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A Mossbauer study of *'Fe is used to measure the internal field (H;,) at the 57Fe nucleus, Mdssbauer spectral
area, and the center shift for a nearly equiatomic FeCo alloy. Measurements were made between 297 and 1300
K with special attention to the region near the order-disorder (OD) transition (1006 K) and a-y transition
(1235 K). Near and above the OD transition, H,, changes slowly with temperature compared to the bulk
magnetic moment. At the a-y transition, H;, drops to zero abruptly. The Mdssbauer spectral area shows a
strong temperature dependence near the OD and a-y transitions. In particular, an appreciable decrease in the
spectral area is observed at the a—y transition. The Mossbauer spectral area is analyzed in correlation with
the resistivity measurements of Seehra and Silinsky. Considerable deviations from the harmonic behavior near
and above the OD transitions are evident. By contrast the center shift does not show any dramatic change

near the OD and a-y transitions.

I. INTRODUCTION

It is known that the FeCo alloy system under-
goes an order-disorder (OD) transition for Co
concentrations from about 40% to 60%.' A struc-
tural transition is also known to occur from the
low-temperature o phase (bcc) to the high-tem-
perature y phase (fcc). In a recent paper, Seehra
and Silinsky? have reported a detailed study of the
OD and a@-v transition in a nearly equiatomic
FeCo alloy (46.29 at.% of Co) using electrical-
resistivity measurements. The OD transition is
observed to occur at 1006 K. The a-y transition
occurs at 1235 K with nearly 12-K hysteresis and
nearly 20% jump in resistivity with increasing
temperatures.

In order to further explore the nature of these
transitions, a Mdssbauer study of the FeCo alloy
covering the OD and a-y transition region was
undertaken. The results of this study are re-
ported here. The Mdssbauer spectroscopy is used
to measure the temperature dependence of (i) the
effective magnetic field at the iron nuclei, (ii) the
Debye-Waller factor, and (iii) the center shift.
These studies are correlated with the anomalies
observed in the electrical-resistivity measure-
ments.

1. EXPERIMENTAL

The sample of FeCo alloy used in these measure-
ments was taken from the same batch on which
electrical resistivity measurements have been
reported earlier.? This sample was found to con-
tain 46.29 at.% of Co. The spectrum was taken by
bringing the sample to thermal equilibrium at each
temperature. The sample was under vacuum
(better than 107 Torr) inside a sealed quartz tube.
Measurements taken with a vacuum of the order
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of a few Torrs showed the presence of oxides at
high temperatures. It was therefore necessary to
connect a liquid-nitrogen trap in between the high
vacuum system and the furnace to avoid the forma-
tion of oxides. The temperature at the sample was
measured using a chromel-alumel thermocouple.
The sample thickness was about 0.001 in., so that
the spectral area could be assumed proportional to
the Debye-Waller factor. The sample was in the
form of a thin foil and mounted in a lava sample
holder. All measurements were taken with in-
creasing temperatures. The radioactive source
was 25-mCi Cu-°"Co at room temperature. A
standard commercial spectrometer in the constant
acceleration mode was used. The 14.4-keV de-
tector consisted of a krypton-CO, proportional
counter. A nonlinear least-squares-fitting pro-
gram was used to fit the M&ssbauer spectra and

a Lorentzian line shape was assumed in the
analysis. The system was calibrated using an
iron metal foil, and all the center shifts are

given with respect to iron metal. In Fig. 1, a
Modssbauer spectrum of the FeCo alloy at 297 K is
shown. The spectrum is typical of an ordered
alloy with an internal field of 341+2 kQe. In Fig.
2, a spectrum of the FeCo alloy at 1290 K, above
the a-vy transition, is shown; a single line with

a linewidth of 0.25+0.03 mm/sec is observed.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Internal field at the 37Fe nucleus

1. Previous work

For 3d transition metals and their alloys the
internal field (H,,,) at a particular atom arises
mainly from core polarization (H,,) and a con-
tribution from 4s-like conduction-electron polari-
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FIG. 1. M0ssbauer spectrum of FeCo at 297 K.

