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Pressure dependence of the Mossbauer isomer shift for metallic Sb and for I™ in KI.
Systematics with atomic number of the pressure dependence of |¢/(0)|?
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We have measured the pressure dependence of the Méssbauer isomer shift for metallic Sb and for I™ in KI. This
pressure dependence is related to ¥ = d|1(0)|*/dInV and we have obtained values for ¥(Sb) and ¥(I") from the
Méssbauer results. For Sb, we find ¥(Sb)> 0, viz., that |(0)|® decreases when an antimony sample is compressed.
For I~ in KI we find y to have a value of zero within experimental error. The systematics of ¥ with atomic number

are discussed.

I. INTRODUCTION

From high-pressure measurements of the Moss-
bauer isomer shift S it has been found that for
pure metallic Fe!, Ta?, and Au®, the total electron
charge density in contact with the nucleus, |¥(0)|?,
increases when the sample is compressed.'™
Here the derivative y = d[(0)| ¥dInV<0, where V
is the atomic volume. This result may be expec-
ted if the compression of the atom should re-
sult, at least qualitatively, in a renormalization
of the inner-atom valence-electron wave function.

In contrast to the above measurements of y for
Fe, Ta, and Au, Panyushkin and Voronov,’ and
Mboller and Mossbauer > found that for g-Sn,
[#(0)|? decreased when the tin sample was com-~
pressed. For B8-Sn, y >0. The same qualitative
result, y(Sn)>0, was also found for a number of
tin alloys and compounds.” An exception to this
behavior was found for the intermetallic compound
Mg,Sn. For Mg,Sn at low pressures, y(Sn)<0 was
observed.

Mbller and Mossbauer attributed the behavior of
|#(0)|? with compression for 8-Sn and for Sn alloys
and compounds to a screening effect between the
s and p valence electrons.®”

It would seem reasonable to inquire about the
systematics of y(Z) with atomic number Z, i.e.,
to ask in what regions of the Periodic Table one
might expect to find y(Z)>0. We have used the
Wigner-Seitz-Dirac-Hartree (WS) model with
Kohn-Sham or with Slater exchange to make a pre-
liminary study of this question.®®!° Calculations
were first made for the elements Ag—Te of the
Periodic Table,® and more recently they have been
extended® to the elements 1<Z <95. These WS
calculations were self-consistent including the core
electrons.'® The compression of an atom was sim-
ulated by a decrease of the size of the WS
sphere.3+89.10

The WS model does not include the scattering of
the electrons on the reciprocal lattice, and thus
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it may not be expected to give a precise value for
v(Z) for a particular element whether pure, in an
alloy, or in a compound. For example, this model
cannot account both for y(3-Sn)>0, and y(Sn)<0
for Mg,Sn. In that the model is self-consistent, '°
however, it may give an indication of the trend of
y(Z) as Z increases and as the s, p, d, and f
shells are filled. The WS model implies much
variety and regularity in the behavior®?® of y(Z)
with Z. It may then be of value to study this in-
dicated systematic behavior of y(Z) experiment-
ally and to extend these calculations to include
band-structure effects.

In agreement with Moller and Mossbauer, the
WS model gives the result that y >0 for -Sn is
predominantly due to a screening effect between
the valence s and p electrons.® The WS model in-
dicates in addition that the core contribution to y
is not negligible .®

In the Ag row of the Periodic Table, the ele-
ments Sn, Sb, Te, I, Xe, and then in the next row
Cs, are suitable for the measurement of y by use
of the Mossbauer effect. This is a region of Z
where the WS model implies y>0. The purpose of
the present high-pressure studies is the measure-
ment of y for metallic Sb (Ref. 11) and for I'; and
to use these measurements in a first comparison
with our preliminary study of y(Z) in the WS mo-
del.5?®

1. THE HIGH-PRESSURE-LOW-TEMPERATURE
MOSSBAUER MEASUREMENTS

The Bridgman anvil clamp used to produce the
high pressures in these Mdssbauer measurements
is illustrated in Fig. 1. Some details about the
use of the clamp are given in the figure caption.

The isomer-shift-high-pressure data given be-
low are plotted as a function of the average pres-
sure P applied to the sample. This gives an ac-
ceptable treatment of the data if the change of the
isomer shift AS between P = 0 and the highest P

is small relative to the Mossbauer linewidth.® This
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is the case for the experiments reported here.
The P values given below were calculated from
the measured applied force at 300 K and the anvil
area, and include'! a contribution of a few percent
due to cooling the clamp from 300 to 77 K. We
estimate the error in P to be about + 5% at P = 65
kbars.

