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Mossbauer study of atomic order in Ni&Fe. I. Deterinhlation of the long-range-order
parameter
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By means of Mossbauer spectroscopy we studied the structural order in a series of stoichiometric Ni3Fe
foils, which had been given different heat treatments. The long-range-order parameter g was determined
with an accuracy of ~0.02 by analyzing the profiles of the outer lines of "Fe absorption spectra, recorded at
room temperature. From the analysis it appeared that the hyperfine field at 'Fe nuclei depends linearly on
the numbers of iron atoms in the first and second neighboring shell, and that contributions from more distant
atoms are negligible. Further anisotropic hyperfine interactions in Ni.,Fe are small. A comparison with q as
determined from x-ray diffraction indicates that the wrongly placed atoms in partly ordered Ni, Fe are
distributed at random over the lattice sites.

I. INTRODUCTION

One of the early examples of what we nowadays
call -materials engineering" is the development,
since 1913, of the permalloys. The influence of
atomic order on the magnetic properties of these
fcc Ni-Fe alloys around the Ni, Fe composition
was understood much later. '' In Ni, Fe two fac-
tors have hampered the study of order-disorder
processes. First, the reaction is extremely
sluggish. Second, the usual diffraction techniques
proved to be ineffective, due to the small change
in lattice parameter upon ordering" (0.1%) and
to the near equality of x-ray and neutron scatter-
ing factors for the two elements. For neutron
diffraction this last problem has been overcome
by the use of particular Ni isotopes, ' ' but x-ray
techniques have only recently been advanced so
far that order parameters can be determined ac-
curately. ' '0 Nevertheless information about the
ordering behavior of Ni, Fe was obtained, partly
from diffraction experiments, but mainly from
indirect methods such as dilatometry, " calori-
metry, "or measurement of mechanical proper-
ties, ~ " " resistivity, ' "or magnetization. ' Also
transmission electron" and field-ion" microscopy
have been employed.

At high temperatures iron can be dissolved in
nickel up to VO at.$, the Invar region. At lower
temperatures the ordered alloys ¹iFe and Ni, Fe
are formed. Ordered ¹i,Fe has the Ll, structure
(Fig. 1). The ordering temperature, defined as
the highest temperature at which an ordering
reaction canbeobserved, lies near 770 K and shows
a maximum at 2V-at. % Fe." The ordering is ac-
companied by a 5% increase in saturation mag-
netization' and an 8% increase in the ferromag-

netic Curie temperature. ' The hyperfine fields
Hhf at the ¹i and Fe nucl ei al so change upon or-
dering: The average value of ~H„,~

increases by
14% at Ni nuclei, " "and decreases by 4% at Fe
nuclei, ""as measured with NMR or M5ssbauer
effect (ME) techniques. The recorded spectra
show a structure which is attributed to local var-
iations of 0„,at nuclei in different surroundings.
These hyperfine field distributions have been em-
ployed earlier for the determination of order in
Ni, Fe."'" We present here a more detailed an-
alysis of ME spectra, taken at room temperature
from a series of Ni, Fe foils with varying long-
range order 2' We avoided some unnecessary
simplifications (see Sec. III), and we also verified
that the reaction proceeded homogeneously (see
also the following paper). For comparison we
determined the long-range order in several of the
foils by means of x-ray diffraction.

II. EXPERIMENTAL PROCEDURES

A. Specimen preparation

Stoichiometric amounts of 5N Ni and Fe sponge
were reduced in hydrogen and melted together in
an alumina crucible by direct induction heating in
vacuum. The ingots were homogenized at 1300 K
in evacuated silica ampoules for one week. The
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FIG. 1. L12 structure of ordered Ni3Fe.
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total weight loss was 0.12 Wt. %, so that the alloy
is very near to its nominal composition. This
was confirmed by a chemical analysis. Subse-
quently, the alloy was cold rolled to foils of
about 35 p. m thickness.

In order to investigate systematically the in-
fluence of order on the Mossbauer-line profiles,
we prepared from two ingots two series of foils
with increasing long-range order, hereafter
called series A and B. The foils of each series
were annealed together in a furnace in vacuum
(10 ' Torr}, first at 760 K, then stepwise at lower
temperatures. During the annealing procedure the
foils were succesively taken out of the furnace,
which for this purpose was cooled down for a
short time. From these foils, Mossbauer ab-
sorption spectra were recorded at room tempera-
ture, using the naturally present "Fe isotope.

