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conceivable that a quadratic strain dependence of T, in
combination with an elastic behavior which is close to
quadratic could still result in a linear dependence of

1', upon pressure.
L. R. Testardi and T. B.Bateman, Phys. Rev. 154,

402 (1967).
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The wavelength modulation spectrum of Cu is presented at 7'K in the range of 2.0
~ Ru - 6.0 eV. The band structure of Cu calculated by the empirical pseudopotential
method is used to compute the imaginary part of the dielectric function e&(~) and the log-
arithmic derivative of the refiectivity, R (ce)/R(e). Good agreement between theory and
experiment is obtained at the absorption edge and at higher energies using the one-elec-
tron approximation if dipole matrix elements are calculated from wave functions includ-
ing core contributions rather than the pseudowave functions. The transitions causing the
structure in R'(~)/R(~) are identified.

Recent advances in optical derivative spectros-
copy have helped significantly in obtaining de-
tailed knowledge about the band structure of
semiconductors. ' Applications of this technique
to metals, however, have been scarce. There
have been measurements of the electroreflec-
tance of Ag and Au, ' but there is some uncertain-
ty' associated with the interpretation of these re-
sults. Thermoreflectance and piezoreflectance
have yielded valuable information about noble-
metal band structure, and in the case of piezore-
flectance the deformation potentials of Cu were
measured. In this Letter, we present the wave-
length modulation spectrum of Cu from 2.0 to
6.0 eV taken at 7 K. To our knowledge, this is
the first application of wavelength modulation
spectroscopy to metals at low temperatures.
Our derivative spectrum of Cu shows clearly
better resolution than those obtained by other
methods. The experimental setup was described
briefly elsewhere. ' The Cu sample used in our
measurements was the same single crystal used
in cyclotron resonance experiments by Kip,
Langenberg, and Morre. 6 After electropolishing
the surface, the sample was quickly transferred
to the low-temperature Dewar to avoid surface
contamination. The sample temperature could
be varied easily from 7 to 300 K. Here, for the
sake of clarity, we present in Fig. I only the

I
I
I
I
I
I
I
I

I I

I

I

I I
I I

I
I
I
I
I
I
I

{I

l

I

53
OC

3
—10

Theory

---- Experiment

—20 I I I

0 1 2 3 4 5 6

%co {eV)
FIG. 1. The measured R (~)/R (~) at T =7 K and the

calculated R (cu)/R (~).

Cu-derivative spectrum taken at 7'K. We have
also measured the normal ref lectivity spectrum
of Cu which agrees well with that of Gerhardt. 4

The origin of most of the structure in the mea-
sured derivative spectrum of Cu can be deter-
mined using the theoretical band structure of Cu,
calculated by the empirical pseudopotential meth-
od. ' In the calculation we used four form factors
for the local pseudopotential and four other pa-
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FIG. 2. Band structure of Cu.

rameters relating to a nonlocal pseudopotential
with l =2. These eight parameters are deter-
mined by fitting to the optical data obtained by
Gerhardt' and the photoemission data of Spicer. '
Because of the complication in defining the pa-
rameters for the nonlocal pseudopotential, we
give only the local form factors: V( I Gl'= 3)
= 0.0131, V(4) = 0.0189, V(8) = 0.0162, and V(11)
=0.0014 Ry. [In Ref. 7, V(4), V(8), and V(ll)
were inadvertently omitted. ] The parameters re-
lated to the nonlocal pseudopotential are defined
and their values are given in Ref. 7. The lattice
constant of Cu is 3.61 A. The resulting band
structure is shown in Fig. 2. We have shifted
the Fermi level upward by 0.25 eV compared
with the results given in Ref. 7. In this way, the

first peak relative to EF of the density of states
for the d bands is at -2.25 eV. Most of the struc-
ture in the density of states agrees with more re-
cent photoemission data by Krowlikowski and
Spicer' and by Smith' to an accuracy of 0.1 eV.
The radii of the Fermi surface along [100], [110],
and [ill] are 1.41, 1.32, and 0.29 A '. The mea-
sured values by Shoenberg" are 1.40, 1.38, and
0.28 A '

The imaginary part of the dielectric function
e,(~) (constant dipole matrix elements are not
assumed; they are computed directly from the
pseudowave functions) is calculated by the meth-
od described in Saslow et al. ' with a mesh of 89
points in 1/48th of the Brillouin zone. The re-
sults are shown in Fig. 3, accompanied by the
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FIG. 3. The measured es(cu) and the calculated e2(cu).

I

7.0

1487



VOLUME 25, NUMBER 21 PHYSICAL REVIEW LETTERS 2$ NovKMBER 1970

experimental curve measured by Gerhardt. ' The
agreement between theory and experiment near
the 5-eV region is good. However, this &,(~) is
about an order of magnitude less than the experi-
mental results near 2.0 eV. This suggests either
that the dipole matrix elements used in the calcu-
lation are not accurate or some kind of enhance-
ment is present in that region.

