Quantum mechanicsvsrelativity: an experimental test of the structure

of spacetime

S. A. Emelyanov!

We have performed an experimental test in which quantum mechanics predicts a nonlocal single-particle
transport beyond the very paradigm of motion in three dimensions and therefore beyond the relativity. The test
has shown that such transport does exist. This fact strongly challenges the relativistic concept of simultaneity
giving rise to a renaissance of Newtonian concept of absolute time but in a combination with the
multidimensional space which corresponds to the quantum-mechanical notion of configuration space. The test
legitimates realistic interpretation of quantum mechanics insofar as the requirement of Lorentz invariance

appearsirrelevant to any version of quantum theory.

1. Introduction

Quantum phenomena cannot be described in term@noekational three-dimensional space but
only in terms of multidimensional configuration spa This fact was realized by the founders of
guantum mechanics and was widely discussed iniftie(1927) Solvay Conference [1]. At the
Conference, both Lorentz and Einstein repeatedjgdiparticipants to remain in the framework of
three-dimensional space in their description ofnjuiaa phenomena. However, neither Schrédinger
with his theory of wave mechanics nor de Broglighwhis pilot-wave theory were able to follow
this appeal. The reason for the general concerntabe framework of quantum mechanics was
certainly much deeper than merely a counter-imaitharacter of quantum phenomena. The point
is the very principle of locality appears at staigether with the relativistic concept of spacetime
which is largely based on the impossibility to dymmmize remote clocks in a nonlocal way.
Nevertheless, most participants, such as Bohr,ddberg, Dirac and Pauli, spoke in favour of
fundamental impossibility to describe, for instanogerference in terms of three-dimensional space.

The way to reconcile relativity with quantum mecicanthey sow in rejection of realism of the
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latter. As a result, their explicitly unrealisti€gpenhagen) interpretation of quantum mechanics
received the most support at the Conference analytddremains the most widely studied [2-5].
However, as a reward for such preference, we havehg problem of philosophic inconsistency
between macro- and microcosm together with theteglaroblem of how to define a “point of
switching” from realism of the former to mysticisai the latter. These issues were stressed by
Einstein during the familiar Bohr-Einstein debdi@s].

However, further course of events seems to contfirenpreference made. It is the observation
of nonlocal correlations under the conditions ohdiein-Podolsky-Rosen'gedanken experiment
which originally was conceived to demonstrate amoimpleteness of quantum theory [9]. Actually,
in the light of Bell's theorem, EPR experimentsyptlae role of a test which ultimately rules out any
local hidden-variable theories and even some nahlmalistic theories covered by the so-called
Leggett theorem [10-13]. Moreover, even if a noalaealistic quantum theory, most notably the
de-Broglie-Bohm theory, does not contradict any E®&eriments, it inevitably faces a truly
formidable difficulty with the requirement of Loreninvariance [14-20]. Although the orthodox
guantum theory faces the same problem through thie®m of wavefunction collapse, here the
problem seems not so blatant just because of tletigisym of this theory. This circumstance is the
basis of what today we call quantum dilemma whicbrgy reads as follows: either nonlocality or
realism [21-23]. In the view of EPR experiments golution of the dilemma seems self-evident
and therefore mysticism is still the philosophiaridation of microcosm [24-25].

The also significant fact is the EPR nonlocalitywwat provide, even in principle, either a
nonlocal transport or a nonlocal signaling. Ithe subject of so-called no-communication theorem
[26-28]. Today, this fact is generally regarded besng deeply fundamental because quantum
mechanics appears thus completely safe for thauistec concept of simultaneity and therefore for
the relativistic concept of spacetime. Accordinghe impossibility to describe quantum phenomena
in terms of conventional spacetime is generallyardgd as rather a descriptive problem which does

not lead to any far-reaching consequences.



