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Isomer shifts of the 6.2-keV v rays of '®!Ta are reported for dilute impurities of tantalum in
transition-metal hosts and for several tantalum compounds. The experimental line-shift-to-linewidth ratios
represent an improvement of the resolution by more than an order of magnitude relative to other
Mossbauer resonances. For '®'Ta impurities in transition-metal hosts a systematic variation of the
electron density at the nucleus is found. From a comparison of the isomer shifts of '*'Ta impurities in
transition-metal host with those observed for impurities of *'Fe, *’Ru, *’Ir, and '"’Au, a value of
A{r?)=-5X 1072 fm? can be derived for the change of the mean-squared nuclear-charge radius. The nega-
tive sign of A{r?) is in agreement with the observed variation of the isomer shifts of LiTaO,, NaTaO,, and

KTa0,, as well as with the isomer shift found for TaC.

I. INTRODUCTION

Relatively low resolution is usually considered
as one of the drawbacks of Mdssbauer investiga-
tions of hyperfine interactions. In efforts to im-
prove this, considerable interest has therefore
been drawn to the few MGssbauer resonances with
lifetimes in the usec region, as those of ®'Zn ! and
18175, 2=% While the 90-keV y resonance of ®'Zn
(Ty2=9.3 psec) should ultimately provide superior
opportunities for studying relativistic effects, the
6.2-keV y resonance of '*'Ta (7,,,= 6.8 psec) may
be considered as the top candidate for high-resolu-
tion MGssbauer spectroscopy applied to the study
of hyperfine interactions, owing to the large mag-
nitudes of its pertinent nuclear parameters. It has
been shown recently that this is both true for mag-
netic dipole®*"7 and electric quadrupole®®~1? hy-
perfine interactions.

The special features of the 6.2-keV y resonance,
however, are most clearly demonstrated in the
field of isomer shifts, as will be shown in the
present paper. Until very recently, the only lat-
tice in which isomer shifts had been observed with
this ¥ resonance, were tungsten and tantalum met-
al.?~* We have now studied isomer shifts for *'Ta
impurities in several of the 5d, 4d, and 3d transi-
tion metals, and for a few tantalum compounds.
The observed isomer shifts cover a total range of
110 mm/sec, which may be compared with twice
the natural width of the 6.2-keV y rays, W,=2#/r
=0. 0064 mm/sec, or at least with the best experi-
mental linewidth observed up to now, W,;,=0.069
mm/sec.!! The present results represent an im-
provement of the resolution obtained with the
MGssbauer method by more than an order of mag-
nitude.

In part, this paper is a summary of data pre-
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sented previously with an emphasis ondifferent as-
pects inthe form of letters, conference reports, and
laboratory reports.®~'* It also contains, however,
new data and a systematic evaluation of all the
isomer-shift results obtained hitherto.

This paper will be presented in five sections.
The experimental technique is discussed in Sec.
II, while the experimental results are presented
in Sec. III. Section IV contains the discussion and
the derivation of a value for A{»% from isomer-
shift systematics in transition-metal hosts. Fi-
nally, Sec. V presents the summary and conclu-
sion.

II. EXPERIMENTAL TECHNIQUE

High-resolution MGssbauer spectroscopy re-
quires refined experimental techniques. The
MG0ssbauer resonance line can be “hyperfine broad-
ened” by inhomogeneities of magnetic dipole and
electric quadrupole interactions, as well as by
local variations of the total electron density at the
nucleus. The 6.2-keV y resonance is particularly
sensitive to impurities and lattice imperfections,
requiring special care in the preparation of
sources and absorbers.

A. Preparation of Sources

The 6. 2-keV level of *'Ta is populated by elec-
tron-capture decay of *'W (T,,,=140 days). For
the present work samples of 93%-enriched **w
metal were irradiated for periods up to 8 weeks in
integrated thermal neutron fluxes ranging from 10%!
n/cm? to as much as 1022 #/cm?, resulting in ¥'w
of high specific activity. The source preparation
process can be divided into several steps, namely,
preparation of the host-metal disks, deposition of
the ¥'W activity, reduction of the W deposit in hy-
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FIG. 1. Schematic drawing of the high-vacuum source
preparation chamber.

drogen atmosphere, and diffusion in high vacuum
at elevated temperatures.

The metal samples were prepared from high-
purity and, if available, single-crystal materials.
Single crystals were used to ensure high purity and
to preclude preferential diffusion along grain
boundaries. With a spark cutter, disks of about
1-mm thickness and typically 6 mm in diameter
were cut from bulk samples. In case of the hex-
agonal metals Re, Ru, and Hf, oriented disks were
cut from single crystals. The metal samples were
mechanically polished, etched, and, if possible,
finally electropolished.

After irradiation, the tungsten activity was dis-
solved in a few drops of 1:1 mixture of concen-
trated HF : HNO;. The solution was then diluted
with water, evaporated to dryness, and the resi-
due again dissolved in water. Since tungsten does
not easily electroplate, the activity was dropped
onto the metal disks and dried.