An enhancement (e.g. , indirect processes) in-
volving the product of valence and conduction-
band density of states is excluded. As shown in
Ref. 7 there is virtually no structure in the con-
duction-band density of states. The valence band

has structure at -2.25, -3.8, and -4.5 eV, mea-
sured with respect to the Fermi surface. The
largest peak is at 3.8 eV. The product of valence
and conduction-band density of states would rise
sharply at S~ =2.25, 3.8 eV. However, the slope
of the product with respect to the photon energy
would be positive because of the structureless
character of the conduction-band density of
states. The corresponding R'(~) /R(~) would

therefore have a positive value instead of nega-
tive value as obtained by the experiment between
2.0 Sx 4.0 eV.

Our matrix elements can, however, be inacc-
urate because the pseudowave functions with &

and p character are not orthogonal to the inner-
core states. The importance of using wave func-
tions including core contributions instead of pseu-
dowave functions to calculate the dipole matrix
elements in metals has been recognized by Mul-

ler and Phillips' and by Animalu and Harrison. '
Our treatment is different from theirs in that the
core contributions are explicitly included. The
actual wave function of the conduction electron is

where p(r) is the pseudowave function. The y~'s
are the wave functions for the core states and N

is the normalization constant. In this work, we

take g, to be tight-binding wave functions of 3s
and 3p states. The 3& and 3p states are approxi-
mated by hydrogenic wave functions with effec-
tive atomic number, Z,&&, equal to 13.5. The

e,(&u) with matrix elements calculated using g(r)
is shown in Fig. 3. It is in excellent agreement
with the experimental result. The value of Z,f&
= 13.5 roughly corresponds to the minimum value
of Z such that the overlap between neighboring
cells for the tight-binding wave functions can be
neglected. The agreement between theory and

experiment for e, (&u) at the absorption edge is so

encouraging that one may be motivated to use
this approach to resolve the discrepancies be-
tween theory and experiment in the optical spec-
tra of alkali metals.

To calculate R'(u)/R(v), we use the interband
e2(~) in Fig. 3 calculated using the g(r) wave
functions and add to this the free-electron Drude
contribution as discussed by Ehrenreich and
Cohen. " The free-electron contribution to the
dielectric function e~(~) calculated from Drude
theory i

ef(v) =1 4vn-e'[m*e(++i/T)] ', (2)

where n, , e, and m* are the density, charge, and
effective mass of the free electrons, respective-
ly. We use m*= 1.42mo which is estimated at the
belly using the matrix elements of the present
calculation; the measured value by Schulz" is
1.45m„where m, is the bare electron mass.
is the relaxation time and its value is approxi-
mately 2.0&10 ' sec."'" With the quoted value
of 7, we can neglect the imaginary part of &, (&u).

The R'(~)/R(~) is then calculated by the meth-
od described in Walter and Cohen" and is plotted
in Fig. I. The general structure of the calculated
and the experimental R'(&u)/R(cu) agrees very
well. There is some discrepancy in the magni-
tude of the two results, The interband transi-
tions start at 2.1 eV. Most of the transitions
near this energy come from &, —A,(5-6, 4-6)
and all transitions from the fifth band to the Fer-
mi surface. We shall refer to these points in
k space as osculating points (using the nomencla-
ture of Mueller and Phillips" ). The structure
near 3.2 eV arises mainly from a large volume
effect of 5-6 and 4-6 transitions. The corre-
sponding contours of the energy difference be-
tween the sixth band and the fourth and fifth
bands are roughly parallel to the Fermi surface.
The contour will intersect along ~ very close to
X. The calculated R'(w)/R(uj shows some small
structure at 3.7 eV; the measured curve has a
twin-peaks structure at 3.8 and 3.95 eV. The
contribution to this structure comes from an os-
culating point Z, —Z, (3 - 6) and a large volume

effect from 5 —6, 4- 6, and 3 —6 transitions with

energy contours close to the Fermi surface. The
effect of a critical point with M, symmetry at
3.96 eV from X, -&4. transition does not show

up clearly in the calculated R'(&u)/R(&u) but does
show up in the calculated &,(&u). We associate it
with the upper structure of the twin peaks in the
experimental results. The first zero in the cal-
culated R'(cu)/R(~) is at 4.37 eV which is in ex-
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Table I. Identification of the important interband
transitions of Cu.

Transitions

~ -~ (5-6 4-6)
5 1

and all the transi-
tions from 5&h band
to the Fermi surface.