B. Mossbauer and x-ray equipment

The Mossbauer spectrometer employed was of a
conventional constant-acceleration type, '4 which
gives two mirror spectra. For the velocity cali-
bration we used the splitting of the outer lines
from a natural-iron absorber (6 pm thickness) at
293 K: 10.625 mmsec '=330 kOe. With the
known positions of the six lines, a third-power
fit of the velocity to the channel number was per-
formed. The coefficients obtained were used in
a spectrum-fitting program for linearization of
the velocity scale. Then the two mirror spectra
were added, resulting in improved statistics. In
this way one also obtains a constant background,
so that two parameters in the fitting procedure
are eliminated. The spectra were least-squares
fitted as a sum of Lorentzians.

Intensities of 100 and 200 Debye-Scherrer lines
were measured with a Philips instrument, em-
ploying Co Ku radiation, graphite diffracted-beam
monochromator, proportional counter, pulse-
height discriminator and step scanner. The in-
tensity of a Debye-Scherrer line with indices heal

and reQection angle 28 can be written"

fair =C+(8)J(8~ 8 ) I+aa& I saagD(8i ~) ~

The terms are defined as follows: C is an experi-
mental constant; L the Lorentz factor, in our
geometry equal to (sin28sin8) '; P the polariza-
tion factor 1+cos'28 cos'28, 28 being the mono-
chromator reflection angle; F the structure fac-
tor of the unit cell, for superstructure lines equal
to (f„,—fF, ), for fundamental lines to 3fN;+fF„' n
the multiplicity factor, i.e., the number of equi-
valent fhkl j planes; and D the Debye-Wailer fac-
tor exp[-16v' sin'AX'/(3A'}], where b.X is the
mean-square thermal displacement of the atoms
(differences between ¹i and Fe being neglected).

III. SPECTRUM ANALYSIS

For a binary A-B alloy the maximum informa-
tion about atomic order, obtainable with scatter-
ing methods, is a complete set of Warren-Cowley
short-range-order parameters" a, =1 —Pz~/c„.
In a central approximation, P~„is the fraction of
A atoms in shell i around an arbitrary B atom,
and c„is the concentration of A atoms. The alloy
is said to be long-range ordered if o.

&
has constant

nonzero values for large shell radii. When in a
long-range-ordered alloy two types of sublattices
can be distinguished, o. forA atoms and P for B
atoms, the long-range-order parameter is de-
fined as g=se„-so„z.Here ~„and~„zare site
probabilities: se„ is the fraction of e sites, oc-
cupied by A atoms, and u» is defined similarly.
In a stoichiometric AQ alloy with the Ll, struc-
ture q=4(cv„—}and, as shown by Cowley, "
a~~ = ——,

'
vp and a, ,= q' for large shell radii.

Clearly, with scattering methods the average
number 8, of A atoms in shell i (containing z,
atoms) around aB atom can be detected: I,

(f}=z, p» =z,c„(1-a, ). Naturally the number
of A atoms will be distributed around this average
value with certain probabilities tv'„": s, =P„swP
Starting from a set of a& parameters, there is
however no direct way to determine the so „'.Sev-
eral newer experimental techniques, based on nu-
clear hyperfine interactions (notably NMR and
ME), in principle, are capable of doing so. But
the limited resolution usually prevents observa-
tions further than the second-neighboring shell.
For the same reason the spectra often can be
analyzed only by assuming beforehand a certain
distribution so „',with n, to be fitted. Schwartz
and Asano" recently criticized the practice, fre-
quently followed in the literature ' of cal-
culating the av„' for a particular n, value by as-
suming a binomial distribution of the numbers n.
This distribution implies that the occupational
probabilities of the sites in a particular shell are
independent of each other, and this only is true in
a completely disordered alloy (all a& =0).