The consecutive reduction and diffusion process
was carried out in a high-vacuum source-prepara-
tion chamber, shown schematically in Fig. 1. The
sample was hung horizontally into the center of a
water-cooled rf coil. Through a view port the
temperature of the sample could be measured with
a pyrometer. In all cases but palladium, the tung-
sten activity was first reduced in hydrogen atmo-
sphere at 950 °C for about 3 h. Diffusion was then
performed in high vacuum of 107-10° Torr at var-
ious temperatures and for various periods. Specif-
ic information on the preparation of the sources is
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presented in Table I.

Several sources (W, Ta, Mo, Nb, Pt, and V)
were also prepared by resistance heating of foils
or single-crystal disks in a similar way to that
described by Sauer.* The rf-heating method, how-
ever, was found to be more appropriate for single-
crystal samples. The use of foils leads to the
problem that they may become brittle or may
break at relatively low temperatures compared to
the melting point.

B. Preparation of Absorbers

Absorbers for experiments with the 6. 2-keV y
resonance ought to be prepared from high-purity
materials, and should have a small thickness and
a high homogeneity because of the large photoelec-
tric cross section of tantalum for the 6. 2-keV y
rays. In the present work absorbers were pre-
pared from tantalum metal and from several tan-
talum compounds.

The high-vacuum annealing and degassing pro-
cedure, employed for preparing the tantalum-met-
al absorber, was very similar to the one described
previously by Sauer.* The Ta foil was heated re-
sistively in an arrangement similar to the source
preparation chamber (Fig. 1). As a starting ma-
terial a foil of 99.996% purity and 13-y thickness
was used. It was initially outgassed in a vaccum of
about 10" Torr and temperatures up to 2300 °C for
20 h. The foil was then alternatingly rolled be-
tween a sandwich of similarly prepared Ta foils,

TABLE I. Summary of source preparation data, in-
cluding information on the nominal purity of the host
metals, their crystalline state (sc: single crystal; pc:
polycrystalline), and the methods used for cleaning the
surfaces.

Nominal Diffusion Diffusion
Host purity Surface temperature time
metal %) cleaning °C) (h)
Hf, sc  99.9 a 1600 8
Ta, sc 99.999 a 2500 1
W, sc  99.999 b 2500 0.5
Re, sc  99.996 a 2400 1
Os,pc  99.9 a 2350 1
Ir, pc 99.99 c 1850 20
Pt, pc  99.99 c 1750 1
Nb, sc  99.99 a 2200 1
Mo,sc 99.99 a 2300 1
Ru, sc  99.99 d 2050 1
Rh, sc  99.99 a 1950 1
Pd, sc 99.98 a 1300 10
V, pc 99.9 a 1750 1
Ni, sc 99.995 a 1350 20

aE]ectropolishing in 5% perchloric acid at dry-ice tem-
perature (Ref. 16).

PElectropolishing in 10% NaOH at about 40°C.

°Sample was heated in air to about 1200°C.

dsample was treated in fused NaOH at about 350 °C.
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and annealed again in vacuum at temperatures as
high as possible. This procedure was repeated un-
til a thickness of 4 mg/cm? was reached.

Absorbers of TaC, KTaO3, NaTaOg, and LiTaOq
were prepared by a sedimentation method. At first
the finer fraction of a ground powder was separated
by sedimentation in alcohol. This material was
then sedimented in a polystyrene-benzene solution
on a 6-p-thick Mylar foil. During drying, a thin
polystyrene film, containing the Ta compound in a
relatively homogeneous layer, formed on the
Mylar.

The alkali tantalates were of nominal 99. 9% pu-
rity and were obtained from Research Organic/In-
organic Chemical Corp., Sun Valley, Calif. Two
different samples of almost stoichiometric TaC
were investigated, !” resulting in very similar res-
onance spectra.

C. Mossbauer Apparatus

All of the Mdssbauer experiments reported here
were performed in standard transmission geometry
with fixed absorbers and sinusoidally moved
sources. Both sources and absorbers were kept
at room temperature, with the exception of the
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FIG. 2. Single-line absorption spectra of the 6.2-keV

¥ rays, obtained with a tantalum-metal absorber and
sources of '®'W diffused into various cubic transition-
metal hosts. The solid lines represent the results of
least-squares fits of dispersion-modified Lorentzians to
the data.
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Ni(**'W) source.™?

The 6. 2-keV y rays were detected with an argon-
filled proportional counter. Despite a much better
energy resolution, a lithium-drifted Si detector
was found inferior to the proportional counter for
the present purpose because of high counting rates.
A slight improvement in the background and con-
sequently in the observed resonance effect could
be obtained with an argon~10%-krypton proportion-
al counter.

In cases with a large line-shift-to-linewidth ratio,
as with Mo, Nb, Ni, and Re hosts, small solid an-
gles were employed for the experiments in order
to prevent excessive geometrical linebroadening. !
Then, the data were recorded with as many as 2048
channels, using a conventional sinusoidal velocity
drive®® of high stability.

