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We obtained Fe hyperfine-field parameters from Mossbauer spectra of Fe-Co alloys at 77 and
295 K. We also obtained the numbers of 3d electrons at Fe atoms by electron-energy-loss spec-
trometry (EELS). Together with bulk-magnetization data, we deduce how the occupancies of the
3d f and 3d f states at Fe atoms change with Co concentration. Changes in the total numbers of 3d
electrons at Fe atoms were found to be small, with the Mossbauer data indicating a maximum of
about 0.2 electrons at 30 at. % Co, and the EELS data indicating a change of similar magnitude but
of opposite sign. From both our isomer-shift and hyperfine-magnetic-field (HMF) data, we deduce a
slight reduction in the occupancy of 4s states with Co concentration of dn4, /dc = —0.02 electrons,
which is principally due to a loss of 4s $ electrons. The model employed for the calculation of HMF
distributions in terms of conduction- and core-electron polarizations worked well for disordered
Fe-Co alloys, and was used to analyze the changes in HMF after the disorder~order transforma-
tion. It showed that these HMF changes upon ordering are primarily due to changes in

conduction-electron polarization.

I. INTRODUCTION

Much effort, both experimental and theoretical, has
been devoted to studies of the interesting ferromagnetic
properties of bcc Fe-Co alloys. The Slater-Pauling curve
of bulk magnetization versus Co concentration rises to a
rather sharp peak at about 30 at. %%uoCo, an d the nde-
creases with further Co concentration. Iron and Fe-rich
alloys are weak ferromagnets with the Fermi level inter-
secting both the 3d l' and 3d l, spin bands, while Co is a
strong ferromagnet, having holes only in its 3d& band.
With this transition from weak to strong ferromagnetism,
the basic shape of the Slater-Pauling curve and the occu-
pancy of the 3d 1' states can be understood, ' but there
remain questions about how the occupancies of the 3d l
states and the s-like states depend on Co concentration.

Mossbauer spectrometry complements experimental
data on bulk magnetic properties. The hyperfine-
magnetic-field (HMF) at the Fe nucleus, 0, originates
mainly from the Fermi contact interaction, and is pro-
portional to the imbalance in spin density of the s-like
electrons at the Fe nucleus. The spin polarization of
these electrons of s symmetry is caused by their exchange
interactions with the unpaired 3d electrons local to the

Fe atom, as well as by exchange interactions with 3d
electrons at neighboring atoms. Consequently the HMF
is sensitive to the magnetic moment at the Fe atom, as
well as to magnetic moments at atoms in its local envi-

ronment. The isomer shift I which is proportional to the
total density of s electrons at the Fe nucleus, is another
important contact interaction that also depends on the
electronic structure of the Fe atom and its environment.

Previous Mossbauer spectrometry investigations of
concentrated Fe-Co alloys ' did not provide complete
interpretations of the measured HMF's and isomer shifts.
These studies were performed at room temperature, and
interpretations of such data are impaired by spin-wave
excitations. Furthermore, many such studies ' ' ana-
lyzed the Fe HMF distribution in terms of a model,
originally due to Wertheim, et al. ,

" which assumes an
additivity of the Fe HMF perturbations from solutes in
the first few nearest-neighbor shells of Fe nuclei. Al-
though this model successfully describes the effects of
many solutes in Fe metal, we show that it is inappropri-
ate for nondilute Fe-Co alloys. Other workers analyzed
the Fe HMF distribution in terms of systematic changes
in conduction electron and core polarizations, ' and
showed that the mean Fe HMF in nondilute Fe-Co al-
loys can be understood in this way. These systematics
were further developed by Stearns, ' ' who interpreted a
cryogenic NMR study of dilute Fe-Co alloys by Budnick,
et al. ' in a manner similar to that used in the present
work.

