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I. INTRCDUCTION

In attempting to imnrove the resolution of
the MOssbauer method considerable attention has
been devoted to the few potential MYssbauer reso-
nances with lifetimes in the microsecond region
[1-4]. It has been shown recently, that in particu-
lar the 6.2-keV gamma transition cf Ta-181 (Ty/, =
6.8 us) warrants great prcmise for high-resolution
M&ssbauer studies of hyperfine intecracticns. This
is true for magnectic-dipole and electric-juadru-
pole hyperfine interactions as well as for isomer

shifts [5-12] .

Striking results have been obtained with iso-
mer shifvs [5,12] , which were found to cocver a
tetal runge of 110 mm/s. In view of the naturel
width ¢f the 6.2-keV gamma rays, Wy=2n/t=0.C064 mm/s,
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and the presently best experimental linewidth,
Wexp=0.069 mm/s [11] , this represents an improve-
ment of the resolution in M&ssbauer isomer shift
studies by more than an order of magnitude. This
resolution 1s due to three favorable properties of
the 6.2-keV gamma resonance: the small natural width
of the MSssbauer gamma rays, the high atomic number
of tantalum, and the large magnitude of the change
of the mean-squared nuclear charge radius (A<re>)
between the excited state and the ground state of
tantalum-181. ¢

The present paper consists of two main parts.
In the first part (Sections II and III) the more
general aspects of Ta-181 isomer shifts will be
covered, including an estimate for A<r2>. The se-
cond part (Section IV) is devoted to solid-state
applications, as exemplified by the study of the de-
pendence of the transition energy of the 6.2-keV
gamma rays on temperature and hydrostatic pressure.

II. EXPERIMENTAL TECHNIQUE

Isomer shifts of the 6.2-keV gamma rays of
Ta-181 can be studied with standard Mdssbauer tech-
nique. Due to the large potential lineshift/line-
width ratios, attention must, however, be given to
the stability of the employed velocity drive, and
an increased number of channels (up to 2000) should
be available. In addition small solid angles ought
to be used in order to prevent excessive geometric-
al -broadening. For the present work a sinusoidal
electromechanical velocity drive was used, and the
data were evaluated in a way as described in Ref.13,

The main experimental difficulty with the
6.2-keV gamra resonance arises from the extreme sen-
sitivity of hyperfine interactions to crystal in
homogeneities. This requires special care in the
preparation of sources and absorbers. In the present
work sources were prepared by diffusing %W-181 acti-
vity into hipgh-purity , and if available, single-
crystal transition metals.W-181 of high specific
activity was produced by activation of 93% enriched
W-180 metal in integrated thermal neutron fluxes
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ranging from 1021 to 1022 n/cm?. The metal samples
(about 1 mm thick and typically 6 mm diameter) were
spark-cut from bulk materials and polished by the
usual metallograrhic methods, including electro-
polishing. W-181 activity was dropped onto the met-
al disces in form of an HF/HNOz solution and dried.
Prior to diffusion in high vacuum (at 10-8 to 10-9
Torr) the tungsten activity was reduced in hydrogen
atmosphere at 950° C for ~ 1/2 hour. (This hydrogen-
reduction process was not performed with the palla-
dium source). As a rule diffusion was performed at
temperatures close to the melting points of the
"host metals. In case of the hafnium metal host, how-
ever, the diffusion temperature was kept below the
hexagonal-cubic transition point at 1740° C. Some

of the sources were also produced by resistance
heating, but the method of induction heating was
found more appropriate for the present purpose.

Absorbers were prepared from tantalum metal
and from several tantalum compounds. The metal ab-
sorber was prepared from a tantalum metal foil of
99.996% nominal purity by a high-vacuum annealing
and degassing procedure [N] . The foil was inter-
mittently rolled between high-purity tantalum metal
foils and annealed at 2300° C in a vacuum of ~ 109
Torr. Absorbers of TaC, XTaOz, NaTaOz, and LiTaO3
were prepared by sedimentation in a polystyrene-
benzene solution on a 6u-thick mylar foil. During
drying, a thin polystyrene film, containing the
tantalum-compound in a relatively homogeneous layer,
formed on the mylar.

