Pre prints.org

Article Not peer-reviewed version

Schrodinger Cat States in Giant

Negative Magnetoresistance of 2D
Electron Systems

Jesus Inarrea
Posted Date: 2 October 2025
doi: 10.20944/preprints202509.2601.v1

Keywords: two-dimensional electron system; coherent state; Schrodinger cat state; magnetoresistance

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/121568

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2025 d0i:10.20944/preprints202509.2601.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Schrodinger Cat States in Giant Negative
Magnetoresistance of 2D Electron Systems
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Escuela Politécnica Superior, Universidad Carlos III, Leganes, Madrid, 28911, Spain; jinarrea@fis.uc3m.es

Abstract

We investigate the effect of giant negative magnetoresistance in ultrahigh mobility (4 > 107cm?V~1s71)
two-dimensional electron systems. These systems present a dramatic drop in the mangetoresistance at
low magnetic fields (B ~ 0.1 T) and temperature (T ~ 0.1 K). This effect is reversed by increasing the
temperature or the presence of an in-plane magnetic field. We explain this striking effect based on the
description of these systems in terms of Schrodinger cat states (superposition of coherent states of the
quantum harmonic oscillator). The increasing disorder in the sample due to the rising temperature
or the in-plane magnetic field break up the Schrodinger cat states giving rise to mere coherent states
which hold magnetoresistance in lower mobility samples.

Keywords: two-dimensional electron system; coherent state; Schrodinger cat state; magnetoresistance

1. Introduction

Two-dimensional (2D) material are one of the most interesting fields of research in condensed
matter physics these days. Both, theoretical and applied. The rise of graphene marks the beginning
of this new era [1]. We can cite several novel 2D materials such as graphene and its derivatives,
germanene, phosphorene, hesagonal boron nitride, transition metal dichalcogenides and other 2D
heterobilayers [2]. Nevertheless, we can not forget the recently obtained ultra-high mobility systems
based on GaAl. Among the different physical properties studied in those materials the electronic ones
are the most important due to their impact in the future nanoelectronics, spintronics and potentially in
quantum computing. Thus, it is really worth doing a thorough research study on ultra-high mobility
(1 > 107cm?V~1s71) two-dimensional electron systems (2DES) and their electronic properties such as
magnetotransport. Different theoretical contributions have recently shown up studying those high
mobility materials [3-12]. One of the most challenging demonstrates that 2DES under low magnetic
field (B) and temperature (T) turn into a structure of Schrodinger cat states (SCS) [13-16], a quantum
superposition of coherent states [3] of the quantum harmonic oscillator. The initial idea of coherent
states [13—-19] was introduced by Schrodinger [17] describing minimum uncertainty constant-shape
Gaussian wave packets of the quantum harmonic oscillator.

It is worth mentioning also that when irradiated under B those 2DES systems give rise to the very
well known phenomenon of microwave-induced resistance oscillations [11,12]. MIRO are one of most
striking radiation-matter interactions effects discovered in the last two decades. We studied this effect
based on the microwave-driven electron orbit model [3,5-10]. In this model, electron orbits (electrons under
B), are driven by radiation performing a harmonic motion with the frequency of radiation. During this
back and forth motion electrons suffer elastic scattering due to charged impurities. One remarkable
result that we found [3,5-10] is that the time it takes the scattered electron to get from the initial to
the final coherent state or evolution time, 7, equals the cyclotron period, T, = 27t /w, [3]. The rest of
scattering processes at different T can be ignored.

