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the parity selection rules, However, having the frequencies

close to those of the electronic (magnon) transitions, the

Rarnarl.phonons maymixup with the electronic excita-

tions and beco!ne allowed even in the electric dipolar

approximation. Justi the results of the magnetic suscepti-

bility studies L7~,sh&v that in addition to the magnon

frequencies 67 and 79.3 cm-l, this region of the COW04

spectrum must ccptain electronic transitions at -290

and w300 cm-i, The strong effect of the external field

Hi II .2?on the’ frequencies of some of the bands requires

special consideration.
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Far-Infrared Properties of Interacting Donors in

Antimony -DoPed Germanium

KAZUO YOSHIHIRO, MADOKA TOKUMOTO, AND CHIKAKO YAMANOUCHI

Abstracf-Absor@ion and photoconductivity of 337-Mm radiation

in Sb~doped Ge with excess donor concentrations ranging from

1.2 X 10’8 to 3.6 X 101? cm-s have been investigated at liquid-He

temperatures. The resfilt suggests the existence of a “delocalized”

excited state betwkep the conduction band and the donor ground

state which arises from he overlapping of donor wave functions.

1. ~NTRODUCTION

ESSENTIAL PARTS of information about the im-

purity state in semiconductors can be obtained

thzough studying their far-infrared properties. Investi-

gations in tliis field on impurity centers in semiconductors

have been restricted so far to the point where the impurity
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concentration

centers can be

is so low that the interaction between

ignored.

The purpose of the present investigation is to study the

far-infrared properties in semiconductors in which the

impurity centers are interacting. One of the most interest-

ing problems is impurity conduction in the intermediate

impurity-concentration region where the resistivity is

characterized by an activation energy C2at low tempera-

tures [1], as is shown in Fig. 1. The activation energy ●

depends strongly on the impurity concentration [1],

magnetic field [2}[6], deformation [7}[10], and com-

pensation El 1], [123 in contrast to the donor ionization

energy cl and the activation energy es for hopping-type

conduction. These behaviors of tz have been understood

in terms of the change in the overlapping of donor wave

functions, and e, has been supposed to be an energy needed

to excite electrons from the donor ground state into the
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/’----$’
particularly suited to investigate interactions between

impurity centers in semiconductors.

II. EX1’ERIMENTAL
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/- ‘++”<2:
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Fig. 1. Temperature dependence of the resistivity m different
regions of ‘impurity concentration. a*: effective Bohr radius of the
localized wave function. d: mem distance between donors. For
Sb-doped Ge, (l): ND – N* <1 x 1016 cm-s; (2): ND – iVA =
1 w 7 X 10” cm-’; (3): ND – N. = 7 N 13 x 10” cm-’; (4):
ND – NA >13 X 10” cm-’.
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t 1
Fig. 2. Energy-level schemes of an isolated Sb impurity and a

delocalized state in Ge. Also shown is the photon energy of wave-
length 337 ~m measured from the center of gravity of the ground
state.

unbound state in which a current can flow [1], [7]. The

present study is aimed at observing the optical transition

which would occur if this picture ~~ere real.

The absorption and photoconductive response of a

monochromatic 337-pn~ radiation produced by an HCN

laser [13] has been investigated in n-Ge single crystals.

The excess donor concentration ranges from 1.2 X 101s

to 3.6 X 10’7 Sb atoms/cm3. No compensating impurity

was intentionally doped. For the samples investigated,

CZdecreases from 5.8 to 0.1 meV as the concentration is

changed from 1.2 X 1016to 1.1 X 1017Sb atoms/cm3.

Fig. ~ shows a schematic diagram of energy levels of an

isolated S-b donor in Ge. The energy separation between

the ground and the first excited states of an isolated donor

is larger than the photon energy of 337-pm radiation,

3.7 meV. If an optical transition is induced by the 337-pm

radiation in an actual crystal of Sb-doped Ge at tempera-
tures near T = O, itwould be an indication of the ap-

preciable effect of the overlapping of donor wave func-

tions. An HCN laser or other monochromatic sources with

radiation between 300 ~m and 1 mm in wavelength are

The arrangement for the optical and electrical measure-

ments is shown in Fig. 3. The radiation of 337 pm from the

HCN laser was chopped at 20 HZ by a mechanical light

chopper and was introduced into the cryostat through a

cupro-nickel light pipe of 1Z’-mm Ib. !17he radiation “was

concentrated on the sample by a conical light pipe which

is similar to the one described by Williamson [14]. A piece

of black polyethylene sheet 0.1 mm, thick was placed at

the lower end of the light cone to cut out the room-

temperature radiation.