By using the normalized intensities of the "white lines"
at L, 2 and 1.3 absorption edges, it was recently demon-
strated that it is possible to determine a local density of
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3d electrons about transition metal atoms by electron-
energy-loss spectrometry (EELS) in a transmission elec-
tron microscope. ' These white lines originate from exci-
tations of 2p electrons to unoccupied 3d states, so the in-
tensity of the white lines is proportional to the number of
3d holes at the transition metal atom. In the present
work we use the white-line correlation from this previous
work as an additional means to determine changes in the
number of 3d electrons about Fe atoms in different Fe-Co
alloys.

Some experimental details of the Mossbauer spec-
trometry and the electron-energy-loss-spectrometry mea-
surements are provided in Sec. II. By combining the iso-
mer shift and bulk magnetization data in Sec. III, we find
the average electronic configuration for Fe atoms in Fe-
Co alloys. We evaluate the relationship between the
change in isomer shift and the change in number of 3d
electrons, dI/dn. 3d, and we report evidence for a change
in population of 4s states with Co concentration. In Sec.
IV we describe the analysis of the Fe HMF distribution
in terms of core polarization and conduction-electron po-
larization. In Sec. V we combine the HMF data with the
magnetic-moment data to calculate the dependence of
HMF on Co concentration. A lack of agreement is attri-
buted to a reduction in occupancy of 4s J, states, which is
consistent with the reduction in 4s population with Co
concentration obtained in Sec. III. Changes in the Fe
HMF distribution and isomer shift as a result of B2
chemical ordering in Fe-Co are discussed in Sec. VI.

II. EXPERIMENT AND DATA ANALYSIS

Samples of Fe~,Co, were prepared from materials of
99.99% purity. Alloys with Co concentrations of 4.62%%u

(all compositions are in atomic percent), 9.44%, 20%,
31%, and 50%%uo were arc melted, while alloys with Co
concentration of 40%%uo, 60%, and 70% were induction
melted. All melting was performed under argon atmo-
spheres, and all ingots were inverted and remelted several
times to ensure homogeneity. Mass losses after melting
were negligible, hence the alloys' compositions were ob-
tained from the masses of the starting materials. The
chemical compositions of some alloys were also measured
by atomic absorption and x-ray fluorescence spec-
trometries. X-ray diffractometry employing a G.E.
XRD-50-20 diffractometer with Cr Ea radiation was
performed on representative specimens of material before
and after heat treatments. The materials were found to
be entirely bcc polycrystals; occasionally B2 superlattice
peaks were barely visible. Similar results were obtained
by transmission-electron-microscopy examination.

The alloys were subjected to two different heat treat-
ments. In the first heat treatment, intended to produce
chemically disordered alloys, filings were melted and sub-
jected to piston-anvil quenching, which has a characteris-
tic cooling rate of 10 —10 'C/sec. In the second heat
treatment, intended to produce ordered alloys, filings
were heated at 800'C inside evacuated quartz ampules
for several hours, and then gradually cooled to —300'C
during two days before being cooled to room tempera-

(b)
+6.0 +4.0 +2.0 0 -2.0 M.O

Velocity (mm/sec)
-6.0

FIG. 1. Mossbauer spectra obtained at 77 K of Fe—50 at. %
Co samples that were (a) pistonanvil quenched (disordered), and
(b) annealed at progressively lower temperatures (ordered).

P(H)= A [1 ~(H Ho)]exp— —H —Ho

0

where A is a normalization constant, o. is related to the
width, and ~ is a skewness parameter. This HMF distri-
bution was convolved with a sextet of Lorentzian lines
characteristic of a pure Fe spectrum, and a least-squares
fit to the experimental data was performed. In addition
to the mean position of the spectrum (which provided the
average isomer shift), the parameters A, o., and ~ were all
freely adjusted in the fitting routine. In the second
method, the Mossbauer spectra were fit to a single sextet
of Lorentzian lines. This method is good enough to pro-
vide the mean HMF and mean isomer shift, and these

ture. Electron-transparent foils were chemically thinned
from some of the materials. These specimens were ana-
lyzed with a Gatan 607 electron energy loss spectrometer
on a Philips EM 430 transmission electron microscope.
The microscope was operated at 200 kV in diffraction
mode, using a camera length of 80 mm and a spectrome-
ter collection aperture of 3 mm. Spectra were obtained
from several regions of each specimen.

