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Abstract

Topological insulators are novel electric materials that have a bulk
band gap like an ordinary.insulator but have protected conducting states
on the edge or surface: This thesis reports a nuclear magnetic resonance
(NMR) study on the topological insulator,Be. We measured”Bi
NMR in five different BpSe single crystals prepared by different
methods. All samples-show'different NMR spectra. We found that these
crystals have different levels of defects. Though these defects are too
small to be detected by x-ray diffraction, they can make significant
difference in the charge carrier ‘density, owing to the semiconductor
nature of BiSe. We were able to extract the charge carrier density
information from the NMR frequency shift and nuclear spin lattice
relaxation rate, and compare with resistivity measurement. There are 9
peaks in théBi spectrum and their intensities do not look like the ones
for the nuclear quadrupolar spectrum. However, by measuring spectra at
different crystal orientation, we confirm that the 9 peaks are indeed from
guadrupolar splitting and there is only one Bi site seen by NMR. Most
NMR signals are from the Bi nuclei in the bulk states and the
topological surface states could not be probed by NMR technique.
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One Bi site and
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BiESes (#3504 2K, 6577k, 45 64 MHz

25

T, delay tune (us)

[ ]
]
T T T

454 455 456 457 458 459
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B 3-15 %% peak T % ¥ 5 6us

MEL R BT ¥ ¥ 7~ 6us>satellite peak & §E Ave~ 0. 16MHz >
& & ALT~1 i&— 4p A 5% S RNdEZE P 3 gt peak ¥ i E_d
quadrupolar splitting #ti¢ = - [16]

0 & L 0P Y peak .4 quadrupolar splitting #7id = »
VLA e BT IR R 0 ¥ 4 W] central peak T #5 T
- =% FHepeak =8 ¥V £ T ¥ peak FEEZ &7 Se @i

-

@ e 0 ¥ @ F peak £.d quadrupolar splitting i = :

29



[ (MHz) for 88kG

F(MEZ) for B=88kG
590 595 GO0 B05 G0  E.5 B0 59I.D 59I.5 EDI.D EDI.S E1I.D 61.5
S : —— 65.7TkG
B Se (13 —esTRG| | BiSe, (49)
o 2 :3( ) f W9 —88kG
= o — 8kG E Bi,B| ¢
: 5 f‘ , 42K
-] 4 =
LS 42K 2
2 Z
£ £
E £
A F »
435 44I.D 44I.5 45I.D 45I.5 46I.D 46I.5 41.0 435 44I_D 44I_5 4SI_D 4SI_5 46I_D 46.5
f(MHz) for B=65.77kG 1 (MHz) for 65.77kG

B 3-16 T # 7 I ot Se 23Tl 3

peak FFFEA HE 4o 4ok (3-1) % - 7 quadrupole
frequency 72 3 7 & ¢t e F e B 8 7 2 e peak E_d
quadrupolar splitting #Tig = o

4o % 54 peak E 8.4 quadrupole effect #7:¢ & » 2 = central

peak 5% B ¢ 1305 3§ satellite peak ? .7 § 2 ©# peak "L &

iz¥ satellite peak ?
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PR BT RV A 3347 £ To ¥ %= T: component °

M fRE_E 3 B s peak 'Z A izt satellite peak :

I—'F16I|.|s(shor1+llong T\_) 16 .
Bi,Se, (#3) S feng t) ~ | BiSe (®) T
n 23 ® t l— L TE
T | | SRR
& | 657G ¢ 5 65.7kG L ¢
{17 z 1
& 42K £ 47K
z z
e =
435 aa0 W5 450 455 460 465 471 435 440 445 450 455 460 465 470
f(MHz) J(MHz)
Bl 3-1TH &= B2F A2k £ RT > 7 kT component
Bi Se_ (£5) a0
i Qe (45 — =20us (shortHone 273 ; =
Bi Se, (%) =20us (short+Hong 7)) ~ w9 ' 5 -
@ |6577kG42K  —— =40us (loge T) z as u '
E wop l Ol 2 E 6577kG Le¢
% A i 42K
o =
z £
3 2 .
A SN o TR
- l'eflcrcnce
4490 4“5 450 455 46.0

J(MHz)
Bl 3-18 %t &I 4 BHF A2 F &R T > 7 T component

B 3-18 » > #& s cpeak 7 7 # F T: component » 5Bl it FI+¥ ic
AT A4S

1. Quadrupolar peak #725= 4% F T. component ° [17]
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2. "Bi RFiF RRLT- BHRE VAL E N IVER X FH4ck 54
244k dh surface state @ g X p *aw t e frequency shift

0 R R p e T frequency shift 5 f & o

AA AR T RRUEH > T AL Ppeak? §F A R Ty

component > » ¥ fFAMEH A E J i A

——6=9
Bi,Se, (#3) ——6=90, Ap= 90
B
65.77kG

4.2K

Intensity (arb. units)

435 440 445 450 455 460 465
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Bl 3-19 2 @ & B ™ T #

Bt b @& 7T > HFE € 2% > %ot central peak = +
LA 4 peak T #4d FF A twinning #rid & 0 F1 5 2 F & twinning
WG § BB o &7 b @ 8T 0 0L S peak 0 BB

@ 7 Asymmetric parameter n = 0 o
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B,|=/B +B2 + 2B,B,, co (3-3)

v

¥l & fi=y‘éi » peak ¥ BB 5T

Af = y‘\/ BZ + BZ, +2B,B,, cosf —/BZ + B, — 2B,B,, cof|

d ¥ BT A A Af o = 2)By,  atéd=0;
% " G ARG
U g ! 7?——“ / Af . =0, atéd=rm/2

b 0=m/2 FF> B 3-20 ¥ & 4k 37 P45 peak FEE S 00 F)pt PBi
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AR AR P 4 B T. component #_F i quadrupolar
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(B~ 7w rdrenfit 9% H ATHIH? 7 F T component

% quadrupolar splitting #rig & -

3-4 Temperature dependence ?

