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I. INTRODUCTION

The NSF Grant GK-871 was extremely important for the initiationof a
Mossbauer spectroscopy project within the frame work of the materials research
program of the Department of Nuclear Engineering at The University of Michigan.
Through it we were able to buy some of the necessary instruments, to support
three students during part of their doctoral work, and to cover current costs
for materials and supplies for two years. But beyond that the grant was also
instrumental in helping us to obtain additional support from other sources:

The College of Engineering of The University of Michigan supplied a Nuclear

Data 5l2-channel multichannel analyzer; two grants from the Michigan Memorial
Phoenix Project were obtained—one for student support, the other for the acqui-
sition of a liquid helium cryostat; and finally, the Argonne National Laboratory
gave financial support to the recipient of this grant in order to make possible
his cooperation in that part of the research which was conducted at the Argonne
Laboratory.

The original proposal was to study neutron induced recoil defects in
tellurium compounds. However, after this investigation was completed to the
extent that seemed feasible (see Section II), other problems were attacked.

The choice of these was influenced mainly by the general interest that the solu-
tion of these problems might have. As will be seen, these investigations did
not always fall under the general topic of defect studies by the MoOssbauer ef-

fect, which we consider as the guiding principle of our research effort.



II. SEARCH FOR RADIATION EFFECTS IN TELLURIUM COMPOUNDS

The principle of our experiments is the following: The source nuclei for
the Mossbauer spectroscopy are produced by neutron capture. The energetic
gamma rays emitted following neutron capture impart a recoil momentum to the
source nucleus. The recoil energy is just large enough to produce a few dis-
placements in the lattice containing the source nucleus. It seems likely,
therefore, that the source nucleus itself may end up in a defect position, or
that a defect may be located in it's immediate neighborhood. In both cases,
the Mossbauer spectrum may be modified in comparison to the undisturbed spec-
trum either in intensity or in its hyperfine structure, or both. To avoid pos-
sible chemical effects it seemed important to require, that the Mossbauer
transition should occur in the same nucleus, which is produced by the neutron
capture.* This can be achieved in two ways:

1. The Mossbauer transition is observed immediately following neutron

capture as the final transition in the capture gamma ray cascade.
This makes it necessary to conduct the experiment in the neutron
beam at the reactor.
2. The neutron capture process may lead to a long-lived isomeric state.
In this case the neutron irradiation of the source may be conducted
in the reactor and the isomer produced may be used in a conventional
Mossbauer spectrometer away from the reactor.
We have chosen the second possibility.

There are only very few isomers of convenient half-life which may be used

125

. m .
for Mossbauer experiments. Out of these we selected Te for our experiments.

*
Usually, MOssbauer sources are p-emitters, i.e. the gamma transition used for
resonance absorption occurs in the nucleus which is chemically different from
its long-lived radicactive parent.
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Our work is described in detail in Appendix A, "Te
of Neutron Capture Effects in PbTe, Te and TeOp. '* Our results indicate that
the thermal neutron capture process does not affect the Mossbauer spectra of
125 . .
Te in the compounds investigated. However, we feel that our results, though
they are negative in the sense that we did not observe the effect which we had
been looking for, have some importance, particularly in view of the fact that
1
Stepanov and Aleksandrov( ) did see an effect in PbTe following neutron irradia-

tion with much higher total doses than ours. Detaills of the comparison of our

measurements with those of the Russian authors are given in Appendix A.

III. MAGNETIC PROPERTIES OF TELLURIUM COMPOUNDS

After the conclusion of the work on defect properties in Te-compounds it
was decided to look at the magnetic properties of some Te-compounds. Two facts
led to this decision: On one hand we had developed the necessary skill to do

.o . 125 _ i
Mossbauer spectroscopy with Te and on the other hand we learned at that time
of an interesting ferromagnetic spinel, CuCrsTe,, which had been the subject of

(2,3,4)

some recent lnvestigations. This compound seemed to us to offer a unique
opportunity to measure transferred hyperfine fields by Mossbauer spectroscopy
since Te is the only chalcogenide with a known Mdssbauer nuclide and CuCrpyTey
is the only ferromagnetic spinel which has been successfully prepared using Te

as the anion.

A description of the work on CuCrsTey, is to be found in Appendix B, which

*
This paper has been accepted for publication in the Journal of Chemistry and

Physics of Solids.



ig a reprint of our publication in the Physics Letters‘(5) The great interest
which this paper aroused may be seen from the fact, that within 6 months of

our publication, two other papers appeared in the Physics Letters, one being a
measurement of the transferred hyperfine field at the Telg5—nucleus in CulrsTey
by NMR techniques,(6> the other being an improvement on our measurement of the
magnetic moment of the first excited state in Te125c(7) A recalculation of
Heff using the new value for the excited state magnetic moment gives Hopp =
164 kgauss; this value is in closer agreement with the NMR results than was

our original determination.

Besides CuCrsTey, we also remeasured the spectra of two other compounds:
antiferromagnetic MnTe and ferromagnetic CrTe. The results of these measure-
ments have not been published and are therefore given here in brief: The
MnTe displayed no measurable line broadening, indicating that both the elec-
tric quadrupole and magnetic hyperfine interactions are very weak. In con-
clusion, the antiferromagnetic "superexchange' coupling of the Mn transition
metal ions apparently causes little unpairing of the Te spins. Line broadenirg
was observed for CrTe, however it is difficult to ascertain whether the origin
is the quadrupole or magnetic interaction. The magnetic interaction is a dis-
tinct possibility since the ferromagnetic Cr ions could cause spin unpairing of
the Te s-electrons either by exchange polarization or covalent mixing. If the
troadening in CrTe is solely magnetic in origin, the internal hyperfine field

at the Te site is Horr = 20 kgauss.



Lo
IV. NEUTRON BEAM EXPERIMENTS WITH Fe57 AND K

Simultaneously with the work described in Section III, we began to look
for the Mossbauer effect in Fe57 following neutron capture in Fe56; In this
case there is no long-lived isomeric state preceding the 1h.L kev transition in
Fe57 so that the experiment must be conducted in the neutron beam at a reactor.
This experiment is quite difficult to do because of the very high gamma back-
ground in and around a neutron beam. A carefully designed collimator was built
and installed in a beam port at the Ford Nuclear Reactor (FNR) of The University
of Michigan. Many arrangements of gamma- and neutron shielding were tested
until we were eventually able to see the 1h.h kev radiation as a L.5 effect
above background in a double-window xenon filled proportional counter. At this
time we learned that the same experiment had already been done with much higher
neutron flux at the FR2-reactor in Karlsruhe, Germany,(8) Since the student
engaged in the experiment, a citizen of the Republic of China, faced some prob-
lems concerning the extension of his visa, it was then decided, to abandon
the experiment at the FNR for the time being and to accept an offer of the
Argonne National Laboratory, to conduct similar experiments there. At ANL a
rumber of Mossbauer nuclei were tested in the neutron beam at the CP-5 re-
actor and Kho was eventually chosen as the subject of our investigation. Finan-
cial support by the laboratory made it possible for me to actively take part
in this investigation during part of the summer 1967, and during shorter trips
throughout that year. The results of this work have been published in the

(9)

Physical Review and may be found as Appendix C to this report.

T+ is hoped, that MOssbauer experiments in the neutron beam at the FNR



will eventually be taken up again, since recent measurements at Karlsruhe show
that this method is one of the most promising for the investigation of radiation

effects by Mossbauer spectroscopy.

V. ANALYSIS OF QUADRUPOLE SPLITTING DATA

Guided by the special interest of a graduate student in the Chemistry De-
partment of The University of Michigan, a systematic investigation into the
temperature dependence of the quadrupole splitting of some Fe-complex compounds
was undertaken. The results of these measurements are appended as Appendix D.
Publication of these results with an interpretation of their meaning is intended

and reprints of the paper will be submitted when available.

VI. FUTURE PLANS

We are planning to continue our efforts to develop Mossbauer spectroscopy
as a tool for the investigation of radiation effects. After a number of un-
successful attempts in this direction by various authors, Czjzek and Berger
have recently obtained very promising results by doing Mossbauer spectroscopy

(10)

with FeAl-alloys in the neutron beam. Our own work will also concentrate
on order-disorder alloys, as well as age-hardening alloys, as will be described

in more detail in a new research proposal.
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Abstract — The Mossbauer emission spectra of Te!? in PbTe, Te metal, and TeO, have been measured
following neutron capture in Te!**. Mossbauer data for each sample were taken after the source
irradiation and following thermal annealing. The irradiation conditions were chosen so that only the
thermal neutron capture induced defects should have a significant effect on the environment of the
Maossbauer emitting nuclei. Comparison of the data taken before and after the source annealing showed
no differences in linewidth, isomer shift, quadrupole splitting, or resonance intensity within the standard
deviations of the parameters. The results show that the thermal neutron capture process in Te!?* does
not affect the Te'?® Mossbauer spectra. The possible reasons for this are discussed. The results also
indicate that the anomalous isomer shift reported by Stepanov and Aleksandrov in a similar experiment
on PbTe is probably caused by a high background of fast neutron induced displacements.

1. INTRODUCTION

CHANGES in the structure of Mossbauer emis-
sion spectra due to the presence of neutron
capture induced displacements have been
studied in processes involving both neutron
activation of the first excited state of the
Mossbauer nuclide[1-3] and neutron activa-
tion of an isomeric state parent[4, 5]. Because
of the short lifetime of the first excited state
of Mossbauer nuclides (1071°-107% sec),
the neutron activation of this state and the
Mossbauer measurement must be done simul-
taneously. Thus, the first type of experiment
must be done in a neutron beam. However,
if the Mossbauer nuclide has a long-lived iso-
meric state, then the neutron activation and
the Mossbauer measurement can be done at
different times. In the second type of experi-
ment the neutron irradiation can be done in-
pile and the MGssbauer measurement can be
made at leisure after the irradiation.

The principle advantage of the second type
of experiment is that it avoids the usual prob-

*Research supported by the National Science Founda-
tion, Grant No. Gk-871.

tPresent address: Scientific Laboratory, Ford Motor
Company, Dearborn, Michigan.

lems of low neutron intensity and high back-
ground radiation associated with neutron
beam experiments. There is one limitation,
however, in the use of in-pile irradiations
for investigating radiation effects; the meas-
urements are restricted to materials with
defect annealing temperatures greater than
the reactor irradiation temperature (generally
50°C or higher). This severely limits the
number of potential experiments. This, of
course, is not true if low temperature irradi-
ations are possible; however, low temperature
irradiation facilities are not available at most
reactors.

Sn!1® and Te!?® are two Mossbauer nuclides
that offer favorable thermal neutron capture
cross sections, isomeric state half-lives, and
resonant gamma ray energies for use in the
second type of experiment. Previous Moss-
bauer investigations of the effect of neutron
irradiation on the resonant emission spectra
of these nuclides have given some evidence of
recoil induced changes in the electronic con-
figuration about the emitting nuclei.

Hannaford et al.[4] found a small satellite
peak in the emission spectrum of Sni'® in
Mg,SnO, following neutron activation. The

1189
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intensity and isomer shift of the satellite
peak indicated that approximately 25 per cent
of the Sn atoms had suffered a recoil induced
valency change. The valency change was
clearly shown to be attributable to neutron
capture induced displacements.

Stepanov and Aleksandrov[5] recently re-
ported a Mossbauer measurement on Te!?
in PbTe following neutron activation. The
measurement showed an anomalous isomer
shift. The PbTe source measured against a
PbTe absorber had an isomer shift of 1-7 mm/
sec (measured 20 days after the end of the
irradiation) when, in fact, there should be
no isomer shift if the source and absorber are
chemically identical. The anomalous isomer
shift indicated that the s-electron configuration
of the PbTe source had been altered by the
irradiation. The anomalous isomer shift was
observed to decrease exponentially with time
with a mean life of 10+ 3 days. This indicated
that the defect structure was annealed at room
temperature.

