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Quantized Transconductance Emerges from Nonsymmetric Quantum Fluctuations
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We show theoretically that weak quantum fluctuations induced by a nonsymmetric electromagnetic

environment may lead to a quantized transconductance of a multiterminal quantum contact rather than to a

blockade of transport in the contact. The result suggests the possibility to realize quantum Hall
phenomenology without its common ingredients and/or a topological quantum state.

DOI: 10.1103/gx91-gg4q

The electron-electron interaction may tremendously
affect electron transport in condensed matter systems. In
the quantum transport paradigm, the relevant interaction
affecting transport in a contact is represented by quantum
fluctuations of the external electromagnetic environment
[1]. For a tunnel contact, the effect of interaction was fully
comprehended [2—4] shortly after the formulation of dis-
sipative quantum mechanics [5]. It was understood that the
interaction results in the suppression of tunneling, the
strength of the interaction is determined by a typical
dimensionless impedance z = (Gy/2)Z, Gy = ¢*/rh. In
the limit z — oo one encounters the Coulomb blockade:
tunneling is fully suppressed in a finite energy interval.
Remarkably, tunneling is fully suppressed at any finite z,
even at z < 1 in the limit of low energies, that is, at
vanishing temperature and voltage [2—4], leading to an
isolation of the leads. This is a case of the Anderson
orthogonality catastrophe [6]. Later, this result was con-
firmed for arbitrary contact transparencies [7,8].

Transconductance appears in multiterminal electric cir-
cuits. The quantization of transconductance in units of G,
has been discovered in the context of the integer quantum
Hall effect (IQHE) [9]. While generally explained as a
consequence of topology, the quantization can be easily
understood in the quantum transport paradigm: it corre-
sponds to integer number of transport channels that go from
one terminal to another without reflection [10]. There are
alternative proposals to realize quantized transconductance
(QTC), such as topological multiterminal Josephson cir-
cuits [11], or quantum synchronization of Bloch and
Josephson oscillations [12].

The compact way to understand the emerging isolation

at 7z < 1 is to use the “poor man’s” renormalization [5].
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At each step of renormalization, one incorporates the effect
of fluctuations in the energy strip dE shifting the cutoff
energy accordingly. The procedure stops when the running
cutoff reaches sufficiently low energies E that are of the
order of the voltage bias or temperature. This results in a
simple differential equation for a single-channel trans-
mission coefficient 7 in the tunneling case T <1,

& =1n(Eey/E):

dT E \%
—=-27T, T~T. | —) . 1
dé: L cut (Ecut> ( )

For an arbitrary transmission coefficient, the equation
reads [7]:

dar
g = 2Ta=1), (2)

that is, 7 — 0 at E — 0, and the only stable fixed point of
the renormalization corresponds to complete isolation. Any
two-terminal quantum contact can be regarded as a col-
lection of independent channels, so the conclusion seems
universal. What about multiterminal contacts?

In this Letter, we investigate the effect of quantum
fluctuations on a multiterminal quantum contact at z < 1
in the framework of the renormalization technique. It is
essential that the impedance is now a matrix in the space of
terminals Z(w). In the absence of time reversibility, this
matrix is nonsymmetric in terminal indices. We reveal that
isolation is not the only stable fixed point of the renormaliza-
tion flow. Alternative fixed points appear at sufficiently big
asymmetric part of Z. They realize a quantized transconduct-
ance. Therefore, nonsymmetric quantum fluctuations may
drive a quantum contact to a state where transconductance
is like in IQHE, this state being distinct from any IQHE state
and not requiring a bulk topological insulator.

We consider the setup shown in Fig. 1(a). An arbitrary
N-terminal contact is fully characterized by an elastic
scattering matrix § [Fig. 1(b)]. The contact is embedded
in a linear electromagnetic environment characterized by the
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FIG. 1. (a) The N-terminal scatterer (N = 3) embedded in a
linear electromagnetic environment which is characterized by the
generally nonsymmetric N x N impedance matrix Z(w).
(b) Sketch of a general (high-energy) scattering matrix: an
incoming electron wave is scattered back and to other terminals.
(c) Insulating fixed point: all incoming waves are reflected in the
low-energy limit. (d) Predicted QTC fixed point: all incoming
waves are fully transmitted to different terminals realizing IQHE
phenomenology in the low-energy limit.
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N x N impedance matrix Z;;(w). We assume that the matrix
is nonsymmetric. This implies the absence of time revers-
ibility in the environment, such as that introduced by a
magnetic field in the (nonquantum) Hall effect. Voltage
fluctuations in the environment induce time-dependent
phases ®; on electron states within terminal ‘7’,
d®,(t)/dt = V,(t), and thereby cause interaction between
electrons traversing the contact. We assume an equilibrium
environment so that fluctuations are determined by Z(w).

