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We study cyclotron resonance line shap€fLS) and cyclotron resonance linewidths widtt@RLW) of
deformation potential semiconductors utilizing the equilibrium density projection technique. Recently, we
obtained the cyclotron resonance line-shape formula of an electron-phonon interacting [BisgsmRev. E
60, 66 538,(1999]. Using this formula, we calculate numerically CRLS and CRLW. We analyze the tempera-
ture and magnetic-field dependence of CRLW in various cases. Our results agree with the experimental data
obtained by H. KoboriJ. Phys. Soc. Jprb9, 2141 (1990]. Our results indicate that dominant quantum
transition processes of deformation potential interacting systems are inter-Landau level transitions between the
adjacent states and the effect of intra-Landau level transitions is weak. We show that most of the contribution
to the total linewidth among inter-Landau level transitions comes from the transition between the excited state

a=1 andB=0.
DOI: 10.1103/PhysRevB.64.235210 PACS nunfger73.21-b
. INTRODUCTION data about the temperature dependence of CIRWW)] of

Ge in A=119um and the magnetic-field dependence of
The study of cyclotron resonance line sha@éBLS) and  CRLW[ y(B)] of Ge atT=20K. We compare our results of
cyclotron resonance linewidths widtfi€RLW) is a useful —numerical calculations with existing experimental data and
tool for investigating the scattering mechanism of solids,show a good agreement between them. This indicates that
since absorption line shapes and linewidths are very sensitiver EDPT theory is useful in analyzing many-body systems.

to the type of scattering mechanisms affecting the behavior Ve analyze the temperature dependence of CRUN)
of the carriers. in various wavelengths of external fields and the magnetic-

: . field dependence of CRLW/(B) in various temperatures.
There are several methods to obtain CRLS and CRLW i he analysis of various cases would be difficult in other

response functions. Among them are the Mori, Fujita, ang,qries since they require the calculation of the absorption
Suzuki methods. The Mori method uses Kubo's innerpower to obtain CRLW. The ensemble average projection
product and was applied to electron-impurity systems bytechnique(EAPT) (which is contained in EDPT Ref.)$has
Kawabata to obtain CRLSFuijita expanded the CRLS for- an advantageous aspect because we can obtain, through this
mula using the proper connected diagram method and apechnique directly, CRLW withy(T) and y(B). We do not
plied this method to electron-phonon systetrBuzuki ob-  have to calculate the absorption power to obtain CRLW.
tained CRLS of electron-phonon systems using the super- We also analyze the quantum transition processes of
operator methol.Suzuki’s theory well explains the result of deformation-potential semiconductors. Here, we confine our-
Kobori group’s  Selves in the inter-Landau-level transitions between the adja-
experiment of the cyclotron resonan@R) transition®® cent levels and the intra-Lan_dau-IeveI transition_s within each

Using the equilibrium density projection technique Lgndau level. We characterize quantum transition processes
(EDPT), we have suggested a new quantum transport theory]"[h the _7(T) and y(B) of ea_c_h process and conclude th_at

e dominant quantum transition processes of deformation-

of linear-nonlinear forn?. The merit of using EDPT is that il icond h h the i d
the generalized susceptibility and scattering factor can b otential semiconductors occur through the Inter-Landau-
vel transitions between the adjacent levels. The effect of

obtained in one step. We have also expanded the scatterir .
factor using a continued fractional representati@FR) to intra-Landau-level transitions turns out to be weak. We fur-

avoid the divergence problem that appears in the usual serid2€" Show that most of the contribution to the total linewidth
expansion of scattering factdr. among inter-Landau-level transitions comes from the transi-

In the previous work? we presented a new optical con- 10N bet;/vien the excitedhstaﬁejil and,8I=Q. T? the knowl- N
ductivity formula for the CR transition in a system of elec- €d9€ of the present authors, the analysis of CRLW and the

trons interacting with phonons. We summarized the calculadU@ntum transition processes of deformation-potential semi-
tion processes of obtaining a scattering factor using EDPf:onductors for various cases has never been done before as

with CFR and obtained the line-shape formula of anMuch as we have done here.

electron-phonon interacting system.