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

The present experiments may be divided into
source and absorber experiments. In the former,
the hyperfine splitting of the 6. 2-keV ¥ rays emit-
ted from dilute impurities of *!Ta in transition-
metal hosts was investigated using a single-line
tantalum-metal absorber. In the latter cases,
Mossbauer spectra were measured for absorbers
of tantalum compounds with the help of a W(!5'w)
source.

A. Isomer Shifts for Dilute Impurities of !%'Ta
in Transition Metals

The isomer shifts reported here were derived
from single-line and split spectra. Some repre-
sentative single-line spectra for metallic sources
are shown in Fig. 2. The large range of observed
isomer shifts is clearly demonstrated.

The pronounced asymmetry of the line shape re-
sults from an interference between photoelectric
absorption and MGssbauer absorption followed by
internal conversion.®2° This effect was first ex-
perimentally observed by Sauer et al.,® and has
been found to be particularly large for the 6. 2-keV
y rays of !*'Ta due to their E1 multipolarity, their
low transition energy, and their large internal-
conversion coefficient.

Following the theory of Trammel and Hannon'® the
absorption spectra were fitted with dispersion-
modified Lorentzian lines of the form

N@)=N(~)[1-€(1-2tX)/(1+X?)] , 1

with X=2(v - S)/W. Here N(v) is the intensity
transmitted at relative velocity v, S is the position
of the line, W is the full linewidth at half-maxi-
mum, and € is the magnitude of the resonance ef-
fect. The parameter £ determines the relative
magnitude of the dispersion term.

As has been shown previously, ' *° the experi-
mental result 2§ =-0.31+0. 01, derived both from
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FIG. 3. Electric quadrupole split-absorption spectra
of the 6.2-keV ¥ rays for sources of 8'W diffused into
hexagonal transition metals. The isomer shifts relative
to a tantalum-metal absorber are indicated by arrows.

single-line and magnetically split spectra, agrees
very well with the theoretical value predicted in
Ref. 19. Consequently, all the spectra of the pres-
ent work were fitted with a constant amplitude of
the dispersion term 2¢ =- 0. 31.

Inthe case of sources diffused into the hexagonal
transition metals Re, Os, Hf, and Ru, the emis-
sion spectra are split by electric quadrupole in-
teraction as reported earlier.®® In an axially sym-
metric electric field gradient the §* -~ 1" E1 transi-
tion splits into 11 hyperfine components. Some
representative spectra are shown in Fig. 3. While
the spectrum for osmium was obtained with a poly-
crystalline source, both the rhenium and rutheni-
um spectra were measured with single-crystal
sources of Re(*®'W) and Ru(**'W), respectively,
with direction of observation perpendicular to the
hexagonal ¢ axis. The solid lines in Fig. 3 are
the results of least-squares fits of superpositions
of dispersion-modified Lorentzians to the data. In
addition to 2£ =- 0. 31, the ratio of quadrupole mo-
ments was also kept constant and set equal to the
result of Ref. 8, Q()/@X%)=1.133+0.010.

The isomer-shift results (S) for dilute impurities
of 18!Ta in transition-metal hosts, with both
sources and absorbers at room temperature, are
summarized in Table II. The value quoted for the
nickel host was extrapolated from the temperature
dependence of the line position, as measured above
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the Curie point of nickel.? The isomer shifts are
defined in a way that a more positive value corre-
sponds always to a larger transition energy.

The observed experimental linewidths W range
from about 11 times twice the natural width in the case
of the tungsten source up to about 800 times in the case
of the vanadium source. The narrowest linewidths
have been observed for those host metals which are
continuously miscible with tantalum metal (with the
exception of V). The best line-shift—to-linewidth
ratios were found for the Mo, Nb, and Ni hosts,
even though the experimental linewidths for these
sources are from 20 to 77 times the theoretical
minimum.

Results similar to ours were obtained by other
groups only for the tungsten and tantalum hosts,?~*22
and their data agree well with the present results.

B. Isomer Shifts for Tantalum Compounds

Tantalum occurs in the pentavalent, tetravalent,
and trivalent state.?® However, only the pentava-
lent compounds and a few hard refractory met-
als®2* are stable enough to allow an investigation
with the present experimental technique. In this
study, Mdssbauer absorption spectra have been
measured at room temperature for the alkali tan-
talates LiTaO;, NaTaO;, and KTaO;, and for TaC.

The results for the tantalates are presented in
Fig. 4. For KTaQ;, which has the cubic NaCl
structure, a broadened single line is observed,
while electric quadrupole split spectra are found

TABLE II. Summary of results for sources of 8w
diffused into various transition-metal hosts, with both
sources and absorbers at room temperature. S is the
isomer shift relative to tantalum metal, W is the experi-
mental linewidth (FWHM), and € is the magnitude of
resonance effect, summed over all hyperfine components.