Other physical effects obtained in the dark for these materials remains to be fully explained. In
this way, experimental results [20-22] obtained with ultraclean (i > 107 cm?/V's) samples, show the
unexpected and striking effect of an almost complete magnetoresistance collapse at low T (T ~ 0.1 K)
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and low B (B ~ 0.1T), observed under irradiation and in the dark and well-known as giant negative
magnetoresistance [23-28] (GNM). Interestingly enough and observed in the same experiments, this
collapse can be reversed with external parameters: with increasing T, the set up of an in-plane B (B))
with increasing intensity too and can also be altered with the electron density (n.) via an external
metallic gate. In this article we present a theoretical model for this striking effect and the influence
of the external physical properties and how can we make a good use of them to tune the GNM and
using it to our advantage. In our theoretical approach we devise a phenomenological model to explain
those experimental results. On the one hand, we are based on the quantum superposition of coherent
states that give rise to SCS. Thus, the electronic structure of a ultra-high mobility 2DES would be
mainly composed of SCS that oscillate with a frequency double (2w,) than expected considering the
applied field. Under these states charged impurity scattering (elastic scattering) is seriously diminished
and Ry, drops. On the other hand we focus on the sample disorder as responsible for the cat states
destruction to give rise to standard coherent states. Samples with a lower mobility (4 ~ 10°cm?V~1s~1)
would have an electronic structure based on coherent states [3] where the scattering fully take place
giving rise to the Ry, recovery.

Schrodinger cat states are fragile states that rise when coherent states associate. They turn up
in 2D ultra-clean samples at low T and B. Another important property is that they show quantum
interference at certain values of position and time where their probability density peaks (see below).
However when disorder rises with increasing T or B, SCS are gradually destroyed becoming mere
coherent states. In between these two limiting situations we propose that the electronic structure of
the 2D samples is made up of an ensemble of SCS and individual coherent states. The intensity of the
Ryy drop will depend on which kind of states are predominant in these ultra clean samples. At low
T or low B SCS would be prevailing. In the opposite scenario, at high T or high B||, coherent states
would be majority. Thus, T and B would be the physical properties that allow us to turn gradually
and continuously a cat states-based sample into a coherent one and viceversa. Thus, T and/or B
could be used as external tuning physical properties to control the electronic structure of 2DES and
make them SCS or coherent states at will. We also study the GNM as a function of the electron density
and contrast to experimental results [27]. We obtain that GNM is not as affected by 7, as by T and Bj.

According to our model, the GNM effect itself, is explained based on two physical origins as
follows. The energy difference between Landau states in SCS is 2fiw, and then this turns the Landau
levels involved in scattering into totally misaligned (see Figure 4). As a result, magnetoresistance
based on quasi-elastic scattering plummets. This would be one of physical causes of GNM. Another
reason would be that we find that the odd Schrodinger cat states when involved in scattering processes
undergo a destructive process that makes the scattering rate vanish, and in turn Ry, vanish too [4].
The Aharonov-Bohm effect plays an essential role in the latter, transforming even Schrodinger cat
states into odd ones when a phase shift of 7r is added [4]. Nevertheless, there is still a remanent part of
even Schrodinger cat states that would be responsible of the experimentally obtained low intensity
MIRO. We conclude that ultra-high mobility 2DES under low B and T, are made up of a structure
Schrodinger cat states and then can become a promising bosonic mode-based platform for quantum
computing [29,30] that could be controlled by external parameters such as T or Bj.

2. Theoretical Model

Even and odd coherent states are quantum superpositions of two coherent states of equal ampli-
tude but separated in phase by 7t radians (see Figure 1):

1
o) ecemy = 5 Ny [la) £ | — &) 1

odd

|a[2 /2 |2 /2
where N, = —4—— for even coherent states and N, = —~———— for odd coherent states. The plus
e cosh(|a?) v 7 \/sinh([af?) P

sign corresponds to the even states and the minus to the odd ones. The even and odd coherent states
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can be obtained from the quantum harmonic oscillator ground state with the action of the even and
odd displacement operators [13], D(a (ev;;)).

