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The Effect of Pressure on the MSssbauer Spectrum of Fe

o1 in Iron Metal

M. Nicol and G. Jura

Department of Chemistry and
Inorganic Materials Research Division
Lawrence Radiation Laboratory
University of California
Berkeley, California

Abstract

The effect of pressure on the MOssbauer spectrum of Fe57 in iron

metal has been studied to a pressure presumably higher than 140 Kbar.

The sample was a disc of iron metal in .250-inch diameter Bridgmnan anvils,

and pressure is used to denote the average load Qn the anvil face. At
pressures up to 120 Kbar, a six line spectrum characteristic of c¢-~iron

was observed. At 140 Kbar, a seventh line appeared in the spectrum at
-0.12 ¥ 0.06 mn/sec relative ﬁo stainless steel. This line was attributed
to the appearance of the high pressure phase of iron; The variztion of
the magnetic splitting of the spectrum in a—iron agreed with that observed

to 65 Kbar by nuclear magnetic resonance . o
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Since the discovery of recoilless nuclear emission of photons in
1958 vy MSSSbauer,l the MOssbauer effect has been used for a great variety
of experiments, may of which éoncern atomic en&ironments in solids. The
theory of the MSssbauer effect and the conditidns for observation of
recoilless radiation have been worked out quite thoroughly2 and will not
te discussed here. Experimentally, the effect hés been observed in
many isotopes; however, the most intense effect is found in FeS7, due
partly to the low (lh.36 KeV) photon energy. The Fe [ spectrum has been
observed in metallic iron over the temperature range from 4° X to above
1300o X, where the y-phase is stable,3 as well as for Fe57 dissolved in
nany transition netals énd alioys. The spectrum élso has been studied
in chemical environments ranging frém simple compounds such as the oxides
to such complex molecules as ferrocene and hemeglobin. Since only five
nuclear parameters are needed to explain the spectra, a considerable
guantity of information is available about the dependence of the spectrum
on non-nuclear parameters such as the megnetic field at the nucleus due
tp the electrons. TFor example, Nagle et al.LL have shown that the
temperature dependence of the magnetic field at the nucleus closely
follows‘the temperature dependencé of the saturation magnetization; and

p)

Walker, Wertheim and Jaccarino” have been able to correlate the observed



chemical shift of the spectrum with the electron density at the nucleus.
This collectlon of infbrmation is available in new experiments to
aid not only in explainlng the changes in the spectra but also in in-
ferring the changes in the solid.which produce the spectral changes.
Particularly in high pressure research, where so few experiments yield
- detailed information about behavior on an atomic scale; this back-
ground of information, together with the high sensitivity of the
experiment ﬁo the solid environment, makes the M8ssbauer effect a use-
ful'experimental tool. This paper reports on the de&elopment of a
technique for conducting Mﬁssbauer‘experiﬁents on materials under very
‘high pressures and the resulﬁs obtained from a study of the effects

o7

produced by pressure 6n the MYssbauer spectrum of Fe’' in iron metal.
Two -experiments observihg Mbsébauer spectra in solids at elevated
pressures have been reported. Pound, Benedek and Drever6 made a preclse
study of the shift in the photon energy (the chemical shift) produced
by hydrostatlc pressures up to 3 Kbar. They attributed most of the shift

-18 per kg/cm? to the increase of the

4 1n v/a%)r= - (2.61 % 0.10) x 10
electron density at the nucleus. They did not report any details of the
4 fine structure of the spectrum.

The authors with two coworkers studied the influence of pressure on »
the M8ssbauer effect of Dylél-formed in situ in gadolinium metal by

neutron irradiation of Gd;éo

in an earlier experiment.7 The theoretical
prediction made by Hanksa'that'application of pressure would permit
observation of recoilless radiation not detectable at one atmoéphere was

demonstrated, and very dramatic changes of the fine structure were found.
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The experiment was performed with a constant velocity drive spectrometer,
which has the advantage of high precision in velocity measurement. How-
ever, -a serious disadvantage was found with this technique due to the
variation of intensity of radiation from the source due to the slow creep
of the sample beczuse of the very long periods of time requifed to |
determine the spectrum.: This variation necessitated'many repetitions of
a spectrum in order to obtain reproducible reéults. Because of the

experience with the above experiment, it was decided to develop a

'~ Mbssbauer spectroscopic technique for high pressure application by

~adapting a velocity-sweep type of spectrometer.

