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Comprehensive measurements of magnetic-field and temperature dependence of electrical con-
ductivity in the two-dimensional electron gas of a silicon metal-oxide-semiconductor field-effect
transistor reveal unexpected values of interaction constants. Parallel-magnetic-field measurements
show previously unseen dependencies on both temperature and carrier concentration, and these ob-
servations are corroborated by analysis of the temperature dependence of conductivity in both zero

and small perpendicular magnetic fields.

I. INTRODUCTION

The magnetic-field and temperature dependence of the
electrical conductivity (o) of a disordered electronic sys-
tem can yield much useful information about its micro-
scopic properties. In this paper we initially review the
currently accepted transport theories of weakly disor-
dered systems, with particular reference to the two-
dimensional electron gas (2D EG) formed at the Si/SiO,
interface in a metal-oxide-semiconductor field-effect
transistor (MOSFET). We then describe our experimen-
tal techniques and measurements. Finally, we discuss the
significance of our findings and offer a possible explana-
tion for these observations.

Our measurements can be divided into four separate
areas.

(1) Parallel-field magnetoconductivity [o(B)] which
we find is anomalously large.

(2) Temperature dependence of conductivity [o(T)]
with no applied magnetic field, which gives information
relating to both interaction and localization effects.

(3)  Low-perpendicular-field  magnetoconductivity
[o(B,)] which shows the characteristic parameters of lo-
calization, permitting untangling of the interaction con-
stant from the temperature-dependence measurement.

(4) Temperature dependence of conductivity [o(T,B,)]
with a small perpendicular magnetic field applied. The
magnetic field should suppress weak localization effects,
and thus provide a third independent measurement of the
interaction constants.

Previous experimentalists (Bishop, Dynes, and Tsui,! in
particular) have reported measurements showing unex-
pectedly high values of interaction constants obtained by
parallel-field magnetoconductivity experiments. We
confirm these observations, and find further discrepancies
in the theory regarding temperature dependence of the
interaction constants.

The MOSFET provides an ideal system to study elec-
tronic processes in two dimensions. This is due to a very
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thin (approximately 10 nm) electron inversion layer at the
semiconductor-insulator interface. In addition, by
changing the voltage applied to the gate, the number of
carriers in the inversion layer can be controlled easily and
precisely. This allows a wide range of measurements to
be made on a single device. (See the review by Ando,
Fowler, and Stern.?)

The conductivity of an inversion layer in a silicon
MOSFET is affected profoundly by localization phenom-
ena and electron-electron interactions. According to the
scaling theory of localization>* a two-dimensional system
is said to be weakly localized in the presence of small but
finite amounts of disorder. This has the effect of reducing
the conductivity at very low temperatures from the
Boltzmann or Drude value. The weak-localization
theory is only valid in the regime where the distance an
electron travels before being scattered is greater than its
Fermi wavelength, i.e., kp/ >1, where [ is the elastic
mean free path, and k, the Fermi wave vector.

The effect of electron-electron interaction in the pres-
ence of disorder is to reduce the density of states at or
close to the Fermi level.>~7 This again has the effect of
reducing the conductivity from the semiclassical value.

In an independent-electron model, weak-localization
considerations predict a logarithmic temperature depen-
dence to the conductivity in 2D. On the other hand,
when considering only interaction effects, a similar loga-
rithmic correction is predicted. The two phenomena are
consequently very difficult to distinguish by measuring
o(T).

In a perpendicular-magnetic-field measurement the
negative electron-electron interaction magnetoconduc-
tivity can be masked by the positive localization effect.
Further complications can arise from Landau-level
effects, which cause the conductivity to oscillate. It is,
consequently, very difficult to obtain useful information
regarding interaction processes from perpendicular
magnetic-field measurements.

