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Atomic ordering transition in Feco
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Atomic ordering in equiatomic iron-cobalt was investigated using Mossbauer spectroscopy of
quenched samples. The order-disorder transition at 730'C and the "550'C anomaly" were ob-
served. A statistical phenomenological model was used to determine the temperature depen-
dence of the short-range order parameter; the critical index P was found to be 0.324 +0.016.

I. INTRODUCTION

Much progress has been made over the past 15
years in the understanding of phase transitions and
critical phenomena. A classic example of such a
transition is the atomic ordering of equiatomic iron-
cobalt (FeCo) into the cesium chloride structure
below 730 'C. '

In this study, the Mossbauer effect was used to in-

vestigate FeCo samples quenched from various tem-
peratures. Neutron diffraction confirmed the state of
long-range order in two samples. Previous Mossbauer
work on iron-cobalt has included studies at tempera-
ture, ' ' studies of quenched samples of 30—70'/0

cobalt, ' studies of both quenched and heated sam-
ples, and secondary electron spectroscopy of films. s

The Mossbauer effect can yield information per-
tinent to our understanding of phase transitions.
The measured magnetic hyperfine field, H, of a sam-
ple is the composite of the hyperfine field of all of
the "Fe nuclei of the sample. Atomic ordering
changes the local atomic environment of each iron
atom, and if short-range effects on the hyperfine
field are present, these will manifest themselves both
as changes in the overall field H and changes in the
shapes of the Mossbauer absorption lines. The iso-
mer shift, which is a reflection of the electric charge
density at the Fe nuclei, and the quadrupole split-
ting, which is due to the electric field gradient at the' Fe nuclei, might be expected to be somewhat in-
sensitive to atomic ordering in metallic alloys.

The Mossbauer parameters can be used to deter-
mine the temperature dependence of the atomic or-
dering parameter and then to calculate the critical ex-
ponent P of the order-disorder transition. '0 This ex-
ponent has been obtained theoretically from the
three-dimensional Ising model by a number of dif-
ferent approaches, including using variational approx-
imations for renormalization-group transformations, "
the n-vector model through field theoretical methods
(the asymptotic estimate of the behavior of perturba-
tion series at large orders), "and an analysis of the
high-temperature series expansion. " A favorable

comparison between the experimenta1 and theoretical
values of P would help further substantiate the im-

portant concepts of the universality of phase transi-
tions and of scaling relations. '

II. EXPERIMENTAL

Conventional techniques were used to prepare the
samples, obtain Mossbauer spectra, and analyze the
results. 6 Required proportions of high purity
(99.999'/o) iron and cobalt were arc melted and then
homogenized at 1200'C for 1 week in vacuum.
Powders of 0.07 mm or less diameter were mechani-
cally ground from the ingots and subsequently heat
treated. Samples then were fast quenched into ice-
water from temperatures ranging from 850 to 510'C.
The quench temperature was reached by first heating
the sample to 500'C in hydrogen for about 1 h.
Then the temperature was raised to 850'C and
lowered in steps of increasing time to the desired
quench temperature. More than 2 weeks were re-
quired to reach the 510'C quench temperature. One
sample ("annealed" ) was furnace cooled after 50 h
at 500'C; another ("ground") was kept in the as-
ground condition. Mossbauer absorbers were pre-
pared by pressing the powders into pellets with LiOH.

All Mossbauer spectra were taken at room tem-
perature with a conventional constant acceleration
drive. The "Co source was diffused into copper to
produce a single emission line. Calibration spectra of
an enriched "Fe foil were taken before and after
each sample run. This foil was in turn calibrated
against a sodium nitroprusside standard absorber. A
least-squares fit to six lines was performed for each
run using a computer; from these the Mossbauer
parameters were determined: H, the magnetic hyper-
fine field at the "Fe nuclei; IS, the isomer shift; QS,
the quadrupole splitting; and HWHM, the half-width
at half maximum of each absorption line.

Neutron diffraction was used to determine the
long-range order parameter, S, of the sample as-
ground (S «0.08 +0.04) and of the annealed sample
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FIG. 1. hiagnetic hyperfine field, 0, at the 57Fe nuclei in

FeCo vs temperature of the sample just before quenching
into ice water. Also shown are 0 for a sample annealed at
500'C ("annealed" ) and for a sample ground into powder
but not heat treated ("ground"). All of the errors are
smaller than the data points except for the single point
shown with error bars.

(S =0.87 +0.04). Pure iron powders were heat-
treated, quenched, and made into pellets in the same
manner as the alloy samples; nine showed any
resulting effects in their Mossbauer parameters.

III. RESULTS
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FIG. 2. Isomer shift, IS (triangles), and quadrupole split-

ting, OS (dots), of 57Fe nuclei in Fe-Co vs the temperature
of the sample just before quenching into ice water. The typ-

ical estimated error is also sho~n.