Source S w €

lattice (mm/sec) (mm/sec) %)
\% -33.2+£0.5 5.0+1,0 0.1
Ni —-39.5+0,22 0.50+ 0,08 1.6
Nb -15.26+ 0,10 0.19+ 0,06 1.5
Mo —-22.60+0.10 0.13+0.04 3.0
Ru —-27.50+ 0.30 1.3+0.2 0.7
Rh —28.80+ 0,25 3.4+ 0.5 0.3
Pd —-27.80+0.25 1.3+0.3 0.3
Hf —-0.60+ 0,30 1.6+0.4 0.2
Ta —-0.075+ 0,004 0.184 + 0. 006 2.4
w —0.860+ 0,008 0.069+ 0,001 20
Re —-14.00+0.10 0.60+ 0,04 1.3
Os —-2,35+ 0,04 1.8+ 0.2 0.8
Ir —~1.84+0.04 1.60+0.14 0.5
Pt +2,.66+ 0,04 0.30+ 0,08 1.5

2Extrapolated to room temperature from the tempera-
ture dependence of the line position, measured for the
Ni(!®'W) source in the temperature range 685-1003 K
(Ref. 21).
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FIG. 4. Mossbauer absorption spectra for various
alkali tantalates recorded with a source of W('3'W). The
centers of the electric quadrupole split spectra are in-
dicated by arrows.

for hexagonal LiTaO3 and orthorhombic NaTaOQs.
The spectra for LiTaO3; and NaTaOg were least-
squares fitted with the assumption of an axially
symmetric electric field gradient, and constant
Q®)/Q(%)=1.133 8; in this way, values for the iso-
mer shifts as well as for the signs and magnitudes
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TABLE III. Compilation of results for several tantalum
compounds, with both sources and absorbers at room
temperature. S is the isomer shift relative to tantalum
metal, W is the experimental linewidth (FWHM), and €
is the magnitude of resonance effect, summed over all
hyperfine components,
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FIG 5. Nuclear-resonance absorption of the 6.2-keV
¥ rays in TaC, measured with a w(tw) source.

S w €
Compound (mm/sec) (mm/sec) %)
LiTaO4 —24,04+0.30 1.6+0.2 0.9
NaTaO, —-13.36+ 0.30 1.0+£0,2 0.9
KTaO, ~8.11£0.15 1.5+ 0.2 0.3
TaC +70.8+0.5 2.4+ 0.4 0.2

of the electric field gradients at the tantalum sites
were obtained. *°

Figure 5 shows the absorption spectrum of TaC
measured with a W(**'W) source. As expected
from the cubic crystal structure of TaC, a single,
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FIG. 6. Graphical representation of isomer shifts of
the 6.2-keV ¥ rays for tantalum compounds and for dilute
impurities of !¥!Ta in transition-metal hosts.
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though broadened line is obtained. This spectrum
exhibits the largest isomer shift observed so far.

Table IIl summarizes all of our isomer-shift
results for compounds of tantalum. Two separate
samples of KTaO; and of TaC 7 were investigated
with consistent results in both cases. The ob-
served linewidths for all of the studied compounds
are markedly wider than those of the best metallic
systems. The present total range of isomer shifts
of compounds of tantalum, however, is much
larger than for metallic hosts, covering about 95
mm/sec.

C. Summary of Isomer-Shift Results

A graphical representation of the present isomer-
shift results is shown in Fig. 6. The isomer shifts
are plotted there separately for tantalum com-
pounds and for dilute impurities of *'Ta in transi-
tion-metal hosts. Recalling the used sign conven-
tion for isomer shifts, one realizes that the transi-
tion energy increases in this plot from bottom to
top.

The total range of isomer shifts (110 mm/sec)
corresponds to 17000 times twice the natural width
of the 6.2-keV ¥ rays or 1600 times the best ex-
perimental linewidth obtained up to now. These
numbers clearly demonstrate the high resolution
with which solid-state effects on the electron den-
sity at the nucleus may be studied using this y res-
onance.
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IV. DISCUSSION

The present isomer-shift results for metallic
hosts will be used in the following to derive in a
comparative way a quantitative estimate for the
change of the mean-squared nuclear-charge radius
A(7?) =(7?),-(7?), between the excited state and
the ground state of '®!Ta. For this purpose, the
systematic variation of electron densities (p) at the
nuclei of *'Ta, 5'Fe, ®Ru, ®Ir, and !*’Au impurity
atoms in hosts of the 5d, 4d, and 3d transition met-
als is discussed in Sec. IVA. With certain as-
sumptions these data are then used to derive ratios
of A(¥2) of the ®'Ta y resonance to those of the
pertinent M8ssbauer transitions of *’Fe, **Ru,
1%1r, and !"Au. Using the known numbers for
A(7?) of these MSssbauer transitions a value for
A(#?%) of the 6.2-keV v transition is obtained. Fi-
nally, the isomer shifts found for tantalum com-
pounds will be discussed qualitatively, and it can
be shown that they strongly support a negative sign
for A(»?),

A. Systematics of Isomer Shifts in Transition Metal Hosts

The isomer shifts for dilute impurities of *'Ta
in transition-metal hosts exhibit systematic fea-
tures when plotted, as in Fig. 7, versus the num-
ber of electrons in the valence shells of the various
host elements. The data can be arranged in three
groups corresponding to 3d, 4d, and 5d host met-
als. Without exception, the transition energy de-
creases when proceeding from a 5d to a 4d and
further to a 3d host metal in the same column of
the Periodic Table.

