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Negative differential resistivity (NDR): 847 &

B M7 HEHU(NDR)

MEBERNDERNETEEBRNENFBLOTHIFERELERCE TS,
BE . REREEEATNDRARONSEEIE. BRITESD LMELELS,

“In correlated insulators (Mott, charge order), negative
differential resistance is widely observed regardless of

the dimensions....”
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FIG. 3. (a) Experimental and (b) calculated J-E characteris-
tics of TTF-CA crystal at various temperatures. Sudden current
jumps between the low-conductive (LC) states and high-
conductive (HC) states are shown only for the HC-to-LC
switching to avoid confusion.

Y. Tokura et. al., PRB38(1988)2215.
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Question

NDR (L. BB ER R THEY—RHIZESNh S
EEEERCERFELEZEZTAHLD,

TN TIE., QGPHDESHARE D HHquarkD RIZ
W TquarkEBRIDIERBCELTFAN-IEZE.
WPIFUNDRMELONEDI=A5M?

CCTIE, DI ELHI/HERICENTIE

=z |YES,| thriLETT,

The theoretical setup
(review)
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s HBE RNDRDETEIZfHEFEESI3 DD “NON”.

* Non-linear: NDRIZ FE#EFZIRE TH S,
e non-equilibrium steady state: NDRI& JE - 1 & & IKEE
(BRICKDENELHHT=HIEF 1)
* Non-perturbative: #gD R I IEEEIHZ R,
(FRHEERZERIT- . F-HZE A - EREHITFEHHR, )

LAL. holographyz FALNS EETE TETLED !

HENDRODSFHEATELIN DM ?

BT B 7SR R -

« B ARRE AR A DONDRICEAL TIX, MEDECARZRHIVEET ILLD
FTELTULMELY, (Joule heating model, ZAEREETIL.....)

c CCTODETEIL., RBRZR DONDRIEHECEET ALWNVEAIRE G
ETILICHELSLWETEBD—D%RHET S,

SYMIERIIZ(S:

o H 2 DR RIT IR FHEZ (A (excitonic insulator) E Z <D E B R A H S,

c FIEFRZAEDIERBEIGEEDHARIL, FLINNOTHEEE>TELLY,
CORR T, BEDREFIEZATNDRDERB SN S AREME(FELET
[FEAGVETL)MICKEALT, BRERATEL-EEZEMLINGLY,

*NDRIZESDTEELYETOLAD—D (B REFMOMEMR) ZRETET-,




BRANEZSHSR:

Quark-gluonM R T, EDLIIILI-bEEERERIRTELIMN?

guark sector
(electron)
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External force

current

NN,

dissipation
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gluon sector
(phonon)

N >>N;

2
Nc
N>>N; EFTNIEFELREEFEEFIREZsetupTED,

quark sector® ;@ FEE [&?

ProbeiiLlD % & TIL. gluon sector [ERETT
— EDEEIREEIZHBEL TR THEDLLY,

LA\Lquark sectorlZ DWWV TlE, ERERMNEFEAE
JHIEFEIRREETHY . well-defined 7R ED
BMEhFEETHIONEOINARE,

LHOALUTDETE Tldquark sector® ;B EDHE=
(iET&Z‘gEL\ HEHOTITIFZDMIEIFIZEL
BRLELY,




Holography Tt E 9 571=8IC

HESZ 1T BT, B<HEILLI-ADS/CFTO AT
HE IS0 IZquark-gluonD RZEEHE(LT B,

Super-symmetric 3+1 dimensional systems
with quarks and gluons (and their super-partners):
N=4 SYM + N=2 hyper-multiplet

SHIZ, LTOBEZEES,

* large-N,

* large-A\ (‘t Hooft coupling)

* N_>> N; (quenched, or probe approximation)

D3-D7 system

ROIELEREALS/CFTX G :
N=4 SYM | ¢= | AdS XS5

LAL. N=4 SYM [Fadjoint fieldLM™&FE74LY: no flavor.
gluon sector|ZAN A Tflavor sector #B AT HULEMNH S,

L. D7-branez A5 ETEIHAIEE,

(Karch and Katz, JHEP0206(2002)043)

TDFERTFONDSHISDT—DBmAIE
3+1 RIT N=4 SYM + N=2 hyper-multiplet




D3-D7 system|ZE DA

SU(Nc) N=4 Super Yang-Mills (SYM) theory
at the large-Nc limit with A=g,,,’Nc >> 1
at the quantum level at finite temperature.

