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Mossbauer spectroscopy has been used to study the effects of high pressure and low tem-
perature on the properties of bcc and hcp metallic iron. There is considerable evidence
which indicates hcp iron should order antiferromagnetically at low temperatures. A search
was made to 20'K at 148 kbar and 48 K at 176 kbar. No evidence was found for magnetic
ordering. However, the hcp-iron resonance line was definitely broader than the inner two
bcc resonance lines at all temperatures. The latter can be accounted for by self-absorption
broadening and a quadrupole splitting of 0.17 a 0.03 mm/sec which is attributed to small
quadrupole interactions in hcp iron. Results are presented on the pressure and temperature
dependence of the isomer shift and second-order Doppler shift of bcc and hcp iron as well as
on the hyperfine field of bcc iron. The effect of pressure on the second-order Doppler shift
has been clearly observed and a characteristic Debye temperature of (545+ 25)'K is found for
hcp iron at 145 kbar. In addition, evidence is presented for a hysteresis associated with the
bcc hcp transformation.

I. INTRODUCTION

Few materials have received as much theoret-
ical, experimental, and practical interest as met-
tallic iron. Despite the vast number of studies
done, its microscopic properties are still not
completely understood. Being a transition ele-
ment, its magnetic properties are of primary in-
terest.

Consider the pressure-temperature phase dia-
gram~ ' shown in Fig. l. In the o. (bcc) phase Fe
is ferromagnetic except for the small region
where, upon heating, the Curie transformation
occurs before the o.-y (fcc) phase change. Under-
standably, Q. -Fe has received most of the atten-
tion. Recent band theories of n-Fe have reached
the stage where many of the microscopic proper-
ties are qualitatively understood and quantitative
agreement with experiment is achieved in some
instances. ' ' One of the most important agree-
ments is concerning the magnetic moment associ-
ated with each Fe atom (2. 2 ga) which was calcu-
lated with particularly careful treatment being
given to the exchange interaction.

The y phase of Fe is paramagnetic in the pres-
sure-temperature region depicted in Fig. 1. It
should be noted, however, that precipitates of
y-Fe can be produced in Cu which are stable at
low temperature. The latter are found to order
antiferromagnetically below 70 K with a hyperfine
field of 24 kOe. ' Some information about the
magnetic properties of y-Fe has also been inferred
from studies of Fe in fcc alloys. ' Only recently
have detailed theories of fcc 3d transition metals
appeared.

The high-pressure e (hcp) phase of Fe was
originally shown to be paramagnetic at room tem-
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FIG. 1. Pressure-temperature phase diagram of me-
tallic iron. Most of the diagram was determined by elec-
trical resistance measurements using static pressure
(Ref. 1) but the shape of the a-e phase boundary below
300 K was taken from shock wave measurements (Ref. 2).
No data are available below 78'K, and the curve is simply
extrapolated to 0 K. The Curie transformation data
came from magnetic susceptibility studies (Ref. 3). The
position of the o.-e phase boundary is at present sti11
unsettled (Refs. 4-7). The latter stems partly from the
apparent large hysteresis associated with the e- e.

transitions (Ref. 7). In the above diagram the boundary
has been adjusted to pass through 3,15 kbar at room tem-
perature. The shaded area covers. the present experi-
ment.
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perature using Mossbauer spectroscopy. ' '~ One
temperature study of &-Fe has been done from
room temperature to just above the triple point. '
This study using the Mossbauer effect also found
no evidence of a magnetic phase.

Because of its inaccessibility, relatively little
is known about f-Fe in general.

The main impetus for the present experiment
came from a suggestion that &-Fe may have an
antiferromagnetic phase at lower temperatures.
The suggestion is based upon the assumption that
e-Fe will behave similarly to y-Fe. Recent
studies have appeared which tend to substan-
tiate the original arguments. For example, hcp
Fe-Ru, Fe-Os, and Fe-Mn alloys have antiferro-
magnetic transitions and extrapolation of the data
to pure Fe gives a Noel temperature of 100 'K and
a hyperfine field of 16 kOe. ' To our knowledge no
previous low-temperature experiment on &-Fe it-
self has been reported.

In the present study an apparatus for cooling a
high-pressure Mossbauer cell was utilized to ex-
amine n- and &-Fe with the ' Fe Mossbauer nu-
clide serving as the probe. The pressure-tem-
perature region covered in this experiment is in-
dicated by the shaded area in Fig. 1. The experi-
mental technique is described in Sec. II while the
results and discussion of the search for magnetic
ordering are presented in Sec. IIIA. In conjunc-
tion with the search, considerable data were ac-
cumulated on the isomer shifts and second-order
Doppler shifts of n- and &-Fe as well as the hy-
perfine field of n-Fe. In addition„evidence for
the large hysteresis associated with the Q.

transformation is presented in Sec. IIID. A pre-
liminary report of this work has been presented. '

II. EXPERIMENT

The technique used to produce the high pressure
is the same as that developed and described in de-
tail by Drickamer and co-workers. O' The sys-
tem utilizes supported tapered Carboloy pistons.
Boron and lithium hydride are used in the cell so
as to provide a y-ray window for the 14.4-keV ra-
diation. The sample is an Fe foil of thickness
0.0025 cm. The pressure-cell loading technique
has been described previously ' but a few improve-
ments have been made.