[D(«) + D(—a)] = cosh(aa™ — a*a) ()

N =

D (aeven) =

and
D(@uia) = 5[D(@) ~ D(~a)] = sinh(aa" — a"a) 3)

Thus, ) ewen) = D(a(oen) ) |¢ho). The corresponding expansions of the even coherent state including the
0 O
time evolution read,

e—iwt/Z (lxoe—iwct)Zn
a(t = 4
|ec(t)) even cosh () ; ) |$p21) 4)
and for the odd coherent state,
e—iwt/Z (WOe—iwct)Zn-&-l

() oda = sinh(|0c|2); S |p2n41) (5)

Thus, even coherent states are a superposition of even eigenstates of the quantum harmonic oscillator
and the states energy is given by Eepen = hwe(2n 4+ 1/2). The odd ones are superpositions of odd
eigenstates and the energy is E,3; = hw((2n + 1) 4+ 1/2). Interestingly enough, only one every other
Landau level is populated in both of them and thus the energy difference between populated levels is
2hw,. This latter point turns out key to explain GNM. Yet, for genuine coherent states is AE = hw.

Figure 1. Schematic diagram of the even and odd coherent cat states. These states are superpositions of two
coherent states of the quantum harmonic oscillator of equal amplitude but separated by 7r radians. Those states
are described by oscillating Gaussian wave packets (time dependence). Plus sign corresponds to even and minus
to odd.

The wave function for even and odd coherent states then reads [13-16,19],

by = (xIDlaga)ldo) = ;Nie® x
[eh Pl — X(0) — () (1)) £ F PRl — X(0) + (x) (1] ©

where ¢

mwe 1/4 ,{x—x<o>—<x><t>]2
) e

folx = X(0) — xo(t) = (x) ()] = (== & )
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is the ground state wave function of the quantum harmonic oscillator, X(0) is the guiding center of the
quantum oscillator, (x)(t) and (p)(t) are the position and momentum mean values respectively [19]:

(3)(0) = | =2 ool cos(aet) ®

(p)(t) = —v/2m*hw,|ag)| sin(wt) 9)

where we have used that = |ag|e~ (@),

and

For experimental values [27], |ao| is large (low B) and then the coherent states |«) and | — &) can
be considered as macroscopically distinguishable [13-16,19]. Thus, the two gaussian wave packets
are located at macroscopically separated points. They classically oscillate with the frequency w, if
we consider every gaussian packet independently. Then, electrons are simultaneously localized in
both spatially separated wave packets at macroscopic distances of the order of the low B cyclotron
radius (see Figure 3). Then, the above superpositions are known as Schrodinger cat states [14,15]. The
normalization constants are N, =~ N, ~ 1/+/2. These cat states are mainly used in quantum optics and
have recently become relevant in quantum computing as a promising platform to implement gbits [31].

In order to establish the physics of our theory on GNM it is essential to calculate the probability
density of the wave function, 1, (cvem) which is given by,

P l® = 5lonlx — X~ @(OP
ol — X(0) + (x)(1)

1/4  24(x)?
j:2cos<2x<p>> ( mh > e 2bx)? ]

h TTW,

(10)

where the last term is responsible for the quantum interference. Thus, both types of superpositions are
composed of two Gaussian wave packets oscillating (see Figs. 3 and 4) back and forth harmonically
with a phase difference of 7r radians. When they cross, quantum interference rises. Then, acute peaks
are obtained in the probability density when w.t = 71/2 and 37t/2. Thus, we expect that electron
scattering, will take place mainly at these points and this is a very important point in our model.
Besides, the system as a whole oscillates with double frequency, 2w, although every gaussian wave
packet individually oscillates with w, as we said above.

The longitudinal conductivity oy, is calculated with a semiclassical Boltzmann model [32-34],
and accordingly,

7 =22 [~ dEpu(E) (a0 (L) (1)

0 dE
being E the energy, p;(E) the density of initial Landau states and Wj is the scattering rate of electrons
with charged impurities. Wy is at the heart of the physics of our theory explaining GNM. We obtain

Ry by the usual tensor relationships [5,32-34], Ryy = (72‘2’:7 - %, where oy ~ % and oy < 0y,
xx T0xy Xy

