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Transverse electric-field-induced magnetophonon resonance m-type germanium
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We investigate the influence of the intracollisional field effect in the hot-electron regime of the transverse
magnetophonon resonancesitype germanium. Our results show that double peaks take place according to
the nonvertical transition due to the intracollisional field effect. One of the peaks is shifted to the lower-
magnetic-field side and the other is shifted to the higher-magnetic-field side as electric fields are increased and
as the possible phonon energy and the difference of Landau-level indices are decreased. It is also shown that
the peaks depend on the magnetic-field direction giving rise to the difference in the effective mass between the
initial and final states.S0163-18208)03615-7

[. INTRODUCTION sults show that the dominant MPR signal arises from the

With the recent advance of pulsed high-magnetic-fieldhot-electron transitions from the valley with lighter cyclotron
technique, it has been possible to measure the magngnass to the valley with heavier massnrtype Ge. It was
tophonon resonancMPR) effect in a very high magnetic also shown that the hot-electron MPR peaks are observed for
field. Many studies on the ordinary and hot-electron MPRthe intervalley and intravalley scatterings. Note that all the
effects inn-type Ge have been made for longitudinal andexperiments discussed above were performed for the case
transverse configurations® It is known that Ge exhibits rich \where the intracollisional field effe¢tCFE) is not effective
spectra of MPR because optical phonons and zone-edgg the hot-electron regime. Therefore, our concerns are to
acoustic phonons couple with electrons by the deformatiomvestigate the changes of the resonance fields due to the
potential interaction, although it is not a polar semiconduc{CFE that are effective in the hot-electron regime with elec-
tor. The MPR spectra in-type Ge is quite complicated due tric fields of the order of 1DV/cm.®
to the complexity of phonon branches and the variety of |n this paper we present a theory of transverse electric-
intervalley transitions, which results in difficulties in the as- field-induced MPR inn-type Ge, on the basis of the high-
Signment of each electronic transiti@)rin the hlgh-fle'd field quantum_statistica| transport thea}ydevebped by
range, the MPR peaks for-type Ge are well resolved from some of the present authors, and investigate the MPR ex-
each other, so that one can assign each peak to a specifigma ofn-type Ge for the magnetic-field direction parallel
transition. to the(100), (110), and(111) directions as the strength of

For the transverse magnetoconductivity configurationihe electric fields increases.
where the current and the magnetic-field directions are per- The paper is arranged as follows. In Sec. Il we describe a
pendicular to each other, Harperal® presented the experi- simple model of the system. In Sec. il we present the field-
mental results of MPR in-Ge for the magnetic field parallel  gependent magnetoconductivity formula related to the relax-
to the(100) and(110) directions. Their results show that the ation rate by using the result of nonlinear-response theory
transverse magnetoconductivity oscillates as a function ofpiained previously. The transverse hot-electron MPR is dis-

the magnetic field. Eavest al? also presented the experi- ¢ ssed, where special attention is given to the MPR peak
mental results of MPR m_—Ge_for the magnetic f|<_ald parallel positions. Results are given in Sec. IV and we conclude in
to the (100 and(111) directions. A recent review of the .\,

MPR effects was given by Ridley.
For the longitudinal hot-electron magnetoconductivity Il. MODEL OF THE SYSTEM

configuration, where the current and the magnetic-field di- _ . . .
rections are parallel, Hamagucht al®* found that in the We choose Cartesian coordinate axes withzfzeis par-

electric field ranging from 17 to 73 Vicm several different 2/l€l to the principal axis of an ellipsoidal energy surface. In
series of oscillations for thé100) direction ofn-Ge at 20 K the presence of a static magnetic field tilted with an angle of
were present. Recently, Futagawsal® presented experi- ¢ from thez axis,B=B(sin 6,0,cosf), and a uniform exter-
mental results oh-type Ge for the magnetic-field direction nal electric field E=E§/, the one-electron Hamiltonian is
parallel to the(100), (111), and(110) directions. Their re- given as
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whereA is the vector potential is the momentum operator, where j,=—(e/m,)p, is the y component of a single-
andm, andm, represent the transverse and longitudinal masglectron current operatof(e3) is the Fermi-Dirac distribu-
components of the ellipsoidal energy surface of the conduction function associated with the eigenvalue of Ej4), and
tion band, respectively. By taking into account the Landaur’, . ,<(E) is the field-dependent relaxation rate, which ap-
gaugeA=B(—y cosf,0y sing), the one-electron normal- pears in terms of the collision broadening due to the

ized eigenfunctions and eigenvalues of thealley of the
conduction band are given, respectively, by

