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Phonon dispersion and polar-optical scattering in 1 Pbl,
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Theoretical studies of phonon-dispersion curves and the polar-optical scattering procels Rot,2are
presented. A rigid-ion model with anisotropic effective charges is used to calculate the phonon-dispersion
curves. The carrier mobility and its anisotropy due to polar-optical scattering as a function of temperature are
calculated. Results are in good agreement with the experimental[ 8atE63-182607)02013-4

I. INTRODUCTION cell depicted in Fig. 1. PK) atoms are labeled by @ or 3
with or without superscript. The lattice constants used are
Pbl, is one of the candidate materials for room- a=4.56 A andc=6.98 A. The primitive lattice vectors are
temperature x-ray ang-ray radiation detectorsThe elec- a,;=(/3/2,—1/2,0)a, a,=(0,1,0)a, and a;=(0,0,1) in
tronic structures and optical properties were studied botlCartesian coordinates. The Pb atom in the unit cell is placed
experimentally® and theoretically=® It was determined at the origin, and the two | atoms are placeduat 2a; + 3
that Pbl, is direct with both the conduction-band minimum a,+0.26%; and iu,=a;+ 3a,+0.265;. The reciprocal-
and valence-band maximum occurring at thepoint. The lattice vectors are
conduction band states are derived from the spin-orbit split
6p orbitals of Pb, while the valence-band states are derived
from the & orbitals of Pb and p, orbitals of I. The phonon b,=(2/1/3,0,0(27/a),
properties have been studied via neutron scattéfing,
reflectivity 1**?and Ramal® measurements. The carrier mo-
bilities were determined by Hall measureméftand |-V @
studies'® Up to now, theoretical calculations of the phonon
modes and carrier transport properties have not been re- a
ported. The carrier transport is an important consideration for
applications in room-temperature radiation detectors. In this
paper, we present theoretical studies of both the phonon and
transport properties of Pblvia the use of a rigid-ion model
and polar-optical scattering. Based on our previous studies of
Hgl ,,'® the polar-optical scattering is the dominant mecha-
nism responsible for intrinsic carrier transport. Since Abl
similar to Hgl,, we expect the same holds true. Our calcu-
lated electron mobilites based on polar-optical scattering
alone are in fairly good agreement with experimemithin a
factor of 3, indicating that the currently observed electron
mobilities are probably limited by the intrinsic scattering )
mechanism.
In Sec. Il, we present the rigid-ion model calculation for
the phonon-dispersion curves oH2Pbl,. In Sec. Ill, we
describe the polar-optical scattering for noncubic crystals
and examine the angular dependence of the electron-phonon
coupling constant for PRl In Sec. IV, we discuss our cal-
culated results for carrier scattering rates and mobilities as
functions of temperature. A summary of the paper is given in
Sec. V.

FIG. 1. (a) Crystal structure of Plwith Pb atom labeled by 1
II. PHONON-DISPERSION CURVES and | atoms labeled by 2 and @) Projection of the crystal onto the
xy plane. The nearest-neighbor | atoms centered at Pb atom 1 are
To calculate the phonon-dispersion curves in the rigid-ionabeled by 2, 2, and 2 in counterclockwise order. Similarly, the
model, we need to fully utilize the symmetry properties of nearest-neighbor | atoms centered at | atom 2 are labeled by 3, 3
the crystal. The B Pbl, has a hexagonal lattice with the unit and 3"
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TABLE I. The matrix representation of symmetry operations of sentation, and tha&,y vibrations transform according to the

