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FIG, 4. Frequency of largest-amplitude trapped-
electron wave versus go.

numbers are high: Typically we have measured
m-6-12. We have measured the fluctuation am-
plitude, y, „as a function of both radial and ax-
ial position. We find that the oscillations are
strongly localized radially, with the peak ampli-
tude occurring in the region of minimum g in
agreement with theoretical predictions. In the
axial direction we observe that P, ,(z) is period-
ic along z in a manner consistent with the as-
sumption that P„(z) is odd about B;„.To con-
firm the fact that P (z) is indeed an odd function,
we have taken cross-correlation measurements
between probes at fixed axial positions but care-
fully aligned on the same magnetic field line.
These results are also consistent with P„(z) odd

about B
We have investigated the mode dependence on

e, the trapping-well depth. In Fig. 4 we have
plotted the frequency of the primary mode ver-
sus v'e. We observe that the frequency increases
linearly with v e as predicted by the theory, al-
though the relation is not simply &u ~ Ke, since
the curve does not have a zero frequency inter-
cept. The saturated-wave amplitude also exhib-
its an increase with increasing Ke; we observe
that y, , increases somewhat faster than linearly
with A.

In summary, we have observed new oscilla-
tions in a linear device in the presence of a spa-
tially periodic magnetic field. A comparison of
the experimental observations with the theoreti-
cal predictions summarized in Table I shows that
the observed waves are consistent with the theo-
retical predictions in virtually all respects. We
therefore identify the oscillations as belonging
to the trapped- electron-scattering mode.

We thank G. Rewoldt for helpful discussions
and for development of the computer code used
in the numerical solutions.
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Self-consistent sub-band splittings and inter-sub-band optical matrix elements are cal-
culated for n-type accumulation layers at temperatures low enough that the bulk carriers
are frozen out. The energy splittings are sensitive to the concentration of acceptor impu-
rities in the surface space-charge layer.

Quantum effects in accumulation layers have
been studied theoretically by several authors, ' '
and experimental results have been obtained for

InAs, ' Te,"PbTe, ' and Si.' This paper gives re-
sults of numerical self -consistent calculations
for sub-band splittings of accumulation layers in
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n-type Si (100) surfaces at low temperatures for
which the Fermi level in the bulk lies near the
donor level and there are essentially no free car-
riers in the bulk. It also gives an expression for
the optical absorption in the transmission-line
configuration used by Kamgar et al. and gives
numerical results for the matrix element which
enters in the absorption coefficient. A noteworthy
feature of the low-temperature accumulation-la-
yer case is that the fixed space charge which de-
termines the field at the edge of the accumula-
tion layer is provided by the minority impurities,
i.e., by acceptor impurities in n-type Si.

At low temperatures the Fermi level in n-Si is
near the energy of the donor level, 9 because there
are always expected to be some compensating ac-
ceptor impurities present. If a positive electric
field is applied across the oxide separating the
sample from the gate electrode, negative space
charge is induced in the Si and the bands are bent
down at the surface. Except for a transition re-
gion whose thickness is of the order of a few
screening lengths, ' the donor level in the space-
charge layer lies below the Fermi level and is
fully occupied by electrons. The space charge
then is associated with the acceptors, which are
negatively charged. As the nominal conduction-
band edge drops below the Fermi level, the elec-
tric sub-bands in the resulting potential well can
be occupied by electrons and these then contrib-
ute to the accumulation-layer space charge.

The low-temperature case I have described is
simpler than the more general accumulation-lay-
er case because no allowance need be made for
space charge arising from the conduction-band
electrons in the bulk. The calculation here does,
however, include fixed space charge associated
with minority impurities, which was not included
in some earlier calculations. ' The present case
is computationally equivalent to the case of in-
version layers" except that the band bending in
the fixed-space-charge layer is smaller and that
the fixed space charge arises from the minority
rather than the majority impurities. Figure 1

shows results for the energies separating the
lowest sub-band and the first two excited sub-
bands associated with the two lowest valleys for
a Si (100) surface. I assumed conduction-band
masses of 0.20m and 0.916m, a Fermi level 44
meV below the conduction-band edge in the bulk,
and an acceptor concentration of 10"m '.