zation (CEP). The CEP contribution can be con-
sidered to be produced by two terms: self polari-
zation of the s-like conduction electrons by the
atom itself, H,, and a contribution due to the neigh-
boring atoms, Hy (using Stearns® notation H,,,
=H.,+H,+Hg). Since the orbital angular momen-
tum is quenched to a large extent in transition
metals, the orbital contribution to the internal
field is expected to be small compared to the core
polarization. Dipolar contributions are also small
(and positive) and in general play a negligible role
in transition metals. In pure iron the internal
field is proportional to the saturation magnetiza-
tion.* This results from the proportionality be-
tween the local moment and the core polariza-
tion.

Previous investigations of the FeCo alloys have
shown that additions of cobalt to iron up to about
25-at.% cobalt, results in an increase in the ef-
fective magnetic field at the iron nuclei and in-
crease in the local iron magnetic moment. Above
25-at.% cobalt, the iron magnetic moment con-
tinues to increase, saturating around 50-at.%
cobalt®; however, the internal field at the iron
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FIG. 2. Mbéssbauer spectrum of FeCo at 1290 K.
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nucleus decreases.®” A very striking experimental
result is the lack of proportionality between the
magnetic moment at the Co atom, which stays es-
sentially constant at 1.8 uy over the entire bcc com-
position region of 0.75-at.% cobalt,’> and the con-
tinuous decrease of the internal field at the Co nu-
cleus with decreasing iron concentration.® This
lack of proportionality between the magnetic mo-
ment at the atom and the internal field suggests

the importance of the neighbors CEP contribution

to the internal field, Hy.

The magnetic moment at the iron atom decreases
in going from the ordered to the disordered phase.®
The largest difference, of about 3%, occurs in
going from about 30- to 50-at.% cobalt. A de-
crease of the internal field upon ordering has been
observed in the FeCo alloys.” The maximum de-
crease occurs at the equiatomic composition and
is about 3%. It was observed that an increase in
the number of cobalt neighbors to an iron atom,
either by ordering or by increasing the cobalt
concentration, decreases the internal field at the
5’Fe nucleus in the 25-75-at.% cobalt region. This
change in the internal field is probably caused by
the CEP, in particular for the term that depends
on the neighbors Hy. This term will be the most
affected by the order-disorder transformation.

2. Present work (temperature dependence of Hy, )

In Fig. 3, we have plotted the hyperfine magnetic
splitting versus temperature for the FeCo alloy
under study. The graph was normalized to the ob-
served splitting at 297 K. The measured value of
the hyperfine splitting at 297 K gives an internal
field of 341+ 2 kOe, in good agreement with the
value reported in the literature for the ordered
alloy.” The half-width of the outermost absorption
lines are measured to be 0.35+0.03 mm/sec, the
same as the half-width obtained for a thin iron foil
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FIG. 3. Normalized internal field (full circles) and

magnetization from Ref. 9 (squares) vs temperature for
FeCo.
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in the center of the furnace. The broadening of the
line is mainly caused by the geometry of the ex-
periment. In Fig. 3 we have also plotted the mag-
netic moment per atom for an equiatomic alloy of
FeCo taken from reference.® Below about 700 K,
the internal field and magnetization have a similar
temperature dependence. Above 700 K there is an
increasing difference between the temperature de-
pendence of the magnetic moment and the internal
field at the %"Fe nucleus. The difference increases
gradually and becomes about 7% near the OD
transition temperature. This observation can be
understood as follows. In going from the ordered to
disordered phase the magnetic moment decreases
by about 3%,®> whereas the internal field increases
by nearly 3%.” Therefore, in the disordered phase
H,,. should exceed the magnetic moment by about
6%, in good agreement with the observations re-
ported in this work. Because of the second order
nature of the OD transition the difference between
H,, and magnetic moment develops over a large
temperature range (Fig. 3). Using H;,,=H +H,,
+Hy, some additional comments can be made
about changes in different contributions to H,
although we do not know the exact magnitude of
H,, H., and Hy. First H , should decrease by
about 3% in going through the OD transition since
core polarization is proportional to the magnetic
moment. This suggests that H; should be con-
siderably larger in the disordered phase (since

