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FIG. 3. Energy spectra of 60-MeV ~I ions obtained
with a Au single-crystal absorber; the (100) plane was
tilted 0.25 from beam direction. Crystal thickness
(a) 7000 A, (b) 7300 A. The energy scales were shift-
ed to compensate for the thickness change.

group withe = 0 (for n, = 0), was 486 cm
For this case, we calculate from Eq. (5) a se-
ries of amplitudes, A =0, 0.180, 0.556, 0.980
~ ~, A for the observed X, solutions. [The (111)
channel width is 2x1.18 A. ] This leads to a
set of calculated values for (dZ/E)caic = 0.137,
0.159, 0.208, 0.264, ",which, considering
the crudity of the approximations, is in reason-
able agreement with the measured values (dE/
E)expt=0. 137, 0.151, 0.177, 0.203. The accu-
racy of these calculations can be improved by
using more appropriate potential forms, such
as the hyperbolic cosine, or by including more
terms in Eq. (2). In some cases Eq. (1) can
be solved directly by means of elliptic integrals.

The demonstration that oscillation amplitudes

can be experimentally related with their cor-
responding energy losses suggests a number
of interesting experiments. A study of the pop-
ulations of the groups may indicate the form
of the interplanar potentials. The energy shifts
of the groups with crystal thickness will give
exact numerical values for the wavelengths
of different oscillation modes. Studies of en-
ergy versus angle of exit from the crystal should
give exact values of oscillation amplitudes.
The energy losses associated with the measured
wavelengths and amplitudes allow a mapping
of the stopping power in the channel. Thus,
this experimental technique in conjuction with
the theory should permit the direct determina-
tion of interatomic potentials and stopping pow-
ers.

It is a pleasure to acknowledge helpful dis-
cussions with G. Leibfried and H. W. Schmitt.
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probably too compressed to be observable.

NEW RESULTS ON THE QUESTION OF AUGER AFTEREFFECTS*

James G. Mullen and Hang Nam Ok
Physics Department, Purdue University, Lafayette, Indiana

(Received 14 March 1966)

Since Wertheim' reported the observation
of two charge states in Mossbauer studies on
cobalt oxide, other observations have been
made, ' 4 which have been interpreted as fur-
ther evidence that in some materials the time
required to reach electronic equilibrium, fol-
lowing the emission of an Auger electron, can
be of order of or greater than 10 ' sec. This

evidence has been extensively quoted in the
recent literature' ' despite reported evidence'
that the Mossbauer effect in Co"0 showed on-
ly one charge state. This later experiment,
which appears to conflict with Wertheim's re-
sults, was only reported in an abbreviated form,
and no explanation was given for the discrepan-
cy in Wertheim's original work. While exper-
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iments on some materials have shown no evi-
dence for Auger aftereffects, ' "it has been
argued' that this may be because of a different
electron affinity of Fe'+ in various host lattices.
We wish to report the results of our studies
on CoO~ for x=0 to 1.5, which indicate no evi-
dence for Auger aftereffects. Our results can
be used to explain the experiment of Wertheim'
as resulting from two distinct forms of cobalt
oxide, while we will subsequently refer to as
CoO(I) and CoO(II). We have also begun a re-
examination of hydrated cobaltous compounds
by studying CoCl, .nH, O. While our results on
CoCl, 6H,O are similar to those of Ingalls and
De Pasquali, ' our systematic variation of the
number of attached water molecules suggests
that the broadened spectra may be explained
by an alternative mechanism, not requiring
the postulation of Auger aftereffects. Our da-
ta on these hydrated materials appear to be
most easily explained by assuming a metasta-
ble lattice rearrangement caused by the local
recoil energy accompanying K capture and neu-
trino emission.