the point group for Phi. twofold E representation. Therefore, the three acoustical
modes can be identified as thg,(LA) andE (TA) modes
1 00 1 0 O (taking z as the direction of propagatipriThe remaining six
E=l0 1 0 o=|0 -1 optical branches are identified &s,, E, (even-parity and
00 1 0 A,,, E, (odd-parity modes. The even-parity modes will be
Raman active, while the odd-parity optical modes will be
1 3 1 3 infrared active.
> 0 2 T 0 With the use of symmetry, the following relations among
i force-constant matrices are found. For the nearest-neighbor
C=[ V3 1 0 Cil=| V3 1 0 Pb-I interactions, we have
2 2 2 2
0 0 1 0 0o 1 Ar 0 Dy
®(1,2=| 0 By 0 |=Cyd(1,2)C;*
1 1
__ \/_§ 0 —_— E 0 El 0 Cl
2 2 2 2 .
Cyoq=| 3 1 0 Cylog= V3 1 0 =C3 P(1,2)Cs.
2 2 2 2 For the nearest-neighbor I- interactions, we have
0 0 1 0 0 1
A, Dy B
®(2,3=| D2 B, F;|=C3®(2,3)C5*!
b,=(1/1/3,1,0(27/a), E; F2 G
and =C;'®(2,3)C,.
b;=(0,0,)(27/c). For the next nearest-neighbor I-I interactions, we have
The first Brillouin zone is shown in Fig. 3 of Ref. 8. A; D; Ej

The point group of the crystal iB3q with 12 elements. -l D. B. F -1
Six symmetry operations are denoted Hy,C;,C;?, ®(23=| Ps Bs F3|=C0(2,3)C4
04,04C3,04C3 %, whereE is the identity,Cs is a threefold Es F3 Cs
rotation about thee axis, andoy an x-z mirror plane. The _1 -,
matrix representation of the six operations are given in Table =C3 ®(2,3)Cs.
I. The remaining six symmetry operations are products of th
above with the inversiofdenoted byt). The irreducible rep-
resentations of thd sy point group are denoted bg,g,
Ay, By, By, andE,. The A B representations are one
dimensional and th& representations are two dimensional.
The subscriptgy and u denote symmetries which are even

(gerade and odd(ungeradg under inversion. Pb sites and—e/2 at the | sites. To take into account the

Since there are three atoms per unit cell, we expect to ﬁngmisotropy the %3 Coulomb matrix between any two ions

nine phonon branches. The polarization vectors of zone: O . o
center phonons should transform according to the irreducibl'eS multiplied by the effective charge matrix given by

%ere 3 denotes an | atom 3 displaced by a lattice vector
—(0,0,1) (see Fig. 1 All the other short-range couplings
are ignored, as they are found to have less influence on the
phonon-dispersion curves.

The long-range Coulomb interaction matrix is calculated
via the Ewald method by assuming a point chatge at the

representations of the grolp;q. Due to the existence of an e 0 0
inversion center which falls on a Pb atom, the symmetry T
identification of the zone-center phonon modes is quite easy. 0 e 0],
First we classify the symmetry of phonon modes by its par- 0 0 e

ity. A displacement of the Pb atom alone is denoted by a

vectord;, which has an odd parity, since the vector will flip wheree} ande]' are the transverse and longitudinal effec-
sign under inversion. A simultaneous displacement of two kive dynamic charges for the Pb atom, which are treated as
atoms in the unit cell in the same directigdenoted by adjustable parameters to fit the LO-TO splittings of te
d,=d,+d3) also has an odd parity, while a simultaneousand A,, optical modes. Including the 17 parameters for
displacement of two | atoms in opposite directiqgdenoted short-range force constants, we have a total of 19 adjustable
by d_=d,—d3) has an even parity. Thus, odd-parity modesparameters which are used in the fit of phonon-dispersion
must have a polarization vector which is a linear combina-curves.

tion of d; andd, , and even-parity modes must behave like We fit the lowest four phonon branches to the neutron-
d_. Taking into account the three possible directionsscattering data of Ref. 10 and the zone-center phonon fre-
(x,y,2z) we end up with six odd-parity modé¢tree acousti- quencies for theg,(TO), E,(LO), By, A,(TO), and

cal and three opticaland three even-parity optical modes. A,,(LO) modes obtained from the far-infrared
The threez vibrations transform according to the repre-  reflectancE"'?and Raman-scattering ddtaThe best-fit pa-
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TABLE Il. Parameters used in the rigid-ion modateasured in units &/ v, , whereuw, is the unit-cell
volume. ef andef are dimensionless.