If, however, the sample is aligned exactly parallel to
the magnetic field, the localization and orbital effects will
be absent and the interaction effects, which are largely in-
dependent of field orientation, can be measured.
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II. THEORETICAL BACKGROUND

Theoretical work has concentrated on two main areas:
first, localization of noninteracting electrons due to disor-
der in the system which reduces the diffusivity of the
electrons, and, second, electron-electron interactions in
the presence of disorder which lead to a correction to the
single-particle density of states. If we write the conduc-
tivity o as

o=e?N(Ep)D(Eg) , (1)

where D (Ef) is the diffusion coefficient and N (E[) is the
density of states at the Fermi energy Ep, it can easily be
seen that first-order corrections to either D(E[) or
N (Ep) will produce first-order changes in the conductivi-
ty. Both D(Eg) and N(Eg) show temperature depen-
dence and so both of the effects described will lead to a
temperature dependence of conductivity. In two dimen-
sions, theories based on localization and interaction pre-
dict rather similar behavior for the conductivity as a
function of temperature [i.e., o has In(T) dependence],
and so the two mechanisms are difficult to distinguish.

Following the work of Thouless’ and Abrahams
et al.,* the scaling-length dependence of the conductivity
of a 2D EG is given by

L

Ly

2
o(L)=0(Ly)—Z~In

) (2)
#

where a is a constant or order unity and is a measure of
the amount of intervalley scattering, and L is the system’s
linear dimension. At T=0 and in a zero magnetic field, L
would be given by the sample size, but at finite tempera-
ture T, or magnetic field B, L may be replaced by L; (the
inelastic diffusion length) or L. [the cyclotron length
(#/eB)'/?], or some combination of the two.

o(T) can be deduced from this via the temperature
dependence of the inelastic scattering rate, 7;, which can
be approximately written as 7; < T ~?, where p is an index
depending on the scattering mechanism, dimensionality,
etc. This leads to

2
_ ape” | T
(T =0(Ty)+ Zﬂzﬁ]n |- 3)

Following work by Alt’schuler, Aronhov, and Lee,}
Alt’schuler et al.,’ and Finkelstein,'° among others, it is

]
o(T,B)=0(Ty,0)+ 22 | L | 2’
’ ” 2 7n | T, | 20
2 F 2
e = T o e
4+ (2_3F )n|— |- (h),
4rH 2 0 2 20
where
# .
a=—, a'=
2eBL} 2eBI?

Yla+3)—Yla’+3)+2In

M. S. BURDIS AND C. C. DEAN 38

expected that in the regime kpl >>1, taking interactions
into account, the conductivity will behave as

o(T)=0(Ty)+(2—3F,) L In I , (4)
2 4mh T,
where F, is given by
FU=8(1+F/2)IH(1+F/2)—-4, (5)
F
and F, which is a measure of the screening, is given by
27 1 1
F= do— .
fo 2 14+ (2kp/k)sin(6/2) ©

Here, « is the inverse screening length in 2D,

ezN(Ep)

7
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Earlier theories included (2—2F) in the prefactor of
Eq. (4) rather than 2—3F_, but these have since been re-
vised. (See the review article by Lee and Ramakrish-
nan.'!)

As can be seen from (4) when kp/k—0, F—1, while
when kr/k diverges F—0, so in a well-screened system
there is very little temperature dependence due to
electron-electron interactions. It is clear that (3) and (4)
can be identical given appropriate values of a, p, and F;
consequently, a conductivity measurement cannot distin-
guish the dominant process involved. As can be seen
from the form of (6) above, F should theoretically lie in
the range O<F<1, implying F, in the range®
0<F » <0.865, with no possibility of values greater than
unity.

Various workers have shown that the localization and
interaction effects depend very differently on an applied
magnetic field.!'! For perpendicular fields, 2D localiza-
tion effects are reduced significantly when L, < L;, and as
the localization phenomenon is an orbital effect in the
plane of the 2D EG, it is unaffected by a parallel field.
However, the major effect of the magnetic field on the in-
teraction term is to introduce spin splitting of the ener-
gies of the up- and down-spin electrons, thus altering the
effective density of states and the Fermi energy: this
effect is largely independent of field orientation.