Mossbauer spectra were obtained in transmission
geometry with a conventional constant-acceleration spec-
trometer. Spectra were obtained both at 295 K and at 77
K. A radiation source of 30 mCi Co in a Rh matrix
was used for all measurements. The spectrometer veloci-
ty calibration was checked after every few runs by obtain-
ing spectra from a pure Fe foil. The specimens used in
this work were about 15-pm thick, and no thickness-
distortion corrections were employed. Thickness-
distortion corrections will modify our results for the vari-
ance of the HMF distribution of the Fe-rich specimens.
Examples of Mossbauer spectra taken at 77 K from or-
dered and disordered alloys of Fe—50 at. %%uoCoar e
presented in Fig. 1. Notice the reduction of the mean
and variance of the HMF distribution upon ordering.

In disordered Fe-Co alloys, the HMF distribution re-
sults in a broadening and outward shift of a11 the lines of
the Mossbauer spectra with respect to those of pure Fe.
Hyperfine-magnetic-field and isomer-shift data were ob-
tained from the measured spectra by three methods. In
the first, a skewed Gaussian distribution was used:
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FIG. 2. Hyperfine-magnetic-field distributions obtained from
the data o ig. yf F' . 1 b the method of Le Caer and Dubois. Dark
curve: disordered alloy. Light curve: ordered alloy.
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data were in u agreernenf 11 ment with those of the first method
within the statistical error of the data. The third met o
employed the HMF analysis procedure of Le Caer and

b
' ' and assumed a continuous distribution of

ean and vari-HMF's. This method gave results for the mean an
ance of the HMF distribution that were essentially identi-

h f th fi st method. The HMF distributions
f Leobtained from the data of Fig. 1 by the method o e

Caer and Dubois are presented in Fig. 2.

III. ISOMER SHIFTS, ELECTRON-ENERGY-LOSS
SPECTRA, AND MAGNETIZATION DATA

IBulk magnetizations of Fe-Co alloys have been mea-
d b Bardos. ' His data, and those of earlier work, 'sured y ar os.

reases withsowta eh h t the mean magnetic moment increa
t. o CoCo concen ra iont t'on to a maximum at around 30 a .

4, 19,20and then decreases. Theoretical ' ' and neutron-
diffraction ' studies show that the increase in the mean
magnetic momen ist '

due to an increase in magnetic mo-
ment at Fe atoms; the Co magnetic moment stays ap-
proximately constant. By taking the Co ma netic mo-g
ment to e . pz, wto be 1.85, ' we obtained the variation of Fe
magnetic rnoment' moment with Co concentration that is present-
ed in Fig.F' . 3 The Fe magnetic moment increases from
2.22 ii for pure Fe to about 3.0@ii at 70 at. % Co.

The Fe magnetic moment is carried by
'

b its 3d electrons,

loss spectrometry. Using the calibration of the white-line
intensity versus num't versus number of 3d electrons that was obtained

elec-previous y, we o a'1,' btained data for the number of 3d e ec-
trons at Fe atoms in different Fe-Co alloys that are

d in Fi . 4. These EELS measurements showe a
change in the total number of 3d electrons at Fe atoms
about —0.3+0.1 electron) that is much smaller than the

increase in Fe magnetic moment (+0.73 electron at 70
at. % Co). Clearly a simple transfer of electrons either
into Fe 3d 1' states or out of Fe 3d 1 states is not how the
Fe magnetic moment changes during alloying; both
changes must occur together.

