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Optically detected magnetophonon resonances in-Ge in tilted magnetic fields
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We investigate the influence of the angular dependence of optically detected magnetophonon resonance
(ODMPR) in n-type germanium in a tilted magnetic field. With the ODMPR conditions, qualitative features of
the ODMPR effects are investigated according to the incident photon frequency, the strength of the magnetic
field, the temperature, and the difference of Landau level indices as a function of the tilt angle to the applied
magnetic field in the quantum limit condition, in whidhw.>kgT is satisfied. In particular, anomalous
behaviors of the ODMPR line shape, such as the splitting and the shift of ODMPR peaks, are discussed in
detail.
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The optically detected magnetophonon resonance axis, the absorption power delivered to the systen® is
(ODMPR) allows one to make q_u.antitative measurements of- g2 Re[;yy(g) ]2 for the Faraday configuration
the scgtterlng §trength for specific Landau levels, and y'?ld?EL B),%° where Re means ‘the real part ofto=ow
direct information on the nature of the electron-phonon in-"". . — = - —
teraction in semiconductofs® The purpose of the present ~19_ (6-07), oyfw)=[oy(w)+oy(-w)]2 and
work is to investigate the angular dependence of the opticallyy,(«) [or oy, (—w)] is the complex optical conductivity
detected magnetophonon resonance effects on the magneggresponding to the rigtor left) circularly polarized wave,
conductivity ofn-Ge in the tilted magnetic fields obtained by Which can be expressed in the linear-response thedrif as
using the Mori-type projection operator techniquand to
investigate the features of optically detected magnetophonon — h f(Ex)—f(E))
resonance effects in magnetoconductivity as a function of the oyy(w)= iQ 2 T EL_E.
incident photon frequency, the strength of magnetic field, the A NN
difference of Landau level indices, and the temperature in
such materials. — — —,

Consider a system of many noninteracting electigpin hwo—E\ +E\—ihZg (o)
interaction with phonons, initially in equilibrium with a tem-
peratureT. Then, in the presence of the static magnetic fiel
tilted with an angle o# from thez axis chosen to be parallel S oS . .
to the principal axis of an ellipsoidal energy surfage, ' cmi-Dirac distribution function, and the quantity
=B(sin 6,0, cosf), with the Landau guage of vector poten- i720\/x(@) means the line shape function. Therefore, the
tial A=B(—ycos6,0ysing), one-electron normalized real parts and the imaginary partsi6f.,,(w) are, respec-
eigenfuncitons~, (r), and eigenvalueg, in the conduction tively, defined by the lineshift termii Vy,/,(w)] and the

band are given, respectively, by linewidth terms[i#T o,/ ()], for the transition arising
1 from the resonant absorption or emission of a single photon
Fo(f)= —— —y)explikx+ik,z), 1 of frequencyw and of a single phonon of frequenay,
Mn) \/LXde)N(y YaJexpiky ) @ between statep\) and|\'). B
) 5 To obtain the magnetoconductivity,,(w) of Eq. (3) for
Ex=En(ks,k)=(N+12)fiws+h%(k-B/B)2mg, (2)  the nondegenerate limit and the quantum limi

where|\) means the Landau statF$,k) in the conduction >keT), we use the matrix elements of thecomponent
band andN(=0,1,2 . ..) is theLandau-level index¢,(y)  Single-electron current operator given by
are the eigenfunctions of the simple harmonic oscillator with
Yy = (m¢k, sin 6—mk, cosd)hi/leBng, andL, andL, are, re-
spectively, thex- and z-directional normalization length&,
andk, are, respectively, the wave vector component of the
electron in thex and z direction, ws(=eB/my) is the cyclo- FNON-an 16k KOk, k- (D)
tron frequency in the conduction band, amg is the effec- L
tive mass in the magnetic field direction withy=m, cos6  The angular dependent magnetoconductivity is directly pro-
+m,sirfé. Here 1m§= co§0/nf+sir126/(mm). portional to the matrix element with respect to the current
When a linearly polarized electromagnetic wave of ampli-operator in Eq(4). We also replace summations with respect
tudeE= (0,E coswt,0) with frequencyw is applied along the to k, and k, of =,_nk, k) in Eq. (3) by the relatior?

|jy)\’)\|2

()

dwhereQ represents the volume of the systejp,is they
component of the single-electron current operat¢E, ) is a

N2 e’mgh wq
|<kakz|]y|N I(xkz>| :T[(N+l)5N+1N/
t
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FIG. 1. Spectral line shapes of the magnetoconductivity —FIG. 2. Magnetic field strength dependence of the magnetocon-

[o,,(»)] as a function of the applied magnetic field foiGe at
T=250 K as a function of magnetic fielB for the various tilt
anglesd of the tilted magnetic field in cases ef=0, 3, and 7 THz.

