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Bulk magnetization measurements were made between 5 and 300 K in fields up to 14 kOe on a series of iron-
chromium alloys containing from 2- to 70-at.% Cr. The temperature dependence of the magnetization was
analyzed to yield spin-wave stiffness coefficients that are systematically different from values obtained directly
by inelastic-neutron-scattering measurements. The concentration dependence of the mean moment is
approximately linear and is close to the Slater-Pauling curve. However, subtle deviations from linearity reflect
the concentration dependence of the individual iron and chromium moments, which is presented in part II.
The concentration dependence of the moments can be approximately reproduced by existing coherent-potential-

approximation calculations.

1. INTRODUCTION

The number of iron-base body-centered-cubic
(bce) solid-solution alloy systems in which the
concentration dependence of the mean magnetic
moment, as determined by magnetization mea-
surements, can be studied over a wide range of
concentration is quite limited. Only the iron-
vanadium! and iron-chromium!*? systems have
critical concentrations at which the ferromagne-
tism disappears as a function of concentration in
the solid-solution region.

In iron-vanadium alloys, apart from the dilute
region (0-2-at.% V) and the critical region (60—
72-at% V), the mean magnetic moment appears
to decrease linearly with an increase in vanadium
concentration. This rate of decrease is consistent
with the Slater-Pauling?® rigid-band analysis of
magnetic moments in 3d transition-metal alloys.
The rather sparse data for iron-chromium al-
loys!'? show an initial decrease of moment in iron-
rich alloys that is consistent with the Slater-Paul-
ing curve, but at higher chromium concentrations
the data are rather uncertain. Shull and Wilkin-
son? have performed magnetic elastic-neutron-
scattering experiments on iron-chromium alloys
containing 15-, 29-, and 46-at% Cr. The results
yield the difference in average moment on the two
species, and when combined with the mean magnet-
ic moments obtained from magnetization measure-
ments, give the average moments associated with
both the iron and chromium atoms. These mo-
ments show a considerable nonlinear concentra-
tion dependence, and, strikingly, the average
chromium moment appears to change sign near
40-at% Cr.

In the present work, the mean-magnetic-moment
values for iron-chromium alloys have been deter-
mined in detail as a function of concentration by
means of bulk magnetization measurements. The
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temperature dependence of the magnetization has
been analyzed in terms of spin-wave theory to
yield spin-wave stiffness coefficients, which are
compared with those obtained directly by inelastic-
neutron-scattering experiments.® Alloys that con-
tain 70-80-at.% Cr, with Curie temperatures be-
low room temperature, show complicated magnetic
behavior. Although they appear to undergo bulk
transitions to the ferromagnetic state on cooling,
the field dependence of the magnetization is quite
large and cannot be attributed to magnetocrystal-
line anisotropy inasmuch as the anisotropy fields
in this composition range are small® (<100 Oe).
The magnetic properties of alloys in the composi
tion range 70-85-at% Cr will be considered in a
separate publication.

The phase diagram of the iron-chromium sys-
tem” is simple at high temperatures, and apart
from the y loop, a complete range of bce solid
solutions exists from 820°C to the solidus. Alloys
quenched from this solid-solution region to room
temperature retain their bce structure, but evi-
dence from diffuse-neutron-scattering measure-
ments® shows the presence of short-range cluster-
ing (characteristic of the high-temperature solid
solution) in alloys quenched from above 820°C.
The presence of clustering is consistent with the
miscibility gap that occurs in this system at lower
temperatures (<520°C).”

II. EXPERIMENTAL AND DATA ANALYSIS

The alloys and samples were prepared, with the
starting materials 99.99 wt% pure, by techniques
described previously.® Arc-melted buttons were
given homogenization heat treatments for one
week at 1150°C followed by one week at 825°C and
then were water quenched. Selected alloys were
analyzed, and the close agreement between ana-
lyzed and nominal compositions was consistent with
the negligible weight losses on melting. There-
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fore, the nominal compositions were taken as cor-
rect for all alloys investigated. The concentration
dependence of the lattice parameters and the den-
sities determined for each of the alloys also indi-
cate that the nominal compositions are correct.

Specific magnetizations o, (emu/g) were mea-
sured by a standard force technique.®’’® Magnetic
isotherms were obtained between 5 and 295 K over
an applied field range of 0 to 14 kOe at intervals
of 1 kOe. The applied fields were corrected for
the demagnetizing field of the specimen (<4 kOe)
to yield the internal field H;. Magnetic field gra-
dients were calibraied with a single-crystal nickel
sample for which a magnetization of 58.57 emu/g
at 5 K was assumed.!!

