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Preface

The Springer Handbook of Condensed Matter and Ma-
terials Data is the realization of a new concept in
reference literature, which combines introductory and
explanatory texts with a compilation of selected data
and functional relationships from the fields of solid-
state physics and materials in a single volume. The data
have been extracted from various specialized and more
comprehensive data sources, in particular the Landolt—
Bornstein data collection, as well as more recent
publications. This Handbook is designed to be used as
a desktop reference book for fast and easy finding of es-
sential information and reliable key data. References to
more extensive data sources are provided in each section.
The main users of this new Handbook are envisaged to
be students, scientists, engineers, and other knowledge-
seeking persons interested and engaged in the fields of
solid-state sciences and materials technologies.

The editors have striven to find authors for the
individual sections who were experienced in the full
breadth of their subject field and ready to provide suc-
cinct accounts in the form of both descriptive text and
representative data. It goes without saying that the sec-
tions represent the individual approaches of the authors
to their subject and their understanding of this task.
Accordingly, the sections vary somewhat in character.
While some editorial influence was exercised, the flexi-
bility that we have shown is deliberate. The editors are
grateful to all of the authors for their readiness to pro-
vide a contribution, and to cooperate in delivering their
manuscripts and by accepting essentially all alterations
which the editors requested to achieve a reasonably
coherent presentation.

An onerous task such as this could not have been
completed without encouragement and support from the

publisher. Springer has entrusted
us with this novel project, and
Dr. Hubertus von Riedesel has been
a persistent but patient reminder and
promoter of our work throughout.
Dr. Rainer Poerschke has accompa-
nied and helped the editors constantly
with his professional attitude and
very personable style during the
process of developing the concept,
soliciting authors, and dealing with
technical matters. In the later stages,
Dr. Werner Skolaut became a relent-
less and hard-working member of
our team with his painstaking con-
tribution to technically editing the
authors’ manuscripts and linking the
editors’ work with the copy editing
and production of the book.

We should also like to thank our families for having
graciously tolerated the many hours we have spent in
working on this publication.

We hope that the users of this Handbook, whose
needs we have tried to anticipate, will find it helpful and
informative. In view of the novelty of the approach and
any possible inadvertent deficiencies which this first edi-
tion may contain, we shall be grateful for any criticisms
and suggestions which could help to improve subsequent
editions so that they will serve the expectations of the
users even better and more completely.

September 2004
Frankfurt am Main, Dresden

Werner Martienssen,
Hans Warlimont

Prof. Werner Martienssen

Prof. Hans Warlimont
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1.1.

In the quantitative description of physical
phenomena and physical relationships, we
find constant parameters which appear to be
independent of the scale of the phenomena,

" independent of the place where the phenomena
happen, and independent of the time when the
phenomena is observed. These parameters are
called fundamental constants. In Sect.1.1.1, we give
a qualitative description of these basic parameters
and explain how “recommended values" for the
numerical values of the fundamental constants are
found. In Sect.1.1.2, we present tables of the most
recently determined recommended numerical
values for a large number of those fundamental
constants which play a role in solid-state physics
and chemistry and in materials science.

The Fundamental Constants

What are the Fundamental Constants

and Who Takes Care of Them?.............. 3
1.1.2 The CODATA Recommended Values
of the Fundamental Constants............. L
1.1.2.1  The Most Frequently Used
Fundamental Constants ........... L
1.1.2.2 Detailed Lists
of the Fundamental Constants
in Different Fields of Application 5
% 11.2.3  Constants from Atomic Physics
and Particle Physics................. 7
Ref@reNCES . ..eeeeeeiiiiee et 9

1.1.1 What are the Fundamental Constants and Who Takes Care of Them?

The fundamental constants are constant parameters in
the laws of nature. They determine the size and strength
of the phenomena in the natural and technological
worlds. We conclude from observation that the numer-
ical values of the fundamental constants are independent
of space and time; at least, we can say that if there is any
dependence of the fundamental constants on space and
time, then this dependence must be an extremely weak
one. Also, we observe that the numerical values are in-
dependent of the scale of the phenomena observed; for
example, they seem to be the same in astrophysics and
in atomic physics. In addition, the numerical values are
quite independent of the environmental conditions. So
we have confidence in the idea that the numerical val-
ues of the fundamental constants form a set of numbers
which are the same everywhere in the world, and which
have been the same in the past and will be the same in the
future. Whereas the properties of all material objects in
nature are more or less subject to continuous change, the
fundamental constants seem to represent a constituent of
the world which is absolutely permanent.