In this work, however, we carry out an experimerntdt in which quantum mechanics
definitely predicts a nonlocal transport which isybnd the very paradigm of motion in three

dimensions and could thus challenge the relatovigincept of spacetime.

2. Gedanken experiment

To clarify the core of the test, we start witlgedanken experiment shown schematically in
Fig. 1. Suppose that there is a quantum systeneitfemstate of which is a macroscopic-scale one-
dimensional circular orbit@). In the system, we can easily select two spdbtatains such that both
are crossed by the orllt but remote from each other by a macroscopic disthntet in the first
(Alice’s) domain there is also a local levglwhile in the second (Bob’s) domain there is a lloca
level B together with a number of local scatterers capé&blprovide C - B transition during a

characteristic timer. ;).
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Fig. 1. Gedanken experiment to demonstrate a nonlocal single-particle quantum transport. C — macroscopic-scale
circular quantum orbit,. — the distance between Alice’s and Bob’s domakandB — local quantum levels belonged to

Alice’s and Bob’s domain, respectively. Verticat@xs denote local quantum transitions.

Initially, only lowest level Q) is occupied by an electron. However, if Alice egps her
domain to light capable to provida - C transition during a characteristic time,( . ), then the
electron should appear in the lelduring the time £, . +7._g) and this is nothing but the

transport fromA to B. The key point is the transportiiglependent of L but determined only by the
above characteristic times which always can betshed either through a more intense photo-

excitation or through a higher concentration ofttecars. Moreover, to provide a nearly hundred-
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percent probability for the detection of at lease electron in Bob’s domain, one can use a great
number of spatially-separated quantum orbits oft tkimad. The “speed” of such transport

(L/7,_. +7._g) may well be higher than the speed of light withany conflict with relativity
because botlr, . andr._; have nothing to do with the time spent in overauthe distancé.

In other words, the transport is beyond the vernagigm of motion in conventional space as well as
beyond the no-communication theorem. In terms efdfthodox quantum theory, it is based on the
fundamental principle known as indeterminacy of fhesition of non-interacting particle in a

guantum orbit.

3. Theideaof how torealize

At first sight, ourgedanken experiment seems fundamentally unrealisable becaesused to
think that quantum orbits are always microscopid #reir size is uncontrollable. However, this is
not exactly the case. To see that, consider a reempic quantum system known as the integer
guantum Hall (IQH) system [29-30]. According to thenerally-recognized Laughlin-Halperin’s
theory, any IQH system contains so-called currantying states extended along the perimeter of
the systenregardless of its size [31-32]. In the states, the electrbehave as spontaneous quasi-
one-dimensional currents with a cross-section ef dhder of their microscopic cyclotron radius.
Roughly, these states are originated from the eatejuantizing magnetic field crossed by the in-
plane electric field which always occurs in theinity of system edges. In principle, these states a
nothing but the quantum orbits and hence coulduitde to perform the experiment in Fig. 1.
However, the problem is that in optical experimerssch as that one in Fig. 1, it is hard to
distinguish the effect of a relatively small numbéedging states on the effect of a gigantic numbe
of localized states in the system interior. Thistfas well known from the photo-conductivity

measurements performed in IQH systems [33].



Nevertheless, the situation is not hopeless andouéd try to make experimentally-accessible
the Laughlin-Halperin-type states in two ways. Tingt way is to “construct” these states not only
close to system edges but also in the interioreddd if IQH system has a sharply asymmetric
confining potential, then there should be the dtedabuilt-in electric field and this field is an
analogue of in-plane electric field near the syséelges. Now if the external magnetic field has both
in-plane and quantizing components, then the cdostectric and magnetic fields could occur not
only close to system edges but also in the inteRotentially, this could be the reason for Laugthli
Halperin-type states. Indirectly, this guess ispgufed by the theoretical calculations with a
simplified model of infinite IQH-like system [34According to these calculations, if the system is
asymmetric while the external magnetic field hathlmuantizing Z) and in-planeX) components,

then Landau level degeneracy may be lifted so thatwavefunctions become Bloch-like with