: —4.2K
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45.7 MHz | C 120K

g
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5
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3-b  Nuclear spin-lattice relaxation (T:)

¥ P B 3-23 #r1&7+ peak :h T > £ % ﬁ = & B # e Korringa

relation (T-T=constant) 3 % » 72 £ =¥ £ F 3 £p 5| surface

state :
— | BiSe,#)
*g 2005
= 65.77kG || ¢
g v
43.5 -1—1I.0 -1-1I.5 4 *I .0 -ﬁl.ﬁ -16I.O -1(~Ii. 5 47.0
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B 3-23 &+ 1 & B Tugrpeak
1 E T T T
Bi_Se, (#3
01t 2 S (9) :
*Bi, B || ¢
—~ [ @ 44.75MHz
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E O'Olg' O 45.85 MHz ¢ 3
5 og®
1E-3f %%% .
T
1E_4 A 1 Ll Ll i
0.1 1 10 100 1000
T (K)

Bl 3-24 # F peak =7 T &7
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Im F

E T oo o
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Frd AR
4-1

Frequency shift

frequency shift i

BEd T les s d FRERT H B
S
K = AXowii * BXga tCXo, (>0) (4-1)

(4-D)5%7 > F-FEsTFIrhIFI 2B 3 ivr 4 &

FERLE R SHBEME IR BN E R 2T
FREBERIPFZFNIIARE A LEIVF LT E
Bi:Ses 3 @t 0 FP 2 MBI F T s | B

KXok = Xeai T XgatXown (€ 0) (4-2)
frequency shift At @ > A &R Fd ¥-F 2 S =t F i
EHTIR o % - A Fermi contact 5 > § i

% & BT frequency
shift & - # (isotropic frequency shift)

o X HE Y » Fermi
contact 78 &+ ‘* ** e charge carriers #& P (N)
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Intensity {arb. tnts)
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N

Bse () — |e{K=061%) Bi,Se, (45) BT 21
657G | — Lefk=0.65%) 65. TG T Le(k=044%)
12K 45'(K=0.65%) 42K g TPR-035%)
QUQBi EUQBi |

i

Intensity (arb. ummts)

e suibl b, RPN SR A
N LA .
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435 440 445 450 455 460 465 470 413 440 445 450 45.5 460 465

Bl 4-1 7 F & BT k2 frequency shift

&2 % isotropic frequency shift > &3 tk&2 4 Fermi

contact 3 1 ¥ &SI 2 B &K T 23 * I o frequency shift >

P FRSI FPFd Fermi contact B fo@ =& #Lif 58 4 % o

LR S 2 R 5T fisotropicfrequency shift B 0 ¥ % E

H 7 @& ARPES £ BlP > & e k%7 F { % dcharge carriers

#cp oo

K(6) =K. +K, (3co - 1),

K,s(0)=0.13%=K,_ + X_
{K#5(n/ 2)=0.44%=K,_ K,
=0.34%

Ky = —0.1% (4-3)

Kiso(#5)

40



# &7 hisotropic frequency shift &(0. 34% )+ # &= (0. 65
%) #3F % o & ARPES £#]7 - $R &7 5w § {  dhcharge

carriers #p o

4-2 Nuclear spin-lattice relaxation rate (1/T:)

Nuclear spin-lattice relaxation rate (1/T\) &= E g9 » &
s A a[18]
LET = (LT )+ @/T, )q (4-4)
(4-4)3% 7 » % - B 5 Magneticrelaxation’ #4 s &+ %2 &
+ P AgstaTig = > & charge carriers #icb 5 B ¢
(1/T) OFNTY? (4-5)
¥ - A5 Quadrupolar relaxation > #d THHRIF HER
B #73k » 22 Debye Temperature ©,7F B :

T? ,forT >0,

1/T) O
AT, {T",forT<@D (4-6)
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(4-6)3% % > FIHAL 2 I o o fEs BT o b $2(4-5) ~ (4-6)7 3¢ >
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PR R X100 KPE = Bk S4B 3 A eneres & P & Quadrupolar

relaxation #ri E (22 N& A ) 8 B> 100K 5w 0 1/T)

=
/\‘

&I 0 1l/TiiE > B & & acharge carries #icp =+ 3k

et
[=X)

» F]pt Rl 5 Magnetic relaxation #72 # (2 N7 M ):
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g e s |
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T foik 5T DR E AT 0 2k &2 0 frequency shift

(0.619% ) =>4 &7 ¢h frequency shift (0. 13%) :

Bi,Se, (#4) Bi S, (#5)
65.7KG | ¢ ; 65.77kG e
42K

Wiy
B

Intensity (arb. units)

Intensity {arb. units)
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B R T AP TFETT B SRR APIT > @ 3 ¢ frequency
shift # F > :éﬁ*u charge carries # P 7 [ o fic ] ehdd pag B i =

Bl RFPR LI PR A 2 § 8 Sehcharge carries #k
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4-4 NMR &t & & 3| Surface state ?

NMR #£:R7# R (o0 : Skindepth) &= % > #cp 9Bl 7+ tdk

FE
d(um) =50, p @WQ tm) /f (MHz) (4-7)
FEEN HEEr 5= 145um -~ #5537 O = 470um - NMR #7i; #£ 8] e

FRGF B A4 G bulk state » 3B F #5813 surface state »
F

< ¢ 715 bulk state MEL* A 3 FH o
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