By taking all these features into account, the conduc-
tivity in two dimensions can be written as

|

1

0l

(8)

]

and 9 is the digamma function. For a derivation of the
term in v, see Hikami, Larkin, and Nagaoka.!? h is the
ratio of the spin-splitting energy to the thermal energy
h=g;upB/kyT. The size of the interaction magneto-
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conductivity is determined in terms of A by

gh)=["do

The different contributions to o in (8) are difficult to
untangle, but for the case of a constant-temperature,
parallel-magnetic-field measurement the magnetoconduc-
tivity reduces to

w h?

In |1

o1 —;07 9)

2
2 20
and so fitting experimental data to the function g(h)
should enable the prefactor F; to be determined.

Lee and Ramakrishnan!® calculate the two limiting
forms of g (h) as

o(B|)=0(0)— g(h), (10)

g(h)=0.084h%, h <1 (11a)
g(h)=In 13l h>1. (11b)
Kawabata!* also derived limiting expressions for the

conductivity based on similar arguments. We have evalu-
ated (9) for all values of & (Ref. 13) (see the Appendix),
and our result for g (h) is shown in Fig. 1. The limiting
forms of Kawabata’s expression are also given in the Ap-
pendix, and the numerical coefficients quoted agree with
those obtained from our evaluation to a high degree of
accuracy.

Previous workers' have fitted parallel-field magneto-
conductivity data to the limiting forms of g (k) [(11a) and
(11b)] and obtained values for F which exceed unity.
They state that fitting the low-temperature R (H) data to
In(h) and the high-temperature R (H) data to h? “yields a
similar value for F implying no strong temperature
dependence to this parameter.” By extending this pro-
cedure to include fitting to the whole function g(h), as
well as its limiting forms, we reveal a temperature depen-
dence of F,. What is also evident from our fitting pro-

0.1 ‘ 1 . 10 100
h

FIG. 1. The function g(h) obtained by numerically integrat-
ing (9), showing the low-h parabolic regime and the high-h loga-
rithmic regime.
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cedure is that the theory function fits less well at lower
temperatures, indicating either the perturbation-limit
breakdown (i.e., kI ~1), or showing that the theoretical
function g(h) does not describe the experimentally ob-
servable behavior at very low temperatures.

Further useful information may be obtained by looking
at the B=0 temperature dependence of conductivity,

_z T
o(T)=0(Ty)+ h1 T
T

(2—2 (12)
+ ﬁ To

The factor ap +(1— %F ) can then be extracted exper-
imentally as a function of carrier concentration (or gate
voltage). Given that ap has been uniquely determined
from low-field perpendicular magnetoconductivity mea-
surements, then F_ can, in theory, be found unambigu-
ously from the o(T) measurements.

Furthermore, if the temperature dependence of con-
ductivity is measured with the sample placed in perpen-
dicular magnetic field strong enough to reduce localiza-
tion effects significantly, but not so strong that the in-
teraction effects become important, the resulting temper-
ature dependence should be given by the fourth term in
(8) alone.

III. EXPERIMENTAL PROCEDURE

The devices studied were silicon MOSFET’s fabricated
on 14-20-Qcm (100) p-type silicon with a gate oxide
thickness of 1000 A source to drain length of 300 um,
width 30 um, and with voltage probes on both sides,
one-third and two-thirds of the way along.

The cryostat used was a “single-shot,” continuously
pumped *He system, with a 300-mK base temperature
and 10-T magnet.

The conductance of the inversion layer was measured
using a true four-terminal technique. The measurement
was made at approximately 79 Hz using a phase-sensitive
detector. All measuring signals were kept low enough to
prevent significant electron heating by the electric field
across the sample (in practice, <1V m~ ! in all cases).

Particular attention was paid to radio-frequency (rf)
screening and filtering of the signal lines, to prevent cou-
pling of rf into the sample, which would cause heating of
the electron gas. All earth loops in the coaxial cable
shields were prevented by using a “star” earthing ar-
rangement, where the cryostat itself was only earthed via
a single low-impedance connection to the electronics
ground.