5T

Fe”' in diron metal was chosen for several reasons. The high pressure

’phase diagram of iron metal is not clearly understood with respect to the

nature of the reported high pressure phase. If this phase could be

obtained, the MYssbauver spectrum could help in the characterization of the

nev phase. Furthermore, the variation with pressure of the coupling
between electrons in ferromagnets is poorly understood. The observed
variation of the magnétic field at‘the nucleus with temperature already
mentioned sﬁggested that this experiment could give useful information
about the effect of-compressing'the lattice on the magnetic behavior
of this:important ferromaghet. |

Because it was anticipated that the recoilleés radiation would be.
attenuateq séverely in passiﬁg out'frpm the pressure vessel, it was

decided to cdntain the radiation soirce under pressure rather than the

_ ‘absorber. By doing this, thgvradiation héd,to pass throﬁgh the wall of

the pressure vessel'dnly once. The source was a disc of iron metal
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.175 inch in diameter and .007 inch thick. To minimize self-absorptibn
_ 56

~ of the recoilless radiation, iron enriched to 99.9% in Fe’ was used to
make the disc.
The 1h-KeV excited state of Fe ! was obtained from the 270-day
half-life electron capture decay of C057. The-long ha;f—life of this
decay controls the intensity of radiation which is essentially constant
forlperiods of a few hours. To obtain the Fb57 in an iron rather than
a cobalt environment, the~CoS7'was electroplatéd onto the iron disc, and
the sample was annealled at lOOO0 C for two hoqrs in a hydrogen atmosphere
after electroplating. The sample preparation was done by the Nuclear
Science and Engineering Corporation. About 6 millicuries of Co57 were
plated neaxr thé edge of the circular face of the first sample prepared
in this way. When this saméle vas contained in the anvils, it was
impossible to detect thé 14-KeV radiation even without an applied load
Vbecause of the attenuation of the radiation by the iron metal. A second
sample was prepared with 4 millicuries of co?? pléted on the .007 inch
edge along one-half of the circumfefence, and this was used for the
measurenments reported hére. Assuning a uniform distribution of Co57 within
.005 inch from the edge, the cobalt concentration should be less than 0.1%.
The iron disc vas contained betweén a8 set of .250 inch face diameter
Bridgman anvils by a ferric oxide coated ring of pyrophyllite .031 inch
203 vith wh;éh the ring was coated was
enriched’to 99.9% Fe5§ to minimize absorption of the 1h-KeV radiation.

thick and .010 inch high. The Fe

The details of the rihg and anvils have been described elsewhere.”
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Pregsure was applied with a 200-ton capacity hydraulic press through a

calibrated, strain-gauge instrumentéd load cell. This permitted

.contiﬁuous monitoring df the doad on the anvil facés, which was constant

 within at most 2% at any pressure.

No information is available about the distribution of pressure in
an iron disc in this geometry, so pressures reportedjére'average pressures
on-the anvil face. Expérience in this ggometry with silver chloride as
a pressure medium indicates that about only 82% of the area'of the anvil
face is load bearing, and the average pressure on the disc is about

higher than the average pressure on the anvil face. Neither iron

. nor silver chlorlde is a hydrostatmc pressure medium, and pressure is

not uniformly distributed across the load bearing area. In silver
chloride, thé actual pressure was found to be highest at the interface
with the pyrophyllite ring. Because 1l-KeV radiation is attenuated
severely by iron metal, most of the radiation detected cbmes from the
region of the iron-ring interface, so the actual pressure seen by, the :

57 may be considerably hlgher than the average pressure on the anvil
face.. In future experiments, the uncertainty in the pressure_can be
reduced by replac’ing.thé s01id metal disc with a circular section from
the circumference and filling most of the volume with a well-studied
pressure medium.

