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The diffusion of an optically injected electron-hole plasma parallel and perpendicular to an
applied magnetic field has been studied in germanium. The density gradient within the crystal
has been measured directly by an infrared-beam-absorption technique. Diffusion measurements
made parallel to the magnetic field are adequately explained by the theory. For values of co~7

&3.5 (where ~ is the electron cyclotron frequency and 7 is the electron scattering time with
the lattice), the diffusion across the magnetic field is more rapid than that predicted by a theory
that takes into account the anisotropic magnetoconductive properties of germanium. If we ex-
press the observed diffusion coefficient as the sum of the computed collisional coefficient plus
a term D~, representing the additional diffusion, we find that at the largest achievable values
of ~~a, D~,~~ is within a factor of 2 of the Bohm value kT/16eB cm sec

I. INTRODUCTION

A great deal of experimental and theoretical work
has been devoted to the problem of the diffusion of
a gaseous plasma across a magnetic field. The
diffusion rate is known to be bounded on the lower
side by collisional diffusion; however, many experi-
ments have yielded a diffusion rate much greater
than this lower limit. This "anomalous" diffusion
has been seen in both fully and partially ionized
plasmas s-6

In this paper we study the diffusion of an electron-
hole plasma in a semiconductor. For these experi-
ments the dominant collision process is between
the charged particles and the crystal lattice, rather
than between the electrons and the holes. There-
fore, the semiconductor plasma is more closely
analogous to the partially rather than the fully ion-
ized plasma.

In a comparison of the two types of plasma, an
important parameter is the product ~,v, where ~,
is the cyclotron frequency and 7 is the time interval
between collisions with the lattice in the semicon-
ductor plasma and the neutral atoms in the gaseous
plasma. For co,v & 1, diffusion in gaseous plasmas
has been seen to be collisional, while for ~,~ &1,
the diffusion in nearly all gaseous-plasma experi-

ments is much greater than collisional and varies
inversely with the first power of the magnetic field,
as Bohm predicted. In terms more familiar to
solid-state workers, the quantity co,v = p. B, where
p. is the carrier mobility. Values of pB &1 are
readily attainable in semiconductor crystals, so it
is natural to study cross-field diffusion in these
solid-state systems.

The idea of studying plasma-diffusion effects in
semiconductors is not new. Ancker- Johnson and
Berg have studied the effect of various magnetic
field configurations on plasma-loss in a semicon-
ductor. ~ They showed that certain field geometries
enhanced the lifetime of a plasma that was electri-

"cally injected into a semiconductor. However, they
did not measure the diffusion coefficient itself, and
in fact there has been no direct measurement, in a
semiconductor, of the variation of the diffusion
coefficient with the magnetic field.

To measure the diffusion coefficient of the elec-
tron-hole plasma directly, a method is needed to
measure the plasma density within the crystal.
We have developed a plasma-density probe that is
based on the absorption of a laser beam by the
plasma. The technique is an extension of work by
Harrick, who used a monochromator as a source
of infrared radiation, and measured the spatial
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variation of electron density injected across a p-n
junction by measuring the free-carrier absorption.
Ancker-Johnson and co-workers have used a CO~
laser as an infrared source, and measured plasma
density of the pinch in InSb by measuring free-car-
rier absorption. ' Slusher et al. have used a 1V-p.
Ne laser to measure the spatial variation of an
electron-hole plasma injected into InSb. '

We used a helium-neon laser for our plasma-
density measurement. This laser is an intense
source of infrared radiation, and the helium-neon
laser line at 3.39 p, corresponds almost exactly to
a strong absorption peak in germanium, due to an
interband hole transition. These two factors make
our technique well suited to the measurement of
plasma density within the crystal.

Germanium was used as the semiconductor sup-
porting the electron-hole plasma because its elec-
trical properties are well known, and because the
diffusion lengths are large enough to be easily re-
solvable by the density-measuring system. Two
geometries were used: a rectangular one and a cy-
lindrical one. The electron-hole plasma was opti-
cally injected into the sample by strongly absorbed
light at the surface; it diffused into the sample,
where the electrons and holes recombined. The
combination of diffusion and recombination led to a
plasma with a density gradient directed toward the
sample surface, with an e-folding length equal to
the square root of the diffusion coefficient times
the recombination lifetime f. = (D, t„)'~'. A magnetic
field was applied either parallel or perpendicular
to the density gradient. With the magnetic field
perpendicular to the density gradient, a current
flowed perpendicular to both the magnetic field and
the density gradient. For the rectangular sample,
continuity of this current was achieved by electrical
contacts at the ends of the sample and an external
circuit. For the cylindrical sample, continuity of
the current was maintained entirely within the sam-
ple. Measurement of the diffusion length as a func-
tion of the magnetic field allowed determination of
the variation of the diffusion coefficient with the
magnetic field.