In this paper, applying our formula in Ref. 10, we first
obtain CRLS and CRLW of Ge withh=119um through When a circularly polarized electromagnetic wave with
numerical calculations. There are abundant experimentdtequencyw and electric-field amplitud&, is incident upon

II. REVIEW OF EAPT THEORY
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a system along theaxis, the absorption power density of the Mo = [ i r2f,—f,.)
electrons in solids is given by o-(w)=— '2° > f dky,— ——
) 2mAN=0 T o o—w+iQx(w)
P(w)=E;Re{o+(w)}/2. D )
Here, Re represents “the real part of.” We derived the con-
ductivity tensor with weak-inter-action approximation utiliz- h i factd .
ing EAPTZL Here, the scattering fact@® - (w) is
—i G1
wh’

B -1
Q;(w)%IBO WGO'F i i
o+ G2+

AG1 wii2G1 O3t

-1 2 ' (3)
mGZ} / w

where wherea; (a,) is the creationannihilation operator for an
Nil electron in the Landau stafer)=|N, ky,.k;,),N, being
GN=Tr{J_Lg(PoLs)" " "L ps}, the Landau level indexk, the electron wave vector, and
N En k. . the Landau energy given by
(N=a positive number 4 o

_ En, k, = (Ny+ 1hwc+h2KE, J2m + . (12)
By)=—+"7—"-, 5
(Bo) TI’{J,LerS} ®

Here, w,(=cB/m)) is the cyclotron frequency of electrons,
andps is the grand canonical density operator, Tr denotes then(m;) the longitudinal (transversg effective mass of the
many-body trace for electrond,. are the circular compo- electron, and, the bottom of the conduction band. In Egs.
nents of the many body current operathrL,=L4+Ly is  (9) and(10), blqu(biqys) is the creationannihilation op-
the Liouville operator corresponding to the Hamiltonidg  erator for a phonon of energyw, ¢ in the state| = q,s),q
=Hg4+V, whereHy and V are the unperturbed and per- being the phonon wave vectathe index of phonon mode,
turbed parts, respectively, ard, is the Liouville operator andV s the coupling coefficient for the electron-phonon in-
corresponding to the current operatorif(w)J, . The pro- teraction that is defined as

jection operatorP, is the ensemble average projection op-

erator that is defined as Vy Si(hEL/20,00) Y (12)
PoX= M, Pi=1-P,, (6)  for a phonon mode whereE, is the deformation-potential
Tr{I-Lips constant that is usually adopted as a fitting parameter when

the theoretical and the experimental results are compayed,
is the mass density of the bulk is the average of the sound
speedv q s for each mode. The many-electron current opera-
tors J.. are defined as

for an arbitrary operatoX. When a static magnetic field(
=B2) is applied along the major axis of an ellipsoid, the
Hamiltonian of the electron-phonon system is given by

He=Hg+V=Hc+H,+V. 7
Here, J.=2 jla),a,
He=2 &n, &, 808> (8  and
— HE N e o
Ho=3) g by s, (9) 1-=2 (1)* 38, (13
and where j*=j,*ij, are two circular components of the
single-electron current operatgr and j.=(a+1|j*|a)
V= \Y expig-r)|u)aia,(bg st b’y o); =iev2(N,+1)hwc/m;. _— .
qE,s % as{@|expiq n)u)a; a.(bs as) With weak interaction approximation, we obtained the

(100 conductivity tensdP as
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2 2 VmMKW)J AF dk,
Reo s (w)= S 3 - (14
e Th |\ (0— wc)2+ 7’total(‘1’)2 ’
where the linewidth function in EAPT, which is the real part of the scattering factor, is reformulated as
1 0 © ©
Yiota @)~ 57— j f Yiotall @, @¢ ,K;,0;,0, n)d0dk, f AF,|dk,, (15
27hevg| ) - —

with @=w—i7. Here, the functionY,ou(®, w¢,K,,0,.9, n)

_ : ?ib(Na1Nﬁ)E[V(q4)2q4K1(Na1Nﬁ;t4)AFa(nq)],8#a+ly
is defined as

(20

Yiotal @,0¢,Kz,02,0,0) =YEAN, ,Ng) = Y5UN, Np) S
total ¢rierzin pre b YE™(N, .Ng)=[V(ds)?qsK1(N, ,Ngits) AF ((Ng+ 1) g2

