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Mossbauer study of atomic order in NijFe. II. The order-disorder transition
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The structural order-disorder reactions in stoichiometric Ni;Fe were followed ‘“at temperature” using
Mossbauer spectroscopy. The transition is of first order. Near the transition temperature T, the
transformation proceeds via nucleation and growth and a two-phase region is observed. In a hysteresis zone
below this region the nucleation of the ordered phase is suppressed. This is explained on basis of magnetic
interactions. Away from Tp both the ordering and the disordering reactions proceed homogeneously. Upon
approach of T to T, the kinetics of both reactions slow down.

L. INTRODUCTION

In thermodynamic respect, structural order-dis-
order transitions do not differ from other phase
transitions, and therefore can be divided"? in tran-
sitions of first order (classical example Cu, Au)
and of second order (e.g., CuZn). Characteristic
features of a first-order transition are: (a) coex-
istence of old and new phase at the transition tem-
perature; (b) presence of a two-phase region; and
(c) nucleation and growth of the new phase near the
transition temperature. When the two phases have
similar physical properties, these features may be
difficult to assess. This sometimes has caused un-
certainty about the order of the transition in some
order-disorder systems.*>*

For NijFe, which has the L1, structure like
Cu; Au, a first-order transition is predicted by
both Landau’s thermodynamic theory"? and atom-
istic theories as from, e.g., Dienes® or Vineyard®;
this actually has been confirmed by neutron dif-
fraction.” Other techniques encounter various dif-
ficulties in detecting order-disorder effects, as
was already outlined in the preceding paper,® here-
after referred to as I. Making use of the micro-
scopic character of the Mossbauer effect (ME)
technique, we have been able to observe in Ni,Fe
features (a)-(c) of a first-order transition.®

II. EXPERIMENTAL TECHNIQUE

A Mdssbauer spectrum of a Ni,Fe absorber is,
below the ferromagnetic Curie temperature T, (not
to be confused with the structural order-disorder
transition temperature T ), composed of a multiple
of overlapping six-line patterns. Each pattern cor-
responds to a magnetic hyperfine field H,,, felt by
a *'Fe nucleus at a particular lattice site. There-
fore a spectrum shows six asymmetrically broad-

16

ened lines. In I we determined the long-range-or-
der parameter 7 in Ni,Fe from room-temperature
spectra. The Ni,Fe foils employed had been given
different amounts of order by annealing at temper-
atures below 760 K. For such a study a line-pro-
file analysis is necessary from spectra with good
statistics, which means long recording times. Ob-
viously, for a kinetic study “at temperature,” the
recording time must be short with respect to the
time, characteristic for the reaction. Fortunately,
the average hyperfine field H,, and the width of the
outer lines I' already contain valuable information
about the order-disorder process, and these pa-
rameters are easily obtained by fitting the spectra
with six lines. H,, is mainly determined by the
average atomic configuration around and the aver-
age 3d moment on the considered Fe atom, and is
in these ways related to . T gives information
about the distribution of H,, in the sample, which
can result both from the statistical variation of
atomic configurations and from the coexistence of
ordered and disordered phase.

For a correct interpretation of the spectra in the
phase-transition region, we first investigated the
temperature dependence of H,, and T' for the two
NijFe phases. These results are given in Sec. III.
We employed the same equipment and prepared
stoichiometric Ni Fe foils in the same way as de-
scribed in I. For the ordered foils at room tem-
perature 7~0.88, disordered foils were obtained
by cold rolling. The temperature was kept con-
stant better than +0.5 K, and the thermocouples
were calibrated using the melting points of Zn and
Al

III. TEMPERATURE DEPENDENCE
OF THE HYPERFINE PARAMETERS

We determined Hy, and I" from 4.2 K up to above
T for ordered and disordered Ni,Fe. H,, as a
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FIG. 1. Average hyperfine field Hy, vs temperature T
at 'Fe nuclei in NizFe. In the inset the transition region
is depicted on a larger scale.