.The spectrbmeter was a modification of the low tempefature'

épectrometer of Shirley et al.lo Thé‘absorber was made with a .00l inch
thick foil of 19-9 stainless steel, enriched to 65% with Fe?l. The foil

had a broad, single absorption which permitted the six éomponents of the
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Fe57 spectrum in iron to be resolved. The foil was attached to a moviog
yoke which permitted insertion of a scintillation detector'between the

foil and the loudspeaker uhich provided the motion. The yoke was attached
- to the loudspeaker through the moving element of a Sanborn 6LV1 velocity |
transducer vhich forced the transducer to sense all the motion of the |

" absorber relative to the press, to which the stationary element of the
transducer was rigidly mounted. Thus, the output voltage of the transducer
vas directly'proportional to the velocity of the absorber relative to the f
source. | | | o

| ,.The lh-KeV radiation from the sample passed normal to the absorber,
and the transmitted intensity was debected with a NaI(T1) crystal

/ sciutillator 1 ﬁm thick mounted on the face of a Dumont 5292 phototube.'
The crystal face madeAan angle of about hSo to the incident radiation.

The output of the phototube was amplified with a Model VI Linear Amplifier
using a  double delay clipping modef B& careful choice of components, |
the noise level of the detector and amplifier was reduced to a level.

' corresponding to less than 5-KeV. The output of the amplifier was
analyzed for 1lh-KeV radiation. When a 1h-KeV photon was detected, a
square pulse proportional to the Velocity at which the absorber was

moving was generated and was fed into a hOO-channel pulse height analyzer.v
In this manner a speetrum of traosmitteavphoton.intensity against photon
energy spectrum was éenerated. Beoauseba_sinusoidal_drive was used, this
spectrum had to be hormal;zed for variatron‘io‘time speut(io ?ifferent

velocity ranges. A typical normalized spectrum is'shown in Figure 1.

;
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". The spectrometer was calibrated with the one atmosphere spectrum>

'-jff:; using data of Dash et .al. 1. Pressure was applied to the sample, and

“._detailed spectra were taken at loads of 50, 60, 90, 105, 120 and lhO.Kbar. ;ls,

The-average,pressure on the.iron disc is .20% higher. At least two spectra

.., were taken at each pressure; the average statistical error_per_channel _
_,gvjtt was at'most 0.5%.of lOO% transmission. The observed intensity of sbsorptionf t.
. j'.“f',decre:a.sed from 13% for tne nost intense peak of the'uncoverei sample at o

o fl atm‘to about 2% for the s;me peak inithe.lho-Kbarlspectrum; The .decrease is
-%»l due to attenuation of the recoilless radiation by the ring relative to o kS

'the amount of scattered radiation and no information could be obtained sbout

~

~the variation of the recoil free fraction with pressure. The loss of

' intensity at 160 Kbsr was 80 great'thst no ebsorption greater than 0.5%

could be detected.

At pressures up to 120 Kbar, the spectra consisted of six lines

appropriate to 757 1n ferromsgnetic g-iron. In some of the spectra, the

'Vrvweak_inner lines'weretpoorly resolved. Thevlos-Kbar‘spectrum, shown.in

Figure 1, is typical of these spectra. The spectra'were'analyzed in terms “Af:f

. of three parameters: A"measuring the‘magnetic:splitting-as defined'ini
rﬁ“Eouation (1); B measuring the electric quadrupole splitting as defined by |
V~:Equation (2); and v o’ the velocity of the center of gravity of the spectrum,