The temperature dependence of the magnetiza-
tion of each alloy was analyzed in terms of spin-
wave theory. In the limit of a quadratic dispersion
law, the expression for the specific magnetiza-
tion g,  as a function of field # and temperature
T isl2-13

p (kT \*
Oy, 7=Y%,0~ gg (4770\) F(%,t), (1)

where g is the Landé splitting factor, ujy is the
Bohr magneton, p is the density, % is Boltzmann’s
constant, D is the spin-wave stiffness coefficient,
and F(%,t) is the Bose-Einstein integral function,

PG, 0= n e, @
n=1

where ¢ is kT/guz H. The field H is the sum of
the internal field and the anisotropy field. It was
shown in a previous paper!* that Eq. (1) provides
a good representation of the temperature depen-
dence of the magnetization of pure iron if it is
modified to include a temperature-dependent D of
the form

D=Dy,-D,T?. ®3)

In this way, the variation of D with temperature

was found to be in quantitative agreement with that
obtained by Stringfellow'® from neutron scattering
studies. All samples used in the present work are
polycrystalline in nature, and the contributions to
Eq. (1) that arise from the “approach-to-satura-
tion” terms were also considered in Ref. 14. In
addition to a possible term of unknown magnitude
varying as H~! and related to the presence of de-
fects in the sample, a contribution going as H ™2
should be present with a coefficient proportional
to the square of the first anisotropy constant
K,(T), where

K (TY/K,(0)= (04,7/04,0)" - (4)

Thus it is possible to analyze the temperature and
field dependence of a polycrystalline material in
terms of Eq. (1), modified in terms of Egs. (3)
and (4), by least-squares fitting with o, ,, D,, D,,
K,(0), and n treated as disposable parameters.
For a number of alloys investigated, particularly
at higher chromium concentrations, an improved
match to the data was obtained with the inclusion
of an H~! term with coefficient a, i.e., a six-
parameter fit. For the 65-at.% Cr alloy, it was
possible to account for the “approach-to-satura-
tion” field dependence with only a temperature-
independent H~! term, i.e., a four-parameter fit,
whereas for 70-at.% Cr, a similar analysis was
used with an additional linear H (susceptibility)
term included (five-parameter fit). The details
of the various parameters used in the different
fits (labeled A, B, C, and D) are given in Table I.
In the analysis, a value of the Landé splitting
factor varying linearly from 2.09 in pure iron'® to
2.07 at 70-at% Cr (Ref. 6) was used, together with
density values measured for each specimen. The
anisotropy field was calculated for each composi-
tion from an interpolation of the anisotropy-con-
stant data of David and Heath® and Hall.}” A dis-
cussion of the magnitude and sources of experi-
mental error is given in Ref, 14,

TABLE 1. Parameters used in spin-wave analysis of the temperature dependence of the

magnetization of Fe-Cr alloys.

Identification
of fit Number of parameters Parameters used ?
A 5 04,00 Dg» Dy, Ki(0), 1
B 6 0o,00 Dos Dy, Ki(0), 7, a
C 4 Go,0s Doy Dy, @
D 5 99,00 Do» D15 @, X

"‘0'0'0, spontaneous magnetization at 0 K; D,, spin-wave stiffness coefficient at 0 K; Dy,
temperature coefficient of stiffness constant; K;(0), first anisotropy constant; n, exponent of
anisotropy constant; a, coefficient of H™! term; X, susceptibility term (linear in H),
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FIG. 1. Field dependence of the magnetization of an
Fe-Cr alloy containing 8-at.% Cr atvarious temperatures.
The lines represent a fit to the modified spin-wave
equation (see text).