The measurements reported in this paper
were also done on Te!* following neutron
activation. In addition to a measurement on
PbTe, measurements were also made on Te
metal and TeO,. Mossbauer measurements
were made on each of the three materials
following the source irradiation and then
following thermal annealing of the same
source. The two spectra were then compared
to see if there were any changes in the hyper-
fine spectra caused by neutron capture in-
duced displacements.

Contrary to the results of Stepanov and
Aleksandrov the Mossbauer spectrum for
PbTe reported in this paper showed no
anomalous isomer shift after the neutron irra-
diation. In fact, no changes were observed
in the hyperfine spectra of any of the three
materials.

The difference between these results for
PbTe and those of Stepanov and Aleksandrov
yields considerable insight into the defect
mechanisms involved. The measurements re-
ported in this paper were made with irradi-
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ation conditions chosen so that the Massbauer
spectra should only be affected by displace-
ments caused by the thermal neutron capture
process. The results indicate that the thermal
neutron capture process in Te!?* does not have
an effect on the Mdossbauer spectra of the
Te'?. In conclusion, the anomaly observed by
Stepanov and Aleksandrov in PbTe is prob-
ably the result of a high concentration of
displacements induced by mechanisms other
than thermal neutron capture. The most
likely mechanism is fast neutron elastic
scattering.

2. RADIATION EFFECTS

The Mossbauer isomeric state parent
Te!>™(58d) is produced by thermal neutron
capture in Te!** (i.e. Te!* +py, — Te!zm
+v). The Te!®™ nucleus can be introduced
into the lattice as a defect if the recoil energy
from the (n,y)-reaction is greater than the
minimum energy for displacement, FE,,
which is typically of the order of 25eV. The
recoil energy arises from the emission of the
6-4 MeV of excitation energy of Te!*® by
‘prompt’ gamma rays. By conservation of
momentum the emitted gamma rays impart
kinetic energy to the emitting nucleus.

A calculation of the mean recoil energy re-
quires knowledge of the gamma rays emitted
in the de-excitation process, including their
energies, emission probabilities, and time
and angular correlation. Unfortunatley the
capture gamma ray energy spectrum has not
been measured for neutron capture in Te'?4;
therefore the mean recoil energy cannot be
accurately estimated.

In general the mean recoil energy for cap-
ture gamma ray emission is low (of the order
of E;). This means that the number of dis-
placed atoms produced per thermal neutron
captured is small; subsequently, the number of
possible defect configuration is small. This is
a particularly nice feature for Mossbauer
measurements since the resultant Mdssbauer
spectrum is a weighted sum of the spectra
characteristic of each defect configuration.
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The isolation of displacements which are
induced specifically by thermal neutrons is
often very difficult when doing in-pile irradia-
tions. This is due to the ‘background’ effects
caused by displacements due to other recoil
processes. All of the types of radiation present
in a reactor (i.e. fast neutrons, gamma rays,
etc.) can produce displacements through
either scattering processes or nuclear reac-
tions. For most elements the ratio of defects
produced by thermal neutron capture to those
produced by fast neutron scattering is less
than one[6]. Thus, fast neutrons are usually
responsible for most of the radiation effects
observed with in-pile irradiations.

Under some conditions the Mossbauer
effect measurement provides a means of
separating displacements due to thermal
neutron capture from those arising from fast
neutrons and other sources. This is possible
because the characteristic hyperfine inter-
actions are, for the most part, only influenced
by the ‘local’ electronic environment (atomic
electrons and first few near neighbour atoms).

The fraction of the resonant emissions
which have hyperfine structure character-
istic of a defect environment is related to the
probability that a defect is within the ‘local’
environment of an emitting nucleus. For
defects produced by thermal neutron capture
this probability should be nearly equal to 1
since the emitting nucleus itself is in a defect
position. On the other hand, defects produced
by other types of radiation are randomly
located with respect to the emitting nuclei.
Hence the probability that these defects
are within the ‘local’ environment of an emit-
ting nucleus is of the order of the ratio of the
defect density to the appropriate atomic
density.*

In order to minimize the effect of displace-
ments caused by other types of radiation,

*The atomic density used here must take into account
the range of the hyperfine interactions (referred to as the
‘local’ environment). This density will be smaller than
the number density of atoms for long range interactions
and -will approach the number density for short range in-
teractions (hyperfine interactions affected only by the
atomic electrons).
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the density of defects must be kept much less
than the number density of atoms. Since the
defect density is a linear function of the total
radiation dose (in the absence of self anneal-
ing), it is possible to minimize the effect of
undesirable displacements by proper choice
of irradiation fluxes and times.

The measurements reported in this paper
were carried out under conditions where the
thermal neutron capture effects played a
dominant role. Fast neutron scattering was
the principal source of additional displace-
ments; however, the estimated density of
these displacements was ~ 1074-1073 of the
tellurium atom density. Thus, the fraction of
Maossbauer emitting nuclei which are in close
proximity to a fast neutron displaced atom is
very small. The fast neutron induced dis-
placements then should have little effect on
the Mossbauer spectra.

3. EXPERIMENTAL PROCEDURE

(A) Sources and absorbers

The PbTe, Te metal and TeO, used in the
measurements as sources were prepared from
Te enriched to 94 per cent in Te'?4. The PbTet
and Te metal powders were pressed into thin
discs and then sintered in a hydrogen atmos-
phere at 550°C for 3 hr and 350°C for 6 hr,
respectively. The TeO, was prepared from
nitric acid solution following the procedure of
Marshall[7]. This procedure results in TeO,
with the tetragonal crystal structure. The
structures of the materials were all veri-
fied by X-ray diffraction measurement.

The materials to be used as sources were
irradiated in the Ford Nuclear Reactor.
Samples were generally irradiated in fluxes
of 102-10" neutrons/cm?-sec for periods
of 10-15 days. The total thermal neutron
doses for the PbTe, Te and TeO, samples
reported on in this paper were 8x1017, 9107
and 8x10'® neutron/cm? respectively. The
fast neutron doses were a factor of 12 lower.

tPrepared by New England Nuclear Corp., Boston,
Mass.
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The sample temperatures during the irradi-
ation were measured to be ~45°C.

After the Mossbauer measurement was
made following the source irradiation, the
sources were all annealed to restore any dis-
placed atoms to normal lattice sites. The PbTe
and Te sources were annealed in a hydrogen
atmosphere at 400°C for 11hr and 350°C
for 12 hr, respectively. The TeO, was dis-
solved in HNO; and recrystallized following
the procedure in the initial preparation.

The Mossbauer measurements for PbTe
and Te were made using a single line absorber
of PbTe (17-5mg/cm?) enriched to 95 per
cent in Te!?. The measurements for TeQO,
were made using a single line absorber of
Te(OH)s (39 mg/cm?) with a natural abun-
dance of Te!% (7 per cent).

(B) Apparatus

The Mossbauer measurements were made
using the 35-6keV gamma ray resonance
in Te!?, Details of the decay scheme and the
relevant Maossbauer parameters have pre-
viously been reported[8].

The 35-6keV gamma rays were detected
using a xenon-nitrogen filled proportional
counter. With this detector the 35-6keV
gamma ray is only partially resolved from the
intense background due to the Te K, and K,
X-rays at 27-4 and 31-2keV. The gamma
ray can best be discriminated by using the
escape peak at 7-0keV. All measurements
were made with the single channel analyzer
set at the escape peak energy.

The signal-to-noise ratio of the escape peak
was further improved by using a 5 mil copper
(113 mg/cm?) absorber to reduce the X-ray
intensity. This increased the signal-to-noise
ratio by a factor of 3-5 with only a factor of
0-33 reduction in the count rate. The 8:0 keV
copper X-rays which are generated in this
absorber are almost completely absorbed in
the 20 mil aluminum window on the propor-
tional counter.

The resonant absorption spectra were taken
using a time mode Mossbauer spectrometer.

J. F. ULLRICH and D. H. VINCENT

The multichannel analyzer was calibrated
using the magnetic hyperfine spectrum
of Fe®” in iron metal. Calibration runs were
made before and after each Te run to check
the constancy of the equipment.

The source and absorber were both cooled
to liquid nitrogen temperature in a styrofoam
insulated dewar similar to the one described
by DeWaard et al.[9]. The source and
absorber temperatures were not externally
controlled and were generally ~ 82°K.

4. RESULTS

The results of the measurements on PbTe,
Te and TeO, are shown in Fig. 1. The data
points shown are those taken in the Mossbauer
measurements immediately following the

0

|
\ j«— Annealed

RESONANCE ABSORPTION (%)

\’\/A\J

Annealed

1 [ l 1
-2:0 =IO 0 10 2:0
VELOCITY {cm/sec)

Fig. 1. Resonance absorption spectra taken before and
after source annealing for: (a) PbTe; (b) Te metal; (c)
TeO,.
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irradiations. The solid line is the least squares
fit to the data with an assumed spectral shape.
A single line of Lorentzian shape was fit to
the PbTe spectrum and two lines of Lorentzian
shape (quadrupole split) were fit to the Te
and TeO, spectra.

The spectra characteristic of the normal
lattices were obtained after treating the
sources to restore any displaced atoms to
normal lattice sites. The results of the curve
fitting to the Mossbauer spectra taken after
annealing are shown in Fig. 1. by the dashed
lines.

The parameters obtained from the least
squares fit to the spectra taken before and
after annealing are listed in Table 1. The
standard deviations of the parameters listed
in the table are calculated from the error

1193

contribution due to variations in experimental
conditions. Several experimental factors can
have a significant effect on the measured
resonance intensity. These include the detec-
tor signal-to-noise ratio, the source and
absorber temperature, and the experimental
geometry. An accurate comparison of reson-
ance intensities for two different runs requires
that these factors not only remain stable
during the course of each run but be exactly
reproducible for each run. In both respects
the conditions for our experiments were not
the most desirable. Runs were generally of
the order of 4-5 days in duration; this, of
course, put a limitation on the temperature
and electronic stability. In addition, the
samples had to be removed between runs for
annealing; this made exact reproducibility

Table 1. Parameters obtained from the least squares fit to the data of Fig. |

Quadrupole

Source Linewidth Isomer shift* splitting Resonance

(mm/sec) (mm/sec) (mm/sec) intensityt
PbTe —Pre-anneal 9-60+0-23 0-07 +0-05 0 0-0324 £ 0-0003
Post-anneal 9-58+0-22 0-03+0-04 0 0-0351 = 0-0003
Te — Pre-anneal 9:07+0-24 —0-44+0-08 7-51=0-14 0-0197 = 0-0004
Post-anneal 8-83+0-26 —-0-41 £0-09 7-35x0-15  0-0221 =0-0005
TeQ, — Pre-anneal 6424012 —1-98+0-04 6:72+0-11  0-0226 = 0-0002
Post-anneal 6-49+0-12 —1:99+0-04 6-89+0-11 0-0219 = 0-0002

*Shift relative to PbTe for the PbTe and Te source and Te(OH); for the TeO, source.
tMaximum resonance intensity uncorrected for background.

matrix generated in the final iteration of the
least squares fitting routine. It is apparent
from this tabulation that the linewidth, the
isomer shift and the quadrupole splitting for
the three materials are identical in the two
runs within the standard deviations of the
parameters.