function of T is plotted in Fig. 1. The average field
of the ordered phase 17,,,'0 decreases gradually upon
heating, but drops at the transition temperature T
to the value of the disordered phase. After com-
pletion of the reaction the average field of the dis-
ordered phase H,,, , is measured up to T.. During
cooling the reverse path is followed with a consid-
erable hysteresis. I?m, p of a disordered sample
could also be measured below 670 K. Further we
have indicated in the figure T ;=940 K of the or-
dered phase, measured by Kollie and Brooks'® us-
ing pulse calorimetry. The inset shows the transi-
tion region in more detail. The points on the solid
lines correspond to the equilibrium situation; the
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FIG. 2. Temperature dependence of linewidth I in
ME spectra, taken from ordered (e,m, and O) and dis-
ordered (x) NizFe. @ and m: temperature increasing; O:
temperature decreasing. In the inset the transition re-
gion is depicted on a larger scale. Ordering and dis-
ordering temperatures (T, and T, respectively), are
indicated.

points on the dotted lines were obtained during the
reaction.

T as a function of T is plotted in Fig. 2. Only da-
ta for the equilibrium situation are given. For the
interpretation of the spectra it is important to note
that near the transition region the line broadening
is much smaller than at room temperature, which
indicates that in the transition region Hy, is only
weakly dependent on the surroundings. Apparently,
the magnetic moment of an iron atom in an ordered
environment experiences a relatively strong ex-
change field from the surrounding moments, and
this effect compensates near T, the inherently low-
er hyperfine field at the nucleus of such an atom.
The difference between ﬁm,o and 17,,,, p arises main-
ly from the higher T, of the ordered phase, and
extra line broadening in this region has to be at-
tributed to inhomogeneity in the sample due to the
simultaneous presence of the ordered and the dis-
ordered phase.

IV. EVOLUTION OF THE ORDER-DISORDER REACTIONS

The order-disorder reactions were followed at
constant temperature. We investigated the equilib-
rium behavior of the alloy by slowly approaching
the transition temperature and keeping T constant
when the reaction started. Also we studied the re-
action following a fast up or down quench.

The ordering reaction was started (after an an-
neal at 970 K for recrystallization) by cooling from
the disordered region with steps of 2 K and two-
day anneals (cf. Fig. 1). A first change in the
spectra, due to ordering, was observed at 770.9 K;
at this temperature the reaction was completed in
200 h. The time evolutions of H,, and T are shown
in Fig. 3(a). Also in this figure the reactions in the
same foil, following a quench from 790-757.6 K
[Fig. 3(b)] and to 720.2 K [Fig. 3(c)], are shown.
The most important difference between Fig. 3(a) on
the one hand, and Figs. 3(b) and 3(c) on the other
hand is the absence in the latter cases of line
broadening during the reaction.

An ordered nonrecrystallized foil was heated
through the transition region with steps of 5 K. At
779.3 K H,, started to change but attained an equi-
librium value (the point on the solid line in Fig. 1)
after 11 days. Probably some recrystallization did
occur (for all other reactions recrystallized sam-
ples were used). At 784.2 K the disordering start-
ed and evolved as depicted in Fig. 4(a) with a con-
siderable line broadening during the reaction.

This broadening was absent during the reaction at
790.9 K, observed after an upquench from 757.6 K
[see Fig. 4(b)].

For a closer investigation of the gap of 13 K be-

tween the highest ordering and the lowest disor-
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FIG. 3. Hy(O) and T'(x) vs annealing time during the
ordering reaction at three different temperatures.

dering temperature, we performed a slower dis-
ordering run, heating with steps of 1 K and four-
day anneals. Between 771 and 780.5 K no abnormal
behavior of H,, was observed, but I' increased
slightly (see the points ® in Fig. 2). At 781.8 K
the first time-dependent decrease of H,, was ob-
served, and equilibrium was reached after 250 h
[Fig. 5(a)]. After another 250 h the temperature
was raised with 1 K, whereupon the hyperfine field
started to decrease again [Fig. 5(b)]. When after
600 h the field was still changing, T was further
raisedwith1 Kto 783.8 K. At thistemperature the
reaction was completed after another 600 h [Fig.
5(c)]. The line broadening during the reaction was
considerably larger than expected. These last re-
sults can only be understood on basis of the ex-
istence of a two-phase region between the ordered-
and disordered-phase fields, which will be dis-
cussed below.