III. RESULTS

To illustrate the general magnetic behavior of
Fe-Cr alloys, some typical experimental data will
be presented. The magnetic isotherms for the
alloy containing 8-at.% Cr are shown in Fig. 1.
The magnetization decreases by ~2% between 5
and 295 K; this is similar to the change in pure
iron, and the Curie temperature 7y at this com-
position!® is quite close to that of iron. The solid
lines represent a fit to the modified version of
Eq. (1) with 5 parameters and 88 data points (fit
A, Table I); it is evident that the spin-wave equa-
tion provides a good representation of the data.
The rapid decrease in the anisotropy (H~2) term
with an increase in temperature is apparent in the
low-field data. To show the temperature depen-
dence of the magnetization more clearly, the data
at H; =8.7 kOe have been replotted in Fig. 2 as a
function of T¥?F(3, T). The dashed line repre-
sents a fit to the data with a temperature-indepen-
dent D, i.e., a four-parameter version of fit A
with the D, parameter removed, and the solid line
is the five-parameter fit discussed above. The
curvature arising from a temperature-dependent
D is similar in magnitude to that in iron.}*

The magnetic isotherms determined for the 30-
at.% Cr alloy are shown in Fig. 3; the relative
temperature dependence up to room temperature is
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FIG. 2. Magnetization data from Fig. 1 at H; =8.7 kOe
plotted as a function of T%2. The solid line represents
the same fit as in Fig. 1; the dashed line represents a
simplified fit as noted in the text.
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FIG. 3. Field dependence of the magnetization of an
Fe-Cr alloy containing 30-at.% Cr at various tempera-
tures. The lines represent a fit to the modified spin-

wave equation (see text).



222

149 —
147 —
T ]
3
E
e
- 145 —
x
® B Fe;oCrso 1
Hi=79kOe
143|———— D=164.3 MeV A N\ —
= 2 A2
D=182.9-2.42 x10™* T? MeV A 0357,
al— 1L L]

4 6 8 10
T3 2% F(3R.1) (103K3/2)

FIG. 4. Magnetization data from Fig. 3 at H; =7.9 kOe
plotted as a function of T2, The solid line represents
the same fit as in Fig. 3; other details as in Fig. 2.

much greater (~6%) than for the 8-at% Cr alloy.
Figure 3 also illustrates the decrease in the A4 ~2
term (low-field data) as the temperature increases,
and the increase in the spin-wave contribution to
the field dependence at high temperatures and high
fields for the 30-at% Cr alloy as compared with
the 8-at% Cr alloy (Fig. 1). The solid lines rep-
resent a six-parameter least-squares fit to 96 data
points (fit B). The temperature dependence of the
magnetization for the 30-at% Cr sample at 7.9
kOe is shown in Fig. 4 together with the results of
the fit. Although the data were obtained over a
larger relative range of temperature (<0.35T}),

the curvature of the T%2 plot is less than in the
case of the 8-at% Cr alloy, and thus the value of
D, [Eq. (3)] has decreased more than the corre-
sponding value of D,,.

The magnetic isotherms for the 50-at% Cr alloy
are plotted in Fig. 5. The magnetization decreases
by ~18% between 5 K and room temperature
(~0.49T;). The small approach-to-saturation term
and the large contribution from the spin-wave term
to the field dependence at high temperatures (ap-
proximately linear in H over this field range) is
again evident. The solid lines represent the same
six-parameter fit as used for the 30-at% Cr alloy
(fit B). The temperature dependence of the mag-
netization at H; =7.5 kOe for the 50-at.% Cr alloy
is shown in Fig. 6. The small curvature in the
T plot necessitated more closely spaced (as a
function of temperature) data points (total of 204)
to determine the temperature dependence of D
with reasonable precision. The spin-wave equa-

. ALDRED

104

102

100

98

96

onT (emu/g)

92

920

TEMP. (K)

54 |
244
489
624
746
884

1100

W 1446

168.1

@
(o)l

Hj(kOe)

FIG. 5. Field dependence of the magnetization of an
Fe-Cr alloy containing 50-at.% Cr at various tempera-
tures. The lines represent a fit to the modified spin-
wave equation (see text).

O‘H. T (emu /g)

102

100

98

96 —d
94 _
92 —
FeqoCr, ]
sol— FesoCrse |
Hi =7.5 kOe
| ——— D=107.6 Mev A2 .
“L D=113.0-8.5 x 10 T2 Mev A® \0.4972
i g
86 AR N SR (N SN N S NN SR S S

4 6 8
T2¢F(32.1) (103 k3/2)

FIG. 6. Magnetization data from Fig. 5 at H; =7.5 kOe
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the same fit as in Fig. 5; other details as in Fig. 2,
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FIG. 7. Field dependence of the magnetization of an
Fe-Cr alloy containing 65-at.% Cr at various tempera-
tures. The lines represent a fit to the modified spin-
wave equation (see text).

tion gives a good fit to the data up to ~0.5T.

