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Effect of Pressure on the Energy Levels of Impurities in Semiconductors, 
III. Gold in Germanium*! 
M. G. HOLLANDt AND WILLIAM PAUL 

Division of Engineering and Applied Physics, Harvard University, Cambridge, Massachusetts 
(Received May 21, 1962) 

Gold can exist in substitutional positions in germanium in four states of ionization, with which are associ­
ated four energy levels in the forbidden energy gap. Appropriate doping and counterdoping with group V 
and group III elements allow each level to ionize independently of the others in certain temperature ranges. 
The separation in energy of the level from the band edges can thus be found. The pressure dependence of 
these separations can also be determined from the effect of the resultant change in carrier density on the 
resistivity. The measurements were carried out up to 6000 kg cm-2 between 45 and 273°K. Equations 
for analyzing the multi-energy level systems are developed and calculations indicating how these equations 
can be used in actual situations are included in a set of appendices. Corrections for the effects of changes 
in mobility and density-of-states on the resistivity are also considered. The results indicate that the pressure 
coefficients of all four levels are much greater than for the hydrogenic impurities, and that the separation 
from the conduction band increases much more rapidly than that from the valence band. 

1. INTRODUCTION 

TH E first paper1 of this series reported the effects 
of high hydrostatic pressure on the "shallow" 

energy levels due to group I I I and group V impurities 
in silicon. The second2 discussed a similar investigation 
of the so-called "deep-lying" levels produced by gold 
in silicon. In this third, and final, article the effects of 
pressure on the "deep-lying" levels produced by gold 
in germanium are considered. 

Gold can exist in germanium in four different charge 
states3,4 which are attainable through compensation of 
the gold in the sample with other impurities which 
normally produce shallow energy levels. The net charge 
on the gold atom in these states is known, although the 
distribution of the valence electrons among the states 
in the outermost shells has not been established with 
certainty.5 The situation is illustrated in Fig. 1. The 
difference between the energy of the lowest state in the 
conduction band and the level Au(l) is that required 
to ionize the gold atom to give Au~. Thus Au(l) is a 
donor level, since when it is occupied by an electron, 
the atom is electrically neutral. The corresponding 
energy differences involving Au(2), Au(3), and Au(4) 
represent the binding energies for the successive addi­
tion of one, two, and three electrons, and are additive. 

* This research was supported in part by the Office of Naval 
Research. The article is based on a thesis presented to Harvard 
University by M. G. Holland in partial fulfillment of the require­
ments for the Ph.D. degree, May, 1958. 

f A summary of this work was presented at the Cambridge 
Meeting of the American Physical Society, March, 1959. 

% Present address: Research Division, Raytheon Company, 
Waltham, Massachusetts. 

1 M. G. Holland and William Paul, this issue [Phys. Rev. 128, 
30 (1962)]. This paper will be referred to as I. 

2 M. I. Nathan and William Paul, preceding paper (Phys. Rev. 
128, 38 (1962)]. 

3 W. C. Dunlap, Jr., Proceedings of the Conference on Photo­
conductivity (John Wiley & Sons, Inc., New York, 1956); W. C. 
Dunlap, Jr., Phys. Rev. 100, 1619 (1955). 

4 W. W. Tyler and H. H. Woodbury, Phys. Rev. 102, 647 
(1957); H. H. Woodbury and W. W. Tyler, Phys. Rev. 105, 89 
(1957). 

5 G. W. Ludwig and H. H. Woodbury, Phys. Rev. Letters 5, 98 
(1960); Bull. Am. Phys. Soc. 3, 135 (1958). 

For ease of expression we refer to Au(2), Au(3), and 
Au(4) as energy levels of the solid, which are of the 
acceptor type, since they are electrically negative when 
filled with an electron. However, if the samples are 
suitably compensated, at low temperatures Au(l) and 
Au(2) can act as "sinks" for valence band electrons 
and Au(3) and Au(4) as "sources" for conduction-band 
electrons. Under appropriate experimental conditions, 
which will be explained, the free carrier density depends 
on only one of the four ionization energies. For the two 
shallower levels, Au(l) and Au(4), the temperature 
must be below 50°K. For Au(2) and Au(3) the tem­
perature must be between about 100 and 170°K; the 
lower limit on the temperature is required since the 
occupation of one or other of the shallow levels can 
vary at low temperatures. In some samples the high 
resistance of the sample at very low temperatures 
imposes an experimental limitation. 

The change in resistivity with pressure is measured 
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FIG. 1. Energy levels pro­
duced by gold impurity in 
germanium. 
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as in I. When pressure changes the ionization energy 
of Au (3) or Au(4), the change in carrier density is so 
large that the mobility corrections discussed in I are 
negligible, and further, changes in the density of states 
in the conduction (or valence) bands can be ignored 
when compared to changes in the ionization energy. 
When Au(l) or Au(2) are the controlling levels, the 
corrections must be considered. 

2. APPARATUS AND METHODS 

The methods and equipment described in I were also 
used in these experiments. Temperatures between 145 
and 195°K were obtained by reducing and controlling 
the vapor pressure over finely powdered CO2, which 
proved to be an easy and accurate way of maintaining 
constant temperatures in this range. A measurement 
at 111.7°K was made using a liquid methane bath. 
Stringent temperature control was not as necessary in 
these experiments as in I since the changes due to 
pressure were not masked by small temperature 
fluctuations, but in all cases the temperature was kept 
constant to ±0.05 °K during a measurement between 
100 and 170°K and to ±0 .01 °K below 50°K. The 
pressure was measured using a manganin wire gauge, 
calibrated by assuming that mercury freezes at 7640 
kg cm-2 at 0°C.X 

Four contacts were soldered directly to each sample. 
The sample was first etched in CP4 and carefully 
washed after the metal contacts had been applied. The 
etching and washing are necessary to keep the surface 
conductivity low, since some of the samples have 
resistivities well above 10612 cm. 

3. EQUATIONS GOVERNING MULTIPLE 
ENERGY LEVELS 

The expressions for carrier densities given by the 
Fermi statistics for deep energy levels are similar to 
those for shallow levels, when the impurity produces 
only one new level in the forbidden energy gap.6 When 
the impurity can exist in several charge states, and 
these can be described by energy levels in the forbidden 
gap of increasing energy, it is no longer possible in 
general to write a simple Fermi factor for a particular 
level. Compensation of group V and group I I I impurities 
can bring the impurity atom into any of its several 
charge states. When the impurity levels in the gap are 
separated by several kT, a Fermi factor, which includes 
a degeneracy factor, accurately gives the probability 
of filling of the level. 