: e o 0&(k
nonzero electrons’ in-plane velocities in thédirection: vy(ky):% (k,)

#0. The energy

y

spectrum consists thus of a series of Landau sulsbsinifted ink-space €(k,) # £(-k,)) and their

shift depends on the Landau quantum number asasalh the so-called toroidal moment which is a
cross product of the magnetic field and the eleclield in the Z-direction [35-36]. In theX-
direction, however, the wavefunctions remain sthpmgstricted within the electron cyclotron radius

(r) and the electronX-coordinates remain in a correlation with their waxector like in the case of

conventional IQH systemx{ :—kyrz). It follows that the electrons are spatially-seyp@d one-

dimensional spontaneous currents and they arestinoisgly reminiscent the edging currents in the
Laughlin-Halperin’s model. The only problem is thage not closed and-priori it is not clear
whether or not they exist in a system of finiteesitt is still our guess that these currents dstexid
they are closed through the system edges (Fig. Ré\ever, if this guess will prove to be valid, we
obtain a number of one-dimensional macroscopict®fvhich differ in their spatial position, size,

characteristic energy and velocity.



The second way is that we could try to find a tygeoptical measurements, which are
sensitive only to delocalized states but insereitio localized ones. In other words, these
measurements should provide an output only if thergy spectrum of localized states (Fig. 2B)
truly transforms into the energy spectrum of Laughalperin-type states (Fig. 2C). Fortunately,
such measurements can be proposed. Indeed, i2Bighe optical transitions between Landau
levels cannot result in a measurable in-plane otrteecause of zeroth in-plane electrons’
velocities. By contrast, in Fig. 2C their in-planelocities are nonzero and moreover they are not
exactly the same at initial and final state of gtiaal transition. Therefore, in the latter caseea
current could potentially emerge under the cyclotresonance (CR) absorption everuiniased
IQH system and this current may well measurablenBmenologically, it would be the so-called

photo-voltaic effect resulted from an inner spatisymmetry of the excited system [37].
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Fig. 2. Schematic illustration of how long-range orbit-like quantum states could emerge in asymmetric 1QH
system and of how they could be detected. (A) An unbiased IQH system with asymmetric conftipotential in
presence of tilted quantizing magnetic field: (@LetLaughlin-Halperin current-carrying states ia thcinity of system
edges, (2) Laughlin-Halperin-type states origindtedh the crossed electric and magnetic fieldshim gystem interior.
(B) CR transitions in conventional IQH system (QR @ansitions under lifting of Landau level degewsrin theY-
direction. The shift of Landau subbands is suppdsdak a function of the toroidal moment as welb&she Landau

guantum number.



However, to be sure that the detected responseanyif are truly related to the Laughlin-
Halperin-type states, we need in a rigorous caterihat would allow us to distinguish these
responses from the other possible ones. To fifdtiys focus on the following remarkable thing. If

the electronsX-coordinates truly correlates with their wave vestm accordance with the above-

mentioned relation, then the electrons’ velocitleg(k,)) appear spatially-ordered in the-

direction. Moreover, the ordering is of such kirwitt it does not imply any spatial periodicity

becausev, is not a periodic function ok, . If such ordering does exist, then we should ofeser

quite different local responses at differefitoordinates because, as it is seen from Fig. BE, t
expected current should be a functionkgfand hence of,. The presence of such ordering is just
the criterion we need. Returning to Fig. 2C, iséen that CR conditions for electrons with positive
velocities should be fulfilled at lower magnetieléls than those for electrons with negative vejocit

This means that even CR position as well as CRsliape may be sensitive tq, if the Landau

subband broadening is not too high.