Calibration curves relating the sample pressure
to the applied force were obtained by Drickamer
and co-workers for this type of pressure cell using
x-ray diffraction techniques. Recently these
curves have been revised somewhat~9 and some
typical calibrations are shown in Ref. 30. As a
check (and for practice), electrical resistance
measurements on Bi, loaded in the same manner
as a Mossbauer source, were carried out with the
Bi III-Bi V resistance discontinuity known to occur

at about V5 kbar. ~ Fe was very nice to work with
because each pressure run was self-calibrating
owing to the n & transition. The first onset of
the &-Fe Mossbauer line was taken as 115 kbar.
The rate at which n-Fe transformed to &-Fe with
pressure was linear and the same within experi-
mental error for all runs (-1.0%%uo/kbar). The n- &

transformation has been found to be quite sluggish
with increasing pressure in other static pressure
experiments. "~ Certainly part of the latter is
due to pressure gradients but evidence is presented
later which substantiates the claim' that the n- e
transitions are pressure martensitic with a large
hysteresis associated with the transformation.

The apparatus used for lowering the temperature
of the specimen which is under high pressure has
been described elsewhere. 0 Basically, a helium
cryostat is brought into thermal contact with the
pressure cell which is insulated by using a low-
thermal-conductance-high-compressive-strength
grade of fiberglass for the pressure-transmitting
column. The externally applied pressure is kept
constant as the temperature of the cell is lowered
so that the effects of thermal expansion on the
pressure calibration are kept to a minimum. One
can estimate a maximum possible deviation from
the room-temperature calibration of + S%%uq.

The five experi. mental Fe sources were prepared
from Armeo Fe by electroplating and diffusing' Co according to the detailed recipe given by
Stephen. ' The only deviations from the latter pro-
cedure were due to the small source size required
for the pressure cell. The strength of the sources
varied from about 1 to 3 mCi which corresponds
to a '~Co impurity of 0. 25-0. 75/o by weight for a
source of dimensions 0. 063&& 0.038 x0. 0025 cm.
Sodium ferrocyanide [Na4Fe(CN)6 10H20 enriched
to -90-at.

%%u0 "Fe)suspended inLucitewa sused
as the absorber.

It is advantageous to convert the data to indicate
volume variation instead of pressure variation due
to the fact that most theories on solids are inti-
mately related to the lattice constants.

The most precise measurements available on the
lattice constants of n- and &-Fe were obtained by
Mao et al. using x-ray diffraction techniques at
pressures up to 300 kbar. They found the room-
temperature isotherms to closely fit the Murnaghan
relations

(V/Vo) (bcc) = (1+ ~7 P) 0'8~,

Vo=7. 093 cm /mole

(V/Vo) (hcp) = (1+8+5 P)

Vo = 6. 72 cm'/mole ., I(2)

The c/a ratio of e-Fe was found to be constant with
pressure and equal to 1.603.'3
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FIG. 2. Experimental
Mossbauer spectra on
s 2-mm/sec velocity scale
at various combinations
of pressure and tempera-
ture. The latter scale
includes only the inner
two lines of the usual six-
line magnetic pattern of
n-Fe. The typical num-
ber of counts accumulated
in each channel was of the
order of 50 000 to 500 000.
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Thermal expansion corrections are desirable so
that volume and temperature dependences exhibited
by the data will be explicit. The effect of pressure
on the thermal expansion of n- and &-Fe has been
estimated~' using the Gruneisen relations, the De-
bye model, and the experimental temperature
variation of the thermal expansion of n-Fe at
normal pressure. The results of the calculation
have been compared with the results of a more de-
tailed calculation on Cu' and are found to behave
qualitatively in the same manner; i. e. , there is
a large decrease in thermal expansion with such
pressures. Using the volume corrections, the
isotherms at 82 and 20'K were constructed from
the experimental 300'K isotherms [Eqs. (1) and

(2)]. Thus, when the pressure-to-volume con-
version is done for each datum, the thermal ex-
pansion correction is also made by using the ap-
propriate isotherm.

III. RESULTS AND DISCUSSION

A. Antiferromagnetism in e-Fe?

Shown in Fig. 2 are a few of the experimental
Mossbauer spectra obtained at various pressures
and temperatures. Note that the velocity scale in-
cludes only the inner two lines of a-Fe. A hyper-
fine field of 16 kOe in E-Fe would produce a
splitting of -0. 52 mm/sec and hence would be very
apparent on the scale shown. One can see from
the three lower spectra that the &-Fe line apparent-
ly retains the same linewidth from 300 to 20 K,
the thermal shift being th+ only obvious change in
the character of the spectra.

Two spectra were made near 150 kbar and 20'K
on two different Fe samples. Both yielded the
same linewidth, within experimental error (+0.02
mm/sec), as obtained at 82 and 300'K. On a
third Fe sample a thermal scan was made to 48'K
at 176 kbar (a lower temperature was not reached
on this run because of a loss of thermal contact of
the pressure cell with the helium cryostat). Anal-
ysis of the thermal scan data indicated no anom-
alous line broadening (+0. 10 mm/sec) as a func-
tion of temperature.