III. GENERAL ASPECTS OF Ta-181 ISOMER SHIFTS

-

A. High-Resolution Isomer Shift Results

Isomer shifts were derived from source and ab-
sorber experiments, using a single-line Ta metal
absorber and a single-line W -181(%) source, respect-
ively. In both cases the isomer shifts will be re-
ported relative to tantalum metal, with a sign con-
vention where a more positive isomer shift corres-
ponds to a larger transtion energy.
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Some representative single-line spectra for
metallic sources are shown in Fig. 1. The spectrum
for the nickel host was obtained with the source
heated above the Curie point of nickel metal, while
in all other cases both source and absorber were
kept at room temperature.
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Fig. 1. MOssbauer absorption spectra of the 6.2-
~ keV gamma rays for sources of W-181 diffus-
ed into various cubic transition-metal hosts.
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The pronounced asymmetry in the lineshapes re-
sults from an interference between photoelectric
absorption and M&ssbauer absorption followed by
internal conversion [16,17] . This effect, which
was originally observed by Sauer et al. [3] , 1is
particularly large for the 6.2-keV gamma ravs due
to their E1 multipolarity, their low transition
energy, and their large internal-conversion coeffi-
cient. The absorption spectra were least-squares
fitted with dispersion-modified Lorentzian lines
of the form [16] 2

N(v) = N(=) - A(1 - 2EX)/(1 + X°) (1)

with X=2(v- vo)/w Here N(v) is the intensity trans-
mitted at relative velocity v, vo is the position
of the line, W is the full linewidth at half-ma-
ximum, and A is the amplitude of the line. The pa-
rameter £ determines the relative magnitude of the
dispersion term. It has been shown previously
[5,18] that the experimental result, 2£=-0.31+0.01,
agrees well with the theoretical predlctlon of

Ref. 16 . In the present work all spectra were fit-
ted with a constant amplitude of the dispersion
term, 2£=-0.31.

Fig. 2 shows the absorption spectra measured
for sources of ¥W-181 diffused into the hexagonal
metals rhenium, osmium, and ruthenium. In these
cases the emission spectra are split by electric-
quadrupole interactions [8,9] . In an axially-sym-
metric electric field gradient the 9/27+ 7/2*%* E1
transition splits into 11 hyperfine components.
While the spectrum for osmium was obtained with a
polycrystalllne source, both the rhenium and ruthen-
ium spectra were measured with single-crystal sour-
ces with the direction of observation perpendicular
to the [0001] -axis. The solid lines in Fig. 2 are
the results of least-squares fits of superpositions
of dispersion modified Lorentzian lines to the data.
In the fit procedures both the amplitude of the dis-
persion term, 2£=-0.31, and the ratio of electric
quadrupole moments, Q(9/2)/Q(7/2) 1.133 [8] vere
kept constant.
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Fig. 2. Electric-quadrupole split absorption spec-
tra for sources of W-181 diffused into hexa-
gonal transition metals. The centers of the
absorption patterns are indicated by arrows.

Up to now MOssbauer absorption spectra of tan-
talum compounds have been observed only for a few
pentavalent alkali tantalates and for TaC. The re-
sults for the tantalates are presented in Fig. 3.
For KTaOz, which has the cubic NaCl structure,

a broadened single line was observed, while elec-
tric-quadrupole split snectra were found for hexa-
gonal LiTaOz and orthorhombic” NaTaOz. The split
spectra were least-squares fitted in an identical
manner as those for the hexagonal host metals of



Fig. 2, assuming an axially-symmetric electric field
gradicnt in both cases. In this way values for the
isomer shifts, as well as for the signs and magni-
tudes of the electric field gradients at the tan-
talum sites, were obtained [ 10] .
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Figure U shows the absorption spectrum of TaC.
As expected from the cubic structure of TaC, a
single, though broadened line was observed. This
spectrum exhibits the largest isomer shift so far
observed.
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Fig. 4. M&ssbauer absorption spectrum of TaC.

Table 1 summarizes the results for the isomer
shift S. In all cases both source and absorber were
at room temperature. The value quoted for the nickel
host was. extranolated from the temperature devend-
ence of -‘the line position, measured above the Curie
point of nickel metal [19] .

The observed experimental linewidths W range
from ~11 times twice the natural width in the case
of the tungsten source up to ~800 times in the case
of the vanadium source. The magnitude of the ob-
served resonance effect (between 20% and 0.2%) is
strongly correlated with the experimental linewidth.
The largest lineshift/linewidth ratios were found
for the Mo, Nb, and Ni hosts, even though the ex-
perimental linewidths for these sources range from
20 to 77 times the theoretical minimum.