The only parameter which shows a signifi-
cant variation between runs is the resonance
intensity. In all cases the variation inresonance
intensity (3-11 per cent) is greater than the
standard deviation in the intensity parameter
(1-2 per cent). However, this standard
deviation reflects only the statistical uncer-
tainty in the fitting and does not include a

of all conditions difficult. A careful analysis
of the stability and reproducibility of all the
previously mentioned factors for our measure-
ments indicates that the experimental un-
certainty in the resonance intensity amounts
to about 10 per cent.

As a result, the observed variations in the
resonance intensity are only of the order of
the uncertainty in the measured intensity.
To see if the variations in resonance intensity
for each material were reproducible, the sets
of measurements were repeated using new
sources. This second set of measurements
for each material (only the measurements with
the best statistics are reported in this paper)
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did not show the same variation in resonance
intensity as the first set. In all cases the
magnitude of the change was different and in
one case even the direction of the change
was different. Again, as in the first set of
measurements, the resonance intensity
changes ranged up to about 10 per cent.

From this evidence we conclude that if
there are any f value changes in any of the
materials due to the source irradiation, the
change is certainly less than 10 per cent of
the normal f value. To determine whether
or not there indeed is a real f value change
would require that the experimental con-
ditions be much better controlled than in our
measurements.

The quadrupole splittings for Te and TeO,
obtained in our measurements are in agree-
ment with previously reported values. All
previous results, except for a recent measure-
ment by Pasternak and Bukshpan[10], are
summarized in a paper by Violet and Booth
{11]. For comparison with previous results,
the values obtained for the quadrupole splitting
in our measurements are 0-75=+0-01 cm/sec
and 0:69+0-01 cm/sec* for Te metal and
TeO,, respectively.

To compare isomer shifts with the values
tabulated by Violet and Booth, our values
have all been referred to a Te source. With
respect to a Te source, the isomer shifts are
—0-04+0-01 cm/sec and +0-02+0-01 cm/sec
for PbTe and TeO,1, respectively. The isomer
shift for TeO, agrees with the value obtained
by Violet and Booth; however the isomer shift
for PbTe is less than the value reported by
Stepanov et al.[12].

5. DISCUSSION

Our measurements show no clearly
resolved changes in the Mossbauer hyperfine

*The values quoted here are the average values obtained
from several runs.

1The TeQ, isomer shift was obtained by combining the
results reported in this paper with an additional measure-
ment with a PbTe source and Te(OH)6 absorber which
showed an isomer shift of —0-13 = 0-01 cm/sec.
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spectra of Te'?® which could be attributed to
neutron capture induced recoils. There are
several possible explanations for the lack of
any observable effects; however, it is difficult
to establish any conclusive explanation due to
the lack of supplemental information.

First, the changes in the hyperfine structure
may be too small to be resolved. The broad
lines of the Te'* resonance, of course, make
observation of small changes in the hyper-
fine spectra very difficult. It is also very diffi-
cult to theoretically predict the isomer shift
and electric quadrupole splitting that might
occur for various possible defect configura-
tions.

Second, there may be insufficient recoil
energy on the average to displace the atoms
from their normal lattice sites.

Third, defect annealing may occur at the
reactor irradiation temperature of 45°C.
Previous measurements indicate that such
annealing probably does occur in Te metal,
but definitely not in PbTe. A study of electron
bombardment effects on Te metal showed that
the defects anneal fairly rapidly even at room
temperature[13]. Rather extensive measure-
ments of the Hall coefficient, the Seebeck
coefficient, the electrical resistivity and the
thermal conductivity of PbTe both during and
following thermal and fast neutron irradiation
show little annealing below temperatures
~ 150°C[14,15]. There are no previous
measurements of radiation effects in TeO.,.

It is quite clear from our results that the
thermal neutron capture process in Te!*
does not lead to any significant changes in
the Mossbauer hyperfine spectra. The PbTe
data, in particular, give evidence that the
isomer shift anomaly observed by Stepanov
and Aleksandrov is probably caused by dis-
placements induced by other types of reactor
radiation. All the measurements reported
in this paper were made within approximately
three weeks after the end of the irradiation.
Using Stepanov and Aleksandrov’s annealing
curve, an isomer shift of at least 1-5 mm/sec
should have been observed if the anomaly was
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caused by neutron capture induced recoils.
The most likely cause of the isomer
shift anomaly observed by Stepanov and
Aleksandrov is fast neutron induced displace-
ments. No information is given on the fast
neutron flux used in their irradiation; how-
ever, if it is assumed that the fast flux is
75 the magnitude of the thermal flux quoted in
their paper and that there is no saturation
of defects, the Te defect density could be as
large as 3 the Te atomic density. Thus the
Stepanov and Aleksandrov measurement
seems to have been carried out under
irradiation conditions where ‘background’
displacements have a high enough density to
significantly affect the Mossbauer spectrum.
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The Mossbauer hyperfine spectrum of 125Te has been measured in the ferromagnetic spinel CuCraTeyq.
The hyperfine field was found to he 148 £ 5 kOe. The nuclear magnetic moment of the 35.6 keV excited

state of 125Te was determined to be + 0.74 + 0,07 nm.

In this letter, we report on the measurement
of a transferred hyperfine field at the tellurium
anion site in the ferromagnetic spinel CuCrgTeg.
This compound represents a unique opportunity
for studying transferred hyperfine fields using
Mossbauer techniques since Te is the only
chalcogenide with a known M06ssbauer nuclide and
CuCryTey is the only ferromagnetic spinel which
has been successfully prepared using tellurium
as an anion [1,2].

CuCrgTey4 is one of the interesting groups of
chromium spinels which have shown anomalous
ferromagnetic behaviour [2-4]. CuCrgTeq has a
Curie temperature T = 3650K [1]. The spin con-
figuration of this particular spinel was recently
investigated by neutron diffraction techniques [5].
From the results, it was concluded that CuCroTeq
was a normal spinel with the magnetic Cr3+ ions
occupying solely the B sites and diamagnetic Cut
occupying the A sites. A model proposed to des-
cribe the magnetic behaviour in the ferromag-
netic spinels [2] involves a dominant exchange
interaction of the 909 Cr-X-Cr superexchanges
type, where X is the anion. For the 3d3 cations,
this exchange interaction is ferromagnetic.

In this study, the magnetic hyperfine inter-
action at the Te anion site was investigated using
the 35.6 MOssbauer gamma ray resonance in
125Te. The magnetic hyperfine interaction causes
the 35.6 keV 2+ excited state to split into four
levels and causes the 3+ ground state to split into
two levels. Since the gamma ray transition is

* Research supported by the National Science Foun -
dation, Grant No.GK 871. .
** Present address: Scientific Laboratory, Ford Motor
Company, Dearborn, Michigan.

predominantly a magnetic dipole (Ml) transition,
the MOssbauer pattern will consist of six lines.
The relative location of the six lines in the mag-
netic hyperfine pattern is completely determined
by R = 11/1g, the ratio of the excited state nuc-
lear magnetic moment to the ground state nuclear
magnetic moment. The ground state moment is
known from nuclear magnetic resonance measure-
ments (Lo = - 0.8872 nm) [6]. The excited state
moment has not been determined although previous
Mdgssbauer measurements [7,8] have definitely
established the moment as positive. From theo-
retical considerations, the excited state moment
has been estimated to be p1 ~+ 0.7 nm [8].

The measurements were made using a source
of 125Tem (58d). The 125Tem was obtained by
neutron irradiation of Te enriched to 94% in
124Te, The Te was in the form of cubic PbTe
which provided a single resonance line source.
The CuCryTey powder was embedded in acrylic
plastic for use as an absorber. The powder ab-
sorber thickness was 53.5 mg/cm2,

The 35.6 keV gamma rays were detected using
a xenon-nitrogen filled proportional counter.
Selection of the escape peak provided separation
of the gamma ray from the intense X-ray (27.4
keV and 31.2 keV) background. The resonant ab-
sorption spectrum was obtained using a time mode
Mossbauer spectrometer. Both the source and ab-
sorber were cooled to liquid nitrogen temperature
for the measurements.

A typical resonant absorption spectrum is shown
in fig. 1. In order to determine whether this spec-
trum was a partially resolved six-line spectrum
due to magnetic hyperfine splitting or whether it
was a two-line spectrum due to quadrupole split-
ting, the data were analyzed assuming the follow-
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Fig. 1. Resonant absorption spectrum from a PbTe source

and CuCr9Te4q obsorber (53.5 mg/cm2) at liquid nitro-

gen temperature. The solid line is the "best fit" six-~

line spectrum. The bars denote the location and rela-
tive intensity.of the six lines.

ing spectral shapes. First, it was assumed that
the spectrum consisted of two Lorentzian-shaped
lines with equal line widths, but different line in-
tensities. The line locations, line intensities,
and line widths were used as variables in the fit-
ting. Second, it was assumed that the spectrum
consisted of six Lorentzian-shaped lines with
equal line widths. The line intensities were con-
strained to the ideal intensity ratio for a powder
absorber (3:2:1:1:2:3 for the locations determined
by i1 =+ 0.7 nm). The variables used in deter-
mining the line locations were R and Hggf, the
effective hyperfine field. Other variables were
the line width and a line intensity parameter.

The result of the least squares computer fit with
the six-line spectrum is shown as the solid line
in fig. 1. The bars denote the location and rela-
tive intensity of the six lines.

On the basis of the fittings with the assumed
spectra, it was concluded that the splitting was
due to a magnetic hyperfine interaction. The
reasons were as follows: 1) the X2 value for the
"best fit" six-line spectrum was 25 percent smal-
ler than the value for the two-line spectrum;

2) the line width for the two-line spectrum was
36% broader than the expected line width cor-
rected for finite absorber thickness, whereas
the line width for the six-line spectrum was in
excellent agreement; and 3) the magnitude of the
electric field gradient needed to produce the

observed splitting (eq = 4.3 x 1016esu) is 10 per-
cent greater than that due to a single 5p electron
[9]. Any reasonable bonding model for Te in
CuCrgTe4 would yield less than the equivalent of
one unbalanced 5p electron.

In the final six-line analysis, a small quadru-
pole interaction was taken into account since the
symmetry of the tellurium site is not cubic. The
average quadrupole coupling constant obtained
from the computer fit to several measurements
is +¢2qQ/ = - 0.08 + 0.08 mm,/ sec.

The average value of R = 1/ obtained from
the data is R = - 0.84 £ 0.09. Using the previous-
ly determined value of the ground state nuclear
moment, we find the nuclear moment of the

35.6 keV excited state to be p1 =+ 0.74 + 0.07 nm,
in good agreement with the estimated value. The
average value of the effective hyperfine field is
Hegt = 148 + 5kOe.

The nonmagnetic Te2- ion would not normally
be expected to have a hyperfine field at its nuc-
leus. However, in a ferromagnetic compound
such as CuCrgTey, the Te 5s electrons can be
spin polarized through interaction with the mag-
netic cations, leading to a hyperfine field at the
Te nucleus through the Fermi contact interaction.
The following two mechanisms are the most pro-
bable source of the polarization. First, covalent
mixing of the Te 5s orbitals with the Cr 3d orbi-
tals, and second, exchange polarization of the
Te 5s electrons by the Cr 3d electrons. A 5s
electron polarization of a few percent would pro-
vide a field of the right magnitude [10].