Hence, the data yield no temperature trend for
the linewidth of the q-Fe line. However, the latter
was found to be definitely broader than the inner
two n-Fe lines at all experimental pressures and
temperatures. Figure 3 displays the linewidths
(full width at half-maximum) of the inner two o. -Fe
lines and the single E-Fe line as a function of pres-
sure. For a given pressure the linewidths obtained
at the three experimental temperatures (300, 82,
and 20'K) were averaged to give a single datum
since, as mentioned above, they were the same
within experimental error. The broadening is con-
clusive because one can see that the linewidths
were obtained from samples of coexisting n- and
e-Fe.

The width of 0. 44 mm/sec for n Fe at atmos--
pheric pressure is accounted for as follows: (a)
0. 19 mm/sec natural linewidth; (b) 0.07 + 0.01
mm/sec instrumental broadening; (c) 0. 15 +0.02
mm/sec owing to the finite thickness of the adsorb-
er; and (d) 0.03+0.01 mm/sec owing to self-
absorption in the source. The above values were
determined by using the experimental Fe sources
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FIG. 3. Linewidths of
o.- and e-Fe resonance
lines vs pressure. Solid
lines A, B, and C are dis-
cussed in the text.
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and absorber in combination with various source
and absorbers whose properties were already
known. Thus, the linewidth obtainable in this ex-
periment for a source of natural linewidth is 0.41
mm/sec.

There are at least three mechanisms for pro-
ducing the observed broadening of the &-Fe reso-
nance line relative to the inner n Fe lin-es: (i) in-
creased self-absorption, (ii) small quadrupole in-
teractions, and (iii) small magnetic hyperfine
fields.

1. Self-Absorption

The effects of self-absorption on the experimen-
tal linewidth can easily be estimated from the cal-
culations of Margulies et al. ' The effective source
thickness is given by

T, =fnoo f, (3)

where f is the Mossbauer fraction (0. 8 at room
temperature), n is the number of atoms of "Fe per
unit volume (1.85x 10 /cm ), oo is the resonance
cross section (2.4x10 cm ), and I is the thick-
ness of the source foils (0.0025 cm). The result-
ing T, = 8.8 should produce a line broadening for
the inner n-Fe lines of 0.02 mm/sec. This agrees
with the measured values (0.03+0.01 mm/sec).

If all of the n-Fe is converted to &-Fe and there
are no hyperfine fields in &-Fe, then T,=8.8
should produce a line broadening of -0.19 mm/sec
and hence a linewidth of 0. 60 mm/sec in this ex-
periment. Pipkorn et al. ,

+ who used sources of
the same thickness, observed a slight broadening
as the amount of &-Fe increased and, although no

quantitative experimental results were given, an
expected broadening of 0. 18 mm/sec for 100%
e-Fe was estimated, which is close to the present
calculation. In this study the a-Fe transformed

to e-Fe at a rate of - 1%/kbar and none of the sam-
ples was subjected to enough pressure to complete
the transformation. There is recent evidence that
the transformation is pressure martensitic. ' In
such a case small regions (nuclei) of &-Fe begin
to form at the martensitic start pressure (assumed
to be 115 kbar in this experiment). These nuclei
grow in size and increase in number only as the
pressure is increased. If the initial sizes of the
nuclei are small compared to the thickness of the
foil (0.0025 cm) one can estimate the expected
broadening as a function of pressure for a 1%
transformation rate and this is shown as line A in

Fig. 3. Note that line B, having the same slope
as A, gives a good fit to the experimental data and
that it is displaced from line A by 0. 11 mm/sec.
The latter indicates, in addition to self-adsorp-
tion, a contribution to the broadening which, dis-
cussed later, may come from small quadrupole in-
teractions.

Another possibility is that the initial nuclei are
not small but have sizes comparable to that of the
sample thickness. The hcp line would then appear
with some value owing to broadening between 0.41
and 0. 60 mm/sec. To obtain some idea as to the
size of the initial martensitic nuclei one can com-
pare to the n-y transformation. Direct experimen-
tal observation of martensitic nuclei have been
made for Fe precipitates in Cu„nuclei dimensions
of the order of 200 A were observed and it was
concluded that the initial size of the nucleus is only
a few atoms in thickness. %e therefore assume
that the additional 0. 11-mm/sec broadening is not
due to self -absorption.

Note (from Fig. 3) that the width of the o. -Fe
lines appears to decrease with increasing pressure
above 115 kbar. This is consistent with the above
arguments since the self-absorption in n-Fe de-
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creases. This is a smaller effect than that for
&-Fe owing to the smaller effective thickness of
the inner n-Fe lines and the expected decrease can
be seen in curve G of Fig. 3.

The values for the linewidths of n- and &-Fe
reported by Millet and Decker' (see Fig. 3) are
of interest because their source was transformed
completely to e-Fe. The fact that the linewidths
are reportedly the same within 0.01 mm/sec im-
plies that the effective thickness of their source
was less than T,= 0. 5, which in turn indicates an
equivalent source thickness of 0.00015 cm —ex-
tremely small. No information on the thickness
of their source was given, however.

2. Quadrupole Interactions

There exists an electric field gradient at each
lattice site in a hexagonal structure which interacts
with the quadrupole moment of the "Fe nucleus to
produce a splitting of the energy levels. The elec-
tric field gradient in a hexagonal lattice is axially
symmetric; hence, the asymmetry parameter is
zero, and the quadrupole splitting depends only on
the electric field gradient parameter":

q = (1 —y„)q, + (1 —R)q, .

