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1. AEKGFESERSIREEFermim

§ 1. Boltzmann Transport Phenomena
1. Boltzmann equation and relaxation time approx.
2. Angular Dependent Magnetoresistance Oscillations (Q2D)
3. Angular Dependent Magnetoresistance Oscillations (Q1D)
4. high frequency / high electric field effects



Boltzmann Equation

@®semiclassical electron kinetics in KQR phase space

- semiclassical equation of motion under effective mass approximation
v =R=1% 7K = ik + (—€) A
h ok

hk =F = —eE —ev, xB
@ Boltzmann equation
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a ok oR o).,

- distribution function:  f(k,R,t) = f°(E,) + Af (k,R,1)

1
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- equilibrium distribution: f"(E,) = o ARV KT R L 1

- linearized Boltzmann equation
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- Chambers' kinetic solution (stationary state)
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Transport Coefficients

- case of constant E,(=E) and 7, (=7) \
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Interlayer Magnetotransport in Q2D Layered Conductors

AMRO : Angle-dependent MagnetoResistance Oscillations

« K aiita- i Hations” overdoped Tl,Ba,CuQO,
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Semiclassical Electron Orbital Motion on Q2D Fermi Surface

@ Kartsovnik-Kajita-Yamaiji oscillations in Q2D condugtor A
' 2kr ’ | kz
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@ band model: E(k)= ( X2 Y )—2tc cosck, % BZ_ﬂ'
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@ equation of motion: T T ok kx
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@ Chambers formula for interlayer conductivity L
(Boltzmann eq. + relaxation time approx.) 2K
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Experimental Determination of Fermi Surface Using AMRO

® AMRO and Fermi surface shape

_ cmerJ o(cke tan g [ / L\
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shape of the cross section of cylindrical Fermi surface ?
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@ case of non-cylindrical Fermi surface
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envelope of Fermi surface cross section
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Coherence Peak of Interlayer Magnetoresistance in Q2D Systems

2 N. Hanasaki, S. Kagoshima, T. Hasegawa, T. Osada, and N. Miura, Phys. Rev. B 57, 1336 (1998).

@ physical origin of the peak effect
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Angle-Depandent Magnetoresistance Oscillation of Sr,RuQ,

E. Ohmichi, H. Adachi, Y. Mori, Y. Maeno, T. Ishiguro, and T. Oguchi, Phys. Rev. B 59, 7263 (1999).
C. Bergemann, A. P. MacKenzie, S. R. Julian, D. Forsythe, and E. Ohmichi, Adv. Phys. 52, 639 (2003).
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Electron Kinetics and Interlayer Transport under B and E Fields
@ Electron orbital motion under magnetic and electric fields

at I,
(k2 +k,?)
E(k)= Y /_2t_cosck, s
2m

nk =(—e)vxB+(-e)E
1 6E(K)
v=—""1
h ok

- electron orbit exists in the cylinder surface
with the thickness of 4t /hv.

- electron exists on the plane perpendicular to the field
moving along the stacking axis with the constant velocity of eE/h.

@ Interlayer conduction

eB
i |, 2¢° df \ (1.0 . w, = —=: cyclotron frequency
R | = — k k(t)erdt c
e(EZj V kzo( dE)\/Z< )j—wvz( ())e mE
ce
i, _2t’cme® & d, (ck, tan o)’ wg =——: Bloch frequency

E, 't 1t (0, —ve, ) T’



Angle-Dependent Stark Cyclotron Resonance in Q2D Systems

XA. Kumagai, T. Konoike, K. Uchida, and T. Osada, J. Phys. Soc. Jpn. 81, 023708 (2012).
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Angle-Dependent Magnetotransport in Q1D Conductors

@ magnetoresistance angular effects in Q1D conductors
- interlayer resistance in layered quasi-one-dimensional conductors
- dependence on the orientation of magnetic fields
(1) Lebed resonances
(2) Danner-Chaikin oscillations
(3) third angular effect

@ Q1D organic conductor (TMTSF),CIO,
(1) Lebed respnance (2) Danner-Chaikin oscillation
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Miura, and G. Saito, Phys. Rev. Lett. 77, 5261 Chaikin, Phys. Rev. Lett. 72, 3714 Miura, Phys. Rev. Lett. 77, 5261
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Stereographic Interlayer Magnetoresistance in Q1D Conductor

% W. Kang, T. Osada, Y. J. Jo, and H. Kang, Phys. Rev. Lett. 99, 017002 (2007).
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Semiclassical Electron Orbital Motion on Q1D Fermi Surface
@ band model:
E(k)=-2t, cosak, — 2t, cosbk, — 2t_ cosck, — E,
(Ep ~t, >t >>t )
E(k)= v, (k |-k )—2t, cosbk, —2t, cosck,

5 10oE(k)
(@ equation of motion: { v=R= PR

hk =(—elvxB
@ Chambers formula (-¢)

(«—Boltzmann eq. + relaxation time approx.)