To interpret the Mossbauer isomer shift in conjunction
'th th magnetization data for disordered alloys, we as-

sumed that the 3d 1' states are gradually filled to capa
'

yacit

FIG. 3. The mean-magnetic moment of Fe atof Fe atoms in Fe-Co
allo s, F„vs Co concentration of disordered (dis. ) and ordered
(ord. ) alloys, assuming pc, =1.85pz. e so i
s uares fit to t e experirnenfi th erirnental data of the disordered phase.
The calculated curves were obtained from
q fi t erirnen

the simulations de-
scribed in Sec. IV.
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at about 30 at. % Co, while the 3d l states are contmu-
1 tied with increasing Co concentration. '

th d'od dWe fit the Fe moment data of Fig. 3 for the iso
phase to a straig ineht 1' for Co concentrations less than 30
at. %, and as a straight line of lesser slope for Co concen-
trations greater t an a. o.th 30 at. %. For Co concentrations
greater than 30 at. % we assume that dn3dt Idc=0, so in
this regime we obtain the loss of electrons from Fe 3d $

d /dc = —0.48. Extrapolating this emptyingstates: n3d& c =—
ions to fi theof Fe 3d 1 states to the lower Co concentrations, o

first

strai t ineo ig.
'

h 1' f F' 3 we must have an increase in the
Fe 3d 1 states: n3d& c=d /dc=+ 1.20. The total occupancy
of Fe 3d states at these low Co concentrations changes
with Co concentration as dn3djdc +.7, —=+ .72 while above
30 at. %%uoCo it isn3 d

c=-. %%u

' C' t 'd n /d c= —0.48 . Th ene t chang e in
occupancy of Fe 3d states in Fe—50 at. % Co alloys with
respect to pure e is usF th s +0.12 electron. These small
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changes seem consistent with those reported by
Szuszkiewicz for the total number of 3d electrons in the
alloy.

The variation with Co concentration of isomer shift at
77 K is presented in Fig. 5. These data are similar to our
data at 295 K, which are in good agreement with those of
Vincze, Campbell, and Meyer. Although the 4s elec-
trons are delocalized, the 1s, 2s, and 3s electrons at a Fe
atom are too localized to be sensitive to the surrounding
Co atoms, except indirectly through their interactions
with the 3d electrons at the Fe atom. The isomer shift
will therefore have the following dependence on Co con-
centration:

dI aI d 3d BI dn 4s+
dc Bn 3d dc Bn4, dc

As shown in Fig. 5, the isomer shift for disordered alloys
has an approximately linear dependence on Co con-
centration up to 30 at. %%uoCowit hdI/dc=+0. 185, and
an approximately linear dependence on Co concentration
beyond 30 at. %%uoCoof dI/d c=—0.055. Th erelation-
ship in Eq. (2) therefore gives us two equations (one for
each regime of Co concentration), and with
BI/Bn z,

= —2.0 (mm/sec)/electron, as estimated by
Walker et al. , we obtain the two unknowns:
dI/Bn&d =+0.2 (mm/sec)/electron, and dn&, /dc
= —0.02 electrons. The 4s component of the isomer shift
is shown independently in Fig. 5, and was subtracted
from the measured isomer shift to provide the 3d com-
ponent of isomer shift, also shown in Fig. 5. We note
that by using band theory calculations, Fateseas made a
diagram of isomer shift versus electronic configuration
that is consistent with our value for BI/Bn&d. Our result
for dn4, /dc is small, but it should be reliable since the
isomer shift is much more sensitive to changes in 4s elec-
trons than to changes in 3d electrons. The data of
Szuszkiewicz on changes in the number of 4s electrons
as a function of Co concentration are inconsistent with
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FIG. 6. The average number of electrons per atom in Fe 3d f,
3d $, and 4s states vs Co concentration for disordered Fe-Co al-
loys.

our isomer shift data; such large changes of up to 0.3 4s
electrons would dominate the Fe isomer shift.

We used the Mossbauer spectrometry results reported
above to prepare Fig. 6, which shows the Co concentra-
tion dependence of the number of 4s electrons, together
with the corresponding changes in the numbers of 3d l
states and 3d l electrons at Fe atoms. The sum of the
numbers of 3d T and 3d 4 electrons at Fe atoms is
presented as a second curve in Fig. 4. In preparing Fig.
6, we used the estimate for pure Fe that the number of
3dl' electrons is about 4.65, while the number of 3d 4

electrons is about 2.45, and the number of 4s electrons is
about 0.9. We emphasize that the main results of Fig. 6
were obtained using only data on magnetization and iso-
mer shift. These electronic structure changes of Fe-Co
alloys are essential to understanding the dependence of
the Fe HMF on Co concentration, as discussed next.
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IV. HYPERFINE-MAGNETIC-FIELD
DISTRIBUTION: ANALYSIS

Co Concentration (at.%)

FICx. 5. The average "Fe isomer shift (relative to pure Fe} at
77 K vs Co concentration. The solid lines are least-squares fit to
the experimental data. Also shown are the contributions of the
Fe 3d and 4s electrons to the isomer shift of the disordered
phase as obtained in Sec. III.