H, is not expected to change appreciably) to com-
pensate for the decrease in H,, and to explain the
observations in Fig. 3. A change in Hy upon
ordering is not unexpected because of the change
in the environment. In the ordered phase all the
Fe are surrounded by Co atoms (CsCl structure),
whereas in the disordered phase on the average
only 50% of the iron nearest neighbors will be Co
atoms. Consequently, the nearest-neighbor CEP
contribution to the internal field in FeCo plays a
fundamental role in causing the difference be-
tween the internal fields in the ordered and dis-
ordered phases.

B. Debye-Waller factor

In order to analyze our experimental results cor-
rectly, it is important to take into consideration
all the factors that affect the MGssbauer spectral
area. In the experiments reported here we used
a transmission geometry and several runs with
different sample thickrnesses gave reproducible
results. The average effective thickness () of
the sample is given by {=no,f,, where n is the
number of resonant nuclei per em?; o, the ab-
sorption cross section at resonance, and f, the
Debye-Waller factor (DWF) of the absorber. For

our experiment f ~1.5, therefore the total spectral
area will be proportional to f,. The scattering
of the y-ray by the furnace walls makes the cal-
culation of the background correction extremely
uncertain. Therefore we will not try to evaluate
the absolute value of the DWF, but only to mea,
sure its temperature dependence, in particular
around the OD and a-y transition temperatures.
The DWF in the harmonic approximation is given
bylo

.. R [R-80)]? nw, \1I
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where E is the unit vector along the direction of the
y rays, R is the recoil energy, €(\) is the polari-
zation vector of the lattice, and w, are the normal
frequencies of the lattice. One can use the Thirring
expansion for the exponent of the DWF. For

7oy /RsT <27, the component along the y-ray
direction is given by*°

- [e]: LI
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Using the frequency density and the moments of the
frequency spectrum

(= [ g do, 3)
0
one can then write for the isotropic case

- ]J’lf(T)=2RkBT{<(h‘CU)-2)+ % W

>2(w2)+“'} Y

Each term in the above expression can be de-
scribed by an equivalent Debye distribution with!®

0,(n) = (71/k g)[30n + 3)(w™) M/ " . )

In Fig. 4, the normalized area versus tempera-
ture is plotted on a semilog scale. One observes
a change in the DWF near the OD transition tem-
perature. The normalized resistivity measure-
ments from Seehra and Silinsky? are also included
in the figure. The FeCo alloy cannot be described
by a simple Debye model above 1050 K since the
DWF is changing too fast with temperature. If one
uses Eqgs. (4) and (5), one obtains an equivalent
Debye temperature ©,=190+20 K. By contrast,
between room temperature and 970 K, the system
can be described by an equivalent @, of 470+ 20 K.
It is questionable that the Debye approach will be
applicable in the OD region, since anharmonicities
should play an important role. We use the equi-

1 3
720 ( (R T)



2440 P. A. MONTANO AND M. S. SEEHRA 15

Lo P * ¢ GD= 190K
< ¢ - 150 r%
a %
< A =
a <
W — FIG. 4. Normalized
= / < Mossbauer spectral area
z 9T 400 = ;
g &#’ © versus temperature in FeCo
% ° ® (full circles). Resistivity
e ©p=135K S measurements from Ref. 2
— (open circles).
O D X- 6 — 50
0.0! | | | | lf 1 IT | 1 1

300 400 500 600 700 800 900 1000 1100 1200 1300 1400

T (K)

valent Debye temperature as a parametrization of
the experimental results which gives a measure
of the hardness or softness of the lattice. In