A similar systematic behavior has also been ob-
served for isomer shifts of ¥ rays of *'Fe
(14. 4 keV), % ®Ru (90 keV), *"Au (77 keV), and
181r (73 keV). 1%26~28 1n a]l of these cases esti-
mates for the changes of the mean-squared nuclear-
charge radii A{72) are reasonably well estab-
lished, 2° so that information on the systematic be-
havior of electronic densities at impurity nuclei
may be derived from these data. This in turn can
be used to estimate A(#?) for the present *'Ta y
resonance.

To allow such a comparison the data for impuri-
ties of *'Fe, **Ru, and *'Au are summarized in
Fig. 8. The data for **Ru and *’Au are taken from
Refs. 12 and 26-28, while those for *’Fe are taken
from Refs. 25 and 30—-32. The respective results
of Ref. 28 for *Ir impurities have not been in-
cluded in Fig. 8, but their systematic features
closely resemble those for *°*Ru.

Taking the accepted signs of A{#?) for the three
¥ resonances represented in Fig. 8,2 it is clear
that the electron densities at the nuclei of the vari-
ous impurity atoms increase when going from a 5d
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FIG. 8. Systematics of isomer shifts for dilute im-
purities of 5"Fe, %Ru, and 197Au, measured withy reso-
nances of the impurity atoms at 14.4, 90, and 77 keV,
respectively.

via a 4d to a 3d host metal in a vertical column of
the Periodic Table. The same conclusion has
been drawn for impurities of !®¥Ir.?® The only ex-
ception to this rule is found for iron and its d-elec-
tron homologs, ruthenium and osmium, but in this
column the lattice type changes from bcc to hep.
Such a systematic behavior of the electron density
at the impurity atoms has been discussed theoreti-
cally by da Silva et al. 3 in connection with the
%"Fe data using a pseudopotential approach., They
predicted a decrease in the d-electron density at
the impurity atom from 5d to 4d to 3d host metals,
which would cause an increase in p in agreement
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with observation. A quantitative theoretical de-
scription of the charge transfer in Ag-Au alloys
has recently been given by Gelatt and Ehrenreich. 3
The results presented in Figs. 7 and 8 and also
those of Ref. 28 suggest that the electron den-
sity at the nucleus of transition-metal impurities
in transition-metal hosts is generally increasing
from a 5d to the homologous 4d and 34 host, re-
spectively, with only very few exceptions. This
finding leads to a negative value for A{7»?) of the
6. 2-keV ¥ transition.

The dependence of p on the number of electrons
N in the valence shell of the host elements of one
transition series, however, is markedly different
for impurity atoms of *'Ta as compared to those
of "Fe, ®Ru, and !’Au. While an over-all de-
crease of p with increasing N is observed for im-
purities of *’Fe, **Ru, and !*’Au, p even increases
slightly in the 4d series with increasing N in the
case of ®!Ta. This dependence of p on N should
reflect effects of the band structure, the atomic
volume, and the lattice type of the host metals on
the electronic structure of the impurity atoms.
From band-structure effects a decrease in p with
increasing N is expected, since the s character of
the conduction bands of the hosts decreases in this
direction. 3 On the other hand, the atomic volumes
of the host metals, derived from lattice constants,
exhibit a dependence on N which might contribute
to the observed increase in p with N for ®*'Ta im-
purities in 3d and 4d hosts, and in 5d hosts up to
rhenium. The relative strengths of the various
effects, however, seem to depend strongly on the
nature of the impurity atoms.

B. Change of the Mean-Squared Nuclear-Charge Radius

In spite of these differences the observed sys-
tematic behavior of isomer shifts in transition-
metal hosts may be employed to derive an estimate
for the change of the mean-squared nuclear-charge
radius A(7?) of the 6.2-keV y transition. As dis-
cussed above, changes of p within a column of ho-
mologous transition-metal hosts are much less af-
fected by differences in the properties of impurity
atoms than those within a transition series. In ad-
dition, the influence of the atomic volume of the
host metal on p at the impurity atom is expected to
be much less pronounced between homologous 4d
and 5d hosts than between 3d hosts and any of the
former ones. The reason for this is that the atom-
ic volumes of homologous 4d and 5d metals are
nearly the same, while those of homologous 3d
metals are markedly different. 3 It seems appro-
priate therefore to compare only isomer-shift dif-
ferences for homologous 5d and 4d host-metal pairs
in order to derive ratios of A{7?) of the ®'Ta y
resonance to those of the other y resonances.
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TABLE IV. (a) Isomer-shift differences between homologous 4d and 5d transition-metal hosts, measured withy
resonances of impurities of 8Ta (6.2 keV), "Au (77 keV), ®Ir (73 keV), *®Ru (90 keV), and 5'Fe (14.4 keV). (b)
Ratios of AS(81Ta) to those of the other ¥ resonances (X), measured for the same pair of host metals.