Results similar to ours were obtained by oth-
er groups only for the tungsten and tantalum hosts
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[2-4,20] , and their data agree well with the pres-
ent results.

Table 1. Summary of isomer shift results.

Source S W(FWHM) Effect
Lattice (mm/s) (mm/s) (%)
' BB, DR 5.0 (10) 0.1
Ni -39.5 (2) 0.50 (8) 1.6
Nb -15.26 (10) 0.19 (6) 1.5
Mo -22.60 (10) 0.13 (4) 3.0
Ru -27.50 (30) 237 7(2) 0:7
Rh -28.80 (25) 3.4 (5) 0.3
Pd -27.80 (25) 1.3 (3) 0.3
Hf " -0.60 (30) 1.6 (b) 0.2
Ta -0.075 (i) 0.184 (6) 2.4
W -0. 860 (8) 0.069(1) 20
Re -14.00 (10) " 0.60 (4)
Os -2.35 (4) 1.8 (2) 0.8
Ir -1.84 (4) 1.60 (14) 0.5
Pt +2.66 (1) 0.30 (8) 1.5
Absorber
Lattice
LiTaOz -24.04 (30) 1.6 (2) 0.9
NaTaO3 -13.26 (30) 1.0 (2) 0.9
KTaO3 =843 [ [15) 5742) 0.3
TaC +70.8 (5) 2.4 (u) 0.2

B. Systematics of Isomer Shifts for Ta-181
Impurities in Transition Metal Hosts.

The isomer shifts for dilute impurities of
Ta-181 in transition-metal hosts exhibit systemat-
ic features when plotted versus the number of elec-
trons in the valence shells of the various host
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elements, as shown in Fig. 5. The data can be
arranged in three groups corresponding to 3d, u4d,
and 5d host metals. Without exception, the transi-
tion encrgy decreases from a 5d to a 4d and further
to a 3d host metal within the same column of the
periodic table.
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Fig. 5. Systematics of isomer shifts of the 6.2-
‘ keV gamma rays of Ta-181.

A similar systematic behaviour of isomer shifts
has been otserved with gamma resonances of Fe-57
(1.4 kev) [ 21-24] , Pu-99(90 keV), Au-197(77 keV),
and Ir-193(73 keV)[15,25-27]. In all of these cases
estimates for the changes of the mean-squared nuc-
lear charge radii A<r2> are reasonably well estab-
lished [28] , so that information on the systematic
behaviour of absolute electron densities at impurity
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nuclei (Iwolz) may be derived from these data. This
in turn can be used to derive an estimate for
A<r2> of the present gamma resonance.
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Fig. 6. Systematics of isomer shifts for dilute im-
purities of Fe-57, Ru-99, and Au-197,
measured with gamma resonances of the im-
purity atoms at 14.4 keV, 90 keV, and 77
keV, respectively.
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The isomer-shift data for impurities of Fe-57,
Ru-99, and Au-197, measured with the relevant gamma
resonances, are summarized in Fig. 6. The respect-
ive results for Ir-193 impurities [ 27] have not
been included in Fig. 6, but their systematic fea-
tures closely resemble those _Observed for 1mpur1-
ties of Ru-99. :

Taking into account the accepted signs of
A<r2> for the gamma resonances it is realized that
|¢o|2 at the various impurity nuclei increases from
5@ via 44 to 3d homologous host metals. The only
exceptions to this rule are found for hosts of iron
and its d-electron homologues. In this column, how-
ever, the lattice structure changes from becec to hep.

Such a systematic behaviour of lvol2 at the
Jmpurlty atoms has been discussed theoretically by
daSilva et al. [ 29] in connection with the Fe-57
data, using a pseudopotentlal approach. They opre-
dicted a decrease in the d-electron density at the
1mpur1ty atom from 5d via Ud to 3d host metals,
causing an increase in Iwol , in agreement with ob-
servation. A more quantitative theoretical descrip-
tion of the charge transfer in Au-Ag alloys has re-
cently been given by Gelatt et al. [20] , taking
into account both s and d charge tranofer between
the constituents.