: nﬂﬁ_or chemical shift with respect to the stainless steel absorption. By s B
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 the ground state of Fe57, Q the electric quadrupole moment of the 1h-KeV

state of Fe57, and H and ¢ are the magnetic field and,the electric
f;eldvgradient at the iron nucleus, respectively, These parameters can
. be determined from the position of the four outer lines of the spectrum

according to Bquations C3?7(5);

A = (v - v)/5:430 @)
B:-;(vl+v6—v25v5)/h : | (%)
Ve =l e, "sA + vg)/h e

where vy is the velocity of the ith line, numberéd from the lowest
‘energy line. The valués obtained from these parameters are given in
Table';. A and v, are plotted as functions of pressure in Figures 2 and_
-3 fespeétively. | ' | ‘

- At 140-Kbar (Figure 4), a seventh line appeared in the spectrum
near zero velocity (;t - 0.127 * 0.06% mm/sec) in addition to six lines
which are charécteristic of o~iron. The constants calculated for the
six line spectrum are A = 1.87 * 0.02 mm/sec, B = 0.1 % 0.1 m/sec, and
'vc =+ 0.025 ¥ 0.03%5 mm/bec. . These values seem consistént With.values'
for q-iron at’lower pressures, although the variation with pressure is
not s§ smooth as at lower pressures. In particular, the chemical shift! '
is positivé with respect to 105'Kbar and 120 Kbar, and A has dropped
'abruptly.l More precise data is needed onh this point; " The pdsifions of '
the two innerriines of thé six line spectrum calculaﬁed with these
parameters agrees qﬁite.well with the}observed absorpfions.; The

additioﬁéi'line can not bé explained in terms of radiétiqn'of-higher
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' multipolarity from an a-iron lattice site; and the seventh line is most

easily explained in terms of a second iron atom environment such as the
high pressure phase of iron. |

In Figure 2, the observed variation of fhe magnetic splitting is
compared with the more precise;results obtained in a nuclear nmagnetic
resonance experiment to‘65_Kbar by Litster and Benedek.12 The agreement
ie quite good. ‘The decrease in the magnitude of the megﬁetic splitting,

which arises from a mégnetic field anti—parallel to an externally applied

- field, can be explained by a comblnation of two effects.

" According to the calculations of Freeman and Watson, 13 the major .
contribution to the magnetic field at the nuclegs arises,.through a
Fermi contact interaction, from exchange polarization of the's electrons
by the unpaired 34 electrons, which are responsible'fbr the atomic |
magnetic moment. The resulting field has the direction of the net spin
deﬁsity at the nucleus. Exchange.acts to decrease the electrostatic
reéulsion of electrone of parallel spin, drawing them closer together
than electrons with.anti-parallel spin. For ls and 2s electrons, whose
average radii are less than the 3d electrons, the distribution of the

electrons with spin parallel to the 3d electrons is expanded, lowering

- the pafallel.spin density at the nucleus compared to the anti-parallel

spin density. This creates a net magneticlfield at the hucleus'direeted a2
ahti-parallel ﬁo thei3d epins.b The behavior of electrons'whose average
radius 1s greater than the 3d electrons is simllar except the parallel
spin denS1ty is compressed relative tthhe antz-parallel Spln density,

resulting in a field parallel to the 34 spin. As Marshall flrst suggested 1k

',at least the contribution to the total magnetic field H(O) which is due"
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to exchange polarization by the 34 electrons should be roughly propor-

tional to the atomic magnetic moment; which can be measured in terms of

" the saturation magnetization do. At constant volume, this field might be -

expécﬁed to vary directly with the saturation magnetization, which is

suppdrted by the measurement of the temperature variation of the'f;eld

.at the nucleus by Hanna et al. mentioned earlier. This variation can

be expressed mathematically as:

d In H(O)\ = 4
Ingc v -

As the lattice is compressed, the distribution of the "outer"

electrons is compressed while the distribution of the "inner" electrons

remains unchanged to first order. (By implication, this defines "outer"

electrons.) The compression of the "outer” electrons affects the field
in two ways. To the extent that the spin distribution is unaffected by
compression of the electrons, the parallel field Hb at the nucleus due