—Y3UN, N +Y§UN, Np) (22)
Ve _ e ~
Y5 (NG Ng) = Y6 (e Np) VEN, Np)=[V(q6) 206K (N, Ny te)
= Y9N Ng) + YN, Np), XAFg (Mgt D]gea, (22
(16)
where we classify the absorption and emission parts of pho- 73”‘(Na ,NB)E[V(q7)2q7K2(Na,Nﬁ;t7)
non energy as S AF
g—a,(NgT D lpza, (23
V3N, N =[V(d1)?a:K1 (N Ng it AF (ng) g,
(17 YN ,Ng) =[V(dg)daK1(N, N ta)
Y5UN N ) =[V(02)°02K (N N it2) AF g g (M) g XAF o(Ng+ 1)1 gpas1, (24)
18
5 18 WheretnzﬁqntZeB. In the above formulas, phonon wave-
ng(Na:Nﬁ)E[V(q3)2q3K2(NavN5;t3)AFlB,+qZ(nq)]ﬁ¢al vectorsq, are defined asj,=/(q?,+q?) with the vertical
(29 components of themy, , given by

dr1=0i2=\{[o+(Ng=Nusoclug ' +As(2k, 0, +05)}—az, (25
A= [0+ (No=NgiDocdvg = Ay(2k, 0.+ a2)}? a7, (26)
4.4 Tt (N~ Ngwcloy = Ax(2k; 0 67— 2, 20
As=06= Vi~ 0= (Ng=N,.Doclvg ' +Ay(2k, d,— a5} —ds, (28)
A 7= {[— 0= (Na=Ngioclog = Ay(2k, d,— a2)}*— a7, (29
dus= [~ @ (No—Npwclog —Ay(2k, d,— g1, (30

Here,A;=#A/2muv. As can be seen from Eqg&l4) and

the integrals over phonon and electron wave-vector spaces.

(15), the integrals over the electron momentum space ar&his allows us to analyze the temperature dependence of
done separately in numerator and denominator. Owing to th€ERLW, y(T) for various wave lengths of external field, and

advantage of this aspect of EARWhich is contained in
EDPT Ref. 9 we can directly obtain the CRLW through

the magnetic-field dependence of CRLW{B), at various
temperatures.
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Absorption Power P(B) (arb.unit)

P(B)
2=119um
B//(111)
E,=13.2eV

T=50K, X10"%°

71 7.2 7.3 7.4 7.5 7.6 7.7 7.8

Magnetic field B (Tesla)

FIG. 1. The magnetic-field dependence of absorption power,

P(B) of Ge atT=10K, T=20K, T=30K, T=40K, T=50K
with A=119 mm.

Absorption Power P(Ao) (arb.unit)

FIG. 2. The magnetic-field dependence of absorption power,
P(B) and P(Aw) of Ge atT=10K with A\=84, 119, 172, 220,
295, 394, 513, and 550 mm.

Furthermore, the above advantage of EAPT also makes it

possible to analyze the quantum transition processes of

deformation-potential interacting semiconductors. If we as-

sume the interactions are weak, the effective transitions oc-

cur through the inter-Landau-level transitions between the

adjacent levels, aso(,8)=(0,1) and ¢,8)=(1,0), and the
intra-Landau-level transitions in the same levels, asg|
=(0,0) and @,B)=(1,1). In order to analyze the dominant
transition among these processes, we classify the linewidths
as follows.

Yiotal @) =Yintral @) T Vinteri( @),

~'Yintral( w) E?ﬁgrglt( w) + 731%;”‘( w) + 7|ntraR w) +% 'ylmral w)

~ _~01, ~01,
7interl( ‘1’) = 'YinltearR a)) + Vinlteerlnt a)) + 'ylnterlrr( a)) + 7|nterlnt (‘))

(31

where

~°°af(w)5;fw F Y2%0,0dq,dk,,, (32)
Yintral Zwﬁzvs D 4 ’ zZYRza

Finvall @)= mz f J Villydadk,,, (33
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| 95um
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- A=295um
72um A=220pm
A=394pm
N 19um
A=513um
| A=550pm
| 513
7 550vulfrl|m‘ _ 84um A=172pum
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Magnetic field B (Teslor)