1, being the 2D electron density.
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Figure 2. Upper panel: Schematic diagram of scattering process between coherent states ¥, and ¥,/. The
scattering is quasi-elastic because the scattering source is based on charged impurities. The probability density for
both coherent states is a constant-shaped Gaussian wave packet and the process evolution time is the cyclotron
period. i.e., T = 271 /w, = T.. Lower panel: Same for the Schrodinger cat states case.
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Figure 3. a) Even coherent state probability density. Quantum interference gives rise to peaks at around w.t = 71/2
and 371/2 and x ~ 0. b) Odd coherent states probability density. For both (even and odd), the probability denssity
peaks at the same points. The probability densities shown are based on experimental values [20,21]. ¢) Schematic
diagram for an even or odd coherent state; the two compnents of the state are harmonically oscllating under the
same parabolic potential.
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AXj is the distance between the initial, X(, and final, XE), scattering-involved states guiding
centers. Wy [32-34] is given by the Fermi’s golden rule:

27
Wi = Ni%-| < [Velpa > [P0(E — Eq) (12)
where N; is the number of charged impurities, 1, and p  are the wave functions corresponding to
the initial and final cat states respectively, Vs is the scattering potential for charged impurities [32-34].

Vs = Zq qui’hx, and g, the x-component of 7, the electron momentum change during the scattering
event. The Vi matrix element is given by [32-34]:

| <y Vsl > 12 = L IVPIL, o P (13)

where the scattering integral I, s is [4],

_ iqxx =
sz,a/ ooll]/ )e * llJ (e)dx
R S T . ) L )
(a)/ e Ph e 2(Ax)2 e 2(Ax)2
2 Jow
() P X
+e 7 e 2802 o 2(Ax)2
/ !
! X)) (=Xpt(x)?
+o 1x(<Ph>+<F’> p 2607 o 2(av)?
/
o X)) (x=Xg-(0)?
M T TR A Jdx (14)

where (p') (') = —v/2Zm*Tawc|ag| sin(wct'), (x')(¥') = /525 |ao| cos(w,t') and # = t + T. t being the
scattering initial time and #’ the final scattering time [4]. As above, in the =+ sign the ” 4 ” corresponds
to magnetoresistance held by even Srodinger cat states and ” — ” to odd Srodinger cat states. As we
said above, according to the probability density the scattering processes will take place more likely at
the probability peaks. This is equivalent to having a small effective oscillation amplitude, i.e., ay < 1

and w.t = 7, 37” Thus, for instance, for the case of w.t = /2 we get to [4],

/
o, Yot X0 az(ax)?
X2 e 2

— polq
le,a/ =e X
— 7 - _ [AXg++/ %\ao\cos(%+wcr)]2
[equ§1/m\uc0\cos(7+wcf)e 8(ax)2

I . 8%~/ sk g cos( F e
+e—qu7./m\ao\ cos(7+wcr)e 8(0x)2

/ 2h T 2
iqx 3 \/7’ lag| cos(F+weT) — 1B+ it MO'EOS(?H}CT)]
:|:€ 2\ ‘mwc 2 e 8(Ax)
N 7 - _ [AXg—+/ %\ao\cos(%erc‘r)]z
ieiqui \/ e o] COS(jJchT)e 8(ax)2 ]

(15)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.2601.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2025 d0i:10.20944/preprints202509.2601.v1

8 of 13

a)
>
E camoam . o J
5.~
b)
> —— 2w
D
[
L 27w,

Density of states

Figure 4. Schematic diagrams representing electron-charged impurity scattering (elastic) between Landau levels.
a) Case of individual coherent states. AE = hw,. b) Case of Schrodinger cat states. AE = 2hw.