Fig. 2 a typical M@ssbauer spectrum above the
a-y transition is shown. There is a considerable
drop in the spectral area in going from the a to
the y phase. The equivalent Debye temperature
in the y phase (1240<T<1360 K) is 135+ 10 K.
The drop in the DWF and the increase in p ob-
served at the a-v transition are in good qualita-
tive agreement (Inf, /Inf, ~ 1.6, p, /p, ~1.2).1*
The above results are in contrast with the M&ss-
bauer'? and resistance measurements'® of the
a-y transition in pure iron. In this case p de-
creases and the DWF increases in going from the
a to the y phase. A quantitative evaluation of

the effective Debye temperature from the slope
of the resistivity measurements versus tempera-
ture is not likely to be accurate. Also it is un-
reasonable to believe that the harmonic approxi-
mation could describe the phonon spectrum at such
high temperatures. A marked difference between
FeCo and pure iron is the presence of two dis-
similar atoms in the primitive cell, which con-
sequently produces optical modes. If one of these
modes goes soft at the a-y transition, then ap-
preciable change in p and the DWF will be ob-
served. Our experimental results strongly in-
dicate the active role played by the lattice modes
in the dynamics of the OD and «a-v transitions.

C. Center shift (CS)

The shift of the M§ssbauer centroid is given by
the isomer shift (IS) and the second-order Doppler
shift (SODS). The IS is given by*

6V 15 =6.105 (Z/E.,)A(r*) Ap(0) (6)

where 6V is the IS in mm/sec, A(7?) is the
change in mean-square nuclear radius

(AL7®) = {7 excited — {7%) ground and is given in units
of fm?), Ap(0) is the difference between electron
densities due to excited and ground states at

the nucleus (units of a3°); E, is the transition
energy in keV, and Z is the atomic number. The
shift due to SODS is given'® by

6E=— (E,/2) %) 122)1' , G

where (%), is the thermal average of the square
of the velocity of the vibrating atom, and c is the
velocity of light. For high temperatures and using
the effective weighted Debye temperature for the
isotropic case, one has'®

8E _3 kT 3 k052 . ..
“E, Ca o Ym0 T T ®)

where M is the mass of the MOssbauer atom. It
is evident that the SODS is strongly temperature
dependent. On the other hand, the IS depends very
weakly on temperature, mainly through lattice ex-
pansion. One expects in general to observe a dis-
continuity in the IS at a first-order phase tran-
sition.

In Fig. 5 we have plotted the CS versus tempera-
ture for 297<T<1360 K. For 500<7<900 K the
temperature dependence of the CS can be explained
by the SODS alone, i.e., the leading term of Eq.
(8), since we are already in the high-temperature
limit. Near the OD transition temperature there
is a small indication of a change in the CS. This
could be produced by a change in the phonon spec-
trum, since one does not expect any appreciable
difference in the IS. At the a-y transition the slope
of the CS vs T is given by the classical limit, but
a small discontinuity in the centroid is necessary
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to fit all the points. The discontinuity, of 0.04
mm/sec., is about the same magnitude as the ex-
perimental error. The above change is equiva-
lent to an increase in the 4s electron density of
around 2%. The change in the IS at the a-y tran-
sition in FeCo is much smaller thanthe one ob-
served in pure iron.*'* In summary, the IS does
not show dramatic changes at the OD and a-y
transitions in the nearly equiatomic FeCo alloy.

IV. CONCLUDING REMARKS

Measurements reported here show that at the
a -y transition, a considerable softening of the
lattice occurs. This results confirms the sug-

gestion made earlier from the electrical resisti-
vity measurements.’ Elastic constant and neutron
scattering measurements in single crystals are
needed to gain insight as to which phonon modes
are responsible for this transition. Another im-
portant result of this study is the lack of propor-
tionality between the internal field at *"Fe nucleus
and the bulk magnetic moment near and above the
order-disorder transition. Our analysis shows
that the nearest-neighbor conduction-electron
polarization contribution to the internal field in
FeCo is primarily responsible for this difference.
Further theoretical work in this area is clearly
needed.
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