The rectangular configuration is equivalent to one
that has been used for many years in the study of
the photoelectromagnetic (PEM) effect in semicon-
ductors. "'~ The PEM effect allows the measure-
meqt of very short excess carrier lifetimes, under
the assumption that the diffusion coefficient is re-
lated to the mobility by Einstein's relation. Then
the variation of the short-circuit current flowing
transverse to both the magnetic field and the density
gradient with magnetic field may be related to the
mobility and lifetime of the carriers.

The experiment with cylindrical geometry is
closely related to that used in measuring the Cor-
bino magnetoresistance in semiconductors. How-

ever, in the diffusion experiments we are studying
a nonequilibrium concentration of electrons and
holes, while for magnetoresistance measurements
the effect of the magnetic field on equilibrium elec-
trons or holes is measured.

Our experimental results are compared with a
theory derived along familiar lines to describe
galvanomagnetic effects in germanium. The start-
ing point of the calculations is the Boltzmann equa-
tion. Integration of that equation over de immedi-
ately yields the continuity equation. The equation
of motion for the plasma carriers follows from a
linearized solution of the Boltzmann equation. The
effects of anisotropic effective masses of electrons
and holes is taken into account. The final result is
a prediction of the variation of the plasma ambipolar
diffusion coefficient as a function of the applied
magnetic field, which is compared with the experi-
mental results.

II. THEORY

To describe the behavior of electrons and holes
in a solid-state plasma the effective mass approxi-
mation is used. This approximation effectively
reduces the complex problem of electrons in a peri-
odic lattice and an additional perturbing potential
( the external fields) to a problem much like that of
free electrons in the perturbing potentials. The
only change is that the free-electron mass is re-
placed with a "reduced" mass, which may be ani-
sotropic in space.

The Boltzmann equation is written in the form

sf Vqc ~ q V~&—+ ~ V„f+— E+ ~ &&B
i

~ V~ fet 8 5 5 j

Bf Bf+
et et

co 11 recomb

Integrating this equation over d'k, and noting that
collisions conserve particles, yields the continuity
equation for each species:

&n en '—+V nv=-
eg 9 g recomb

The recombination term is taken to be of the one-
body form (&n/&t)„„b= —(n no)/~„, where no is-
the equilibrium carrier density. This form will be
shown to be valid by our experimental results.

The equation of motion is derived from a solution
of the linearized Boltzmann equation, obtained by
writing f= f (e)n(x)+f~(k), where f («) is Max-
wellian and fq is to include linear effects of the
fields and gradients.

The perturbation in the distribution function, f~,
is assumed to be small compared with f0= f„(e)n(r).
After substitution of this expression for the distri-
bution function into the Boltzmann equation, re-
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grouping terms, and neglecting all second-order
terms, we get

~esf -- fi"F V e= —+~(V e)&&B V f (1)
8~ 0 ~ @

k 1 ~

where F=E+kTVn/nq is a generalized force in-
cluding electric fields and density gradients.

The collision term has been written in the relax-
ation form (8f/st)„» = —( f fo)/7-, valid for acous-
tic phonon scattering. Since we are looking for a
stationary solution we have set sf/Bt =0. The time
scale of recombination is very much longer than

that of scattering, so the recombination term in the
equation of motion may be neglected. For our pur-
poses the general solution is expressed in the in-
tegrated form

m,* 0 0
M= 0 m~ 0

0 0 m*

Each ellipsoid is centered at the Brillouin-zone
edge, so there are four equivalent ellipsoids. The
Boltzmann equation is written as in Eq. (1), with

the expression for the electron energy expressed
in the principal coordinate system having the form

The solution of this equation has been extensively
discussed in the literature. '~ The equation is
solved by putting f= f0+ fq, with f~ = —$(k) fa0/ 8&

Then, linearizing by taking only first-order terms
in the fields gives

I'=nv=n fq d k=—nU E,

where U is the magnetic-field-dependent mobility
tensor. The solution of this equation depends on the
form of e(k), the constant energy surface of the
holes or electrons in germanium.