We evaluate the full counting statistics [13] of charge
transfers in the contact. As shown in Ref. [7], this is a
convenient way to assess the renormalization of the scattering
matrix. We employ the version of the nonequilibrium Keldysh
technique [ 14] that suits the problem in hand. We concentrate
on the limit of small fluctuations, z < 1, and obtain the
correction to the generating function to first order in z. The
resulting terms describe inelastic scattering processes as well
as the correction to elastic scattering amplitudes, and we
concentrate on the latter. The correction involves only the real
part of the impedance Z = (Gp/ 2)ReZ(w — 0). If this
matrix is frequency independent in a wide frequency range,
the correction diverges logarithmically, indicating the break-
down of perturbation theory and the need of renormalization,
similar to that implemented in [7], but extended to the
multiterminal case. (The multi-erminal renormalization stud-
ied in Ref. [15] in Luttinger liquid setups leads to nontrivial
fixed points of a different origin.)

To describe the big change of scattering, we employ the
resulting renormalization flow equation for the energy-
dependent scattering matrix. It involves a dimensionless
variable £ = In(E,/E), E, being the upper cutoff energy
determined by characteristics of either the contact or the
electromagnetic environment. We present the detailed
derivation in Supplemental Material [16]. The renormali-
zation flow of the scattering matrix element s, i, j labeling
channels is given by

dSi' ST
d—fj = ZjiSij — szlsik@} JuiSij- (3)
kol

Here we assume for generality that there is an individual
terminal for each channel, so that the matrix Z is in the
space of channels.

Equation (3) defines the energy dependence of the
scattering matrix. Let us concentrate on the fixed points
of the renormalization flow: scattering matrices in the limit
E — 0,¢ — oo that define transport in the contact in the
limit of low bias voltages and temperatures. The fixed point
5 satisfies the following equation:

Z(ij - Zik)sl(g)*sl(g') =0. (4)
k

We note that the insulating fixed point fvl(;)) = 5,-1-3"9"
[Fig. 1(c)] is always a valid one satisfying the above
equation, 6; being arbitrary reflection phases. The stability

criterion for this point reads,
Zitz;—2—2; >0 Vi (5)

We recognize here the general condition any physical
impedance matrix should satisfy: it guarantees that the
energy dissipation in the linear circuit is positive. We
conclude that the insulating fixed point is always stable.

The main message of this Letter is that there are
alternative fixed points [Fig. 1(d)]. Let us define a permu-
tation matrix P with exactly one P;; =1 element in each
row and each column, all other elements being 0. For any P,
the scattering matrix with elements Sl(;))
fixed point, .6, being arbitrary phases in outgoing/
incoming channels. It is worth mentioning that these
permutation points remain fixed even if the renormalization
equation contains terms of higher order in z, since for these
particular scattering matrices the fluctuations only affect
the phases of scattering matrix elements and do not change
the transmission coefficients. However, higher-order terms
may affect the stability exponents and the stability thresh-
olds that we address below.

The stability criterion is imposed on the matrix 2 P,

L
= eiP;e is a

(ﬁﬁ)ii‘f'(zp)jj_(216)11;_(213);1'>O Vij. (6)

This criterion is challenging to fulfill (see Supplemental
Material [16]). For instance, all permutations containing a
disjoint cycle of length 2 (full transparency in both
directions) are always unstable. However, if Z is not
symmetric [21], some permutations may generate non-
trivial stable fixed points. The scattering matrix of this
permutation form implies that an incoming wave in each
channel i is fully transmitted to the channel j defined by the
permutation. This guarantees quantized transconductances.
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The understanding of the renormalization flow and the
stability of fixed points is facilitated by the fact that Eq. (3)
can be presented as

ds o¢e o
dE- T e(8) == zlsi (7)
i

The function ¢ plays the role of a pseudopotential in the space
of §. The & derivative of § is proportional to the gradient of .
This guarantees that e always decreases in the course of the
renormalization flow. Let us exemplify the use of € for N = 3.
For the insulating fixed point, &;,; = —(z;; + 22 + z33)- Let
us take permutation P;:123 — 312. The corresponding
ep, = —(213 + 221 + 232). If Z is symmetric, condition (5)
implies ep > &;,,. However, if one increases the antisymmetric
part of the matrix [which does not affect condition (5)], one
reaches ep < g,. This implies the stability of this fixed point.