4d-5d host-metal pairs

Nb-Ta Mo-W Ru-Os Rh-Ir Pd-Pt Refs.

(a)

18lra -15,18+0,11 —21,64+0,11 —25.15+0.35 —26.96+0,30 —30.46+0.30 this work

1978y 0.28+ 0,03 0.75+ 0. 05 0.91+ 0,05 1.00+ 0. 07 1.04+0.04 12, 26-28
AS 1931y 0.27+ 0,04 0.37+0.08 0.43% 0,02 0.62+ 0,02 0.65+ 0,03 28
(mm/sec) %Ru 0.055+ 0,011 0.092+ 0,010 0.109: 0. 005 0.121+ 0.009 0.123+ 0,014 12, 26—28

STFe —0.06+ 0,02 —0.09% 0,01 —~0.06% 0,02 -0.110.01 —1.17£0.01 25, 30-32
(b)

Xx=191Ay —-54+6 —-29+2 —-28+2 —27+2 —29+2
AS(8Ta) x=191p —57+10 —59+ 14 —58+3 —44+2 —47+3
AS(X) X=%Ru —276+ 57 —235% 27 —231+ 14 -223+19 — 248+ 31

Xx=5"Fe 253+ 84 240 + 27 419+ 140 245+ 22 179+ 10

Table IV summarizes the experimental isomer-
shift differences (AS) between homologous 4d and
5d transition-metal hosts for ¥ resonances of *’Au,
181r, ¥Ru, 'Fe, and !*'Ta. In the lower part of
the table, the ratios of AS for '®!Ta to those mea-
sured for other y resonances (X) between the same
pair of host metals, are listed. With only a few
exceptions, these ratios are remarkably constant
within the limits of error for a given pair of v res-
onances. This means that the differences of elec-
tron densities measured with different transition-
metal impurities for various homologous 4d-5d
host-metal pairs are approximately proportional
to each other. If the proportionality factors can be
estimated from other data or from calculations,
the ratios of isomer-shift differences listed in
Table IV may be used to obtain ratios of A{7?) for
the pertinent ¥ resonances. We can write the fol-
lowing relation among the A{7%):

A(,;,Z) =%ﬁ& . (2)

alrt), EuZy AS, py
Here the indices 1 and 2 refer to two separate y
resonances with energies E; and E, in elements
with atomic numbers Z, and Z,, respectively.
p2/p, stands for the ratio of the electron density
difference at impurity element 2 to that at impuri-
ty element 1 for the two chemical environments in
question.

The problem consists in obtaining numbers for
the ratio of electron density differences between
homologous 5d and 4d host metals. This ratio will
be abbreviated in the following by Ry, (1, 2) =p,/p;,
where the subscript da stands for dilute alloys.
We cannot directly derive values for R4, from the
results of free-ion self-consistent-field calcula-
tions, without making certain assumptions on the
relative strengths of the effective d -s electron
transfer, which occurs in the charge distribution
at an impurity atom when transferring it from a 5d

transition-metal host to the homologous 4d host.

One way of gaining information on the relative
strengths of these effective d—- s electron transfers
is to compare the ratios of isomer-shift differences
for dilute alloys, (AS;/AS,)4,, with ratios of iso-
mer-shift differences between isoelectronic config-
urations of the two elements, AS;/AS,),,.3" The
ratios of electron density differences between iso-
electronic configurations, abbreviated by R,,, can
be obtained from the results of free-ion self-con-
sistent-field calculations. It is obvious that the
following relation holds:

Ra(1,2)-R,,(1, z)(%:)da /(%%91 : 3)

Unfortunately, the concept of isoelectronic com-
pounds®? cannot yet be applied to the 8!Ta case,
since too few compounds of tantalum have been
studied. Inthe case of the *'Fe, **Ru, and *°Ir y res-
onances, however, the known systematics of iso-
mer shifts for chemical compounds® allow an ap-
plication of this concept. Using Eq. (3) and the
R,, ratios as derived from the results of free-ion
self-consistent-field calculations we can then de-
rive the ratios R,, for impurity elements of Ir, Ru,
and Fe. Gold has not been included in this compar-

TABLE V., Ratios of experimental isomer-shift dif-
ferences AS(X)/AS(%Ir) and of electron density differen-
ces at the nucleus R(X,Ir) for isoelectronic configurations
(ie) and for dilute alloys with homologous 5d and 4d transi-
tion metals (da), for y resonances of 9Ru (90 keV) and
57Fe (14.4 keV) relative to the one of '®Ir (73 keV).