The forms of &(k) for electrons and holes are
quite different; therefore, the calculation of the
mobility tensor for each case must be treated sepa-
rately. The following assumptions are made: (a)
The classical Boltzmann equation is valid, with an
isotropic, energy-dependent scattering time. ' (b)
Carrier scattering is due to interactions with lattice
acoustic phonons. (For the temperature range from
60 to 120 'K, this has been shown to be true. " For
carrier densities less than 4~10, carrier-carrier
scattering is negligible. )"'7 (c) Quantum effects
are negligible (h&u, /kT & 0.05 at the maximum mag-
netic fields used). (d) The electrons and holes are
in thermal equilibrium with the lattice due to the
high carrier-lattice collision frequency. (Because
the collisions are nearly elastic, the energy relaxa-
tion time is about 10 times the momentum relaxa-
tion time. But the energy relaxation time is still
less than 10 ' times the carrier lifetime, so the
electrons and holes are in thermal equilibrium with
the lattice for most of their lifetime. )

The sample orientation was chosen to be with the
I111]crystal axis parallel to the magnetic field.
This high-symmetry orientation was chosen to fa-
cilitate the computations of the electron- and hole-
mobility tensors.

Electron-Mobility Tensor

The well-known model for the energy surface
e(k) of the conduction band is eight ellipsoids in
the [111]crystal directions, with the effective-mass
tensor diagonal in the principal coordinate system
of each ellj.psojd

F —erM F&&B+(er) F ~ BM B/IM I

1+(er) M B B/IM I

and then the current is given by

'=-8 I vf d'k= ~ ' Q(&) ' d'k

—= neU F.
This expression defines the mobility tensor U .

The result for the mobility expressed in the prin-
cipal coordinate system of one conductivity ellipsoid

24

Uv= o'&w+&BP~(1 —&u) &~O~B-a ~

where 8=(B~, B2, 83) and B"=(B„B2,KB~), both

fields being expressed in components along the

principal coordinate axes of the conductivity ellip-
soid; &;» is the totally antisymmetric unit tensor;
n, P, and y are integrals of functions of the scatter-
ing time over the carrier -energy distribution:

( )
9w,

( g), 1 —n(X)/Kp,',px zj,

where

X= iswK(po) B.B* .

Here p.o is the longitudinal valley mobility, and K
is the ratio of longitudinal to transverse effective
mass.
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p, g

U„= p,"
0

—p, g 0
I"~ 0

Pii

Now the mobility tensor for each of the four con-
ductivity ellipsoids must be rotated from the prin-
cipal coordinate system of each ellipsoid to the
space axes, which are defined such that the magnet-
ic field, parallel to the [111]crystal axis, is along
the z space axis. First, the components of the
magnetic field are found in the coordinate system
of each ellipsoid and substituted into Eq. (2) to give
the mobility tensor for each ellipsoid. Then, these
tensors are individually rotated to the space axes
and summed to give the final mobility tensor for
the electrons. The result is

A, =1, A3=0,

The amplitudes of the harmonics depend on the form
of the energy surface and are not readily calculable
for a general surface; however, it is possible, using
knowledge of the crystal symmetry, to derive max-
imum amplitudes for the harmonics. For the case
of the magnetic field along the [001]crystal axis,
giving fourfold symmetry about the magnetic field,
this has been done and the results compared with
experiment. The coefficients necessary to fit ex-
periment to theory were found to lie between the
maximum amplitudes and those for a spherical en-
ergy surface. For our orientation there is three-
fold symmetry about the magnetic field. For this
case the maximum values of the harmonics are

with
j.A2= 4, i

A4 l6

4p.,"=n(X, )+-,'(5+4/K)n(X, ),
4p,,"=B[Ky(X~) + —,'(K+8)y(X2)],

4p [~
= u (Xg)/K + 3 (8 + 1/K) n (X2) + B [p(X~) + 3p(X2) ]

where

Xg ——f6 ' (p,o) B

X,=
9 [f'8~K(P,,')'(8+K)B'] .

The integrals e, P, and y have been tabulated,
and numerical solutions for the components may be
readily obtained. ' The results are related to con-
ductivity mobility values by requiring that p,~(B = 0)
= p.„ the conductivity mobility of electrons in ger-
manium limited by acoustic-phonon scattering.