The authors express sincere thanks to C.Co-
lominas for graciously providing the sample of
CuCrgTey4.
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This paper describes an investigation in which the 29.4-keV v ray formed in the neutron capture reaction
K®(n, v) K% was studied by use of the Mossbauer effect. Several potassium compounds were used as the
neutron targets, i.e., as y-ray sources for Mossbauer measurements. The results are: (a) All spectra show a
single absorption line at 9=0 whose width is no more than 1.3 times the minimum predicted from the life-
time; (b) the background and the recoilless fraction vary strongly from one case to another; and (c) the
quadrupole splitting and isomer shifts are small if not zero. The recoilless fraction was measured as a function
of temperature for a KF target. By fitting the results to curves based on a simple theory of diatomic solids,
a value for the effective Debye temperature of potassium in these targets was obtained. In order to arrive
at a value of 3 (r2)/ (r2) for the K nucleus, four careful center-shift measurements were carried out with K
metal at 10°K and KF at 10, 55, and 80°K as targets, and KCl at 80°K as absorber. Comparison of these
results with calculations of the thermal shifts based on our determinations of the effective Debye tem-
peratures of the different targets shows that the measured line shifts are mainly due to thermal shifts. The

accuracy of the measurements is sufficient to place an upper limit of 8 {2 )/ (r* ) <5X10™* for K%,

I. INTRODUCTION

F all nuclides with suitable properties for the Moss-
bauer effect, the one with lowest Z is K¥—but it
does not have a radioactive parent. Two groups!? have

t Work performed under the auspices of the U. S. Atomic
Energy Commission.

* Based on a dissertation by P. K. Tseng in partial fulfillment
of the requirements for the Ph.D. degree at the University of
Michigan.

{ Permanent address: Physics Department, National Taiwan
University, Taipei, Republic of China.

§ This work was partially supported by the U. S. National
Science Foundation (Grant No. NSF GK 871).

1D. W. Hafemeister and E. B. Shera, Phys. Rev. Letters 14,
593 (1965).

( 3 S.)L. Ruby and R. E. Holland, Phys. Rev. Letters 14, 591
1965).

investigated nuclear reactions, one by (#, ¥) reactionst
and the other by (d, $),? as a means of forming a suit-
able number of excited K% nuclei in an appropriate
chemical or solid-state environment. The neutron-
capture method proved to be the more useful one,
and provided quantitative results. In particular, within
the large experimental error, the result of Hafemeister
and Shera,! using the (m, y) reaction, showed no
isomer shift between K and KF. This led to the conclu-
sion that the fractional change of the expectation value
of the squared nuclear charge radius is 6(r%)/(r*)<
8010

According to Goldstein and Talmi,? the f; neutron

1S, Goldstein and I. Talmi, Phys, Rev, 102, 589 (1956),
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state and the dy, hole state can couple together to
form four levels whose angular momenta are 4, 3-,
5-, and 2~. This study is concerned with the first two
of these. Calculations on the binding energy* and the
magnetic moment® of this nucleus have been made and
fit the experimental results rather accurately. Since
the coupling of the states involves only the angular
parts of the wave function, this model leads to the
conclusion that §(r?)/{r*) for the K* nucleus will be
zero—in agreement with the initial experiments.

On the other hand, a simple calculation of the elec-
tric quadrupole moment of K¥ by coupling the Q of
K3 with that of the extra fy» neutron gives Qiheor™
—0.036 b, whereas the experimental value is Qexpt=
—0.07 b. Similarly, Nathan and Nilson® find that even
in K*, Quheor=40.040 b, while Qexpt=40.09 b. These
together suggest that the polarization of the core by
the valence nucleons may be a noticeable effect, and
hence that §(r?)/(r*) in K* nuclei may have a nonzero
value. Moreover, nonzero values of §(r?)/(r?) have been
observed in the rotational levels of deformed nuclei’
for which comparably rough nuclear models would also
predict §(*)=0.

The upper limit for §{r?)/ (r?) from the earlier experi-
ment! is too large to be useful. That limit, in fact, is
larger than the observed value for any known nucleus.
This means that the validity of the model leading to
8(r*)/(r*)=0 should be tested by more precise measure-
ment—and this, in fact, was our major purpose.

Also it was hoped that measurements of the mag-
netic moment p and the electric quadrupole moment
Q for the first excited level of K% would be possible by
using appropriate compounds. For example, the anti-
ferromagnetic substances KNiF; and KCoF; might have
had a large transferred hyperfine magnetic field at the
K nucleus and the layered structure KCs might have
generated a measurably large electric field gradient.
Finally, it was expected that measurements of the tem-
perature dependence of the second-order Doppler shift
and of the resonant fraction f would lead to informa-
tion on the lattice-dynamical behavior of the potassium
compounds under study.

II. TECHNIQUE

In our experiment, we chose the K* (#, v) reaction
to populate the Mdssbauer level in K®. The reasons
for choosing the (, y) reaction rather than the (d, p)
reaction are: (1) The yield of the signal v rays can be
comparatively large for a high-intensity neutron beam

4 S. Goldstein and I. Talmi, Phys. Rev. 105, 995 (1957).

51. Talmi and S. Unna, Ann. Rev. Nucl. Sci. 10, 353 (1960).

¢ 0. Nathan and S. G. Nilson, in a, 8, and v-Ray Spectroscopy,
edited by K. Siegbahn (North- Holland Publishing Co., Amster-
dam, 1965), Chap. X, p. 618.

7S. Bernow, S. Devons I. Duerdoth, D. Hutlin, J. W. Kast,
E. R. Macagno, J. Ramwater K. Runge, and C. S Wu, Phys
Rev. Letters 18, 787 (1967); D. Yeboah-Amankwah, L. Grodzins,
and R. B. Frankel tbid. 18, 791 (1967); P. Stemer,E Gerdau, P.
Kienle, and H. T. Kérner, Phys. Letters 24B, 515 (1967).
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(108 neutrons/cm?/sec in our case); and, more impor-
tant (2) since most of the neutrons (~99% in our
experiment) do not interact with our necessarily thin
target and most of the reaction energy escapes from
the target as high-energy v rays, the heat deposited
in the target is small. Thus the target can easily be
cooled. This is a big advantage over the techniques in
which the Mdssbauer level is populated by charged-
particle reactions.

A schematic diagram of the experiment is shown in
Fig. 1. A thermal-neutron beam from the reactor core
emerges through collimators in the reactor shielding
wall. The K® target produces the signal v ray (29.4
keV) after the neutron-capture reaction. Those v rays
are detected after passing through an absorber enriched
in K%, Either the target or the absorber is moved in
order to perform a conventional Mdssbauer transmis-
sion experiment. The first beam used was at a through
hole provided with a graphite scatterer. This provided
a moderate flux along with a low background. To get
more time than was available at this very popular
facility, we moved the experiment to a temporarily
unused beam hole, which had been designed wide and
thin for a heutron-mirror experiment. For this hole we
built a special tapered collimator consisting of alternate
layers of lead and plastic; and in its exit aperture we
placed a plug of plaster containing lead and Li® to ab-
sorb unwanted neutrons and to minimize high-energy
v rays.

In our effort to reduce the background count of our
detector in the neighborhood of the 29.4-keV line of
K% we found that a considerable fraction of this back-
ground is due to scattered low-energy «y rays; these
were emerging from the reactor along with the neutrons.
Figure 2 shows the strlkmg reduction of the back-
ground line when a y4-in.-thick lead sheet was mounted
before the collimator exit (as shown in Fig. 1).

A. Cryostats

Since the Debye temperature of potassium in most
of its compounds is well below room temperature, it is
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TARGET 1 \ ///// WALL

T
| REACTOR |

CORE |

S [ -
Pb SHEET
16

&

7S

ABSORBER ___

DETECTOR --. V(?
F16. 1. Schematic diagram of the expenmental setup. The dou-

ble arrow shows the direction of motion of the target or absorber
in the Méssbauer experiment.
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advantageous to cool both target and absorber. (Here
and in the following, “Debye temperature” is used to
mean that characteristic temperature which gives the
observed resonant fraction f when a monatomic Debye
model is assumed for the solid.) When both target and
absorber were to be kept at liquid-nitrogen tempera-
ture, the simple arrangement shown in Fig. 3 was used.

The cryostat shown here consists of a cylindrical
styrofoam container E and a cover F. The space inside
the container is divided into an upper and a lower
part. The upper part is an aluminum can J with an
annular hole; it serves as a liquid-nitrogen reservoir.
The lower part, refrigerated by the cold walls of J,
contains the source and the absorber.

The neutron target (source) is moved by an insu-
lated rod C which connects through the annular hole
of the can J to the moving axis of an electromechanical
driver B. The thermal-neutron beam enters and leaves
the cryostat directly through the styrofoam wall. The
effect of the styrofoam on the neutron beam is merely
to increase the background at the detector to about
10% more than that without styrofoam. This disadvan-
tage is a small price for avoiding the difficulty of de-
signing and handling a metal cryostat.

For some experiments the target (source) was kept
at liquid-He temperature. This is necessary, especially
for potassium metal, because of the very low Debye
temperature of this material. For reasons of conven-
ience, source and absorber were kept in different cryo-

Fjl]
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F1e. 2. y-ray spectra detected by a 1/32-in. Nal detector.
Curve A: the spectrum when the¥reaction is induced by an un-
filtered beam of neutrons. Curve B: the spectrum when the reac-
tion is induced by a reactor neutron beam filtered through a
1/16-in. lead sheet.
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driver to the target, D the target holder, G the liquid-nitrogen
filling tube, H the sensing element of the automatic filling system,
J the liquid-nitrogen reservoir, K the legs for J, L the neutron
shiel(%ing (borated polyethylene), and M the v shielding (lead
plate).

stats for these experiments, the absorber still being at
liquid-nitrogen temperature. The target was mounted
in the tail section of a regular liquid-helium cryostat
which had been modified to allow passage of the neu-
tron beam with minimal production of background
radiation. The entrance and exit windows for the neu-
tron beam had to be made fairly large and, conse-
quently, the heat shielding of the target was not too
effective. We estimate that the target temperature was
(10+£6)°K. Since our measurements are quite insensi-
tive to temperature fluctuations in this range, no efforts
were made to lower the temperature further or to im-
prove the accuracy of its determination. The absorber
in these experiments was kept at liquid-nitrogen tem-
perature in a styrofoam cryostat similar to the one
depicted in Fig. 3. Figure 4 shows both cryostats and
the detector in their proper relative positions. Since
the neutron beam is only slightly attenuated in passing
through one of our cryostats, we were able to use our
limited reactor time efficiently by usually running both
spectrometers simultaneously, the one behind the other
in the beam.

B. Mossbauer Spectrometer

When the styrofoam cryostat described in Sec. I A
was used in measuring Mossbauer spectra at liquid-
nitrogen temperatures, we used a standard Kankeleit-
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F1c. 4. Over-all experimental setup to measure the relative
Mossbauer line shift between K and KF.

type® spectrometer (i.e., the target moved with a con-
stant acceleration and the multichannel analyzer was
in the time mode).

In measurements with the liquid-helium cryostat
(Fig. 4), the moving absorber is supported by a long
horizontal arm and a vertical aluminum rod. They are
driven by the electromechanical driver, which is cou-
pled to the aluminum rod by a flexible junction. Since
this complexity makes the assembly somewhat flexible,
it is unwise to drive this system in the constant-
acceleration mode. Instead, we decided to drive the
moving system sinusiodally at its resonant frequency.
The reference signal for this sine wave is generated by
a Hewlett-Packard model-202A function generator. In
this case, the time mode of the multichannel analyzer
is still used, but with a reset pulse for the address
scaler derived from the function generator.

C. Targets

Since the yield of the interesting y rays and the
background are both functions of the thickness of the
target, special consideration was given to the thickness
of the target in order to obtain experimental results
efficiently. The target thickness was usually in the
range of 100-300 mg/cm?. For some target materials,
however, even optimized targets did not allow a useful
experiment. For example, the compounds KI, KBr,
K,;WQ;, and K,Sb all were unusable. These difficult
materials have one or more of the following properties:
They contain elements with high atomic number and,
consequently, have high self-absorption for the 29.4-keV

8 E. Kankeleit, in Mdossbauer |Effect Methology (Plenum Press,
Inc., New York, 1965), Vol, II, p. 47.
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~ rays from K%; they contain elements which emit vy
rays or characteristic x rays of energy close to 30 keV,
and/or they contain nuclei with high neutron absorp-
tion cross section, in which case the K nuclei would
be shielded from neutrons while at the same time a
very high v background would be produced.