The Mtssbauer radiation source was Ca'?™™ Sn0,,
E, = 37.15 kev for the antimony measurements,
and was Zn'*™ Te, E, = 57.60 keV for the iodine
measurements. The counting geometry was sim-
ilar to that of an apparatus used previously.®. A
two-atmosphere Xe proportional counter was used
to count the 2'Sbh escape peak. The *"™Te radia-
tion was counted with an NaI(T1) scintillation
counter. For the Sb measurements, the source and

absorber were at 77 K and for the I measurements,
they were at 4.2 K. The Mossbauer transducer
armature extended® from the cold region to room
temperature (296 K). A 5"Fe MoOssbauer source
was mounted on the armature at the 296-K end and
a six-line Mossbauer spectrum of metallic Fe at
296 K was measured simultaneously with each Sb
or I spectrum. This provided a simultaneous vel-
ocity calibration of the transducer for each Sb or

I measurement.3*!

Antimony foil samples of 13-to 25-ym thick-
ness were prepared from 99.999% Sb either by
vacuum evaporation or by compression in a pellet
press.’' KI (and also Nal) samples of about 60-ym
thickness were also prepared in the pellet press.

III. INTERPRETATION OF MOSSBAUER LINE-SHAPE DATA

As an example of the MGssbauer measurements, Fig. 2 shows a typical measured Sb line shape. This
curve was measured at zero pressure. The curve through the measured points represents a least-squares

fit of the theoretical line-shape function'®''® given by

NE)=Ne)(1-cf) 7, (Z)[

Equation (1) describes a single-line Lorentzian
source moving with Doppler velocity v, relative to
a single-line absorber with effective thickness T,
= fato0,(1+ @)7!, where f, is the absorber recoil-
less fraction, o, in cm¥mg is the maximum reso-
nance absorption cross section, t,is the sample
thickness in mg/cm? of the resonant isotope, and
@ is the internal-conversion coefficient. N(v,) is
the integrated transmitted intensity at v,, C is
the fraction of N(») due to the Mossbauer y rays,
fs is the source recoilless fraction, S is the ab-
sorber-isomer shift relative to v, =0, and I'; is
the natural linewidth for the nuclear transition.
¢ determines the amplitude of the dispersion term,
due to interference, in the coherent part of the ab-
sorption cross section.'®

The integral in Eq. (1) is evaluated by closed
form integration of the first two terms of the in-
tegrand obtained from a series expansion of the
absorption exponential. The remainder of the in-
tegrand is numerically integrated using Gauss-
Legendre quadrature. The shape of a spectrum is
completely characterized by knowledge of Ty, T,
S, and £. The fitted parameters Cf, (treated as
one parameter) and N(~) serve as velocity-inde-
pendent scaling factors on the basic line shape.
The fitting procedure used here constrains ¢ and
T, and allows T, and S to be obtained by the least-
squares minimization.

exp( - T,{1 - 2&[(v =S)/3T)}A[ (v =S) /3T, )2 + 1})]
[ =v)/AT,F+1 )

1)

We note that the curve of Fig. 2 appears sym-
metric. In fitting Eq. (1) to our line-shape data
for both Sb'! and I~, no evidence for the disper-
sion term was found. Thus, we have used £ =0 in
Eq. (1) in obtaining the isomer-shift results re-
ported below for antimony and iodine. In fitting
Eq. (1) to the Sb data, a natural linewidth I'y=7/T
= 1.052 mm/sec was used.'** For I we used*
T,=1.25 mm/sec.

IV. MEASURED PRESSURE DEPENDENCE
OF THE ISOMER SHIFT FOR METALLIC Sb AND I
IN KI

A. Antimony

Figure 3 is a plot of the measured pressure de-
pendence of the isomer shift for Sb!l. We have
fitted these data with a straight line by a weighted
least-squares method. We obtain

ds
s(P)=so+Pd—P, (2)
with
S,=—11.64+0.01 (3)

in units of mm/sec and
dS/dpP = + 0.0030+0.0003 (4)