V. DISCUSSION

A. Order-disorder transformations

Iida'! distinguished on the basis of extensive ca-
lorimetric measurements on Ni,Fe three steps in
the order-disorder process: (a) establishment of
short-range-order equilibrium; (b) establishment
of long-range-order equilibrium; and, in part si-
multaneously with (b), (c) coarsening of antiphase
domains. From the discussion at the end
of Sec. III it follows that for our measure-
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FIG. 4. Hy, (e) and I'(x) vs annealing time during the
disordering reaction at two different temperatures.

ments “at temperature” the change in H,, will be
substantial only during step (b).

There exists no complete theory for the transi-
tion from long-range order to disorder or vice
versa.'? Two approaches can be mentioned for
first-order transitions: (i) homogeneous ordering
models,>® ! in which the alloy remains homogene-
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FIG. 5. Hy vs annealing time during disordering in
the two-phase region. In the course of the reaction the
temperature was raised twice with 1 K.
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FIG. 6. Reaction rate dn/dt as a function of 7 at

various temperatures for an A 3B alloy with transition
temperature T'p, according to Vineyard (Ref. 6).

neous in n and this parameter varies continuously
during the reaction; and (ii) the nucleation-and-
growth model,'>!* which employs classical nuclea-
tion theory. It is important to note that — near the
transition temperature T, — the homogeneous mod-
els predict nucleation-and-growth behavior, as is
indicated by the virtual parts of the dn/dt-vs-n
curves (cf. Fig. 6, taken from Ref. 6). On the oth-
er hand nucleation theory predicts high nucleation
rates far away from T, leading to a very high
density of nucleation centers and thus to a semi-
homogeneous transformation. From this point of
view the theories are complementary. Also it is
interesting that both kinds of theory predict a simi-
lar development of the average n as a function of
time. In the homogeneous model this results from
the behavior of the dn/dt-vs-n curves, which
makes the reaction rate small in the beginning. In
the nucleation-and-growth model, the ordering rate
is low during the nucleation stage and only be-
comes appreciable during the growth of the nuclei.
Therefore in both models the evolution of the re-
action follows a “characteristic” S shape; how-
ever, on basis of this shape alone, no choice can
be made between a homogeneous or an inhomoge-
neous reaction.

We mentioned already, that in the ME experi-
ments H,, gives information about the average val-
ue of 17 during the reaction. Moreover, extra in-
formation is obtained from the behavior of the line-
width, which indicates whether the reaction pro-
ceeds homogeneously or not. In order to investi-
gate the line broadening in a more quantitative
way, we compared the experimental H,, and T with
the same parameters, obtained from simulated
spectra. These consisted of a superposition of two
partial spectra of six single lines corresponding to
the two phases, where the relative amount was
varied with steps of 10%. Field and linewidth val-
ues were chosen to be consistent with the data of
Figs. 1 and 2. In Fig. 7 we have plotted T" vs H,,
for the simulated and the experimental spectra. A
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FIG. 7. Linewidth I' vs average hyperfine field Hy,.
(a) Calculated (+) and measured (@) disordering reac-
tions at 784.2 K. (b) Same as (a) but in the two-phase
region; the equilibrium point at 781.8 K is indicated.
(c) Calculated (+) and measured (O) ordering reactions
at 770.9 K.

small correction was performed on the experimen-
tal I'”s, in order to account for the change in H,,
during the collection of a spectrum. The two
curves must coincide when the reaction proceeds
along the simple nucleation-and-growth mechan-
ism, assumed for the simulated spectra. When
however part of the ordering or disordering pro-
ceeds as a homogeneous change of order inside the
segregates, then the measured curve will lie below
the calculated curve.