+ N; flavors (N=2 hyper-multiplets)

§ #a

Type 1IB Super-gravity (SUGRA) on AdS-BH %S5
at the classical limit with small curvature.

+ N D7-branes on this curved spacetime

The dual geometry (at finite T)

-m—nn
Horizon
D7 O @) / O
AdS.-BH < 5

D7(ES* D OB DS3ER 4 \%_'—%L\’CL\%)

-
ds’s =d@” +sin’ 0 dp® +cos” 0 dQ;

SSHDSE S DRIE: 0L TIEESIND,
EézsFiEmns @ =0 #=iR,
D7 configuration [&8(z) TG A BN 5, (OS@S




D7 configurationM B a7 BH
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quarkEBFRDE R T®insulator/conductor E5F& XTI

* Meson: U(1), charge D E R THI4E,
e Quark & antiquark: U(1), chargeZ$835,
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IR

(HolographyM R R TO#HEAD 15
J. Erdmenger, R. Meyer, J.P. Shock, arXiv:0709.1551
T. Albash, V.F. Filey, C. Johnson, A. Kundu, arXiv:0709.1554)
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+ R RELGHEEISZZEMASHET, G IHIE
j-é'—tb\&%éo
EEIZIX., S EEESDF=IZ{E S potential HY

quark-antiquarkDFEE T RILF—KYKEITNIL
“meson” [Xquark-antiquark pairl 2 B9 5 TH A,

HRBRAD IR R

MERIDFRIEDHEZEELTIE: Many-body Schwinger-Landau-Zener mechanism
See for example, T. Oka and H. Aoki, PRB81(2010)033103.
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Computation of the conductivity
(again, review)

Main refs.

Karch, O’Bannon arXiv:0705.3870
Karch, O’Bannon, Thompson arXiv:0812.3629
Mass, Shock, Tarrio, arXiv:0904.3905
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D7-brane DB IEFE
Dirac-Born-Infeld (DBI) action

_ 7+1
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G,=0x"0,x"g,, |
’ T b CCTIX, abelian part
+(non-abekapar)  panEzs

F b — 6aAb — @bAa The U(1) gauge field on the D7
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Induced metric M >Bnon-trivialZZ D (&
(z,2) 5T G,,=1/22+0' ()’ D H

AdS/CFT dictionary:
GKP-Witten relation
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FIEEFE2E(E, AL FTEZRAREIEREH,

LML, bLEFEEAEEEZHALTD7-brane®
on-shell fERZEXR&H D&, EMIZimaginary parthERN b,

D7 ERAMNEHATHACE(RDREN) 2EFT &
FUAEFE2HDERIIFRGEE D TELTIEELEL,

Karch, O’Bannon arXiv:0705.3870
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F9 . EFEDEFREEHEENDOHFEL.
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D7 configuration 6Z FALNTEE SN S,




On-shell D7-brane {EfE

Sy, = —Nj drdt cos®d g*|g, | W
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Karch, O’Bannon arXiv:0705.3870 BEODESR

Z‘JT

o =\/le6£\/e +1c0s°0(z.) + dl
T \
J= ) & [HER0#HS5

/9 I ~m, » * cos6(z.) goes to 1 at m 0.

* cosB(z.) goes to zero at m, —infinity.

BH
— DGR [Lreasonable? ~ d-E, (e<<1)
d ~ saturate (e>>1)
J, = E —
"7 l+él ~ 0 (T >>1)
(Thanks to H. Hayakawa, H. Wada, A. Shimizu.) (e > —e symmetric)

Reproduction of NDR.
(My original)




Strategy

We need to rely on the numerical analysis to solve the EOM for 0.