Figure 1 illustrates the energy level spectrum. The 
lowest donor level, Au(l) , can only be active when it 
is partially empty of electrons and it is acting as a sink 
for electrons from the valence band. If Na>Nd and 
(Na~N<i)>NAn, the electrons in level Au(l) are 
emptied into the group I I I acceptor level at 0°K. As 

6 H. Brooks, in Advances in Electronics and Electron Physics, 
edited by L. Marton (Academic Press Inc., New York, 1955), 
Vol. 7. 

the temperature is raised, electrons are excited from the 
valence band, most easily into the remaining acceptor 
levels, but with increasing ease into the vacated Au(l) 
levels. If NAU> (Na—Nd), excitation of electrons occurs 
into the (Na—Nd) vacated gold levels. In either case, 
the gold donor states are entirely filled by 50°K and 
there remain (Na—Nd) holes in the valence band at 
this temperature; the crystal is p type. If Nd>Na, the 
gold donor level will not be active at any temperature 
and there will be no holes in the valence band due to 
this gold donor level. 

The second gold level Au(2) is an acceptor nearer 
the valence band edge than the conduction band edge. 
I t behaves similarly to group I I I acceptors, causing 
the sample to be p type. If NAu>(Nd~-Na)>0, there 
will be PVAU— (Nd—Na)1 empty states in the level at 
0°K; as the temperature is increased electrons from 
the valence band are excited into these states until the 
states are all filled, at approximately 200°K, leaving 
conducting holes in the valence band. If (Na~Nd)>0, 
the Au(l) donor is filled as described above, and an 
electron will not be excited into the Au(2) level of a 
particular gold atom until the Au(l) level for that atom 
is filled. Thus, as the temperature is increased, first the 
Au(l) level is filled with electrons from the valence 
band and then the Au(2) level is filled. 

The third gold level Au(3) is an acceptor level nearer 
to the conduction band edge, and behaves as a source 
of electrons for the conduction band. If 2A^AU 

> (Nd—Na)>NAn, the lower acceptor level Au(2) will 
be completely filled with electrons and the remaining 
\KNd-Na)-NAu~] electrons will be in Au(3) at 0°K. 
Then, the electrons from Au(3) can be thermally 
excited into the conduction band and the material is 
n type. 

The last of the gold levels Au(4) is an acceptor level 
very near the conduction band edge which behaves 
similarly to Au(3), acting as a source of electrons in 
^-type material. If 3NAu> (Nd-Na)>2NAu, the two 
lower acceptor levels Au(2) and Au(3) will be filled 
and the remaining £(Nd—Na) — 2NAU] electrons will 
be in Au(4) at 0°K. These electrons are thermally 
excited into the conduction band, and the level is 
empty of electrons at temperatures above 50°K. At 
higher temperatures Au(3) supplies electrons to the 
conduction band. 

If (Nd—NO)>3NAU> a situation similar to that for 
the Au(l) level occurs. The |"(iVd—.#«) —3iVAu] residual 
electrons in the group V donor states are excited to the 
conduction band between 0 and 15 °K; the Au(4) level 
continues to supply electrons to the conduction band 
up to 50 °K; the Au(3) level continues to supply 
electrons to the conduction band at higher 
temperatures. 

The situation7 can be described analytically using 
7 Equation (2) was devised independently by Holland8 and 

Khartsiev.9 It should be pointed out that in one case (Holland) 
the number of electrons in each energy level is counted, and in the 



E N E R G Y L E V E L S O F I M P U R I T I E S I N S E M I C O N D U C T O R S . I l l 45 

the equations6,8,9 

n+Na+NAnfT==p+Nd, (1) 

fT= ( / l - l ) + / l / 2 + /l/2/8 + /l/2/8/4, (2) 

1 X"1 

(3) / i = ( l + -
\ & giexpl(EP-Ei)/kT]i/ 

where A7AU is the number of gold atoms, Ei the ioni­
zation energy of level Au (i) and the remaining symbols 
are denned in I. NAnfr is the total number of excess 
electrons on the neutral gold atoms, gi is a degeneracy 
factor which describes the number of ways in which 
the atom can be converted from one charge state to 
another higher charge state. The expression for fT is 
not rigorously correct. For the case in question, where 
any pair of the gold energy levels is separated by many 
times ^ r at all temperatures under consideration, it 
gives an accurate formulation of the problem. 

If only one level is active, the Fermi energy will be 
very near that level and the /* for other levels will be 
either 0 or 1. If two levels are active, the Fermi level 
can be between the levels or near one or the other 
levels, depending on the temperature. Using Eqs. (1) 
through (3) we can find the following four equations, 
giving the carrier densities when the Fermi level is 
close to one of the four levels: 

p(p+NAn-Nj) r(Ev-E1y 
= g i4 p exp -

Na'-P 

P(p-Na) 

NAu+Na'-p 

n(n+2NAvL-Nd') 

Nd
f-NAu~n 

n(n+3NAn-Nd') 

Nd'-2NAu-n 

L kT J 

r(Ev~E2y 
= g2i4 p exp 

L kT . 

r ( £ 3 - £ c ) -
^=g'flAn exp 

L kT . 

(EA-Eey 
= g4~^4«exp 

kT J 

= gi0i*» ( 4 ) 

= g202p, (5) 

= g3~103n,(6) 

= g4"104n,(7) 

where Na=Na—Nd=-
bols are defined in I. 

and the remaining sym-

second (Khartsiev) the number of gold atoms in each state of 
ionization is counted. Both approaches fail to take into account 
the ionization of a level E% when Ei-i is not completely filled. For 
the case of gold in germanium this ionization is negligible but for 
a case where the levels are within a few kT of each other the above 
expressions are best replaced by other more complete expressions 
[C. A. Klein and P. P. Debye, Proceedings of the International 
Conference on Semiconductor Physics, Prague, I960), (Czechoslo-
vakian Academy of Sciences, Prague, 1961), p. 278; C. A. 
Klein, P. P. Debye, and G. Rupprecht, Bull. Am. Phys. Soc. 5, 
62 (1960); Raytheon Company Research Division Technical 
Memorandum-T-213, 1960 (unpublished); H. Brooks (private 
communication)], which can be obtained from the grand canonical 
ensemble or simply by more careful counting of states. 

8 M . G. Holland, Technical Report HP4, Gordon McKay 
Laboratory, Harvard University, 1958 (unpublished). 

9 V. E, Khartsiev, Soviet Physics—Tech. Phys. 3, 1522 (1958). 

These equations can be solved under certain con­
ditions on TVAU, Na, n, and p. The solutions will be 
discussed specifically for each sample. 