There can thus be multiple stable fixed points, in which
case the actual scattering matrix at £ — O depends on the
“initial condition™: §;, = §(E = E.;) = 8(6 =0).

A more common situation is that of multichannel
junctions, where there are several channels in each terminal
a. The impedance matrix acquires a block structure with
Zjj = Zqp for all i Ea, j € B. This block structure increases
the degeneracy of QTC fixed points: any matrix of the form
sO =PV, U,V being arbitrary block-diagonal unitary
matrices. These fixed points still correspond to a quantized
transconductance. For each terminal with M channels, m
channels are reflected and M — m are fully transmitted to
other terminals. The stability of a point requires the same
condition (6).

From now on, let us concentrate on the minimal setup
with N = 3. The stability considerations are easy to obtain
analytically for one channel in each terminal. There
are only two potentially stable QTC fixed points corre-
sponding to the permutations P;(123 - 312) and
P_, = P7'. The stability conditions involve a single
parameter Z, = Z4, + Z4%, + Z4;, Z* being the antisym-
metric part of Z, and read

P, is stable provided - +Z, > X, X,,X3. (8)

Here X| = Zy, + 75, — 73, — Z5,, Z5 is the symmetric
part of Z, and X,, X; are obtained by index permutation.
Thus for any given Z either P, or P_; is stable, or both are
unstable. It is possible to show that for N = 3 the same
conditions apply for any multi-channel situation as well.
The only potentially stable fixed points belong to the subset
P,:if n > 0, n channels go from 1 to 3, from 2 to 1, from 3
to 2 while all other channels are reflected; if n < 0, —n
channels go from 3 to 1, from 1 to 2, from 2 to 3. The
stability thresholds are the same for all positive or neg-
ative n and are given by (8). The pseudopotential
reads &, = &5 + (Go/2)(=Z, + Zy1 + Zyn + Z33)n, so

all points with negative/positive n have a pseudopotential
smaller than that of the insulating point upon crossing the
same threshold.

To illustrate and quantify the situation we perform
numerical simulations for N = 3. We fix 2. We pick up
an “initial” random scattering matrix §;, from the circular
unitary ensemble and evolve it with Eq. (3) until a
stationary $(*) is achieved. (The flow induced by a non-
symmetric environment does not preserve the symmetry
class: an initially symmetric §;, immediately becomes
asymmetric upon the flow.) We identify the resulting fixed
point and repeat the procedure accumulating the statistics
of these points. Since all possible Z satisfying (5) can be
realized with circuit design, for all simulations presented
here we use an arbitrary symmetric, S, and antisymmetric,
2\, 3 x 3 matrix to define Z = z(S‘ + c;\), that depends on
the parameter ¢ characterizing the asymmetry. Concrete
matrices in use are

04 04 =00
S=1] 04 08 -06],
-0.0 —06 1.6
0 -10 04
A=| 10 o0 -08]. 9)
-04 08 0

For this choice, P, is a stable point for +c¢ > c,,
¢y, = 1.19, while its pseudopotential is smaller than that
of the insulating point for ¢ > c¢. = 1.33. The same
applies to P,,.

We show in Fig. 2 typical traces characterizing the flow
of §(&) for the situation of multiple stable points. A choice
of “initial” § results in insulation at £ — 0, while another
one manifests a QTC fixed point. We note a complex
behavior of the transmission coefficients 7';; in the course
of the flow: they are nonmonotonous, and intervals of
relatively slow evolution alternate with intervals of rela-
tively fast change. In any case, the traces saturate at the

@ 1.0 (b)
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FIG. 2. One channel per terminal. Energy dependence of
transmission coefficients for two different choices of time-
reversible §;,. (a) Realization of the insulating fixed point.
(b) Realization of a QTC fixed point. We choose ¢ = 1.5 where
both fixed points occur with comparable probabilities.
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FIG.3. One channel per terminal. (a) The fraction of §;, flowing

to QTC fixed point P, versus asymmetry parameter c. 10* runs
per point in c¢. (b) The pseudopotential € of the insulating fixed
point (red) and P; (blue). c¢,, c. indicate the stability and
pseudopotential crossing thresholds, respectively.

corresponding fixed points at & several times bigger
than 1/z.

