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HE REVOLUTION [in -classical physies]
begun by the introduction of the field was by
no means finished. Then it happened that,
. around the turn of the ecentury, independently
of What we have Just been dlscussmg, a second funda-
mental erisis set in, the seriousness of which was sud-
denly recognized due to Max Planck’s investigations
into heat radiation (1900). The history of this event
is all the more remarkable because, at least in its first
phase, it was not in any way mﬂuenced by any sur-
prising discoveries of an experlmental nature.

On thermodynarmc grourids Kirchhoff had con-
cluded that the energy density and:the spectral com-
posﬂ:lon of radiation in a Hohlmum, surrounded by
impenetrable walls of the temperature T, would be
independent of the nature of the walls. That is to say,
the nonchromatic density of radiation p is a universal
funetion of’the frequency y and of the absolute
temperature T. Thus arose the interesting problem of
determining this function p (»,I'). What could theo-
retlcally be ascertainied about this function? Aecord-
ing to Maxwell’s theory, the radiation had to exert
a pressure on the walls, determined by the total energy
density. From this Boltzmann concluded, by means
of pure thermodynamies,” that the entire energy
density of the radiation (fpdy) is proportional to T4,
In this way he found 4 theoretical justification of a
law which had previously been discovered empirically
by Stefan, i.e., in this way he connected this empirical
law with the basis of Maxwell’s theory. Thereafter,
by way of an ingenious thermodynamie consideration,
which also made use of Maxwell’s theory, W. Wien
found that the universal function p of the two vari-
ables y and T would have to be of the form

p=~f ( %) whereby f(y/T) is a universal function

of one variable y/T only. It was clear that the theo-
retical determination of this universal funection f was
of fundamental importance—this was precisely the
task which confronted Planck. Careful measurements
had led to a very precise empirical determination of
the function f. Relying on ‘those empirical measure-

ments, he succeeded in the first place in finding a

statement which rendered the measurements very well
indeed : I
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21In the preceding pages Einstein discusses the field theory

and the changes it wrought in the conceptions of classical .-

physies.
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PETE T exp (/D) =1
Whereby h and I are two universal constants, the first
of which led to quantum theory. Because of the de-
nominator, this formula looks a bit queer. Was it
possible to derive it theoretically? Planck actually
did find a derivation, the imperfections of which re-
mained at first hidden, which latter fact was most
fortunate for the developnient of physies. If this
formula was correct, it permitted, with the aid of
Maxwell’s theory, the "calculation of the average
energy E of a quasimonochromatic oscﬂlator within
the field of radiation:
R

E= p O /kTy =1
Planck preferred to attempt caleulating this latter
magnitude theoretically. In this effort, thermodynam-

" ies, for the time being, proved no longer helpful, and

neither did Maxwell’s theory. The following eircum-
stance was unusually encouraging in this formula.
For high temperatures (with a fixed y) it yielded the
expression E =kT. This is the same expression as
the kinetic ‘theory of gases yields for the average
energy of a mass-point which is capable of oscillating
elastically in one dimension. For in kinetic gas theory’
one gets E = (R/N)T, whereby R means the constant
of the equation of state of a gas,"and N the number
of molecules per mol, from which constant one can
compute the absolute size of the atom. Putting’ these
two expressions equal to each other one gets N = R /k.
The one constant of Planck’s formula consequently
furnishes exactly the correct size of the atom. The
numerieal value agreed satisfactorily with the deter-
minations of N by means of kinetic gas theory, even
though these latter were not very accurate.

This was a great success, which Planck clearly
recognized. But the matter has a serious drawback,
which Planck fortunately overlooked at first. Tor the
same considerations demand in fact that- the relation
E =kT would also have to be valid for low tempera-
tures. In that case, however, it would be all over with
Planck’s formula and with the constant k. From the
existing theory, therefore, the correct conclusion’would
have been : the average kinetic energy of the oscillator
is either given incorrectly by the theory of gases,
which would imply a refutation of (statistical)- me-
chanies; or else the average energy of the oscillator
follows incorreetly ‘from Maxwell’s theory, which
would imply a refutafion. of the latter. Under such
circumstances it is most probable that both theories
are correct only at the limits, but are otherwise false;
this is indeed the situation, as we shall see in what
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follows. If Planck had drawn this conclusion, he
probably would -not have made his great discovery,
because the foundation would have been withdrawn
from pure deductive reasoning.