Very careful alignment of the sample is essential in a
parallel-field measurement because the perpendicular
effects become significant at magnetic fields at least an or-
der of magnitude smaller than for the parallel effect. In
principle, the Hall effect can be used to align the sample
so that the magnetic field is accurately in the plane of the
2D EG. The Hall voltage depends only on the perpendic-
ular component of the field: in a real sample it is neces-
sary to look at the Hall resistance for both signs of mag-
netic field, to allow for any minor misalignment of the



3272

voltage probes. By use of a top-loading cryostat, allow-
ing sample adjustment through a small angle and re-
insertion, we have been able to reduce field misalignment
to 0.07°+0.01°, giving a perpendicular-field component of
less than 7 mT when the total field is 5 T, which is neces-
sary for these measurements.

A calibrated germanium resistance thermometer was
mounted on the same copper tailpiece as the sample.
Both devices had their wires firmly heat sunk to the
copper, to ensure they were in thermal equilibrium.

IV. EXPERIMENTAL RESULTS

Our experimental measurements can be divided into
four separate areas.

A. Parallel-field magnetoconductivity [0 (B )]

o(B|) has been measured over the range 0<B <5 T,
and for various values of gate voltage (i.e., different
values of kgl/), at temperatures of 4.2, 1.4, and 0.5 K.
Figure 2 shows typical data at ¥, =2.0 V for these tem-
peratures. The solid lines are generated by first numeri-
cally integrating g (&) in (9) and then fitting (10) to the ex-
perimental data. Note that the fit becomes progressively
worse as the temperature is lowered, indicating that the
high-h behavior of g (h) is incorrect. Because of this, the
values of F,(T,V,) shown in Fig. 3 are obtained by
fitting the low-h parabolic limit of g (4) to the 4.2-K data
and the high-A logarithmic limit of g (4) to the 0.5- and
1.4-K data. (Note that the values of F, obtained using
the low-h parabolic limit at 4.2 K agree with those ob-
tained from the full fitting procedure to within experi-
mental uncertainty.) Also the values of F, obtained from
fitting the high-A limit of g(h) at 1.4 K are consistently
82% of the value obtained from fitting the whole of g (A).
All this information points to the high-4 limit of g (4) be-
ing incorrect. It is also quite clear from Fig. 3 that F_ is
temperature dependent, and can take values greater than
the currently expected theoretical maximum of 0.865,
which we have calculated from an expression given by
Alt’shuler, Aronhov, and Lee.?

Figure 3 shows that F, behaves similarly versus V, for
all the temperatures studied, i.e., as ¥, —0, F, fa~lls rap-
idly towards zero, while at higher values of Ver Fg falls
off gradually with increasing V,. The gradual drop in F,,
at high V, has been seen previously in low-mobility,
[111]-oriented samples,' but the rapid fall at very low ¥,
in our higher-mobility, [100]-oriented devices has not
been reported before.

B. Low-field perpendicular magnetoconductivity

These data have been fitted to the digamma-function'?
expansion of (8), which allows extraction of 7; and a.
These parameters can be determined independently by
this fitting method only if the magnetoconductivity shows
a logarithmic regime, and this happens only at sufficiently
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high gate voltage (V) or low temperature (7). For our
data that show this logarithmic behavior, we find
a=0.510.1, and so we have taken a=0.5 for all other
values of ¥, and T. 7; ranges from 3 to 40 ps, depending
on the temperature and gate voltage. Writing 7, < T 7%,
we arrive at a value for p =1.0210.22 over a range of Vg,
and so ap=0.5.
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FIG. 2. Typical conductivity data at ¥V, =2 V of the 2D EG
formed under the gate of a Si MOSFET for (a) 0.5 K, (b) 1.4 K,
and (c) 4.2 K. The solid line is generated by fitting g (/) to the
experimental data in each case.
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FIG. 3. F, extracted from fitting the limiting forms of g (h)
to the experimental data obtained from o (B ) measurements as
a function of gate voltage (hence Ef) for the three different tem-
peratures studied.