The dependence on quench temperature of the
Mossbauer parameters revealed several interesting
features. As shown in Fig. 1, H increases with in-

creasing quench temperature up to about 730'C then
it levels off. The order-disorder transition at 730'C
is clearly evident. Furthermore, the annealed sample
has an H close to that of the samples quenched from
low temperature, and the as-ground sample has an H
close to that of the samples quenched from above the
ordering temperature. The IS and QS are shown in

Fig. 2 versus quench temperature. The order-dis-
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FIG. 3. Half linewidths at half maximum, HWHM, for
the six Mossbauer absorption lines vs the temperature of the
sample just before it was quenched into ice ~ater. Line
numbers (No. 1 =lowest energy) are given on the right.
Solid lines connect the points to assist in visualizing the
results. The typical estimated error is also shown.

order transition is only mildly evident in IS and not
at all QS. A more interesting set of data is shown in

Fig. 3 for the H%HM of the six lines versus quench
temperature. Here the order-disorder transition is
evident, as is the "550'C anomaly. "' ' Note that
the lines are narrower for samples quenched from
550'C than they are for the annealed sample. The
small differences in H%HM between lines I and 6, 2

and 5, and 3 and 4 were not observed in pure iron
samples, but this effect has been noted in FeCo by
other workers. s

IV. DISCUSSION

In a disordered alloy, all of the la, ) are zero; in an
ordered alloy, the {a,) attain their maximum values,
which depend on the composition m and shell i. The
normalized SRO parameter a = a,/al, „ is employed
for convenience. The probability of finding exactly n&

8 atoms among the cl atoms in the ith shell around

The results can be related to current theories of
critical phenomena by using them to find the depen-
dence of short-range order (SRO) on quench tem-
perature. Assume that the measured changes of H
are associated with local atomic environments. Then
the SRO parameters Ia;) of Cowley" can give a
quantitative description of the bcc alloy 3 8~ . The
probabilities Ip&) that any one of the c; sites of the ith
nearest-neighbor shell of an A atom is a 8 atom are
known and the la, ) are defined with respect to these
probabilities. Upon inversion, the probabilities can
be found from the laI)
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an A atom is given by the binomial distribution I
I

~

(2)

In the case considered here, bcc Fe5pCo5p, only the
first two normalized e s are used. Their tempera-
ture dependence is assumed to be the same and they
are both characterized by the symbol "0.." For the
equiatomic alloy, Eq. (I) is

EA

E
E

O
2.5—

p& = (I +a), p2 = ( I —a)

A phenomenological model based on the effect of
cobalt neighbors on the effective field is useful:

H = Hp+ HgL + n iHi + n2H2,

where Ho is the effective field in pure iron (—330.0
KOe), n~ and nq are the number of cobalt first and
second neighbors to the iron atom, H~ and H2 are
the contributions of each cobalt first and second
neighbor to H, and HgL, is the nonlocal contribution
to H, in the sense that it is not dependent on local
neighbor effects, but it does include the effect of
changes in the magnetic moment at the given iron
site. Note that additivity has been assumed; this is
commonly done in dealing with dilute alloys and is
sometimes used with concentrated alloys. ' Equation
(4) is the simplest expression possible which takes
into account first and second near-neighbor effects
and also nonlocal effects.

An experimental value for H is available for or-
dered and disordered samples between 30 and 70
at. % cobalt. Since ni and n2 are known for a partic-
ular composition at complete order and complete dis-

order, simultaneous equations can be set up to deter-
mine the unknown parameters H~, H2, and H~L.'

H =HO+ H/t/I, + r/~H& + //2H2 (order)

H =H +H +n H +r/q~H (disorder)

(5)

(6)

The unknown parameters may be obtained from the
experimental data and Eqs. (5) and (6) with certain
assumptions. If the parameters are assumed to be in-

dependent of atomic order, then the problem is re-
duced to solving for the three unknowns from two
equations. A third relationship involving the parame-
ters is obtained if the statistical ordering model is
used with Eqs. (5) and (6) to calculate the linewidth
of the absorption lines. The parameters HgL, H~,
and H2 may then be varied until the experimental
linewidth agrees with the statistical model calculation.
From Eqs. (5) and (6), two of the parameters H~l. ,
Hi, and H2 are known as functions of the third. Fig-
ure 4 shows the calculated linewidth for the disor-
dered Fe5pCo5p case as a function of Hi, along with
the experimentally observed HWHM. A unique
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FIG. 4. Calculated H%HM for disordered FeCo vs the
first-neighbor contribution H~ of a cobalt atom. The ob-
served value is also shown, as is the estimated error.

solution is not obtained; the two solutions which
reproduce the HWHM data are (H/ =+4.3 kOe,
H2 =+2.7 kOe, H~L = —44.1 kOe) and (H/ = —1.7
kOe, H2= —5.3 kOe, H~L =+3,9 kOe). If it is fur-
ther assumed that Hi and H2 are not dependent on
composition, only the first solution can reproduce the
measured H as a function of composition for both or-
dered and disordered samples. The positive sign of
Hi and H2 of this solution infers a reduction in the
magnitude of H for the addition of a first or second
cobalt neighbor to the iron atom; the larger, negative
value of HNL may be associated with the dependence
of H both on changes in the local iron moment and
on a long-range effect. Any simplifications of Eq. (4)
to include only two parameters leads to results which
are conflicting and which cannot be used to repro-
duce the experimental linewidths.