We have accumulated the simulation results for differ-
ent ¢ to assess the probabilities for the realization of
various fixed points. In Fig. 3 we present the results for
one channel per terminal. The fraction of §;, flowing to
the QTC fixed point P; is shown in Fig. 3(a). This
fraction is zero below the stability threshold ¢, = 1.19
and increases to 1 upon increasing c. At ¢ = c,, the two
fixed points occur with approximately equal probabilities.
To identify a point, we use the pseudo-potential achieved
by the end of the renormalization flow. We plot the
pseudopotential for the two fixed points versus c¢ in
Fig. 3(b) to show c..

We investigate the multichannel situation as well. For the
setup with three channels in each of the three terminals, we
identify 3 QTC fixed points P,, n = 1, 2, 3, as expected.
They differ by the value of the quantized transconductan-
ces, Gjp = Gz = G3; = nGy. Their pseudopotentials are
given in Fig. 4(c). For the Z of choice, all three points
are stable at ¢ > ¢, =1.19 and have pseudopotentials
lower than the insulating fixed point at ¢ > ¢, = 1.33.
In Figs. 4(a) and 4(b) we present the probabilities to achieve
each of the four points at various c. The probability of the
insulating point drops from 1 to numerical zero at the
threshold ¢ = c,. Right after the threshold, the probability
f1 of P, dominates. At ¢ = c,., the probabilities f| and f,
are almost the same, while f75 is still negligible. The latter
increases and dominates upon increasing c, while f and f»
quench around ¢ ~ 2.0 and ¢ =~ 5, respectively.

The numerical investigation of a big number of channels
per terminal is difficult owing to the high dimension of the
scattering matrix. Nevertheless, we are able to investigate
the statistics of a setup with 10 channels per terminal. We
expect to find 10 possible QTC fixed points with
Gy = Goz = G31 = nGy, n = 1..10. However, with the
discretization of ¢ as in Fig. 4(d) we find only the points
with n > 4. Their probabilities versus ¢ display a peculiar
pattern shown in Fig. 4(d): each f, peaks at a certain ¢, and
dominates in an interval around c,, while quickly dropping
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FIG. 4. Three channels per terminal. (a),(b) The probabilities
for the realization of QTC fixed points P,, versus c. 10* runs per
point in ¢. (b) Close-up the same data as in (a) in the vicinity of
¢.. (c) The pseudopotential for P, and the insulating point. Ten
channels per terminal. (d) The probabilities for the realization of
QTC fixed points P, versus c. 10° runs per point in c.

to 0 beyond the interval. To emphasize this, we plot in the
figure the fits to the data for each f, with the expression
fu(c) =Aexp(-B(c/c, +c,/c—2)), A,B,c, being the
fit parameters. These results motivate the following hypoth-
esis concerning the renormalization of transconductance
for a semiclassical § encompassing a big number of
channels and correspondingly big G > G,. We surmise
that in this case transconductance is a quasismooth function
of ¢, G(c) ~ G. Since at each c in the plot the probability is
contributed by either one or two peaks, we estimate the
variance  VarG(c) ~ G. This looks analogous to the
universal conductance fluctuations in quantum transport
[1], where commonly VarG =~ G}, at (G) 3> G. It would

be interesting to research this semiclassical limit, quantify-
ing G(c) and its variation.

Experimental outlook—It might seem that the design and
realization of the linear Ohmic environment under consid-
eration can be delegated to electronic engineers.
Nevertheless, there are some points that require a prefatory
discussion. To start with, an interesting environment can
not be made by combining resistors: this would result in a
circuit obeying the no-amplification property [22]:
Zii + Zjk 2 Zie + 2ji» YV i, J, k. One can show that the no-
amplification property is not consistent with any alternative
fixed points. The environment to be realized should be
(a) amplifying, (b) asymmetric, (c) passive, (d) broadband,
and (e) permitting to measure the quantum contact at low
frequencies. Criteria (a) and (b) are required for alternative
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fixed points, while (c) and (d) are required by the
renormalization approach in use. To summarize, we can
satisfy all criteria using resistive elements, (on-chip)
transformers [23] [for (a), (c), (d)], low-frequency capaci-
tance filters [for (e)], and nonideal Hall effect gyrators
[24,25] [for (b)]. The concrete circuit design and details are
given in [16].