I have also calculated sub-band splittings for
10"and 10"acceptors/m'. The splittings differ
from those shown in Fig. 1 by an amount which
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FIG. 1. Energy separation between the lowest sub-
band and the first two excited sub-bands arising from
the same conduction-band valleys for e-type Si (100)
surfaces at 4.2 K, versus the total concentration of ac-
cumulation-layer space charges including the fixed
space charges associated with acceptor ions. The ac-
ceptor concentration is 10 m" 3 and the Fermi level is
assumed to lie 44 meV below the conduction-band edge
in the bulk. The bottom of the first excited sub-band
crosses the Fermi level near N~ =4X10'6 m 2.

is a slowly varying function of the surface space-
charge concentration N . At N„= 10"m ', Epy
and Epa must be dec reased by 0.3 and 0.8 me V,
respectively, relative to the values in Fig. 1

when N„= 10' m 3, and they must be increased
by 1.4 and 2.9 meV, respectively, when N„= 10"
m '; E„.=E& -E, The density of fixed space
charges is about 2.4X10', 7.6&10'3, and 2.4x10"
m ', respectively, for N„equal to 10", 10", and
10 m when the Fermi level in the bulk is 44
meV below the conduction-band edge as assumed
here. The values decrease slightly for the larg-
est values of N .

The optical absorption is readily calculated in
the effective-mass approximation for the trans-
mission-line configuration used by Kamgar et al. '
We take the interaction term in the Hamiltonian
in the form 8 r, where 8 is the far-infrared
electric field, and write the effective-mass wave
function as the product of an envelope function

f, (z), a factor exp(ik, r) for motion parallel to
the interface, and a periodic Bloch function. ~
Then the dipole matrix element contains a delta
function in k,. —k,. multiplied by

z, , = fo f,(z)zf, (z)dz, . . (1)

for sub-bands i and j arising from the same con-
duction-band valley, and is very small for sub-
bands arising from different valleys. Values for
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FIG. 2. Dipole matrix element versus total concen-
tration of accumulation-layer space charges for optical
transitions bebveen the lowest sub-band and the first
two excited sub-bands. The top curve gives the square
root of the sums of the squares of the matrix elements
connecting the lowest sub-band to all higher sub-bands
in the effective-mass approximation; z,.& is defined in
Eq. (1), and (z )op is the expectation value of z for the
lowest sub-band.

z„and z„are shown in Fig. 2.
The far-infrared electric field is assumed to

be in the z direction and uniform across the
transmission line. A small correction for the
oxide layer has been ignored, as has the possible
effect of higher-order modes.

The absorption coefficient for optical transi-
tions between sub-bands i and j from the same
valleys obtained with these assumptions is (in
mks units)

~e9r,z, ,'ES, , (E)
i j 2$ ~1/2~s/2d (2)

where ~ is the permittivity, equal to 1.04&&10 "
F/m for Si, p is the permeability, equal to 4m

&10 ' H/m, d is the effective thickness of the
sample, E is the photon energy, and N, , =N,. -N,
is the difference in electron concentrations of
sub-bands i and j.

The shape function S,,(E) in Eq. (2) is a delta
function centered at sub-band splitting E,, in the
simple effective-mass approximation, for which
the wave-vector dependence of the energy is the
same for all sub-bands arising from the same
set of valleys. " Deviations from the effective-
mass approximation, nonparabolicity, many-body
effects, and lifetime broadening may all affect
the form of S,-,.(E).

To estimate the magnitude of the absorption
peak for transitions from the lowest sub-band to
the first excited sub-band of the lowest valleys,
we consider a case with 10'8 electrons/'m' in the

lowest sub-band and essentially none in the first
excited sub-band, use the matrix element z„
= 0.85 nm from Fig. 2, and estimate that at the
absorption peak ES»(E)= 10. We take the sample
thickness d to be 200 pm and find that e„,»&
= 1.3 m '. No absolute absorption constants are
given in Ref. 8, but the estimated value does not
appear to be physically unreasonable.

The relative strength of the absorption to the
first two excited sub-bands is predicted to be a
rather strong function of the total space-charge
concentration N~, as seen from the matrix ele-
ments in Fig. 2. The transitions to higher-lying
sub-bands can be found from the relation gz0,.2
= (z')»-zoo'. The square root of this quantity is
also plotted in Fig. 2.