The radiation transmitted throdgh the sample was

detected by an n-InSb photoconduetive detector placed

just behind the sample. The signal voltage of 20 Hz

which was generated across the detector or ~he sample was

fed into a PAR Model HR-8 lock-in arnphfier with type

A or D preamplifier. The power of radiation was moni-

tored by the Golay cell with a“ silicon window continu-

ously during the experiments. Thd sample and detector

were immersed in liquid He to avoid the possible tempera-

ture rise on irradiation.

The n-InSb photoconductive detector was a 0.6 X 1.0 X

7-mm3 block with a pair of potential arms and was cut

from a single crystal of grade 67S obtained from Cominco.

A typical detector had a resistivity of 0.066 Q, cm and a

mobility of 8.6 X 105 cm2/V. s at 77K.

For the InSb detector and the samples investigated,

the photoresponses were proportional to the power of

incident radiation which was below milliwatt level.

The samples were bridge-shaped and about 10 X 1 X

(0.05 – 1.0) mm’ in size. The characteristics of the sam-

ples are listed in Table I. The excess donor coticentration

ND – NA WAS obtained from the Hall coe%cient R300

measured at room temperature with a magnetic field of

7 kOe and the relation ND – NA = l/e&O. The com-

pensation ratio NA/ND was estimated at less than $

percent. The activation energy C2for the respective sam-

ples was obtained from the resistivity measurements below

20K. .

=h-PY GERHANIUM N-lNsB

S.dMPLE DETtCTOR

II
.!!.7 .,.

20/40 Hz..
..,, . . . “LA’ “LM F7FiwA BEAMSPLITTER

1111-aL_f II-L-4

k...=-’JFy\TD
To DC AMP

To LOCK-IN IN HMP ++

AMP To DC 6f4V

Fig. 3. Schematic diagram of $he arrangement for optical measure-
ment.
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TABLE I

CHARACTERISZTCS OF SAMPI.~S

CODE OF
ND - NA P(300K) P(4.2K)

‘2

SAMTLES
(1016 .cm-3) (10-2Q.cm) (Q-cm) (meV)

i171-h3

SO1O1-1-5
SO1O1-1-4

19L-?5

194-31

194-33
.,

SO1O1-2-2

SO1O1-2-1

SO1O1-2’-1

SO1O1-2”-1

SO1O1-3-1

SO1O1-4-1

SO1O1-4-3

SO1O1-4-4

SO1O1-5-1

292-29a

SOIO1-5-hb

solol-6-2a

SO1OI-6-4

SO1O1-6-3 ‘ a

SO1O1-7-4

SQIO1-7-2a

lQ2-47b

SO1O1-8-1 ‘

SO1O1-8-1. .

292-31a

192-52d

187-2ha

18~-2i

18T-23a

187-31

187-41

li37-41a

0.0065

1.21

1.29

1.?3

2.02

2.20

2.50

2.4o

2.76

3.30

3.9-I

4.86

5.00

5.20

5.96

6..68

7.45

8.98

10.0

10.5

12.3

11.9

13.0

13.2

14.0

14.3

15.0

19.8

20.0

24.3

28.5

36.6

1+0.5

462o

12.21

12.26

10.72

9.57

8.60

6.69

6.64

6.76

5.85

5.33

1+.72

4.65

4.z2

4.04

3.67

3.15

2.8o

2.5k

2.27

2.21

2.21

1.91

1.72

1.29

8.56 x10L

5.13 X104

2.34 x10L

1.52x104

9.76x103

4.31X103

4.06 x103

2.04 x103

6.09 x102

2.17X102

5.86x101

3.46 X1O1

2. OOX1O1

9.83 XIO”

1.99 xlo~

1. O9X1OO

4.58 X 10-1

2.63 X 10-1

1.49 Xlo-1

8.48 x10-2

4 .’I8 X10-2

2.56 X 10-2

—
5.82

5.51

4.9h

4.>2

3.90

3.82

3.58

3.24

2.7+

2.h5

1.8~

1.60

1.48

1.13

0.49

0.34

0.16

.0.1,

.0

0

0

0

n1.20 1.92x1O -2

.