A, B, C,; D, E, ef ef
-9.18828 2.93684 -6.38286 3.82050 -10.09855 3.59933 2.57632
Ay B, C, D, E, Fs

-3.30617 2.71029 -6.01193 0.94633 3.60113 -2.87162

Az Bs Cs Dj Es Fs

-1.35993 -4.65746 3.27137 -0.94474 -1.86858 4.62527

rameters are given in Table Il. The theoretical predictions fodominant mechanism which determines the intrinsic carrier
the phonon-dispersion curves are shown in Fig. 2. The fit omobility at temperatures above about 77 K. This has been
the lowest four branches to the neutron-scattering data isonfirmed theoretically for Hgl'® a system of similar po-
very good. The comparison of theory and experiment for théarity. The electron-phonon interaction due to polar-optical
zone-center phonon frequencies is given in Table Il and thagcattering associated with moglés given by

for the sound velocities is given in Table IV. As seen in these

tables, the agreement between theory and experiment is quite ’ 1 » Mo € | €% €el)
good. e M VM, vg| €(x

Since Pbp is anisotropic, we expect that the long- NMeec el al®)
wavelength optical-phonon modes to display an angular dis- A A
persion. This is shown in Fig. 3, in which the phonon fre- alal) gl — Qg€ (1)
guencies as functions of the anglewhere co$=q,/q,) as &) q

the phonon wave vector approaches zero are plotted. It igheree is the free-electron charge’ (e* ) is the longitu-
noted that only theE, and A, modes which are infrared dinaltransversg effective dynamic charge of iona,
active have angular dispersion. The angular dispersion fog,(«)[ ()] is the longitudina[transversghigh-frequency
the B, mode is quite large, and it tends to cross the dispergieiactric constantgl is the polarization vector, and, is
30'3% %urv/(; of theArZU ml?d?'chel trwo T?d:STr? nt|ctrr<13 srs iat volume of the unit cellef has been determined by reflec-
~0.8(w/2) as a result of level repulsion. Thus, there is ivity measurements to be 2&or the Pb iont! while our

switch of characters a#= #/2 such that thee ,(LO) mode : . e e
X : . theoretical valugobtained by fitting the LO-TO splitting of
lies higher than the\, (TO) mode. As we shall see in the H?e E, moda is 3.6 (see Table . & has not been deter-

next two sections, this angular dependence plays a significal . o .
9 P pay g mined experimentally as it is difficult to obtain Pbtrystals

role in determining the anisotropy of the carrier mobilities. "~ . ) - X
suitable for performing reflectivity measurements with the
electric field of the incident photon parallel to tbexis. The

ll. POLAR-OPTICAL SCATTERING theoretical value obtained & =2.58 which gives a reson-

. : . .. able LO-TO splitting of theA,, mode inferred from the di-
In the E, and A,, optical modes, ions with opposite electric measuremen.

charges vibrate against each other, thus giving rise to a long- The effect of polar-optical scattering can be described by
range macroscopic electric field. The interaction of a carrier,

with such a field is known as polar-optical scatteririgr an angular-dependent coupling constant defined as
Frdlich scattering.’ Due to the strong polarity of the mate-

et i) ex o)
rial, it is expected that the polar-optical scattering will be the Ci(q)=4m al "ol

Mcell S a,tea,t

; Ma Ve el(oo) Et(oo)

Note thatC;(6)/q plays the same role as a deformation po-
tential constant in the deformation-potential scattering.

