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The effect of pressure to 130 kbar has been measured on the isomer shift of bec iron, using the inner two
lines of the magnetically split six-line iron spectrum. The isomer shift is nearly linear in pressure to about
60 kbar; at higher pressures the rate of shift to higher electron density is less. The data are not linear with
volume in the higher-pressure region either. The results are interpreted in terms of Ingalls’s discussion of
the transfer of electrons from the 4s to the 3d bands and the value of the proportionality constant between
the isomer shift and the square of the wave function. The change in magnetic field with pressure is discussed

very briefly.

INTRODUCTION

HE Mossbauer spectrum of Fe¥ has been meas-

ured as a function of pressure in the bec phase and
through the transition at 130 kbar to the hcp phase.
Previous studies include measurements by Pound ef al.!
to 3 kbar, the pioneering exploratory high-pressure
measurements of Nicol and Jura? to the 130-kbar tran-
sition, and the studies of Pipkorn et al® to several
hundred kbar. These last measurements included only
three points in the bcc phase, concentrating on the
transition and the high-pressure phase. All of the above
studies were run at relatively high amplitudes of veloc-
ity (e.g., Vmax=2£7-8 mm/sec) to take in the entire
six-line spectrum.

The work presented here differs in several ways. The
work is concentrated on the low-pressure (bcc) phase
and the initial transition region. Bridgman anvils were
used to ensure more accurate calibration in the low-
pressure region. Relatively low amplitudes of velocity
were used such that only the two inner lines of the
magnetically split iron spectrum were obtained. This
gave maximum accuracy in determining the change in
isomer shift with pressure, which is the main point of
this paper. The techniques were otherwise as previ-
ously described.* The appearance of the paramagnetic
peak at the 130-kbar transition gave an internal check
on the calibration by x-ray diffraction studies on vari-
ous markers, as discussed in Ref. 4. The preparation
of samples was the same as in Ref. 3.

*Work supported in part by the U.S. Atomic Energy Com-
mission.
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THEORY

The energy shift of the nuclear levels due to the
finite size of the nucleus can be written®

Ae=a | ¢(0) |2, (1)

where |¢(0) |2 is the total s electron density at the
nucleus and e is a scaling parameter containing elec-
tronic and nuclear parameters. Experimentally, it is
the difference in Ae between materials that is measured,
and comparison between isomer shifts must always be
made with respect to a common material.

As shown by Walker ef al.7 a determination of o can
be made by comparing the isomer shifts of ferric and
ferrous salts and the ionic wave functions computed by
Watson.® Experimentally,

Ae(Fe?t) — Ae(Fert)~0.90 mm/sec. (2)

Using the free-ion wave functions of Watson,® who ob-
tained
] [ 024(0) [2— | ¥34(0) [P2—1.9a472, (3)
gives
a~—0.47a mm/sec. (4)

This procedure has been criticized by Simanek and
Sroubek,? who argue that the large increases in | (0) |2
on going from the ferrous to the ferric salts can be
explained by an increase in the amount of 4s bonding
and that overlap distortion is a more important con-
tribution to | ¢(0) |? than is the 3d shielding that gives
Watson’s result for free ions.
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Fic. 1. Isomer shift versus pressure, Fe’” (with respect to zero
pressure).

Since this treatment has not been applied to metallic
iron, we shall use the value of @ in Eq. (4) to get an
approximate idea of the electronic configuration of iron.
Various investigators (e.g., De Benedetti e al.%) have
found

Ae(Fe?t) — Ae(TFemeta) ~1.3 mm/sec, (5)
which, using Eq. (4), gives
| Ureneat (0) P— | Wret+(0) P2.7a58.  (6)

This value of A|¢(0) |? indicates that metallic iron
has a 3d"4s configuration. This can be shown in two
ways. First, De Benedetti ef /. have found that the
experimental isomer shift for metallic iron lies midway
between the theoretical values derived for the 3d%s?
and 3d® configurations. Second, Walker el al.7 have
used the Fermi-Segré-Goudsmit''? (FSG) formalism
to obtain a plot of Ae versus the amount of s-electron
character in various 3d* configurations. The experimen-
tal isomer shift of iron gives agreement with the 3d74s®
line on this plot at =1.0. Considering the effect of
pressure (or volume), the change in Ae can be written

d(Ae) =d(Ae) L+d(Ae) s, (7

d(Ae) 1, representing simple volume scaling where [¢(0) |2
increases because of compression of the s-electron wave
functions without change of shape, while d(Ae¢) 5 repre-
sents the transfer of electrons into or out of the s-like
states in the s-d conduction band.

