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An anomalous negative volume coefficient of
thermal expansion n has been measured by sev-
eral experimenters' ' in diamondlike materials
at low temperatures. Within the limits of the
quasiharmonic oscillator model, ' the anomaly can
be described in terms of the temperature depen-
dence of the Gruneisen constant

where

6N 6N
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is the volume dependence of phonon energy Eb(q)
of the point q in the Brillouin zone (BZ) and the
bth branch of the reduced zone. K is the isother-
mal bulk modulus, Cv the specific heat at con-
stant volume, and ~ the volume per mole. Since
Cb(q) (the heat capacity of the normal mode q, b

of the crystal) is a monotonically increasing
function of temperature T, the observed mini-
mum in the curve of y vs T requires some yb(q)
to be negative. '~'~' The only values of yb(q) which
have been measured of far are those of the long-
wavelength transverse acoustic (TA) and longi-
tudinal acoustic (LA) modes and they cannot ex-
plain the minimum in y. In the case of germa-
nium, y as obtained from Eq. (1) reaches a
minimum value' of y= -0.1 near T =20'K where-
as all long-wavelength yb(q) were found to be
positive. The long-wavelength yb(q) in the [111]

direction denoted by yb(I'- &) are listed in the
seventh column of Table I.'

It has been pointed out' that some yb(q) near
the BZ boundary can be determined by measur-
ing the hydrostatic-pressure-induced shifts of
the threshold of phonon-assisted tunneling in
Esaki-type tunnel junctions at low temperatures.
Because of the difficulties associated with pro-
ducing large hydrostatic pressures below 4. 2'K,
experiments using uniaxial compressional stress
were undertaken. By varying the crystallographic
orientations of the stress and tunneling directions
the effects due to the shear and the volume
change can be separated. '

This Letter reports the values of the yb(L) and
of the deformation potentials of the TA, LA,
longitudinal optic (LO), and transverse optic
(TO) phonons in germanium at the point L in the
BZ. Table I lists the energies, the stress-in-
duced shifts of the energies, and the yb(L) of
these phonons for stress along [110]and [100].
Table II lists the corresponding deformation
potentials.

The samples used were made of germanium
bars doped with 5 x10' atoms/cm' antimony,
with the long axis along either the [110]or the
[001] direction. Tunnel junctions were fabri-
cated by alloying indium+0. 68% gallium pellets
to opposite sides of the bar which were cut paral-
lel to either the (110), (001), or the (110) plane.
Measurements were made on both junctions, to
correct for effects introduced by a possible
buckling of the bar.

The indirect tunneling threshold voltage is

Table I. The branch assignment b, phonon energy, energy shift per unit stress along the [110] and f001] direc-
tions, and the GrOneisen constant yb(L) at the point L for germanium. Also given are the theoretical yb(L) of
Bienenstock and the acoustic long-wavelength yb(I'-L) along the f.111]direction.

Branch
b

Phonon
energy

(mU)

Energy shift per unit stress
f110] [001]

(10 V- cm -dyne ) (10 V-cm -dyne )
yb(L) yb(L)

This experiment Theory yb(I —L)

TA
I.A
IO
TO

7. 805 + 0. 006
27. 49 +0.01
30.55 + 0. 02
36.04 +0.01

-6 +2
-4.5+1.5
47 +4
20 +1

-0.5+ 0.4
6 +1

16 +3
14 +2

-0.4 ~ 0. 3
0.5+ 0.1
1.2+ 0.2
0.9 + 0. 1

-0.19
1.14
l.29a
1.29

0.36
1.27

a
This value is considered constant over the whole zone.
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Table D. The dilatation and shear-deformation po-
tentials E& and E2, respectively, for the phonons at the
point L in the Brillouin zone of germanium.

Branch
5 (meV) (meV)

TA
LA
LO
TO

1+0.9
-14+ 2
-37+7
-32+ 5

22 +8
40+10

-130 + 30
-25 +12

TO LQ LA TA TA LA LO TO

d I~ = I.Qx 10 AV
dV

rather difficult to determine from current vs
voltage curves. Chynoweth, Logan, and Thomas
have shown that by electronically measuring the
second derivative in current with respect to volt-
age, the tunneling threshold appears as a sharp
peak when plotted against a dc bias voltage.