Our analysis of hyperfine magnetic fields in disordered
Fe-Co alloys follows that of Fultz and Morris for Fe-Ni
alloys, which is based on earlier work by Stearns, ' '
and Vincze and Campbell. ' The HMF at the Fe nu-
cleus is treated as two components. The first component
is HL, and is produced by the 3d electrons local to the

Fe atom through exchange polarizations of all s-like
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electrons. This includes the core polarization (CP) of the
1s, 2s, and 3s electrons, as well as the conduction-electron
polarization (CEP) of the 4s electrons. Changes in HI
are proportional to changes in the local magnetic mo-
ment at the Fe atom, bp(0), induced by neighboring
solute atoms:

KHL = (acp+ acEp)kp(0) (3)

EHI = —86 by(0),kG
(4)

where ecp and acEP are constants of proportionality be-
tween hHL and bp(0) through the CP and CEP effects,
respectively. We reference hHL to the HMF of pure Fe
metal. The second component is a transferred HMF,
HNL(nonlocal). It arises from spiri polarizations (of 4s
electrons at the Fe nucleus) that are induced by ex-
change interactions with spins at neighboring atoms. For.
solute atoms at r having magnetic moments, p(r),
differing from that of an Fe atom in pure Fe, pF„ the
change in HNL with respect to that in pure Fe is

~HNL ~HDNL +~HINL (6)

b,HDNL=acEp g &(r)f ( )
r(WO)

X pz+ g 5(r')g~(~r' —r~)

0
PFe

~HINL aCEP & l 1 —8(r))f ( )
r(%0)

~HNL a( Ep g f (r)[p(r) —pp, ]
r(%0)

where f (r) is the fraction of CEP at the Fe nucleus pro-
duced by a change in magnetic moment at r, with respect
to the CEP produced by the same change in magnetic
moment at r=0.

We separate AHNL into two terms: AHDNL and
hH, NL. The term, AHDN„(direct nonlocal), comprises
the contributions from those lattice sites occupied by
solute atoms. The term, b,H, NL (indirect nonlocal),
comprises the contributions from those latti. ce sites occu-
pied by Fe atoms, but whose magnetic moments are per-
turbed by nearby Co atoms:

This assumption was found to be nearly true for Fe-Ni al-
loys, and is expected to be a better approximation for
Fe-Co alloys. For the set tacEpf (1), acEpf (2),
acEpf (3)I, we used I

—11.5, —3.5, +2.5} kG/p~, as
given by Fultz and Morris. Because Al and Si solutes
act as magnetic holes that only slightly perturb Fe or Co
magnetic moments, the set of [acEpf (r) } parameters was
checked for a Fe—50 at. %%uoComatrixbysimulating the
experimental Mossbauer spectra from Fe—49 at. % Co —2
at. % Al, Fe—48 at. %%uoCo —4at. %Al, an dFe —49at. %
Co —2 at. %%uoSi alloy s in term sof amai nHM Fdistribu-
tion due to Fe atoms without Al and Si neighbors, plus
a satellite HMF distribution due to Fe atoms with Al and
Si atom neighbors. The above set of acEpf (r) parameters
gave a good fit to the experimental spectra.

