
VOLUME 22, NUMBER 12 PHYSICAL REVIEW LETTERS 24 MaRCH 1969

H, the overall q (H) decreases at high light inten-
sities. At low temperatures these effects are in-
hibited because the rate of formation of triplet
excitons via the (T,T,) state is low, These and

other results will be described in detail in a

forthcoming publication.
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kian, and R. P. Groff (private communication) that the
optic b axis does not coincide exactly with the crystal-
lographic b axis in tetracene. This point has, at this
writing, not yet been resolved satisfactorily by Merri-
field et al. However, the major conclusions reached
in this paper are not affected, since the spacing of the
resonance peaks is calculated to be 53.5', is observed
to be about 52.5' (Fig. 2), and is independent of the ex-
act orientation of the b axis.
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Measurements of the temperature dependence of the yield stress in tungsten crystals
show a temperature-independent region, which is consistent with Gilman's theory of
quantum mechanical tunneling of dislocations.

Dislocation motion' is normally considered to
occur by thermally activated processes, with the
barrier height depending upon the imposed shear
stress 0, i.e. , the strain rate & at which a crys-
tal deforms varies as &-e (o~ ')~, where
& is the potential barrier, T the temperature at
which the process occurs, and & is Boltzmann's
constant. For most metals in the range of tem-
peratures studied, plastic deformation is inter-
preted as a classical process. On the other hand,
many bcc crystals exhibit a sharp temperature
dependence of the critical resolved shear stress,
and the work done by the external stress raises
the dislocation up the potential barrier which op-
poses the motion of the dislocation. If the stress
raises the dislocation high enough, then thermal
activation over the barrier is not required; in-

stead the dislocation can tunnel through the bar-
rier. We wish to report on some observations of
plastic deformation of tungsten crystals, which
are consistent with the general requirements for
dislocations tunneling through potential barriers.

The observations were made on relatively pure
crystals of tungsten (99.99+%%u& pure), grown by
standard electron-beam zone-refining techniques.
Tensile specimens mere obtained by chemica, l
polishing of the as-grown crystals, so that no ex-
traneous plastic deformation was introduced by
such operation as grinding or spark erosion.
This was essential, since such processes are
knomn to introduce extraneous dislocations and
thereby mask the true temperature dependence
of the critical resolved shear stress. ' Tensile
deformation was carried out in a tensile machine,
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FIG. 1. Temperature dependence of the yield stress
in single-pass zone-refined tungsten. Specimens pre-
pared by electrolytic dissolution, without plastic de-
formation. All specimens were of the same orientation.

in which tests could be performed at various tem-
peratures between 4 and 120'K. This temperature
range is a relatively unexplored temperature re-
gime for plastic deformation experiments. Some
measurements of the yield stress for tungsten
crystals are shown in Fig. 1, where the condi-
tions of the test are given.

In discussing these results, it is important to
emphasize that the observed behavior for the

yield stress at low temperatures is not associat-
ed with twinning. An extensive microscopic ex-
amination of specimens deformed in this temper-
ature range reveals no twinning. Secondly, the
stress-strain curves show no characteristic
yield drops, such as that associated with twin-
ning. Ne take the absence of any observed twin-
ning as an indication that some basic atomic re-
sistance is rate determining for the motion of
the dislocations. It is important for our context,
not whether this involves dislocation splitting or
kink generation, but simply that a large barrier
to dislocation motion exists.

In general the sharp temperature dependence
from 80 to 20 K insures the presence of the
steeply varying potential required if tunneling is
to occur at substantial rates. Secondly, the tern-
perature independent region (between 4 and 20'K)
is another characteristic of tunneling processes. '
In summary, then, we report some observations
of the mechanical properties of tungsten crystals,
which are consistent with quantum mechanical
tunneling of dislocations.
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We have found that photoelectrons from ferromagnetic gadolinium show spin polariza-
tion, the preferential direction of the magnetic moment being parallel to the magnetiza-
tion of the sample. Our experiment yields a degree of polarization P = (5.27 + 0.70) %. P
did not vary significantly over the energy range from 2.8 to 5.0 eV of the incident light.

Photoemission from solids is a three-step pro-
cess: (i) By absorbing a photon, the electron
goes into an excited state; (ii) it diffuses through
the solid and may reach the surface; (iii) it
crosses the surface barrier if its energy is high
enough and no scattering occurs. The purpose of
this Letter is to give experimental evidence that
during this process the spin direction of the elec-
tron is at least partly conserved. This means
that a new method has been found for the investi-

gation of spin polarization in electronic energy
bands and also a new way of producing polarized
electron beams.

The electron spin polarization of photoelec-
trons was measured by means of Mott scattering.
Ferromagnetic Gd was chosen because it is
known to be a very efficient photoemitter with a
low work -function. ' In addition, one knows from
positron-annihilation experiments that a nonvan-
ishing electron spin polarization exists in the
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