Now back to Planck’s reasoning. On the basis of
the kinetic theory of gases Boltzmann had diseovered
that, aside from a constant factor, entropy is equiva-
.lent to the logarithm of the “probability” of the state
under consideration. Through this insight he recog-
nized the nature of courses of events which, in the
sense of thermodynamies, are ‘“irreversible.” Seen
from the molecular-mechanical point of view, how-
ever, all courses of events are reversible. If one calls
a molecular-theoretically defined state a mieroscopi-
cally described one, or, more briefly, micro-state, and
a state deseribed in terms of thermodynamies a
macro-state, then an immensely large number (Z)
of states belong to a macroscopic condition. Z then
is a measure of the probability of a chosen macro-
state. This idea appears to be of outstanding impor:
tance also because of the fact that its usefulness is not
limited to microseopic description on the basis of
mechanies, Planck recognized this and applied the
Boltzmann prineiple to- a system which consists of
very many ‘resonators of the same frequency y. The
macrosecopic situation is given through the total
energy of the oscillation of all resonatofs, a micro-
condition through determination of the (instantane-
6us) energy of each individual resonator. In order
then to be able to express the number of the miero-
states belonging to a macro-state by megans of a finite
number, he (Planck) divided the total energy into a
large but finite number of identical energy-elements
e and asked: In how many ways can these energy-
elements be divided among the resonators? The
logarithm of this number, then, furnishes the entropy
and thus (via thermodynamies) the temperature of the
system. Planck got his radiation-formula if he chose
his energy-elements ¢ of the magnitude e=hy. The
decisive element in doing this lies in the fact that the
result depends on taking for ¢ a definite finite ‘value,
i.e., that one does not go to the limit ¢=0. This form
of reasoning does not make obvious the fact that it
contradicts the mechanical and electrodynamic basis,
upon which the derivation otherwise depends. Ae-
tually, however, the derivation presupposes implicitly
that energy can be absorbed and emitted by the in-
dividual resonator only in “quanta” of magnitude
hy, i.e., that the energy of a mechanical structure
capable of oscillations, as well as the energy of ra-
diation, can be transferred only in such quanta—in
contr%dlctlon to the laws of mechanies ‘and electro-
dynatnics. The contradiction with dynamies was here
fundamental; whereas the contradiction with electro-
dynamies could be less fundamental. For the expres-
sion for the density of radiation-energy, although it
is compatible with Maxwell’s equations, is not a
necessary consequence of these equations. That this
expression furnishes important average-values is
‘shown by the fact that the Stefan-Boltzmann law and
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Wien’s law, which are based on it are in agreement
with experience.

All of this was quite elear to me shortly after the
appearance of Planck’s fundamental work; so that,
without having a substitute for classieal mechanies,
I could nevertheless see to what kind of conséquences
this law of temperature-radiation leads for the photo-
electric effect and for other related phenomena of the
transformation of radiation-energy, as well as for the
specific heat of (especially) solid bodies. All my at--
tempts, however, to adapt the theoretical foundation
of physies to this (new type of) knowledge failed
completely. It was as if the ground had been pulled
out from under one, with no firm foundation to be
seen anywhere, upon which one could have built. That
this insecure and contradictory foundation was suf-
ficient to enable a man of ‘Bohr’s unique instinet and
tact to discover the major laws of the spectral lines
and of the electron-shells of the atoms, together with
their significance for chemistry, appeared to me like
a miracle—and appears to me as a miracle even today.
This is the highest form of musmahty in the sphere
of thought.

