated only for symmetric tunnel
couplings and only exactly at the centre of the resonance (Fig. 2a).
This sets the location of the QCP. These general observations’® are
summarized in Fig. 1b, which sketches a quantum critical diagram
for our system: at zero temperature, the system is in a conducting
state with conductance e’/h at the QCP and in an insulating
state otherwise. A generic feature of QPTs (ref. 1), which we
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Figure 1| Sample and schematic. a, Atomic force micrograph of a sample
similar to the one measured. A single carbon nanotube is connected to long
and resistive source and drain electrodes made of a thin Cr film. Tunnel
barriers are tuned by two lateral side gates. b, A diagram of the QPT in our
system. The control parameter (Vgate or tunnel barrier asymmetry) drives
the system across the QCP with G =1. Elsewhere, conductance tends to
zero at T=0. At finite temperatures, the influence of the QCP extends to
the quantum critical (QC) region of finite width. We probe this region in
several ways: the downward flow towards the QCP is considered in Fig. 3,
whereas the runaway behaviour on gate detuning is investigated in Fig. 4.

now investigate in our device, is the existence of quantum critical
correlations close to the QCP.

We first analyse the transport data taken with symmetric barriers
and gate voltage tuned on-resonance, which corresponds to the
vertical cross-section of Fig. 2a at AV, = 0. In this case, perfect
transmission survives down to the lowest temperature and zero-
bias voltage. Figure 3a shows a series of conductance versus bias
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plots measured by stepping up the temperature. Strikingly, the
conductance at the lowest temperatures shows a very unusual
dependence on bias—a quasi-linear cusp. We replot 1 — G at
the base temperature on a log-log scale in Fig. 3b. Clearly, the
deviation of the zero-bias conductance from the unitary limit
is quasi-linear: a fit to 1 — G oc V¥ yields o & 1.1. Essentially
the same exponent o &~ 1.2 is extracted from the T dependence
of 1 — G (Fig. 3¢c). In the absence of dissipation in the leads,
1 — G usually scales with the conventional Fermi-liquid T2 or
V2 dependence. Observation of a very different, intrinsically non-
Fermi-liquid'® exponent o underlines the striking role played by the
dissipative environment.

To account for this behaviour, we draw on the analogy between
tunnelling with dissipation (our experiment) and tunnelling in
a Luttinger liquid—an interacting one-dimensional electronic
system'® that leads to violation of the Fermi-liquid paradigm.
For tunnelling through a single barrier, this analogy was formally
established in ref. 19 and used to understand experiments in
ref. 20. We previously extended the analogy to the case of spinless
resonant tunnelling®® and will further use it here. (We stress
that our experiment does not probe Luttinger-liquid physics in
the nanotube: at this T, the length of an ideal, clean nanotube
would have to be as large as 100um to suppress finite-size
quantization.) In the bosonization language'®, the approach to the
QCEP is controlled by the leading irrelevant operator, cos(2+/m6)36
(ref. 21), which corresponds to reflection of electron waves from
the charge accumulated at the resonant level. On the basis of the
scaling dimension of this operator, and transcribing the Luttinger
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Figure 2 | Differential conductance maps close to the QCP. The maps are obtained by sweeping bias V and backgate offset voltage AVgate (measured
relative to the centre of the peak) at T=50 mK and B=3T. a-d, Conductance in the symmetric case (a) is followed by maps showing progressively
increasing barrier asymmetry in b-d, as controlled by the side gate voltages. The small conductance in ¢,d is multiplied by x4 and x40, respectively, to
improve its visibility. The colour scale in a applies to all panels. Throughout this Article, we express the differential conductance G in units of e2 = h. The
prominent ZBA in the asymmetric cases completely disappears when symmetric and on resonance, indicating a QPT.
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Figure 3 | Critical flow. a, Nonlinear conductance G(V, T) at the QCP (A Vgate = 0 and symmetric barriers) measured at increasing temperatures. The
quasi-linear behaviour at low T signals the presence of a Majorana state. b, 1— G measured versus bias voltage V at T =55 mK (symbols). The dashed line
is a best fit to a power law 1— G & V¥, excluding the range eV < kg T where the conductance saturates. ¢, Deviation of zero-bias conductance from the
unitary limit 1— G at the QCP as a function of temperature. Different symbols correspond to two different Coulomb blockade peaks measured on the same
sample; the dashed line is a best fit to Peak 2, giving an exponent « =1.2. d, A representative set of conductance curves from a at four different
temperatures, plotted as 1— G(V, T) normalized by 1—G(0, T). A line fit (yellow, see text) is superimposed on the data (symbols, see legend in a). The
collapse of the data onto a single curve as a function of eV /kg T demonstrates the universality produced by proximity to the QCP.