-4x10° -2x10° [V} 2x10° 4x10°

Relativity freqency Ao=0-e (Hz)
~°°e"(w)zir fw Y& 0,0)dq,dk,,, (34)
Yintral 27TfLZUS Y 8 ’ ZY Rz s
~“e”tw)zifx fx YeM1,1da,dk,,, (35
Yintral 27Tﬁ2vs P 8 ’ zZY Rz s

1 © (e o ~
i @)= 527 J fﬁx[Yi%o,l)wz‘b(o,l)

+Y3%0,1]dq,dky (36)
Finterl )= mz J f [Y(1.0+7311.0
+Y8%1,0]dq,dky (37

~0le
7|nterrtw)

— f f [Ve0,0+ Vg0,

Y70,1)]dg,dk,q , (38
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FIG. 3. The temperature dependence of half line wigiT,) of FIG. 4. The magnetic-field dependence of half line widt(B)

Ge withA=84, 119, 172, 220, 295, 394, 513, and 5&0. In small of Ge atT=10, 20, 30, 40, and 50 K. In small box, we compare the
box, we compare the theoretical result with experimental data of théheoretical result with experimental data of the magnetic-field de-
temperature dependence of half line wid4(T) of Ge with A\  pendence of half line widthy(B) of Ge atT=20k.

=119um.

Si ; 1(B) ; T=20K
A=513um
B// <100>
E,=7.0eV

Finten 1) Mz f f [Y€(1,0+ YN L,0

+Y5M(1,0)]dq,dk,, . (39)

IIl. THE ABSORPTION POWERS AND THE LINEWIDTHS

OF EAPT IN CR TRANSITION X10-234 | T=50K

In this section, we calculate the linewidths of Ge and Si in
the quantum limit. It is well known that the deformation-
potential scattering is dominant for pure Ge and Si. The band
structure of Ge and Si can be approximated to be ellipsoidal.

For BI(111) in Ge we havem=0.22ny and m,
=0.35n, wheremj is the free-electron mass. The other con-
stants are p=5.36g/cni, $=5.94x10°cm/s, &4(0)
=0.744 eV, k=4.77<10 *eV/K and ¢=235K. Inserting
these constants into Eq4), (7), (13), and(14) and carrying
out the integration in Eq(11l), we obtain the line shapes,
from which the width can be measured.

It is known that as for the cyclotron resonance, there are
abundant experimental dateoncerning the temperature de-
pendence of CRLW(T)] of Ge in A=119um and the
magnetic-field dependence of CRILW(B)] of Ge atT
=20K. In order to examine the validity of our theory, we
first compare our EAPT theory with the experimental data FIG. 5. The magnetic-field dependence of absorption power,
through the numerical calculations. In Fig. 1, we obtain theP(B) of SiatT=10K, T=20K, T=30K, T=40K, T=50K with
power absorptionsP(B) of Ge with A=119um at T  A=513mm.

x1Q°219 ; T=40K

Absorption Power P(B) (arb.unit)

Lo e ey e

T T T T T T

34 36 38 40 42 44 46 438

e
»

Magnetic field B(Tesla)
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FIG. 7. The temperature dependence of half line wigT,) of
6x10° -4x10° -2x10° g  2x10° 4x10° 6x10° Si with =84, 119, 172, 220, 295, 394, 513, 5afn.

Relativity Frequency Ao=0—0 (Hz)
widths because they can be obtained directly in EAPT
theory.

Now for Si, we have m;=0.33m,, m=0.58m,,
p=2.34glcni, s=9.03x10°cm/s, &(0)=1.17eV, k=

FIG. 6. The magnetic-field dependence of absorption power
P(B) and P(Aw) of Si at T=10K, with A=84, 119, 172, 220,
295, 394, 513, and 55am.