C. Temperature dependence of conductivity at B=0

These data are shown plotted versus In(7T) at one par-
ticular value of gate voltage in Fig. 4. The gradient of o
versus In(7T) is given by (12) as a constant times
ap +(1 —%F’a ). However, 8(80)/3(InT) is not a straight
line, but deviates from logarithmic behavior at both ends.
The low-T deviation occurs because if o is to go to zero
at T=0, then it cannot fall logarithmically indefinitely.
At higher T, phonon scattering will tend to lower the
conductivity. d(8c)/9(InT) is the gradient between these
two regimes, and is shown plotted for several different
gate voltages in Fig. 5.

d(80)/0(InT) obtained via this method is an average
gradient between T=0.5 and 0.9 K approximately, and
so within the limitations of this analysis, we can assign an
approximate temperature of 0.7+0.2 K to this measure-
ment. It must be pointed out that if F is a strong func-
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FIG. 4. Typical temperature dependence of conductivity
[o(T)] at ¥V, =2V, showing the logarithmic dependence.
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FIG. 5. The slope d(80)/3(InT) extracted as a function of
gate voltage.

tion of temperature, then the gradient 3(8c)/d(InT) is
not given by ap +(1—3F,). Instead, an extra term in
9d(80)/3(InT) is introduced. It may be for this reason
that F given by this method is slightly lower than would
be expected from parallel-field magnetoconductivity mea-
surements; however, as the exact form of F,(7) is not
known, it is not possible to proceed further with this
analysis.

Given ap=0.5, F,, can be determined independently of
the parallel-magnetic-field measurements. The results of
such a determination are shown in Fig. 6. Note that the
qualitative behavior of F o _Versus V‘g is reproduced, al-
though the magnitude of F, is slightly lower than that
obtained by parallel-field measurements.

D. Temperature dependence at B, =0.1T

In this experiment we can effectively “‘turn off”’ the lo-
calization effects by ensuring that the cyclotron length L,
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FIG. 6. F, derived from the gradients of the temperature
dependence of conductivity as a function of gate voltage. (Note
the qualitative similarity to Fig. 3.)



3274 M. S. BURDIS AND C. C. DEAN 38
235 ¢ 3 r
E ' T
\._'._ + =13K
— E_ + + O =300 mK
T E +
'd ':,:_ +++4+++#+ 2 :- + +
1 E r +
o E + [
\':/ F ++-¢_’-' e +
?: 2.30 ;_ ++ o o o
2 E Y [ o o
t E . 1 - a
-] — ++ F o o é
-] E + -
[ E L
0 - L
V] F [
2_25§ . o 0:.l.l.I.I.L.J.LJJ.J.I.I,I.l.lJ
0.1 0.2 0.5 1 2 0 3 6 9 12 15

Temperature (K)

FIG. 7. o(T) with a small magnetic field applied perpendicu-
lar to the 2D EG at approximately 0.7 K. Note the negative
gradient indicating F, > 1.

is smaller than the inelastic scattering length L;. [Care
has to be taken to ensure that the magnetic field does not
become so large that the magnetic energy g,ugB ap-
proaches kg T; otherwise, interaction effects will become
significant, through the g(h) term in (8).] This should
leave the gradient of o versus In(7) as a constant multi-
plied by 1—2F_. The gradient 3(80)/3(InT) is not con-
stant as 7T varies (Fig. 7) and can be negative. By analyz-
ing the variation of gradients, we have yet another way of
extracting F,,(V,,T). Figure 8 shows F,(V,) at T=300
mK and 1.2 K. This method of determining F, is again
completely independent of the parallel-field magnetocon-
ductivity measurements. The behavior is once more
qualitatively the same as Fig. 3, i.e., as kgl is reduced to
zero, F, goes to zero, and F, decreases as kgl is in-
creased at higher values of kpl. We also see a similar
temperature dependence for F »» 1.€., an increase in F - as
T is increased.

For a magnetic field of 0.1 T, the cyclotron length is
80 nm. We have determined inelastic scattering lengths
which are smaller than this for low gate voltages and
high temperatures, so care is required in interpreting the
results.