Energy (eV)

2. 1

Symmetry

Osculating
point ~

Gsculating
points

Large (5 6)(4 6) transi-
tion region inside the
BZ near X and the
Fermi surface

3e2 Volume effect

Z -Z (3-6)
1 1

Large(5 6)(4 6) and (3 6)
transition region
inside BZ near X and
the Fermi surface.

X -X ' {4-6)(5-6)
5 4

L '-L u(6-V)
2 1

3.96

4. 25

Osculating
point

Volume effect

M0

Z -Z (1-6)
j, 1

4. 38 Osculating
point

Large (5 ~6), (4 6) and
(3 6) transitions inside
BZ near the Fermi
surface.

4. 5 Volume eff ect

Large (2-6) (1-6)
transitions inside BZ
near the Fermi
surface.

5.0 Volume effect

Follow the definition in Ref. 13.

cellent agreement with the experimental value of
4.4 eV. Both A'(~)/A(~) curves in Fig. 1 show
two structures for photon energy 4.0 (Sw (5.5
eV. The lower-energy structure starts with L,.
-L," transitions at 4.25 eV, resulting from an

M, singularity and Z, -&, (1-6) transition at
4.38 eV which is an osculating point. These criti-
cal points contribute structure over a background
caused by a large volume effect which is mainly
from (5-6), (4-6), and (3-6) transitions in the
region near the Fermi surface inside the Brillou-
in Zone (BZ). The contribution to the upper en-
ergy structure comes mainly from the volume
effects of 1-6 and 2-6 transitions near the Fer-
mi surface. This composite structure ends at
5.3 eV experimentally. The calculated A'(~)/
A(~) has a corresponding zero at 5.2 eV. The
two zeros agree very well. Our results strongly
support the comment made recently by Phillips"
that the 5.0-eV peak in the measured &,(&u) con-
sists of a threshold at 4.3 eV coming from 1-,~

-I-," and a shoulder at 4.8 eV corresponding to

d-band to Fermi-surface transitions. However,
our identification for the upper structure shows
that it is mainly a volume effect and is not from
osculating points. The identifications are sum-
marized in Table I.

In conclusion the agreement between the theo-
retical and experimental A'(u)/A(w) and &,(~)
enables us to confirm: (a) the optical transitions
in Cu are direct as concluded by Smith"; (b) the
identification of X, -X4' agrees with the result
given by Mueller and Phillips" and the comments
on the composite nature of the 5.0-eV peak in

&,(~) by Phillips. " However, the upper energy
structure arises from volume effects. (c) Strong
many-body effects are not necessary to obtain
agreement between experiment and theory near
the absorption edge. (d) The volume-effect con-
tributions to the optical properties of Cu are
more important than the critical points at the
symmetry points and along the symmetry lines.
In addition, our present approach to the dipole
matrix elements may be used to resolve the dis-
crepancy between theory and experiment at the
absorption edge for alkali metals.
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Fifteen excited "even-parity" levels of donor impurities in Si are identified. Observed

photoexcitation to these levels iQ violation of electric-dipole selection rules is attributed
to effects of polarization of the donor by other defects and to breakdown of the effective-
mass approximation.

In tllls Letter we identify fifteen peaks ln the
absorption spectra of seven donor centers in Si
with (transitions to) levels having even parity in

the effective-Inass approxlBlatlon (EMA). The
binding energies of these levels, ' "as well as
two excited and seven ground even-parity levels
previously identified, ' '0 are given in Table I," "

together with corresponding binding energies
calculated' in the EMA. Figure 1 shows these
levels graphically in relation to nearby P lev-
els. ' " %e have typically identified an observed
level with the nearest effective-mass (EM) level,
a procedure which can be carried out with little
ambiguity and which can be justified by the fol-

Table I, Observed and EM binding energies (in MeV) of some even-parity donor lev-
els in Si. Newly identified levels are indicated by Rn asterisk. %hen more than one

reference i.s cited for an entry, the tabulated value is determined from the first refer-
ence, which usuRlly gives the shaxpest Rbsoxption peak, although VRlues from other
refex'ences usually agree wiUDQ experimental error.

KM
P
As
Bi

s~'

31.27
45.54' '
53.76' '
70.97' g

109.53
187.66

9.11'
8.78~"'
8.21 (Ag)*
8.84 (E)~

7 61gk
10.14*

4.75

4.72+ 0.03*

3.75
4 1~0 03gd c

8 8+0 03
3.79+0.07*

3.83*
3.90~

~BGf. 12.
Bef. 2.
Bef. 3.
Ref. 4.
Bef. 5.

~Ref. 6.
gBef. 7.

Bef, 8.
'Bef. 9.
'Bef. 11, but see Bef. 10.

Note that the direction of the shiS due
to central ceO corrections is opposite
to tliRt expectecl. .