B. Ordering reaction

Inspection of Fig. 7(c), which depicts the order-
ing reaction at 770.9 K, shows that the experimen-
tal line broadening is somewhat smaller than ex-
pected. We attribute this to an initially low hyper-
fine field inside the precipitates of the new phase.
Accordingly we analyzed these spectra as a super-
position of two six-line patterns, with 17,,,' p fixed
at the initial value, and no constraint on Hyy,. In
Fig. 8, Hy, Hy,,, and R (the relative amount of the
ordered phase) are plotted. H,, , extrapolates to
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FIG. 8. Time evolution of the average hyperfine field
Hyy (O), of the average hyperfine field of the ordered
phase Hy, o (*) and of the relative amount of the ordered
phase R(e).

about 190 kOe for the first precipitates. This low
field can be explained by a low  value. Assuming
that H,,~n?'° we estimate that 7 initially amounts
to 0.6 times the equilibrium value. Only more than
halfway through the reaction ﬁh,' o reaches its equi-
librium value.

The low hyperfine field in the first stage of the
reaction can also be explained on basis of the ab-
sence of line broadening in the spectra near the
transition temperature. Only for the spectra from
the ordered phase a rise in I is observed immedi-
ately below the disordering temperature (see the
points O and B in Fig. 2 for the well-annealed
sample between T, and T D). Statistical variations
in atomic configurations are enhanced near the
transition temperature and can serve as nuclei for
the new phase. The lack of line broadening indi-
cates that the hyperfine field — and also the local
magnetization — in these nuclei is not only deter-
mined by the local order but also by the average
magnetization in a wider environment. When the
precipitates grow, they will pass a critical size,
where above the magnetization (the hyperfine field)
is only determined by the order inside the precipi-
tates. Clearly this mechanism may contribute to
the low value of H,, , in the first stage of the or-
dering process.

Ordering at the lower temperatures of 757.6 and
720.2 K proceeds homogeneously, as is shown by
the complete lack of line broadening [Figs. 3(b) and
3(c)]. The absence of the initial stage at the lowest
temperature may be the result of a relatively high
vacancy concentration due to quenching. These or-
dering results are in accordance with the findings
in I, where it was shown that the ordering already
at 760 K proceeds homogeneously on an atomic
scale. A recent field-ion microscopical investiga-
tion on Ni,Fe by Taunt and Ralph'® appears to con-
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firm the homogeneous nature of the reaction at
these temperatures. At 753 K no sharp domain
boundaries could be observed even at the earliest
ordering stages. Instead so-called “order modula-
tions” were detected. Our measurements indicate,
that relatively few Fe atoms are near the “zero
points” of the order modulations. Coarsening of
domains has also recently been studied with x-ray
diffraction.'”’® In Refs. 17 and 18 it was inferred
that ordering takes place by nucleation and growth,
even below 760 K where we observed a homogene-
ous reaction. But recently these x-ray results
have been attributed to instrumental effects.®

C. Disordering reaction

Disordering behaves similarly to ordering as far
as the (in)homogeneity of the reaction is concerned.
At 790.9 K the disordering proceeds homogeneously
[Fig. 4(b)], in accordance with recent results on
off-stoichiometric Ni,Fe.?* However, at 784.2 K,
pure nucleation and growth is observed [Fig. 4(a)],
as shown by the similarity of the experimental
and simulated T' — H,, relations [Fig. 7(a)]. This
last reaction starts without apparent nucleation
stage. An explanation may be found in electron-
microscopical observations,?' which indicate that
disordering starts at the domain boundaries. In
this way enough precipitation centers are available
to start the reaction.

In the slower disordering run between 781.8—
783.8 K a new phenomenon is observed in the line-
width behavior. As shown in Fig. 7(b) T is 30%
larger than expected. We attribute this to the ex-
istence of a two-phase region, which leads to seg-
regation into Fe-rich ordered material with a rela-
tively high H,, , and Fe-poor disordered material
with a relatively low H,, 5. In this way the field
difference between the two phases — and thus I' —
is enhanced. Comparison with magnetization data??
shows that a composition difference of 1-at.% Fe
can account for this increase.