Using the displacement vectors obtained by the rigid-ion
@ model, we can obtain the angular-dependent coefficients
Ci(8,) for the E, andA,, optical modes. In Fig. 4, we plot

7{ the angular-dependent coupling coefficigdit for the two
\

-ql.

Pbl,

TABLE lll. Zone-center phonon frequencié® THz) for Pbl,
obtained in the present rigid-ion model and from various experi-
mental measurements.

Eu(TO) Eu(LO) Eg Alg AZU(TO) AZU(LO)

AT M X ' T
Wave Vector Theory 1578 3.004 2.382 2934 2.861 3.396
Experiment 158 3.18° 2.34° 2.94° 285" 339°

FIG. 2. Phonon-dispersion curves of Rbbbtained by the
present rigid-ion model. The symmetries of zone-center opticafLucovskyet al. (Ref. 11).
modes are marked. bGrisel and SchmidRef. 13.
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TABLE IV. Sound velocities (in 10° cm/s) of acoustical
branches for Phl obtained in the present rigid-ion model. The val-
ues in parentheses are experimental data taken from Ref. 10.

[00£] [££0] [£00]
v,= 1.3941.54 v,=1.892(1.81) v,= 1.944(1.86
vy= 1.0730.93 vy =1.438(1.10 vy = 1.225(1.07

vy, =0.777(0.89 vy, =0.990(0.99

infrared-active optical branchesE( and A,,). The two
modes are found to couple strongly at finite valueséof
resulting in an unusual angular dependenceCof In the
uncoupled casésuch as in Hgj), C;(6) for the E, (Az,)
mode should approximately behave like the function
sirfé (co$d). However, with the strong coupling in the
present case, the angular dependence is completely chang
At finite 6, we can no longer assign the low@ipped branch
to theE, (A,,) mode. Thus, from now on, we shall simply
call them the lower and upper branches.

The scattering rate from staketo k’ due to polar-optical
scattering associated with branglis given by

Wi(k,k")= 8w2pf wj(0q)q2{n(wj(6q))5k',k+q5(Ek’_Ek
—ﬁwj(Hq))-i-[n(wj)-i-l]&kr’k_qﬁ(Ek/—Ek
+fiw))}dq. (©))

Fork(k') along a general direction, the inclusion of both the
anisotropy of band structure and the phonon dispersion i
complicated. We therefore approximaig( 6,) by a constant
wj, which is taken to be the value af at the angled, where
the coupling strengtiC; is the maximum. From Fig. 4, we
see that the maximum occurs &= 0.75(w/2) for the lower
branch and atw/2 for the upper branch. Thus, we have
w1=2.60 THz andw,=3.396 THz(see Fig. 3

We define new variables

qF =+oq; for i=xy

AND R. B. JAMES
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FIG. 4. Angular dependence of the coupling coefficient for
polar-optical phonon scattering for the two infrared active modes.
ed.

andq; =q,, whereo=m}/m} and similarly fork* (k'*),
so thatE,(E,:) becomes a spherical function &f (k’*).
Equation(3) becomes

dg*

J F{n(@
X 5k* !'k* +q* 5(Ek/ - Ek_ﬁ@

+[n(w_j)+1] 5k*’,k*7q* 5(Ekr—Ek+hw_j)},
4

=
Ci

——
87 pw

Wj(k,k')=

whereC? is defined by

1 Ci(8)

jlsinzag +0cos 6}

i

S

dcosfg /2. (5)

The values oa— are listed in Table V.

IV. CARRIER MOBILITY

To calculate the carrier mobility, we also need the mo-
mentum relaxation time; (the subscript denotes the direc-
tion of transport which is related to the scattering rate via
the expressiot?

