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Axion dark matter is familiar to particle physicist, but quantum Hall effect (QHE) is not familiar.
So first | explain the basis of QHE. Then, examining previous experiments | show that i
the axion effect has been observed. We show that the axion mass is nearly equal to10™ eV
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Axion produces microwave under strong magnetic field
The property is used for axion detection with resonant cavity
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ADMX( axion dark matter experiment )
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Quantum Hall effect
realized in two dimensional electrons under strong magnetic field

Electrons occupy states in Landau level

Electron states are characterized with integer n > ()

B 1
Their energies |F,,+ = i X (n + 5) + gup B
Me

Each state is highly degenerate when there are no disorder potential

Degeneracy, i.e. number of states per unit area

2 ~10Mem~2(B/10T)

Presence of strong magnetic field inevitably generates
microwaves by axion dark matter.
It is similar to resonant cavity experiment, e.g. ADMX En+ E

density of state




Experiment of quantum Hall effect

We measure Hall resistance ( conductance)

Pzxy (ny)

under strong magnetic field B~10T, 2 dimensional surface

. IOIvoltage
There are experiments imposing mag"et'°1 N Py ‘Jt/

external microwave and |

measuring the response of Hall Pax
; Electrlc curren
resistance

External microwave |

Because strong magnetic field induces axion
microwave with frequency 7= -2,

2T
implicitly we have the axion microwave 1320um

in the experiment X. Wang, et.al. X
1E50um
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Phys. Rev. B93 (2016)




Density of states under disorder potential
degeneracy is lifted up

Fermi energy plays important role
in the following discussion

Fermi energy increases
as B decreases

Fermi energy; E;(B)
All states with energies less

than E¢(B) are occupied. E{(B)

N

Fermi energy E B, . E

Positive and negative parts of  \,per of states in the figure is proportional

disorder potential are included 1, 5 \\hile number of electrons is fixed.
with the same amount



localized state and extended state

Some of electrons are localized and !
the others are not localized

Extended states

Extended states are
larger than system size so
that they carry electric

Localized states —\ current

Localized states do not

carry electric current MoYility gap with width 26

/ \
_—4_:__A_>
Extended states En+ E

By noting these basic facts, we explain phenomena of quantum
Hall effect



Integer quantum Hall effect
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Plateau-plateau transition at T=0

Hall resistance Py = 2n X ! density of state
eB 2
Fermi energy widthAFE .
transition|width TS given by Mobilitk gap with width 20
AB ¢ + correspondsto AEf =20

AE; = (Eps +6) — (Ens — 8) = 26

EC = En:l: /

B | ni_é Eani"‘(S E
A B determined by moblllty gap

27

1
Pey =B 7 3

Mobility gap depends on temperature T and frequency f of microwave,
that is, oscillating voltage with frequency f



Mobility gap (7', L, f)

depends on frequency f of external

microwave, temperature T

(T, L) | @ R
and system size L in the folloing _ /\

ran
o(T, f)

” saturation frequency

| £(T)
frequency f

ition width AB

size I

_Aation frequency

| fs(T)

Mobility gap 0(7', f)

decreases as frequency f decreases,

frequency f

but it saturates at saturation frequency f.(7)




experiments of quantum Hall effect with no axion effect

as frequency f decreases,

mobility gap saturates at f=f,(7")

AE; =26(T, f) == AE; =20(T, fs(T))

Transition width decreases as frequency decreases

but it saturates at f = fs(T')

Transition
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Saturation frequency £, (7)
decreases with decrease of temperature T
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experiments of quantum Hall effect with no axion effect

as frequency f decreases

AE; =20(T, f) —— AEf = 20(T., f.(T))

mobility gap saturates at f=f5(7)
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experiments of quantum Hall effect with no axion effect

All other results also show that saturation frequency is less than 1GHz,
when T<200mK and large size

fs(size > 10~ *cm?, T < 200mK) < 1GHz
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All previous results show that saturation frequency
of mobility gap is less than 1GHz when T<200mK
and system size larger than 10" (-4)cm”2.

In general,

the saturation frequency of the mobility gap
becomes smaller as temperature is smaller or
system size is larger.

But we have an experiment which shows that
saturation frequency is 2.4GHz in spite of
lower temperature and larger system size than
before. This is unexpected !!!



experiments of quantum Hall effect with axion effect

as frequency f decreases == axion microwave dominant, not saturation of mobility gap
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We have two different microwaves; external microwave

with frequency f and axion microwave with frequency %
A

for high frequency f m, < 27 f

AE; = 26(f) ( external microwave dominant )

a

for low frequency f m, > 27w f || transition at the frequency f = %

AEf =20(ma/27) ( axion dominant )
- AB
Mobility gap §(f) saturates at much lower frequency { axion

than 1GHz when there is no axion microwave.




Other evidence of axion
Independence of f.(L) ~ 2.4GHz on system size L
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further evidence of axion

22mm x 30um ~ 6.6 x 10~ %cm?
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We show

independence of saturation frequency on system size and
each plateau transition. Furthermore, transition width is
also independence on system size.

These properties can be understood in the following. That
IS, as frequency f decreases, frequency dominance

changes to axion microwave dominance at 27f:(35mK) = m,
because microwave with higher frequency ~ 107 %V
is dominant for the determination of transition width AB

Such an axion effect can be observable in low temperature,
that is, dominant over thermal effect.



We compare axion contribution with thermal contribution using QCD axion model

QCD axion parameter go - = g-a/(7fa), fama =~ 6 x 1072GeV?, dark matter density pg = 0.3GeVem ™2
Y i
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Although we have unknown parameters in the estimation such as
extension AF of density of state, or life time 7 of electrons staying
in mobility gap, the result heavily depends on temperature.

So, when the temperature is in a range 10mK~30mK,

the axion contribution can be dominant over thermal one,

when system size is sufficiently large.

Similar axion dominance over temperature has been observed
in recent experiment at temperature ~20mK. It has been shown
that saturation temperature and saturated transition width are
independent on system size.




Axion dominates over thermal effect
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Confirmation of existence of axion dark matter

Shielding axion microwave
with metal plates

) -

B B
<\ metal plate

y e—

£ ﬁé—-Han bar

metal plate 7L> \

Saturation frequency ., ~ 2.4GHz and saturation
temperature 7, ~ 20mK change or not ?




conclusion

We have shown that evidence of axion dark matter can be seen
in quantum Hall effect when temperature is lower than 50mK
and system size is larger than 10~ °cm?

We have found that axion mass is nearly equal to 10=°cVv

To confirm the presence of the axion, we have proposed an
experiment in which axion radiation is shielded and see whether

or not saturation frequency is changed.
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