After selecting a target compound and determining
its optimum thickness, a disk 1} in. in diameter was
obtained by pressing a fine powder of the compound
into a mold. In some cases Lucite was used as a binder;
in other cases the powder was pressed while enclosed
in an aluminum foil. The latter method can give a
moderately rigid disk even for noncompacting powders.

D. Absorbers

Since the natural abundance of K% is only 0.01187%,
it was necessary to use a sample enriched in this iso-
tope. A KCl sample enriched to 1.9%, K* was obtained
from Oak Ridge National Laboratory and the absorber
was made by pressing the powder, with Lucite as a
binder, just as in preparing the targets. The K# thick-
ness of the KCI absorber was 0.66 mg/cm?. This gives
an effective thickness (=nof~2 at 80°K when the
effective Debye temperature is taken as 180°K.

III. RESULTS AND DISCUSSIONS

A. Observations in Various Potassium Compounds

Several potassium compounds were used as targets.
In particular, we selected compounds in which a mag-
netic field, an electric field gradient, or a variation of
the s-electron density at the site of the nucleus might
reasonably be expected.

All the spectra of the various potassium compounds
used, either as targets or as absorbers, showed a single
absorption peak whose width is no more than 1.3 times
that of the one calculated from the half-life and the
effective thickness. These experimental results are sum-
marized in Table I, which lists the target material, the
absorber material, the shift 7o of the center of the Méss-
bauer line from »=0, the width 8 of the line, the ob-
served amplitude a of the line, the true amplitude ao
(corrected for background), and an effective Debye
temperature ®p of the target material. The recoilless
fraction f was calculated for these sources from the
corrected dip «p along with the known properties of the
absorber.

The fact that all the runs in Table I gave a single
unshifted line indicates that (a) §(r?)/{r?) is small and
(b) the electron configuration of the potassium atom
in various compounds retains its K* ion structure and
hence does not produce large electric field gradients
nor magnetic fields at the nucleus.

It should be mentioned that little, if any, evidence
for radiation-damage effects is seen in these data. Since
energies up to 800 eV can be given to the nucleus from
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TABLE I. Results of experiments at liquid-nitrogen temperature. Here v is the shift of the Mdssbauer line from v=0, 8 is its full
width at half-maximum, « is the observed amplitude of the M&ssbauer line, ao is the true amplitude (corrected for background), and
Op is the Debye temperature of the target [with ©p(KCl) =190° taken as standard].

) B8 a ap Op
Target Absorber (mm/sec) (mm/sec) (%) (%) (°K)
KF KI 0.015+0.012 2.5540.04 0.88+0.01 2.4 .es
KF KCl —0.0054+0.008  2.7440.04 3.21+0.04 6.4 230
KCl KCl —0.015+0.033 3.1+0.2 0.6910.02 2.7 190
KGCs KCl 0.006+0.006 2.740.03 1.3034-0.006 3.4 195
KNiF; KCl —0.0040.02 2.74+0.1 1.054+0.02 5.1 215
KCoF; KCl 0.01+0.03 2.940.1 0.600.01 3.9 205
KO, KCl 0.0230.01 2.8240.06  0.044-+0.006 1.4 170
K AISi;Ox KCl —0.13+0.09 3.240.4 1.24+0.07 3.6 200
KN; KCl 0.0164-0.09 2.640.3 0.85+0.06 2.7 190
KOH KCl 0.0140.04 3.0+0.2 1.8840.05 3.0 190
KCN KCl —0.4+0.3 2.940.9 0.514+0.09 1.0 160
KH KCl 0.050.04 3.240.3 1.4240.05 2.7 190
KF-HF KCl —0.03+0.02 3.340.1 1.0240.02 2.1 180

the y-ray emission following neutron capture, it is con-
ceivable that disruption of the lattice could affect the
Mossbauer emission; a small number in the last two
columns of Table I might be explained by such a mech-
anism. In cases in which the Debye temperatures are
known approximately from other evidence (as described
in Sec. III B), such radiation-damage effects are too
small to be observed.

B. Measurement with a KF Target and a KCl Absorber

The target material that gives rise to the largest
Mossbauer effect is potassium fluoride. With a KF
target it was therefore possible to take a reasonably
accurate Mossbauer spectrum in a comparatively short
time (~6 h). Since the experimental equipment and
techniques evolved steadily in the course of the experi-
ment, we reran the KF-KCl measurements several
times—both to take advantage of improvements and
to assess their value. Thus the KF-KCl experiment
became the standard test to evaluate the latest changes
in the neutron collimators, shielding, detectors, etc.;
the observed amplitude a of the Mdssbauer line was
squared and multiplied by the counting rate R to ob-
tain the figure of merit Ro? Moreover, the stability
of the over-all experimental system could be tested by
examining the results of several runs of the same experi-
ment. If the results fluctuate only in the anticipated
statistical fashion, then the over-all experimental appa-
ratus is functioning in a stable, reproducible manner.

In order to estimate the reproducibility of the experi-
ment we plotted the values of 7 for the repeated runs
in chronological order, as shown in Fig. 5. Since the
scatter among the several runs is not much greater
than the uncertainty in each experiment, there seems
to be no appreciable drift. More quantitatively, this can
be shown by comparing the weighted standard devia-
tion of the experimental points (0.007 mm/sec) with

the errors of single runs (0.005-0.010 mm/sec). Com-
parison with similar data in the literature,’? also plotted
in this figure, shows the great improvements in experi-
mental techniques that have been obtained.

C. Measurements with a KF Target and KI Absorber

According to Shirley, the isomer shift can be de-
scribed by the equation

8=3xZeS'(Z) (r*(4) ) | ¥a(0) [*— [ :(0) [PJ5¢r2)/ ().
(1)

Here Z is the atomic number and A the atomic weight
of the Mdssbauer nucleus, r is its radius, ¥,(0) and
¥.(0) are the electron wave functions at the nucleus
for absorber and source atom, respectively, S'(Z) is a
relativistic correction tabulated in Ref. 6, and the frac-
tion 8(r?)/(r*) is the mean square fractional change in
the nuclear radius as a result of the transition from the
first excited state to the ground state.

The largest isomer shift § between potassium halides
would probably be that for a KF target and KI ab-
sorber, in analogy with the results of the Mossbauer
experiments® on the Cs!® halides. In the latter, the
isomer shift between a CsF source and a CsI absorber
was found to be 0.03140.004 mm/sec. If

L 1¥a(0) [~ [ ¥(0) [J5¢r2)/ ()

in Eq. (1) were assumed to be the same in potassium
as in cesium, the isomer shift § between KI and KF
would be expected to be 0.0025 mm/sec. The decreased
shift in the potassium experiment results from the
combination of several factors, including the relativistic
enhancement of | ¢(0) | the change in nuclear radius
(as discussed in Ref. 9), and the atomic number. On

* D. A. Shirley, Rev. Mod. Phys. 36, 339 (1964).
0 A, J. F. Boyle and G. J. Perlow, Phys. Rev. 149, 165 (1966).
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F16. 5. Experimental values of the Mdssbauer line shifts found
in separate runs. The point marked (1) was taken from Ref. 1
and (2) from Ref. 2. (There is some uncertainty concerning the
chemical form of the target in Ref. 2.) Other data are from the
present work and are plotted in chronological order.

the other hand, the thermal shift due to the 40°K
difference between the Debye temperatures of the two
solids at 80°K is v,=0.01 mm/sec. [Here we have
taken Op (KF) =240°K and Op(KI)=200°K.] The ex-
perimental result for this pair of halides (Table I) is

7=0.01540.012 mm/sec. (2)

This result indicates that the major contribution to
this shift in the Mossbauer line is due to the thermal
effect. Of course & | ¢(0) |2 for these two ionic crystals
is expected to be small.

D. Potassium Graphite (KCs)

Among the various chemical compounds used as tar-
gets, potassium graphite KCs has the most interesting
crystal structure. This is an intercalation compound!
in which the carbon atoms form stable sheets of linked
hexagons. The structure of each sheet is identical with
that of graphite; but the atoms in successive carbon
planes in KCs are in identical positions, whereas the
atoms in the successive carbon planes in graphite are
displaced from each other in a sequence ABCABC or
ABABAB. The interplanar distance of KCs is 5.41 4,
whereas that of graphite is only 3.35 A. The potassium
atoms always occupy positions above or below the
middle of a hexagonal ring of atoms. Each K atom
gives up its outermost s electron to a conduction band.
The result is that the thermal and electrical conductiv-
ity are much higher in KCs than in graphite.

1w, Ridorff, in Advances in Inorganic Chemistry and Radio-
Chemistry (Academic Press Inc., New York, 1959), Vol. 1, p. 223.
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From the point of view of the Mossbauer effect, one
consequence of this is that | ¢(0) |? the electron den-
sity at the K nucleus in KCs, may differ from that of
the potassium ion. There has been a report? that a
Knight shift has been observed in CsCs. It is reasonable
to assume that the conduction electrons in KCs have
some s character, in agreement with the above result.
A second consequence is that an electric field gradient
(EFG) at the K nucleus may result from the layered
structure of the graphite. This argument is supported
by the observation of a splitting in the Mdssbauer
spectrum in cesium graphite CsCs.!® Unfortunately, the
data on the Mgssbauer effect in CsCs are still tentative
and we are not able to make very certain judgments
from these data.

Nevertheless, we made a careful Mgssbauer measure-
ment on KC; (as target), but the result was disappoint-
ing. The Mossbauer spectrum of KCs is a single line
with $=2.704+0.03 mm/sec and Az=0.006+0.006
mm/see. This result shows that the quadrupole split-
ting is very small. The upper limit of the line broaden-
ing due to possible quadrupole splitting is less than
0.13 mm/sec. If we assume Q./Q,~1, then it follows
that 290 <12 MHz.

E. Measurement of Mossbauer Line Shift between
K and KF

This experiment is the main part of the work. Its
purpose was to use the isomer shift of K* between
potassium metal and KF to evaluate the fractional
difference 8(r*)/(r*) between the ground state and the
first excited state.

The same KCl absorber, kept at liquid-nitrogen tem-
perature in a separate cryostat, was used throughout
these experiments. Two target materials and three tem-
peratures were used in the four experiments. In experi-
ment I, potassium metal was used as a target and
liquid helium was used as a coolant. The same KF
target was used for the other three experiments but
its temperature was changed. It was maintained at
10°K by liquid helium in experiment II, at 55°K by
solid nitrogen in III, and at 78°K by liquid nitrogen in
IV. Experiments I and II afford a direct comparison
of the line shift between K and KF.

Experiments II, ITI, and IV serve to check the tem-
perature behavior of the thermal shift, from which in
turn one can determine the Debye temperature for K
in KF. On the other hand, we did not plan measure-
ments on potassium metal at temperatures other than
that of the liquid helium because of its extremely low
Debye temperature (about 90°K). Each of the four
measurements was divided into numerous equal time
intervals, and the set of data obtained from each subrun

12V. Jensen, D. E. O’Reilly, and Tung Tsang, J. Chem. Phys.
(to be published).
3 G. J. Perlow (private communication).



172

MOSSBAUER MEASUREMENTS WITH K40

Tasre II. Results on the K-KF relative line-shift measurements.

