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FIG. 3. Micro~ave power at 9300 Mc /sec (A) and 24850
Mc/sec {8)produces many zero-slope regions spaced at
hv/2e or hv je. For A, hv/e =38.5 pV, and for 8, 103
pV. For A, vertical scale is 58.8 pV/cm, horizontal
scale is 67 nA/cm; for I3, vertical scale is 50 pV/cm,
horizontal scale is 50 pA/cm.

pears to be a negative resistance at the origin.
Negative-resistance-like regions occur between
virtually every pair of zero-slope regions. At
power levels of about ten milliwatts, these nega-
tive-resistance-like regions gradually vanish
(the sa.mple can be biased to any voltage), and
the "zero-slope" regions exhibit a finite slope.
Both these high-power effects are probably due
to the superimposed conventional detection proc-
esses associated with the background single-
particle tunneling curve.

3. Similar effects occur at 24000 Mc/sec.

Figure 3 shows the numerous steps at 9300 Mc/
sec (A) and at 24850 Mc/sec (8) which are pres-
ent at intermediate microwave power levels.

Josephson' has already discussed briefly the
effect rf should have on the pair-tunneling super-
current. He predicted the occurrence of zero-
slope regions separated by hv/2e in the I Vch-ar-
acteristic in the presence of the rf field. This
prediction was based on the frequency modulation
by the rf of the ac supercurrents previously re-
ferred to. Our experiments have confirmed this
prediction and represent indirect proof of the
reality of Josephson's ac supercurrent. In ad-
dition, they have brought to light several startling
accompaniments of the Josephson effect, namely,
the instability of the origin; the dc negative re-
sistance at the origin; the noise associated with
the onset of instability; and the periodic change
at a given voltage level, e.g. , at zero voltage,
between stable and unstable as the microwave
power changes.
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In this Letter measurements are reported of
large temperature-dependent changes in the fluo-
rescence of MnF, and KMnF, . These changes
take the form of relatively abrupt alterations in
the wavelength and intensity of the fluorescence.
The effects appear to be related to exchange in-
teractions. To our knowledge, they have not been
observed or reported previously. ' We have ob-
served similar effects in KMnCl„' but these ef-
fects were absent in the luminescence of K(Mno o,-
Zno. »)F~~ and MnCl, .'

The fluoride crystals used in these experiments

were grown by the horizontal Bridgman technique
and the temperature gradient method in an HF at-
mosphere. The observations were performed us-
ing a Perkin-Elmer Model 12-C spectrometer.
The crystals were mounted on a copper post in a
metal Dewar provided with windows for optical
access. Separate thermocouples monitored the
temperature of both the post and the sample at-
tached to the post.

The procedure for taking measurements began
with the cooling of the sample by placing liquid
helium in the coolant reservoir of the Dewar. Af-
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ter the coolant had boiled away, the temperatures
of the post and the attached sample would rise.
The thermal mass of the system provided a suf-
ficiently slow rate of warming for these measure-
ments. During the warming period, profiles of
the spectra and temperature measurements were
simultaneously recorded. The post and sample
temperatures differed from one another by less
than 4 K, the largest difference occurring at the
lowest temperatures. The accuracy of the meas-
urements of the fluorescence peak was estimated

0
to be 20 A at the lower temperatures. The inac-
curacy became somewhat larger at higher tem-
peratures because of the interference of the ex-
citation source background and the deterioration
of the signal-to-noise ratio.

The fluorescence of MnF, could be excited by
monochromatic radiation in any of the five lowest
lying absorption lines of the Mn'+ ion. ' For con-
venience, the 4358A blue line of a mercury arc
[corresponding to the 'T2g( G) level] was used
during the experiments. Because of weaker flu-
orescence intensity, a commercial uv lamp exci-
tation source was used for KMnF, and K(Mn, »-
zno »)F

In Fig. 1, the detailed behavior of the wave-

length of the fluorescence maxima is presented
for the three fluoride crystals. The line shape
was substantially independent of temperature.
The width of the MnF, fluorescence (as meas-
ured at half-height) was approximately 500 A at
22'K, and approximately 650 A at 65'K. In this
same temperature range the width of the K(Mn, „-
Zn, »)F, fluorescence was nearly constant at 530
A, while in less accurate data the linewidth of