2e° of ° 0
o, = —Z(— —} (k(O))LOvZ (k(t))e!"dt
v “ aEk @ Jv(z)z\/%cos(z—v%—%j (z >>v2)

4 et.C i > T
S 27zbcth( h J ;JV@) 1+{v+a)Qrf
a %z—i, 7523:%, Q beB, aQ) ceB,
(1) Lebed resonance
(2) Danner-Chaikin oscillations
(3) third angular effect X

(4) no peak effect (« approx. of |B,/B,|>>2t.c/hvg)
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Physical Meanings of Magnetoresistance Angular Effects

4 etc)’ 2 T
= 2 J b T
On Zﬂbcth( h jz ) 1+{vta)cf "

(1) Lebed resonance: >

a

commensurability (periodicity) of orbital motion

B B (¢) o B
Y =0 = tand :B—y:pg
o |

z z

Lebed’s magic angles

(2) Danner-Chaikin oscillation: amplitude modulation of Lebed resonance

2 2
2t c B 2t
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o) p[th sz p( v, ¢j

- case of x-z plane rotation (¢=0)

2
v 1
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Physical Meanings of Magnetoresistance Angular Effects 2

(3) third angular effect:
accumulation of maximum amplitude of Lebed resonances.

B
- p-th Lebed resonance at B—y = pE 2
C

z

modulated by the oscillating factor J (7).

Lebed 3-8
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- particularly on x-y plane, tang, , = By

X

hve

(4) peak effect: appearance of fixed points
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Periodic Orbit Resonance (POR)

XA. E. Kovale, S. Hill, and J. S. Qualls, Phys. Rev. B 66, 134513 (2002).

@ a.c. interlayer conductivity
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Electron Orbital Motion under Magnetic and Electric Fields

> K. Kobayashi, M. Saito, E. Ohmichi, and T. Osada, Phys. Rev. Lett. 96, 126601 (2006).
@ splitting of Lebed resonance under interlayer electric fields

ZA - model of band dispersion of Q1D conductors
E,J E (k) = ave (k,|— kg ) — 2t, cosbk, — 2t_ cosck,
- electron orbital motion in k-space

v(K) = 1 GE(k)
h ok
7k = (—€)v(k) x B + (-€)E = (—e)v(K) x (B +B)

- effective magnetic field

B, z[o, + 5 o}
VF

- commensurability condition of open orbits
B,£E,/v. b B b_ E

— n_ Y n_T z
B, Pe =B Pctus

- evaluation of interlayer current

LzN(E )[etccjzzj 2tCB, ) T
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y g = , @, =V y Wy =V
27bCchv, h h
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Splitting of Lebed Resonance under Interlayer Electric Fields
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§ 2. Quantum Oscillations
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Landau levels

Lifshitz-Kosevich formula

analysis of Shubnikov-de Haas effect
Fourier analysis: FFT & MEM
magnetic breakdown effect

guantum interference effect

Berry phase
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Semiclassical Picture of Landau Quantization

@® equation of motion of an electron wave packet in the k-space
1 0E (k)

v=R= PR group velocity is normal to the equi-energy surface
. hk xe, = (—evxB)xe,
hk =—evxB ——e(v-e;)B+e(B- eB)v|:>V —R —kxe =? kxe

=—eVy B +eBR

& OE(K)

_%@a—k Tf
@ on an equi-energy surface: kL aEaf(k)

(@ on a plane perpendicular to the magnetic field: k L B

@ semiclassical orbital quantization
§P .dR=(n+y)h (Bohr-Sommerfeld condition)  dRrR, = idk X €

eB
§p dR | = §hK dR, = §(hk —eA(R))-dR, R, [FHISICEBELTEELE~DRDSFTERIMIL
/]
=7l*fk - (dk xeg) —ef[  (VxA)-dSg, E
RL n:2
=7il%eq - f(kxdk) —e[|  B-dSg, \/n:l
he =hl* x2S, —eBS,, =hl’S, n=0
272- \\\ /ll