Information on the number of carriers, and hence 
on the number of impurities is found from Hall coeffi­
cient and resistivity measurements as a function of 
temperature using the following relations6,10: 

R=r/ne, 

p=l/neti, 

f = M////x, 

(8) 

(9) 

(10) 

where R is the Hall coefficient, IJLH the Hall mobility, 
p the resistivity, \x the conductivity mobility, and e the 
electronic charge, r, the Hall coefficient factor, is 
approximately equal to 1, but the values actually used 
are indicated for each sample. 

These expressions will be used for ^-type material 
as well as ^-type material, since the value of r has been 
experimentally determined11,12 even though the mo­
bilities are complicated due to the presence of two 
valence bands. 

4. EXPERIMENTAL RESULTS AND 
INTERPRETATION 

Under certain conditions on NAn, Na', Nd', and the 
temperature, Eqs. (4) to (7) can be written 

--C<rElkT, (ID 
where C is a constant and E the ionization energy. 
Then if E=E0+aP, the change in number of carriers 
with pressure at constant temperature gives the pressure 
coefficient a. 

d\nn/dP^-a/kT. (12) 

The condition on the temperature is that it be below 
some maximum value, this maximum being different 
for each case. I t was not always possible to do a pressure 
measurement at the desired temperature due to limi­
tations of the existing equipment. At temperatures at 
which the experiments are feasible the necessary cor­
rections to Eq. (11) involve terms in £», gh and NAu, 
Nd, and Na

f. The determination of these quantities is 
quite difficult and their values uncertain so that, where 
possible, we sought experimental conditions that give 
the pressure coefficients of the ionization energies 
without requiring precise knowledge of Ei and gi. 

a. Donor Level Au( l ) 

The Hall coefficient and Hall mobility of a sample 
of ^-type gold-doped germanium, counterdoped so that 
the level Au(l) is only partially filled at 0°K, are shown 
in Figs. 2 and 3. In Appendix A we show that at tem-

10 H. Y. Fan, Solid State Physics, edited by F. Seitz and D. 
Turnbull, (Academic Press Inc., New York, 1955), Vol. 1. 

11 A. C. Smith, Technical Report HP2, Gordon McKay Labora­
tory, Harvard University, 1958 (unpublished). 

12 C. A. Klein and P. P. Debye, reference 7. 
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FIG. 2. Hall coefficient vs temperature for samples showing 
energy levels Au(l) and Au(4). 

peratures below 50°K, the carrier density is given by 

AV 

where 
NAn~Na' 

NAugi4>ip 

, ^ I P ( 1 - T I + C I 7 I 2 ) ? (13) 

NAn+Na' 
7 i = -

(ArAu-AV)2 
Ci = -

Nu 

At temperatures below 40°K, 71—0, so that the energy 
Ei—Ev can be obtained from the slope of the Hall 
coefficient curves of Fig. 2. A value of 0.042±0.002 eV 
is found. This is in good agreement with the values of 
0.041 and 0.05 eV found by other workers.312 

In Appendix A we show that for temperatures near 
50°K 

d I 
a i P = — ( E 1 - E V ) = * r 

dp ! 

where 

/: i (Ti)( : 

dlnp 

dP 

d ln/xp\ 

dP J 

dlnAp 

+ — dp J 
(14) 

/ i ( 7 i ) = ( l ~ 7 i + C m 2 ) / ( l - 2 7 i + 3 C 1 7 i 2 ) . 

When 71 is negligible at low enough temperatures, 
/ i (7i) = l and aiP is accurately determined, provided 

E 
o 
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FIG. 3. Hall mobility vs temperature for samples showing 
energy levels Au(l) and Au(4). 

the corrections for mobility and density-of-states 
factor can be applied. In our case the lowest tempera­
ture available, through pumping on liquid nitrogen, 
was about 50°K, and an estimation of fi(yi) was 
necessary. This is discussed in Appendix A. 

The results of the pressure measurements at 49.5°K 
are shown in Fig. 4. The corrections for the second and 
third terms in Eq. (14) will now be discussed. The 
mobility tiv is the average mobility of light and heavy 
holes and is determined by lattice and impurity 
scattering in an unknown combination.6 We can, 
however, place limits on the pressure coefficient by 
observing the pressure coefficient of the mobility due 
to lattice scattering only, and to ionized impurity 
scattering only. These were determined by Smith11 

and Bridgman,13 respectively. We can also calculate the 
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FIG. 4. Resistivity vs pressure for sample showing energy 
level Au(l). 

3 P. W. Bridgman, Proc. Am. Acad. Arts Sci. 79, 177 (1951). 
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size of the effect from the known effect of pressure on 
the effective masses, elastic constants, and dielectric 
constant. The result is the estimate arrived at in 
Appendix A that 

d \ntxp/dP^ - 1 . 7 X 1 0 - 6 kg"1 cm2. 

The change in Ap with pressure is due to changes in 
both the light- and heavy-hole masses. Some of this 
evidence comes from experimental observation of 
effective-mass changes with pressure, other from 
theoretical argument. From Appendix A we quote 

d InAp/dP= 3.9X 10~6 kg"1 cm2. 

Figure 4 gives 

d lnp/UP= (23.0±0.7)X 10~6 kg-1 cm2. 

I t is shown in Appendix A that / i (7i) = l.OzfcO.l so that 

a i p = (Q.11±0.02)X10-6 kg"1 cm2, 

where the 20% error represents the experimental error 
plus the crudely estimated errors in the correction 
factors to Eq. (14). 

b. Acceptor Level Au(2) 

Curves of the Hall coefficient and Hall mobility 
versus temperature of a sample of ^-type gold-doped 
germanium, counterdoped so that level Au(2) is 
partially rilled at 0°K, are shown in Figs. 5 and 6. In 
Appendix B, we show that below 200°K the carrier 
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io' 

IOu 

io14 

FIG. 5. Hall coeffi­
cient vs temperature 
for samples showing 
energy levels Au(2) 
and Au(3). 
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density is given by 

where 
P= [ ( ^ A u - i Y / ) / ^ , ] g 2 0 2 3 ? ( l + 7 2 ) - 1 , (15) 

72 = g*l>2P/Nd', Nd'=-Na' = Nd-Na. 