tovthese electrons increases in propdrtion to the compression of the

‘lattice. - (The s electron density also is increased by transfer of some

3d electrons to the s band, by vhich mechanism o is redﬁced.) As the
"outér" electrons are compressed relative to the 3d electrons, however,

inecreased mixing of the 3d and Us electrons reduces the effectiveness

~with which exchange can polarize the spin density of the "outer" electrons,

which are primérily'hs electrons. This decreases thebparallel‘épin
density at the nucleus,Areducing the parallel magnetic field at the
nucleus. The net dependence of H(0) on volume is the sum of these

effects.
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‘The o’oserved. variation of the mg;netlc fs.eld at “the nucleus with f
K pressure can be attribu’ced to a couiuﬁnation of the volume and sa‘curation » ‘
magnetization depende‘nce. * This is expressed in Equation (6). By’ definitio‘i‘i,”i”'
A | - 3E | e - .
-a H(0) _ a H(A) N oy av - . ) :
aP v dP 3V - &P ’ IR ,
‘ - o {
) x H is ‘the: fraction of H(O) which vax ics with volume, thus, Eoua.tion (6) is v }
g ' 'equiva.lent to the more gemeral Equation (oa) B ' E
. 4B, 4 m(0) ?
av av i
; i
d 1n H(0) _ a 1n H(O) d ln o, +'a in H(O) d1nVv - o (éa)_ o
apP =S Imo_ . ap dInV : ap : P o

. .0 v . : . ‘0’0 :

If (6a) is evaluated using the data of Litster and Benedek for

50 d In Oo 15 ,
_____L_Z Kouvel's data for ?&'-P'm" - and Bridgman's value of the

. _'compressibility of :;ron,l6 %_i%.f\;@) is Litster and Benedek's 5“*“—6 112 é )

o]

_vhich equals - 0.19. The increase of the magnetic field at the nucleus H(0) '

with decreasing volume at constant ao then arises from predominance of =
S . '
decrease in exchange coupling 03 the “outer" electrons to the 3d electrons

over the effect of compression of thew"ou‘ber eiectron density, at constant
. atomic .m,agnetic moment. This de«;*.reas‘ee the *;parallel magnetic field at the

" nucleus making H(0), which i's.,au-ti—pérallel to the 3d spins, increase. |
Furthermore, from this simple model, _the contribution of the "ou;cer'f electrons

. 1 . .
to the magne'ic field atthe:nucleus is indicated to be about 20% of the

~‘magnitude of the total field.

A T e Sand e - o3
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a-iron is a cubic lattice system for which electric field gradients
are prohibited by symmetry for tﬂe undistorted lattice. Observation of
‘non-zero values of B at the higher pressures achiéved can ve explained
in two ways. A pressure gradient, such as the observed in silver chloride
in this geometry, might dis‘toxf‘c the lattice sufficiently for the observed
splitting. The distortion should increase gradually with pressure énd
might be obscured at lower pressﬁres by the broad absorption line of the
stainless steel foil. However, the thickness of the sample from which
the lh-KeV radiation can be detected is small, and a very‘large gradient
wouid be required. ‘A phase transition to a lattice system of lower
symmétry, such as the hep lattice suggested by Jamieson for the high
pressure phase of iron,17 also could produce guadrupole splitting.

The.variation of'the chemical shift with pressure is shown in
Figure 3 together wifh an indication of the variation obtained by Pound
et al.6 at lower pressures. Except for the 140 Kbar point, theré is a
gradual shift of the spectrum to lower energy which incréases with
pressure. 'However, as the spectrometer does not measure the absolute
velocity difectly, the precision éf this measurement is not high. A
minoxr variatibn in the voltage_of the square puise corresponding to zero '
velocity shifts‘the entire spectrum. This contribution can be checked
by observing the location of.the ends pf the velocity spectrum on the
pulse height analyzer; howgver, ‘the precision in this correction will be
" of the order of & channel widtﬂ, 0.0éRxmq/sec. This might'aécount_for
the apparent change in direction of the shift observed at 140 Kbar.