4. Experimental details

In experiment, we use pulsed optically-pumped tmazhammonia laser with the energy of
light quanta of 13.7meV; pulse duration of aboun$Cand the incident intensity of about
200W/cn? [38]. Spatially-uniform unpolarized radiation iacident normally onto the sample
surface and does not thus induce any in-plane agymnTo provide nonzero toroidal moment, the
external magnetic field (up to 6.5T) is tilted fraime normal by about I5 Sample temperature
(2.9K) is much less than the energy of light quahligh-speed in-plane responses are detected in
short-circuit regime with &0Q load resistor.

The IQH system is based on the MBE-grown semimetsilhgle quantum well structures of

type InAs-GaSh, for which CR is expected at magrfetids of about 4.8T. In these structures, the



valance band of GaSb overlaps the conduction b&maAs by about 100 meV. Thus, to avoid a
hybridization of these bands, a 15-nm-wide condwgctayer of InAs is sandwiched between two
10-nm-wide AISb barriers. Typical structure corsist a thick GaSb buffer layer followed by this
sandwich and capped by a 20-nm-wide GaSb protelziyey. Under these conditions, Fermi level

is well above the first quantum-size level but elhe second level. Low-temperature electron

sheet density is as high 4410 cm™ with the mobility of aboufl0° cm?/Vs.
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Fig. 3. Evidence for built-in electric field in the structures studied. (A) The energy-band diagram of semimetallic
InAs-GaSb single quantum well structure with twdBlbarriers. Dotted line shows schematically tleetedbn density
shifted toward more charged interface. (B) Testtha presence of built-in fieldlhe inset shows the geometry. The

outcome is shown for two samples with differentvgito parameters. Solid lines are a guide for the eye

Schematically, the energy band diagram of the sys& shown in Fig. 3A where the
asymmetry of confining potential is supposed tadbe to the penetration of surface potential into
the well [39]. The potential profile across the W&hould be rather exponential than linear just
because of the high electron density. As a resludt,built-in electric field is most likely a sharp
function of Z-coordinate. Therefore, if this field truly givese to delocalized states, then these
states are most likely coexisting with the localiomes.

To be sure of the presence of built-in field in stnuctures, they were tested by the method

shown in the inset of Fig. 3B. Actually, it is cantional photo-voltaic measurements in the classic
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regime when the external magnetic field is non-jaary. The test is based on the simple and
reliable idea that in-plane magnetic field alons, @ pseudo-vector, cannot provide in-plane
response which is a polar vector. However, thescposduct of in-plane magnetic field and built-in
electric field is indeed a polar vector, that ise tsystem toroidal moment. Therefore, in-plane
response could occur, at least for symmetry readortse test, we use the samples5efl2mmv
with a single pair of ohmic contacts. Typical outemis shown in the main graph eig. 3B. It is
seen that in-plane response does occur. As expatiadreases withncreasing of magnetic field

and is sensitive to the MBE-growth parameters tladtse the built-in field.

5. Test for the presence of macr oscopic-scale quantum or bits

To test the availability of Laughlin-Halperin-tygéates in accordance with selected criterion,
we take a relatively large samplé9& @) with three short contact pairs (Imm in length)
belonged to different domains remote from eachradhe distance of no less than 7mm (Fig. 4A).
To avoid edging effects, each contact is remotenftbe closest edge by about 1mm and for the
sake of convenience the pairs are numbered franolefght. Fig. 4B shows CR spectra obtained. It
is clearly seen that despite of exactly the sampemmental conditions, they indeed differ
drastically from each other so that they have eygposite sign at the opposite sample ends. In the
middle of the sample, CR has a hybrid bipolar Ivzg®. To be sure that we are truly dealing with
the spatial ordering, we reverse magnetic field mapebat the measurements. The responses appear

redistributed roughly in accordance with the follog relations: J,(-B)=-J,(B)
J,(-B)=-3,(B); J;(-B)=-J,(B). That is just what one would expect because tkierse of

magnetic field should result in the reversed shfiftandau subband ik-space (see Fig. 2C). Thus,
the test strongly supports our guess regardingximtence of Laughlin-Halperin-type states in the

system interior.
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Fig. 4. Evidence for Laughlin-Halperin-type states in the interior of an asymmetric IQH system. (A) Scheme of
the detection of local photo-responses from difiesample domains. The contacts are identical astl ene is 1mm
in length. The distance between adjacent pairsisi.7The total sample length is 19mm. (B) CR speaitained from

these pairs.