At temperatures below 170°K, 7 2 ^ 0 so that the energy 
E2—Ev can be obtained from the slopes of the Hall 
coefficient curves of Fig. 5. Using values for the Hall 
coefficient factor found for samples having a similar 
number of group I I I impurities12 (i.e., having a similar 
mobility in the range 100 to 200°K, a value of E2—Ev 

= 0.146±0.005 eV is derived, in good agreement with 
the values of 0.15 and 0.145 eV found by other 
workers.3,4,12 

In Appendix B we show that for temperatures near 
200°K 

a2p=~-(E2-Ev)^kT[ (l+y2)[-
dP \ L 

d lnp d ln/xpl 

dP dP J 

dlnA, 

dP > 
(16) 

IO 

When 72 is negligible at low enough temperatures, 
oi2P is accurately determined provided the corrections 
for mobility and density-of-states factor can be applied. 
In our case, a measurement was made at 170°K, where 
72 is within 1% of unity. However, to check the 
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TABLE I. Pressure coefficients for the acceptor level Au(2). 
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PRESSURE ( k g / c m 2 ) 

6000 

FIG. 7. Resistivity vs pressure for sample showing energy level 
Au(2). The points with ears were taken as the pressure was 
decreased. 

procedure measurements were also made at 195 and 
273°K. The results of these pressure measurements are 
shown in Fig. 7. 

To explain the 273°K data we must use an equation 
which takes into account the presence of intrinsic 
electrons and holes. In Appendix B, we derive 

d , f (I+T2) 

dP {{\-2&n?/f) 

X 
~d lnp d InjjLp fin? d m(/^2)~] d\rxAp 

dP dP dP dP 
, (17) 

where 

@=jjin/vp, fii2=AnAp exp[—Eg/kT~]. 

There are of the order of 5X1011 cm"3 intrinsically 
derived electrons and holes in the sample at atmospheric 
pressure which contribute about 3 % to the resistivity. 
The intrinsic contribution decreases rapidly as the 
pressure increases since the germanium energy gap 
increases at a rate of 5X10 - 6 eV kg - 1 cm2.14,15 

To explain the data quantitatively we again consider 
the terms involving the mobility and density-of-states 
factor. In the temperature range used, the mobility 

14 W. Paul and H. Brooks, Phys. Rev. 94, 1128 (1954). 
15 M. I. Nathan, W. Paul, and H. Brooks, Phys. Rev. 124, 391 

(1961). 

T (°K) kTd Inp/dP (eV kg"1 cm2) 7 2 a2p (eV kg"1 cm2) 

273.0 0.27X10-6, P<3000 1.12 0.61X10"6 

0.22X10"6, P>3000 0.61X10-6 

194.6 0.46X10-6 0.057 0.57X10"6 

170.0 0.47X10-6 0.013 0.55X1Q-6 

is determined by lattice scattering. We use the values 
indicated in Appendix B. 

d lnAp/dP= 3.9X 10~6 kg"1 cm2, 

d \rmP/dP= 1.3X 10~6 kg"1 cm2. 

The parameters used in obtaining y2 are indicated in 
Appendix B. In Table I we have tabulated the calcu­
lated values of a2p. 

For the 273°K data the value of a2p for £>3000 kg 
cm~2 is obtained with /3ni2/p2 = 0. The agreement is 
good considering the large range of temperatures and 
the approximations. The value of a2p at 170°K is 
probably most accurate due to the low value of the 
correction for y2. 

: (0.55_0 ^ X l O ^ e V k g ^ c m 2 . 

c. Acceptor Level Au(3) 

Three samples of n-type gold-doped germanium, 
counterdoped so that level Au(3) was only partially 
rilled at 0°K, were measured at high pressure. One 
sample which gave pressure results consistent with the 
other two was destroyed in an explosion of the pressure 
vessel before adequate data versus temperature had 
been taken. Figures 5 and 6 display the Hall coefficient 
and Hall mobility versus temperature dependences for 
the remaining two. 

In Appendix C we show that below 170°K, and 

• 194.6° K 
• I70.0°K 

h + 145.4° K 
.7°K 

A I49.CK 

2000 4 0 0 0 6 0 0 0 
PRESSURE {kg/cm2) 

FIG. 8. Resistivity vs pressure for sample showing energy level 
Au (3). The points with ears were taken as the pressure was 
decreased. 
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possibly up to 195 °K, the carrier density is given by 

n = { ( ^ / - ^ A u ) / ( 2 A r A u - - ^ , ) } ( * 8 » / g 8 ) ( l - 7 8 ) , (18) 

where 
7 3 = ^ A U W [ £ 3 ( 2 ^ A U - A V ) 2 ] . 

At low temperatures, 73^0 , and the ionization energy 
Ec E% can be obtained from the slope of the Hall 
coefficient curve of Fig. 5. A value of 0.19±0.01 eV 
is found for both samples, in good agreement with the 
values of 0.20 eV found by other workers.3,4 

From Eq. (18), and p = (neixn)~
l, we find 

&zn——(Ec 

dP 
-E,) = kT\ 

1 fd lnp d ln/Zn\ 

. l - 7 3 \ dP dP J 

+ 
d \nA n~| 

dP 
(19) 

When 73 —•> 0, a^n can be determined quite accurately. 
In Appendix C we show that the terms involving the 
mobility and density-of-states factor are relatively 
small for all temperatures below 200°K, and can be 
neglected. 

The results of the pressure measurements are shown 
in Figs. 8 and 9. Figure 10 displays kT(d Inp/dP) vs 
1/T. From Eq. (19), 

kT(d\np/dP)^a,n(l-y,) 
= azn{l — C e x p [ ( £ 3 

where C is a constant. 

-Ec)/kT2), (20) 
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FIG. 10. Variation of kT(d Inp/dP) with temperature for samples 
showing energy level Au(3). 

Figure 10 does have the form of Eq. (20). From the 
low-temperature asymptote (73—>0), 

a 3 n = (2.90±0.03)X10~6 eV kg-1 cm2. 

I t is quite clear that it is preferable to deduce a3n 

in the limiting case of low temperature, since cor­
rections for £ 3 and g3 and the impurity densities are 
to some extent uncertain. The curvature in the data 
for 195°K is caused by a finite 73 in Eq. (19). As the 
pressure is raised, Ec-~Ez increases, <j>2n decreases, and 
73 decreases. A pressure of 5000 kg cm"2 is equivalent 
to a 10°K decrease in temperature at 200°K. Thus the 
smaller correction for 73 at high pressures in the 195°K 
data causes an increase in (d Inp/dP). 