The dependence of the chemical shift on the 4s electron density ét

the nucleus has been discussed by Walker, Wertheim and Jac_carino.5
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o "'_,_Accord:mg to thoir Figure 1, for a 3d8 x hsx electron configuration,- the '-l;_j,'-’-"j" O

h :change of the chemical shift from 0.10 mm/sec to - 0.11 mm/sec relative o

e - : to stainless steel, observed from 1 atm to 120 Kbar, corresponds to a.n

R increase o:f‘ about 8 - lO }‘o in the hs electron density at the nucleus. L
! i»:-:_."'j:jv"’l‘his corresPonds closely to the decrease in the volume of the iron lattice :
A | at l30 Kbar observed in the dynamic high pressure investigation of B
j.j_“'._._’;Brancroft et al. 8 | | R |
The seventh line observed. in the spectrum at 1ko Kbar is not at the 4_ :
: position of “the nomally for’Bidden transition of the oz-iron spectrum, |
and it can be explained in terns of a second evniromment for Fe5 T, The -

17,18, »19

= . high pressure ezork oy a number of workerf- would be such a second

| env:.ronment. Jam:.eson and Lawson have suggested that this phase is nexa-”:v ; .
L gg;na.l close packed from X-ray measurements. 1T In static high pressure L
'expe_riments ) 17, 9 ‘a sharp transition is not observed which could cmlein
the coexistan'oe of a six l:.ne (bee) vspectrum and an apparent single line
(hcp) spectrum.: fl’he.v coeicistance ha_s'_been ob_served at 170 Koar .in x_-r.ay':“ ce
‘studies 'by Jamn.eson 20 o . | ‘ |

The single Mo'ssbauer line indicates that: Fes7 may not be aligned in

o ..“'tb.e hexagonal phase. This mght indica.te a paramagnetic medium, however, :

5T

“a single line spectrum also has been observed for Fe in s number of magnetic -
alloys and as a dilute impurity in antiferromagnetic chromium This efi‘ect |
e might be attributed to a rapid relaxation of the nuclear substates. Recently,

' Clogston and Jaccarino have discussed the observation of u.nsplit Fes T

e :‘i ;:Mossbauer spectra in some. magnetic transition metal alloys in terms of de- Y o

- _localization of the magnetic moments in;these materials _21
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In summary, a technique for making reliable M8ssbauer spectral
measurements on materials at very high pressures has been developed and
o7

applied to the spectrum of Fe in iron metal up to pressures above 140

o7

Kbar. The spectrum of Fe in the high pressure phase of iron has beén

_detected and factors contributing to the variation of the magnetic field
at the Fes7 nucleus in ¢~-iron have been discussed. The decrease in the

magnetic field at the nucleus in @-iron has been attributed to the pre-

dominance of the changes due to the decrease of the atomic magnetic

moment over the increasevarising from changes in the exchange polarization

of the ks electron.
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Figure Captions

Figure 1. lOS—Kbar spectrum, typical of the ¢-iron spectra. The
statistical error is indicated on every tenth channel. The
bars indicate the positipn and theoretical inténsities of the
absorption lines. The positibn; of the two inner lines are
calculated. Y |

Figure 2; The variation of the magnetic splitting paraﬁeter with
pressure. The straight line is calculated from the nuciear
magnetic resonance results of Litster and Benedek.12

Figure 3. The variation of the chemiéal'shift with pressure, compared with-
the results of Pound, Benedek and Drever6 (dashed line) ob-

»tained at ;owér.pressures.
Figure L. lhO;Kbar spectrum showing seven lines. The statistical erfor'
- is indicated on every tenth channel. The baxs indicate the
' position and theoretical intensities of the absorption lines.
The_position of lines 3 and 5 are calculated éssuming a sixl

line spectrum.’
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