Conclusions and discussion—We have demonstrated the
QTC as a possible low-energy transport scenario in
quantum contacts subject to nonsymmetric electromag-
netic fluctuations. This leads to IQHE phenomenology
without 2D semiconductor heterostructures and topologi-
cal states. In particular, it can be achieved in much shorter
contacts. The resulting scattering matrix in combination
with magnetic and superconducting leads may result in the
formation of topological states and new devices associated
with this. The flow equation presented is valid at 7z < 1,
and it is feasible to complement it with higher-order
corrections « z2,z3, etc. We note, however, that these
corrections do not affect the stability of QTC points as far
as they remain small. More complex scenarios where the
stability is affected at higher Z ~ Gé' are beyond the
scope of the present Letter. More research is required to
elucidate the effects of small non-Gaussian and non-
equilibrium noise: albeit one generally expects that small
perturbations do not affect the stability unless it is
marginal. An intriguing property of the renormalization
is the dependence of the zero-energy regime on the high-
energy scattering matrix: the latter can be changed by gate
voltages resulting in sharp transitions between QTC and
insulation, or between different quantized transconduct-
ance values. Such transitions can also be achieved by
changing the asymmetry of Z. See Supplemental
Material [16] for a detailed illustration.

Acknowledgments—We acknowledge useful discussions
with E. Samuelsen and an important remark of D.G.
Polyakov. This research is supported by Delft Univeristy
of Technology.

Data availability—The data that support the findings of
this article are openly available at [26].

[1] Y. V. Nazarov and Y. M. Blanter, Quantum transport (Cam-
bridge University Press, Cambridge, England, 2009).

[2] G.-L. Ingold and Y. V. Nazarov, Charge tunneling rates in
ultrasmall junctions, in Single Charge Tunneling: Coulomb
Blockade Phenomena in Nanostructures, edited by H.
Grabert and M. H. Devoret (Springer US, Boston, MA,
1992), pp. 21-107.

[3] S.M. Girvin, L.I. Glazman, M. Jonson, D.R. Penn, and
M. D. Stiles, Quantum fluctuations and the single-junction
Coulomb blockade, Phys. Rev. Lett. 64, 3183 (1990).

[4] Y. V. Nazarov, Anomalous current-voltage characteristics of
tunnel junctions, Sov. Phys. JETP 68, 561 (1989).

[5] A.J. Leggett, S. Chakravarty, A. T. Dorsey, M. P. A. Fisher,
A. Garg, and W. Zwerger, Dynamics of the dissipative two-
state system, Rev. Mod. Phys. 59, 1 (1987).

[6] P. W. Anderson, Infrared catastrophe in Fermi gases with
local scattering potentials, Phys. Rev. Lett. 18, 1049
(1967).

[7] M. Kindermann and Y. V. Nazarov, Interaction effects on
counting statistics and the transmission distribution, Phys.
Rev. Lett. 91, 136802 (2003).

[8] L. W. Molenkamp, K. Flensberg, and M. Kemerink,
Scaling of the Coulomb energy due to quantum fluctua-
tions in the charge on a quantum dot, Phys. Rev. Lett. 75,
4282 (1995).

[9] K. v. Klitzing, G. Dorda, and M. Pepper, New method for
high-accuracy determination of the fine-structure constant
based on quantized hall resistance, Phys. Rev. Lett. 45, 494
(1980).

[10] M. Biittiker, Absence of backscattering in the quantum Hall
effect in multiprobe conductors, Phys. Rev. B 38, 9375
(1988).

[11] R.-P. Riwar, M. Houzet, J.S. Meyer, and Y. V. Nazarov,
Multi-terminal Josephson junctions as topological matter,
Nat. Commun. 7, 11167 (2016).

[12] A. M. Hriscu and Y. V. Nazarov, Quantum synchronization
of conjugated variables in a superconducting device leads to
the fundamental resistance quantization, Phys. Rev. Lett.
110, 097002 (2013).

[13] L. S. Levitov, H. Lee, and G. B. Lesovik, Electron counting
statistics and coherent states of electric current, J. Math.
Phys. (N.Y.) 37, 4845 (1996).

[14] I. Snyman and Y. V. Nazarov, Keldysh action of a multi-
terminal time-dependent scatterer, Phys. Rev. B 77, 165118
(2008).