In principle, it is possible to determine the tempera­
ture dependence of Ec—Ez from Fig. 10 and Eq. (20).8 

In practice, we are prevented from doing so by the 
inaccuracy of our estimates of impurity densities and 
degeneracy factors. 

d. Acceptor Level Au (4) 

Two samples of n-type gold-doped germanium 
counterdoped so that the Au(4) level is partially rilled 
at 0°K were obtained and measured. Analysis of one 
of the samples gave an activation energy of about 
0.025 eV and did not obey the condition 3NAu>Nd 
>2ArAU. This sample was discarded since the relation 
between n and Ec—Es would be complex. The Hall 
coefficient and Hall mobility of the second sample are 
shown in Figs. 2 and 3. In Appendix D we show that 
near 50°K the carrier density is given by 

Nd'-2NAyx<i>±n 
nss ( ! _ 7 4 + C 4 T , 2 ) (21) 

3iVAu~AV £4 
where 

y^NAu<t>in/LgA(SNAn~Ndyi C 4 = (NS-NAUWAU. 
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Level 

Ev 
Ei 
E2 
Ez 
E, 
Ec 
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TABLE II . Summary of pressure coefficients of the four energy levels due to gold in germanium. 

Ei-Ev Ec-Ei 
Type (eV) (eV) 

0 0.75 
donor 0.042 0.71 

acceptor 0.146 0.60 
acceptor 0.56 0.19 
acceptor 0.71 0.043 

0.75 0 

d 
—-(Ei-Ev) 
dP 

(10~6 eV kg"1 cm2) 

0 
O.llrfcO.02 
0.55_o.02'

H)-06 

2.1±0.1 
2.9±0.1 
5.0 

d 
—(Ec-Ei) 
dP 

(10~6 eV kg"1 cm2) 

5.0 
4.9 
4.4 
2.9 
2.1 
0 

dln(Ei-Ev) 

dP 
(10~6 kg"1 cm2) 

0 
2.6 
3.8 
3.7 
4.1 
6.7 

dln(Ec-Ei) 

dP 
(10~6 kg"1 cm2) 

6.7 
6.9 
7.3 

15.0 
49.0 
0 

At temperatures below 40°K, 7 4 ^ 0 so that the energy 
Ec—Ei can be obtained from the slopes of the Hall 
coefficient curves of Fig. 2. Using a Hall coefficient 
factor r= l,16 a value of 0.043=1=0.002 eV is found, in 
good agreement with the values of 0.040 eV found by 
other workers.4 

In Appendix D we show that 

«4n = — ( E c — E i ) = kT 
dP \ 

where 

A(Y4)(: 
dlnp 

dP 

d ln/ZrA 

dP J 

dlnAn 

+ — dP 
(22) 

/4(Y4)= ( l -74+C 4 Y4 2 ) / ( l -2 7 4+3C474 2 ) . 

At low enough temperatures, / 4 (74)^1 and a4n is 
accurately determined. In Appendix D we show that 
the terms involving the mobility and density-of-states 
factor are negligible for all temperatures considered. 

Even at the lowest temperature of measurement, 
45 °K, 74(74) is not approximately 1 at zero pressure, 
and can in fact be in error by a factor of two because of 
errors in g4 alone. In order to avoid the necessity of 
knowing /4(74) exactly, we note that near 5000 kg 
cm--2, at 45 °K, the decrease in 74, due to the increase 
with pressure of Ec—E±, forces /4(74) to become 
approximately unity. 

In Appendix D we calculate that at 45 °K and 5000 
kg cm~2 /4(74) =1.01=1=0.01. 
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15 F. J. Morin3 Phys. Rev. 93, 62 (1954). 

Since, from Fig. 11, 

kTdlnp/dP= (2.1=1=0.1)X10~6 eV kg"1 cm2 

at this temperature and pressure, 

aAn= (2.1d=0.1)X10-6 eV kg"1 cm2, 

where the error represents the experimental error. 

DISCUSSION AND CONCLUSIONS 

The pressure coefficients for the four gold levels are 
collected together in Table II . Since the energy gap in 
germanium increases with pressure in the pressure range 
studied, all the levels are found to move away from 
both the valence and conduction band edges with 
increasing pressure. The percentage change, 
d\n{Ei—Ev)/dPy with respect to the valence band 
edge is the same within 10% for the three acceptor 
levels. The fractional changes in the separations of the 
four levels from the conduction band edge are con­
siderably greater than the changes in the separations 
from the valence band. We can give no theoretical 
explanation for this. 

I t may also be noted that the pressure coefficients 
of the ionization energies of the gold impurities are 
much larger than those for the three "hydrogenic" 
impurities in silicon,1 and also for the donor state 
produced by gold in silicon.2 Gold also produces an 
acceptor level in silicon about midway in the energy 
gap. The separation between this level and the two 
band edges decreases with pressure, but again the 
absolute magnitude of the coefficient with respect to 
the conduction band is much the greater.2 
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APPENDICES 

In these Appendices we consider a miscellany of data 
and quantitative corrections necessary in deducing the 
pressure coefficients aiP and ain from the experimental 
determinations of lnp as a function of pressure. 

APPENDIX A. DONOR LEVEL Au(l) 

(1) From the discussion in Sec. 3 and from Eqs. (4), 
(5), and (8) we see that the Hall coefficient near 100°K 
gives Na

f- From Fig. 2, the Hall coefficient is approxi­
mately constant between 80° and 150°K, so that, in 
the absence of a large temperature dependence of the 
Hall coefficient factor r, Na

f is accurately determined. 
That is, the Au(l) level is completely filled with 
electrons and the Au(2) level has not yet started to 
fill, so that there are Nd holes (the 0°K population of 
Au(l)) , in the valence band at these temperatures. 
Using r = l . l at 100°K12 we find A a '=2 .6X10 1 4 cmr3 

independent of any assumptions on the g/s. 
We also require NAM- Near room temperature the 

hole density p is given by Eq. (5). Solving this equation 
for NAM, we find 

NA»=(p-Na')(l+(p/g*l>2Pn (Al) 

Using r—1.8 at 294°K and 4>2v determined with 
(E2—Ev) — 0.146 eV as found in Sec. 4b, we obtain 

iFAu=5 .9X10 M ( l+5 .4X10^ 2 -9 cmr3. 

The values of g2~
l found in the literature vary from 2 6 

to 8.5.12-17 For 2 g £ 2 - 1 ^ 1 0 , we find 6.5X1014^iVAu 

^9.1X101 4 . If we now solve Eq. (4) for p at 50°K we 
must keep all terms second order in gvj>\p/Na

r and 
gi<t>ip/NAn since gi is greater than 11 2 and 0 i p ^2XlO 1 3 

at 49.5 °K. In this way we find 

2p=(NAn-Na'+g1<j>lp) 

X 
/ 4g10lpAV v 

\ (NAu-Na'+gl<t>lpy) 

gl<t>lpNa 

NAu-Na> * 

NAugi<t>ip 

(N^-Na'y (A2) 

(NAngl<t>lv)2 NAn + Na'\ 

+ (iVAu-iW)4 

Au + AYN 

AAu / 

gl<t>lpNa' 
p = — 777(1 — 7i+Ci7i2), 

NA -Na' 

which is Eq. (13). 
From 

p = (pefjLp) 

17 C. A. Klein, P. P. Debye, and G. Rupprecht, reference 7. 

we have 

d lnp d In/ip d lnp 

dP dP dP 

d liifjip 1 d InA 2 

dP /i(7i) dP kTMyJdP 
(E,-E0, 

vhere 

/ i ( 7 i )= ( l - 7 i + C i 7 i 2 ) / ( l - 2 7 i + 3 C l 7 i 2 ) (A3) 

from a straightforward differentiation of Eq. (A2). 
This leads directly to Eq. (14). 