Here q, is the contribution from the nonsphericity
of the conduction-electron distribution surrounding
the "Fe atom, and q, is the contribution from all
other ions and electrons. y„and R are the Stern-
heimer antishielding and shielding factors which
are governed by the amount of screening of the
nucleus by the closed shells of inner electrons.

Rather precise methods exist for calculating q,
and, in particular, for a lattice of point charges, '

q, = [0.0065 -4. 3584 (c/a —1.6333))/a3, (5)

where c/a is the usual ratio of lattice constants for
a hexagonal lattice. Using the experimental
values for e —Fe of c/a = 1.603 and a = 2. 46 A at
145 kbar, one finds q, = 0. 88 x 10 /cm . Assuming
y„= -9~ leads to a splitting of -0.03 mm/sec
from q) .

The analysis in Sec. IIIA 1 indicates a contribu-
tion of 0. 11+0.03 mm/sec to the broadening of the
a-Fe line in addition to that expected from in-
creased self-absorption. If the latter is indeed
from quadrupole interactions then simple analysis
yields a splitting of 0. 17 +0.03 mm/sec. Thus one
can say that the magnitude of splitting caused by
q, is either 0. 14 or 0. 20 mm/sec because it has
been shown. that the q, contribution in metals can
be significantly larger in magnitude and of opposite
sign to the q, contribution. o

A quadrupole splitting of 0.032 mm/sec has been
observed for Fe in hcp Co using the Mossbauer
effect. 4~ Co has c/a= 1.630 so that q, is an order
of magnitude smaller than that of &-Fe; hence, a

slight distortion of the local conduction-electron
distribution away from sphericity was assumed to
be the cause of the splitting. This distortion may
be due to the presence of '~Fe as an impurity. A
study of "Fe in several hexagonal lattices finds
quadrupole splittings of the order of 0.3-0. 5 .
mm/sec, which are one or two orders of magnitude
larger than the calculated contribution from q, .
The splittings are interpreted to be due to the ' Fe
as an impurity in the lattice, i. e. , local distortion
at each "Fe site. The present result indicates that
even when the "Fe is not an impurity the quadru-
pole splitting cannot be completely accounted for
by q, .

The Mossbauer study on hcp Fe alloys predicts
a quadrupole splitting of 0. 14 mm/sec for &-Fe.
No error limits were given but judging from the
precision of the extrapolation one can say that this
value agrees with our value within experimental
error. Agreement may not necessarily be expected
since one should consider that such extrapolations
taken from nonpressure experiments give values
which may not be valid at the pressure at which
&-Fe exists experimentally. Indeed, the c/a val-
ues of Fe-Mn, -Ru, and -Os apparently do not
extrapolate to a unique value at 100% &-Fe.

3. Hyperfine Field

Since the previously described mechanisms are
more than sufficient to explain the observed broad-
ening, it is unlikely that magnetic hyperfine in-
teractions play a role, especially since the broad-
ening is temperature independent. One can say
that the hyperfine field in &-Fe is 0 +1 kOe for all
pressures and temperatures reached in this ex-
periment. The & —Fe phase was subjected to tem-
peratures down to 20 K so that the predicted hy-
perfine field of 16 kOe below 100'K ' was definitely
not observed. One is thus led to the task of ex-
plaining the apparent absence of antiferromagne-
tism in e -Fe.

The comparison of e-Fe to y-Fe in the original
argument+ was based on the assumption that lattice
symmetry is unimportant and that nearest-neighbor
distance is the property to consider. Using the
relevant experimental lattice constants for Q. -Fe
(2. 866 A at standard conditions), ' y-Fe (3.547 A at
T= T~ =70'K and 1 atm), 43 and c-Fe (2. 461 A,
c/a= 1.603 at room temperature and 145 kbar)'~
one finds the nearest-neighbor distance in &-Fe
(2. 431 A) to be closer to that of o.-Fe (2. 482 A) than
that of y-Fe (2. 508 A).

If one examines the Bethe-Slater curve, which
relates the exchange energy to the ratio of atomic
separation and the diameter of the unfilled electron
shell, one sees that relative to o.-Fe a decrease in
atomic separation leads to a decrease in the ex-
change energy, i. e. , a tendency toward antiferro-
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magnetism. Using the above atomic separations for
the three phases of Fe and assuming no difference
in the Sd shell diameter, one finds that all three
phases cannot be placed on the same curve. This
is not surprising since the exchange energy varies
with the kind of structure and particularly with
the number of nearest neighbors, so a different
curve should be constructed for each structure.

That the Bethe-Slater curves may not be appli-
cable to Fe in the first place can be demonstrated
as follows. e-Fe is at a position on the curve
where the slope is large so that the exchange en-
ergy, which is proportional to the Curie tempera-
ture T~, should vary noticeably with lattice spac-
ing. Experimentally, dTc/dP = 0+ 0. 03 'K/kbar! '
Although the Bethe-Slater curve has proven to be
very useful for explaining properties of some met-
als and alloys, one should be careful in applying it
to Fe. Lattice symmetry seems to be important
when comparing the properties of n-, y-, and
&-Fe.

What about the more direct evidence from the
hcp Fe-alloy experiments which indicates T„=100
'K?" The latter comes from extrapolations of
data in the region of 60-85-at% Fe. Apparently
the extrapolations should not be linear as assumed;
it should be noted, however, that pressure studies
of Fe-Ru alloys in the region from 91-at. % Fe48

indicate pressure-temperature phase diagrams
very similar to the pure Fe diagram, and a linear
extrapolation to pure Fe gives the same value for
the triple point as found experimentally.