III. RESULTS AND DISCUSSIONS

Fig. 4 shows the absorption coefficient a for various

samples. The abscissa “gives the excess donor concentra-

tion ~ZJ – ~A of the respeC&2 S%rnp~eS, temperature

being the parameter. The absorption Coefficient is ob-

tiained from the ratio of incident- and transmitted-

radlation intensities measured, l/l., and the “relation

1/10 = (1 – R)2 exp ( –ad) /[1 – R2 exp ( –2ad) ], where

R is the reflectivity and d is the thickness of the sam-

ple. The denominator is replaced by 1 except for two

samples with the lowest concentrations, because for other

samples ad > ~ and the effect of multiple reflections and

interference in the crystal is negligible. The value of re-

flectivity is determined by R = (n – 1)2/ (n + 1)2 set-

ting n = 4 [15], where p is the refractive index of pure Ge.

The value of R thus determined has been found adequate

Up to the concentration ND — NA = 1 X 1017 cm-s by

means of 1110 measurements varying the thickness of the

sample.

The absorption coefficient rapidly increases with the

donor concentration showing a hump at around 3 X 10”

Fig. 4.

I
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E ‘0

. 4.21

Ix
x 3.36

0 + 2.8 I
w Y 2.36
2 A 1.57

10’6 10’7

ND– NA (CM-3)

Absorption coefficient of 337-Pm radiation
samples.

for various

cm–3, and is substantially independent of temperature

below 4.2 K. The hump corresponds to the absorption

associated with the activation energy c’, as will be dis-

cussed later.

For the samples in the highest concentration region, the

reflectivity increases from Q.36, the value determined

previously, up to about 0.75 [16], indicating the effect

of free carriers. The correction for the value of a is at

most — 10 percent if R = 0.75 is used to obtain a from

measured II 10. The values of a are close to the absorption

coefficient derived from a free-carrier model.

The sharp increase of a in the region 7 X 10’6 cm-3 <”

h’D – JVA <1 ‘X 1017 cm-3 is understood in terms of the

transitions into the conduction band whose bottom is

lowered [17] due to the interaction between donors.
In Fig. 5 the absorption cross section of 337-&m radi-

ation is plotted against the activation energy et for the

respective samples. The absorption cross section u is

obtained from the relation q = cY/ND, where the donor

concentration ND is replaced by ND — NA in the present

case because ~}T.4<< ND.

For t~e samples with e2larger than 3.7 meV, the photon

energy & of 337-pm radiation, a falls rapidly with in-

creasing cl. For the samples with C2 smaller than ?kJ, u
passek through a maximum which corresponds to the hump

in ~ in Fig. 4, and then decreases to about 60 percent of

the mqximum value showing a minimum as Czis reduced,

follpwed by a rapid increase accordingly as ,2 approaches

zero.

The measurement of the resistivity at temperatures

below 4.2 K indicates that most of electrons associated

with the donor impurities ~ccupy the ground states. The

photon energy is not enough for transitions from the

ground state to excited states of the isolated donor, as has

been seen in Fig. 2. The possibilities of phonon-assisted
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Fig. 5.

ND- NA ( 10’6W-3 )

Absorption cross section versus c, for various samples. The
upper scale gives the excess donor concentration.

transitions between these states [18], [19] and of the

absorption associated with the free carriers thermally

excited are ruled out because of the poor temperature

dependence of u. The fact that u is not a monotonic in-

creasing function of ND — NA is difficult to be explained

in terms of the transitions associated with tail states

extended below the conduction band, since the absorption

caused by the tail states shows an exponential dependence

on the photon energy [20], [21]. The sharp increase in

a at CZ= 7ioJ suggests that the absorption is due to the

transition from the donor ground state to a delocalized

conducting state which lies between the donor ground

state and the conduction band, and that C2is the energy

needed for the transition.