Sy = —(n+7) (Onsager-Lifshits rule) S S




Landau Levels

@®Landau levels

2D system 3D system . 2D electron system
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Shubnikov-de Haas Effect in Magnetotransport

@ Shubnikov-de Haas oscillation

layered organic conductor: vortex liquid phase Weyl semimetal NbP
-(BEDT-TTF).l in YBa,Cu,O i 1
ﬂH ( )2 3 2 3~6.59 8 F /:..Lf
100 T T 15 g 6r (\/
~ — 6K x .' lll." 42K
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- ®=gof E 1 I —— 35K T =4l i
s L U — 3K [ nax
E <6 I U 1 ol T 25K % 70 20 30 20 50 &0 j
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%B. J. Ramshaw et al., Nat. Phys. 7, 234 (2011). »Chandra Shekhar, et al.,

Nat. Phys. 11, 645 (2015).



Lifshitz-Kosevich Formula for Shubnikov-de Haas Effect

@ density of states (in the case of 3D conductor)

*

1/2
1 (2m 1 1) 1
(E) 27z£ h® j 227212/\/ C( 2 ZgﬂB Z<—Zf(N+%J:J':f(x)dx+22(—l)rff(x)cos(27zrx)dx

N,o
N=0

27k T gusB
~D (E){1+Z( 1)" cos(ha)C — cos(zﬁ r]}

C

@® magnetoresistance (in the case of 3D conductor)

3

L : 1 T
longitudinal magnetoresistance: £y =Pz =——= po{1+ 2.b, Cos[ﬁ 1
z r=1

z c J

v

2mu 7 R

¥ ——

: 5
transverse magnetoresistance: PL = Py = p0{1+52br COS P
r=1

2
b =(-1)" hao, _ 27 rI:BT/ha)C COS ﬂ_gﬂBB r lo-2ATine
2ur sinh(2z°rk,T /hw,) hao,

overlap of DOS of interference factor
Landau subband (3D) due to spin splitting

_ 3o, 27 2 Anl I hoo,
=122 {Zb { cos(h—wC rj+ﬂ sm(a rﬂ—ln(l—e )}
e e N =

R can be neglected in sinusoidal oscillations (r=1).
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Data Analysis of Shubnikov-de Haas Oscillations

A B .
AP {\/Esi#e% Cos(z g:B ﬂ-cos( s, +¢) forlarge N (not quantum limit)
Lo X 28
EXRR(r=1) k5 O IRIED, : EfE. SRTRDIHFE +——2ﬂ(1—2j (minimum cross section) cp:{o (no.rmal)
277k T 2 2z 1 (Dirac)
X = hao, ¢p=0-2my = ———27{———) (maximum cross section)
C27%kgTy, 22T« 0 s oD Fermi surf
Ab ha, ha, 7 ﬂ'(z — Zj (2D Fermi surface)
- period = extremal cross section of Fermi surface N/
~ 27eB 1 7.(C) [1) 276
S(E)=""= N4 = -fnZkl | o A= | =228
«(E) - L > o, 5) 778, Landau plot i
- 1/B
- N-intercept = 1/2 (ordinary) or O (Dirac) in 2D EhE—VDAE
- amplitude of fundamental component (r=1): b, Dingle plot
temperature dependence: — f}
= m* : effective mass "% _ =
2 m* ) M= N
12271' kBT —147[T/K]—I %0,3 fm,=0.1 | g N
@, m, B EO_S— o2 3«
magnetic field dependence %0.4- . 3
= Ty, : Dingle temperature $ oz || RERRR
i B oo
I'=kgTp = =2 9 7 1B (Keinesia) h 1/B



Example for Data Analysis of SdH Oscillations
@thin-film black phosphorus FET

K. Hirose, T. Osada, K. Uchida, T. Taen, K. Watanabe, T. Taniguchi, a
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Temperature Dependence of Shubnikov-de Haas Amplitude

- temperature dependence of fundamental amplitude at a fixed magnetic field
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Temperature Dependence of Shubnikov-de Haas Amplitude

- temperature dependence of fundamental amplitude at a fixed magnetic field
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Discrete Fourier Transform and Fast Fourier Transform (FFT)
- Fourier transform in (-oo,00)
X(t) = f‘; X (w)e"*dw