in mm/sec kbar.
We have calculated, in the Debye model,'! a
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FIG. 1. The high-pressure clamp. In the following
we give some details about the clamp and its use. The
clamp was fabricated from the steel, Vascomax 300.
The sample foil (Sb, Nal, or KI here) is clamped be-
tween the B,C anvils at A. To clamp the foil, the cell
is supported on the shoulder at B, and a measured force
is applied at C with a hydraulic jack. The hydraulic
pressure is measured with a calibrated Heise-Bourdon
gauge. A strain gauge, cemented to the cell at F, was
calibrated in terms of the force applied at C. When the
desired force at C was attained, the nut G was gradually
tightened while, at the same time, the force at C was
removed. This was done at nearly constant strain
gauge reading. The final force on the anvils, when the
force at C was completely removed, was obtained from
the strain gauge reading to about one percent. The length
1 of the cell between B and H was measured before
and after every high-pressure measurement both with
the sample at high pressure and at zero pressure. A
vernier, reading to 2.5 pm, was used to measure I. The
length change Al in ym was calibrated in terms of the
force at C and was linear such that Al=1.6 P ym, where
P is the average pressure on the sample in kbars (see
text). After many cycles to high pressure, there was
no change of the vernier reading, either for the sample
at zero pressure, or between the beginning and end of a
given measurement at high pressure. To the precision
of the vernier (about 3% in P at P =65 kbars) there was
no permanent deformation of the cell, nor was there
ever a loss of pressure on the sample during any ex-
periment for many measurements. After many mea-
surements to ~ 100 kbars, no plastic deformation of
the B,C anvil faces has been observed. In the present
work on Sb, these circular faces have an area of 0.246
+ 0.010 cmz, and the Mossbauer gamma rays were
collimated to pass through this area. When the clamp
is cqoled from 300 to 77 K the force on the sample in-
creases by a few percent due both to contraction and to
the increase of Young’s modulus of the clamp components.
The pressures reported include calculated values for this
increase.!!

correction to dS/dP of Eqs. (2) and (4) due to the
second-order Doppler shift.*!? We obtained
—0.000 04 mm/sec kbar. This is small compared
with our error of measurement of dS/dP and has
been omitted from the result, Eq. (4).

The intercept at zero pressure, S, is slightly
below the value measured by Ruby et al.'®> They
reported — 11.69+ 0.02 mm/sec.

The pressure dependence of the isomer
shift®*!!**2 may be described by

ds/dp = —2—"Ze25< ¥2) d|y(0)]?/dP . (5)

Z =51 is the atomic number of Sb, e is the elec-
tron charge, 6( 72) = (~24.6+5X%X1072° cm? is the
change of the average squared nuclear size!” be-
tween the excited and ground nuclear states, and
[#(0)|? is the total electron probability density at
the nucleus.

For ?!sb, 6{72) <0. Thus our measured dS/dP
>0 corresponds to d[(0)|2/dP <0. [p(0)|?
decreases' when pressure is applied to metallic
Sb. ' :
Between 0 and 70 kbars, the average compres-
sibility'® of Sb is V~'dV/dP = - 17.9X10~* kbar~?,
Then from the above we obtain

y =d|y(0)|?/dInV = + 8x3 (6)

in atomic units. The large error is predominantly
due to the uncertainty in 6(»2) .»"

As we have noted, y >0 was first observed for
Sn.5*®7 Sb is the second element for which a de-
crease of |(0)|? with increasing pressure has been
observed.'!

B. Iodine

Figure 4 is a plot of the measured isomer shift,
S for I™ in KI as a function of pressure. AtP =0,
we obtain S, = 0.164+ 0.014 mm/sec relative to the
ZnTe source. S (P) is a straight horizontal line
within experimental error, and gives no evidence
of the phase transition circa 17.75 kbars.'®* We
find a slope dS/dP = 0.000 14 + 0.0007 mm/sec kbar
for an applied P up to 35 kbars. Thus we findy =0
within experimental error. We have made similar
measurements with a Nal absorber, and find
y(Nal)~0 also.

V. COMPARISON OF THE MEASURED d|y/(0)12/dIn¥V
WITH A CALCULATION IN THE WIGNER MODEL
FOR Sn, Sb, AND I

When a sample of metallic Sn or Sb, or of Nal
or KI, is compressed, the average of the electron
probability density over the unit cell will of course
increase. In the immediate vicinity of the Sn, Sb,
or I nuclei, however, the trend of the density,
|(0)|?, with compression of the sample is differ-
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FIG. 2. An example of a Mossbauer spectrum for Sb taken at zero pressure. The Sb source has a low specific act-
ivity, and the counting rate was low. This curve represents three weeks of spectrometer time.

ent from this. The density, |(0)|?, decreases or
remains constant with increasing pressure. For
Sn or Sb, this corresponds to a movement of elec-
tron probability density outward from these nuc-
lei into the interatomic region when the metal of
normal density is compressed.

Figure 5 gives a plot of y(Z) for the elements
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FIG. 3. Pressure dependence of the isomer shift for
metallic Sb. The isomer shift becomes more positive
with increasing pressure. Since 6 <#?><0, this gives
d| ¥(0)| 2/dP <0. The charge density at the Sb nucleus
decreases with increasing pressure. From measure-
ments (Ref. 16) of the Sb Mossbauer linewidth for Sb
metal and for the dilute alloy Cu(Sb), we find that any
Sb nuclear quadrupole splitting of the Sb metal line is
small compared with the linewidth, 20.01 (2T), and
will not contribute to our measured value of dS/dP
outside of the error given, Eq. (4).

