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Fundamental Questions

In Solid State Science

What are metals ?

What are magnets ?

/f ‘*Charge The electron is the lead
- &g

S of solid state science.
Spin
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Metals from Non-metal Elements 4

Metals have conducting electrons which can
move In a crystal freely and carry electricity

and heat. @ ~ @
S K g

n electrons can move freely




A 1t electron In benzene




Fundamental Principles (I)

The superposition of probability amplitudes (tE=RIRIGOERENTE)
_ ¢.: Base state
() = Z GO, C.(t): Probability amplitude
|

Any state can be represented as a linear combination of a set of base states with
suitable coefficients (probability amplitudes).
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The probability P; that the system is in the base state ¢ is the square of the absolute
value of the probability amplitude C..

2
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The probability amplitude is a complex number.
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Base states for a  electron in benzene 7
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Fundamental Principles (I1) 8

How the amplitudes vary with time

thi (1) = ZH__C_(t) Hjj: Hamiltonian matrix
: - NIV EZ7>1T351)

— (i /h)Hij Is the amplitude that the base state | will
be converted into the base state | during the time dt.

(EARNRRE D, BE dt OEIC, ERIRRE | N\
RIRIS)
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N-membered Ring

______________

i dC, ()
dt

= aCn (t) + /BCn+1 (t) + ﬂCn-l (t)



Fundamental Principles (lil) 11

Stationary states (FEEIRRS)
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ke
States in which all the amplitudes have the same time dependence € *
g
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Stationary states are states of definite energy E. C (t) B Ae—;_lEt
COF, RIEFEEUVCZIRIVF—EBEZRFD, TN/

The wave traveling in the x-direction with the wave length A
4 L= 2r )

alkx  q-iat _ qike 077 K =~ twave number CRED

ho = ho =hv=E («light quanta:

\ 2r Einstein)




dc, (t)

17

 C, () + AC,,(0+ O, (D) | a }
gy OO OO O
In the stationary state, C_(t) = A(x,)e * 2wl ot

EA(X,) = cA(X. )+ SA(X .,) + BA(X, ;)
=aA(X,)+ SA(X, +a)+ FA(X, —a)

dt

Let’s take as a trial solution A(Xn) = Abeikx" (the space dependence of
the amplitudes)

E(k) =a+ Be"® + fe™ ={a + 2 S coska
A(X. ) =A(x +Na)= aik(q+Na) _ A(X) = aikx,
2z 1
a N

e —1 e |k

-m  for integral m




Energy levels In benzene

E(k) =a+2fcoska

N
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Energy levels (N = 6)

E(k)=a+2|f|coska




Energy levels (N = 8)
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E(k)=a+2|fcoska




N — oo Energy band

E(k)=a+2|f|coska

A

For2lp

One-dimensional (uniform) lattice



What are metals ?

Semiconductors
(Insulators)

_____

I Energy
gap

Metals

.
/H -

Partially

filled

energy band




The Nobel Prize in Chemistry (2000)
Conductive polymers
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Polyacetylene film Hideki Shirakawa Alan J. Heeger Alan G. MacDiarmid
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The Nobel Prize in Physics (2010)

Graphite

Graphene (Two-dimensional crystal)
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Photo: Sergeom, Wikimedia Commons Photo: University of Manchester, UK
Andre Geim Konstantin
Novoselov

Crystal faces
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Description of crystals

-Lattice and repeated unit-

A (Bravais) lattice is an infinite array of discrete points (BEEBY/ZR)

(a) with an arrangement and orientation that appears exactly the same,
from whichever of the points the array Is viewed.

ECDRDSESNZDHTHTCE. 2D BN E<@—

(b) with position vectors (iT&/X27 t~)L) r of the form
r =n,a+ n,b+ NyC forintegral n,, n,, and n,
a, b, c: Primitive vectors

A Bravais lattice specifies the periodic array in which the repeated units
are arranged.

T ION—BFIEHED R VBN O BB Z BT D,




Is this a (Bravais) lattice ?



What Is a repeated unit ?



How to describe Graphene crystal 23
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Another description




Graphene crystal

Lattice Repeated

NAVAVAVAVAN unit
Graphene \r:\z@ \ \ \ \ > o

crystal = \X:ﬁ{ \\\\\\ .




How the amplitudes vary with time in graphene ? 26
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DAVAIN
AR

. dC,,
171 dt — ,BCQ,O T IBCZ,b + IBCZ,(aer)
< - dCZo
171 t = ﬂCLo + ﬂcl,—b T lBCl,—(aer)
.

(The origin of the energy level is chosen so that « Is zero.)