Remarkably enough, due to the large value of |ag| the above expression turns out to be negligible
(real exponentials tend to zero [3]) except when T = 2” orT = 5- 2L Then, the latter values act similarly
as selection rules for the scattering process to take place and contribute to magnetoresistance. After

lengthy algebra we get to the final expression [4],

. X(/)+X X g3 (ax)?
I+ = 2eMx 2 ¢ 82 2
o0
. x6+x _[6X]* _ g(an?
4262 8(8x)2 2 (16)
X/ +X _ X g3 (ax)?
Thus, for the even Schrodinger cat states we obtain, [+ = =4etx—7 ¢ 8497 2 whereas for the
odd ones I M= = 0. We also obtain, not shown, that when one of the scattering-involved cat states,

initial or fmal is odd the scattering integral is zero too.

o= [ b edr =0= [ g e dr =0= [ g e dr =0

The latter results in terms of scattering integral are very important. Firstly, a good number of the
scattering process that could contribute to magnetoresistance are cancelled and secondly, the remanent
magnetoresistance that still persist is being held only by even SCS. The latter point explains one of the
two physical reasons justifying GNM according to our model. The second is as follows.

We develop the Dirac delta in Wy, 6(E,; — E,) as a sum of Lorentzian functions and with the use
of the Poisson sum rules get to a an expression for SCS that reads [25]:

1 1— e—ﬂr/Zhwc
3(E, ~Ea) = 5o ( (17)

1+ e—ﬂr/Zth

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.2601.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2025 d0i:10.20944/preprints202509.2601.v1

90f13

where I is the Landau level width. Recall that the energy difference between Landau levels for a SCS
is AE = 2hw,. On the other hand, for the case of coherent states [4,25], where AE = hw,,
1 14e™ L/ hwe
8(Ey —Ex) = g (W) (18)
In the former case (coherent states scattering) the scattering jump between initial and final Landau
levels are aligned (see Figure 5a). Thus, there are available a lot of states and a full contribution to the
current and magnetoresistance. Recall that the charged impurity scattering is elastic. However for
the latter case (SCS scattering) Landau levels are misaligned due to the energy difference between
levels(see Figure 5b). As a result, there are hardly final states in the scattering jump to contribute to the
current. Thus, predominant presence of SCS in ultra-high mobility 2DES explains why the current
plummets.
In our phenomenological model, the former expression for 6(E / — Eq) corresponds to a ultrahigh
mobility 2DES, i.e., mainly made up of SCS. The latter is for a lower mobility 2DES, i.e., the coherent

states are predominant. In between these two scenarios we propose a general expression for 5(EDL, -
Elx)/

1— —nT/2hw,
S(Es—Ey) = p(Llze™ o™
hw, \ 1+ e~/ 20w,

L-p) <1 N e—nr/hwc> )

hwe \ 11— e—7/hwe

Where £ is phenomenological I'-dependent parameter which is defined below. The electron-charged
impurity (elastic) scattering jump between SCS is graphically represented in the schematic diagram of
Figure 5b; the scattering is not efficient due to the lack of final states in an elastic jump. The scattering
between genuine coherent states is represented in Figure 5a; now the scattering is fully efficient in
terms of available final states.

0.5

0.0 T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10

B(T)

Figure 5. Calculated Ryy vs B in function of T ranging from T = 0.1K to 1K. As T increases, Ry increases and the

giant negative magnetoresistance effect is gradually wiped out.
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3. Results

The effect of increasing T and Bj| for electrons is to interact with more intensity with the lattice ions
producing a stronger emission of acoustic phonons and with the subsequent I' increase or Landau level
widening. Following Ando et al., [33] the acoustic phonon [] scattering (y,) is linearly proportional
to T. Then A7y,e o< AT. This has to be reflected in a rise of I that in our model is expressed as [25,28]
Al =T;—Ts = hAY 4. Where [yis the LL width for T > 0.1 K, and I'; = 1.107° eV [21] corresponds
to the LL width of a ultrahigh mobility 2D sample. We calculate 7,. and A+, according to Ando et
al. [33]. Now we define § = 1 — AI'/T’;, where I'; = 10~%eV is the LL width for a lower mobility
sample [35] (u ~ 10°cm?V ~1s~1). In our simulations T ranges from 0.1K to 1 Kand AT = T — 0.1K.