On the basis of this expected invariance of the funda-
mental constants in space and time, it appears reasonable
to relate the units of measurement for physical quanti-

ties to fundamental constants as far as possible. This
would guarantee that also the units of measurement
become independent of space and time and of envi-
ronmental conditions. Within the frame work of the
International System of Units (Systéme International
d’Unités, abbreviated to SI), the International Com-
mittee for Weights and Measures (Comité International
des Poids et Mesures, CIPM) has succeeded in relat-
ing a large number of units of measurement for physical
quantities to the numerical values of selected funda-
mental constants; however, several units for physical
quantities are still represented by prototypes. For ex-
ample, the unit of length 1meter, is defined as the
distance light travels in vacuum during a fixed time; so
the unit of length is related to the fundamental constant c,
i. e. the speed of light, and the unit of time, 1 second. The
unit of mass, 1kilogram, however, is still represented
by a prototype, the mass of a metal cylinder made of
a platinum—iridium alloy, which is carefully stored at the
International Office for Weights and Measures (Bureau
International des Poids et Mesures, BIPM), at Sévres
near Paris. In a few years, however, it might become
possible also to relate the unit of mass to one or more
fundamental constants.




L Part1 I General Tables

1|1 1ed

The fundamental constants play an important role in
basic physics as well as in applied physics and technol-
ogy; in fact, they have a key function in the development
of a system of reproducible and unchanging units for
physical quantities. Nevertheless, there is, at present, no
theory which would allow us to calculate the numerical
values of the fundamental constants. Therefore, national
institutes for metrology (NIMs), together with research
institutes and university laboratories, are making efforts
worldwide to determine the fundamental constants ex-
perimentally with the greatest possible accuracy and
reliability. This, of course, is a continuous process, with
hundreds of new publications every year.

The Committee on Data for Science and Technology
(CODATA), established in 1966 as an interdisciplinary,
international committee of the International Council of
the Scientific Unions (ICSU), has taken the responsi-
bility for improving the quality, reliability, processing,
management, and accessibility of data of importance to
science and technology. The CODATA task group on
fundamental constants, established in 1969, has taken
on the job of periodically providing the scientific and
technological community with a self-consistent set of
internationally recommended values of the fundamen-
tal constants based on all relevant data available at given
points in time. -

What is the meaning of “recommended values™ of
the fundamental constants?

Many fundamental constants are not independent of
one another; they are related to one another by equations
which allow one to calculate a numerical value for one

particular constant from the numerical values of other
constants. In consequence, the numerical value of a con-
stant can be determined either by measuring it directly or
by calculating it from the measured values of other con-
stants related to it. In addition, there are usually several
different experimental methods for measuring the value
of any particular fundamental constant. This allows one
to compute an adjustment on the basis of a least-squares
fit to the whole set of experimental data in order to deter-
mine a set of best-fitting fundamental constants from the
large set of all experimental data. Such an adjustment is
done today about every four years by the CODATA task
group mentioned above. The resulting set of best-fit val-
ues is then called the “CODATA recommended values
of the fundamental constants” based on the adjustment
of the appropriate year.

The tables in Sect. 1.1.2 show the CODATA recom-
mended values of the fundamental constants of science
and technology based on the 2002 adjustment. This ad-
justment takes into account all data that became available
before 31 December 2002. A detailed description of
the adjustment has been published by Mohr and Taylor
of the National Institute of Standards and Technology,
Gaithersburg, in [1.1].

The editors of this Handbook, H. Warlimont and
W. Martienssen, would like to express their sincere
thanks to Mohr and Taylor for kindly putting their data at
our disposal prior to publication in Reviews of Modern
Physics. These data first became available in December
2003 on the web site of the NIST fundamental constants
data center [1.2].