For long-range-ordered alloys a better approxi-
mation of the so~' is obtained from the site proba-
bilities ze calculated from g. Then we know the
numbers of A and B atoms on the sublattices. At
this stage we assume that the wrongly placed
atoms are distributed at random over the sites in
the "wrong" sublattices. This is equivalent to
saying that —in addition to the short-range order
which arises from the long-range order —no extra
short-range order is present. In a stoichiometric
AQ alloy with the Ll, structure each P site is
surrounded in its first shell by 12 a sites, but
each a site by four p and eight n sites. The
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FIG. 3. Room-temperature spectra of two Ni3Fe
samples with different degrees of order. The solid lines
represent the computer fits for the indicated values of g.probability of finding n A atoms in the first shell

around an arbitrary B atom can be written
different spatial orientations were assumed to
give identical hyperf ine interactions. Further
assumptions, necessary for the analysis, are
the following: (a) the hyperfine field is linearly
related to n, and n, : IHhqI=H(0, 6)+n,n.H,

+ (n, —6}bH„(b)the isomer shift is proportional
to n„(c)anisotropic interactions can be neglected.
H(0, 6} is the absolute value of the field in the
fully ordered alloy with n, =0 and n, =6. The posi-
tion P of the outer lines of the subspectra are now

given by

w „=wesPtg(waa&
(i)

4

+(I-was)g P4(w„s,m)~P, (w„,n-m), (1)
m=0

where P, (w, j) stands for the binomial distribution

[il/j} (i —j)i]w~ (1-w)' ~,

and the number m evidently is restricted to values
with 0 & n —m ~ 8. In Fig. 2 the difference between
distribution (1)(left-hand plot) and the above-men-
tioned single binomial distribution" (right-hand
plot} is illustrated. The probabilities w~„' are plot-
ted for different n, the number of Ni atoms in the
first shell around a central Fe atom. The so „'
have been calculated for g =0.8, which corre-
sponds to ay 3p =-0.213; in both cases n,
= 10.92, as it should be. In the right-hand plot the
"wrongly" situated Fe atoms with about 8 Ni neigh-
bors are clearly absent. In this context we men-
tion that in the Refs. 20 and 31 the "wrongly" sit-
uated Ni and Fe atoms, respectively, were not
taken into account.

We only analyzed the profiles of the two outer
Mdssbauer lines because the four inner lines did
not show sufficient structure (cf. Fig. 6). It ap-
peared that the first- and second-neighboring
shells were sufficient for the analysis. The lines
were fitted with a sum of Lorentzians, corre-
sponding to the possible atomic configurations,
and weighed in accordance with their respective
probabilities. The probability of a certain con-
figuration with n, Fe atoms in the first, and n,
Fe atoms in the second shell around an arbitrary
Fe atom is given by the product of MI,', „and

1
zv,'„,where av ' has been given above and se ' is
the distribution for the second shell with 6 atoms.
A table of values for different long-range-order
parameters can be found in Ref. 24. Configura-
tions with the same numbers n, and n, but with

P=I(S)0n+,b, I+S-, IH„,I.

IS(0) is here the isomer shift for a "Fe nucleus
with zero Fe neighbors and AIS is the change in
isomer shift for each extra Fe neighbor. All line-
widths were held equal in the analysis. In order
to prevent interference of the outer lines one and
six with the inner lines two and five, which show
some overlap in several spectra, the outer flanks
of lines two and five each were fitted with two
dummy lines.

IV. RESULTS AND DISCUSSION

A. ME measurements

As a first step, all spectra were analyzed as
broadened six-line patterns. The relevant param-
eters of these fits are compiled in Table I, to-
gether with the annealing treatments of the foils.
The isomer shift (IS), which is calculated for a
Ni, Fe source relative to an Fe absorber, stays
close to the value of -0.02 mm sec ' found for Fe
as an impurity in Ni metal. We also tabulated
the average width I' of the outer lines. The spec-
tra of the foils A2 and A9 are depicted in Fig. 3.
We see that the widths of the inner lines are con-
siderably smaller than those of the outer lines.
This indicates a magnetic, instead of an electro-
static, interaction difference for Fe atoms in dif-

MOSSBAUER STUDY OF ATOMIC ORDER IN Ni, Fe. I. . .
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TABLE I. Annealing treatments and single line fits of room-temperature Ni3Fe spectra. In
the column "Annealing time, " the + sign means that the preceding time has to be added. From
the spectrum parameters only the isomer shift OS), the width of the outer lines (I'), and the
average hyperfine field )H~) are given. Experimental errors are placed in parentheses.

Foil
No.