We are left with the problem of setting limits on the 
function / i (yi ) . The experimental error on E\~EV is 
enough to give wide variation in the calculation of g\ 
and thus give large errors in 71. If r==l.lzizl0% at 
49.5°K, we find ^ - 4 . 7 X 1 0 1 3 ± 1 0 % from the Hall 
coefficient (Fig. 2). Then, using Eq. (4) directly we 
can solve for g\ using the two limiting values of NAU 
found above. With this procedure we find for A 7 AU=6.5 
X1014 cm-3, £ i=5 .1 , / 1 ( 7 l ) = 1 . 0 7 and for NAu=9.1 
X1014 cm"3, g i=8.1 , /1 (71) =1.09. The value of gi 
quoted in the literature is approximately 2. If we use 
£ i = 2 we find / i (yi) can be only as low as 0.90. Thus 
independent of gi and g% (since i\7

Au depends on g2) we 
find/i(7i)=1.0±0.1. 

(2) The value of d InA p/dP is found from Smith's11 

estimated changes in the effective masses with pressure. 
These were obtained from the pressure dependence of 
the lattice scattering mobility and the elastic constants, 
and some approximations regarding the motion of the 
energy bands which interact with the valence bands 
being considered. 

dlnAp 3d\nmd 

dP 2 dP 
(mdy/2=m^2+m2

sl2, (A4) 

where Wi is the heavy-hole mass and m2 the light-hole 
mass. 

d d 
— ln(m//2) = — {i\nm1+\nll + (m2/m1)^']}, 
dP dP 

dlnAp 3dlnmi 

dP 2 dP 

1 d(m2/m1)^
2 (AS) 

d InA p 3 

dP 

l + (m2/mly 

'd lnwi 

dP 

L dP 

1 (: 
i + ( w i M 0 8 / 2 \ 

d \nm2 d lnwi\~| 

dP dP t 
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Smith estimates 

d lnm2/dP= 12X 10~6 kg"1 cm2, 

d \nm1/dP= 2.2X 10~6 kg"1 cm2. 

mi /w 2 =8.4 for germanium so that 

d \nA p/dP= 3.9X 10-6 kg"1 cm2. 

This value is due mostly to the change in heavy-hole 
mass. 

We must assume that the change in effective mass 
with pressure is temperature independent so that these 
values found from room temperature data will apply 
between 49.5 and 300°K. Smith has shown that the 
effect of pressure on lattice scattering is temperature 
independent from 200 to 300 °K, the region over which 
he made his measurements. 

(3) To avoid the difficulties in estimating the cor­
rection due to the mobility in ^>-type material, found in 
paper I of the series, we shall neglect the change in 
mass of the light holes with pressure. Smith has shown 
that the change in lattice scattering mobility is due for 
the most part to the change in heavy-hole mass. 
Similarly, the heavy holes contribute most of the 
conduction when impurity scattering dominates. We 
assume 

that 
d hi/jL JJL d liifXL M d ln/zj 

dP ILL dP fJLT dP 
(A6) 

\XL is calculated from a formula of Morin and Maita,16,18 

ix is taken to be the measured Hall mobility at 49.5°K, 
and fxi is calculated from the reciprocal relation between 
mobilities. From Smith11 we have 

d h W ^ P = 1.3X 10-6 kg"1 cm2. 

From the Brooks-Herring formula6 for ionized impurity 
scattering we have approximately 

d Ixifxi d InZ" 1 d lnwi 
= 2 , 

dP dP 2 dP 
(A7) 

where K is the dielectric constant. Using the value of 
d\nK/dP from Cardona, Paul, and Brooks19 and the 
change in m\ estimated by Smith, we obtain d Infu/dP, 
and finally 

d lnfji/dP= - 1.7X 10~6 kg"1 cm2. 

APPENDIX B. ACCEPTOR LEVEL Au(2) 

(1) The Hall coefficient of the sample used to study 
Au(2) (Fig. 5) continues to increase for temperatures 
less than 125°K, indicating that a deep level is de-
ionizing as the temperature is lowered in this range. 

18 F. J. Morin and J. P. Maita, Phys. Rev. 96, 28 (1954). 
19 M. Cardona, W. Paul, and H. Brooks, J. Phys. Chem. Solids 

8, 204 (1959). 

From the discussion in Sec. 3, 

Nd'=-Na'=Nd-Na>0. 

The number of current carriers and the number of 
impurities can be obtained by solving Eq. (5) using 
—Nd=+Na'. Without approximation, Eq. (5) gives 

NAn-Nj 
( p+Nd\ 

W l + ). 
\ Z2&2V / #202p 

(Bl) 

At high temperatures, from Eq. (Bl) it would appear 
that p tends to the value NAVL—N*, corresponding to 
filling of the Au(2) level from the valence band. In our 
samples, there is an appreciable density of intrinsic. 
carriers at room temperature. Where possible the data 
are analyzed at low temperatures to avoid considering 
these. 

The value of g2 is not well established so that Eq. 
(Bl) cannot be solved exactly. However, if we assume 
p<^Nd, a condition which will be fulfilled for the data 
analyzed, then 

NAu-Nd
f=p(l+Nd'/gxi>2P). (B2) 

The density p, at several temperatures, is found from 
the Hall coefficient data, using appropriate values of 
the Hall coefficient factor r. The quantity <j>2p can be 
calculated at these temperatures. Equation (B2) can 
thus be solved for NAU—N/, and Nd/g2. In this way 
we obtain 

i^Au-iVy=1.3X101 4cm-3 , 

i \V/£2=8.4X101 5cm-3 . 

Thus, even if g2~
l is as high as 10, TVY^IO15 cm - 3 and 

p is at most 0.1 XN/ at 273°K and p<£Nd' for 
T<250°K. The impurity densities are therefore known 
in Eq. (B2) which we rewrite as 

p=-
NAU-N/ 

where 
NJ 

M l + 7 2 ) - 1 , (B3) 

72=g2<l>2p/Nd. 