255

Experiment T a 8 %
No. Target (°K) (%) (mm/sec) (mm/sec)
I K 10+6 1.26+0.05 3.324+0.13 —0.065+40.006
1T KF 106 7.374£0.20  3.42+0.11 —0.01240.005
III KF 55 4.74+0.47 3.394+0.12 0.0060.005
v KF 78 4.4140.10  3.24-+0.09 0.0154-0.004

was analyzed individually. The scattering of the data
obtained from those subruns was no greater than the
statistical error of a single subrun. These results show
that the experiments were normal and reproducible.

Table II lists the results of the computer analysis
of the sum of all the subruns. The values of «, 8, and
the relative shift v, to an arbitrarily selected channel
are listed in the third, fourth, and fifth columns, re-
spectively. In each case, the quoted uncertainties reflect
only the statistical errors. The Massbauer line shift
between a KF source at 10°K and a K metal absorber
at the same temperature is

7= 0.053+0.008 mm/sec,

where a positive value of 7 means that the source and
absorber are approaching each other. This line shift
corresponds to the sum of the isomer shift § and the
thermal shift v, 1e.,

%= 0~ Vtn. (3)

The determination of the isomer shift and, conse-
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F16. 6. Thermal shifts of KF at 10°, 55°, and 78°K and of K at
10°K. The curves were calculated relative to a fictitious absorber
whose Debye temperature is 0°K and whose temperature is 0°K.
Here the Debye temperature of K is assumed to be 90°K. The
points for K metal and KF sources and a KCl absorber are from
experiments I-IV.

quently, of the relative change §(r2)/(r?) in the nuclear
radius will be discussed below. Obviously, to obtain §
from our measurements of 2, a value for the thermal
shift v, is needed.

The relation between the data points obtained in
experiments I-IV and the Debye temperatures of K
in potassium metal and in KF may be seen in Fig. 6.
This figure shows how the thermal shift 7y in K%
varies with temperature for various values of the Debye
temperature ®p, of the source. The relation between
the thermal shift and the temperatures of both source
and absorber may be expressed as

von= (1/2mc)[ (9/8) ¥Ops+3kT,D(X,)
—(9/8)kOp.—3kT.D(X,)], (4)

3 (X gdt
P

where

and @p, is the Debye temperature of the source crystal,
Op. the Debye temperature of the absorber crystal,
X,=0p,/T, and X,=0p,.

The curves in Fig. 6 were computed from Eq. (4)
by setting both ®p, and T, equal to zero. Inspection
of Eq. (4) shows that this merely suppresses an addi-
tive constant.

The data points obtained from experiments I-IV
were superimposed on this graph by choosing ©p,=90°K
for potassium metal on the basis of the specific-heat
measurement.’® After this choice, the position of the
KF data points are automatically determined. They
seem to group very nicely around the curve with the
parameter Op,=240°K. The mean deviation of these
points is less than the experimental error.

F. Measurement of the Recoilless Fraction as a
Function of the Source Temperature

It is impossible to determine the isomer shift between
K and KF unless the thermal shift between K and KF
is known. Therefore an experiment was planned to
confirm our earlier measurements of the Debye tem-
perature of KF.

14 R. V. Pound, in Proceedings of the International Conference on
the Mossbauer Effect, Saclay, France, 1961, edited by D. M. J.
Compton and A. H. Schoen (John Wiley & Sons, Inc., New
York, 1962), p. 222.

% L. M. Roberts, Proc. Phys. Soc. (London) B70, 744 (1957).
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F16. 7. The experimental results (points) on the recoilless frac-
tion f(T) as a function of the target temperature. The target is
KF. The curves give the calculated relative transmission y(7T'),
through the Massbauer absorber with known effective thickness.
In addition, the background ratio is given by a separate measure-
ment. These calculated curves have then been shifted along the
4 axis a small amount v to fit the experimental data.

The experiment is the measurement of the counting
rate R,— of the transmitted v ray as a function of the
temperature of the target. The rate R,—o depends on
the temperature in accordance with the relation®

Roo(T) = Rea+Ree™{1—fo(T) [1—eHeJo(%its) 1},
(5)

where Rpg is the counting due to the background and
does not depend on the presence of the absorber, R, is
the counting rate of the resonant ¥ ray when the
absorber is not present, ¢ is the thickness of the ab-
sorber, u is the y-ray attenuation coefficient of the
absorber material at 29.4 keV, fo(7T') is the recoilless
fraction of the emitted 29.4-keV ¥ ray from the target
at temperature T and Debye temperature Op, and ¢,
is the effective thickness of the absorber for the Mdss-
bauer v ray. After dividing R, by its temperature-
independent part, we find that the reduced function

y(T) is
y(T) = Rouo(T)/ (Roa+Ree ™) = L—afo(T), (6)
where
a=ne*/(Rect+Re ) [1—eMJo(3ite) 1. (7)

In Eq. (6), ¢ can be calculated from the information
on the signal-to-background ratio and on the equivalent
resonant thickness f, of the absorber. Then y(T) can
be calculated numerically for a particular Debye tem-
perature. To measure y(T') experimentally, the source
and absorber were kept at rest with respect to each
other and each temperature interval (from 7" to T+4AT)
was associated with a particular channel I of the multi-
channel analyzer. Counts were simultaneously accumu-
lated in two halves of the analyzer—one half accumulat-
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ing the count #,(I) from the resonant v ray, the other
accumulating the count 7,(7) from a nonresonant part
of the y-ray spectrum. Then yexpe(7) is obtained from

Yexot (1) = CLm(I) /(1) ],

where C is a parameter to be adjusted to fit the proper-
ties of Eq. (6), i.e.,

lim yexp(T) =1, (8)

T

y(TO):yexpt,(To) =‘4"1—Cof(To)——‘1—a. (9)

Equation (8) means that the resonant absorption will
vanish when the temperature of the source is consider-
ably higher than the Debye temperature; and Eq. (9)
means that y is equal to one minus the amplitude « of
the resonance peak when a Mossbauer spectrum is
taken at temperature T\.

In practice, C is replaced by C’/(14v), where C’ is
a constant obtained by a rough estimate from the rela-
tions (8) and (9), and v is a parameter to be adjusted
when the yexps points are fitted to the value of y(7) cal-
culated for each Debye temperature by use of Eq. (6).

The fitting was done graphically, by making use of
the strong variation of the curvature of y(T) with Op.
The resultant best fit for the KF target is

Op= (230+20)°K.

Figure 7 shows the experimental points and the fitting
curves for the case of KF versus KCl. Each experimen-
tal point is the average of ten analyzer channels.

The importance of this result to the final accuracy
of the 8(r*)/(r*) measurement was not reflected in the
duration of this experimental run. The quoted uncer-
tainty of £20°K could have been reduced by a factor
of four by running for several days instead of several
hours. At the time these data were taken, it was as-
sumed that an accurate value of ®p could be obtained
from specific-heat data on KF.

G. Estimation of the Debye Temperatures of K and KF

As was mentioned in the discussion of Eq. (3), a
value for the thermal shifts of both K and KF would
permit us to obtain the isomer shift between these two
materials from our measured value of the relative Moss-
bauer line shift between K and KF.

Equation (4) gives the relation between the thermal
shift and the Debye temperatures of both the source
and the absorber. In the following we discuss our
choices for @p for potassium metal and KF, which we
used for the determination of the thermal shifts be-
tween these two substances. All relevant data are assem-
bled in Table III.

Our single determination of the Debye temperature
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of potassium metal was made by computing it from
the single observed amplitude of the Mossbauer reso-
nance line. This value is

Op(K) = (90+8)°K.

For confirmation of this value we may look to ®p
values extracted from specific-heat measurements.’® In
the range from 0<7T<20°K, these values drop from
90° down to 83° and return to 95°. We feel that our
experimental value for the Debye temperature should
be compared with the specific-heat result® at 0°K,
namely (89.14+5)°K.

As seen in Table III, four different values for the
Debye temperature of KF were obtained by different
methods in the present work. The weighted mean of
these four Debye temperatures is

Op(KF) = (236£20)°K.

The Debye temperatures obtained from the previous
Mossbauer experiment! differ moderately from our re-
sult. It seems that their results are strongly dependent
on the precise determination of the background in the
pulses from the single-channel analyzer. In their experi-
ment, this background was not measured, but only
estimated from the shape of the y-ray pulse-height
spectra. In our case, the y-ray spectra were studied
as a function of attenuation in lead absorbers with
thicknesses ranging from zero to 120 mg/cm? This
provided a better criterion by which 29.4-keV pulses
due to v rays emitted by the target could be distin-
guished from those created in the detector itself. In
our further analysis, the effective Debye temperatures

TasLE III. Estimate of the Debye temperatures of K and KF
from various methods.

Target Method of T Op
material  measurement (°K) (°K) Ref.
K a (amplitude of the 1046 908 a
Méssbauer line)
K a 4 60+ (?) b
K Specific heat 0 89.140.5 c
KF « 78 235420 d
KF  «(10/a(78) 10, 78 247425 e
KF  f(T) (recoilless 100-200 230420 a
fraction)
KF  wy (thermal shift) 10, 55,78 205455 a
KF « 4 145+ (?) b
KF « 78 1904 (?) b

8 Present work,

b D. W. Hafemeister and E. B. Shera, Phys. Rev. Letters 14, 593 (1965).

° L. M. Roberts, Proc. Phys. Soc. (London) B70, 744 (1957).

d Present work. See Table I.

® Present work. The data used for the calculation of the Debye tempera-
ture were taken from Table II,
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from Ref. 1 will not be used. In addition, we were
surprised to find no precise specific-heat data for KF.
Therefore the above-mentioned weighted mean of the
four effective Debye temperatures from the present
work is used.

H. Estimate of the Isomer Shift between K and KF
and of 6 (r2)/ (r?) for K%

For the reasons explained in Sec. IIT G, the Debye
temperatures have been taken to be

O(K)=(90+8)°K for K,
O(KF) = (236:20)°K for KF.

When these data are substituted in Eq. (4), the ther-
mal shift »y between KF and K is found to be

Vin=0.05520.009 mm/sec.
Then by Eq. (3), the isomer shift 4 is

8=1— v = —0.0024-0.012 mm/sec. (10)

Equation (1) is a relation between & and 8(r2)/(s?).
This relation becomes simple after substituting the
numerical data. Then according to Shirley,® the shift
in mm/sec is

§=(1/0.0214) A [ $(0) [a(r*)/(r*), (11)

where A | ¢(0) [2is the difference between the s-electron
density in K and that in KF in atomic units (i.e., in
units of ag%, where @p=0.52918X10~% cm). Since our
upper limit on the shift is §<1.2X 1072 mm/sec, it
follows that

8(r)/ ()< (2.66X107%) /A | ¢(0) |5, (12)

where A [¢(0) |? can be calculated theoretically. As a
first approximation to the charge-density difference
between the potassium ion and the metal, the charge
density due to a 4s electron in a free potassium atom
will be used. This neglects the (probably small) effect
of the rearrangement of the inner electrons in the K+
ion. Shirley? gives | y4,(0) |2=1.11 per atomic volume
for 4s electrons. This value agrees with the value
[(|¥4(0) 2=1.06 per atomic volume] calculated on
the basis of the results of Skillman and Herman.!¢

By using Hartree-Fock calculations with an improved
method for electron correlations, Wilson' obtained the
difference between the value of |¢(0) |? for a free
potassium atom and a free K+ ion. This result is 0.76
per atomic volume. Since Wilson’s method seems to
be a better approximation to physical reality, his value
will be used for further calculation.