Annealing
temp (K)

Annealing
time (h)

IS (mm/sec)
(+0.01)

I" (mm/sec)
(~0.01)

( H„((kae)
(+0.3}

Ai
A2
A3
A4
A5
A6
A7
A8
A9
A10
Bi
B2
B3
B4
B5
B6
B7
B8
B9
B10

760
760
760
760
760
700
700
633
633

760
760
760
760
760
691
691
622
622

As rolled
16
38.5
83.5

153
266

+118
214

+137
303

As rolled
21.5
48
90.5

183.5
300.5

+158
371

+150.5
250

-0.02
-0.01
-0.01

0.00
0.00
0.00
0.00

+0.01
+0.01
+0.01
-0 ~ 03
-0.01
-0.01

0.00
0.00
0.00

+0.Qi
-0.01

0.00
0.00

0.75
0.67
0.62
0.53
0.53
0.52
0.50
0.49
0.45
0.45
0.86
0.65
0.64
0.54
0.49
0.49
0.47
0.47
0.45
0.46

295.7
286.5
284.9
282.6
281.2
280.7
279.3
279.0
278.0
278.7
294.3
286 ~ 2
283.9
281.2
281.3
279.7
280.2
280.0
279.1

278.0

ferent surroundings, so that I' is related to the
hyperfine field distribution in the sample, as as-
sumed in Sec. III. Upon ordering the mean field
approaches the value of 272 kOe, which is ob-
senred for Fe as impurity in ¹i metal. '~ The
quadrupole shift was nearly zero for all spectra,
as expected for a cubic alloy in a six-line analy-
sis. The similarities in H&, azd 18 of ordered
Ni, Fe and ¹metal suggest that the first-neigh-
boring shell largely determines the hyperfine
parameters in these metals.

As a second step, the profiles of the outer lines
were analyzed as described in Sec. III for differ-
ent values of q. The well-ordered foils (A6-AIO and
B5-B10)exhibited a pronounced dip in their g'-vs-q
curves. Alsothe spreads in the values ofhIS, H(0, 6),
A HI and b, H, were small in these foils, giving confi-
dence in the correctness of our starting points.
For the less-ordered foils g' was nearly constant
for varying g. In order to obtain convergence
there we fixed d H,. The fits had been rather in-
sensitive to changes in this parameter, while the
other two parameters of interest H(0, 6) and hH„
were strongly correlated. Actually, no large
change in hH2 is expected upon ordering, because
this parameter describes the inQuence of the more
distant second shell.

So, for all spectra, the analysis was repeated
with 6H~ fixed at 2.4 kOe, the average value,
found for the well-ordered foils in the preceding

analysis. We now obtained distinct minima in the
g'-vs-g relations for all spectra, except the dis-
ordered A1 and B1. The results, corresponding
to the lowest X' values (y' has expectation value 1),
are presented in Table IL For the foils A1 and B1
the parameter values for g = 0 are tabulated, though
for ye 0 a lower X' was found. These two foils
will be discussed below. The solid lines in Fig.
3 represent the fits obtained for the spectra of A2
and A 9. The final values of the parameters aver-
aged over all foils except Al and B1 are AIS
=+0.006(1) mms ', H(0, 6)=276.5(2) kOe, nH,
= +10.7(2) kOe, and sH, =+2.4(1) kOe, the standard
deviations in the last decimal numbers being placed
in parentheses. We note that the change of Hhf
with iron concentration in disordered Ni-Fe alloys
between 0 and 50% Fe can be described with nearly
the same hyperfine field parameters. " This once
more stresses the local character of the hyperfine
interactions in these alloys.

The adopted procedure for the line-profile analy-
sis appears to work quite well. The linewidths of
the subspectra for instance, which are not tabu-
lated but have an average value of 0.32 mm sec ',
are close to the experimenta1 width of 0.28 mm
sec '. An abnormal small width would indicate
that too many parameters had been used in the
analysis. Also a IS, H(0, 6), and hH, remain con-
stant over the range q =0.6-0.9. Apart from con-
firming that the hyperfine field distribution de-
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Foil
No. X2

IS(0) AIS H(0, 6) AHi

q

(mm/sec�)

(mm/sec) {kOe) (kOe)