Hole-Mobility Tensor

The two hole bands that contribute to the conduc-
tivity are degenerate at k=0; this degeneracy leads
to considerable warping of the heavy-hole energy
surface. For this case an analytical calculation of
the mobility tensor cannot be performed; however,
McClure has devised a method which allows a good
approximation to the mobility to be made. 2' He
considered the motion of the hole in its orbit about
the magnetic field. His result is a mobility tensor
whose components are expanded in harmonics of the
heavy-hole rotation frequency:

h 1P'c 2V'c + ~ ~,
h A h

1 + (dc7 1 + 2(a)c

h Agc7 P c A22c~&c
1+((u,r)' 1+ (2(u,r)'

The brackets indicate averages over the hole dis-
tribution function

P(x)e *x dx .2

4p

The terms A& for i & 2 will have little effect; at ~,7
= 1, the fourth term in p," is less than 1/o of the
first. Therefore, we include only Az and A, in the
hole mobility. We choose Aq=1 and A2=0. 15, be-
tween the limits calculated for the spherical energy
surface and the triangular one. %e also need a
relationship between ~,7 and p, ",B. For the case of
cubic energy surfaces, it was found experimentally
that m, 7 =0.94phB. %e arbitrarily use this result
in our numerical evaluation of the hole mobility.
These two choices do not strongly affect the theo-
retical predictions. They essentially affect only
slightly the scaling of the mobility, and they leave
the form of the D,(B) prediction unchanged.

The final expressions for the heavy-hole mobility-
tensor components are

p,"= (p, ", /1. 15Kpa) [n(vq) +0. 15o (v,)],
,"= [(p,,") ,B/0. 70K(po) ][y(vi) —0.3y(v2)],

where

»= ~8.(0 94&",B).',
v, = ~ w(1. 88 ',"B)', ,

(p ')'B
1+(p'B)',

(u ) B
1+(p'B) 1+ (p,, B)

and n and y are defined above.
This theory is unable to provide an expression

of hole mobility parallel to the magnetic field; for
this component we shall use results experimentally
obtained.

The light-hole band contains about 4% of the holes.
It is known to have a nearly spherical energy sur-
face, with a mobility eight times that of the heavy-
hole conductivity value. 7 The mobility tensor for
this band may be written

p,

1+(p, 'B)'
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Absolute values of electron and total hole conduc-
tivity mobilities are taken to be equal, as has been
found by Morin for the temperature range in which
we are working. " The values for p.,"and p' are
found by setting the total hole conductivity mobility
0. 96 p, ", +0.04p, ,' equal to the electron conductivity
mobility, and noting that p,

'= 8p, ,".

Dependence of Diffusion Coefficients on Magnetic Field

The solution of the equations of motion for the
holes and electrons has been found in terms of a
mobility tensor for each species. Combination of
these results with the continuity equation will allow
us to solve for the plasma diffusion coefficient as a
function of the magnetic field. For each calculation
below we assume that the diffusion is ambipolar, so
the particle fluxes in the direction of the density
gradient may be set equal. This allows us to solve
for the ambipolar electric field, which is the only
electric field assumed to exist in the crystal. As
the material is n type at liquid-nitrogen tempera-
tures, we set N equal to the number of extrinsic
electrons, and neglect the very small number of
extrinsic holes. Three cases will be considered:
(i) diffusion parallel to the magnetic field in a rec-
tangular geometry, (ii) diffusion perpendicular to
the magnetic field in a rectangular geometry, and
(iii) diffusion perpendicular to the magnetic field in
a cylindrical geometry. The calculations are sim-
ilar for the three cases. The case of perpendicular
diffusion in the rectangular geometry will be shown
in some detail; only the resultant differential equa-
tions will be presented for the other two cases.

Perpendicular Diffusion, Rectangular Geometry

Using the equations of motion as derived above,
we may write expressions for the hole and electron
fluxes into the sample:

„&n~ = -npiE — p j.
(3)

pl lE E I +ph hE huT e ' ur e "
9$

These expressions may be considerably simplified
by noting that the light and heavy holes are always
in equilibrium with each other, with p" = 0.96p and
p' =0.04p. Then we can make the abbreviation
h' p,,'+p"p, ,"=pu~, giving p, ~=0.96p,,"+0.04p,,', and Eq.
(3) takes the form

~p=P+j. &a p j. ~

kT ~ ~P
P 1. g J. 8

~

The continuity equation for electrons, for ex-
ample, is

With the assumptions of quasineutrality and that
~„=7&, it is readily apparent that 1 „=I'~. From
experimental results to be presented below, we have
found that ~ does not depend on the injected plasma
density. This result is expected for low trap den-
sities (N, &N) and high injected carrier densities
(n &N) T. hen under these conditions n„, =P„& and

Setting the fluxes of holes and electrons
equal allows us to solve for the ambipolar electric
field.

The result is simplified by writing n=n&, &+N
and p ~in) nin

2 2 I
n, » ~ n,»

&
6N ~n&, &

6N

where

(4)

n P fl
p. -p, i p,

2pz pj. + pj.