The resistivity is given by 

d lnp/dP= -d ln/jip/dP-dlnp/dP, 
so that 

where 

Thus, 

d lnp 

dP 

dlnp 1 

dP I + 7 2 

-dlnAp d{Ev-E2)~ 

. dP kTdP _ 

d ln/ip / 1 \ 

dP \1+W 
rd 4-InAp 1 d 

+ (Ev-L 
dP kT dP 

:2) 

(B4) 

(B5) 

(B6) 
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and 

a i rdinp aln/ip"] 

dP { LdP dP J 

+ 

dP 

d\nA2 

dP )• 
(16) 

The values of 72 can be calculated without knowing 
g2 directly since we need only Nj/gz and fap. They are 
listed in Table I. 

To explain the 273°K data we must include intrinsic 
carriers. The resistivity equation becomes 

P^Mn/pp 

(B7) 
where 

and 

m2=np=AnAp exp(—Eg/kT) 

= square of the number of intrinsic carriers. 

In this case 

d lnp d ln/ip d lnp d 

dP dP dP dP 
•\n(l+pm2/p2). (B8) 

The term involving the intrinsic carriers is small at 
273°K: 

pnl^/p2=Q.01. 
Thus 

d n 
— \n(l+pm2/p2)~l3ni2/p2\ • 
dP L dP 

d ln/3 d \n(m2) 

dP 

d \np2' 

where 

d ln/3 d ln/xn d l n ^ 

dP dP dP 

dP J' 

- S X l O ^ k g ^ c m 2 

(B9) 

from the data of Smith11 and Nathan, Paul, and 
Brooks.16 Also 

d\n(m2) d\n(AnAp) d ( Et 

dP dP 

d/ Eg\ -\dEg 

dP\ kTJ kT dP 

from the data of Paul and Brooks.14 Thus we can neglect 
the p term in Eq. (B9). From Eqs. (B8) and (B9), 

d lnp d \xifip 

dP dP 

2/3m2\dlnp pm2 d\n{m2) ( 20m2\ 

p2 / dP dP 
,(B11) 

or 

d(E2-Ev)/dP^a2p =*rr d\nAp/dP 

(1+7,2) /dlnp d\nfip /3m2d \n(m2) I 
l-2pm2/p2\ dP dP p2 dP )]• (17) 

(2) The correction for the density-of-states factor 
is the same as found in Appendix A. 

(3) At the temperatures of these measurements the 
carriers are scattered predominantly by the lattice 
vibrations, so that we can use Smith's value for the 
pressure coefficient of the lattice-scattering mobility, 
viz., 

d lnfiL/dP= 1.3X 10~6 kg"1 cm2. 

APPENDIX C. ACCEPTOR LEVEL Au(3) 

(1) The sign of the Hall coefficient, and its con­
tinuous increase as the temperature is lowered, show 
that for certain samples the condition 27YAU> AV >^VAU 
is satisfied, so that level Au (3) is de-ionizing. Equation 
(6) gives 

JVd'- iVAu=n[l+ (n+2NAu-Nd
f)g3/<i>3nl. (CI) 

When (f)zn/gz(2NAu—Nd)<l, this expression can be 
approximated by 

with 

A V — JVAU 4>Zn 
n= — ( 1 - 7 3 ) , 

2NAn~Nd' £3 

yz=NAu<t>zn/g3(2NAn-Ndy. 

(18) 

In order to show that this approximation is justified, 
at least below 170°K, we note the following: 

03n is calculable at any temperature since An is 
known from effective mass data, and Ec—Ez can be 
found from the slope of the Hall coefficient curve at 
low temperatures to be 0.19±0.01 eV. g3 is taken to be 
i 6 Thus, at 294°K, 

£3/4>3.= l/(2X5.6X101 5), 

and we can show self-consistently that 

n=Nd'-NAu~5X10u cm"3 

for both samples measured. The value of n is obtained 
from the asymptote of the Hall curve near room 
temperature in Fig. 5 with the assumption that r = l . 
Since 2ArAU>iVrd/>i\^Au, this implies that 

= 2.1X10-4 kg"1 cm2, (B10) and 
i W ^ l X 1 0 1 5 c m - 3 , 

N A u^5X10 1 4 cm- 3 . 

Then, unless 2NAyx and N& nearly balance, that is, 
if 2NAu—Nd! is of the order of 1014 cm - 3 we can take 
<^3n/g3(2iV rAu-^0<l below 170°K and probably at 
even higher temperature. For example, at 170°K 
03n < 1X1013, and the approximation is correct, 

file:///xifip
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The experimental error of 0.01 eV on the value of 
Ez~-Ec is sufficient to prevent accurate determination 
of NJ, NAM, and g3 from the Hall data. Our discussion 
is aimed at establishing the range of temperature where 
Eq. (18) will be a good approximation, even allowing 
for uncertainties in A^AU and AY. Using Eq. (18), we 
obtain Eq. (19) for the pressure coefficient by a straight­
forward differentiation. 

a'3« = — ( E c - E z ) = kT\ 
dP 

/ 1 \/dlnp d\nfjLn\ 

\ l - 7 3 A dP dP J dP dP 

d InAr, 

dP 
(19) 

(2) Paul and Brooks,14 and Nathan, Paul, and 
Brooks15 have determined the pressure coefficient at 
195 and 77°K of the electron mobility due to lattice 
scattering. 

(d/dP) lnMLw= - 4 X 1 0 - 6 kg"1 cm2. 

Since at all the temperatures considered the gold-doped 
samples have predominantly lattice scattering mobility 
this value can be used. Nathan, Paul and Brooks15 

have also deduced the pressure change in the density-
of-states effective mass 

Thus, 
d lnmd/dP^4X 10~6 kg-1 cm2. 

d \nAn/dP^6X 10-6 kg-1 cm2. 

However, at 200°K we find 

d lnp/dP= 1X 10~4 kg"1 cm2 

and this value increases as the temperature decreases. 
By 170°K the terms in An and \in will contribute less 
than 0.5% to azn and thus they have been neglected. 

APPENDIX D. ACCEPTOR LEVEL Au(4) 

(1) From the discussion in Sec. 3 and from Eqs. (6), 
(7), and (8) we see that the Hall coefficient near 100°K 
gives NCL'—2NAM- Figure 2 shows that the Hall coeffi­
cient is almost constant between 110 and 140°K. If 
we ignore any (probably small) temperature dependence 
of the Hall coefficient factor r, Nd—2NAu is accurately 
determined. Setting r=l at 125°K we find N/~2NAn 
= 2.2X 1014 cm"3; this is independent of any assumption 
about the g/s. 