(rIxs)=(r|N,ky ,k,,8)=U(r)F,(r), (2.2
S S s mtml 2
E)\=EN(kx,kz)=s)\+eEy§+ Z—SVd, 2.3
B
with
S=(N+ 12wt hz(k'B)z (2.4
ey = wst ——| —| .
* 2m3\ B
s__ M ik, sin 6—mk, cos g+ TV 2
Y= le 2 SIn 6—miky COS O+ ——|, (2.9

whereN (=0,1,2 . ..) are thd.andau-level indicesk, and

k, are, respectively, the wave-vector components of the elec-
tron in thex andz directions,s in the superscript or subscript

indicates the valley index of the conduction band,
(=E/B) is the drift velocity, andvg(=€eB/m%) andmg are,

respectively, the cyclotron frequency and the effective mas

in the magnetic-field direction, which are
1 cofg sirfé
= +

m:2 m@ M

(2.6)

mi=m, cog +m, sir? 6. (2.7

Also in Eq.(2.2), US(r) denotes the Bloch function of the

valley andF, (r) means the envelope function given by

1
Fx(r)zﬁ¢N(y_Y§)ekaxx+ikzz)y (2.8

xX=z

where ¢\(y) in Eq. (2.8) are the eigenfunctions of the
simple harmonic oscillator and, and L, are, respectively,

electron-phonon interaction. To obtain Eg§.1) we have as-

sumed that the energy differenc&;(— Ei,,) between the
Landau energy of the valley and that of thes’ valley is
larger than the quantities such as the width and the shift in
the spectral line shape, which is usually satisfied and is in
fact the condition to observe the oscillatory behavior of hot-
electron MPR! In the intervalley transitions, the matrix el-
ements of the single-electron current operator in(Bdl) are
given, in terms of Eq(2.2), by

[(xsljyIN's")P=S(s,5") 8\ n (3.2
where S(s,s")=[(slj,|s')|* and the Kronecker symbols
(Onr= 5N,YN,5kxyk;,5kzvk;,63,sf) denote the selection rules.

Within the first-order Born approximation of scattering
processes, the matrix elementsIofE) associated with the
transition between the statéss) and |[\s’) is generally
givenlo'll by

Thoras(E)=7 2, {[Ng(T)+1IM(E)+Ng(TIM_(E)}, (3.3)
q

where Ny(T) is the Bose-Einstein distribution function for
phonon with energyi v, andM... is given by

M= 2" TS v Masn) PO(ES: —ES + o)

N1,S1

+i(h sl VISP S(EY: — EY +hwg)],

M= D" IS [7 s PA(ES: ~ Ef—fog)

N1,S1

(N 181l v AS)PS(ERE ~ ER —hrwg)]. (3.4

the x and z directiongl normalization lengths. We assumeHere y, [ =C(q)exp(q-r)] represents the one-electron op-
that the Bloch functionU®(r) and the envelope function erator. The phonons couple to the electron via the interaction

F,(r) are, respectively, normalized in the crystal as

J’US*(r)US'(r)d3r:55's,, (2.9
C

f FX(NF(nNd¥r=6,,, (2.10
Q

whereC is the volume of the unit cell anf (=L,L,L,) is
the crystal volume in real space.

lll. FIELD-DEPENDENT MAGNETOCONDUCTIVITY
ASSOCIATED WITH RELAXATION RATES

potential C(q), the form of which depends on the type of
interaction. It should be noted that the prime on the summa-
tion sign in Eq.(3.4) indicates the exclusion of the diagonal
element ofy, and X, 5 represents the triple summations
ENEkyEkZ of the s valley. Also in Eq.(3.4), the 5-functions
express the law of energy conservation in one-phonon colli-
sion (emission and absorptipprocesses, where the effect of
the electric field(ICFE) is included exactly through the
eigenstatéE} of an electron. The energy-conserviddunc-
tions in Eq.(3.4) imply that when the electron undergoes a
collision by absorbing the energy from the field, its energy

We now want to evaluate the field-dependent magnetoS@n Only change by an amount equal to the energy of a pho-

conductivity o (E) for the system modeled in Sec. Il by

using eigenfunctions and eigenvalues given in Eg£) and

non involved in the transition. This in fact leads to electric-
field-induced MPR. In the representation of HE.2), the