Dilute alloys with homologous

Isoelectronic configurations 5d and 4d host metals

ASKX) AS(X)
X 25010 ) s RiX,Ir)  \AS(®Ir) /4 RuWX,Ir) REX,Ir)
PRu 0.36 0.24 0.21 0.14 0.18
TFe  -0.54 0.15 —0.22 0.06 0.07
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TABLE VI. Derivation of A (#?) of the 6.2-keV y reso-
nance from systematics of isomer shifts in transition-
metal hosts.

v AS(8Ta) Ay, Ay INGH™
resonance X  AS(X) Rg(Ta,X) Ay (10°fm?) (107 fm?)
197Au, 77 keV -30 0. 50 -5.2 % - 47
191y, 73 keV —49 0.69 —6.4 4.6° -29
PRu, 90 keV —236 5.9 -1.7 25¢ —-43
S"Fe, 14.4 keV 218 11.5 2.9 -—25¢ -2

Average: —48

2Reference 43.
bReference 29.

°Reference 44.
dReference 45.

ison since it is not straightforward to associate
definite electronic configurations with specific gold
compounds on the basis of the measured isomer
shifts. %

The data are summarized in Table V. The ratios
of AS for isoelectronic configurations (column 2)
were obtained by comparing the isomer-shift dif-
ferences for compounds with isoelectronic config-
urations.®%® The R,, ratios, which are presented
in column 3, were derived from the results of rel-
ativistic Dirac-Fock calculations for Ru *° and of
nonrelativistic Hartree-Fock calculations for Fe
and Ir.*? Using our experimental values for the
ratios of dilute-alloy isomer-shift differences (the
values listed in column 4 are weighted mean values
of the individual ratios given in Table IV) we can
derive, with the help of Eq. (3), ratios of the elec-
tron density differences between homologous 5d and
4d host metals (column 5). In the last column of
Table V ratios of electron density differences,
called R¥,, are also given, which were directly de-
rived from the results of free-ion self-consistent-
field calculations on the assumption that the mag-
nitudes of the effective d—s electron transfer from
5d to homologous 4d host metals are the same for
impurity atoms of 'Fe, ®*Ru, and *Ir. The de-
viations of RX, from R,, are less than about 30%,
indicating that the assumption of constant d—s
electron transfer is approximately valid within the

present accuracy for these three impurity elements.

This result indicates that we can make the as-
sumption of constant effective d—- s electron trans-
fer for impurity atoms of Ta, Ir, and Au. We are
then in a position to calculate numbers for
R4 (Ta, Ir) and R 4(Ta, Au), using the results of
free-ion self-consistent-field calculations for tan-
talum and gold. *°

Table VI summarizes the data we have employed
for deriving estimates of A(#2) for the 6.2-keV y
transition. In column 2 the weighted mean values
of the individual ratios A S(**¥Ta)/A S(X), given in
Table IV, are listed for the four y resonances un-
der discussion relative to the one of ¥'Ta. The
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ratios of electron density differences Ry, (Ta, X),
given in column 3, were obtained as described
above. For Ry, (Ta,Ir) and Ry, (Ta, Au) the con-
cept of approximately constant d - s charge trans-
fer was employed, while the number for R4(Ta, Ru)
and Ry(Ta, Fe) were obtained by dividing

R4, (Ta,Ir) by the results of Table V, column 5.
With these numbers for Ry, (Ta, X), the ratios of
A(r?) presented in column 4 are derived, using
Eq. (2). The A(#?) values for the ¥ resonances

of ¥ Au, ¥1r, ®Ru, and *'Fe, as listed in column
5, were taken from Refs. 43, 29, 44, and 45, re-
spectively. The absolute accuracy of these num-
bers should not be overestimated, as is most clear-
ly expressed by the fact that the published values
for A{72) of the 14.4-keV y transition of *'Fe
range from - 9X107° to - 52x10"% fm?. =% The
four estimates of A{7?) of the 6.2-keV y resonance
are finally given in the last column of Table VI.

As a final result for A(7?) we take the mean value

A(¥%)=-5%x10"2 fm?

The error of this value can only be estimated, es-
pecially since it is directly correlated with the un-
certainties of the A{#?) values from which it was
derived. We think, however, that 50% is an upper
limit to this error.

This is one of the largest changes in nuclear-
charge radius observed until now for M&ssbauer
transition.?® It is associated with a single-particle
proton transition between the 6. 2-keV level and the
ground state, which are both intrinsic proton states
of the strongly deformed '®'Ta nucleus, with Nils-
son assignments }* [404] and £ [514], respectively.

It has been pointed out earlier® !?:!3 that part of
this large negative value for A{7?) may be due to a
small decrease in deformation upon nuclear exci-
tation. Using the experimental result for the ratio
of nuclear quadrupole moments, Q§)/QX%)=1.133
+0.010, 8 and the assumption of constant nuclear
volume in both states, a value of A{#?)=- (4.4
+1.3)x102 fm? is obtained for this collective con-
tribution. The close agreement between this num-
ber and our experimental result should, however,
not be taken too seriously, since this model is very
crude, and in addition completely neglects single-
particle contributions to A{#?). It is hoped that in
the near future microscopic calculations of A{#?)
will become available for this M&ssbauer transi-
tion.