C. ~ Change of the Nuclear Charge Radius

A remarkable proportionality of differences
of electron densities for various impurity atoms
between homologous 5d and 4d host :etal pairs is
revealed if one forms ratios of isomer-shift dif-
ferences. This is demonstrated in Table 2, where
the ratios of the isomer shift differences observ-
ed with the Ta-181 gamma resorance to those observ-
ed with gamma resonances of Au-197, Ir-193, Ru-99,
and Fe-57 are summarized. With only a few except-
ions these ratios are quite constant within the 1i-
mits of error for a given pair of gamma resonances.
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Table 2. Ratios of isomer shift differences bet-
ween homologous 4d and 5d transition metal hosts
for the Ta-181 gamma resonance to those of gamma
resonances of Au-197 (77 keV), Ir-193 (73 keV),
Ru-99 (90 keV), and Fe-57 (14.4 keV).

X 2s(¥®1ray, as(x)

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

19310 -57(10) -59(14) -58(3) -44(2) -47(3)
"9%Ru -276(57) -235(27) -231(14) -223(19) -248(31)

197 s - -54(6)  -29(2) -28(2) -27(2)  -29(2)

°Tpe  253(84) 240(27) 419(140) 245(22) 179(10)

The ratio of the changes of the mean-squared
nuclear charge radii A<r2> of two different gamma
resonances 1s related to the ratio of isomer shift
differences AS by

2 2 .
A<re>, g E, Z, AS, Alwo[2 o
2 2 2 .
A<r®>, E, z.1 AS, Alwo[1

Here the indices 1 and 2 refer to two separate gam-
ma resonances with energies E1 and E2 in elements
with atomic numbers Z4 and 25, respectively. The
isomer shifts are measured in velocity units.

8|¥ol5 /8]|vo|g stands for the ratio of electron den-
sity “differences at the two nuclei for the same
pair of host lattices.

Thus to evaluate A<r2> from Table 2, one has
to obtain information on the ratios of A|y,|2 bet-
ween homologous 5d and 4d transition metal hosts for
the various impurity elements. It has been shown re-
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cently [ 12] that these ratios can be obtained from
a comparison of isomer shifts in 5d and 4d transi-
tion metal hosts with those of isoelectronic com-
pounds of the two elements under discussion. This
is possible, since ratios of A|ygy|2 between iso-
electronic configurations of two elements can di-
rectly be derived from the results of free-ion self-
consistent field (SCF) calculations [31] . In the
cases of Ir-193, Ru-99, and Fe-57 enough isomer
shift data are available to allow an gpplication of
this concept [ 32 ] . Unfortunately, this is not the
case with Ta-181. However, it has been shown

‘[12] that the ratios of Afwolz between homologous
5d and 4d host metals for impurity elements of Ir-
193, Ru-99, and Fe-57, obtained in this way are not
drastically different from those derived directly
from SCI" calculations with the assumption that the
magnitudes of the effective d -+ s charge transfer
occuring at the various impurity atoms, when trans-
ferring them from a 5d to the homologous 4d host,
are approximately equal: e.g. the differences were
found to be less than 30% for Ir, Ru, and Fe. Lack-
ing better knowledge we therefore assume approxi-
mately constant d + s charge transfer for impurity
atoms of Ta, Ir, and Au,

The ratios of Alwolz , given in Table 3 (col-
umn 3) were obtained with this assumption, using the
ratios of A|¢0[2 for impurity atoms of Ir-193 to -
those of Ru-99 and Fe-57, as derived in Ref. 12 .
In the derivation of these ratios the results of
free-ion relativistic Dirac-Fock calculations for
Ru, Ta, and Au [33] and those of non-relativistic
Hartree-Fock calculations for Fe [347] and Ir [ 35]
were employed. In column 2 of Table 3 the weighted
mean values of the individual ratios of isomer
shift differences of Table 2 are listed. The de-
rived ratios of A<ré> are then presented in column
4, With the A<r2> values for the gamma resonances
of Aur197 ., - Ir-193, Ru=99..and Fe~57 (eolumn 5},
taken from Ref. 36, 28, 37, and 38, respectively,
the four estimates for A<ré> of the 6.2-keV gamma
transition were obtained (column 6). As a final
result for A<r2> we take the mean value of the
four estimates

2

A<r©> = —5.10'2 e

fm



Table 3. Derivation of A<r2> for the 6.2-keV gamma resonance from syste-
matics of isomer shifts in transition metal hosts.