(2.3) and the general expression for the nonlinear dc condudNatrix elements in Eq3.4) are given by

tivity oy (E) (k,I=x,y,z) derived in Ref. 10. It is straight-
forward to show that the transverse magnetoconductivity

oy,(E) can be expressed in terms of E¢8.2) and(2.3) as

KASl v NS )R=|CUMPK (NN U) B i v, 85, k0,55
(35

where
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FIG. 1. Resonance field shift o-Ge for B|[(100). The quantum num- FIG. 2. Resonance field shift of-Ge for B|(110). The quantum num-

ber of the Landau level fom¢=0.135 m is indicated for each line. The ber of the Landau level is indicated for each line. The dash—double-dotted,
dash—double-dotted, dashed, dash-dotted, and dotted lines are fdg the dashed, dash-dotted, and dotted lines are forXhepoint, X; point, X,
point, X; point, X, point, andl" point, respectively. point, andl’ point, respectively. The dotted lines are fof =0.099 m and

all the lines except for the dotted lines are fof;=0.099 m andm?;=0.36

m, corresponding to the initial and final states of the transition, respectively.

K(N,N',u):E—:!exp(—u)uNm*Nn[Lﬁ“nm‘”n)(uuz, (3.6
with with ay, = 1/2— (N’ +1/2)m}/m}, . The MPR conditions for
intravalley transition are given by

By (0)=Bgp /P
(Bep=wgmi/e,P=N—-N'=1,2,3, ...) (3.13

u=(I§/2)[q+(m,/m$ m3)*(mg, sin 6—myq, cos 6)?]. (3.7

Herel 5= (A/mwg) 2 Ny=min(N,N’), N,,=maxN,N’), and
L{M(u) is the associated Laguerre polynontial. _
After some algebra, we obtain from Eq8.4) and (3.5 if we regard the same cyclotron mass before and after the

transitions. In Eq.(3.9), assuming® that yi’,—y§<0 or
M, ~M_~|C(q)|2D, K(N,N",u)s(N'+1/2h oy s s i ) .
T Yy —Yx>0, depending on whether the maximum in the

(N U2k we*hwgtiA) 3.9  Magnetoconductivity appears at magnetic fieligy (E)
oo lower or higher tharByy(0) given by Eq.(3.12), we can

. . TS LT s" | s
make an approximation aysi yr=*| Bé—i(|36+|56)/2

with — Tg~(VA/meBy/2)(ym + Jm¥) and  Bj

=(2wq/€)(mimZ,/m%,—m}|). This assumption results in

s(x+a)=, (—1)"ax)"s(x)~3(x) (for x>a). 3.10  double peaks around the MPR extrema without the ICFE.
n=0 Equation(3.9) can then be rewritten as

wherefi A is the electric-field-dependent quantities given by
AA=(mmV2/2)(1mg —1/m3)+eE(yS, —y?). (3.9
To obtain Eq.(3.8) we used the properties

Then the relaxation ratéand hence magnetoconductivity

\ AA=(mmV3/2)(1mg —1/m) = eElg. (3.14
shows, from Egs(3.1), (3.3), and (3.8), that the electric- 0
field-induced MPR gives the resonance conditions at Note that we did not perform the calculation of the amplitude
(N'+12hwg=(N+1DhwgThog—hA, @11y  of magnetoconductivity oscillation because we are interested

N ) in the hot-electron MPR peak positions.
whereN’ and%ws (=heB/mg,), respectively, denote the

guantum number and the cyclotron energy of the Landau 1 L 0000
electron of thes’ valley, as doN andzwg (=#eB/m?). Bii<itt> F

= 7

These peak positions strongly depend on the dlfference ofm
Landau-level indices, the difference in the effective mass £
between the initial and final states of the intervalley scatter- #
ing by phonons, the involved phonon energy, and the
strength of the electric field. If we take the linkt—0 in Eq.
(3.1, the last term on the right-hand side in E&.11)
vanishes and the expression gives the hot-electron MPR con § -s
dition, where the ICFE’s are not effective. These for the ©
transverse configuration are same as the theoretical result o

onance Field

Futagawaet al® obtained for the longitudinal configuration. A
In this case, the transition of an electron from N excited
. , , Electric field (10°5V/m)
state in thes valley to theN'th state of thes’ valley, asso- FIG. 3. Resonance field shift oi-Ge for BH(ll:D The quantum num-
ciated with the emission of the phonons, occurs at the reser of the Landau level is indicated for each line. The dash—double-dotted,
nance magnetic field given by dashed, dash-dotted, and dotted lines arexfppoint, X; point, X, point,
B andT" point, respectively. The dotted lines are fof =0.082 m and all the
By (0)= FN (Ben=wqmi/e), (3.12 lines except for the dotted lines are fmg;=0.082 m andm};=0.207 m,
N+ ay corresponding to the initial and final states of the transition, respectively.
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IV. RESULTS effective mass between the initial and final states. As illus-