Our method of velocity spectrometry has been
described earlier. ' The chemistry was as fol-
lows: Co,O, was prepared from a nitrate so-
lution. Co,O„CoO(II), and Co metal were pre-
pared by reduction with hydrogen at about 180'C.
CoO(I) was prepared by the standard technique,
annealing at 1000 to 1100'C and cooling rapid-
ly in an inert atmosphere. The composition
was determined by comparing the weight of the
prepared compound with that of the material
reduced to the metallic form, using a Mettler
semimicro balance. To assure accuracy and
to account for any possible losses in the chem-
istry, the 122-keV line of Fe" was counted
with a scintillation counter, and the weights
were normalized for any losses in the chem-
istry, as these losses were reflected by a re-
duction in the net count rate of the specimen.
The hydrated cobaltous chloride compounds
were prepared by forming CoCl„which was
weighed and allowed to pick up water to form
CoCl, nH, O. The Mossbauer resonances were
studied for n=0, 2, 4, and 6.

The Mossbauer spectra for Co, CoO(I), CoO(II),
and Co,04 are shown in Fig. 1. The composi-
tion indicated by the normalized weights checked
with the specified composition, CoO~, such that
x is believed correct to within 10%, and also
correlated well with fractional areas under
each of the basic resonance patterns in cases
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FIG. 1. The Mossbauer pattern for (a) Co304, T
=77 K, (b) CoO(II) and Co304, T=77'K, (c) Co metal
and CoO(II), T =77'K, (d) CoO(I)+CoO(II), 77'K, and
(e) CoO(I)+CoO(II), T =195'K. In cases where a mix-
ture of two oxides is observed, the dominant one is
listed first.

where two or more basic patterns make up the
observed resonance. We found that the two
basic absorption spectra for CoO(I) and CoO(II),
revealed in Figs. 1(b) and 1(d), could be varied
depending upon the chemical history of the spec-
imen. These two resonance patterns have prac-
tically the same internal fields and the same
temperature dependences on these fields as
was reported by Wertheim. It is clear, how-
ever, that Wertheim's interpretation of these
patterns a~vidence for Auger aftereffects is
not in accord with our findings. There is a
slight discrepancy in the peak positions and
calculated internal fields as determined from
our data and those given by Wertheim, which
may be due to the limited accuracy of Wertheim's
calibration procedure. It should be noted that
the observation of only four lines in Fig. 1(d)
is presumably due to a partial coalescing of
two lines of the usual six-line pattern, since
the typical pattern was obtained at 7' = 195 K,
as is seen in Fig. 1(e); the extra line in Fig. 1(e)
is from CoO(II) which could never be complete-
ly eliminated in the chemistry, although it was
possible to produce form II in the absence of
form I. The Neel temperature of both CoO(I)
and CoO(II) was found to be between 273 and
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295'K, as mas determined by the collapse of
the hyperfine pattern between these two temper-
atures.

57Co sources made of hydrated compounds
have been the basis for many of the other re-
ports of complex resonances, '~' which have
been called evidence for Auger aftereffects.
Our results on CoCl, nH, O as n is varied from
0 to 6 are displayed in Fig. 2. The result for
n = 0 is as reported earlier. ' For n = 2 we again
observe a simple absorption pattern, with a
quadrupole splitting approximately twice that
seen for n =0. While there is a substantial
asymmetry in the resonance at room temper-
ature, the linemidth associated with both peaks
is about as narrow as could be expected for
the stainless steel absorber used, and at 77'K
the asymmetry is very small, indicating that
the asymmetry results from the anisotrop
in f.'2~'3 It should be noted that it is not pos-
sible to ascribe an Fe'+ state hidden within the
peak at v = 0, because this mould require a broad-
ening of this peak compared to the v = -2 mm/
sec peak, which is not observed. As n is in-
creased from 2 to 6, we observed a resonance
pattern which is very similar to the initial n
= 2 pattern, even though the compound where
n = 2 is distinct from that where n = 6, and width
of both lines increases with increasing n. The
result can be understood if we postulate that
the recoiling Fe" nucleus, whose recoil en-
ergy is of order 3 eV when the neutrino accom-
panying K capture is emitted, causes a local
rearrangement of the lattice resulting in a geo-
metric configuration of ions near the Mossbau-
er isomer similar to the case where n = 2. This
second type of recoil aftereffect'4 is not unrea-
sonable, because the difference in the energy
of stability of the two hydrated compounds must
be very small, since the n = 6 form converts
to the n = 2 form within 20 C of room temper-
ature, indicating that a very minute energy
-0.01 eV «3 eV, is sufficient to convert one
form to another. It should be noted that while
Auger aftereffects are given as the explanation
of the data in Ref. 2, the decomposed spectra
do not show the required broadening for the
lines ascribed to the higher-charge state. The
present explanation does not have this difficul-
ty in accounting for these data. The existence
of a similar recoil aftereffect could also be
contributing to the observations in CoO. We
were not able to isolate completely CoO(I) with-
out a small component of form II, which might
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FIG. 2. The Mossbauer absorption pattern for
CoC12 nH20. (a) n=0, T=295'K, (b) n=2, T =295'K,
(c) n =4, T =295'K, (d) n=6, T =295'K, (e) n=6,
T =195'K, (f) n=6, T =77'K. Positive velocity corre-
sponds to absorber approaching source.