A 1 2.25 0.00
A2 1'.23 0.63
A3 1.14 0.70
A4 1.68 0.78
A 5 1.48 0.80
A6 2.61 0.86
A 7 1.36 0.87
A8 1.93 0.88
A9 1.14 0.87
A10 1.27 0.89
Average values A
{Except foil Ai)
Bi 2.25 0.00
B2 1.21 0.67
B3 1.30 0.71
B4 168 078
B5 2.50 0.83
B6 228 0 84
BV 1.71 0.83
BS 141 086
B9 2.26 0.S8
B10 1.03 0.86
Average values B
{Except foil Bi)

-0.04
-0.03
-0.02
-0.01
-0.01
-0.01
-0.01

0.00
0.00
0.00

series:

-0.04
-0.03
-0.02
-0.01

0.00
-0.01

0.00
-0.01
-0.01

0.00
series:

+0.007
+0.009
+0.006
+0.005
+0.010
+0.007
+0.014
+0.011
+0.005
+0.011
+0.009

{~0.001)
+0.005
+0.007
+0.007
+0.005
+0.006
+0.006
+0.003
+0.009
+0.007
+0.008
+0.006

(~0.001)

272.4
275.5
276.7
277.2
276.5
277.6
276.6
276.8
275.3
276.5
276.5
{~0.3)
271.5
276.8
276.0
276.2
277.6
276.3
276.9
277.2
276.8
275.3
276.6
(+0.2)

12.1
11.2
10.6
10.3
10.3
11.3
11.5
11.1
11.3
11.5
11.0

(+0.2)
11.6
10.8
10.6
10.3
10.6
10.3
9.4

10.9
10.0
10.7
10.4

{+0.2)

pends exclusively on the numbers n, and n„this
result shows that b H, is independent of n, from
n, =0 up to n, =3. The probability of more than
three atoms in the first shell is too small to de-
tect a possible deviation from linearity. Further
it seems reasonable that ~H, is smaller than hH, .
In order to investigate the outcome of the fitting
procedure when the second-shell contribution is
fully neglected, three spectra were analyzed with
hH, =0. We observed (see Table III) poorer re-
producibility in the parameter values and a signi-
ficant increase in g'. In one case (B8) no conver-
gence could be obtained. Therefore we concluded
that two sheQs are necessary for a meaningful
analysis.

TABLE II. Multiline fits of room-temperature Ni3Fe
spectra with parameter b H2 fixed at 2.4 kOe. For the
disordered foils Ai and Bi only q=0 was used. The sym-
bols in the column headings are explained in the text.
Standard deviations of the average values are placed in

parentheses.

We also checked the possibility of line broaden-
ing by an anisotropic hyperfine field and/or an

electric field gradient. Indeed the relations be-
tween the linedepths in the single-line fits of the
less-ordered foils (cf. Fig. 3) show the existence
of some quadrupolar lineshift in the subspectra.
For several atomic configurations this type of
broadening must be absent. This for instance, is
the case when an iron atom occupies a lattice site
with a (0, 6) environment (typical for the fully
ordered lattice), which has cubic point symmetry.
Neither can an effect be expected for an iron atom
at a nickel site in an otherwise ordered lattice.
Then the angle 8 between the direction of the hy-
perfine field ((111) in ordered Ni, Fe) and the main
axis of the anisotropic-field andior electric-field-
gradient tensor is such that cos'0 = —'„leading to
zero line shift. For several spectra the analysis
was repeated with two linewidth parameters, one
assigned to the cases mentioned above, for which
line broadening must be absent, and the other as-
signed to all other cases. However, there existed
no correlation between type of lattice site and
linewidth, so that we concluded that anisotropic
interactions are negligible in Ni, Fe, with excep-
tion of a small effect in the disordered alloy.
This is in contrast with results for ordered NiFe. ~

Our method of analysis is not conclusive with
respect to the cold-rolled foils A1 and B1. As
shown in Table II, these foils fit in the complete
alloy series if q is fixed at 0. But when g is re-
leased, a minimum y' is found at the rather high
value of q= 0.65. Yet the average hyperfine fields
H~ of A1 and Bl, as determined with the six-line
analysis, are only consistent with our model when
these foils have a low longe-range order. This is
demonstrated by a plot of H„,vs q . Because in
our approach g' is proportional to a, and a, (see
Sec. III), and thus proportional to the average
numbers n, and n„and because H„,is linearly re-
lated to n, and n„H„,-g'. This relation, calcu-
lated with the values obtained for H(0, 6), n.H„
and b,H„is plotted in Fig. 4 as a dashed line. In
the same figure the measured H~ values from
Table I are indicated. We see that the field values
of the cold-worked foils —here depicted for an as-
sumed value g =0—are only consistent with the

TABLE III. Multiline fits of three spectra in a one-shell model, taking b, H2 -—0 kOe. For
comparison the X and g values from the two-shell analysis are also tabulated.