185, Skillman and F. Herman, Afomic Structure Calculation
(Prentice-Hall, Inc., Englewood Cliffs, N. J., 1963).
17 M. Wilson (private communication).
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For a second approximation, the difference between
the free atom and the metal must be considered. The
density |¢(0) 2 of 4s electrons in pure K metal is
complicated to calculate. Most of the band-theory cal-
culations are done with no particular interest in the
behavior near the nucleus, and the pseudopotential
calculations are completely useless for the present pur-
pose. Shirley® has presented reasons for believing that
a better approximation might be obtained by taking
[ ¢(0) ?=0.7] ¢.(0) |2, the electron densities at the
nucleus being | ¢(0) |2 for the s electrons of the conduc-
tion band and |y,(0) |? for the 4s electrons in a free
atom.

In the light of this discussion, the most reliable value
for A |¢(0) |* would be 0.7 times the value calculated
by Wilson.’® Then the upper limit of §(r2)/{r?) is

5(r2)/ (1) < 5.0X 10~*.

IV. CONCLUSION

The conclusion at the end of Sec. III H was that
8{r*)/{r*) for the K* nucleus must be quite small and
that, with some confidence, its upper limit can be
given as

8(r2)/(r) <5.0X 107+,

This result indicates that the simple vector-coupling
calculation of 8(r2)/(r?) for the K% nucleus, which
gives exactly zero, is still true within the uncertainty
SX1074

In using this result, one should keep in mind the
various measurements, parameters, and assumptions
on which we have based our estimate of 8{r%)/(r?).
These are: (a) The over-all Mosshauer line shift be-
tween K and KF at liquid-helium temperature was
measured to be 0.05340.008 mm/sec. (b) Potassium
metal is assumed to be a Debye solid with an effective
Debye temperature equal to 908°K at liquid-helium
temperature. (c) Similarly, KF has an effective Debye
temperature equal to 2364-20°K at liquid-helium tem-
perature. (d) The value for the difference A |¢/(0) |2
between the electron densities at the nuclei of K and
KF was based on (1) Wilson’s calculation!® of the dif-
ference A | ¢(0) |2 between a free potassium atom and
a free K+ ion and (2) a correction factor defined as
the ratio £ of the wave function for the 4s electrons
in the conduction band of potassium metal to the wave
function for the 4s electrons in a free potassium atom,
both wave functions being evaluated at the nucleus.
(We used £=0.7 as suggested by Shirley.®)

18Y Nisatnik, D. Fainstein, and H. J. Lipkin, Phys. Rev. 139,
A292 (1965).
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Note especially that the usefulness of increasing the
accuracy of measurement a is severely limited by the
present uncertainty in assumptions b and c. No precise
Debye temperature of KF is available. In any case,
a Debye solid is only a first-order approximation to a
real crystal. Moreover, even if one could get precise
data on the internal energy of K and KF, the lack
of a precise and practical theory to deduce useful val-
ues from these data would still render the Debye tem-
perature uncertain. (For example, the Debye tempera-
ture computed from the specific-heat data on KF needs
to be modified'® before it can be used as the Op in the
Maossbauer effect.) In addition, the induced radiation
damage due to the preceding high-energy y-ray emis-
sions of the target nuclei may limit the direct applica-
tion of the reduced internal energy to the target crystal.
For these reasons, we conclude that our measurement
is the best that can be justified so far, and that more
accurate measurements on & will have no physical sig-
nificance unless the uncertainty in the thermal shift
can be overcome by both theoretical and experimental
efforts.

It should be pointed out that the measurements re-
ported here for f(T') are by no means at their limits of
accuracy. Therefore, although it does seem clear that
little useful chemical or magnetic information can be
found by use of the Mosshauer effect in K¥®, lattice
dynamical measurements utilizing potassium do seem
to be practical. For example, it may be profitable to
study the ferroelectrics KH,PO; or K;Fe(CN)g-3H,O
with this technique.
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Abstract

A new method for the analysis of temperature dependent
guadrupole splitting in Mossbauer spectra has heen developed.
Accurate quadrupole splitting data has been obtained for the
compounds Fe(py)4012 (py = pyridine), Fe(py)AIZ, Fe(py)412'2py

Fe(py)A(SCN)E, Fe(NH4804)2°6H20, Fe (phen) 0104) (phen =

3(C10y )5
1,10 phenanthroline), and KBFG(CN)6 in the region 100° to 300°K.
A plot of In(]Q.5.°-Q.5.|) vs 1/T (Q. S. = quadrupole splitting,
Q.5.° = low temperature maximum quadrupole splitting) is found
to be linear in most of the cases studied. This implies that
these compounds can be well described as a two state system over
this temperature range. The high temperature intercept ([Q.S.ej)
is the quadrupole splitting expected from the totally populated
excited state and is independent of the so called lattice con-
tribution to the quadrupole splitting. It is concluded from the

results that spin orbit coupling effects have previously been

overestimsted and covalency effects underestimated,



I. Introduction

In Mossbauer spectroscopy experiments high spin re’t and

3+

low spin Fe compounds normally show relatively large, tem-
perature dependent, electric quadrupole splittings. These
large splittings and their temperature dependence are due to

the presence of an uncompensated 3d electron.

For F857m the quadrupole splitting is given by
Q.5. = 1/2 e qa[1 + 1/3 1712
57m

where Q is the quadrupole moment of Fe and q and 7) are ex-
pressed in terms of the components of the electric field grad-
ient tensor (e.f.g.) at the nucleus. When the principal axes

have been chosen so that [VZZ! > ]Vyyl > | q = VZZ/e and

VXXI’
na = (ka"vyy»é' Assuming an ionic model these quantities can

be written

I

q (1-R) Qyal * (1—Mm) U at

na = (1-R) Ny Ay + (1Y) Mgy %at
where the subscript val refers to the charge distribution of the
uncompensated 3d electrors of the metal ion and the subscript lat
refers to the charge distribution of the neighboring ions. The

s 1,2
Sternneimer factors,™’

(1-R) and (1-v_) are included to account
for the polarization of the electron core.

In octahedral symmetry the appropriate metal ion eigenfunc-

tions are3
° — -—
tgg = 1/2 (d2 d_2)
tgg = d_l
t. t-oa

2g 1
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The contribution to the e.f.g. from a single electron ocCcupy-
ing these orbitals can be obtained by calculating the appro-

priate expectation values =

(o]

for tgg s V,, /e = 4/7<r-3>
for ty,", V,, /e = -2/Ta"s
and for t2g+, vV, /e = ~2/1<a 3.

nval is zero for these wave functions. If the lattice contribu-

tions to the e.f.g. can be considered not to effect the orienta-
tion of the major axes of the e.f.g. tensor then, because all

of these wave functions have the same major axis, the quadrupole

splitting may be treated as a scalar. For example, the tempera-

2+ high spin,

ture dependence of the quadrupole splitting for a Fe
purely ionic, compound with a small axial distortion can be
approximated by:

o

28 ground orbital)
Q.5. = Q.S.q,, HKA/T<r3y + 2K(-2/7)¢r vexp -pB/KT

(t

and
In(Q.S.° - Q.8.) = 1n(KM/7<r"3>) -AE/KT
where

Q.5.° = Q.S.; . + Ki/T<r™3y and K = 1/2 %

A plot of 1n(Q.S.° - Q.8.) vs 1/T will be linear with intercept
of Kh/?(r—3>.

In a real case covalency effects must be considered. These
effects can be thought to produce an expansion in the radial
part of the wave function and hence will reduce the Q.S. con-

tribution from each state. Since in general this effect will
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not be the same for each state we will designate the Q.S. pro-
duced by the totally populated ground and excited state as Q.S.g

and Q.S.e respectively. In addition to Q.S. another tempera-

lat
ture independent contribution must be included dve to anisotropy
in bonding to the orbitals occupled by the compensated 3d elec-
trons. We will call the sumn of these effects Q'S'lig' With the

additional assumption that the covalency effects do not alter

the major axes of the e.f.g., then, we can write for the above

case:

In(Q.5.° - Q.8.) = In(-2.8._) -AE/KT
where

Q.S,° = 2e8egg + QuBeg

For the experimental cass when only the magnitude of the Q.S.
is known we write

11’1(!‘Q.S.° - Q.S'

) = 1n(|2.S.|) -AB/KT.

Fal 4-

This expression 1s a phenomenological description of the para-
meters, whose validity will be demonstrated empirically by the
data below. A gcod straight line fit to a plot of 1n (]Q.S.° - Q.S.')

vs 1/T will also imply a two state system.

IT. Experimental Details

The compounds Fe(py)4012, Fe(py)ulg, Fe(py)412‘2py and

Fe(py)u(SCN)2 (py = pyridine) were prepared according to the

5

methods of Golding, Mok and Duncan. The room temperature Q.S.
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results for Fe(py)ACl and Fe(py)u(SCN)2 agreed with those of the

2
above authors. The room temperature Q.S. values for Fe(py)ul2
and Fe(py)AIQ'Zpy were about 0.3 mm/sec smaller., The absence of
third peaks confirm the purity.

The compound Fe(phen)3(0104)3 (phen = 1,10 phenanthroline)
was prepared by the slow addition of nitric acid to a Fe(phen)32+
solution until the solution turned blue. Excess NaClOu was added
and the solution allowed to stand for twelve hours. The crystals
which formed were filtered and dried. The room temperature Q.S.
obtained agrees with that of Erickson,

The Fe(lH),S0, +6H,0 was Merck reagent. The X Fe (CN)g was

)2 3

Mallinckrodt reagent.

The Mossbauer drive 1is described elsewhere.7 The spectra
were analyzed with a Fortran IV translation of a Michigan Algorithn
Decoder (MAD) program described elsewhere.! The errors are
determined statistically by the computer program., The results
are found to be normally reproducible within the stated error.
The accuracy is 1%.

The dewar consisted of an aluminum sample holder fastened
beneath a liquid nitrogen reservoir with a thermal resistor.
Heating wire was wound above the sample holder. The whole appar-
atus was insulated with styrofoam, Variation of the thermal
resistors and the heating current allowed temperature control in
the range of 100° - 300° K. The temperature was measured with a
Cu - Constantan thermocouple. The temperatures are accurate to

+ 0.5°.
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III. Results and Discussion

The data is shown in Table I, A typical spectrum is shown
in Figure 1. Since our data was confined to the region above
100°K,Q.5.° could not be directly determined. Estimation of
Q.S.° was simple for the compounds Fe(py)u(SCN)g, Fe(py)ule,

1 3 [e]
Fe(py)412-2py, Fe(py)uCI2 and Fe(phen)S(ClOu)2 since by 100°K
the Q.S. has become nearly independent of temperature. Choice
° 1 . 1 i i v
of Q.5.° for K3Fe(CN)6 and Fe(NH,S0) ), 6,0 is more difficult.