D. Phase diagram

The compositional segregation can be understood
by considering the phase diagram, which however
is not accurately established for the order-disor-
der transition. Data from the literature?”? indi-
cate a maximum transition temperature at 27-at.%
Fe, as was confirmed recently.?’ The reason for
this shift away from stoichiometry may be found in
ferromagnetic interactions: diamagnetic Cu,Au has
its maximum transition temperature at stoichiome-
try.® The difference in ferromagnetic Curie tem-
peratures between ordered and disordered phase is
higher in the Fe-rich alloys, and this can cause a
stabilization of the ordered phase. In Fig. 9 we
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FIG. 9. Tentative phase diagram for the order-disor-
der transition in NizFe. The shaded area indicates the
two-phase region and the dashed line the temperature
where the disorder-to-order reaction starts. Points
where ordering (O) and disordering (@) reactions were
observed are indicated.

show a tentative phase diagram with a two-phase
region (shaded) and a hysteresis zone which also
was observed by the authors of Ref. 21. The dia-
gram is adjusted to our stoichiometric data (an-
nealing temperatures which determine phase
boundaries are indicated) and is in outline compati-
ble with the data of Refs. 21 and 23. We see that in
a stoichiometric alloy disordering can only take
place via the two-phase region.

The observed hysteresis is not self-evident.
First of all it may be noticed that the hysteresis
zone is not symmetric with respect to the two-
phase region. Our measurements indicate that the
disordering starts immediately when the material
is heated to a temperature inside or above the two-
phase region. On the other hand the ordering re-
action is suppressed and starts only more than 10
deg below the two-phase region. It may be recalled
that for the disordering process extended nuclei
are available in the form of domain walls, so that
the nucleation is inhomogeneous. But nucleation of
the ordered phase has to occur by means of clus-
ters of ordered material in the disordered matrix,
i.e., by homogeneous nucleation. A relation be-
tween hysteresis and this asymmetry of nucleation
seems probable.

In the case of homogeneous nucleation, clusters
of the new phase are formed continuously. Accord-
ing to nucleation theory'®!* the nucleation rate of
clusters with radius 7 is strongly dependent on the
increase in Gibbs free energy per cluster formed
AG(r). Bulk properties give contributions to AG,
cubic in 7. Surface effects give 7 2 contributions
and oppose nucleation, so that only nuclei surpas-
sing some critical size are viable. Elastic strain
energy, arising from a lattice parameter differ-

ence between old and new phase can give a cubic
contribution to AG and in this way cause hystere-
sis. This mechanism however cannot explain the
observations in Ni,Fe, because even in Cu;Au —
with a much larger lattice parameter difference —
no hysteresis is observed.®

However we have already met another mecha-
nism for hysteresis, when we discussed in Sec.
V B the rather low value of Hy, ,during the first
stage of the ordering reaction. We supposed that
the magnetization of an ordered precipitate initial-
ly remains equal to that of the surrounding disor-
dered phase. But any deviation of the magnetiza-
tion from its bulk value increases the free energy
of the precipitate in proportion to its volume, and
this leads to an apparent lowering of the ordering
temperature. On the other hand, the disordering
reaction can evolve inhomogeneously, since nuclei
are already present in the form of domain walls.
When these nuclei are sufficiently extended, they
will have the magnetization of the bulk phase and
no hysteresis is expected. In the Appendix we show
that such a magnetic contribution can indeed ex-
plain our results. We calculated a hysteresis of 13
K which is close to the observed 10 K. An estimate
of the hysteresis in Cu,Au, arising from elastic
strain energy, yields the hardly observable value
of 1 K.

E. Kinetics as a function of temperature

For a quantitative comparison of the reaction
rates we introduce a characteristic time 7, defined
as the time, necessary to bring the hyperfine field
from its initial value halfway to its final value. As
appears from inspection of the Figs. 3 and 4, T
gives information on the initial processes of the
reaction, e.g., the nucleation rate.

In Fig. 10, InT is plotted versus 1/7T. The half
value time at 790.9 K has only limited reliability
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FIG. 10. Half-value time 7 for the initial stage of the

order-disorder reaction as a function of reciprocal tem-
perature.



because of the high disordering rate. The increase
of T near the hysteresis zone is very pronounced.
During the two-day anneal at 772.9 K, H,, remained
constant. The extra point (+) at this temperature

is the lowest value for 7, compatible with the ex-
perimental error in H,,. The dashed line through
this point is a tentative extrapolation and illus-
trates the inhibition of nucleation inside the hys-
teresis zone.