[15] C. Chamon, M. Oshikawa, and I. Affleck, Junctions of three
quantum wires and the dissipative Hofstadter model, Phys.
Rev. Lett. 91, 206403 (2003).

[16] See Supplemental Material at http:/link.aps.org/suppleme
ntal/10.1103/gx91-gg4q for additional details, which in-
cludes Refs. [17-20].

[17] M. Kindermann, Y. V. Nazarov, and C.W.]. Beenakker,
Distribution of voltage fluctuations in a current-biased
conductor, Phys. Rev. Lett. 90, 246805 (2003).

[18] B. D. Tellegen, The gyrator, a new electric network element,
Philips Res. Rep. 3, 81 (1948).

[19] G. Viola and D.P. DiVincenzo, Hall effect gyrators and
circulators, Phys. Rev. X 4, 021019 (2014).

[20] B.J. van Wees, H. van Houten, C. W.J. Beenakker, J. G.
Williamson, L. P. Kouwenhoven, D. Van der Marel, and C. T.
Foxon, Quantized conductance of point contacts in a two-
dimensional electron gas, Phys. Rev. Lett. 60, 848 (1988).

[21] In fact, there could be QTC points corresponding to
permutations with the cycles longer than 4 even for a
symmetric Z, see Supplemental Material [16]. We explore
this exotic possibility elsewhere.

[22] I. Cederbaum, A generalization of the “no-amplification”
property of resistive networks, IRE Trans. Circuit Theory 5,
224 (1958).

106301-5


https://doi.org/10.1103/PhysRevLett.64.3183
https://doi.org/10.1103/RevModPhys.59.1
https://doi.org/10.1103/PhysRevLett.18.1049
https://doi.org/10.1103/PhysRevLett.18.1049
https://doi.org/10.1103/PhysRevLett.91.136802
https://doi.org/10.1103/PhysRevLett.91.136802
https://doi.org/10.1103/PhysRevLett.75.4282
https://doi.org/10.1103/PhysRevLett.75.4282
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevB.38.9375
https://doi.org/10.1103/PhysRevB.38.9375
https://doi.org/10.1038/ncomms11167
https://doi.org/10.1103/PhysRevLett.110.097002
https://doi.org/10.1103/PhysRevLett.110.097002
https://doi.org/10.1063/1.531672
https://doi.org/10.1063/1.531672
https://doi.org/10.1103/PhysRevB.77.165118
https://doi.org/10.1103/PhysRevB.77.165118
https://doi.org/10.1103/PhysRevLett.91.206403
https://doi.org/10.1103/PhysRevLett.91.206403
http://link.aps.org/supplemental/10.1103/gx9l-gg4q
http://link.aps.org/supplemental/10.1103/gx9l-gg4q
http://link.aps.org/supplemental/10.1103/gx9l-gg4q
http://link.aps.org/supplemental/10.1103/gx9l-gg4q
http://link.aps.org/supplemental/10.1103/gx9l-gg4q
https://doi.org/10.1103/PhysRevLett.90.246805
https://doi.org/10.1103/PhysRevX.4.021019
https://doi.org/10.1103/PhysRevLett.60.848
https://doi.org/10.1109/TCT.1958.1086466
https://doi.org/10.1109/TCT.1958.1086466

PHYSICAL REVIEW LETTERS 137, 106301 (2026)

[23] B. D. Anderson and S. Vongpanitlerd, Network Analysis and [25] G. Arlt, Halleffekt-vierpole mit hohem wirkungsgrad, Solid-

Synthesis: A Modern Systems Theory Approach (Courier State Electron. 1, 75 (1960).

Corporation, New York, 1973). [26] K. Mertiri, Numerical solutions and statistics for the
[24] S. Grutzmann, Hall-effect gyrators, isolators, and circulators renormalization equation (version v2) [Dataset], Zenodo,

with high efficiency, Proc. IEEE 51, 1584 (1963). 10.5281/zenodo.21890483 (2026).

106301-6


https://doi.org/10.1109/PROC.1963.2630
https://doi.org/10.1016/0038-1101(60)90059-9
https://doi.org/10.1016/0038-1101(60)90059-9
https://doi.org/10.5281/zenodo.21890483

	Quantized Transconductance Emerges from Nonsymmetric Quantum Fluctuations
	Experimental outlook
	Conclusions and discussion
	Acknowledgments
	Data availability
	References