These values were chosen to give a linear plot. Our predicted

value forlQ.S.°|for K Fe(CN)6 of 0.535 mn/sec agrees quite well

3
with the value of 0.524 mm/sec obtained by Oosterhuis, Lang and

8

de Bendetti. Their Q.S, value at 77°K fits on the linear plot.
The plots are shown in Figures 2 to 8. The data on all

these compounds, except Fe(py)ul2 and Fe(NHuSO“)2-6H20, is

described by equation 2, The plot for Fe(py)ul2 definitely is

not linear. Because of the uncertainty in Q.S.° for FG(NHMSOM)E'

6H20 it is possible that this compound exhibits non-linear

behavior at low temperatures. From the rate of change of the

Q.S. at 100°K we estimate that|Q.S.° = 2.76 to 2.96 mm/sec and

'Q'S'e': 3.40 to 3.64 mm/sec. The AE value obtained from the slope

of the linear plot for this compound thus represents an upper

limit,

A. Spin Orbit Coupling

An axial field splits the 5T2 ground term of high spin Fe2+

into a 5B2 and a degenerate 5E state, The combined effect of an
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axlal field and of spin orbit interaction on a cubic 5T2 term
produces nine 1eve1s.9 The free ion value of the spin orbit
coupling constant A is 148°_10 Because three of the five high

spin Fe2+

compounds considered here can be described well as
two state systems in the region below room temperature, it
appears that the effects of spin orbit coupling are relatively

11 fit their data obtained

minor. Eibschutz, Ganiel and Shtrikman
for the compound, Fer206’ and conclude that A = 90°. This value
of A results in a splitting of the excited level of about 300°,
Since our compounds show crystal field splittings of 500° to
600°, a value of A as large as 90° is inconsistent with the
simple two state analysis of these systems. Their conclusion of
a large spin orbit coupling constant probably results from their
assumptions of axial symmetry and zero Q'S'lig‘
Spin orbit coupling mixes the tzg wave functions and there-
fore should reduce the values of]Q.S.e|and|Q.S.ﬁ. Consider the
results obtained for the compound Fe(NH4804)2'6H20. On the
basis of Ingalls' treatment of spin orbit mixing,12 a compound
with free ion spin orbit coupling and an axial splitting of
380°, should havelQ.S.eland[Q.S.°|values at least 50% reduced
from those values observed in a compound with very large AE.
Fe(NH4804)2'6H20, however, has the largest value forlQ.S.e’of
the compounds studied but has the smallest axial splitting.
|Q.S.e[for this compound (3.44 - 3.64 mm/sec) is nearly as large as

the Q.S. observed for the compound FeSiF6-6H20 (3.67 mm/sec)l3’14

which has a AE of about 1200 cm—l.15’16 This compound has the

largest Q.S. known, It is likely that the large Q.S., compared
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U 2+
to other Ft(H20)6

tion happens to augment the Q.S.g. Spin orvit mixing in the

salts, arises because the Q'S‘lig contribu-
compound Fe(NH4S04)2'6H20 must then be considered negligible,
For spin orbit coupling effects to be negligible, (reduction in
Q.S. less than about 10%) the effective spin orbit coupling con-
stant must be less than 40°,

The combination of an axial field and spin orbit coupling

renmoves the degeneracy of the ground cubic 2T state of low spin

2
re3". Y7 Since the data on K3F8(CN)6 indicates that to a good
approximation the cublic 2T state has been split into only two

2
states, it must be concluded that either the axial field or spin

orbit effects are minor, The values ole.S.j and'Q.S.e’are not
equal indicating that the CN Dbonding is not isotropic.  The
splitting AE observed here is therefore due to ligand asymmetry.
An exact value for the spin orbit coupling constant in this
compound cannot be obtained without accurate low temperature data.
The spin orbit coupling constant is related to the splitting of
the 2E state and is therefore related to the deviation from
linear behavior at low temperatures., We estimate that the spin
orbit coupling constant must be less than 60° since a splitting
of this magnitude would be easily detected in the temperature
range we have studied. This value is at considerable variance

with the value of 575° derived from susceptibility data.17
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B. Discussion of the Results for Individual Compounds

Table IT shows the expected values for Q.S.° and Q.S.e in
the absence of covalency factors and lattice contributions for
Feg+ high spin and Fe3+ low spin compounds. In the absence of
anisotropic covalency factors the ground and excited levels can
be easily identified. Consider a Fe2+ high spin compound with
axial symmetry and a ground tgg orbital (case 1, Table II),

In the approximation that[Q.S.g':|Q.S.e|then Q.S.° & Q.S8., =

Q.S.1i and Q.S.

> Fal . - .
o 1ig 18 of the same order of magnitude as (or

smaller than) the splittings observed for Fe3+ high spin com-
3+

pounds., Consider a Fe low spin compound with tgg" ground

2g° excited and t2g+ much higher in energy (case 7).

Here Q.S.° + 1/2 Q.S.e = Q.8S.

orbital t

and Q.S. should be the

lig lig

same order of magnitude as the Q.S. observed for similar Feg+

low spin compounds. The quadrupole splittings for high spin Fe3+

2+

and low spin Fe” ' seldom exceed 0.6 mm/sec.

Consider the compound Fe(NH4804)2'6H20. The ground orbital

(]

is tgg and the first excited level a (to the first approximation)

degenerate (t2g+, t pair. The predicted positive sign for

2g )
vV, , of the ground state agrees with that Which hss been previously

22
18

determined, is negative and its magnitude is between

Q'S'lig

0.6 and 0.9 mm/sec. A Q.S.lig as large as 0.9 mm/sec is unlikely.

Thus the symmetry for this compound is not precisely axial and
the Q.S.° assumed to give the plot shown is somewhat small.

The compound Fe(phen) (0104) is described by case 7. Q.S.,.

3 3 1g
for this compound is~2 mm/sec, of the same magnitude as the Q.S.'s
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24 6,19

observed for Fe®' low spin compounds with similar ligands.
The sign of Véz for the ground state of this compound is pre-
dicted to be positive. The relatively small Q.S.° here is seen
to be primarily due to the nature of the electronic structure

and not due to covalency effects as has been previously sug-

gested.zo Fe(py)u(m)2 is described by case 1, Q.S.lig here is

+ 0.5 mm/sec. The positive sign indicates that the compound is
probably cis, The reduction in the’Q.S,e'value for this compound
is expected since pyridine and chloride ion are stronger 7 bonding

ligands than HQO.

Assignment of the energy levels in KSFe(CN)6 is clouded by
uncertainty in the strength of the strong 7 bonding ligand CN_

Comparison of the results for this compound with the results

obtained for similarly coordinated iron in other compounds21 in-

dicates that this compound has a 2E ground state. Q.S5.° and

Q.S. | have been reduced by at least 70% by 7 bonding. This reduc-
e /

tion is substantially greater than that estimated by Golding.ZO

The orbital level system cannol be unambiguously defined for
the compounds Fe(py)qlg'Epy, Fe(py)412 and Fe(py)u(SCN)2 because
the possibility exists for substantial anisotropic 7 bonding.

For example, for case 1 the difference Q.S.° +~Q.S.e may be larger

than in previous cases because Q.S.g is reduced by 7 bonding more

22

than[Q.S.eL The compound Fe(py ), (SCN), is known to be trans.

2

Because the molecular and orbital major axes would be expected to

be colinear in such a case, Q’S‘liﬂ is negative. A likely level

O

arrangement is as case 4 and a negative Q'S'lin of 0.5 mm/sec
(&)

augments the Q,S.g contribution to give the larger|Q.S.°. It is
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possible, however, that the level system is described by case 1
and that the combination of a negative Q’S'lat and relatively
delocalized ground state produce the reduced Q.S.°.

The temperature dependence for the compound Fe(py)ul2 is
particularly interesting. The small room temperature quadrupole
splitting observed for this compound is not due to a small AE as
concluded by other authors5 but must be due to a large 7 inter-
action with I°., The non-linearity of the plot for this compound
prevents explicit determination of]Q.S,eL Q.S.e, however, has
about the same absolute magnitude as Q.S.°, indicating that the
three t2g orbitals show approximately equal ligand interactions,.
Evidently the strong 7 donating interaction of the I~ ions pro-
motes stronger 7 acception by the pyridine. This indicates that
the various bonding properties of a ligand cannot be considered
independent of the compound.

The compound Fe(py)qlg'zpy might be described by case 4 and

a positive Q.S. or case 1 with the small Q.S3.° being due to a

lig
strong 7 interaction, 1In either case the results do not appear
consistent with the results for Fe(py)412 and suggest that the I~
ions might not be in the first coordination sphere. These

ambiguities could be resolved with knowledge of the crystal struc-

ture and the sign of the low temperature quadrupole splitting.
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IV. Conclusion

The results of this work indicate that, in general, covalency
effects in iron compounds have been greatly underestimated. In

particular, treatments that assume that the Fe-~-H,0 bond is 100%

1,4,23,24

2
ionic are unjustified. The reduction of the spin orbit
coupling constant from 148° to 40° or less reflects a great
degree of ligand interaction. Q'S'lat values calculated on the

basis of a point charge model for Fe2+ six-fold coordinated with

14

water are small (<.l mm/sec). Although a Q.S. value has

lat
never been explicitly determined for Fe(NHASOu)2°6H20 it seems

highly unlikely that the Q.S. value found for this compound

lig
(0.6 to 0.9 mm/sec) could be explained without allowing for some

ligand to metal charge transfer, The differences in the[Q.S.J

values for Fe coordinated with Hgo, 1,10 phenanthyroline, pyridine,

and CN  indicate a substantial degree of d orbital-ligand inter-
action,

Since even Fe2+ high spin compounds cannot be treated satis-
factorily with an ionic model several conclusions based on this
model must be treated with skepticism. If the spin orbit coupl-

ing constant for the compound Fe(NH SOA)2'6H20 is as small as

)
we believe then the value for Q, the quadrupole moment for the

Fe57 excited state, calculated on the basis of an ionic model14

must be considerably underestimated. If the Feg+

- HQO bond
cannot be considered as ionic then the Fe3+ - H2O bond is surely
covalent and the Mossbauer isomer shift model based on the ion-

4
icity of these compoundsg' is incorrect., In all likelihood Fe3+
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3 . . k) . 2
high spin compounds show smaller isomer shift values than Fe *

high spin compounds simply because the Us density is much

25

o
greater in the more covalent FeoT compounds,
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Table 1.
Temperature Quadrupole Splitting
Compound (oK) (mm/sec)

Fe(py)q(SCN)2 225.2 1.238 + .003
T 1.625 + .005

227.7 1.730 + .003

196.,7 1.829 + .003

140.2 1.987 + .003

120.2 2.011 + .003

98.7 2.033 + .003

FelEy)ytyreey 542 29 T 06

. .00Y -+,

216.2 775 + .008
187.4 .853 + .006
172.2 .901 + .005
149,22 .957 + .004
128,2 1.000 ¥ .004

116.2 1.005 ¥ .003

103.2 1.015 + .003

Fe(py),I 295.0 317 + .007
(Py)To 255.6 .337 T .006
228.5 .368 + .006

201.5 .388 + .006
171.5 434+ ,005
142.5 L462 + .00k

126.1 480 + .004
110.5 498 ¥ .004
99.14 .503 ¥ .004

Fe(py)4012 294.0 3.144 + 006
248.2 3.275 + .006

225.2 3.323 + .006
197.4 3.392 + .006

172.8 3.430 + .004
150.8 3.458 + .004

149, 4 3.460 + .004
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Table I. (Cont'd.)

Temperature Quadrupole Splitting
Compound (°K) (mm/sec )
Fe (NH), 50, ), 6H,0 295.0 1.721 + .00¢
2 2 216.9 1.968 ¥ .003
204, 2 2.185 + .003
167.4 2.368 + .003
162.2 2.418 + .003
137.1 2.519 + .003
114.8 2.618 + .003
102.2 2.673 + .003
K Fe(CN)6 294, 2 .282 + .003
3 259.7 .308 ¥ .003
200.5 341 + 004
172.2 .359 + .004
149.2 .377 + .003
137.1 .385 + .003
125.0 .%03 + .003
110.7 428 + .,003
99.7 439 + .003
Fe(phen)3(0104)3 295,0 1.578 + .003
257.0 1.649 + .005
236.0 1.679 + .003
218. 4 1.705 + .00k
196.1 1.736 + .00%4
170.2 1.756 + .003
149.6 1.767 + .003
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Fig. 1. A typical spectrum. Fe(py)u(SCN)2 at 98:7°K.

Velocity given vs NagFeCN5NO-2H20 (NBS standard

No. 725)
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