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The finite element method has already been extended for analyses of transport properties
of the electron wave of two-dimensional electron systems in magnetic fields. Not a few
proposals of the new formulation or improvement have been reported, whereas there
exists almost no report of the application to the analysis of a realistic system. In the
present paper, it is pointed out that analyses with FEM of conventional formulation do
not give accurate results in case of a large system or of a strong magnetic field and that
the selected gauge influences numerical results greatly. Furthermore, the conceptually
new finite element method which solves the difficulty fundamentally is proposed. The
formulation in which matrix elements in the absence of a magnetic field are multiplied
by the Peierls phase is very simple. In order to show its predominancy, the numerical
examples of the proposed formulation are presented.

Key Words: Two-dimensional Electron Systems, Magnetic Fields, Magnetic Translation

Operator, Finite Element Method, Peierls Phase

1. @LoIic

MR LA AT O REIC R I NG 2 RGBT RICS
WT, FAS ADREDY 1 XE MR BN AT 19 270z
BEREHRINTWS, ZOEIREFRE2HNEZT AL AD
BB W TIIER RO RN TOE T IR DI\ % B
CIRITT 2 2 L BRERTH D, £z, AR S OHIE NS
A—ZD—2 UTHEAHVSNE D, M TOET
WO E T 5 BERH 2 D),

INET, BB OETHOMIICE— NIy F v 2k
2, sEpk, wmsaEn (D, gREmSk Y BREREk
(45) 7 CHHWSNT &7z, HHERIGIR D RO IZ 135S
REFZEDBLER TH 0. HESHBHME h 561 S LR
Ih, 2L OEREHIFCERL G

L LAA S, RRNTERTF YUy VDAL D BEHER A
VUBEMEER., 7 a i ®) BNe e i saE
FIEC L BT IEEETH D, FREREEL MBS OB TR
Dok n, OO R nTERL D, BHPET
WOBEBEREOERL & MB R EHOWME XL VA, %
N AW EWIE SO O, BEKT N1 2 DR
WO 72\,

2010 4£ 9 A 30 H3A+, 2010 4E 11 H 10 HAZ#

ARG XTI, W OEF R IC B REREZH VS
NHRWERHEAZERMHLU, The@Eds2<HmLWERMLzT
5. XK (11) DEHREHI L F U ROBUEFH AR R 2R U, A
XCRET 5 FEOMEN, BAEEZRT,

2. INEFTOERLEZOMER
RIZMVRTUVIYIVP A(r) THD L E,
VFa v - AR

BTy

im{ 1hV—qA }1/} EyY (1)

WS, my ¢ ERTNTNEFOENER, Eff, =2
¥F—Thd, h. iZETNEITNT TV IER A% 2r THI o/
ERE L CEBRAATH D,

2RTETR%E oy PEHIZZ D, X B O—kEEIED 2
EAMAIZEHMENTWE LT DL, X7 MUKRT VYY)l
A=B(—(1-9)y,sz,0) (s IFEROEHK) L#EXS, TN
FTcoENMETIE

h? oo .qBh aw o

v + s o ={E-V(r)}y (2)

CERHUTC, ZAU0H 2, SHEMEVHMEND Z LIz



DRIMENBERT Iy ILELTHS, Thbb, BTIZ
W OEALT 5B L Mk ERMbz2175,

FRAT R 2 /N X 2 IR (ERREFHR) aElL, j BB O
MOMENEYE r; L35, j BHOH S TOAED 1, fiD2T
O TIXEA 0, DF D

N (r) = { (3)
B2 U. Hisj 2HOHIAE DM ZRIZ DR r O
FEHE BFEBOHAZE T2 REE (FRREE) N ()
L35,
TEARBEER N, (r) % AW TR o I B 3 %

¥(r) = ZNJ‘(T‘)% (4)
i
CEREAL, ZhaeRfTEBE TS, ZosE NEK
L=yp"(K-Myp-9'Q (5)
YT TERNTHILITLD, {Yi} KDV TOENHRR
K=M)¢p=Q (6)

1G5, TIZT, Y 2XWAOWEEB Y, 2 i Ko LT
BHINRZ MIVELTEHLR, £72, FHK MBEURY
ML QRUTOLIIZEHZEI NS,

o ON; ONr . ON; ONi
Kiw = /Vk(('):c Ox + oy Oy )d’r ™

Mjk = E/ Nijd?"
Vik
_¢Bh / ONy
—i== —(1— N;N=—Ld
! m Z{ ( S)yk ij 4Vl ax T

l
+sxr / Nle%dr
Vik Oy

- {V(m) O }
l

j dr 8
X /jk N; NN, ( )
Qj = r ]\/vJN dS 9

ZIZT, vy EHif G CHiRME RGO EREANTORA T
HBIeERT, i, [ 3B ETREBIBIEO RS
W DENEZ TNy OHBEEITH D, q(r) FEER L
THZONZERESN A ESERAABAOETH B,

ZOEAMEER VWS &, B EZSEEHVTWS & &
POEMHINTWAEZZIETRDEH, 175 M OB DIEIX
RPKERYGE, BEPROVGEICHEEICKRE R D HME
Bhbd, TOWRBEWVNIEs, THROERZ MLVKRTFT VY Y LD
F—=Y DD FIHET 5,

XCHR (11) Tk, #IE 2d, #td OEAHET N b (Fig.1)
IZDWT, B ECI BB 0 & 7 B RS o [E A fE
EEHBEHE LT, AFHORZ PULRF YUy VDB AIZD

Fig.1 The rectangular quantum dot investigated in ref.(11)
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Fig.2 The geometry of a cross-shaped conductor.

BEREAE OHL O P 1SRk (9) @ T1-B Hi D HL D D2 i 5,
72U, ZZTCREEEMBHEICTAZDIC, TIvR AL
7 RIS p Do TVWREVWEDE L, T b DES
DRYZ MVRT V¥ Y )VIEZENZENESG D5 TV B4
CHEBIC B KD R —VIL e B,

G DRR> TVWBEH DT —V% A= (-By,0,0) & L
T, TIVEDPS kd=10 DEARE— REBPAH L ZEED
BEET, KRR ZHS B=qBd?/h=0~5Z3 LT,



RN, 228 TEHE L2, MEREFH»S T+R=1
Bl 2R s mnh, FEEETIE N, > 2000 12
HUTE, [T+HR—1] Of#AEIF0.02% A FiZR>TW5, L

'B=0

1000 2000 3000 4000 5000 6000 7000
Ns

Fig. 3 The convergence characteristic of the transmission

probability.
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Fig.4 Density plots of the probability density (a) and the
phase (b) of a wave function for kd = 10 and B = 20 in

A = (—By,0,0), which is an insufficient convergence case.
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Fig.5 Density plots of the probability density (a) and the
phase (b) for kd = 10 and B = 20 for A = B/2(—y, x,0).
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Fig.6 Density plots of the probability density (a) and the
phase (b) for kd = 10 and B = 20 for A = (0, Bz,0).
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Table 1 Variations in 3 lowest eigen wavenumbers kd for 3

types of gauge.

gauge kod ref.(11) TABLE I

1 5.079220411952475 5.070

2 5.079220411952162 5.070

3 5.079220411952306 5.071
gauge kid ref.(11) TABLE I

1 5.2358151469960035 5.224

2 5.235815146996086 5.223

3 5.235815146996177 5.228
gauge kod ref.(11) TABLE I

1 5.5357147392872115 5.520

2 5.535714739287768 5.520

3 5.535714739287288 5.528
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Fig. 8 Density plot of the probability density of the 9th
energy level (kd = 10.0247) for B = 100.
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