be ascribed to a local lattice rearrangement
analogous to that proposed for hydrated cobal-
tous chloride.

About one month after this paper was submit-
ted to Physical Review Letters another paper
on the same subject by Triftshauser and Craig, "
was submitted and published by this Journal.
While they also found no evidence for Auger
aftereffects in CoO, they suggest that their
data can be interpreted in terms of cation va-
cancies in CoO. Our data cannot be explained
with this interpretation. When me reduced C O02
in H, at about 200'C, we found that the trans-
formation sequence was Co,O, - Co,O, —CoO(II)
—Co metal. If CoO(I) differed from CoO(II)
only by a small number of cation vacancies
some evidence for the formation of CoO(I) in
the above sequence should have been observed.
On heating in an inert atmosphere to about 1000'C,
form II, CoO, converted to form I, but this
conversion mas irreversible and annealing at
low temperature did not result in the reverse
transformation. This suggests that CoO(II)
is a metastable state which can exist at low



VOLUME 17, NUMBER 6 PHYSICAL REVIEW LETTERS 8 AUGUsT 1966

temperature. Our extensive studies of the ef-
fect of thermal history on the relative propor-
tion of forms I and II cannot be accounted for
by the explanation due to Wertheim, "relating
the effect to cation vacancies in CoO. We re-
gard the x-ray determination of only CoO(I)
by Triftshauser and Craig" as inconclusive.
While Fe'+ is stable in CoO(II), and Fe'+, in
CoO(I), the observation that the Neel temper-
ature is nearly equal may indicate that these
two forms are very similar. Studies are un-
derway to determine if any difference in crys-
tal structure or Noel temperature can be ob-
served for the two forms of CoO, and further
experiments are planned on the hydrated com-
pounds at low temperatures.
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He MELTING CURVE BELOW 1 K*
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Using a capacitive method of measuring pressure with a sensitivity of 10 atm, we
have determined the melting curve of He below 1'K. The minimum was found at 0.775'K
with an increase in pressure of 7.5 &&10 atm on cooling to 0.35 K.

From thermodynamic arguments Goldstein, '
in 1960, concluded that there should be a slight
minimum in the low-temperature He~ melting
curve. In later work' calculations placed the
minimum at T &1'K, and 0.052 atm below the
melting pressure at 0 K. The basis for the
minimum, as given by Goldstein, is that in
the solid there are transverse as well as lon-
gitudinal phonons, whereas in the liquid there
can be only the latter. Thus at low enough tem-
peratures, where phonons are the only type
of excitation, the entropy of the solid may be
greater than that of the liquid, giving a nega-
tive slope to the melting curve by the Clapey-
ron equation. This prediction has been veri-
fied experimentally, although with considerable
disagreement in the temperature and depth of

the minimum.
Indirect verification was made by Wiebes

and Kramers, s who observed warming on melt-
ing He below 0.76 K. From their measurements,
the depth of the minimum, P(0'K) —Pmtn, was
computed to be only 0.008 atm, almost seven
times less than the predicted value. In a sirn-
ilar experiment, Zimmer man computed an
average slope of -0.2 atm/'K between 0.147
and 0.630'K, which would give P(0'K)-Pmin
greater than that predicted by Goldstein. Sy-
doriak and Mills, on the basis of calculations
using the entropy of melting, place the mini-
mum at T tn =0.857'K, with an increase in
the melting pressure of 0.027 atm on cooling
0.6'K. In the only direct measurement, Le Pair
et al. '~' worked with a pressure sensitivity of
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