2p, ~pq kT
e(v +p )

The 5 term results from the fact that for our large
injected plasma density the ambipolar diffusion
coefficient is dependent on the density. The solution
to first order in 5, taking dominant terms in
N /n„& &1, is

N
n (y)=n(0)e '" 1 —— ~+ ~

nj»

The dominant term is the familiar exponential
decay of density with distance into the sample, with

decay length given by I = (D,~„) ~ For our ex.peri-
mental conditions 5&0.2 for pB&6, N /n„, &0, . 2,
and y/I, & 2, so the maximum correction due to the
extrinsic electron density is less than 1/0, and may
be neglected.

Parallel Diffusion, Rectangular Geometry

The solution for the plasma-densitydistributionin

Then, using this expression in the electron equa-
tion of motion allows us to write the electron flux
into the sample in terms of the electron density
gradient:

kr p.,"pf(nsp/sy+pas/sy)
e P p,, +np. ,"

Inserting this result into the continuity equation
gives a differential equation for the plasma density
as a function of position into the sample:

n kT „, 8 nep/ay+pen/By
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this case is identical to that treated above but for
the replacement of p, ," by p, ,

", and p, f by p, „ in Eq. (4).
The expression for the diffusion length then becomes

This expression is evaluated using the theoretically
derived values for p~~ and the experimentally ob-
tained values for p. ,~i from Furth and Waniek.

Perpendicular Diffusion, Cylindrical Geometry

Solving for the ambipolar electric field and using
that result in the electron continuity equation gives
the following differential equation to be solved for
the plasma-density distribution:

2 I
nf flj 1 ~nf ) '5N

L 82 r Bx n«&+N

I
enon~

Bx (n„)+N')

where L is given by Eq. (5).
The solution for 5 = 0 is the Bessel function Eo,

which may be approximated to within 2% by Ko
=Le ' e " . Then, to first order in 5 we find

2-r)1. 5 N
8 1 —— + ~ ~ ~

4n„) L

Because'the injected plasma in the cylindrical
case was less than in the rectangular case the term
due to the extrinsic electron density is larger',
however, its maximum size for our experimental
conditions is less than 10% of the dominant term,
and again the correction will be neglected.

III. EXPERIMENT

Sample Preparation

The material used in these experiments was n-
type single-crystal germanium obtained from Syl-
vania Electronic Products. The extrinsic electron
density was 3&&10' cm at 85'K. The samples
were obtained by x-ray diffraction techniques to
have one face within 4' of the [111]crystal axis.
This axis was always kept parallel to the magnetic
field. The two facing sides which were to serve
as infrared windows were lapped with progressively
finer grades of lapping compound, finishing with
0. 3- p, particle size. They were lapped at an angle
of —,

' degree with respect to each other to eliminate
Fabry-Perot effects. The surface that was to be
the one at which the plasma was injected was lapped
with 1- LU, lapping compound and then etched in
CP4A for 45 sec to remove damaged material re-
maining from the lapping operation. Because of
the difficulty of lapping the hole in the cylindrical
sample, it was etched for 150 sec to ensure that
all damaged material was removed. Then the

samples were washed in distilled water and etched
in" Ge No. 5 to give the final low surface-recombina-
tion surface. ' This completed the preparation of
the cylindrical and rectangular samples used for
measurement of diffusion parallel to the magnetic
field. The rectangular sample, used for measure-
ment of diffusion perpendicular to the magnetic
field, had four voltage probes of 2-mil gold wire
welded to the plasma injection surface about 1. 5
mm apart, in a row in the direction of the diamag-
netic current. The function of these probes will
be described later. Two current leads were con-
nected to the ends of the sample, using silver-filled
epoxy. The rectangular samples were 10 X 10&& 5
mm in the direction of plasma diffusion. The cy-
lindrical sample was 25 mm o. d. by 10 mm i.d.
by 10 mm thick.