1.1.2 The CODATA Recommendejq Values of the Fundamental Constants

1.1.2.1 The Most Frequently Used Fundamental Constants

Tables 1.1-1—1.1-9 list the CODATA recommended values of the fundamental constants based on the 2002

adjustment.

Table1.1-1 Brief list of the most frequently used fundamental constants

Speed of light in vacuum c 299792458 m/s Fixed by definition
Magnetic constant wo =4 x1077 12566370614 . ..x 1077 N/A? Fixed by definition
Electric constant g0 = 1/(uoc?) 8.854187817...x107!2 F/m Fixed by definition
Newtonian constant G 6.6742(10)x 10~ 11 m’/(kgs?) 1.5x10°*

of gravitation

Planck constant h 4.13566743(35) x 10713 eVs 8.5x107%
Reduced Planck constant ~ h=h/2n 6.58211915(56) x 10~16 eVs 85x10°8
Elementary charge e 1.60217653(14) x 10712 c 8.5x1078



The Fundamental Constants

1.2 The CODATA Recommended Values of the Fundamental Constants

Table 1.1-1 Brief list of the most frequently used fundamental constants, cont.

Fine-structure constant
Magnetic flux quantum
Conductance quantum
Rydberg constant
Electron mass

Proton mass
Proton—electron mass ratio
A&rogadrb number
Faraday constant
Molar gas constant
Boltzmann constant

Stefan-Boltzmann constant

o = (1 /4meq)(e? [hc)
Qo =h/2e

Go =2¢*/h

Reo = 0?mec/2h
Mme

Mp

mp/me

Na, L

F = Nae

R

k=R/Na

o = (R2/60)(K* /(R c?))

7.297352568(24) x 10~
2.06783372(18) x 1071
7.748091733(26) x 1073
10973 731.568525(73) -
9.1093826(16) x 103!
1.67262171(29)x 1077
1836.15267261(85)
6.0221415(10) x 102
96485.3383(83)
8.314472(15)

1.3806505(24) x 10~
8.61734%15)x 10~

5.670400(40) x 1078

C
I/K
1K
eV/K

W/(m?K*)

3.3%x107°

85x10°
3.3x107°
6.6x107 1
17x10°7
17x1077
4.6x10710
1ixi0/
8.6x1078
17x10°8

1.8x10°6
1.8x107°

7.0%10°%

1.1.2.2 Detailed Lists of the Fundamental Constants in Different Fields of Application

-

Speed of light in vacuum
Magnetic constant
Electric constant

Characteristic impedance
of vacuum

Newtonian constant
of gravitation

Reduced Planck constant
Planck constant

(Ratio)

(Product)

(Product)

(Product)

(Product) ‘
Stefan—Boltzmann constant

Wien displacement law
constant

Planck mass
Planck temperature
Planck length

Planck time

Table1.1-2 Universal constants

C

wo = 4rx1077

g0 = 1/(poc?)

Zo = (no/e0)'/? = poc

G

G/he
h

h=h/2n

hic

¢1 = 2hc?
(1/m)c1 =2hc?
2 = hic/k)

o = (2 /60) (k* /(F3c?))
b= AmaxT = ¢2/4.965114231

mp = (hic/G)'/2
Tp = (1/k)(he’ |G /2

Ip= h/mpc
o5 (hG/c3)1/2

tp = lp/c = (RG/c>)'/?

299792 458

12566370614 ...x 1077

8.854187817...x10712
376.730313461 ...

6.6742(10) x 10~

6.7087(10) x 107

6.6260693(11) x 10~3*
4.13566743(35)x 10713

1.05457168(18)x 107*
6.58211915(56) x 106

197.326968(17)
3.74177138(64) x 10~!6
1.19104282(20) x 10~'6
1.4387752(25)x 1072
5.670400(40) x 10~
2.8977685(51) x 10~

2.17645(16) x 1078
1.41679(11) x 10%
1.61624(12) x 1035

5.39121(40)x 10~*

m/s
N/A?
F/m
2

m?/(kgs?)