The c/a ratio may be the deciding factor. As
mentioned earlier the c/a values for Fe-Mn, -Ru,
and -Os apparently do not extrapolate to a unique
value for &-Fe, the three values being about 1.622,
1.611, and 1.601, respectively. There appears
to be a strong correlation between the Noel tern-
perature and the c/a ratios, with Fe-Mn having the
higher Noel temperatures. The experimental c/a
value of 1.603 for &-Fe is closest to that of Fe-
Os, which is indeed the weakest antiferromagnet
of the three. The data presented on the hcp Fe-Os
alloys are not very precise and the Noel tempera-
ture may be lower than 20 K. Thus, antiferro-
magnetism inay exist in &-Fe below 20'K, the low-
est temperature to which e-Fe was subjected in the
present experiment.

Finally, one cannot rule out the possibility that
higher pressures are required. For example,
Rhiger and Ingalls ' have experimentally observed
an ordering temperature for Fe-Ni (Invar) alloys
which increases with pressure, i. e. , the ordering
(apparently antiferromagnetic) enhanced at higher
pressure.

Up to this point we have discussed the apparent
absence of antiferromagnetism in e-Fe. One may
also be just as concerned about the absence of fer-

romagnetism in &-Fe. Cubic and hexagonal Co are
both ferromagnetic, so why is it that c-Fe is not
ferromagnetic? A possible explanation based on the
band model of ferromagnetism has been suggested
by Wohlfarth": Since there are no experimental or
theoretical determinations of the density-of -states
curve for &-Fe, perhaps one can use the paramag-
netic density-of-states curve for &-Co and adjust
the Fermi surface for one less electron. When
one does this, it is found that the density of states
at the Fermi surface n(Ez) is about 20% less for
&-Fe relative to paramagnetic &-Co. The Stoner
criterion for ferromagnetism is given by'

(6)

where &E is the exchange splitting and n 0 —nk is
the difference in the number of spin-up and spin-
down d electrons per atom. For &-Co Wohlfarth
estimates S= l. 2, 4~ so that the 20% decrease in
&-Fe as estimated above places S very close to the
critical value of 1. Remember also that the width
of a band may increase as the volume decreases
leading to a further reduction in n(E„) for &-Fe,
since its volume at 115 kbar is less than that of
E-Co at 1 atm. Hence S may very well be less than
1, implying that &-Fe cannot be ferromagnetic.

B. Velocity Shift

The centroid of a Mossbauer spectrum may shift
with temperature and pressure. There are two
distinct effects causing this y-ray energy shift:
the isomer shift and the second-order Doppler shift
(often referred to as the thermal shift). The form-
er is proportional to the difference in total elec-
tron densities at the nucleus of the emitting and
adsorbing nuclei, while the latter is proportional
to the difference in mean-square velocities (v )
of the emitting and adsorbing nuclei. Provided the
two contributions can be separated one may obtain
information on the electronic wave functions and
the lattice dynamical property ( v ).

In this experiment only the environment of the
source was changed so that one may write for the
velocity shift3'

6= c. ~!It(0)
~

—(v )/2c+ const,

where I $(0) I is the total electronic density eval-
uated at the nucleus and n is a negative constant
whose value is on the order of (-0.3 +0. 1)ao
mm/sec. "

Below we present (i) the pressure and volume
shifts, 6(P) and 6(V), at 82 and 300 'K and (ii) the
thermal shift 6(T) as a function of volume. Only
as a first approximation can one assume that the
explicit volume and temperature dependence of 5
is contained in I g(0) I and (v ), respectively. A
closer study of the data clearly indicates that
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I g(0) I increases with temperature and (v ) in-
creases with decreasing volume.

1. Pressure and Volume Shift
I

a. &-&e (b&c ). The pressure dependence of the
velocity shift of o-Fe is shown in Fig. 4, where 5

is presented relative to its value at 300 'K and 1
atm. The error bars are those from the computer
fit and do not include possible errors due to slight
variations in pressure cell loading from run to run.
The solid curves are least-squares fits of parab-
olas to the data:

5 (300 'K) = (0 + 0. 003) —(9. 08 + 0. 88) x 10 4P

+(1.81y0. 58)xl0 P, (8)

5 (82 'K) = (0. 11V + 0. 003) —(9.48 + 1.14) x 10 P

+ (l. 41y0. 82)x10 P, (9)

where P is in kbar and 5 in mm/sec. EIluations
(8) and (9) can be compared with previous results
listed in Table I. The 300'K curve has a slightly
larger initial slope than the parabolic fit of Moyzis
and Drickamer, ' but this is probably due to the
difference in calibrations. Fitting a straight line
to the data below 100 kbar gives

PRESSURE {k bar)
FIG. 4. Pressure dependence of the velocity shift of

O.'-Fe. The values are presented relative to the value at
300 K and 1 atm.
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—= —(V. 94 a 0. 24) x 10 mm/sec kbar,8$
(10)

which is in agreement with all previous measure-
ments '~ 4 and closest to the original and most
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precise value of Pound et al. '3

The volume dependence of the velocity shift of
both a- and &-Fe is shown in Fig. 5. The 5(V)
data are fitted as well with straight lines as with
parabolas which indicates that the curvature in 5(P)
is probably due to changes in compressibility with
pressure [Eq. (1)j. One f inds