Plasma Injection Source

The plasma source was a high-pressure 500-W
mercury arc. The light was collimated by an f/1. 2
Pyrex lens and passed through a rotating chopper,
which modulated it at 105 Hz. The light from the
chopper was passed through a 1-cm water filter
and a second Pyrex lens, which focussed it near
the sample. The water filter removed all light
with wavelength greater than 1.4 p, ; the remaining
light was strongly absorbed by the germanium at
its surface. This filtering ensures that all plasma
inside the sample is there due to diffusion from the
surface and not because of volume generation by
weakly absorbed light. The carriers, which were
excited by light with wavelengths shorter than the
band edge, had an energy higher than the lattice
temperature, but they quickly relaxed to the lattice
temperature due to collisions with acoustic and
optical phonons. ' For the rectangular samples,
the plasma-injection light was measured to be uni-
form within + 2% over the injection surface, by
using a calibrated germanium photoconductor. The
maximum injected plasma density was 2&&10

cm '. For the cylindrical sample, the plasma-
injection light was measured to be uniform to within
+4% in the azimuthal direction. This was accom-
plished using a second cylindrical sample to which
a photovoltaic probe was attached on the illuminated
surface. The photovoltage wa, s calibrated, as a
function of illumination, with calibrated screens.
Rotation of the detector sample in the sample mount
allowed measurement of the azimuthal variation of
the injection light. The maximum plasma density
in the cylindrical sample was 1. 5&&10 ' cm

Plasma-Density Measurement

The plasma-density measurement was based on
the fact that the absorption of infrared radiation of
wavelength greater than the band edge, passing
through germanium, is dependent on the number
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FIG. 1. Experimentally. measured absorption coefficient
of infrared radiation in germanium (see Ref. 31).

Ge

of free electrons and/or holes present. The ab-
sorption coefficient is shown in Fig. 1 as a function
of temperature and wavelength. " The peak at about
0. 35 eV is caused by transitions between the spin-
orbit splitoff hole band and the remaining two hole
bands. The absorption peak has been shown to be
independent of the type and number of acceptor
atoms, and to be proportional to the density of
free holes. '4 The proportionality has been shown
to hold for nonequilibrium injected holes, as well
as for those in thermal equilibrium. " Therefore,
absorption of infrared radiation at 0. 35 eV is ideal-
ly suited for our application as a plasma-density
probe.

A helium-neon laser was used as a source of
infrared radiation at 3. 39 p, , very close to the ab-
sorption peak. A l-in. focal-length quartz lens
was used to focus the beam onto the sample, and a
similar lens was used to collimate the emerging
beam. The beam diameter (at half-power points)

was measured to be 0. 11 mm at the sample posi-
tion, which is close to the diffraction-limited value
of 0.07 mm. For an exponential decay of plasma
density with distance, resolution is 1'm.ited by the
precision of the mechanical system moving the
laser beam across the plasma profile, and not by
the size of the laser beam, as long as the beam is
entirely within the plasma.

Access to the sample in the magnet was perpen-
dicular to the magnetic field. For measurement
of diffusion parallel to the magnetic field, the in-
frared beam was directed through the sample per-
pendicular to the field. The Dewar had two quartz
windows. The lenses and detector were mounted
on a bar that was moved with a micrometer screw
across the magnetic field to sample the plasma
density, the sample remaining fixed. Figure 2 is
a sketch of the apparatus used for measurement
of plasma diffusion parallel to the magnetic field.

For measurement of diffusion perpendicular to
the magnetic field it was necessary to direct the
laser beam parallel to the field. Two quartz
prisms were mounted on the Dewar tailpiece, to di-
vert the beam so that it traversed the sample par-
allel to the magnetic field. The lenses were also
fixed to the tailpiece. The plasma was scanned by
moving the sample vertically across the stationary
laser beam. A sketch of the apparatus used for
measurement of diffusion in the rectangular sample
perpendicular to the magnetic field is shown in
Fig. 3. The only difference between the rectangu-
lar-sample arrangement and that used for the
cylindrical sample is in the method of injecting the
plasma& The plasma-injection scheme used for
the cylindrical sample is shown in Fig. 4.

After having traversed the sample, the laser
beam was directed onto a room-temperature lead-
sulphide infrared detector obtained from Santa
Barbara Research Corporation. The resulting
signal was measured with a PAR HR 8 lock-in
amplifier, which was synchronized to the frequency
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FIG. 2. Pictorial representation of the optical apparatus
for the measurement of diffusion parallel to the magnetic
field.

FIG. 3. Pictorial representation of the optical apparatus
for the measurement of diffusion perpendicular to the.mag-
netic field.
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of the plasma-injection light chopper. Figure 5 is
a schematic diagram of the entire plasma genera-
tion and measurement apparatus.

The lower limit on measurable plasma density
was determined by the noise resulting from mechan-
ical vibration. The minimum measurable signal
was &I/ID= 5&&10 e, corresponding to a plasma den-
sity of 3&10 cm . The noise that limited this
sensitivity was carried on the laser beam, so in-
creasing the laser power did not improve the sen-
sitivity.