interaction parameter ¢ to the dimensionless dissipation strength
r according to g = 1/(r + 1) (refs 9,19), we expect the approach
to the unitary limit to follow 1 — G o« T+ (refs 21,22). For this
sample, the strength of the dissipation is r ~ 0.75 (or g & 0.57), as
measured from the ZBA far off resonance’. The predicted quantum
critical exponent, 2/(r +1) & 1.14, is thus very close to the value of
o found experimentally (Fig. 3b,c), demonstrating the ability of the
Luttinger framework to explain our data.

The analogy between tunnelling with dissipation and tunnelling
in a Luttinger liquid provides further insight into the microscopic
nature of the quantum critical state. In the Luttinger-liquid
case, it is known that for ¢ = 1/2 the resonant level can
be mapped” onto the quantum critical two-channel Kondo
Hamiltonian®*'®"”. The latter may in turn be understood in terms of
a hybridization of the leads with only half of the spinless fermion
residing on the resonant level, leaving a fractional degeneracy
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associated with the remaining non-hybridized single Majorana
mode'”. Using this intuition, we directly map our problem
for r =1 and on-resonance (AVg, = 0) onto the following
effective Hamiltonian:

HMajorana = (VS - VD)[&;(-X = 0) - 1/})( (x = O)]aA
+ i(Vs+ Vo) [ (x = 0) + 1 (x = 0)]b

— 2mive ! (x = 0) (x = 0)ab (1)
Here, 4 and b are the two Majorana modes that describe
a single fermion on the dot, dt = 4 —ib, and 1/}c/f(x) are
two extended fermionic fields that incorporate in a non-trivial
way the electronic degrees of freedom of the leads and the
electromagnetic phase fluctuations in the circuit (Supplementary
Information).
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Figure 4 | Runaway flow. a, Resonant peak conductance as a function of the one-parameter scaling variable X = AVgate/T’/('”). Several curves measured
at eight different temperatures between 55 and 340 mK scale to the same universal curve. b, Single-parameter scaling function extracted from a compared
with the universal single-barrier scaling curve, equation (2), predicted in ref. 32. A good fit is achieved by optimizing a single fitting parameter, namely a
dimensionless prefactor accompanying X. (For clarity, we plot only the data measured at the lowest temperature.) ¢, Comparison of the peak shape
measured at finite T under equilibrium (eV <« kg T) and non-equilibrium (eV = kg T) conditions. The horizontal axis is X = AVgate/T’/("”) in the former case
and X = AVgate/(V/A)r/(”r1> in the latter (for the value of constant A, see the main text). The power laws near zero conductance and near perfect
transparency are the same, but a substantial difference between the two curves develops in the crossover region. d, Behaviour of 1— G near the peak
conductance at several temperatures. The dashed line corresponds to the result of equation (2), which scales as ~ X2 for small X. In each experimental
curve, the change from saturation to ~ X2 behaviour marks the range associated with the QCP. Thus, the quantum critical region (Fig. 1) is mapped out.