1. Start with some E we like.
2. Then z. will be computed in terms of E.

3. Solve the EOM for 6 with the “boundary condition”

0 (z«)= 6, so that the D7 is smooth until the horizon.
We choose 6, as we like.

4. Read m, from the asymptotic value of 6 (z) .

5. Compute J from 0 (z.) and E.

# As a result, - m, curve is obtained at given E (and T).

Results

Parameters in the numerical computations:

2= (af NN, = a7 =¥/

(I have mainly analyzed the zero-density cases.)




The most important question

NDR: the voltage goes down when the current increases.
Typically, the current can be a double-valued function of
the electric field if we have NDR.

The question is whether J(m,) as a function of m, is
a multi-valued function or not, at a given E.

If it is, at least two different values of J can be
realized at the same E under our particular
choice of m,.

» Suggesting the presence of NDR.

J-moI chracteristics

— What's this?
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J—moI chracteristics

Insulator at mq>>E.
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At finite quark density

A preliminary analysis shows,

E

A

(quark-number density)z0

The doped quarks can carry
the current at arbitrary small E.

The relevant process

Normal conduction

2 A7202 /
o :\/NfNCT Ve +1co0s’0(z,) +-L

1672 e?+1
2 a1 BN T Pair creation

In our setup, NDR occurs due to the non-trivial
dependence of © on E. NDR can be seen only when

we take the pair-creation process.

» The pair-creation process is crucial for our NDR.




Possible phenomenological
explanations

* Joule heating

For example, Law and Kao, IEEE Trans. Electron Devices 17 (1970) 562.

* Many-body avalanche mechanism

Oka, Kishida and Aoki, talk given at JPS 2010 Annual Meeting.
(unpublished)

NDR due to Joule heating

Law and Kao, IEEE Trans. Electron Devices 17 (1970) 562.

dJ/dE=(normal conduction)
—(suppression due to heating)

If the second term dominates, NDR is achieved.

The assumptions made in this model is that

* there is a notion of “temperature” T(E) even under the
presence of the current.

 the mobility of the charge carrier depends on T(E)

* T(E)>T(E=0)

mobility=(velocity)/E

However, it is not immediately clear how this model
explains the importance of pair creation.

m=) JH does not seem to fit very well (for me).




Many-body avalanche mechanism

Oka, Kishida and Aoki,
talk given at JPS2010 Annual Meeting.

Their idea is to attribute the origin of NDR to
dynamical creation of charge carriers.

My intuitive understanding:
If we increase J, more charge carriers are produced so that we need
less E to maintain the same value of J.

Our NDR is deeply related to the pair-creation
process. | am very much tempted to pursue their
model.

NDR in excitonic insulators?

Our system shares several features similar to excitonic
insulators.

Exciton: electron-hole bound state

In the phase where excitons are the fundamental
degree of freedom, the system is an insulator
(since excitons are neutral).

Excitons resemble mesons.




“Common” features:

* The charge (quark/hole) and the anti-charge (anti-quark/
electron) interact via a coulomb-like interaction.
(Our gluonic sector (N=4 SYM) is a CFT.)

* The charges/anticharges are strongly correlated.

* They form the neutral bound states (mesons/excitons) and
the system is an insulator in the mesonic/excitonic phase.

* The system exhibits the insulator-conductor transition.

* The particles (gluons/phonons, photons) which mediate
the interaction are neutral for the electric field.

If these feature are essential for NDR,

Our result suggests a possibility to observe the
NDR depicted here in the excitonic insulators
in the realistic materials.

* The excitonic insulator (El) has been theoretically studied
since 1961 (N. F. Mott). However, its candidate has been
found recently (e.g., T. Pillo et. al. PRB61(2000)16213).

* The non-linear charge transport in El has not yet been
studied very well.

| propose experimental physicists to study the
non-linear conductivity in El to see whether
the NDR is observed or not.




We can also say, this is a starting point of applying
AdS/CFT to studies on non-equilibrium phenomena.

| hope this framework provides a good
theoretical laboratory for non-equilibrium
steady states!