Energy band for graphene

In the stationary state, C;  (t) = A(r,)- et ct. 1D chain i
[ EA(0) = A, (0) + 31, (b) + A, (a-+ b) f\((t) ! _A:;i)kf
(EA(0) = A (0) + fA(-D) + fA(-a-Db) -

Let’s take as a trial solution A (I,) = Aeik'r” (= Aﬁel(kXHkyy))
—EA (B + A =0 g p st B
(B+ B+ fe YA EA, =0 BILTRTIRER

This is a set of linear algebraic equations for the unknowns A, and A,, and
there is a solution if the determinant of the coefficients of A; and A, Is zero.

_E ,B"‘,Beik.b +ﬂeik-(a+b)
IB_I_IBe—Ik-b +Ige—lk-(a+b) . E

=0




Dirac cone

E(k) =+/3/3+2cosk-a+2cosk-b+2cosk - (a+b)

ENERGY

Electrons

Zero-gap conductor



Bulk zero-gap conductor: a-(ET),l; 29
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80, 47002 (2007).

3) Phys. Rev. Lett.,
102, 176403 (2009).




a-(ET),l;: Resistivity under hydrostatic pressure 30
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T-independent resistivity | e
Carrier density and mobility change

by about six orders of magnitude, Iin
a manner so that the effects just
cancel out.



ENERGY

a-(ET),l; (P >1.5GPa): First bulk zero-gap conductor 31

Graphene

GRAPHITE

Graphene sheetA

K. S. Novoselov, A. K. Geim et al.,
Nature, 438, 197 (2005).

Y. Zhang et al., Nature, 438, 201 (2005).

a-(ET),l;

-0. 005

X ky

Dirac cone

ky

*Linear dispersion
oM «=m*=0 Dirac System

Tight-binding model: S. Katayama, A. Kobayashi, and
Y. Suzumura, J. Phys. Soc. Jpn., 75, 054705 (2006).

First principle band calculations : H. Kino and T.
Miyazaki, J. Phys. Soc. Jpn., 75, 034704 (2006).
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Superconductivity In potassium-doped picene 33

Picene crystals

]
. .

Prof. Y. Kubozono
(Okayama Univ.)

o,

K,picene

Nature, 464, 76 (2010)

M/H (107° e.m.u. g7")
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Triangular lattice

Lattice Repeated

unit
X o

= Triangular lattice

E(k) = B (2cosk-a + 2cosk:-b + 2cosk:(a+b))



Spin liquid: EtMe,Sb[Pd(dmit),],

Square lattice

?

S F R Y Triangular lattice of

A7 40 40 4 4 1=
,«{/( # 7 # /{ }; 7 [Pd(dmit),],
¥ %a/ J/ 4 / # / _
F vyl 47y 1) Science, 328, 1246 (2010).
u‘: # L 57‘: 2) Nature Physics, 6, 673 (2010). Spin frustration

3) Chem. Rev., 104, 5319 (2004).



Quantum Spin Liquid (QSL)

O QSL: A spin system in which quantum fluctuations prevent
order, leading to liquid-like properties among the spins, even at
zero temperature.

Singlet spin pair

(Valence Bond)  pasonation between highly degenerated spin configurations

leads to a liquid-like wavefunction.
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e

O Along-sought state of matter that has attracted much theoretical
attention since its proposal by P. W. Anderson in 1973.

O There are few candidates of the real materials.
(Two In the molecular system: k-(ET),Cu,(CN),, EtMe,;Sb[Pd(dmit),],)



Summary

. The electron is the lead of solid state science.

. The state of the electrons can be represented as a
linear combination of a set of base states with
suitable coefficients (probability amplitudes).

. The energy states of the electron can be obtained
by the Hamiltonian matrix.

. Metals are materials that have partially-filled energy
bands.

. Crystals are described by a (Bravais) lattice and a
repeated unit.

. Electronic properties strongly depend on crystal
structures.



Appendix: Dimerized chain (I) !

One-dlimensionall B 42a,
crysta | : Piciy | ;

(e dCl n

Ih dt’ — aCl,n + ﬂlCZ,n + ﬂZCZ,n_l
< - dCZ n
\Ih d'[’ =aC,,+pC, +06,C

In the stationary state, C; , (t) = A(n)- e

[EA () =aA (n)+BA(n)+ A, (n-1)
EA,(n) =aA,(n) + BA (M) + A (N +1)




Dimerized chain (Il)

Let’s take as a trial solution A (N) = Aeik'za”
[ (@—-E)A +(B + B, A, =0
L (BB )A +(a—E)A, =0

This is a set of linear algebraic equations for the unknowns A, and A,, and
there is a solution if the determinant of the coefficients of A, and A, is zero.

a—-E P+ ﬂze_ik'za
181 _l_ﬂzeik-Za o — E

=0

L E(K)=a* B2+ B2+2p,8, cos2ka



Energy band for a dimerized chain #°

Energy band for
a uniform chain  E(K)
A

(H
T I Energy gap