A value of d(Ae) can be obtained quite simply from
the calculations of Walker e al” Addition of a 4s
electron to the 3d7 configuration at constant volume
decreases the isomer shift by 1.4 mm/sec. Reversing
the argument, holding 3d’4s constant, and changing
the volume gives

d(Ae)r/d(InV) =1.4 mm/sec. (8)
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Explicit expressions for d(Ae)r and d(Ae)p due to
Ingalls® are discussed below, and any parameters
quoted without reference may be found in that paper.
In outline, his treatment is as follows.

Since we are interested in the pressure dependence
of [¥(0) |2, only the 4s- and 3s-electron contributions
are considered. The 4s electrons are affected in a direct
way since they are itinerant and thus can be expected
to scale with volume. The 1s, 2s, and 3s electrons are
not directly affected by small volume changes, but the
3s electrons are indirectly affected by the changes in
3d-electron wave functions.

The 4s contribution can be written

Ep
|24 (0) = [N | 000, B) FE, (9)

where N (E) is the number of s states in the 3d—4s
conduction band. Ingalls performed a modified tight-
binding calculation of the 4s wave functions at Ty
(k=0) for several volumes and found

| wr,(0) 2=7.1a73 for V =80as*? (10)
and

| ¥r,(0) [2=constX V7, (11)

where y~~1.25. With the assumption that | ¢,(0, E) |?=
| ¢r,(0) |3, the decrease in the s-like nature of the con-
duction band being completely represented by the de-
crease in NV (E) as k increases, Ingalls obtained

[¥4:(0) [*=1n, [ ¥r,(0) [, (12)

where 7,=0.53 is the number of s electrons per iron
atom.

The 3s contribution is approximated by using the
proportionality found by Watson® and Clementi* be-
tween the density of 3s electrons at the nucleus and
(nutn2):

| ¥5.(0) [*=B{naen?), (13)
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Fic. 2. Isomer shift versus V/Vy, Fe’ (with respect to
volume at P=0).

18 R, Ingalls, Phys. Rev. 155, 157 (1967).
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where #,, 1s the maximum of the radial wave function
in the wave function

Ya(1) =Y (6, ¢)[u(r) I/, (14)

and
B F
)= [ Na(Bywi(B)aE, (15)
with 8=—35.5¢;"2 The integral in Eq. (15) is per-
formed up to the respective Fermi energy in each half
of the band (spin up and spin down), using the linear

relationship between #,.2(E) and E discussed by Ingalls.
Thus, for the 3s and 4s contributions we have

[W(0) [P=n, | ¥r,(0) [*+B{nun?). (16)
Taking the volume derivative of Eq. (15) gives
alwo)p oy o Onatn?)
d(an) =—MnsY [ \Ill'x(o) l +6 a(an)
s nun?) dng
. (1
+ [ ¥r(0) l2a(mv>+ﬂ ona  (InV) (17)

Here we see the expressions for d(Ae)z, due to volume
scaling, and d(Ae) 5, due to s<>d electron transfer, men-
tioned in the Introduction:

d(Ae) 51 o O(natn®)

d(lnv) (_”37 [V (0) P46 a(InV) ) , (18)
d(Ae)p o, d{nu,2) ng
d(an)“O‘("I'“(O) IZa(lntf)Jr6 g a(an)>'

(19)

Using the values of | ¥r,(0) | 2, #s, v, and 8 mentioned
above and

O {nu,2)/d(InV) =0.03a:7, (20)

A{ntt,?)/dna=0.9a57, (21)
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F16. 4. H/H, versus pressure, Fe.

we obtain

d(Ae)1/d(InV) = —4.86a mm/sec, (22)
d(Aé)B ( ons 0ng )

=al7.1 4.95 23

dmv) “\"" a(v) 3(ny)) /s (23)

where a=[a¢® mm/sec].

Equation (22) can be viewed as an alternative to
Eq. (8), which gave a rough value of d(Ae)/d(InV)
from volume scaling alone, and will be used instead
of Eq. (8). To obtain agreement between these equa-
tions, we would need a=-—0.35¢ mm/sec, which is
significantly different from the value of a=—0.47a¢
mm/sec found above. This is not important, since we
shall treat @ as a variable.

EXPERIMENTAL RESULTS

The experimental results for the isomer shift are
plotted in Fig. 1 versus pressure and in Fig. 2 versus
volume. P-V data for iron have been reported by
Ho-Kwang Mao et al.,'* who found

Vp/Vo=(14P/275)-0160 (24)
for the bcc phase of iron.