At higher temperatures Au(3) starts to ionize and 
Eq. (6) is appropriate. We rewrite it as 

Nd'-NAu-n£l+ (2NAu-Nd
f+n)/gz~^Zn] (CI) 

and evaluate rfd—NAu, taking r—1 at 294°K, and 
determining $3w with Ec—Ed—0A9 eV. We get 

Unless g3>10, A7-iVAu=-8.5X1014 cm-3 within 
10%. Hence, 

A^AU = 6.3X1014 cm~3 and AY-1 .5X10 1 5 cm~3. 

We can calculate g4 from the Hall data below 40 °K 
using these values of A7AU and Nd, r=l, and Ec—Et 
= 0.043 eV. From the data at 33.3°K we find g4=0.22. 
There is a factor of 2 error in g4 due to the 5 % error in 
Ee—E4 alone. 

If we now solve Eq. (7) for n near 45 °K we note that 
04n~lXlO1 3 so that we must keep terms second order 
in (j>An/gA(3N An—Na). In this way we find 

/ 3 A^Au— Nd +<t>4ngA~1 \ 

X :o 4(iV/-2^A u)^4„g4-1 

/ A Y - ^ V A u \ 0 4 K r 

\3NAu-Nd'J gX 

(WKK-Ni'+fangC1) 

A<Au#4)i 

- ) ' - ' ! • 
(Dl) 

g^NAu-Nd'Y 

which is Eq. (21). 
From 

we have 

d lnp d ln^n 

gt2(3NAu-Nd')' 

p = (tie/An)-1, 

dhm 

* /AV-iVAuV 

Nd
fY\ NAU / -

dP dP 

d Inn 

dP 

dP 

f\ — 2 Y 4 + 3 C 4 7 4 2 \ ^ ln<£4n 

(D2) 

/ l —274+JL47/Y 

\ I-74+C4742 / 

»(74)L 

74+C4742 / dP 

d\nAn 1 d(Et-Eey 

/4(74)L dP kT dP 
(D3) 

These lead directly to Eq. (22). 
We are left with the problem of setting limits on the 

function ^4(74). Using the value of g4 calculated above 
we find 74(74) =1.13 but this can be in error by over 
10% due to errors in g4 and Ec—E\. 

To eliminate the need for an accurate value of ^(74) 
we consider the expression for ^4(74) at 5000 kg cm -2 . 

A^Au04n 

If we write 

£4(3,VAu-AV)2 ' 

<t>An^An exp(E4—Ec)/kT. 

£ c - £ 4 = (Ec~E4)0+a,nP, (D4) 

yy/- ,¥Au=8.5X101 4( l+0.009g3)cm-3 , where the subscript 0 refers to atmospheric pressure, 
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we find 
Y4=74o<rateP/*T\ (D5) 

A value of 740=0.16 is calculated, again in error by a 
factor of 2 due to errors in g4 and (Ec—E4). 

Now, if we assume 74(74)= 1 at 45 °K and 5000 kg 
cm~2, we can find a first approximation for a4n using 
Eq. (22), neglecting terms in fin and An. In this way 
a4w=2.1X10~6 eV kg - 1 cm2. Substituting this in Eq. 
(D5) at P=5000 kg cm"2 we find Y4=74oX0.08^0.013. 

Hence, at this pressure and temperature, 74(74) = 1.01 
±0 .01 where the 0.01 error represents an error of a 
factor of 2 in 740. 

At 45°K and atmospheric pressure, we find that 

kTd lnp/dP= 1.6X 10~6 eV kg"1 cm2, 

and using 
74(74)= 1.13±10%, 

we get 
a4»= 1.8X 10- 6 ±10% eV kg"1 cm2, 

which is in agreement with the value found near 5000 
kg cm - 2 . Thus this approach is reasonable. 

1. INTRODUCTION 

TH E nature of the force on a moving dislocation, 
and especially the existence of the so-called 

Lorentz force, is still a matter of discussion.1 We shall 
argue here that the difficulties associated with the force 
concept arise because no clear definition of force appli­
cable to a moving dislocation has been given. A defini­
tion will be proposed which leads to an unambiguous 
expression for the force and is consistent with its use in 
other fields. Before starting on the constructive part of 
this program, however, we must consider some of the 
complications which arise when this point is neglected. 

The nature of the force on a dislocation at rest has 
been fully discussed by Eshelby,2 who has particularly 
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1 F. R. N. Nabarro, Phil. Mag. 6, 1261 (1961). 
2 J. D. Eshelby, Phil. Trans. Roy. Soc. London A244, 87 (1951); 

Solid State Physics, edited by F. Seitz and D. Turnbull (Academic 
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(2) At 45°K we find 

d lnp/dP~W~* kg-1 cm2. 

We have seen in Appendix C that 

d lnAn/dP^6X 10~6 kg"1 cm2. 

Thus, the density-of-states factor represents a negligible 
correction in Eq. (22). 

(3) At 45 °K the carriers are scattered both by lattice 
vibrations and ionized impurities. In Appendix C we 
have seen that the change in lattice scattering mobility 
with pressure is of the same magnitude as the change 
in the density-of-states factor and is therefore negligible. 

The pressure coefficient of the ionized impurity 
scattering mobility can be expressed as 

d lnjuj 2d \nK d In / m2 \ 

dP dP dP Kmi1'2/' 

However, since the changes in K and in the masses 
are also of the order of 10~6 kg - 1 cm2, the pressure 
coefficient of this scattering mechanism can also be 
neglected. 

emphasized the need for thorough treatment. His con­
clusions are that (a) the force should be defined as the 
derivative of the energy with respect to dislocation dis­
placement ; from this it follows that (b) the force in the 
slip plane is just ab per unit length of the dislocation, 
where a is the resolved shear stress. I t seems to have 
been accepted quite uncritically that both statements 
(a) and (b) apply also in the dynamical case, without 
realizing that here they are in fact inconsistent. (The 
question of a Lorentz force does not arise here as it acts 
normally to the slip plane if it is present at all.) To 
illustrate this, consider two parallel screw dislocations 
P and Q in an isotropic medium, P at rest and Q moving 
with a uniform velocity v in the direction PQ. At any 
instant the interaction energy of P and Q can depend 
only on their distance apart and not on their absolute 
positions; hence, if statement (a) is adopted, the forces 
each dislocation exerts on the other are equal and op­
posite. On the other hand, the stress produced by the 
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A Lagrangian formulation is used to discuss the nature of the force on a moving dislocation. Whether or 
not a Lorentz force appears depends on the definition of force adopted, but it is shown that this force can 
give rise to no physical effects; a definition which does not introduce it is therefore recommended. The force 
is given by the usual static expression (F = <rb) and is independent of the motion of the dislocation. 