The width of the peak of u versus the c, curve is about 1

meV. Provided that for the delocalized state a rigid-band

model is valid in the narrow concentration range where the

peak is observed, and that the coulomb interaction be-

tween an empty donor and a charge carrier in the delocal-

ized state is neglected, the absorption cross section should

reflect the density of states; the width should correspond

to the bandwidth. On the other hand, when the c?mlomb

potential is not negligible compared with the bandwidth,

the absorption cross section does not reflect the state

density but the absorption at the bottom of the band is

enhanced [22]. The width of the peak shown in Fig. 5

seems too small to assure the one-electron interpretation

for the present observation. The narrow width indicates

an appreciable effect of coulomb interaction in the de-

localized conducting state.

Fig. 6 shows the photoconductive response – API p,
a relative increase in the electrical conductivity on in-

cidence of a unit photon flux, plotted against ezfor various

samples. The samples are the same ones used for the meas-

urement of absorption. The value of — Ap/ p is obtained

from the relation – Ap/p = – AVIV. ad/ [1 – exp ( –ad) ].
?iu/Ii and observed v, Av, and a, where v is the dc voltage

Fig. 6. Photoconciuctive response versus ea.

across the sample, Avis the ac (20-Hz) voltage produced on

illumination, and 1,/7iu is the photon-flux density just

inside the illuminated surface. The factor ad/ [1 –

exp ( —ad)] is introduced to take into account the damp-

ing of the incident power of radiation inside the sample.

If ad<< 1, – Ap/p tends to – Av@+.JII,. lf ad>> 1,

- Ap/p tends to – AVIV. ad .?kJ/ I,, then the conductivity

changes only 1/a in depth below the illuminated surface.

For E2 >3.7 meV, – Ap/ p rapidly decreases with in-

creasing 62 and also with falling temperature. The rapid

decrease in – Ap/p with Et reflects decreases in a and the

quantum yield, and indicates that the photon energy is

not enough for the transition from the donor ground state

to the delocalized state. Thk result confirms that the ob-

served absorption is due to the transition into the de-

localized state.
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High Pressure Far Infrared Spectroscopy of Ionic Solids

R. P. LOWNDES

Abstracf-A high ~ressure far infrqed cell operating to truly

hydrostatic pressures of 8kbtiis described and used to determine

theanharrnbnic self-euergies-associated with theq = O transverse

optic modes of ionic solids. ‘

I. INTRODUCTION

H IGH Pressure far inftared studies can provide crucial

info~mation in many research areas including studies

of anharmonicity in solids, studies of phase and ferro-

electric ,transitionS, and studies of defects in solids. If

meahingftil information is to be obtained from such

researches, however, then it is clear that the high pressures

must be applied hydrostatically. Unfortunately, far infra-

red studies under truly hydrostatic pressures are difficult

priniaril~ because of the lack of a readily available window

material which satisfies the competing d~mands of strength

and trzhsinissivit y in tihe f m infrared. To date, much of

the ‘very limited far infrared high pressure research has

. been confined to work achieved with the opposed diamond

anvil system [1]., However, reliable rheasurenients are

difficult to perform with this instrument due to the in-

Manuscript received May 6, 1974. This work was supported by a
grant from the Army Research Office, Durham, hT.C., and by
grants from the National Science Foundation and the Research
Corporatiori.

The autlior is with the Department of Phys;cs, Northeastern
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,.

herent difficulties of eliminating the pressure gradients

generated across the opposed anvil faces and of accurately

determining the system operating pressure. The conse-

quences of these problems are that it is difficult to precisely

determine the pressure dependence of mode eigenfre-

quencies and it is virtually impossible to reliably measure

their spectral Iinewidths as a function of pressure using

the diamond anvil system. In this paper we describe a

high pressure far infrared cell which goes some way to

solving these problems and which allows far infrared

studies in the spectral range below 120 cm-l for hydro-

static pressures up to 8 kbar. We describe investigations

using this cell to determine the mode Gruneisen constants

and the pressure dependence of the inverse lifetimes of

the q N O transverse optic modes of RbI, CSI, and TIC1

and use these measurements to investigate the complex

enharmonic self-energy of these modes.

II. HIGH PRESSURE FAR INFRARED CELL

The high pressure far infrared cell used in these in-

vestigations is illustrated in Fig. 1. The cell body, window

mounts, and retaining closures were machined from 4340

alloy steel and then heat treated to a hardness of RC 50

giving a yield strength of 14 kbar. The critical bores and

surfaces of the cell and its components were ground and

honed to size after the hardening process. Fully assembled,

the cell had an effective speed of j2.4.