S a () =L,/ (87%) [ [1ssdkdk,(- - -) because the
ranges ok, andk, are, respectively, given within

eBnsL m
Me-y +—tkztan¢9

eBnmsL m
M-y +—tkztan0<kx<72hm ot
| |

~ 2him, cosé | m

and — 7/L,<k,<w/L,. In addition, we assume that ttiés

in Eq. (3) can be replaced by the Boltzmann distribution

function for nondegenerate semiconduétae., f[Ey(k,)]
~exfd B(u—En(Ky.K))], where 8=1/kgT, with Boltzmann

constantkg and temperaturd, and the chemical potential

w is  1BIn[VBI(2mmg)4m?ngh2m, cosésini (B/2)hwd/

(mgwsmg)] with the electron density.(=N¢/Q). Then we

ductivity [oy(w)] as a function of the ratio between the incident
photon frequency and the phonon frequenoyw, o, for various
tilt angles @ at T=250 K in cases ofv./w o=1.0, 0.7, and 0.3,
respectively. Herev, meanseB/m,; .

obtain the angular dependent magnetoconductivity corre-
sponding to the right circularly polarized wave as

_ 2pe*h*nZm? :
op@)= \] L LT progz i Bhws)
mmgmim; cos 6 2

/L
XZ (N+1)e—,3[N+(1/2)]ﬁwSJ' z e—gﬁ?ki/sz
N —7lL,

FN+1,kx,kZ;N,kx,kz(w)

X
2,12
(hw—fws)*+ FN+l,kX Ky 1Nk ,kz(w)

dk, (9
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FIG. 3. Magnetic field strength dependence of the magnetoconduc{ti;}u;)] as a function of the ratio between the incident photon
frequency and the phonon frequeney/w, o, for various temperature in cases 6&0°, §=30°, and §=70°, respectively, for(a)
w.lw o=1.0 and(b) w./w o=0.4.

for a shift of zeroV,=~0, in the spectral lineshape. with
The relaxation rate§'(w) in Eq. (5) associated with the
electronic transition betweefN+ 1k, ,k,) and |N,k; k}) h2k,?
can be expressed for nonpolar optical phonon scattering by~ @1:(ky) =+ (N=N")fws+ Wiﬁwm, (7)
B
JmgD’ ( 010, (k)]
N ;o= —— + _ 21,12
PN KN ™D B NEN [(no Y Ve 2+(k£)—ﬁw+(N’—N—l)hws—f;ki+ﬁwLo, ®)
Mg
e[@)m(k;)]) 01014 (kp)] L .
t | TNo| ——— where ng=[expBhw o)—1] * is the phonon distribution
VO (k) J®l+(kz) function, 6(x) in Eq. (6) is Heaviside step function by
00, (k)] f(x)=1 for x=0 and 0 for x<0. Here k;=k, cosé
+ Z) ] (6) —k,sin g, and k;, =k, sin§+k,cosé. In order to obtain Eq.
VO, (k;) (6), we transformed the sum ovef into an integral form in
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us to analyze ODMPR effects in semiconductors under the
tited magnetic fields.

We present the numerical results of the angular dependent
magnetoconductivity formular,,(w) in Eq. (5). Here, spe-
cial attention is given to the behavior of the ODMPR line
shape, such as the appearance of ODMPR peaks, the angular
dependent magnetoconductivity, and the shift of ODMPR
peaks. For our numerical results, the parametersGE are
takert'!2 by effective massesn,=0.082m, and 1.64n,,
with my being the electron rest mass, a LO-phonon energy
hw o=30.3 meV, the electron density,=4x10%m™3,
and the constant of the nonpolar interactiéi =1.059
X 10 %8 kg?m’ s *. In addition, as many as 21 Landau lev-
els are included in the calculation of the angular dependent
magnetoconductivity.

Figures 1a), 1(b), and Xc) show the spectral line shapes
of the magnetoconductivities for the nonpolar mateni@e
as a function of magnetic field for the various tilt angtesf
the tilted magnetic fiel® applied to the bulk material in case
of w=0, 3, and 7 THz aT =250 K. As shown in Figs. (&),

1(b), and Xc), we can see the following featurds) Various

peaks depending on tlievalues are observed in thg,(w)
at each tilt angle(ii) As the difference of Landau level indi-
ces increases, the MPR»E0) and ODMPR peak positions
are shifted to the lower magnetic field regidiii.) The shift