One of the Majorana modes, b, is hybridized and dissolves
into the continuum. For symmetric coupling Vs = Vp, the first
term in equation (1) is eliminated, and the other mode, 4, is not
hybridized, allowing for the existence of an independent Majorana
mode on the dot. The density—density interaction (last term in
equation (1)) does not destroy this independence***’; however,
this strong interaction (of the order of the Fermi energy) does
govern the transport properties near the critical point. We show that
perturbative treatment*2° of this interaction yields an anomalous
linear-in-temperature dependence, 1 — G o« T' (Supplementary
Information). Note that this result is different from the T2
dependence found in the two-channel Kondo effect’; indeed, the
current operator is different in the two problems.

This striking deviation from Fermi-liquid theory follows from
the qualitative difference in the correlations of the hybridized
and independent Majorana modes: without the third term in
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equation (1), the correlations of the hybridized Majorana fermion
decrease at long times, (61(0)b(1)) x 1/t, whereas those of the
non-hybridized mode do not decay, (47(0)a(¢)) o 1. This lack of
decay reduces the exponent from the Fermi-liquid result 1 — G oc T2
to o« T'. We conclude that the almost linear approach to the unitary
conductance observed in Fig. 3 signals the presence of a Majorana-
like state. Our experiment thus demonstrates a route to using
quantum criticality to tailor exotic electronic states in nanodevices.
An important feature of our experiment is the possibility to
perturb the quantum critical state by out-of-equilibrium effects,
namely in the presence of a finite voltage bias. We have already
seen in Fig. 3¢ that the dependences of 1 — G on T and V feature
the same exponent «. Interestingly, the set of curves in Fig. 3a
associated with the low-temperature, low-bias approach to the
QCP can be rescaled onto a single universal curve, by plotting
(1-G(V#0,T))/(1-G(V =0,T)) versus eV /ky T (Fig. 3d). The
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solid line is a numerical derivative of the heuristic expression
VI(T(a/2+1+ieV /2sksT)) /(T (1 +ieV /2mtk T))|* with respect
to V, properly normalized to 1 at V = 0. This scaling function
describes the experimental data without any fitting parameters,
as we use the previously determined exponent & =2/(r + 1). This
form of the scaling function is inspired by the universal scaling of
(G(V#0,T))/(G(V=0,T)) in the regime of vanishing conduc-
tance (away from resonance), which is given by the same functional
expression with « replaced by 2r (ref. 9). Although the scaling at
weak coupling is theoretically well established”, the scaling at the
QCP, first reported here, still requires formal justification. We note
that the similar behaviours of G for the weak coupling and 1 — G
for strong coupling cannot be explained by duality of the reflection
and the transmission at the corresponding fixed points®*-indeed,
the two limiting behaviours are determined by different operators.

We now turn to the runaway behaviour from the QCP towards
the zero-conductance state caused by a backgate offset voltage
AVgye, as sketched in Fig. 1b. We focus on the shape of the
resonant peak as a function of gate voltage and temperature or
bias. In Fig. 4a, the peak shape is plotted as a function of the
single parameter X = AVyye/ T/ (refs 28,29). Clearly, the data
sets measured at different temperatures collapse onto a single
universal curve G(X). Importantly, this scaling applies not only
for high values of conductance comparable to e?/h (as captured
by the resonance width at half height®), but also to relatively large
values of X where G « 1. The scaling thereby describes the full
runaway flow from the strongly coupled QCP to the weakly coupled
regime. Such single-parameter scaling has been conjectured for
resonant tunnelling in the Luttinger liquid in ref. 28, where the
double-barrier structure is treated as a single barrier with a gate-
tunable transparency. The validity of this assumption has been
analysed for weak interactions®>*!; our results further corroborate
the single-parameter scaling in the strongly interacting case (r ~ 1).

Concentrating first on the low-conductance tail obtained for
large backgate detuning X > 1, we obtain G (AVgate)‘ﬁ with
an exponent B =~ 3.4 (Fig. 4c). This is very close to the value
2(r+1)~3.5 expected from the analogy to tunnelling in a Luttinger
liquid®®*?. This result is markedly different from the usual tail of
the Lorentzian line shape, G o< (A Vig,.)~?, expected for resonant
tunnelling without dissipation.