The decrease in Curie temperature with an in-
crease in chromium concentration is such that,
for alloys containing more than 50-at.% Cr, the
maximum temperature of the measurement is
greater than 0.57,. It was found, for these alloys,
that the spin-wave fit only gave a good representa-
tion of the data up to ~0.57;. As an example, the
magnetization data up to 170 K for the 65-at% Cr
alloy are shown in Fig, 7. The solid lines again
represent the spin-wave fit, although, in this case,
the experimental field dependence can be ac-
counted for almost completely by the spin-wave
term, and it was necessary to include only a tem-
perature-independent H~! term to Eq. (1), i.e.,

a four-parameter fit (fit C). The temperature
dependence of the magnetization of the 65-at% Cr
alloy at 10.0 kOe is given in Fig. 8. Because of
the restricted absolute temperature range of the
data, the horizontal scale is considerably expanded
with respect to Figs. 2, 4, and 6. The deviations
from a T* dependence are quite small, but a real
change in sign of the curvature is apparent; i.e.,
the fitted value of the coefficient D, in Eq. (3)
changes sign. A similar effect is observed in the
data for the 60- and 70-at% Cr alloys (not shown).

To reproduce the field and temperature depen-
dence of the magnetization of the 70-at.% Cr alloy,
it was necessary to include a temperature-inde-
pendent linear susceptibility term in the analysis
(fit D).

IV. DISCUSSION

The results of the least-squares analysis of the
magnetization data for each alloy are given in
Table II, which also includes the field and tem-
perature range of the analysis and the value of the
mean magnetic moment per atom p calculated
from the fitted value of the spontaneous magnetiza-
tion 0, ,. The anisotropy constants determined in
the analysis are consistent with the values ob-
tained directly by David and Heath® and Hall.!” The
concentration dependence of the spin-wave stiff-
ness coefficient D, is shown in the lower portion
of Fig. 9; results of Lowde ef al.,’ obtained direct-
ly by means of inelastic-neutron-scattering tech-
niques, are also included. The value given by
Lowde el al, for pure iron plotted in Fig. 9 is
~10% lower than a more recent value given by the
same group'®; it was shown in Ref. 14 that the
more recent value is in agreement with the value
of D, obtained from an analysis of magnetization
data. Thus it is probably appropriate to increase
all the neutron values in Fig. 9 by ~10%, and this
would, of course, increase the discrepancy be-
tween the two sets of values. The fitting errors
(Table II) and probable data errors (Ref. 14) are
too small to account for this discrepancy. The
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FIG. 8. Magnetization data from Fig. 7 at H; =10.0
kOe plotted as a function of 732, The solid line repre-
sents the same fit as in Fig. 7; other details as in Fig. 2.
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FIG. 9. Concentration dependence of the spin-wave
stiffness constants for Fe-Cr alloys.

maximum in the neutron value of D, near 5-at% Cr
is paralleled by a maximum in the Curie tempera-
ture'®; however, the relative increase in T from
pure iron is only ~1% compared with the ~10%
effect in the neutron D, value. Only a qualitative
correlation between T, and D, was found in Fe-V
alloys.%'t?

The present D, values show an essentially mono-
tonic decrease with an increase in chromium con-
centration and extrapolate to zero close to the
critical concentration of ~85-at.% Cr.! In view of
the quantitative correlation between D, values ob-
tained by both neutron diffraction and magnetiza-
tion techniques for Fe-V alloys,’''® it seems likely
that the lack of correlation in Fe-Cr alloys indi-
cates the presence of another contribution to the
temperature dependence of the magnetization.
Thompson et al.?° have shown that, in general, a
term should be present in the temperature depen-
dence of the magnetization which arises from
single-particle Stoner excitations and varies either
as T? or exponentially in 7. A detailed compari-
son of the experimental temperature dependence of
the magnetization of nickel with that calculated
from neutron-diffraction-derived temperature-
dependent stiffness constants has shown the pres-
ence of a single-particle contribution equal in
magnitude to the spin-wave term.?! Because the
two powers of temperature are similar, an at-
tempt to separate the single-particle temperature
dependence from the spin-wave contribution simply
by including an extra term in the least-squares

fit is not practicable, given the error limits of the
present data. If the temperature dependence of the
stiffness constant were independently available,
the single-particle contribution could, of course,
also be calculated by difference. Until such ex-
perimental information becomes available, or it
is possible to obtain magnetization results with

an order-of-magnitude greater precision, this
situation cannot be resolved.