C. Isomer Shifts in Tantalum Compounds

With the sign and magnitude of A{#?) established
we can now discuss the isomer shifts measured for
the pentavalent ABOg compounds LiTaO;, NaTaO;,
and KTaO; and for TaC.
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1. Alkali Tantalates of the Form ABO,

With a negative sign for A{(#%), the isomer-shift
results show that p decreases from LiTaO; to
NaTaQ; to KTaOg. Such a trend in p can be ex-
pected from the chemical bonding in these alkali
tantalates, taking into account their ferroelectric
properties. %

The lattice structures of these tantalates are
known: LiTaQg is hexagonal, NaTaO; is ortho-
rhombic, and KTaOg has the cubic perovskite struc-
ture.**%> The B-O bond lengths increase from
LiTaOs to NaTaOg to KTaQg. LiTaOj is a displace-
ment ferroelectric with a Curie point at 665 °C, 5
while NaTaOg has probably an antiferroelectric
phase transition at 480 °C.%® For KTaO;, no ferro-
electric behavior has been found down to 1.6 K.%7

The bonding in ABO4 ferroelectric crystals with
a perovskite-type structure may be described by
partly ionic B—O bonds with appreciable covalent
contributions.®® In the present context only the
B-0 bonds have to be considered, since the B ions
are highly screened from the A ions by the oxygen
octahedra. It has been shown that for compounds
with the same ferroactive cation an increase in the
degree of covalency of its bonds with oxygen will
lead to an increase in the ferroelectric transition
temperature.®® Applied to the present case, this
means that the degree of covalency of the B-O
bonds should decrease from LiTaO; to NaTaOj to
KTaOz. Such a trend is also expected from the
bond lengths which are increasing in this direction.

Within a given oxidation state the electron den-
sity at the Ta nucleus is expected to increase with
increasing covalency owing to the expectedly posi-
tive direct contribution of o-bonding orbitals to p.
Such a dependence of p on covalency has previously
been observed for Au(I) and Au(IlI) compounds, 3°
as well as for compounds of Ir, Os, and Ru. 3% 6!
The electron density is therefore expected to de-
crease from LiTaO; to NaTaO; to KTaO; with de-
creasing covalent character of the B~O bonds.
This is in agreement with observation if one takes
the negative sign for A{7%).

2. Tantalum Monocarbide

Common to all nitrides and carbides of group-IV
and -V transition metals are high melting points,
extreme hardness and brittleness, and good metal-
lic conductivity. Because of this unusual combina-
tion of physical properties, the electronic struc-
tures of these so-called hard refractory metals are
of considerable interest. 2*

TaC exists over a wide range of compositions,
with most of its physical properties varying smooth-
ly with the molar ratio. The two TaC samples
studied in the present work had a chemical compo-
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sition close to stoichiometry. With a negative sign
for A{#?), the present isomer-shift results (Fig.
6) show that p is smaller for TaC than for any other
of the studied environments of tantalum.
Considering the rather similar physical proper-
ties of TaC and of the homologous 4d-compound
NbC, a decrease in p relative to the metal and the
pentavalent compounds may be expected from the
results of recent self-consistent augmented-plane-
wave band-structure calculations for NbC.% These
calculations show that the occupied states of the
conduction band of NbC have predominantly d char-
acter with only small p and even less s character.
A similar band structure should be expected for
TaC. On the other hand, the conduction electrons
of tantalum metal possess more s character.® Us-
ing d-electron shielding arguments, a smaller p is
therefore expected for TaC than for the metal.
This is qualitatively in agreement with our experi-
mental results, if we take a negative sign for
A{7%). For a more quantitative analysis of the
measured isomer shift, band-structure calculations
for TaC would be needed.

V. CONCLUSIONS

With the experimental results of the present
work, resolution in M&ssbauer isomer-shift studies
has increased by more than an order of magnitude.
This is basically caused by a coincidence of three
highly favorable properties of this y resonance,
namely, the small natural linewidth of the 6.2-keV
y rays, the large magnitude of A{7?), and the high
atomic number of tantalum.

This improved resolution should be of great in-
terest for solid-state applications of M&ssbauer
isomer-shift studies, since small changes in the
total electron density at the nucleus can be mea-
sured with an otherwise unreached precision. This

increased sensitivity could be especiallvy useful in
MU3ssbauer studies of phase transitions.

Some other peculiarities of the '*'Ta y resonance
are partly connected with the low transition energy,
which is the lowest one of all presently studied
MGdssbauer v rays. As a consequence, MJssbauer
absorption should be observable over an unusually
large temperature region. In such applications the
low y-ray energy and the large nuclear mass of
18173 result in relatively small thermal red shifts.
Owing to the high sensitivity to changes in p, solid-
state effects will therefore completely dominate the
experimentally observed variation of the transition
energy with temperature. This has recently been
demonstrated in a study of temperature shifts for di-
lute impurities of '*!'Ta intransition-metal hosts. %

One should keep in mind that the present resolu-
tion was reached with experimental linewidths typ-
ically of the order of 10-100 times twice the natur-
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al one. Even though many applications may be
achieved with the present linewidths, an improve-
ment in this respect would, of course, be of great
interest.
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