Recently the slowing down of the ordering reac-
tion in Cu,Au has been interpreted in terms of crit-
ical phenomena, characteristic for second-order
transitions.?* In our opinion, such an approach is
not justified because of the strong inhomogeneity
of the reaction in the transition region.

VI. CONCLUSIONS

Applying the ME technique on the order-disorder
transition in Ni;Fe, we have observed three char-
acteristic features of a first-order transition, viz.
coexistence of old and new phase at the transition
temperature T, nucleation and growth of the new
phase for temperatures near T,, and presence of
a two-phase region. Further away from T, the or-
der-disorder reaction proceeds homogeneously.
The hysteresis in the reaction is explained with
magnetic interactions, which inhibit the nucleation
of the ordered phase. Near T, a slowing down of
the reaction is observed.
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APPENDIX

We estimate the increase AG, of the magnetic
part of the free energy of an ordered cluster when
its magnetization is made equal to that of the sur-
rounding disordered matrix. Then the tempera-
ture, below which nucleation of the ordered phase
is possible, is shifted from T, to a lower tempera-
ture T}. For small values of T, — T} it is easily
seen that T} is determined by the equation

AG, - (Tp-T})Sp-5,)=0, (A1)

where Sj, and S, are the entropies of the disordered
phase and of the alloy in equilibrium order just be-
low T, respectively. We calculate the necessary
parameters in the mean-field approximation, for
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a fictitious alloy, with a spin quantum number s
=% and a ferromagnetic Curie temperature T =940
K (the experimental value for ordered Ni,Fe). This
suffices for an order-of-magnitude calculation.

At first the relative magnetization ¢ is found
from the implicit expression

S L 4
§—2Tcln i—¢

which for T=T,="T75 K yields {=0.68. Experi-
mentally £=0.72 for the ordered phase, with a de-
crease A¢=-0.16 upon disordering.?? Applying the
experimental A{ to ¢ of our fictitious alloy, ¢£=0.68
and £=0.52 are the values for which the magnetic
part of the free energy has to be calculated. G, is
given by

Gy=-2kT o +3kT[(1+¢) In(1+£)
+(1-9In(1-¢)-21n2].

Substituting for ¢ 0.68 and 0.52 successively, the
difference AG, between the values obtained is 3.9 k
(erg). T, - T} follows from relation (A1) when the
entropies of both phases are known. The configu-
rational part of the entropy is given by

S=-%Fk[(37+1)In(37+1)+3(n+3)In (n+3)
+3(1-7)In3(1-7)*-161n4].

Neglecting the difference in magnetic entropy be-
tween the two phases, and taking 7=0.8 as the
equilibrium long-range order just below T,, S,
-S0=0.21k (ergK™), and (A1) yields

Tp,-Tp=13 K.

This value is in satisfactory agreement with the
experimentally observed hysteresis of about 10 K.

For Cu,Au we perform a similar calculation,
based on strain energy. We assume that small
clusters of the ordered phase precipitate coherent-
ly with the surrounding disordered phase. Employ-
ing the continuum theory of lattice defects for iso-
tropic materials and neglecting the differences in
elastic constants between ordered and disordered
material, the elastic energy associated with a
cluster with volume V and volume misfit AV is giv-
en by*®

Ustr=5 KAV Y/V,

where p is the shear modulus.

For a Poisson’s ration v =%, the relation between
1 and Young’s modulus E is simply given by p
=3 E. The volume misfit of a unit cell (with four
atoms) is AV=3a?Aa, where Aa is the difference
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in lattice parameter a between the two phases. We
now obtain for the strain energy per atom

Uatr, at= % Ea(A a)z ’

which amounts to 0.36 k (erg) when experimental
values for a,% Aa,?® and E*" are substituted. Com-
paring the value of 0.36 k with AG,=3.9 k, ob-
tained for Ni,Fe, a hysteresis of 1 K is predicted.

*Present address: Technical Physics Department,
Experimental Physics Laboratory, University of
Utrecht, Utrecht, The Netherlands.
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FIG. 9. Tentative phase diagram for the order-disor-
der transition in NizFe. The shaded area indicates the
two-phase region and the dashed line the temperature
where the disorder-to-order reaction starts. Points
where ordering (O) and disordering (e) reactions were
observed are indicated.