The sub-band splittings found experimentally
cannot yet be compared directly with the calcula-
tions given here because the minority impurity
concentration in the surface space-charge region
of the sample used by Kamgar et aE.' is not known,
because there is some uncertainty in their thresh-
old voltage, and because the calculated values do
not include many-body effects such as exchange,
correlation, or image terms. But the optical
measurements greatly increase the chance of
testing the assumptions underlying the calcula-
tions and of determining the magnitude of many-
body effects. Availability of a tuned far-infrared
laser would enhance the experimental possibili-
ties.

I am indebted to A. Kamgar, J. F, Koch, G. Dor-
da, and P. Kneschaurek for valuable discussions
and correspondence relating to their experiments,
and to W. E. Howard and A. B. Fowler for valu-
able comments.
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We have redetermined the crystal structure of K2[Pt(CN) 4]Clp p
~ BH20. It crystallizes

in space group P4mm, contrary to earlier assignments. The K+ ions occupy ordered
positions in layers with a periodicity of c = 5.77 A which are perpendicular to the c axis.
The same kind of superstructure was found for K2[Pt(CN) 4]Bro 3 3H20.

The compound K,[Pt(CN), ]Cl, , 3H,O (KCP) has
recently attracted great attention because it is
considered to be a one-dimensional conductor. ' 4

Its crystal structure is of fundamental impor-
tance for any interpretation of the physical prop-
erties and indispensable for theoretical consid-
erations. Earlier determinations of the crystal
structure of KCP were based on film methods
only. ' We have reinvestigated the crystal struc-
ture and found novel aspects of the atomic ar-
rangements. '

With a single-crystal diffractometer (Syntex
type P2, ) we have measured 529 symmetry-inde-
pendent reflection intensities at room tempera-
ture. The average of the reflection intensities
is much larger for (hkl) layers with l =2n than
for E=2n+1. Therefore, in the following, re-
Qections with l =2n and 1=2n+1 are designated
as main-structure and superstructure reflec-
tions, respectively. We obtained 290 main-struc-
ture and 55 superstructure reflections with I
& 3v(I).'

With the use of these reflections and the struc-
ture model of Krogmann and Hausen' (KH model),
R values, which are a measure of the agreement
between observed and calculated structure fac-
tors, were calculated separately for main-struc-
ture and superstructure reflections:

fl =Qj IF, I
—IF, I I/+IF, I,

where I', and E, are the observed and the calcu-
lated structure factors, and N is the number of
structure factors. The R value for main reflec-
tions is 8, =0.03, and for superstructure reflec-
tions, R, =0.54. The low R, and the high R, val-
ues show that the KH model explains the main-

structure but not the superstructure reflections.
In the KH model the Pt and K atoms have a pe-

riodicity parallel to the c axis of exactly c/2. '
Therefore, these atoms do not contribute to the
superstructure reflections. These reflections
are generated only by C, N, and Cl atoms, and

H, Q; see Fig. 1(a). We calculated a Patterson
synthesis' using superstructure reflections only.
The synthesis showed not only the maxima and
minima required by the KH model but also a
strong contribution of the K atoms. Furthermore,
the data indicated that the K atoms occupy posi-
tions within one layer perpendicular to the t." axis.
This result contrasts with the KH model, where
the K atoms are statistically distributed within
two layers. The new K arrangement invalidates
the previously assumed mirror plane perpendicu-
lar to the c axis. The tetragonal-space-group
symmetry of the KH model (P4/mmm) is now re-
duced to Porn. For this latter space group the
four K atoms occupy the fourfold atomic position
4f in an ordered way. " Notice that the z coordi-
nates of all atoms are no longer fixed. This su-
perstructure model [Fig. 1(b)] was checked with
structure refinements, for which again only the
superstructure reflections were used. Qur re-
finements converged at R =0.12, which is a most
favorable value considering the weak intensities.
This R value agrees perfectly with the best theo-
retically possible R value, which follows from
the standard deviations of the measured intensi-
ties. This is the proof that our superstructure
is correct.

A difference Fourier synthesis using again only
superstructure reflections did not show any con-
tribution of Pt atoms. Furthermore, different