181 2 2 ~
X a8t ot Al‘bol Ta - i 3 >Ta A<r2> A<r2>
- 3 e X Ta
AS(X) Ay | A<r©> i A
9P ~ (1072 m?) (107> fm?)
197 py -30 0.50 S8io 9 . -47
1957010 Zue 8 0,460 il 4.6 -29 o
[}
Ppy 236 5.9 -1.7 25 -43
5Tpe 218" - 11.5 2.9 -25 | -72

average -48
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The uncertainty of this value can only be estimated,
especially since it is directly correlated with the
uncertainties in the A<ré> values from which it was
derived. Ve think, however, that 50% is an upper
1limit to the possible error. The result for A<rd>
of the 6.2-keV gamma transition represents one of
the largest changes in nuclear charge radius observ-
ed up to now for Mdssbauer transitions [28] . It is
associated with a single-particle proton transition
between the 9/2~ [ 514 7] state at 6.2 keV and the

7/2% [40U4]ground state of Ta-181.

+

IV. SOLID-STATE APPLICATIONS

Considering the range of isomer shifts that
have been observed with the 6.2-keV gamma resonance
it is obvious that its sensitivity to small changes
in I\bol2 should be quite unique. The value of A<ré>
derived in the preceding section allows a direct
comparison of its sensitivity with that of the
14.4-keV gamma resonance of Fe-57. Ve find that com-
parable changes in the solid-state environment, for
example equal changes in the population of Ta-6s and
Fe-Us orbitals, shift the transition energy in units
of the respective natural linewidths by amounts on
the order of 4000 to 1 for Ta-181 and Fe-57, re-
spectively. The magnitude of this ratio illustrates
one of the causes of the considerable linebroaden-
ing observed in Ta-181 resonance lines. Taking into
account the present experimental linewidths the re-
solution with Ta-181 isomer shifts is by a factor of
about 400 higher than in the Fe-57 case. This uniaue
resolving power is especially attractive for solid-
state applications. To illustrate this possibility
we would like to discuss the influence of tempera-
ture and hydrostatic pressure on the transition ener-

gy.

A. Temperature Dependencerf the Transition Energy

The effects of temperature on the encrgy of
M6ssbauer gamma rays have been studied ur to now in
detail only for Fe-57 [ 39-427 and Sn-119 [ 43] . In
both cases the observed temperature shifts were
found to be predominantly caused by the second-order
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Doppler (SOD) effect (thermal redshift) [ 44] .

In contrast to this, we have found that the
energy of the 6.2-keV gamma rays, emitted from
Ta-181 as a dilute impurity in transition metals,
exhibits a strong temperature dependence far beyond
the SOD shift [ 19] . Depending on the host metals,
the observed temoerature shifts vary from -32 to
+8 times the thermal redshift expected for a Debye
solid in the classical high-temperature limit. These
large temperature shifts are malnly caused by tem-
perature induced changes of lw | > since both the
energy of the 6.2-keV gamna rays is extremely sen-
sitive to small changes in Iwol ,and the SOD effect
is expected to be quite small due to the large nuc-
lear mass of Ta-181 and the low gamma ray transition

energy.

The present experiments were performed on sour-
ces which vere heated in vacuum from room tempera-
ture up to ~ 1000 K. The single-line Ta metal ab-
sorber was kept at room temperature.

The experimental results for five of the stud-
ied sources are shown in Fig. 7, where the line
shifts relative to a Ta metal absorber are plotted
versus the source temperatures. For comparison the
SOD shift, expected for a Debye solid in the 1limit
of high temperatures, is also plotted. All curves
are drawn on the same scale. The solid lines are
the results of least-squares fits of straight lines
to the data.

It is striking that in the case of the nickel
host the transition energy increases with tempera-
ture with a slope which is 32 times larger and of
opposite sipn than the one expected from the SOD
shift alone. It represents a lineshift of 2.3 natur-
al widths per degree. On the other hand the slopes
of the temperature shifts for %W, Ta, and Pt hosts
have the same sign as the SOD shift, but are up to
8 times larger.