It should be noted that by definition we have =adi a peculiar macroscopic quantum phase
with the lack of translational symmetry becauseltoal responses on the same excitation are not
spatially periodic in theX-direction [40]. The new phase can thus be regaatethe result of a
continuous quantum phase transition from the Qumartall state of matter and this transition is
induced by system toroidal moment. The characierisature of the phase is that it has the lowest
symmetry among all quantum phases known up to rlowa sense, a system in the phase is
reminiscent a gigantigingle atom rather than a solid state system with freeteins.

However, the lack of translational symmetry autaoadly implies that any local response
should be extremely sensitive to the position afteayn edgesegardiess of their remoteness in the
X-direction. Thus, the presence (or absence) ofdffexct would be a one more test to verify our
guess. To perform the test, we take once morege lsample 19x12mn¥) but now with a single
short contact pair (Imm long) centred in ¥Kalirection (Fig. 5). At a fixed tilted magnetic lide
(B=5T), we measure photo-responses each time the sdraplbecome shorter in tiéedirection
because of mechanical cuttings. Three sequencéidgsihave been made in such a way that each

new edge is remote from the contacts at a macrasdggiance of no less than 1mm (see Fig. 5).
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Fig. 5. Evidence for a high sensitivity of local responses to the position of remote sample edges. Responses from
single short contact pair are measured after segdemechanical cuttings. The cutting lines are ljfgrto the Y-

direction. Long arrows show their position withpest to the contact pair.

The outcome is presented in the right-hand corh&igh 5. Upper index denotes the number
of cuttings before given measurement. It is cleadgn that each cutting does change drastically the
response so that even the sign may become revdrsisdiact cannot be interpreted in terms of any
trivial effects depended on the sample length dedefore we are truly dealing with a phase in

which Laughlin-Halperin-type states are respondibie¢he breaking of translational symmetry.

6. Themain test

The apparent success of the test for the presdno@aaoscopic quantum orbits gives us the
chance to realize the main test in accordance thiighscheme in Fig. 1. Indeed, the rolefebC
transitions could play CR optical transitions wiile>B transitions are the intra-subband scattering-
induced transitions. The characteristic time , is thus the so-called quantum relaxation time
which is of the order of 0.3ps in typical structr@nd is always much shorter than the electron
lifetime in higher Landau levels [41-42].

The idea of the main test is as follows. If the looal quantum transport does exist, then the

efficiency of Bob’s detection shouldot depend on whether one excites his own domain @r th
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Alice’s domain independently of the distance between these domains. Of coumséerms of
everyday intuition this effect would seem even tdiazy because no reasons for a transport
between these domains, especially if the transpbduld not imply any substantial losses
independently of the distance covered. So, thecssists of two experiments shown in Figs. 6A
and 6B, respectively. In both cases, we use laagees 19x12mn’) with a single short contact
pair (Lmm long) remote from the closest sample dnjgabout 1mm. Only one third of the sample
is exposed to light but in the experiment 6A thetaots are inside the laser spot while in the

experiment 6B they are remote from the laser spatdistance of about 1cm.
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Fig. 6. Experimental test of nonlocal single-particle quantum transport. (A) A one third of the sample is exposed to
light and the contact pair is inside the laser s(®t The same experiment but now the contact igaemote from the
laser spot at a distance of 1cm. (C) CR spectrairdd in the experimenis andB. (D) The scheme of synchronous

detection of the responses from both the illumidatair and the pair in the dark.