of the resonant peaks in the,(w) is sensitive to the tilt
angle# of the applied magnetic field. The peaks in the mag-
netoconductivities shift to the higher magnetic field region
with increasing tilt angled of the applied magnetic field and
the variation of peak position increases as the tilt angté
the applied magnetic field increasés. The splitting of the
ODMPR peaks takes place from MPR peaks and the width
of splitting depends on the incident photon frequency. The
splitting width from MPR peaks increases with increasing
incident photon frequencyy) The height of these peaks in
the conductivities are closely related to the tilt angleThe
o 20 40 60 80 100 120 140 180 180 height of these peal§s increases with increasing _tiIt angie
9 (degrees) the applied magnetic field. The resonant behaviors are actu-
ally given byPhwstho=hw o(P=N'—N=1, 2, and 3.
FIG. 4. Shifts of resonant peaks as a function of tilt angjlef I there is no photon energyw in the ODMPR condition, it
an applied magnetic field for various differences of Landau levelbecomes MPR condition given bPAw =%w o(P=N’
indices in cases 0b=0, 3, and 7 THz. —N=1,2,3). Accordingly we see that the ODMPR peaks are
split from the MPR peaks. It seems that the splitting is due to
L, the absorption and emission of a photon during the absorp-
— iy tion of a phonon.
following property of the Dirac delta functions[f(x)] Figures 2a), 2(b), and Zc) show the magnetic-field
=2;8[x—x]/|f’(x)| with x; being the roots of (x). From  gyenqth dependence of the magnetoconductivitigéw) as
these conditions, the relaxation rafesd hence, the angular a function of photon frequency for the various tilt angéei
dependent magnetoconductivitieg, () andoy(—w)] for  case ofw/w, o=1.0,0.7, and 0.4 &k =250 K. Various peaks
the nonpolar LO-phonon scattering show the resonant behayre observed according to the incident photon frequency and
iors atPriws*ho=fiw o (P=N'-N=1,23...). When the strength of magnetic field. It is clearly seen from the
the ODMPR conditions are satisfied, in the course of scatteffigures that main peaks are observed in terms of the cyclo-
ing events, the electrons in the Landau levidi€an make  tron resonance conditiono= w.), whereas subsidiary peaks
transitions to one of the Landau level$' by absorbing are exhibited in terms of the ODMPR conditioP#{ w,
and/or emitting a photon of enerdyw during the absorption *#Zw=%Aw o). As the tilt angled of the applied magnetic
of a LO phonon of energyiw, o. Equation(5) is the basic field increases, the peaks due to the ODMPR shift to the
equations for the ODMPR spectral line shape, which enablesmaller value region ofv/w . As the value ofw./w o
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decreases, the number of the resonant peaks increase. Thexexis, the splitting of the ODMPR peaks takes place from
fore, all peaks can be assigned from the cyclotron resonanadhe MPR peaks(2) As the photon frequency is increased, the
(CR) and the ODMPR condition. shifts of the ODMPR peak positions are increag8iAs the
Figures 3a) and 3b) show the magnetic field strength difference of Landau level indices is increased, the MPR and
dependence of the magnetoconductivitig§(w) as a func- ODMPR peak positions are shifted to the lower magnetic
tion of photon frequency for the various temperature in thefield side and the shifts of ODMPR is decreasét). The
cases ofw/w o=1.0, and 0.4 ap=0°, 30°, and 70°, re- peaks in the magnetoconductivities shift to the higher mag-
spectively. Various peaks are observed according to the inchetic field region with increasing tilt angle of the applied
dent photon frequency and the strength of magnetic field agmagnetic field and the variation of peak position increases as
those in Figs. @), 2(b), and Zc). As the temperature in- the tjlt angle 6 of the applied magnetic field increases)
creases, the height of these peaks due to the ODMPR dete splitting width from MPR peaks increases with increas-
creases at the fixed values rgglomdﬁnLo. As the.value of ing incident photon frequency6) The height of these peaks
wc/w o decreases and the tilt angieof the applied mag-  increases with increasing tilt angéeof the applied magnetic
netic field increases, the number of the resonant peaks i)y (7) As the tilt anglesé of the applied magnetic field
crease as those in Figsiag 2(b), and Zc). . increases, the peaks due to the ODMPR shift to the smaller
Figures 4a), 4(.b)’ and. 4c) show the Sh'ﬁ.s of resonant o je region ofw/w o. (8) As the value ofw./w o de-
peaks as a fun_ctlon of tilt qngle of the_applled magnetic creases, the number of the resonant peaks incréngss the
fT'ilg fs%rifttgeo\ﬁgzzi\rﬁlugzlg (;zri:eo(t))&s)e_r\(/)e' d3’air(]:g rZi-rl;Hth tﬁt mperature increases, the height of these peaks due to the
b g DMPR decreases at the fixed values regiombb, 5. (10)

incident photon frequency and tlievalues as a function of , oo
tilt angle of the applied magnetic fields. The shifts of reso- T he shifts of resonant peaks are the largest at 90° tilted angle

nant peaks are the largest at 90° tilted angle for all of thdor all of the incident photon frequencies and the difference
incident photon frequencies and tRevalues. The splitting of Of Landau indices values. In addition, strong oscillations of

the shifts of resonant peaks increases with increasing photdi€ magnetoconductivity in bulk materials suchree are
frequency like those in Figs. 1 and 2. expected in terms of the optically detected magnetophonon

So far, we have applied the angular dependent magnetdéesonance, which indicate that the ODMPR should also be
conductivity;yy(a) obtained by using the Mori-type projec- ob_served expenm_entally in sé%ch bu_Ik semiconductors, as
tion operator technique to-Ge materials and studied the Pointed out by Hai and Peeterdespite the above short-

anomalous behavior of the ODMPR line shape, such as thgomings of the theory, we believe that our results make it

splitting and the shift of ODMPR of the angular dependentpOSSible to understand analytically the essential physics of
L= — ODMPR in nonpolar materials.
magnetoconductivityry, (o).

Our results show the following1) As a linearly polarized This work was supported by the Korea Research Founda-
photon of amplitudde and frequencyw is incident along the tion Grant No. KRF-2001-037-DA0015.
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