The action of B is to force an extra oscillating motion in a perpendicular direction to the main B
(see upper panel of Figure 6). This would make stronger the interaction of the orbiting electron with
the lattice ions, and similarly as with T, emitting more acoustic phonons. Thus, the effect of a B would
be to produce more disorder in the sample giving rise to an extra LL widening.

1.0

0.5

00 T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
B(T)

Figure 6. Upper panel: schematic diagram for the semiclassic electron trajectory in the presence of B|. Lower
panel: Calculated magnetoresistance vs B in function of BH ranging from 0 T to 1 T. As with T, as B I increases, the
giant negative magnetoresistance effect is gradually disappearing.

The relation between -, and BH is given by [36,37]: As we have indicated above, the presence
of in-plane B alters the electron trajectory in its orbit increasing the frequency and the number of
oscillations in the z-direction. Now the frequency of the z-oscillating motion is {) > wy. This makes
longer the electron trajectory increasing the total orbit length and eventually the damping. This
increase in the orbit length is proportionally equivalent to the increase in the number of oscillations
in the z-direction. Thus, we introduce the ratio of frequencies after and before connecting By as a
correction factor for the damping factor -y. The final damping parameter 1 is:

Yac = 'Yuc(BH =0) x (20)
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where z is the effective length of the electron wave function when we consider a parabolic potential
for the z-confinement [33,37]. Now, proceeding similarly as before, the increase in LL width is,
Al =Tf— FS(BH = 0) = hiA7y,c, where in this case Ay, = 'yaC(BH #£0) — 'yaC(BH =0). B) ranges from
0. T to 1.0 T and for every case f is calculated the same as with T.

In Figure 5, we exhibit calculated results for Ry, vs B in function of T ranging from T = 0.1K to 1K.
At T = 0.1K the curve shows a surprising strong Ry collapse or giant negative magnetoresistance. As T
rises, the GNM effect little by little disappears and it is totally wiped out when T = 1K. As explained
above, as T increases, the disorder of the sample increases too and the predominant SCS are progressively
destroyed to become individual coherent states. This is reflected in the model with the Dirac delta
d(E, — Eq) that is gradually turned from Eq. (16) into Eq. (17), being represented in the process by Eq.
(18). In the curve of T = 0.1K the 2DES would be mainly made up of SCS, while in the curve of T = 1K
the 2DES would be formed by genuine coherent states. The abrupt collapse is present in the dark and
under radiation. In the lower panel of Figure 6 we present the effect of B on magnetoresistance. Here we
present calculated results for Ryy vs B for different values of B| ranging from 0T to 1T. As B increases,
the effect is getting smaller and smaller and with 1T, it has nearly disappeared.

In Figure 7 we exhibit the effect of electron density on Ryy. The electron density goes from
ne = 2. x 10" em™2 to 3. x 10! cm 2. As in experiments we obtain that the strong GNM gets more
pronounced as 1. decreases. The explanation can ge straightforwardly from our model if we consider
the tensor relations between oy, and Ry,. Thus, Ry, < 1/ n%. The general effect is not as important as
with T and By. Thus, in our opinion, 7, via an external gate voltage would not be fully effective when
it comes to tune the transition from SCS to coherent states in ultrahigh mobility samples.

5 T T T T T T T T T

ne:2.10“cm'2

2.410"cm” |
7~
g 3- ) 7
X 2.6107cm
D: J J

Figure 7. Effect of electron density (1,) on Ryy. The electron density goes from n, = 2. x 101 ¢m 2 to 3. x 1011
cm~2. As in experiments we obtain that the strong GNM gets more pronounced as 7, decreases.
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4. Conclusions

Summarizing, we have introduced the quantum superposition of coherent states giving rise to
Schrodinger cat states (even and odd) for ultra-high mobility 2DES. Based on them, we have explained
the experimentally obtained GNM that shows up in this kind of samples at low T and B. We have
studied also the effect of electron density on GNM. Finally, ultra-high mobility 2DES under low B and
T, can be proposed as a promising bosonic mode-based platform for quantum computing, where T
and/or B could be used as external tuning physical properties to control the electronic structure of
these systems.
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