= —0. OV1 mm/sec at 300'K1 s(v')
2e ~ lnV (15)

where 8 is the Debye temperature and y is the
Gruneisen parameter. Assuming y is constant with
volume and temperature one finds for 0» (P=0)
= 420 'K and y= 1.V5" (see the Appendix),

= 1.40+ 0. 08 mm/sec at, 300'K,8$
~lnV

8$ =1.62 +0. 11 mm/sec at 82 K .~ln V
(12)

= —0. 176 mm/sec at 82'K. (16)

Using the latter values one can correct Egs. (11)
and (12) to obtain the volume dependence of the
isomer shift:

& lnOH

8 ln V
(14)

The contribution to 85/Bin V from the second term
of Eg. (7) can be calculated from the Debye model

(13)

and the Gruneisen relation

~s IO(0) I' =1.33+0.08 mm/sec at 300'K,
(17)

&& I g(0) I =1.44+0. 11 mm/sec at 82'K.
& lnV

(18)
The volume dependence of I g(0) I has been dis-

cussed previously. ' For example, a treat-
ment has been made using wave functions calcu-
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lated from a modified-tight-binding method in con-
junction with a decomposition of the total density
of states into components of s-„p-, and d-like
character. '6 From the latter theory, the expected
variation of the isomer shift caused by increasing
only the 4s density at the nucleus is shown as the
dashed curve in Fig. 5. The difference between
the latter calculation and the experimental data
has been used to deduce a, relation between o [Eq.
(V)] and a parameter characterizing transfer of
electrons between the s and d bands. ' Using a
recent value of o, = —0.31ao mm/sec leads to a
small transfer from the s to the d band.

b e.Fe (h-cp). The E Fe-data at 300 'K are
fitted with

8$ = 0.84+ 0. 15 mm/sec,
8 lnV

which is in agreement with the data of Pipkorn et
al. Insufficient data were obtained to establish
the corresponding slope at 82 'K.

The fact that the volume dependence of the
velocity shift of &-Fe [Eq. (19)] is significantly
less than that of o-Fe [Eq. (11)]is in agreement
with the findings of a systematic study of the vol-
ume dependence of the velocity shift in several
transition metals~7: 86/ 8 lnV is always less in
the close packed structures (hcp and fcc) than that
in the bcc structures. The latter has tentatively
been interpreted as due to enhanced s-to-d trans-
fer compared to bcc structures, '7 or else different
shapes of n(Z~).

The data of Fig. 5 clearly indicate that the elec-
tron density of the nucleus is larger in q-Fe than
in ~-Fe at the same volume. The latter must be
due to a slight difference in band structure between
z- and @-Fe as discussed by Pipkorn et al'. ~o

For comparison with previous experiments

6(g-Fe, 115 kbar, 300 'K) -5(o -Fe, 1 atm, 300 'K)

= —0. 214+ 0.010 mm/sec ~, (20)

6(q-Fe, 115 kbar, 300 K) —6(o, -Fe, 115 kbar, 300,'K)

= —0. 133:+0. 015 mm/sec '.
From Table I it is observed that both of the above
values are slightly smaller in magnitude than the
values reported by Pipkorn et al. 2o The value
reported by Ohno (see Table I) agrees with Eq.
(20) but this should not be expected since the vol-
umes of the hcp Fe-Mn, -Ru, and -Qs alloys all
extrapolate to values greater than those at which
pure &-Fe exists experimentally. From our vol-
ume dependence of the isomer shift of q-Fe [Eq.
(19)]we can extrapolate to the volumes of the hcp-
Fe alloys and say that the alloy extrapolations
should give a shift equal or smaller in magnitude
than 0. 1V mm/sec. Also of interest is the com-
parison to the result of Millet and Decker~' (also

see Fig. 5)

6(s-Fe, 88 kbar, room temp. )

—6(n-Fe, 88 kbar, room temp. )

= —0. 096+ 0.00V mm/sec, (22)

who claim that a pressure gradient in the Dricka-
mer-type pressure system is responsible for the
discrepancy, i.e. , the z-Fe is subjected to a
lower pressure than the q-Fe for the same applied
pressure. From the slope of Eq. (11)one can
estimate that a pressure gradient of about 50%%uo is
required to bring the values into agreement. Such
a gradient would produce line broadening due to
velocity shifts and hyperfine fields within the sam-
ple. From Fig. 3 one can see no obvious increase
of the linewidth of the ~-Fe lines with p . essure but
due to the uncertainty in the linewidths one cannot
rule out gradients of up to 30/0. Even so, the latter
is not sufficient to resolve the discrepancy.

2. Temperature Shift

The effect of pressure on the temperature shift
is demonstrated by the experimental data in Fig.
6, where each datum corresponds to the shift from
300 to 82 'K (corrected for thermal contraction) at
a particular volume. The dashed line is a least-
squares fit to the data.