We may write the experimentally observed tem-
perature variation of the line position S as
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(g_s_) : (assou) X (3513 +(;’Sls ) (a tnv) (5
3T/ 5 T o BT 32V | \3T |,

The first term accounts for the temperature varia-
tion of the SOD shift, which is given for a Debye
solid in the limit of high temperatures by -y
-3k/2Mc in velocity units and amounts to =-2.30-10
mm/s per degree for the present gamma ray transi-
tion. The second term represents the explicit tem-
perature dependence of the isomer shift at con-

" stant volume due to temperature induced changes of
the total electron density at the nucleus. The
third term describes the volume dependence of the
isomer shift caused by thermal expansion of the
lattice.
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Fig. 7. Temperature dependence of line positions

for sources of W-181 diffused into Ni, Nb,
W, Ta, and Pt host metals.
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The volume dependent part of the temperature
shift, represented by the third term in Eqn. 3,
should be positive in all cases since
(3|y_|2/32nV)p is expected to be negative. In or-
der £o explain the large negative temperature shifts
observed: for thes Pt scPd ; Inyal, vand. Tahhosts we
have to postulate therefore a negative sign for the
second term, at least in these cases. This_would
correspond to an explicit increase of Iwol with
temperature.

Table 4 summarizes the temperature shift data,
with the experimental results for the isobaric
temperature variation of the transition energy,
(aS/BT)P,pPesented in column 2. The values for the
isobaric temperature dependence of the isomer shift,
(95;4/9T)p, were derived by subtracting the contri-
but%gn due to SOD effect from (3S/3T)p. In view of

Table 4. Summary of experimental results and deriv-
ed quantities for dilute impurities of Ta-181 in
transition metal hosts. :

host (3S/3T)p (3S 1 79T)p (3¢nV/3T)p
metal (10_u mm/s/deg.) (10 "mm/s/deg.) (10-5deg71)
Ni 732 (35) 15.5 %357} Sie
Nb 9.2 (10) 11.5 (10) ' 2.5
Mo 3.6 (6) - 5.9(5) ke
Pd ~16.T¢70) -14.4 (70) SeH
Ta -8.0 (5) e O 2.0
W -7.1-(2) -4, 8 (2) 1.4
Ir =10,7.433) -8.4 (33) 240
Pt 2.9

-17.6 (9)

~15.3-(9)




=20~

the fact that these corrections are small compared
to the total temperature shifts, and that the
measurements were carried out in the temperature
range 300 to 1000 K, where the high temperature
Debye model should approximately hold, this pro-
cedure should be satisfactory within the present
accuracy. Also presented are representative values
for the thermal expansion coefficients of the host
metals (column 4), averaged over the temperature
regions of the present experiments. .

Until now temperature shifts of the 6.2-keV
gamma rays have been reported only for a tungsten
host by Taylor et al. [45] , and their results
agree well with the present measurements. In the
case of Fe-57 temperature shifts of the energy of
the 14.4-keV gamma rays have been measured for ‘
iron metal [41] and for dilute impurities of Fe-57
in 3d, 44, and 5d transition metals [ 42] . Even
though these’shifts arise mainly from the SOD effect,
the derived values for (3Syg/3T)p exhibit character-
istics similar to the present case [46] .

A separation of (3Syg/3T)p into an explicitly
temperature dependent part and a volume dependent
part can be accomplished only with additional in-
formation on the volume dependence of the isomer
shift. This can be obtained from the results of
high-pressure experiments.

B. Pressure Dependence of the Transition Energy

The experimental technique for high-pressure
experiments with the 6.2-keV gamma resonance has
to cope with problems arising mainly from the low
gamma ray transition enersy and the high sensiti-
vity of the recsonance line. It was already observ-
ed by Sauer [4] that small lattice distortions can
broaden the IMOssbauer line appreciably.

A schematic of the hich-pressure setup devel-
oped for the Ta-181 ecxperiments is given in Fig. 8.
The source is immersed in a pressurized oil bath to
insure hydrostatic pressure. The 2 mm thick beryl-
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lium metal window limits the applied pressures to
approximately 5 kbar.

Smm
estidud

Sowrce — |

Be window ——
high pressure cel

H ] moved absorber

proportional counter

Fig. 8. Schematic of the experimental setup for
high-pressure experiments.