Foil
No.

X
(Two shell)

X

(One shell)
IS(0) bIS

(mm/sec) (mm/sec)
H(0, 6)
(kOe)

6H)
(kOe)

B3
BS
B9

1.30 0.71
1.41 0.86
2.26 0.88

1.50 0.62
1.45 0.73
2.42 0.77

-0.02
-0.01
-0.01

+0.006
+0.004
+0.004

271.5
273.3
273.8

8.3
6.4
5.8
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other field values for a low degree of order.
The observed deviation of the experimental H~

values from the calculated line is only an artifact,
created by different definitions of the two average
fields: the calculated field is a true average,
while the experimental field is obtained from
single-line fits of composite lines. The defini-
tions mill only yield the same answer if the field
distribution is symmetric around the average
value, which is not the ease here. For a more
exact treatment we simulated spectra for differ-
ent n and performed single-line fits of the outer
lines. The hyperfine fields obtained are plotted
in Fig. 4 as a solid line. The seeming discrepancy
is removed and we conclude that the average fields
of the disordered foils fit in our model. We also
plotted the 1" values of the simulated spectra, to-
gether with the experimental linewidths (see
Table I), against n' (see Fig. 5). For all partly
ordered alloys the experimental I' is in accordance
with the expected value. This result shows that
the ordering reaction at 760 K did proceed homo-
geneously, since otherwise extra line broadening
mould occur, due to the presence of a tmo-phase
mixture. The character of the order-disorder re-
action is discussed further in the ensuing paper.

The reason that the line-profile analysis did not
succeed for the disordered foils may be found in
the special microstructure of a cold-rolled foil.
A close investigation of foils, disordered through
ultrarapid quenching, is required to clear up this
point. We may mention here a preliminary result,
obtained from a sample which was quenched from
1300 K to RT with 5&10' Ksec '. Average hyper-
fine field and linewidth (294 kOe and 0.87 mm sec ',
respectively) were in concurrence with the data
from the cold-rolled foils. Unfortunately, the foil

FIG. 5. Relation between I' and q2: (x) experimental-
ly determined; or (0) calculated from simulated spectra.

was too thick for a line-profile analysis.
The solid line in Fig. 4 can be used as a calibra-

tion for the long-range-order parameter in terms
of the average hyperfine field, measured at room
temperature. As an alternative we performed a
least-squares fit to the measured points (except
Al and Bl), assuming a linear relationship be-
tween Hhf and g'.

q
2 =A (H —281.14) +B . (2)

Inspection of Fig. 4 shows that this will be a good
approximation for q &0.9. The fit mas performed
with the field values of H~ relative to their aver-
age value of 281.14 kOe in order to obtain inde-
pendent A and B parameters. We obtained A
= —0.045(2) kOe ' and B =+0.658(8), the standard
deviations in the last decimal numbers being placed
in parentheses. %hen we neglect the measuring
errors in Hhf, we may attribute the spread in the
points of Fig. 4 to errors in the determination of

g, introduced by the line-profile analysis. We
find then from the sum of the square deviations a
standard deviation c(q) = 0.02, being the average
error in the determination of q with the line-pro-
file analysis. Finally, because the coefficients
A B are independent, we can calculate the ac-
curacy of the calibration (2). In the interval
0.65 & g & 0.90 the standard deviation of the pre-
dicted value of g is smaller than 0.02.

B. X-ray measurements

For a comparison of M6ssbauer-effect and x-ray
diffraction results we measured the intensities of
the 100 and 200 Debye-Scherrer lines from the
foils Bl and B6-BS. A strong (100) texture be-
came evident from a 50 fold increase in the in-
tensity ratio of the 200 and 111 lines. This tex-
ture is known to be introduced in fcc Ni-Fe alloys
through cold rolling. Owing to this enhancement
the statistical error in the 100 intensity was be-
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TABLE IV. X-ray data for the foils B6-B9: intensity
ratio f«JI&00, x ray-value for q, M5ssbauer value for n,
and domain size d.