=10K, T=20K, T=30K, T=40K, T=50K. The shape
of P(B) resembles the experimental shapeP¢B) with an
arbitrary unit performed by Kobogt al. In Fig. 2, we obtain 4.5x10°
the power absorption$(B) and P(Aw) of Ge atT=10K
with A=84um, \=2119um, \=172um, \=220um, \
—295,m, A =394um, A =513,m, and\ =550.m. Here, .’/T';;"‘_‘\.’—a
Aw=w—wy. From the graph ofP(Aw), we can see the v

broadening effects near the resonance peaks for various e» | J/;::—.—‘H/‘
ternal fields. The graph in the small box indicates the loca-
tions of resonance peaks for various external fields. We car__ 10.0x10° |
read from this graph the magnetic-field dependence of thef " x
maximum absorption power. In Fig. 3, we obtain the tem- =

1.5x10°

750.0x10°

perature dependence of linewidths of Ge witk-84, 119, _g_‘ sqoe T€81 NUMber scale
172, 220, 295, 394, 513, and 5%dmn. The advantage of = 450.0x10° R
EAPT theory is evident in the calculation of linewidths for « experiment dat ey .
various cases. It would be cumbersome with other theories £ Koborietal N
In the small box, we plot both the linewidths coming from ot & /./;;3?”
the EAPT theoretical result and Kobori's experimental result T=10K ‘0" r/’
for the case with\=119um. We see a good coincidence B IR
between them. They both show rising behaviors as tempera  150.0x10° - 500x10° - :.'
ture increases. ol
In Fig. 4, we obtain the magnetic-field dependence of  1.0x10° ———
linewidths of Ge atT=10, 20, 30, 40, and 50 K. In the 3 4 5 6 7 8 910 20
small box, we compare the theoretical result with the experi- Magnetic field B (tesla)

mental data for the case whédn=20 K. Again, we see a
good agreement between them. We want to emphasize here FIG. 8. The magnetic-field dependence of half line widttB)
again that it is easier than other theories to obtain the lineef Si at T=10, 20, 30, 40, and 50 k.
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= ) a./ A ® 5
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pror] o .//2x109 ; 9 _|
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u;- 1x10° — " - £ ]
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T  500x10° d g |
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1Ox106 | 0 |2{) 40 60 B|0 100 120 140 1x109 : : : : [
5 10x10° 50 100x10° 1 3 5 7 910
Temperature Log scale (K) Magnetic field B (Tesla)

FIG. 9. The temperature dependence of linewidth of Ge in cases F|G. 10. The magnetio-field dependence of linewidth of Ge in
of total line width (yy), total inter Landau levelfiyeq), total intra-  cases of total line width,), total inter-Landau level;), and
Landau levelfina), phonon emission inter-Landau levef{e),  total intra-Landau levelf,,,) transition.
phonon emission intra-Landau levef{,,), phonon asorption inter-

La”da‘; levelf/en), and  phonon asorption intra-Landau gamm4B) in various temperatures. Further anaysis of vari-
level(¥ina) transition. ous cases are performed in this section. In Fig. 9, we plot the
temperature dependence of linewidths of Ge for various tran-
4.73<10 *eV/K, and¢=636K, E;=9.3eV. In Fig. 5, we  sitions. They include inter-Landau-level transition and intra-
obtain the power absorptionB(B) of Si withA=513um at  |andau-level transition, each of which is further separated
T=10, 20, 30, 40, 50 K. In Fig. 6, we obtain the power into two cases, phonon-absorption transition and phonon-
absorptionsP(B) P(Aw) of SiatT=20K withA=84, 119,  emission transition. We denote the total linewidthygg, the
172, 220, 295, 394, 513, 550m. We see that the general inter-Landau-level linewidth agye.(T), the intra-Landau-
shape of power absorptions of Si is very similar to that oflevel linewidth as ;e (T), the phonon-absorption inter-
Ge. In Fig. 7, we show the temperature dependence of ling-andau-level linewidth as/?,..,(T), the phonon-emission
hetic fied dependence of fnewiths of St at various tempera. . -2/10aU evel IMEWIdth 37hys. (), the phionon-
tures. In Figs. 7 and 8, we included some experimental dat ahbesorptmn intra-Landau-level linewidth a;'q"}m_!(T),_ and
phonon-emission intra-Landau-level linewidth as

Note that there are not abundant experimental data of Sie (T). From these graphs we read that the broadening

compared to Ge. The agreement between EAPT theoreticgfntra!'. . o
- . ; . effect is dominated by the phonon-emission inter-Landau-
predictions and experimental results for Si case is not a

; _3Rvel transition at low temperature. In Figs. 10 and 11, we

good as the case of Ge. Nevertheless, the discrepancy is In - . ]

the range of acceptance plot the magnetic-field dependence of linewidths of Ge for
9 P X various transitions at =20 K. Here again, we read that the

The results of this section indicate that our EAPT theory, . : ) L
. . broadening effect is dominated by the phonon-emission
well accepts Kobori's experimental datdherefore, we con- . " 4
inter-Landau-level transition. In Fig. 12, we plot the

firm that the EAPT theory is quite useful to understand themagnetic-field dependence of linewidths of Si for various

scat;ering mechanism in CR transition. We expect It can b?ransitions afT=20K. From these results, we observe simi-
applied to analyses of other condensed material systems. larities between quantum transition properties of Ge and Si.