Since the magnetic moment at Co atoms remains con-
stant in Fe-Co alloys, ' ' ' the set Igc,'(r)}= IO}. We
used the set of Igc', (r)} parameters obtained from an
NMR study of dilute Fe-Co alloys by Stearns, ' although
we scaled these parameters so that the calculated magne-
tization data were consistent with the experimental mag-
netization data of Bardos'" at low Co concentrations. At
Co concentrations greater than about 10%, however, a
saturation of the Fe magnetic moment produces Fe rnag-
netic moments that are excessively enhanced by the
second sum of Eq. (8) and produces simulated alloy mag-
netizations that exceed the experimental magnetizations.
In order to match the magnetization data as well as possi-
ble, we employed a procedure whereby the Fe magnetic
moment was smoothly saturated to 3.0p~.

In order to obtain the Fe HMF distribution, a
knowledge of the locations of all solute atoms in the alloy
structure is required. This is best achieved by computer
simulation. To simulate the rapidly quenched, disordered
alloy, all sites of a bcc lattice were filled at random with
either an Fe atom or a Co atom, according to the Co con-
centration. The simulations used the scaled gc', (r) pa-
rameters of Stearns' out to the fifth neighbor shell, and
as mentioned above the primary sum in Eqs. (7) and (8)
extended over the first three nearest-neighbor shells of
each Fe atom. The contributions: EHI, AHDNL, and
EH, NL were evaluated at each Fe site, and the HMF dis-
tribution was obtained from the HMF's at all Fe sites.
The average magnetization was obtained by summing the
magnetic moments of all atoms in the alloy.

X g 5(r')g~'( ~r' —r~ ) . (8)
V. HYPERFINE-MAGNETIC-FIELD DISTRIBUTION:

RESULTS AND DISCUSSION

The Kronecker 5 function equals 1 if the site is occupied
by a solute atom, and equals 0 if it is occupied by an Fe
atom. The variable gI(r) is the change in magnetic mo-
ment of a. Y atom when it has an X solute in its rth coor-
dination sphere. All perturbations of Fe magnetic mo-
ments are referenced to p„„and all perturbations of
solute magnetic moments are referenced to the magnetic
moment of an isolated solute atom in a Fe matrix, pz.

Using the same acppf (r) parameters in both Eqs. (7)
and (8) implicitly assumes the same amount of CEP per
magnetic moment of either an Fe atom or a solute atom.

The mean of the Fe HMF distribution at 77 K versus
Co concentration for both experiment and simulation are
presented in Fig. 7. The simulated mean HMF exceeds
that of the experimental data, especially at high Co con-
centrations. An analogous discrepancy was reported by
Vincze, Campbell, and Meyer for their 295 K data,
which were in excellent agreement with our own 295 K
data. The difference in HMF between the simulated and
experimental data at 77 K versus Co concentration is
presented in Fig. 8. This discrepancy seems too large to
be attributable to any difference in short range order be-
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FICx. 7. The average ' Fe HMF for disordered and ordered
alloys at 77 K vs Co concentration. The calculated curves were
obtained from the simulations described in Sec. IV.
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FIG. 9. The square root of the variance of the "Fe HMF dis-
tribution, ( (H ) —(H ) )'~, of disordered alloys at 77 K vs Co
concentration.
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FIG. 8. The diA'erence between experimental and simulated

values of the mean ' Fe HMF of disordered Fe-Co alloys at 77
K vs Co concentration. The solid line is least-squares fit to the
experimental data.

tween the simulated and real alloys, and furthermore we
would expect such a difference to have a maximum near
50 at. % Co, instead of being roughly linear with Co con-
centration. We can, however, readily attribute this
difference between simulated and experimental data to
the loss of 4s electrons found from the isomer shift data.
The fact that the measured HMF is less negative than the
simulated HMF indicates that it is mainly the 4s J, state
occupancy that decreases with Co concentration. The 4s
hyper6ne coupling constants from band calculations
suggest that almost all the change in the 4s occupancy
upon alloying is due to a loss of 4s l electron, whereas the
smaller free ion coupling constants ' suggests that a
modest increase in 4s l occupancies occurs as well.
Perhaps as the Fe 3d J, states form antibonding states and
are repulsed to higher energy during alloying, ' they pull
the Fe 4s l states with them by exchange interactions. A
smaller, complementary process may occur with the 4s f
states.