Ag-Ba calculated in the WS model.®® For these
elements, the WS model implies a narrow region
of atomic number, AZ, for which y(Z)>0. This
region is 3-5 elements wide and is centered at Te.
Figure 5 also shows measurements of y (Z) for
B-Sn,%® ™8 gp and I-. y(Sn) is above but y(Sb)
and y(I~) are below the WS curve. For §-Sn and
for Sn alloys and compounds, as we have recalled
above, there is a spread of v(Sn) values.>%7 A
spread of y (Sb) and y(I) must also occur for alloys
or compounds of Sb and I. Thus, the experimental
results plotted in Fig. 5 can, at best, only indicate
a trend. The line connecting the experimental
points is intended only to indicate a trend. With

PRESSURE DEPENDENCE OF THE 27T MOSSBAUER
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FIG. 4. Pressure dependence of the isomer shift for
17 in KI. The upper curve gives a calculation of this
for I” in the Wigner-Seitz model and the lower curve
gives an estimate based on a simple renormalization of
the zero-pressure, 1I- ion, valence, WS wave function.
Experiment falls in between with dS/dP = 0.00014 + 0.0007
mm/sec kbar.



23 PRESSURE DEPENDENCE OF THE MOSSBAUER ISOMER... 503

40— T T T 1 T
Theoretical curve calculated ina Hartree-
Dirac-Kohn-Sham-Wigner-Seitz Model

30 ]
20— ]

10 Experiment” —

dlw (02
dnV
(@]

I
/
|
|

ll

20 I

/
[

-40 ] | | ] |
46 48 50 52 54 56
Atomic Number

FIG. 5. A compai'ison is given here between an es-
timate of ¥(Z)=(d| ¥ (0)|® /dIn V), in the WS model®?
and measurements of this quantity for Sn, Sb, and I".
The calculation implies a narrow region around Te of
width AZ~ 3—5 for which y(Z) >0. With decreasing Z
from I to Sn, experiment suggests an increasing ¥(2).
In the text we suggest that as Z decreases further below
50 (Sn), y(Z) will again be negative at least at Ag. This
suggestion is indicated by the dotted line. Y(Ag) has not
been measured. In the WS model y(1% and y(I*) have
nearly the same value. The WS value for y(1%) is plotted
here. The electron configurations used in these WS
calculations of ¥(Z) for Ag—-Ba were a core of filled
mner shells through (44t plus 551 /2» 53f/2, 551/2 5p1/2s
581/2 5111/2, 581/2 5p%/25p3 2, 5Sf/z 5p% /2503 /2
5st/25p1/2508 /2, 5sf/25p%/2564/2, 65172, and 6sf/,. Kohn-
Sham exchange was used in these calculations.

decreasing Z from I to Sn, the trend of y appears
to be toward more positive values.

One may then inquire at which Z below 50 (Sn)
one may again find by experiment y <0. The next
element below Sn for which y has been measured
is Fe, Z=26. Here, indeed v <0 in qualitative ag-
reement with the WS model.® The nearest Moss-
bauer element below Sn where a Mossbauer ex-
periment may be readily done is Ru at Z = 44. The
WS model® gives y(44)<0.

For Au, both the WS model and experiment give
y <0,3+1° Because of the many similarities of Au
and Ag, it seems reasonable to suggest that with

~ decreasing Z below Sn, one will again find y <0

at least at Z = 47 for Ag or its compounds, as the
WS model predicts. In Fig. 5, the dotted line
rising from Z = 47 is intended to suggest this. If
this should prove to be the case experimentally,
then the peak of y(Z) near Sn would have a width
AZ of 3-5 but with the center of this region of Z
having v(Z)>0 displaced several elements below
the center of this region as implied by the WS
model. y(Ag) remains to be measured,

Thus far, for the elements Ag through Cs, only
v(50) for B3-Sn has been calculated in a band-struc-
ture model.?® This calculation gave y(50)=~ -0.0,
a result which is roughly in accord with our Wig-
ner-Seitz result,®® but not with experiment, Fig.
5.

We have shown that in the Wigner-Seitz model®
for Sn, even the sign of y(Z) is dependent on the
treatment of exchange. A further experimental
and theoretical study of the systematics of y(Z)
may contribute to the understanding of electron-
electron interaction effects as viewed from the
innermost, high-electron-density, region of an
atom.
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