IV. THE TRANSITION PROCESSES IN CR TRANSITION
WITH EAPT V. CONCLUSIONS

Since we can obtain the CRLW,(T) and y(B) directly In this paper, we studied cyclotron resonance line shapes
from the numerical calculations in EAPT theory, we can ana{CRLS) and cyclotron resonance linewidths widft@RLW)
lyze easily y(T) in various wavelengths of external fields of deformation-potential semiconductors using EAPT theory.

235210-7



J. Y. SUG, S. G. JO, J. KIM, J. H. LEE, AND S. D. CHOI PHYSICAL REVIEW@! 235210

20.00x10° R
19.00x10° Si i Y(B) ; T=20K
18.00x10° — B// <100>
17.00x10° E,=7.0eV
16.00x10° —
15.00x10° ~N N
14.00x10° — T
13.00x10° - £
]
N 12.00x10° — 2
n
- 11.00x10° o=
©
g 10.00x10° — T ”
S 9.00x10° | ¥ interl(B)
8.00x10° | 1 1
y 9:00x 1x10°
Jt:ﬂ 7.00x10° Tt 100x10° —
6.00x10° — 10x108 — 2 4.6 8 10121416 18 20,
5.00x10° 10— 160100
100x103 —f
4.00x10° — 100100 o | e Tintrai(B)
3.00x10° Tinterl 1x10° — T 1 12x10°
2.00x10° | 1l Ttott®) [
1.00x10° | 13100 | Mnten® |
0.96 T T T T T 100x10° — | 1 aen
0 2 4 6 8 10 12 10x10° — Tintral® | 200
X103 —] intral
Magnetic field (tesla) ool
. . . . . 4 5 6 7 8 9 20
FIG. 11. The magnetic-field dependence of linewidth of Ge in 10
cases of total line width+,.y), total inter-Landau level;,e), pho- Magnetic field (Tesla)
non emission intra-Landau level},.), and phonon absorption o . . .
intra-Landau levelf2,.,) transition FIG. 12. The magnetic-field dependence of linewidth of Si in
inter| :

cases of total line width,,), total inter-Landau levelf;.), and

total intra-Landau levelf;,,) transition.
We compare the EAPT theoretical predictions with experi-

mental data of H. Koboret al. Our results of numerical cal- following properties. First, the temperature dependence of
culations appear to be reasonable sin¢d) of Ge in A linewidths of Ge is dominated by the phonon-emission inter-
=119m and y(B) of Ge in T=20K agree well with the Landau-level transition at low temperature. Second, the
experimental resultsThis indicates that the EAPT theory is magnetic-field dependenge .Of I|neW|dths of Ge is also d'o.m|-
quite useful to understand the scattering mechanism in C ated by the phonon-emission inter-Landau-level transition.
transition hird, the same properties apply to the case of Si. From these

We anélyzed the temperature dependence of CR{TY results, we observe similarities between quantum transition
in various wavelengths of external fields, and the magneticpmp(?r.tles of Ge and Si. The easy analysis of each quantum
field dependence of CRLW(B) in various temperatures. transition processes are the merits of our EAPT Fheory. Fi-
We want to emphasize that our EAPT theory makes thes@a||¥'lwe (ta;:pect tgat th% EAItDTquEDF;D theory is also
analyses of various cases much easier than other theori¢&> €Ul IN other condensed material systems.
since more steps are involved in the calculations in other
theories.

The EAPT theory enables us to separate the linewidths in  This research has been supported by the Korean Research
terms of each quantum transition for various cases. The ré=oundation(Krf2000-015-DP012Rand the Brain Korea 21
sults are plotted in Figs. 9—12. From these graphs, we get theroject in 2001.
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