V. DISCUSSION OF RESULTS

The trends in the F,(V,) curve (Fig. 3) can be tenta-
tively explained as follows: F, is given by (5) and (6) and
is seen to be a function of ky/k, the ratio of the Fermi
wave vector to the inverse static screening length. Be-
cause the density of states in two dimensions is normally
considered to be constant, then from (7) k is also con-

stant. The Fermi wave vector is given by

2E,m* 1/2

kF= ﬁ

(13)

and Ep is proportional to Vg, so for large values of gate
voltage, F, would be expected to fall off as kp is in-

Gate Voltage (V)

FIG. 8. F, derived from the analysis of the gradients of the
temperature dependence of conductivity with a small perpendic-
ular magnetic field.

creased, which is in fact what is seen (as also observed by
Bishop, Dynes, and Tsuil).

The fall off of F,, as the gate voltage is reduced towards
zero may be explained by the density of states N (E[) fal-
ling off faster than kp as the bottom of the band is ap-
proached. This is not an unreasonable assumption be-
cause it is known that the density of states in the band
tail ultimately falls off exponentially.'®

Our experiments clearly and unambiguously show that
the interaction parameter F, varies with 7. This temper-
ature dependence is unexpected: theoretical work'>!*
gives an F, which is independent of T. A temperature
dependence may indicate a contribution from inelastic
processes that prior theoretical calculations have not in-
cluded. At the lowest temperatures, inelastic effects
should have the least impact, and any discrepancies due
to these should be smallest. As pointed out earlier, calcu-
lations of F have all given values in the range 0-1, imply-
ing F, in the range 0-0.865, with no possibility of values
greater than 1. At most, 7 and V, we get F,>1,but at
the lowest T we obtain values for F, of approximately 1.

Bishop, Dynes, and Tsui! did not report any variation
of F with T. This may be due to the different substrate
orientation, or the inadequacy of their fitting procedure
for g(h): they fitted only the logarithmic limit in the
low-T (100 mK) regime and the parabolic limit in the
high-T (4.2 K) regime, for their parallel-field data.

VI. CONCLUSIONS

In this work we have experimentally determined the
dependence of F, against carrier concentration (Vg) us-
ing three independent methods and find these results to
be qualitatively consistent. They show F, is larger than
theoretically predicted at intermediate V,, falling slowly
at higher kp and, previously unseen, dropping rapidly at
low V. Furthermore, we have demonstrated a previous-
ly unreported temperature dependence in F .
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Our results clearly point to the need for further
theoretical work to explain how F, can vary with tem-
perature and to qualitatively account for the dependen-
cies of F, on carrier concentration. Experimentally it
would be interesting to see the measurements extended to
lower temperatures, where any discrepancies between ex-
periment and current theory resulting from inelastic pro-
cesses might be expected to be reduced.
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APPENDIX: EVALUATING g (h)

The function g (k) which gives the form of the interac-
tion magnetoconductivity has been determined in integral
form!"13

dZ 2

do’

@
e“—1

gh= [ “do T
[0

In

] , (Al

and these authors have calculated the limiting forms for
small and large A to be

g(h)=0.084h2 h «<1 (A2a)

g(h)=In 13

, h>1. (A2b)
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Independently, Kawabata'* derived a series expression
for g in terms of b =h /2#, with limiting forms that are,
in terms of A,

g(h)=0.091h2, h «<1 (A3a)
h P
g(h)=In 725 |~ 3 h>>1. (A3b)

These two sets of results are very similar. Previous tests
of experimental data have only involved fits to the high-
and low-h limits, but it is important to be able to com-
pare experiments with a more general expression for
g (h), especially at temperatures and magnetic fields for
which A is of order unity.

We have evaluated expression (A1) by firstly rewriting
it as

g(h)= fowdx (24 x)In( l3+x)—2x In

x " [In(14+x)]?

(A4)

2

and integrating numerically. We confirm the above limit-
ing values, obtaining

g(h)—(0.091+0.001)h? as h—0
g (h)—(1.000+0.0001)In[ 4 /(1.298+0.001)]

(AS)

ash—so . (A6)

Furthermore, we find that numerically the size of the first
order deviation from logarithmic behavior in the integral
agrees to within 5% with Kawabata’s expression (A3b).
Figure 1 shows our computed g(h) for 0.1 <h <100.
Outside this range, (A5) and (A6) are accurate to 1% or
better.
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