(GeV/c?)?
Js
eVs

Js
eVs

MeV fm

W m?

W m?/st
mK
W/(m? K*)
mK

kg
K

Fixed by definition
Fixed by definition
Fixed by definition

1.5x10™*

15%10~*

1.7x1077
8.5%x1078

1.7x1077
8.5%10°%

8.5%1078
1.7x1077
1.7x1077
17x107¢
70%x10°°
17%x10°°

7.5%1073
75x%107°
7.5%x1073

75%10°

Fixed by definition

5

T'T|LMed
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General Tables

Table1.1-3 Electromagnetic constants

Elementary charge ‘

Fme—structure constant
fmverse ﬂna—smama constant
Magnetxc flux quantum
Conductance quantum
Inverse
of conductance quantum
Josephson constant®
von Klitzing constant®

| Bohr magneton =

(Ratio)
(Ratio)
(Ratio)
Nuclear magnetun

' (Rauo)
(Ratio)
(Ratio)

2 See Table 1.2-16 for the conventional value adopted internationally for realizing representations of the volt using the Josephson effect.
b See Table 1.2-16 for the conventional value adopted internationally for realizing representations of the ohm using the quantum Hall effect.

e

e/h . .
a = (1/47e0)(e*/Fic)
e

Po=h/2e
Go=2e*/h

1/Go

Ky=12e/h
Rk =h/e? = poc/2a
us =eh/2m.

us/h

us/he

up/k

Uun = eﬁ/‘Zmp

un/h
un/he
un/k

Table1.1-4 Thermodynamic constants

Avogadro number
_ Atomic mass constant

Energy equivalent

of atomic mass constant
Faraday constant
Molar Planck constant

Molar gas constant

Molar volume of ideal gas
at STP

Loschmidt constant
Stefan-Boltzmann
constant

_ Wien dlsplacement iaw
' mnstzmt .

Na, L
u=(1/12)m(?C)
=(1/Na)x10 kg

myc

F = Nae

Nah
Nahe

R

k= R/Na

‘ k/h

k/hc

V.= RT/p

atl =273.15K

and p = 101.325kPa

- no=Na/Vm

o= (n2/60>(k4/<h3c2))

b= AT = 2/4965114231

1.60217653(14) x 10~ 1?
2.41798940(21) x 10"
7.297352568(24) x 10~
137.03599911(46)
2.06783372(18) x 101
7.748091733(26)x 103
12906.403725(43)

483597.879(41) x 10°
25812.807449(86)
927.400949(80) x 10~26

15.788381804(39) x 107>

13.9962458(12) x 10°
46.6864507(40)
0.6717131(12)
5.05078343(43) x 10-%
3.152451259(21) x 107#
7.62259371(65)
2.54262358(22)x 1072
3.6582637(64) x 10~

ﬂ .221415(10)x 107
1.66053886(28) x 10~%

wJ"’1.4‘19241790(26) %1010
931.494043(80)

06485.3383(83)
3.990312716(27) x 10~10
0.11962656572(80)
8.314472(15)
. 1.3806505(24)x 1072

B617343(15)x 1077
2.0836644(36) x 1010
69.50356(12)
22.413996(39) x 103

2.6867773(47)x10%
5.670400(40) x 10~8

12.8977685(51)x 107

Q

Hz/V
193

/T
&V/T
Hz/T
1/(mT)
K/T
T
V/T
MHz/T
1/(mT)
K/T

MeV

C

Js

im
J/K
J/K
eV/K
Hz/K
1/(mK)

m?

1/m’
W/(m? K*)

m‘K‘,

lixn

8.5x10°8
85x1078
33%107°
33%107°
8.5%107%
3.3x107°
3.3x107°

8.5%10°8
3.3x107°
8.6x10°%
6.7%x1077
8.6x10°8
8.6%10°%
1.8x107°
8.6x10°%
6.7%x107°
8.6x10~8
8.6x10°%
1.8x10°°

17x107

1ixio 7

1.7%1077
8.6x108

86x10%

6.7x10~°

6xio?

1.7x10:9

1.7x 10’6
agswe
1.7%1076

1.8x10°5
7.0x 1076