In this section we present the numerical results for MpRTated in Fig. 1, the shifts increase with decreasing the pos-
peak shifts due to the intracollisional field effect, by usingSiP/é phonon energy, linearly with increasing electric field,
Egs.(3.1)—(3.14, and analyze these results in terms of the?‘”q strongly with decreasing the dl_fference of Landgu—level
strength of the electric field. Far-type Ge, it is known that mdu;es due to before and after the intervalley transitions oc-
the conservation of momentum allows electrons to be scafUMNg atX points and due to before and after the intravalley
tered by the phonons 4t and X points* As a result, the t.rarlwsmons occurring af pomts: Note thatlln the case of the
possible phonors for n-type Ge ard” point LO TO (37.7  limit E—0, our results occurring &, points for B[|(110
meV), X,-point TO (34.2 meVj, X,-point LA LO (29.8 and BJ|(111) becor_ne the previous resulswhich are |2n
meV), and Xs-point TA (9.93 meVJ. To visualize the reso- good agreemengwnh the experimental va_tlues (_)f Eated: _
nance field shiftsAB associated with the emission of the and Harperet al.” for the transverse configuration and with
phonons, we plotted Figs. 1, 2, and 3 corresponding td€ %xpenmentallvallues of Yamadd al.” and Futagawa
B||(100), B|(110) andB|(111), respectively, where the de- et aI.' for the longitudinal configuration. .
pendence of the shifts on the strength of the electric field, the It is noted that our results for the relaxation r_ate and th_e
magnetic-field direction, the possible phonon energy, and thdC Magnetoconductivity are based on the following approxi-

difference of Landau-level indices is presented. The shiftgnation asyi,,—yizil_gé and §(x+a)=8(x) (for x>a).

AB [=Bnn (E) —Bnn(0)] are the difference between the Furthermore, any analytical expression for the integration
field-induced resonant magnetic fidgn/ (E) given by Egs.  overq of Eq. (3.3 has not been made since we are interested

(3.11) and (3.14 and the resonant fielByy:(0) given by  only in the electric-field-induced MPR peak positions.
Eq. (3.12 or (3.13, depending on the type of transitions.

The resonance field shifts ofGe in the transverse con- V. CONCLUSION
figuration are presented in Fig. 1 f8{(100). The intraval-
ley MPR appears since all the equivalent valleys have apg|
identical effective mass fd8||(100). As shown in Fig. 1, the
shifts increase with decreasing the possible phonon energ
linearly with increasing electric field, and strongly with de-
creasing the difference of Landau-level indices before an
after the intravalley transitions. The splitting of the MPR
peak positions take place, which is due to the nonvertic
transition at high electric field, as pointed out by Mori
et al.® The upper and lower parts in the figure correspond t
Ay>0 andAy<O0, respectively. Accordingly, in the former
case, the resonance peak positions are shifted to the high

In conclusion, we have presented a theory of electric-
d-induced MPR imn-Ge for the transverse configuration
and obtained the MPR conditions given in E¢R.11) and
¥3.14. As can be seen from Eqg¢3.11) and (3.14), MPR
eak positions for the intervalley scattering by phonons
trongly depend on the strength of the electric field, the pos-
ible phonon energy, the difference of Landau-level indices,
nd the magnetic-field direction, which leads to the differ-
ence in the effective mass between the initial and final states.
oAccording to the nonvertical transition due to the ICFE,
double peaks take place. One of the peaks is shifted to the
§6wer-magnetic-field side and the other is shifted to the

hifted he | ic-field sid lectric field fevel indices are decreased. We expect that our results will
shifted to the Jower-magnetic-field side as electric fields arEhelp in the qualitative understanding of the physical charac-

increased and as the possible phonon energy and the diffefsigtics of the electric-field-induced MPR effect in materials
ence of Landau-level indices are decreased. Note that OWlith the many-valley structure

results for the limitE—0 reduce to the previous resulfs,
which agree with the experimental values of Eaetsl?
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