In the present experiment the second derivative
in current was obtained by measuring the first
harmonic in current produced by a small ac volt-
age (~300 pV rms) under conditions approaching
a constant-voltage source. The fundamental
can, through nonlinear electronic circuitry, in-
troduce a first-derivative distortion which is
superimposed on the second-derivative signal.
The fundamental was bandpass filtered at the
signal generator and the first harmonic was
bandpass filtered before the first amplifier to
reduce the total first-derivative distortion to
less than 0.5% of the maximum second-deriva-

tive signal. The second-derivative signal was
detected by a phase-sensitive detector and ap-
plied to the F axis of an X-F recorder. The dc
sweeping voltage was detected across each junc-
tion, amplified by a high-impedance microvolt-
meter, and applied to the X axis. The output of
the microvoltmeter was calibrated by placing a
standardized voltage from a potentiometer on
the input. and recording it on the X axis of each
recorder graph. A typical recording is shown
in Fig. 1.

Forward and reverse bias peaks (see Fig. 1)
were recorded for both opposite face junctions.
The process was then repeated under uniaxial
compression. From these eight measurements
of the peak voltages, the phonon energies and
their stress-induced shifts were obtained. The
presence of thermoelectric voltages was inde-
pendently monitored. They did not vary by more
that 10 p.V during the time of the measurements.

Complete measurements on samples with
tunneling current along the [110]and [001] direc-
tion and stress along the [110]and [001]direction
have been made. Energy shifts were found to be
linear in stress. While line shapes are in the
process of being analyzed, they show no signifi-
cant change up to the maximum stress of Sx10
dyne-cm '.

Considerable shear-induced energy shift was
observed when stress was applied along the [110]
direction (see Fig. 2). However, the shifts in
phonon energies were the same for the tunneling
directions [110]and [001]. This indicates that
the shift in peak voltage is a true phonon-energy
shift and not dependent upon effects on the tun-
neling current caused by the shear-induced
shifts of the [111]conduction-band valleys.
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FIG. 1. The second derivative of tunneling current
with respect to bias voltage of an Sb-doped germanium
P -n junction at 1.22'K with current along the [110]
direction. The peaks give the threshold voltages for
indirect tunneling current assisted by the phonons in-
dicated in the figure.
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FIG. 2. Detail of Fig. 1 for the LO phonon branch
for several [110] compressional stress values.



VOLUME 13, NUMBER 2 PHYSI|"AL RE VI EW LETTERS 13 JULY 1964

Since the effect of shear on the phonon ener-
gies at the point I in the BZ is zero for stress
along [001], the energy shifts measured with
stress along this direction are caused by an
equivalent hydrostatic pressure I' =X/3. Hence,
using Eq. (2) and a value9 K = 1.31x10 "cm2 j
dyne, the individual phonon Gruneisen constants
y&(L) can be calculated. These are listed in
column 4 of Table I.

Bienenstock' has carried out a semiempirical
calculation of the y&(q) for germanium using the
acoustic yf, (q), a nonrigid shell model with an
adjustable parameter, and treating the optic
modes in an Einstein approximation where yTO
= y&o= 1.29 for all the points in the BZ- His re-
sults for the yf, (L) are given in column 6 of
Table I. With the exception of the yI A(L) the
agreement with experiment is as good as can be
expected.

By subtracting the pressure-induced shifts as
obtained from stress measurements along [001]
from the energy shifts measured with stress along
[110]one obtains the energy shifts caused by the
shear part of the stress tensor alone. Following
the notation of deformation potential theory' the
energy shifts bE of the phonons at L for an arbi-
trary stress can be expressed in terms of the de-
formation potentials E, and E, for pure dilatation
and pure shear, respectively, as

hE = n g,Tr(u)I+E, [u-~ Tr(u)I]} n . (3)
(i) (i) g (i)

C'%
Here u is the strain tensor and n&~~ is the unit
vector pointing to the ith point I- in the BZ. The
values of E, and E, for the four phonons at I- are
listed in Table II.

While it is still to be shown that the line shapes
are adequately understood to relate completely
the peak voltage with the phonon energy, it is
believed that these effects mill only slightly change

the magnitude of the stress-induced energy shifts
and the phonon energies. If this is the case the
presence of a negative yTA(L) is sufficient to ex-
plain qualitatively the anomalous temperature de-
pendence of n.

The author is indebted to Dr. J. J. Tiemann for
valuable assistance in preparing samples and to
Dr. H. Fritzsche who suggested this experiment
and has constantly advised and encouraged the
author.
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Recent measurements & of the electromag-
netic form factors of H and He have directed
attention to the detailed forms of the H and He
wave functions. In particular, arguments have
been presented~~4 for and against the inclusion
of a 'S„,state (S') of mixed spatial symmetry,
in addition to the dominant space-symmetric
'S„,state (S) and the usual 'D», states (D). It
is the purpose of this Letter to point out that

the P decay of H' to He' serves as a sensitive
test of the presence or otherwise of the state
S' and, incidentally, of other states which might
be proposed.

A comparison of the ft values for the P decay
of H' and the neutron gives

(ft) G '+ IM i2G„'
n

(ft) ~ G +3G