Foil
No. I&pp/I2pp g (x ray) p +ossb. ) d (~)

B6
B7
B8
B9

0.0154
0.0172
0.0174
0.0169

0.80
0.85
0.85
0.84

0.84
0.83
0.86
0.88

160
160
170
170

low 0.5%, the border set by the long-term instru-
mental stability. The grain size of the foils
(which were not recrystallized after cold rolling)
was estimated from the width of the fundamental
lines by comparison with well-recrystallized sili-
con, and amounted to several tenths of a micron.
Therefore extinction effects are thought to be
negligible.

As expected, the 100 intensity was zero for the
disordered 81 foil. The pertinent data for the
other foils B6-B9 are presented in Table IV.
First g was calculated in a straightforward man-
ner, using the atomic scattering factors f» and f„
calculated by Doyle and Turner" and the disper-
sion corrections of Cooper. " The Debye-Wailer
factor was taken into account with a 4 /0 correc-
tion of I,~, taken from the work of Calvayrac and
Fayard. " We then obtained improbably high values
for q between 0.95 and 1.01. However, Calvayrac
and Fayard observed in Ni, Fe 100 intensity which
was a factor 1.41 higher than expected on basis of
the calculated scattering factors. The values of
q, obtained after this effect is taken into account,
are given in the column q (x-ray} of Table IV.
Unfortunately, I3~ was too low for a quantitative
analysis.

The origin of the enhancement of the 100 line
has to be found in an abnormal behavior of the
atomic scattering factors of Ni and Fe at low
scattering angles. One of the possible mechan-
isms, mentioned by Calvayrac and Fayard, can be
ruled out on basis of our ME results. It concerns
the transfer of 0.3 electron charge from the iron
atoms to each nickel atom. The resulting charge
difference of 1.2 unit charge between Ni and Fe
would account for the larger (f„,-f„,) value, but
also cause an electric field gradient at the iron
nucleus, which, as discussed above, is not ob-
served.

The M5ssbauer values q(M5ssbauer) are listed
next to the column 0(x-ray} in Table IV. On the
average they are 0.02 higher than the corre-
sponding x-ray results. In the last column the

average domain size d is found, as determined
from the width of the superstructure lines with
the Scherrer formula. We think that the domain
size is restricted by lattice imperfections, pres-
ent in the cold-rolled foils, and that this ex-
plains the constant value of d.

When comparing t)(x-ray) and q(M5ssbauer), we
have to realize that x-ray diffraction measures
the true long-range order, while the hyperfine
field is only sensitive to the occupation of the
first- and —to a much lesser extent —the second-
neighboring shell. Therefore q(M5ssbauer) can
be put equal to (-Sa,}' ', where a, is the short-
range-order parameter of the first shell as de-
fined in Sec. IIL The question is whether ti(M5ss-
bauer} is equal to the true t), or that there exists
a considerable amount of extra first-shell order
above the a, associated with the long-range or-
der. In the most thoroughly studied ordered alloy
(Cu,Au) this question seems not to be settled, as
illustrated by the different interpretations given
by Schwartz and Cohen, "Gantois, "and Morris, "
of their respective results. For Ni, Fe, we find
an average difference of only 0.02 between t)(x-
ray) and 0(M5ssbauer), which is within our ex-
perimental uncertainty. A more comprehensive
study of this question seems desirable.

V. CONCLUSIONS

We have shown that the ME technique, by means
of a line-profile analysis, is capable of mea-
suring atomic order in Ni, Fe. It appears that the
hyperfine field in partly ordered Ni, Fe is linearly
related to the numbers of Fe atoms in the first
and second shell around a "Fe nucleus, and that
anisotropic hyperfine interactions are small. For
alloys with q &0.9 the average hyperfine field at
room temperature, obtained from single-line fits
of the outer lines, is linearly dependent on g'
and can be used to determine the long-range-or-
der parameter g. For several foils, q was also
measured with the x-ray diff raction technique.
The abnormal atomic scattering factors of Ni
and Fe atoms at low scattering angles are shown
not to be caused by charge transfer. The ME
and x-ray results for q are in accordance with
each other, indicating that not much short-range
order exists in addition to that arising from the
long- range order. A closer examination of this
point is however necessary.
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