-

Up to now we have performed pressure exneri-
ments with sources diffused into tungsten and tanta-
lum metal. The results for a tantalum metal source
are presented in Fig. 9, where the change in line
position is plotted versus the applied hydrostatic
pressure. As expected, the transition energy de-
creases with increasing _pressure, in agreement with
a negative sign for A<r<é>, assuming a simple scal-
ing of |v,l2 with volume. The observed lineshift
corresponds to ~ 11 times twice the natural width
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per kbar, or approximately one experimental line-
width per 3 kbar.

w

E

£ &

e 10K

- %//{/

o -5t }// '

u.) /{ Ta

E: Ok k

n
1 il 1 1 1 1 1
[6) 1 2 3

Hydrostatic Pressure P (kbar)

Fig. 9. Pressure induced change of the isomer shift
for a w-181(2§) source.

The pressure shift results for tungsten and tan-
talum metal hosts are summarized in Table 5. The
isothermal pressure shifts, (3S/3P).,, were obtained
by fitting straight lines to the data. The contri-
bution to (3S/3P)p, caused by a pressure dependence
of the SOD effect [40] , is expected to be negligib-
le in the present case. YWe may then interpret the
experimental pressure shifts as arising entirely from
a pressurc-induced variation of |y |2 . In the last
column of Table 5 derived values for the isothermal
volume dcpendence of the isomer shift are listed, ob-
tained by dividing (3S/9P)p by the compressibilities
given in column 3 [ 47, 48] .
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Table 5. Summary of pressure shift results for
tantalum and tungsten metal hosts.

Pede- - e (15
metal 3P/ aP ' aZnV’p
(10-2 mm/s/kbar) (10-% xbar-1) (mm/s)
Ta -6.9 (7) -5.10 135 (14)
W «i.8 (9) -3.16 152 (30)

C. Explicit Temperature Dependence of the Isomer
Shift.

The results for (3Syg/3&nV)p can be used for
a quantitative analysis of the temperature depen-
dence of the isomer shift in the cases of tungsten
and tantalum metal hosts. A summary of the analysis
is given in Table 6. With the known thermal expan-
sion coefficients of Ta and W metal (Table L) we
are in a position to calculate the volume dependent
part of (39S7g5/3T)p, using our results for
(3Syg/94nV).,. The results, presented in column 2 of
Table 6, arée of opposite sign than the experimental
values for the total isobaric temperature dependence
of Sys (Table !, column 3).The differences of both
are interprcted as the explicitly temperature de-
pendent part of (3Syg/9T). The final results are gi-
ven.in column 3. In both cases, the transition
energy decrcases explicitly with increasing tempe-
rature by approximately equal amounts.

Taking A<r2> =-5:10-2 fm2, this decrease in
transition energy corresovonds to an increase in
|¥o|2 by amounts of 6.2:1021 c¢m=3 per degrce and
of 4.9-1021 cm=3 per degree for the tantalum and
tungsten hosts, respectively. This increase in
Iwoﬁz can be interpreted as an effective d+s elec-
tron transfer with increasing temperature at con-
stant volume. Using the results of relativistic
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Table 6. Analysis of temperature shifts for tanta-
lum and tungsten metal.

- . BSIS
host (3SIS/32nV)T(3£nV/3T)P (3T_—)
metal -y -4
(10 " mm/s/deg.) (10 ° mm/s/deg.)
Ta er® (ay =33 (4)

L 21 (5) =26 (99

Dirac-Fock calculations for free-ion configurations
of tantalum [33 ], we find thgt our results for
the explicit increase in |¥_|€ with increasing
temperaturg correspond to a transfer of approxi-
mately 1072 electrons per degree to the s band.

An explicit temperature dependence of lwolz
has been postulated before for B-tin[ 43]as well
as for iron metal and dilute impurities of iron in
transition metal hosts [46] . In both cases |yg]
was found to increase explicitly with temperature
by amounts corresponding to an increasing popula-
tion of s states by approximately 1072 electrons
per degree, as in the present case. : -

Similar effects have been discussed theoretic-
ally in connection with the temperature dependence
of the Knight shift, and have been interpreted by
Kasovski and Falicov [49] as arising from an effect-
ive decrease in the strength of the lattice poten-
tial with increasing temnerature, caused by thermal
vibrations. In this way the energy bands become
more free-electron like with increasing temperature,
leading to an increase in the s character of the
wave functions and accordingly to an increase in
Iw |2. It is expected that these effects would ex-
hiBit a strong dependence on the electronic struc-
tures of the host metals. An extension of the study
of pressure shifts to other host metals, especially

.t
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to those for which temperature shifts have already
been measured, is therefore of considerable inter-
est.
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