To further examine the assumption of single-barrier-like scaling,
we compare the universal scaling curve obtained in the experiment
to the recent non-perturbative renormalization group calculations
for single-barrier tunnelling in a Luttinger liquid** (Fig. 4b).
Thus, we use the following ansatz for the full crossover function
describing the equilibrium conductance G as a function of both
detuning and temperature:

T (G/G)"*  [1+rG/G,
T* [AVgel  (1=G/G)™ 7V 141
with Gy = €?/h and T*[A V] o (AVge)'"/". The excellent
agreement between the experimentally determined scaling function
and the full runaway curve of equation (2) (Fig. 4b) justifies the
use of the single-barrier expressions to describe the scaling of the
double-barrier system away from the resonance.

Applying a finite bias brings further insight by allowing us
to probe the relation between equilibrium and non-equilibrium
scaling (Fig. 4c). For the Luttinger-liquid system, analysis near
the decoupled fixed point?® predicts that the temperature scaling
and bias scaling are proportional: br/by = 7 [T'(1 + r)]?, where
G(T =0,V)>~by(eV)* at small bias and G(T,V =0) >~ by (kg T)*
at low temperature. Thus, if we form a scaling curve using
V in place of T, the two scaling curves should collapse onto

each other in the small conductance limit if eV is divided by
A=a[l(1+r)]" ks ~ 2.8ks for r = 0.75. The data in Fig. 4c

)
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demonstrate that this holds for our system. However, the full scaling
curves are clearly quite different: although they show, as expected®,
the same power laws close to both the strong and weak coupling
fixed points, the bias scaling function makes a substantially sharper
transition between the two. To the best of our knowledge, there is no
firm theoretical prediction for the full crossover curve of nonlinear
conductance at arbitrary values of the dissipation parameter r.

Finally, quantum critical correlations are expected' to exist away
from the critical point for temperatures larger than a characteristic
gate-dependent scale (Fig. 1). Experimentally, we can define the
boundary of the quantum critical region from the behaviour
of 1 — G near the peak conductance. On general grounds, a
dissipation-independent exponent 1 — G o (AVge)® is expected
from the assumption of single-barrier scaling®, resulting in a
universal 1 — G & X? = [AVg/T"/"*V]* dependence at small X.
This behaviour is indeed observed at low enough temperatures
in Fig. 4d for X ~ 1 meV/K**. However, the approach of 1 — G
to 0 is cut off near the QCP by the leading irrelevant operator,
causing 1 — G to saturate at small X. (More directly, the effect
of the leading irrelevant operator is seen in the power laws of
Fig. 3.) Thereby, the saturation delineates the quantum critical
region; indeed, notice that the width of the saturation region
gets progressively narrower as the temperature is reduced. We
may define the width of the quantum critical region in AV
by comparing the small corrections to full transparency due to
the relevant operator o« [AV/T"/""V]? (Fig. 4) to those due to
the leading irrelevant operator o« T%+Y (Fig. 3). The quantum
critical region defined in this way has a simple shape: AV o< T.
We convert AVy,, to the actual energy position of the level Ae,
by multiplying by the experimentally determined gate efficiency
factor of about 0.2. We then find Aey/ksT ~ 1, indicating that the
boundary of the quantum critical region simply corresponds to the
centre of the conductance peak being shifted away from the Fermi
energy by ~ kgT. Although seemingly natural, this result is not
obvious a priori, because the width of the resonant peak is much
larger than kg T and scales as a non-trivial power of temperature.

We presented a comprehensive study of the QPT in a resonant
level subject to finite dissipation, explicitly demonstrating the
consistency of various scaling laws based on the Luttinger-liquid
analogy. This allowed us to identify the QCP as closely related to
a single Majorana bound state, with a scattering rate quasi-linear
in temperature. Although our device, which requires fine-tuning
of several gates and a carefully crafted dissipative environment, is
not likely to provide a useful platform for Majorana-based quantum
computing®, it certainly allows one to explore fascinating Majorana
physics in the presence of strong correlations, reaching regimes that
may be harder to achieve in topological circuits.
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