Fig. 6C shows CR spectra obtained in both experisndio be honest, this outcome exceeds
even the most optimistic expectations. As expectkd, responses are approximately the same

despite the fact that a direct electric conneci®mmpossible at least because the resistance of
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unexposed domain is as high as about 10kOhm, ioee fihan two orders higher than the load
resistance at which we measure the output. Thisisngee nonlocal quantum transport does exist.
Moreover we can roughly estimate the “speed” ofhstransport but bearing in mind that this

“speed” has nothing to do with a motion throughting sample. Under the high laser intensity, it
seems a good approximation that the charactetigtie necessary to “overcome” the distance of
1cm is the quantum relaxation time and we thusiolike “speed” of the order &x10*cm/s, i.e.

two orders higher than the speed of light.
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Fig. 7. The outcome of synchronous detection. Upper track — the signal from illuminated pair (20faiiv.); lower

track — the signal from pair in the dark (100mV/liTimescale is 100ns/div.

To avoid any misinterpretation, we perform an addal experiment in which we use two
contact pairs: inside and outside the laser spigt @D). Fig. 7 shows typical tracks under the
synchronous detection of both responses. It iglgls®en that the dark response is in a factor of
five higher than the response in spotlit domain. This fagtsdut the interpretation of the former in
terms of a “secondary” effect with respect to thieer. Under reversed magnetic field the responses

are redistributed as if the whole sample is stibased to light:Jy.,, = =g s Jign = ~Jaarc - It

seems extremely hard for any alternative interfpimiato explain the same dependence on the
magnetic field in both cases. As it is also seemfthe oscillogram, there is no delay between the

responses with an accuracy of about 20ns. It faltvat, to have a little chance to be relevant, any

transport from laser spot must be of a ballistiaraebter with a speed of no less tH#i cm/s and
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with a mean free path afore than 1cm. This seems absolutely impossible because of antig
number of various scatterers. Finally, we repedh lexperiments (6A and 6B) but in the classic
regime when magnetic field has ordycomponent. No responses are observed in the exgeti
6B despite the fact that the responses in the awpat 6A are as high as about 0.5mA, i.e. two

orders higher than those in the quantum regime.

7. Fundamental consequences

Although the nonlocal quantum transport is demanstt at a relatively short distance, the
very fact of such transport leads to truly fundataeconsequences. The most prominent one is that
de-facto we demonstrate a quasi-instantaneous procedurgyriohronize remote clocks. The
procedure naturally avoids relativistic causalitgradoxes, such as Tolman’s paradox [43-44],
because they all suppose the relevance of Loresmisformations. The procedure gives thus rise to
a renaissance of Newtonian concept of absolute itinaecordance with our intuitive perception of
this notion. However, the concept of space appearversely much more complicate than the
Newton’s concept: it is the concept of multidimemsil space, which corresponds with the
guantum-mechanical notion of configuration spa@h&ps that is just the concept responsible for
the counter-intuitive character of quantum phenamdius, in a broad sense, it may well be that
the main news we have got from quantum mechaniosti@ fundamental indeterminism or even
mysticism of the world but rather its fundamentailtidimensionality.

The also significant point that follows from oustés that the explicitly non-realistic orthodox
guantum theory no longer has advances againstuugm realism which currently is embodied in
the de Broglie-Bohm pilot-wave theory. It is a ceggence of the fact that the quantum dilemma
appears a fiction insofar as the quantum nonlgcakinnot be contraposed to relativity and the
requirement of Lorentz invariance appears thus glegible to any version of quantum theory.

Moreover, the realistic quantum theory now lookerewmore attractive at least in the view of the
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prospects to realize the Einstein’s dream of udifibilosophic foundations of physics. Accordingly,
the insurmountable philosophic problem of the “shihg” from the classic realism to the quantum

mysticism is naturally transformed into rather ggbal problem, that is, the “switching” from the

classic three dimensions to the quantum multidinoeradity .
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