It can be seen from Figs. 1 and 2 that for pressures
above 60 kbar there exists a region where the change
of the isomer shift with pressure becomes nonlinear,
and it has been necessary to fit the data with a quad-
ratic function in pressure and volume. Below 60 kbar
there is no obvious departure from linearity.

Below 60 kbar a least-squares fit of the data to a
linear dependence on pressure and volume gives

A(Ae) = (—8.262£0.92) X 10~4P mm/sec, (25)
where P is in kbar, and
A(Ae) =(1.4740.17) AV/V mm/sec. (26)

5 H. K. Mao, W. A. Bassett, and T. Takahashi, J. Appl. Phys.
38, 272 (1967).
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The quadratic fit of all the data below the bce—hcep
transition at 130 kbar gives essentially the same re-

sults. Thus
A(Ae) =(—8.1041.10) X 10*P

+(1.654-1.10) X 10-°P2 mm/sec  (27)
and
A(Ae) = (1.38220.22) AV/V
+(2.6944.53) (AV/V)? mm/sec. (28)

These results are in excellent agreement with the
results of Pound et al.! and Pipkorn et al.,* and there is
no need to discuss the analysis of these two previous
experiments separately.

Each pressure run with iron was self-calibrating; the
calibration was made by obtaining the bcc—hep transi-
tion at 130 kbar. The transition is sluggish, but a
paramagnetic single peak is clearly present for pressures
above 130 kbar.

From the three pressure runs we obtain

Ae (hcp, P=146 kbar) —Ae (bce, P=0)

=—0.244-+0.014 mm/sec, (29)

which agrees with the value of about —0.25 mm/sec
obtained by Pipkorn ef al.?

DISCUSSION

If we assume that the number of electrons in the
3d-4s conduction band of iron is a constant, we can
combine Egs. (21) and (22) and get

d(Ae) /d(InV) = —4.86a+12.05¢X, (30)
where

X =0n,/d(InV) =—0ns/d(InV). (31)

Equation (30), together with the experimental value
of the change of the isomer shift with volume, gives a
relation between the isomer-shift parameter o and the
s-to-d electron transfer.

Experimentally, we have obtained

d(Ae) /d(InV) | yor,=1.384-0.22 mm/sec. (32)

The correction for the second-order Doppler shift gives

d(Vsecond order) /A(InV) =6X 1072 mm/sec. (33)
Thus, for the isomer shift alone we have
d(Ae)/d(InV) =1.3240.22 mm/sec. (34)
Combining Eqgs. (30) and (34) gives
—4.86a+12.05aX =1.32, (35)

where a=[a® mm/sec]. If a=—0.47¢ mm/sec, we
have X=-0.17 and thus a transfer of electrons from
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the s to the d part of the conduction band. Qualita-
tively, Stern'® has found that as the volume decreases,
the d band drops in energy with respect to the s band,
making an s-to-d electron transfer energetically favor-
able and justifying the sign of X.

However, no quantitative estimate can be drawn
from this argument, and thus Eq. (35) has been used
to make the a-versus-X plot shown in Fig. 3. An inde-
pendent « and/or X determination would thus give
a and X directly. From Stern’s work one expects X >0,
so that this portion of Fig. 3 would be the physically
meaningful region.

It can be seen that for X =0, when no s-to-d elec-
tron transfer occurs, a~—0.28a¢* mm/sec. This value
is certainly not outside the range of possible a values.
In fact, some authors’'® have obtained values of
a=—0.2a, mm/sec or less, using chemical or molecular-
orbital arguments. Here we have obtained a relation-
ship between the isomer-shift parameter a and the
s-to-d electron-transfer parameter X that any inde-
pendent measurements of o or X must satisfy.

MAGNETIC FIELD

In the course of measuring the isomer shift from the
inner two peaks of the spectrum, it is possible also to
measure the change of the magnetic field with pressure,
although the accuracy is not great. Figure 4 is a plot
of H/H, versus pressure. The least-squares linear fit
gives

d(InH)/dP=(—1.8040.28) X 10~*/kbar, (36)
and a similar fit to the volume data gives
d(InH) /d(InV) =0.364-0.05. (37)

Litster and Benedek, using zero-field nuclear magnetic
resonance to 65 kbar, obtain

d(InH)/dP = (—1.69+:0.05) X 10~ kbar. (38)

The data of Pipkorn et al.? agree with this result. Since,
within our accuracy, our result is consistent with the
earlier ones, and since the pressure dependence of the
magnetic field is considered in detail in the two refer-
ences above, further discussion will not be presented
here.
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