0 0
KMnF, appeared to broaden from 500 A to 580 A.
A feature of Fig. 1 which is particularly interest-
ing is that for MnF, the alteration of the fluores-
cence wavelength is not uniform but occurs in two
moderately abrupt "jumps. " The magnitude of
each "jump" is roughly the same and relatively
large (about 370 A). To the eye the transforma-
tion is quite striking as the low temperature flu-
orescence changes from a bright yellow to orange
to a, weak red color as the temperature is in-
creased. As implied in this description, there is
an associated temperature dependent variation in
the intensity. This is shown in Fig. 2.
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FIG. 1. Temperature dependence of the fluorescence
maxima of MnF2, KMnF3, and KMnp pgZnp 89F3.
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FIG. 2. Temperature dependence of the intensity of
the fluorescence of MnF2, KMnF3, and KMnp pfZnp SpF3,
each normalized with respect to maximum value.
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As shown in Figs. 1 and 2, KMnFS showed an
effect quite similar to MnF, . However, because
of the weaker fluorescence, it could be measured
only over a narrower temperature region. There
was no observable shift in the fluorescence of
K(Mno „Zno»)F„and its intensity followed ex-
pected behavior. It is noted in passing that
KMnCl, ' but not MnC1, showed a similar striking
change in fluorescence at low temperatures.

Orgel' has interpreted the fluorescence spectra
of dilute manganese systems as a transition from
the 'TI ('G) excited state to the ground state in a1g
lattice site which has been changed from its nor-
mal configuration. The lattice distortion arises
from the altered manganese-anion interaction en-
ergy of the excited state. This model' is adequate
to explain the temperature independence of the
Stokes shift relative to the corresponding absorp-
tion transition and the breadth of the fluorescence
line of such dilute systems as the K(Mn, »Zn, »)F,.
However, it does not appear adequate to explain
our results with pure manga, nese compounds.

Both MnF, and KMnF3 undergo transitions to
the ordered antiferromagnetie state at relatively
high temperatures IT (MnF, ) =67'K, T&(KMnF, )
=88'K]. This indicates a strong exchange inter-
action between the manganese ions. It may be ex-
pected that this interaction would be in some way
reflected in the fluorescence spectra. The com-
parison of the behavior of the isostructural KMnF,
and K(Mno»Zno»)FS crystals shows clear evi-
dence for such interaction effects. In the dilute
K(Mno „Zn, »)F, crystal, the fluorescence wave-
length wa. s substantia. lly independent of tempera-
ture and the fluorescent yield very nearly con-
stant below 50'K. In contrast, both the KMnF,
and the MnF, show their most pronounced effects
in both wavelength and yield below this tempera-
ture.

The energy shifts observed in the fluorescence
spectra (-10 cm ') are large compared to the an-
tiferromagnetic energies (-50 cm '). It does not
therefore seem reasonable that exchange splitting
effects are directly responsible for the observed
phenomena. We suggest that magnetic ordering
provides an additional source of local lattice dis-
tortion around the excited ion which in turn gives
rise to the effects described.

It has been pointed out that bond strengths and
energies are largely determined by 0 bonding
which mixes the e~ and P~ states of the transi-
tion metal and fluoride ion, respectively. ' The
excited fluorescent state is (f2&)'e& T. hus, it
might be expected that the reduced number of e&
orbitals in the excited state would result in a lat-
tice dilation. Correspondingly, the number of un-
paired t2& and eg orbitals is also reduced in the
excited state. Therefore, one would expect the
antiferromagnetie exchange energy between the
excited ion and its neighbors to be reduced ac-
cordingly. Thus, at very low temperatures where
the excited state is antiferromagnetically aligned,
one would expect the lattice dilation effect to be
partially canceled by the lattice contraction due
to the antiferromagnetic exchange coupling. At
some higher temperature, less than the Noel tem-
perature, thermal energy will be sufficient to dis-
orient the excited-state spins and this cancelation
would not occur. We believe that the very abrupt
decrease in the fluorescence wavelength at tem-
peratures above 20'K, for both MnF, and KMnF„
can be understood in this way.

We point out that in the 70'K to 120'K range,
where the second shift in the MnF, fluorescence
is observed, changes in the a axis have been re-
ported. ' This would alter the ground-state config-
uration, modifying the fluorescent wavelength.

We wish to thank Dr. Peter D. Johnson and
Dr. I. S. Jacobs for helpful discussions and grate-
fully a,cknowledge the assistance of Allen R. Frank-
lin and Roy A. Buck with these experiments.

J. T. Randall, Proc. Roy. Soc. (London) A170, 272
(1939). We are not acquainted with references to the
fluorescence of KMnF3.

This is the tentative identification of this phase.
H. A. Klasens, P. Zalm, and F. O. Huysman,

Philips Res. Rep. 8, 441 (1953).
4C. C. Klick and J. H. Schulman, J. Opt. Soc. Am.

42, 910 (1952).
J. W. Stout, J. Chem. Phys. 31, 709 (1959).
L. E. Orgel, J. Chem. Phys. 23, 1958 (1955).

TD. Curie, Luminescence in Crystals (John Wiley @
Sons, inc. , New York, 1963).

S. Sugano and R. G. Shulman, Phys. Rev. 130, 517
(1963).

D. F. Gibbons, Phys. Rev. 115, 1194 (1959).