Using Eqs. (13) and (14) one can calculate the
second-order Doppler shift from 300 to 82 'K as
a function of volume using O (P = 0) =420 'K and
@=1.75 and this is shown as the solid line in Fig.
6. If one tries to be more careful by using the
experimental phonon frequency distribution
instead of the Debye distribution, one finds quali-
tatively that the Doppler shift is even smaller so
that the experimental data would lie even further
from the calculated values. The explanation lies
in the small explicit temperature dependence of the
isomer shift. Using the value found by Housley
and Hess'

o.s I $(0) I

'
8 T

——2. 7&10 5 mm/sec 'K

(& & - 7OO 'K), (23)

one obtains a correction to the 300-82 K shift of
—0.006 mm/sec at atmospheric pressure. Assum-
ing the correction to be volume independent, then
the data are brought into closer agreement with the
expected second-order Doppler shift (solid line).
The similarities of the experimental and theoretical
slopes in Fig. 6 reflect the validity (although not
too precisely) of the Gruneisen relation [Eq. (14)].

The effect of pressure on the second-order
Doppler shift can also be demonstrated as in Fig.7,
where use is made of some additional data at 20 K.
The o, -Fe temperature shift (corrected for thermal
expansion and the temperature-dependent isomer
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shift) at P=O is best fitted with a Debye curve
[Eg. (13)J with 0=410 'K. The g-Fe temperature
shift (also corrected) at P =145 kbar is best fitted
with 0= 545 'K. The latter indicates an increase
in the zero-point mean-squared velocity of 33/o.

Specific-heat measurements on a series of hcp
Fe-Ru alloys have been used to deduce the only
other reported Debye temperature for q-Fe of
385 'K by extrapolating the results to 100/o Fe. 80

In the same study the Debye temperature of z-Fe
was found to be 432'K. The measurements were
made over the range from 300 to 60 'K—very
similar to the temperatures covered in the present
experiment. In order to compare, the present
value for q-Fe of 545 K can be corrected to the
P=O value using Eg. (14) with y= 1.'75. The re-
sult is O~ (P=O)=448'K, which is in significant
disagreement with the 385 'K value from the spe-
cific-heat measurements. Note that the present
result is consistent with the total volume change
of 12' (from a-Fe at P= 0 kbar to s-Fe at P = 145
kbar) which should produce a change in 8 from
420 to 525'K according to Eg. (14). Here, as
earlier, we find a discrepancy between values of
properties predicted by extrapolation of alloy re-
sults and direct measurements.

= 0.353+ 0.026 at 82 'K, (2'r )

where H and Y are normalized to their values at
300 'K and 1 atm. The pressure variation is in
agreement with all previous results (see Table I).
Closest agreement is with the results of the NMH
experiments, Si'~ which are the only studies which
have been done at temperatures other than room
temperature. Their slopes at 196, 273, and
357 'K are the same within experimental error.

The small change in the hyperfine field (2. 5/o)
upon cooling to 82 'K is due to the fact that at
300 'K, H is 9'7% of its saturation value of 339 koe.
Due to the near saturation and the very small pres-
sure dependence of H, the slopes at 300 and 82'K
should be nearly the same as indeed the results
indicate.