4

1 e .
X(w)=—1| x(t)e”'“dt
X(@) =] X0

- discrete Fourier transform (DFT) in [0, T )=[0, NAt)

X. = X(tj) :Zxke”""‘tj :Zxke (TEKJ(LJJ

(2 T) [ ar
. : : : . . Wik =g \T AN =(e Nj ‘phase rotation factor
XN-1 1 whNt oo’ Xy
- fast Fourier transform (FFT) in [0, T )=[0, 2°PAt) & Cooley & Tukey (1965)
SR 7 TE

factorization of W i using periodicity of ei@#2") = "putterfly" calculation
BRIk 5 2



Maximum Entropy Method (MEM) = Auto-Regressive Model

EAIVMAE—%

B2 EIEETIL

- fitting to linear combination of M damped oscillators (r,>0) (j=1, ..., N)

M (—fHat, i (—r +iw, )At ]j M j
xj=x(tj):kz_1:Ake :kz_llAk[e :kZ:;Akzk

- auto-regressi\;e (AR) model

y BoEEETIL
k=1
XM XM -1 XM -2
d= XM 41 . Xm0 Xm-a
XN—l XN—2 XN—3

- characteristic equation

FrEFER

Xo
X

&
a'2

Ay

ﬁsolution

X; = Zakxj_k =a X, +a,X; ,+-+ayX; y :recurrence relation (difference eq.)

Wik =
least squares method

~[H]a mm) a=(HI[H])] [H]'d

M -
M :ZakZM—k :ale—1+a22M—2 tota, ,0 ‘ roots (k=1,..,.M): Z, _ p(-Ttio)AL
k=1

- power spectral density in AR model

P(w) = L

M .
‘1_ Z ak (ela)At )—k
k=1




FFT and MEM Spectra of SdH Oscillations of 2D Electrons in BP
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Quantum Oscillations in Magnetic Breakdown Systems

(a) (b)
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"Stark Quantum Interferometer": Aharonov-Bohm effect in k-space

. . 7 /b
- phase difference of real space orbits C2J2
eLp HLq N i .[L',JA\ dl+ fi IL:A dl CJ /l \‘u 1 4’11\ Lp
IO . —kp ) 0 Latkpi) K,
o §LqA_Lpd| = [[(vxA)-ds [ ’;, N
=~ [[B-ds="Bs -m/2b o
h h Cq
4 __________ R
:%:(Skzl ):Sklzzisk » e
12 eB L T e

. . - T=4.2K 3kbar-
- period of interference effect ;

AH _ 2me
B) #S,

> Stark quantum interference in (TMTSF),CIO,

Resistance (arb. u.)

~ no syperlattice*
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Magnetic Field (T)

H. Shinagawa, S. Kagoshima, T. Osada, and
N. Miura, Physica B201, 490-492 (1994).

superlattice potential : H'=V cosfy
(P < 4.0 kbar) b



Berry Curvature Effect on Landau Quantization
@® wave packet motion in k-space with Berry curvature under magnetic field

. 1 1B, (k) p
- nk, =
|"c :%_aEanlEkc)_kchn(kc) ‘ 1+(e/h)B B (k )h 5k
nk, =—ef, xB K J_aE (k) , k., LB
’ ok

c

E.(K)=E (K)-B-m(k) m(K)=-i— > © (Ve [ X [H (€)= E, ()] VU )

(D motion on an equi-energy surface
@ motion on a plane perpendicular to the magnetic field

the same k-space orbit as effective mass approximation
but the k-space velocity is modified.

@ Landau quantization
- Bohr-Sommerfeld quantization:

- Onsager-Lifshitz quantization rule: .
g q An (k) - I<unk |Vkunk>
ngZ_E(Ng_Mj 7€ =§, AL)-dk

| 2 2z :”SBn(k)-dSk



@ Landau plot
Berry phase —

Phase Analysis of Quantum Oscillations

shift of y-intercept from N=0
(space inversion symmetry)

“Transport study of the Berry phase, resistivity rule, and quantum Hall

effect in graphite”, A. N.
82,165327 (2010).

Ramanayaka and R. G. Mani, Phys. Rev. B
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Mass Gap and Shubnikov-de Haas Oscillation

@ quantum oscillation in Dirac fermion system with mass gap
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