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FIG. 3. The emission current plotted as a function of
rotation of the analyzer. The scales are proportional
to intensity and angle but have not been calibrated.
(a) Copper (111); (b) tungsten (110).

and center of the dark area as shown in Fig. 2.
(The projected diameter of the probe hole, in
this case, was 30 A.) These five plots are the
averages of four separate runs in which a smooth
curve was drawn through any variations which
could be attributed to random noise. However,
no significance is attached to the structure in the
curves. The emission current for the 10' and 13'
plots was adjusted to 10' counts/sec while for the
other three it was maintained at 300 counts/sec.
This latter figure represented the maximum total
current it was possible to draw without danger
of rupturing the tip. The associated large shot
noise was augmented by thermal migration of the
prominent surface atoms since the tip was held
at room temperature. The random noise is

shown in Fig. 2 for the two count rates used.
Figure 3 shows the effect of varying the align-
ment of the analyzer. The scales have not been
calibrated in angle or intensity. In the case of
the copper (111) direction, as the analyzer was
rotated away from the straight-through direction
the threshold in the energy distribution plots ap-
proached the Fermi energy.

These results show that the upper limit of the
conduction band in the (111) direction of copper
is 0.4+0.05 eV below the Fermi level. This is
in good agreement with the calculations of Bur-
dick. ' It also appears that an insignificant amount
of diffuse electron scattering was caused by the
thermally migrating surface, and that the band
structure of the bulk copper persists to the sur-
face monolayer. It is further concluded that the
alignment of the analyzer is of great importance
to the observation of these effects.
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KBr:Tl EMISSION IN AN ELECTRIC FIELD
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The influence of au electric field (-104 V, ,/cm) on the luminescence of KBr:Tl for
excitation in the A band has been investigated. The measured spectrum points out be-
yond any doubt that there are two different centers responsible for the emission.

The emission spectra of thallium-doped alkali-
halide phosphors have been investigated at differ-
ent temperatures by several authors. ' ' In gen-
eral, emission bands can be ascribed to the opti-
cal transitions between localized electronic
states and their shapes will be due to the interac-
tion with the ions neighboring the impurities.
The theoretical analysis of these bands becomes
extremely difficult when electronic degenerate
states are involved because the electron-lattice
interaction will yield a coupling between differ-
ent levels. This is just the case of the alkali-
halide crystals activated by thallium. Particular-
ly we have investigated the luminescence of

KBr:Tl at 80 and 300 K on the entire A-band ex-
citation as shown in Fig. 1.

At 300'K the emission consists of two bands
centered at 3.99 and 3.54 eV, while at 80'K the
bands are shifted to 4.06 and 3.46 eV, respec-
tively. In the latter case both bands show ap-
proximately Gaussian shape. At 300'K the area
of the lower energy emission band (E,) is 1.6
times greater than the area of the higher energy
emission band (E,). At 80'I the E, band area. is
3 times greater than the E, band area. On com-
paring the areas of the bands at the two tempera-
tures it was noted that the E, area is reduced to
half when the temperature changes from 300 to
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FIG. 1. Emission spectra of KBr:Tl at 300 and 80'K
excited by light absorbed in the A band at 2475 A.
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80'K, while the E, area does not vary apprecia-
bly. The decrease of the E, band area with tem-
perature, found by us, is in agreement with the
results obtained by some authors, ' and not with
those of several others (for instance, Ref. 4)
who have found a similar behavior for the lower
energy band.

The observed temperature dependence seems
to indicate that the level responsible for the high-

energy emission is populated at higher tempera-
tures by thermal transition from another excit-
ed state. As the above-mentioned disagreement
of our results with those of others could be al-
most entirely canceled by exchanging the energy
position of the two bands E, and E„we think that
the emission mechanism is essentially the same
in both cases; therefore, it is possible to as-
sume, as in Ref. 4, that the centers responsi-
ble for the two emission bands are quite different.

In order to investigate these bands we have
studied the effect of an external electric field ap-
plied to KBr:Tl crystals when the samples were
excited in the A band using the phase-sensitive
technique. ' The samples were mounted in an

evacuated chamber between two aluminum evap-
orated grating electrodes and a sinusoidal elec-
tric field (-2x10' V, ,/cm; 80 Hz) was applied
in the same direction as the exciting light. The
emission modulated by the field was detected by
a photomultiplier perpendicularly to this direc-
tion. The relative change Al/I versus photon en-
ergy is plotted in Fig. 2, where a complex struc-

FIG. 2. Relative change of KBr:Tl emission excited
in the A band versus photon energy, due to an applied
electric field (2 x10 V, ,/cm) .

ture is observed. The three peaks (3.33; 3.44;
3.54 eV) show a triplet structure corresponding
to that observed in absorption' for a transition
'S, —'P, . This fact seems to indicate that the
lower energy emission band must be ascribed to
the transition 'P, —'S, in the thallous ion. The
remaining structure, whose origin is not yet
clear, could be connected with the existence of
the Vz center. ' Furthermore, as observed, the
relative change of the emission intensity is nega-
tive all along the explored energy range, this
confirming the zeroth-moment decrease found in
A-band absorption. ' Further discussion with de-
tailed measurements both in emission and in ab-
sorption will be reported in the near future.
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