This model of a neighbor-dependent effective mag-
netic field H(n~, n )fo2r a particular iron atom now
allows the use of the SRO parameter to calculate a
Mossbauer spectrum. For each atomic configuration,
the Mossbauer absorption lines are Lorentzian in
shape and depend on the effective field of the atom
according to

Ik(H) = 1 1

a G I + ([Ho —H(n/, n2)]/GI'

where k is an index for each of the six lines, and G is
the H%HM of the line for a perfectly ordered sam-
ple. The observed absorption spectrum is a superpo-
sition of such lines. The calculation of a spectrum
for a particular value of the SRO parameter involves
summing over the possible near-neighbor configura-
tions characterized by ni and n2. One obtains for the



6506 BEN deMAYO 24

composite spectrum

wt(nt) w2(n2)
't I

srG k-t et oe-2 0 -Ho —H(nt, n2)1+

(8)

where ck is a constant. H can be determined from
the position of the center of one of these lines. The
dependence of H on the SRO parameter enters the
calculation through the probabilities of Eq. (3) and
the binomial coefficients.

Figure 5 shows the calculated effective field versus
the SRO parameter, o.. The values of the solution of
the phenomenological analysis above were used;
however, the calculations were found to be not very
sensitive to the particular values used. From the plot
of H versus the SRO parameter and the plot of H
versus quench temperature (Fig. 1), the dependence
of the SRO parameter on temperature was deduced.
This is shown in Fig. 6, along with neutron-diffrac-
tion results of Lyashenko on the long-range order
(LRO) parameter versus temperature. " The curve
is drawn only to assist in viewing the data.
Lyashenko's data had no error bars, and for a
number of the circles (this work) the error bars are
smaller than the circles. Table I contains the SRO
parameter.

The results for the SRO parameter, o., were least-
squares fitted using a computer to the reduced tem-
perature, x = ( T, —T) /T„ccaordi gnto the power re-
lation o. = ax~. The values a =2.64 +0.13 and
b =0.647 +0.032 were obtained with a goodness to
fit parameter P =0.974 (a value of P =1 would indi-

cate a perfect fit) if the 725'C data point was elim-
inated. Otherwise, the values were a =2.10 +0.10,
b =0.532 +0.026, and P =0.965. This reflects the
relative difficulty of obtaining a uniform, fast quench
this close (5'C) to the transition temperature. Fig-
ure 7 shows a log-log plot of the results; the straight
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FIG. 6. Calculated normalized SRO parameter vs quench

temperature (this work) and LRO parameter from neutron-
diffraction results )this work and Lyashenko (Ref. 20)].
The solid line is given to assist in visualizing the results and
does not represent any theory. No error bars were given by
Lyashenko, and the error bars of the seven highest-
temperature SRO values (dots) are smaller than the sizes of
the dots.

TABLE I. Calculated short-range order parameter. (See
also Fig. 6.)

Temperature just before
fast quench ('C)

Short-range order
parameter

line is the least-squares fitted relation. The place-
ment of the 725 'C datum shows that short-range or-
der characteristic of a lower temperature is probably
present, as would be expected from a quench that
was not fast and uniform. This lends justification to
the omission of this point from the calculation of the
values of a and b. Since the LRO parameter is pro-
portional to the square root of the SRO parameter, '

the value of the critical exponent is P =, 0.324 +0.016.
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0.932 +0.046
0.919+0.045
0.958 f0.047
0.945 +0.047
0.919 +0.045
0.843 + 0.042
0.843 k 0.042
0.757 20.038
0.721 2 0.036
0.580 +0.029
0.468 2 0.023
0.414 +0.021
0.280 +0.014
0.144 +0.019
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FIG. 5. Magnetic field, 0, at 57Fe nuclei vs normalized
SRO parameter. Also shown is the typical estimated error. ' Annealed.
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using high-temperature series expansion. " Neutron
diffraction at temperature gives an experimental
value P =0.303 +0.004. A possible explanation of
the discrepancy between this work and the neutron
results lies in the fact that using quenched samples
eliminates purely temperature-related effects and
leaves only effects due solely to configurational
differences.

0.2— V. CONCLUSIONS
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FIG. 7, Logarithmic plot of the SRO parameter vs the re-
duced temperature, T' = ( T, —T)/T, . The straight line

represents a least-squares fit of the data; a critical index

P 0.324 %0.016 is inferred. For two of the points the error
bars are smaller than the size of the dots.

The data indicate that Mossbauer results on
quenched samples of FeCo show clearly the ordering
transition at 730 'C and, less clearly, the 550 'C ano-
maly. The critical exponent P, as determined using a
statistical, phenomenological model, has a value in
agreement with the current theories of critical phe-
nomena.
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