1
< 1 - ; = | ki(ki—k)W(k’ ,k)dk’
T|(E) j I( 1 | ) ( ’ )d
A2(LO)
E(LO) 2
o Ay X 6(E—Ey)dk f ki d(E—Ey)dk, (6)
E whereW(k',k) is the scattering rate given in the previous
= N section. Substituting Ed5) into Eq. (6) we obtain
LT
ETO) TABLE V. Spherical average of the coupling coefficients for
~f . polar-optical scattering<J;) associated witle, andA,, modes for
three different longitudinal to transverse effective mass ratigs (
The units are eV/A.
%0 02 04 0% 08 1.0 o—1 P =5
Y (n/2)
E, 0.737 0.671 0.574
FIG. 3. Angular dispersion of phonon frequencies for Pié- A, 1.378 1.275 1.134

duced from the present rigid-ion model.
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1 343 24
= 2 x =372
n(E)  16m°p(2mE) el o~ (a)o=1.
Km T Tm
xg f_k dkzsz doy fo do} 318
. 215
C?(6,)cosh* sing* 5
i‘vq q q _ ) (1) (1) =
wj(sir1203+aco§0§){ (el R (a5 @12
)
+a?R.(q)]+[n(w) +11[a/R_(q) 9
Q
+q@/IR_(q)1}, (7 "k
3 3 1 L L 1
1 — 3t 2 km (k2 — k2)Y2dk 0 0.02 0.04 0.06 0.08 0.1
1(E) 32772p(2mr E)%2 T )M Z Carrier energy {(eV)
7 C2(6,)Sint 6" cosp? 18
xfd¢*f de: ‘(.q)* 1 Sd)f SN
9Jo Y wj(sinf O} + ocos 6} ) R N (b)o=2
T15 F )
X{=n(e)[a /R (@) +a2/R.(q)] A .
+[n(wp +1[qP/R_(qP)+9?/R_(q®)]}, PEE ‘
« :
®
where  kyn=2mE/fi, R.(q)=(A%m)|q= (k,cosf; g !
+ (5, — ) 3sing; cospt )| g andq?) are two positive real z
roots of the equation a 8
? 2 * 2 2\ 12cinp* * 37 | L . . '
o L7+ 20 (k,cos; + (K —K7) ’sing; cospg )] 0 0.02 0.04 0.06 008 0.1
| Carrier energy (eV)
= ihwi .
16
Here 0; is the polar angle ofi* with respect to the axis
and ¢} is the azimuthal angle betweei andk. PR RN (c)o=5.
If we replaceC?(6,)/(sirP6} +oco_§6;;) by its spherically i ol .
averaged valuex;; and w;(6,) by w; [values evaluated at \9/ ! )
maximumcC;(6,)], the above results reduce'to PR o
[u] 1 \\\\\
: o (@) \/1+ﬁw_j e i/ s per
= N(w; ———=sin — 2 ;
7(E) 4mphwjve ! E E ho; 26
o]
Q
w0

"~

+[n(wj)+1]

1 1 1

av]

\/1 —ﬁw—j
E
0 0.02 0.04 0.06 0.08 0.1
ﬁw—j o E Carrier energy (eV)
+—sinhi\/—-1/|, 9)
E ﬁwl

FIG. 5. Momentum relaxation rates associated with polar-
wherevg=2E/m*. optical scattering at 300 K as functions of the carrier energy for

Momentum relaxation rates (4/and 1/,) at 300 K due three values ‘Zfl mass a”iso""piéf‘)l o=1,(b) 0=2,(¢) o=5.
to polar-optical scattering are plotted in Fig. 5 for three dif- SOlid curves*. Dashed curves: *. Dotted curve:r * (spheri-
ferent mass anisotropias;/m{ =0=1,2, and 5 withm/* cal mode}.
assumed equal to the free-electron masg, The solid being stronger. It is noted that even for spherical band
(dashedl curves are for I (1/7) and the dotted curves are (o=1) 1/7, and 1/, are different by about 30% due to the
the polar-optical scattering rates ¢}/ calculated in the anisotropy in the scattering rate.