The concentration dependence of the second spin-
wave coefficient D, obtained in the present analysis
is shown in the upper portion of Fig. 9. In light
of the discussion above, the absolute values of D,
are open to question; however, the general trends
should be valid. The monotonic decrease with an
increase in chromium concentration is similar to
that of D,. The relative change is, however, more
rapid, and D, appears to go to zero close to 60-
at.% Cr and change sign at higher concentrations;
i.e., the curvature of the T plots changes sign
(e.g., see Fig. 8). Stringfellow!® has considered
the temperature dependence of the spin-wave stiff-
ness coefficient in iron (renormalization) and con-
cludes that two terms are present, so that D,

[Eq. (3)] is the composite of one contribution going
as T? and one varying as T%2. It thus seems likely
that the concentration dependence of the two terms
in Fe-Cr alloys is sufficiently different to give a
net sum (represented by D,) that changes sign as a
function of concentration. Alternatively, the
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FIG. 10. Concentration dependence of the bulk mag-
netic moment for Fe-Cr alloys.
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change in curvature of the T plots could indicate
a breakdown of the spin-wave equation in fitting
the data in this composition region. This is con-
sistent with the fact noted earlier that the mag-
netism appears to be more inhomogeneous in this
critical concentration region where ferromag-
netism disappears,??~2¢

The concentration dependence of the mean mag-
netic moment is shown in Fig. 10; the earlier re-
sults of Fallot? are also plotted. The two sets of
data are in excellent agreement at low chromium
concentrations, but elsewhere Fallot’s results
fall consistently below the present ones. This
deviation is most likely attributable to sample-
preparation techniques. After induction melting
his samples, Fallot annealed them for 2 h at
1050°C in vacuum and then slowly cooled them to
300°C over a period of 150 h before quenching to
room temperature. In light of the present phase
diagram,” the slow-cooling procedure is likely
to have caused separation of the samples into
iron-rich and chromium-rich phases. It is diffi-
cult, therefore, to consider Fallot’s results as
characteristic of homogeneous samples.

Although the present mean-moment data have an
approximately linear concentration dependence,
closer examination shows a much more subtle
variation with composition, and a fifth-order poly-
nomial is necessary to reproduce the data within
the experimental error (~+0.002u ;/atom), The
initial slope (as the chromium concentration tends
to zero) given by this polynomial (~-2.1u,/atom)
is close to that expected on the basis of a simple
Slater-Pauling rigid-band analysis (-2.0u z/atom);
the overall concentration dependence, however,
yields an average slope of approximately —2.4u 5/
atom,

Attempts have been made?® to deduce rigid-band
schemes for the Fe-Cr system that are consistent
with the Slater-Pauling curve and the concentra-
tion dependence of the linear coefficient of the
low-temperature specific heat?® (which should be a
measure of the density of states). However, a

band model yields no information about the loca-
tion of the magnetic moments, and neutron dif-
fraction results®'® indicate that the magnitude of
the moments at the iron and chromium sites are
quite different. A more appropriate model is the
coherent-potential approximation?’'?® which has,
as a sterting point, the calculated density of states
of pure iron.?®'3° With a suitable choice of pa-
rameters, such a scheme yields mean magnetic
moments in good agreement with Fallot’s earlier
results? and approximately reproduces the neutron-
determined iron and chromium moments.*'®* The
present mean moments, inasmuch as they are
more precisely determined than Fallot’s data,
should provide much stronger constraints on the
coherent-potential approximation. It is interest-
ing that the complicated concentration dependence
of the individual iron and chromium moments
yields an almost linear concentration dependence
of the mean moment, The subtle deviations from
linearity of the present mean-moment data pre-
sumably reflect details of the concentration de-
pendence of the individual moments.

In summary, detailed magnetization measure-
ments have been made, as a function of tempera-
ture, field, and composition, on a series of bcc
Fe-Cr alloys. The temperature dependence of the
magnetization has been analyzed in terms of spin-
wave theory. The bulk magnetic moment, as de-
termined from the spontaneous magnetization at
0 K, has been found to have a concentration de-
pendence with subtle variations from the linear
behavior predicted from the Slater-Pauling curve.
Details of the individual magnetic moments at the
iron and chromium sites will be presented in
Paper II.
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