My own interest in those years was less coneerned
with the detailed consequences of Planek’s results,
however important these might be. My major question
was: What general conclusions can be drawn from
the radiation-formula econcerning the structure of
radiation and even more generally “concerning’ the
electro-magnetic foundation of physics? Before I take
this up, I must briefly métition a number-of investiga-
tions which relate to the Browniah ‘motion and related
objects (fluctuation-phenoitiena), and which in essence
rest upon -classical molecular mechanies. Not ae-
quainted with the earlier investigations of Boltzmann
and Gibbs which had appeared earlier and actually
exhausted the subject, I developed the statistical
mechanies and the molecular-kinetic theory of thermo-
dynamies which was based on the former. My major
aim in this was to find faets which would guarantee
as much as possible the existence of atoms of definite
finite size. In the midst of this I disecovered that,
aceording to atomistie theory, there would-havé to be
a movement of suspended microscopic particles open
to observation, without knowing that . observations
concerning the Brownian motion were. already long
familiar. The simplest derivation rested upon the fol-
lowing consideration. Tf the molecular-kinetic theory
is essentially correct, a suspension of visible particles
must possess the same kind of osmotic ‘pressure fulfill-
ing the laws of gases as a solution of molecules. This
osmotic pressure depends upon the actual magnitude
of the molecules, i.e., upon the number of molecules
in a gram-equivalent. If the density of the suspension
is inhomogeneous, the osmotie pressure is inhomogene-
ous, too, and gives rise to a compensating diffusion,
which ean be calculated from the well-known mobility
of the particles. This diffusion can, on the other
hand, also be considered as the result of the random
displacement—unknown in magnitude originally—of
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the suspended particles due to thermal agitation. By
comparing the amounts obtained for the diffusion
current from both types of reasoning, one reaches
quantitatively the statistical law for those displace-
ments, ie. the law of the Brownian motion. The
agreement of these considerations with experience,
together with Planck’s determination of the true
molecular size from the law of radiation (for high
temperatures), convinced the skeptics, who were quite
numerous at that time (Ostwald, Mach) of the reality
of atoms. The antipathy of these scholars towards
atomic theory can indubitably be traced back to their
positivistic philosophical attitude. This is an interest-
ing example of the fact that even scholars of audacious
spirit and fine instinet can be obstructed in the in-
terpretation of facts by philosophical prejudices. The
prejudice—which has by no means died out in the
meantime—consists in the faith that faects by them-
selves can and should yield scientific knowledge with-
out free conceptual construction. Such a misconception
is possible only because one does not easily become
aware of the free choice of such concepts, which,
through verification and long usage, appear to be
immediately connected with the empirical material.
The success of the theory of the Brownian motion
showed again conclusively that classical mechanies
always offered trustworthy results whenever it was
applied to motions in which the higher time derivatives
of velocity are negligibly small. Upon this recognition
a relatively direct method can be based which permits
us to learn something concerning the constitution of
radiation from Planck’s formula. One may conclude in
fact that, in a space filled with radiation, a (vertically
to its plane) freely moving, quasi-monochromatically
reflecting mirror would have to go through a kind of
Brownian movement, the average kinetic energy of
which equals % (R/N)T (R equals constant of the
gas-equation for one gram-molecule, N equals the
number of the molecules per mol, and T equals abso-
lute temperature). If radiation were not subject to
local fluctuations, the mirror would gradually come
to rest, because, due to its motion, it reflects more
radiation on its front than on its reverse side. How-
ever, the mirror must experience certain random
fluctuations of the pressure exerted upon it due to
the fact that the wave-packets, constituting the radia-
tion, interfere with one another. These can be com-
puted from Maxwell’s theory. This calculation, then,
shows that these pressure variations (especially in the
case of small radiation-densities) are by no means
sufficient to impart to the mirror the average kinetic
energy Y (R/N)T. In order to get this result one has
to assume rather that there exists a second type of
pressure variations, which cannot be derived from
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Maxwell’s theory, which corresponds to the assump-
tion that radiation energy consists of indivisible
point-like localized quanta of the energy hy (and of
momentum [hv/c], [c¢ equals velocity of light]),
which are reflected undivided. This way of looking
at the problem showed in a drastic and direct way that
a type of immediate reality has to be ascribed to
Planck’s quanta, that radiation must, therefore,
possess a kind of molecular structure in energy, which
of course contradicts Maxwell’s theory. Considerations
concerning radiation which are based directly on
Boltzmann’s entropy-probability-relation (probability
taken equal to statistical temporal frequency) also
lead to the same results. This double nature of radia-
tion (and of material corpuscles) is a major property
of reality, which has been interpreted by quantum
mechanics in an ingenious and amazingly successful
fashion. This interpretation, which is looked upon as
essentially final by almost all contemporary physieists,
appears to me as only a temporary way out.
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