spherical model according to E@9). For carriers with a Finally the mobilities are related to the momentum relax-
longitudinal effective mass differing from,, the result sim-  ation times via®
ply scales according tgm;/mq [see Eq(9)]. In Fig. 5, the e (En(E))
two shoulder structures are due to the onset of the optical- = (lT
|

phonon emission for the two branches with the higher branch
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of 3115 The temperature dependence of the mobility goes
approximately like 7% for temperatures between 40 and
100 K, which agrees fairly well with the measurements of
Ref. 14. For holes, the calculated hole effective masses are
mi*~1.67m, and m{ ~0.35m, which gives m¥/m¥~52
Using these values, we obtain the room-temperature hole
mobilities u~34 cnf/Vs and u;~15 cnf/Vs. These
numbers are about one order of magnitude higher than the
observed hole mobilitie¥, indicating that the extrinsic scat-
tering mechanism may be important here.

Although there are uncertainties with the effective dy-
namic charges and the effective masses used in the calcula-
RN [ tion, the overall estimate should be correct within a factor of
40 Telﬁgoerature (K) 500 3. The fairly good agreement for the electron mopili_ties be-

tween theory and experiment at room temperaturi¢hin a
FIG. 6. Carrier mobilities as functions of temperature for threefactor Of_3 |ndlcate§ thgt the intrinsic mech_anlsm due t_o
values of mass anisotropies=1,2, and 5. Soliddotted curves polar-optical scattering is probably the dominant factor in

TTTT] T T

1%)00 <_

100

[ TTTI

Mobility (cm /V s

10

are for transport paralléberpendicularto thec axis. explaining the observed electron mobility, while the hole
mobility may be more influenced by the extrinsic scattering
e (Er(E)) mechanisms.
M=% T ey
m (E) V. CONCLUSION

where( ) denotes a thermal average with a Boltzmann dis- e have presented detailed theoretical studies of the
tribution in the nondegenerate limit. To simplify the calcula- phonon-dispersion curves, electron-phonon interaction due
tion, we use the spherical-model expresdign. (9)] for the {9 polar-optical scattering, and carrier mobilities of
polar-optical scattering, but scale it by appropriate factors to pp|,. The phonon-dispersion curves obtained in the
take into account the anisotropy of scattering rates. A%igid-ion model with 19 empirical parameters agree well
shown in Fig. 5,7 * and 7, * differ from the spherical re- jth the neutron-scattering data for the lowest four branches
sults (1/) approximately by an energy-independent factor.and with the far-infrared as well as Raman-scattering data for
We find 7 '=fir? and o '~fir! with  all zone-center optical modes. The amount of angular disper-
fi=1.0, 0.812, 0.701 andf,=1.287, 1.283, 1.439 for sion for the two infrared-active optical mode& ( and
o=1, 2, 5. A,,) is also in agreement with the reflectivity measurements.
Figure 6 shows the mobility as a function of temperatureThe effective dynamic charges which are adjusted to give
for a carrier withm" =m, and with three different values of rise to the correct angular dispersion for thg and A,,
m¥/m{ Note that the carrier mobility scales like* ~32  optical modes are used in the calculation of the polar-optical
(since 7 scales Iikeml*‘l’z). The existing estimates of the scattering. The carrier mobilities due to the polar-optical
effective masses of Pplare quite uncertain. The cyclotron Scattering are then calculated. Both the magnitudes and an-
measuremefit gives an electron polaron mass isotropy of carrier mobilities and th_eir tempe_rature depen-
(m m;c)l/zz 0.68+0.16m,. Based on the band-structure d(_ance from 40 to 100 K are found in qualitative agreement
calculation? m* is greater thanm} but the ratio is not With experiment.
known accurately. Assuming=2, we obtainm ~0.96m,
and the electron mobilitieg, (u;)~110(140) cré/Vs and
20(25) cnt/Vs at 100 and 300 K, respectively. The results  This work is supported in part by the Department of En-
are in agreement with the experimental data within a factoergy.
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