The experimental results were collected in the
following manner. The magnetic field was set at a

FIG. 4. Plasma-injection method for cylindrical sample.
The combination of diffuser and aolanar mirror gives uni-
form injection on the interior of the hole through the
sample.

fixed value. For perpendicular diffusion in the
rectangular sample, an external current source
was used to set the diamagnetic current so that the
voltage in the diamagnetic direction, measured by
the four probes on the sample surface, was zero.
This procedure was necessary to overcome contact
resistance. This procedure was unnecessary for
the cylindrical sample, since the diamagnetic cur-
rent flowed entirely within the sample. Each sam-
ple was moved vertically across the laser beam in
increments of 8 mm. At each point the total trans-
mitted laser beam intensity, and the modulation on
the beam due to absorption by the injected plasma,
were measured. The absorption of the laser beam
was directly proportional to the plasma density.
Such measurements of plasma density (as a function
of distance) for the rectangular sample are shown
in Fig. 6. They may be fitted with a straight line
to give the diffusion length.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental data for the case of diffusion
parallel to the magnetic field are shown in Fig. 7.
There is good agreement with the theory IEq. (6)]
for all magnetic fields. The value of conductivity
mobility used to scale the theoretical curve is 2. 8
m /V sec, in good agreement with other measure-
ments in the literature. In gaseous plasmas one
does not find that the diffusion coefficient parallel
to the magnetic field is affected by the magnetic
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FIG. G. Schematic diagram of the infrared density probe
and plasma-inj ection apparatus.

FIG. 6. Laser measurements of plasma density in
germanium as a function of position in germanium crystal,
for diffusion perpendicular to the magnetic field, with
magnetic field as parameter.
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FIG. 7. Measured variation of parallel diffusion coef-
ficient in germanium with. magnetic field (dots) and theory
(solid linc: ) for sample at a temperature of 88 K.

field. However, in this solid-state plasma, inter-
action of the carriers with the lattice gives rise to
this unusual effect.

The good agreement between theory and experi-
ment, for all values of magnetic field, shows that
the recombination lifetime is unaffected by the
magnetic field. This fact is important in the dis-
cussion of the perpendicular diffusion results.

For both the parallel and perpendicular diffusion
measurements, the variation of plasma density with
distance into the sample is exponential. This fact
shows that the recombination is correctly described
in the theory by a one-body recombination term,
even for injected carrier densities much larger

than the extrinsic carrier density. This result is
expected for certain densities of recombination
centers in germanium. ~

The experimental results for the case of diffusion
perpendicular to the magnetic field are shown in
Fig. 8 for the rectangular geometry and in Fig. 9
for the cylindrical geometry. The value of conduc-
tivity mobility, p, = 2. 8 m /V sec, for the theoreti-
cal curves [Eq. (5)] is chosen so that the theoretical
curve fits the experimental points for low magnetic
fields. This value of mobility agrees well with that
determined by others for this temperature. " There
is more scatter in the results for the cylindrical
geometry because of difficulties in measuring the
lower injected plasma density. Nevertheless, these
results show the same trend as those for the rec-
tangular geometry. The fit of theory to ezperimen-
tal results is good for p.,B & 3.5, but for larger
values of p.,B the experimentally determined diffu-
sion coefficient does not decrease as rapidly as
predicted with increasing magnetic field. Following
Geissler, we write D=Dth ~+D„„„,where D„, ,
represents the unexplained or "anomalous" diffu-
sion. We observe that D„, is negligibly small
at low magnetic fields, but at the highest achievable
values of p, ,B, D,„, , reaches a value of about 1.5

times the Bohm value ~~ kT/e8 cm sec '.
The large scatter in our measurement of D, (0)/
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FIG. 8. Measured variation of perpendicular diffusion
coefficient in germanium with magnetic field (dots) and

theory (solid line) for rectangular sample at a temperature
of 92 'K. The difference at high magnetic fields is of
the order of the Bohm diffusion coefficient. The scatter
of the experimental points is indicative of the experimen-
tal reproducibility.

FIG. 9. Measured variation of perpendicular diffusion
coefficient in germanium with magnetic field (dots) and

theory (solid line) for cylindrical sample at a temperature
of 95 'K. The difference at high. magnetic fields is of the
order of the Bohm diffusion coefficient. The scatter of
the experimental points is indicative of the experimental
reproducibili ty.
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FIG. 10. Measured variation of perpendicular diffusion
coefficient in germanium with .magnetic field (dots) and
theory (solid line) for rectangular sample at a temperature
of 111 K.