I

~~~ O. I 5—
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o. io—
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Ul
& 005—
CL0
CI
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C. Hyperfine Field of n-Fe

Shown in Fig. 8 are the results on the pressure
and volume variation of the hyperfine field H of
~-Fe at 300 and 82 'K. The straight lines are
least-squares fits with slopes

I

200 500
TEMPERATURE ( K)

400
I

Ioo

8 lnH = -1.66~0. 12x10- kbar-' at 300 K,
(24)

FIG. 7. Second-order Doppler shift of e- and e-Fe.
The solid lines are Debye curves for the characteristic
temperatures (8) shown. The values are presented rela-
tive to n-Fe at 300'K and atmospheric pressure, and the
volume contribution to the shift of q-Fe at 145 kbar rela-
tive to n-Fe at atmospheric pressure has been subtracted
in order to more clearly demonstrate the effect.

8 lnH = -1.62+0. 12x].0~ kbar-' at 82 K,

(25)

(28)
8 lnH = 0.372+ 0.026 at 300 'K,

SEARCH FOR MAGNETIC ORDERING IN hcp IRON
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Of recent interest is the controversy over the
role of the conduction electrons in contributing to
the hyperfine field in ~-Fe. The experimental
pressure dependence of H has been used by Ander-
son to deduce that the 4s electrons are polarized
negatively (i.e. , opposite to the d electron). In
a recent band structure calculation by Duff and
Das' the 4s were found to have a net positive po-
larization. The latter is supported by good agree-
ment between the theoretical and measured quan-
tities, namely, charge and spin densities, the
isomer shift, and the hyperfine field. Anderson
assumed that pressure would have no effect on the
compact d bands but the calculations of Duff and
Das indicate that yressure may significantly widen
the d bands. Thus, they postulate there is corn-
petition between an increased core polarization due
to pressure-widened d bands and positive contri-
bution from the s-like states, the net result being
a decrease in the magnitude of H with yressure.
Recently, the problem has been carefully treated
by Stearns, who shows that 9 InH/8 InV depends
on many more quantities than the hyperfine field
constant, and saturation magnetization as is usual-

FIG. 8. Pressure and volume dependence of the hyper-
fine field of n-Fe. The hyperfine field and the volume
are normalized to their values at 300'K and 1 atm.

D. Evidence for Hysteresis

The z- & transformation has recently been re-
ported to be pressure martensitic with a large
hysteresis. ~ The z and & phases were found to
coexist over a range of more than 100 kbar. Other
recent evidence comes from shock-wave studies
of Fe-Mn alloys. Presented below are similar
findings from the present experiment.

Note (in Fig. 5) that there are several g-Fe
data points below a volume change of 10.V%%uq, which
corresponds to 115 kbar for f-Fe. These data were
obtained as follows: After reaching the highest
pressure allowed by the compressive strength of
the fiberglass disks on runs 2 and 5, the pressure
was released and a series of spectra were obtained
at various applied pressures on the way down. The
velocity shift of ~-Fe was used as a marker such
that the sample pressure was obtained from the
300'K fit to ~-Fe in Fig. 5. The q phase persisted
to pressures indicated by the z-Fe marker of
& 60 kbar. As mentioned earlier, a pressure
gradient of up to 30% cannot be ruled out but the
latter is not sufficient to explain the apparent per-
sistence of q-Fe to &60 kbar. Note also in Figs.
5 and 8 that there is considerable data presented
on ~-Fe above 115 kbar, the start pressure for the
transformation. Although not clear in the velocity-
shift data (Fig. 5), the hyperfine field (Fig. 8)
appears to continue changing linearly above 115
kbar-a strong indication that the z-Fe actually
exists at pressures greater than 115kbar.

On two runs the sample was subjected to just
enough pressure to start the transformation (see
the spectra in Fig. 2 for P=11V kbar) after which
the sample was cooled to 82 K. According to Fig.
1, the z-& phase boundary has a slightly negative
slope in this temperature region, so that if no
hysteresis exists the &-Fe should revert to the
~-phase. On both runs the amount of q-Fe re-
mained the same as determined by the area of
the q-Fe line relative to that of the ~-Fe lines.
The possibility of a local pressure increase upon
cooling is not likely. 28

Finally, it was noted that the ~- & transforma-
tion rate was the same within experimental error
for all of the experimental runs (0.9 a 0. I/g per
kbar). This is noteworthy because the Fe samples
were of various dimensions-from 0. 102 x0. 038
x0. 0025 cm to 0.038&&0.038~0.0025 cm. If alarge
pressure gradient exists then it seems likely that
samples of different sizes would transform at dif-
ferent rates, contrary to what has been observed.

W. CONCLUSIONS

hcp Fe is paramagnetic to 20 'K at 148 kbar and
48 'K at 1V8 kbar (H=0+ 1 kOe). The temperature-
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FIG. 9. Volume dependence of the second-order Dop-

pler shift based upon the Debye model and Gruneisen re-
lation.

independent broadening of the hcp resonance line is
attributed to increased self-absorption and a small
quadrupole splitting. The latter is 0. 1V + 0.03 mm/
sec and independent of pressure within experimen-
tal error.

Values of the volume coefficients of the isomer
shift and hyperfine field of bcc Fe have been ob-
tained at 82 'K. The room-temperature coeffi-
cients are in agreement with previous experi-
ments.

The effects of pressure on the second-order
Doppler shift have been clearly observed while
offering at the same time a fairly direct test of
the validity of the GrQneisen relation. hcp Fe has
a Debye temperature of 545+ 25 'K at -145 kbar,
while the value for bcc Fe is 410+ 25 'K at 1 atm.

The small increase in the electron density at the
nucleus with temperature has been observed.

In addition the data substantiate other findings of
an unusually large pressure hysteresis associated
with the bcc hcp transformation.
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APPENDIX

The following method was used to calculate the
volume coefficient of the second-order Doppler

v=- — ', vo=-9kp'/16mc .
2c

In cases where the Mossbauer nucleus is an impu-
rity in a host lattice, ,p is given in the first ap-
proximation by66

p =e„„(m„„/m)'", (A3)

where m„„, and m are the atomic mass of the host
lattice atoms and the impurity (source or absorber)
atoms.

Utilizing tabulated Debye integrals, 6 sv/8 lnV is
calculated from Eq. (A1) and shown in Fig. 9 in
units of yvo. At high temperature sv/8 lnV ap-
proaches 0 (although rather slowly, having a value
of 0.02Vyv, at T/pH=10).

Thus, provided one knows y and 0„„„the con-
tribution from v to the total velocity shift in high-
pressure experiments may be quickly estimated
from Eqs. (A2) and (A3) and Fig. 9. As examples con-
sider 5~Fe in Fe and Au and Sn in Sn.

(i) '~Fein Ee. y=1. V6 and O. „„,=420 K" gives
vo= 0. 114 mm/sec and sv/s lnV= 0. 176 mm/sec at
82 'K. Note that the latter is 11% of the observed
experimental result [Eq. (12)].

(ii) SVEe in Au. y=2. 9 and p„„t=162'K
gives vo= 0.083 mm/sec and 8 v/s lnV= 0.063 mm/
sec at 300'K, which is 16% of theobserved effect. 57

(iii) "'Sn in Sn. y=2. 0 (assumed) and 8„„,
=199 K" gives v0=0. 079 mm/sec and sv/slnV
= 0.039 mm/sec at 300'K, which is 4% of the ob-
served effect.

The calculations indicate that the role of the sec-
ond-order Doppler shift in high-pressure experi-
ments may be significant in some cases, especially
since low temperatures are now accessible and
techniques will undoubtedly improve, leading to
more accurate results at very high pressures.

shift (Bv/S lnV). The formulas and graph presented
can be used for a general Mossbauer isotope in a
general solid.

Using Eqs. (13) and (14) one obtains (in units of
velocity)

2' '
I
'"x'dx'

8lnV y 0 1+ee,r.~
—24

O~ J P-1
where
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