D,(B) in Figs. 8 and 9 is probably due to the method
of presenting the results. The experimentally mea-
sured quantity is the diffusion length L, which is
related to D,(0)/D, (B) by

D,(0)/D (B) 1/L' .
Then the scatter is

D~(0) ) —2 &L
Di(B) ) L L

So for a fixed relative scatter n. L/L in L, at large
magnetic fields where L is small, the scatter in
the values of D,(0)/D, (B) is expected to be greater
than that at low magnetic fields.

The method of laser-beam absorption measure-
ment, which utilized lock-in detection and integra-
tion over several hundred plasma-injection pulses,
tended to average out any plasma fluctuations.
Therefore it is very unlikely that the scatter in
D,(0)/D, (B) at large magnetic fields is due to plas-
ma turbulence effects.

Experimental results for the case of lower car-
rier mobility, obtained by heating the rectangular
sample to 111'K, are shown in Fig. 10. These
results agree with the theory [Eq. (4)] for all mag-
netic fields, so the enhanced diffusion is not deter-
mined by magnetic field alone, but is also depen-
dent on the scattering time 7..

There is nothing in our results which would indi-
cate a reason for the enhanced diffusion. It is
known that dc electric fields have. been the cause
of enhanced diffusion in multipole and Q-plasma
devices. We had suspected that possible problems
associated with the current contacts in the rectan-
gular geometry could be the cause of dc electric
fields which would affect the diffusion, but the con-
tactless cylindrical sample gave identical results.

Often in gaseous plasmas enhanced diffusion is

accompanied by oscillations in the plasma The
voltage probes on the rectangular sample were used
to look for oscillations in the plasma. No oscilla-
tions were seen over a frequency range from 200 Hz
to 20 MHz, using detectors with a minimum sensi-
titivity of 0.001ST V. It is possible that oscillations
outside of the frequency range studied were present,
or that they did not couple to the probes.

It is interesting to compare the present results
with those obtained by Moore and Kessler in their
measurements of the magnetic moment of a solid-
state plasma. " They measured the diamagnetic
current associated with the diffusion of the plasma
to the surface of the crystal, and used a single-
particle theory that did not include anisotropic ef-
fects to describe the plasma motion. For values of
ur, 7 & 1, they had agreement with their theory, but
for ~,7 &1, the experimental results diverged from
the theory. We find that our anisotropic theory also
fails to agree with their experimental results. They
attributed the deviation of experiment from theory
to effects of the nonuniform magnetic field. It is
also possible that an enhanced diffusion would cause
the diamagnetic current to differ from thatpredicted.

In connection with our measurements of the dif-
fusion length of the electron-hole plasma we also
made measurements of the PEM short-circuit cur-
rent. We found that the exact form of the current
dependence on magnetic field differed from sample
to sample, depending critically on the surface treat-
ment. This is expected from theoretical analysis.
However, we noted that a good fit between theory
and experiment, for the variation of the PEM cur-
rent with magnetic field, could always be obtained
by choosing an appropriate value for the surface-
recombination coefficient. This result is surpris-
ing, since we found that the theory was inadequate
to describe the diffusion effects at large values of

It turns out that varying the surface-recombi-
nation coefficient in the theory mainly affects the
form of the PEM current for large magnetic fields.
Therefore, choosing an incorrect value of the sur-
face-recombination coefficient can cancel out the
effect of the enhanced diffusion on the PEM cur-
rents. Thus, the inadequancy of the present theory
to describe the diffusion of an electron-hole plasma
in germanium does not become apparent in analysis
of PEM measurements, for which there is a free
parameter available to adjust the form of the theo-
retical predictions.

Several directions are possible for extending the
present results. Among them would be the desir-
able one of extending the measurements to higher
values of ~,v, either by using larger values of mag-
netic field, or by going to lower temperatures, or
both. These measurements would make it possible
to determine the magnetic-field dependence of the
enhanced diffusion. Also, a more thorough search
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for oscillations might give an indication of the me-
chanism involved.
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Calculations are presented for the photoionization cross section of the neutral iron atom for
photon energies from threshold to 10 keV. Our results are based upon the use of nonrelativistic
wave functions and the dipole approximation. Correlations are included to low orders by the use
of many-body perturbation theory; and the cross section including correlations is found to differ
greatly from thatobtained from the Hartree-Fock approximation. Hartree-Fock results are also
presented for comparison. We roughly estimate our cross section, including correlations near
threshold, to be accurate to within a factor of 2 when integrated over a few eV.

I. INTRODUCTION

Photoionization cross sections are of considerable

interest in atomic physics and in astrophysics, and
it is desirable to have reliable cross sections over
a wide range of energy for many elements. Excel-