Figure 9 presents the measured variances of the Fe
HMF distribution in Fe-Co alloys, together with the vari-
ances calculated by allowing no changes in 4s state occu-
pancies. The overall agreement between the calculated
and measured variances seems good, but we point out
that the measured variance of the experimental HMF dis-
tribution for pure Fe was not zero, but had a square root
of 4—5 kG. This implies that the calculated width of the
HMF distribution is too large. The width of the HMF
distribution rejects the inhomogeneity in local environ-
ments of Fe nuclei. It seems that there is only a slight
tendency of the delocalized 4s electrons to average over
these local inhomogeneities, and the change in the num-
ber of 4s4 electrons with Co concentration causes a
discrepancy nearly as proportionally large as that of Fig.
8 for the mean HMF.

Some previous analyses of the shapes of HMF distribu-
tions in Fe-Co alloys have employed the assumption of
Wertheim et al. " that the HMF perturbations of solutes
in the various nearest-neighbor shells of the Fe nucleus
are additive. Additive perturbation parameters, such as
those provided by Stearns, ' can be used for very dilute
Fe-Co alloys. These parameters, however, are not con-
stant with Co concentration, primarily because of the
dependence of AHI and AHINL on the magnetic moment
of Fe atoms, and the saturation of the Fe magnetic mo-
ment with Co concentration. We found that the parame-
ter "AH&," for example, decreases with Co concentration
and changes sign at a Co concentration around 50%.
Even for dilute alloys, however, the use of additive per-
turbation parameters must be done cautiously, and must
include parameters up to the fifth nearest-neighbor shell.

"Anisotropic" or "pseudodipolar" HMF perturbations
were erst found in the single crystal experiments of
Cranshaw et al. With our polycrystalline materials we
made a rough measurement of the strength of the aniso-
tropic contributions to the Fe HMF in the Fe—50 at. %
Co alloy. By applying a uniform 2 kG magnetic Geld per-
pendicularly to the incident y-ray direction, we oriented
the magnetization directions randomly with respect to
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the crystalline axes of the grains of the alloy. We mea-
sured a broadening of the HMF distribution of 1 —2 kG
with respect to that obtained without an applied magnet-
ic field. Assuming that the magnetization direction re-
laxes to a (100) easy axis without any applied field, we
deduce that the anisotropic component of the HMF per-
turbations is due to 1nn atoms and is rather weak, having
a magnitude approximately comparable to that of Fe-

27, 34

We explored the sensitivity of our simulated HMF dis-
tributions to variations in the s-electron polarization pa-
rameters. Ten percent variations of both the sum
(cxcp+ cxcEp ) and the set of conduction electron polariza-
tions by Co atoms Ia&Epf (r) I, aff'ected the average HMF
by less than 5 kG and 1 kG, respectively, at any Co
concentration. Other sets of I acEpf ( r ) ) were used:

I
—12. 1, —2.7, +2.4I (kG/p~ ),

' and I
—11.0, —0.9,—2.4 ) (kG/pz ). With the former set we obtain results

essentially identical to those of Sec. IV, and the latter set
provided an average HMF that was higher by no more
than 7 kG. None of these results would alter our con-
clusion that the simulated HMF distributions imply a re-
duced occupancy of 4s& states with increasing Co con-
centration. Some previous workers have used a smaller
value for the Co magnetic moment, 1.6@~ for exam-
ple. ' Using a lower value for the Co magnetic moment
would serve to increase both the difference between the
numbers of 3d l' and 3d1 electrons in Fig. 6 and the
discrepancy in Fig. 8, and would require a greater imbal-
ance of 4s 1 and 4s 1 electrons with increasing Co concen-
tration. Our results of Fig. 6 would remain qualitatively
the same at low Co concentrations, however, changing by
about 25%. Finally, we note that the changes in 4s state
occupancy of Fig. 6 are quite small, and in a free electron
gas they do not alter the value of the Fermi wave vector
enough to significantly inAuence the CEP parameters:
I ~cEpf (r) l.

VI. ORDERED Fe-Co ALLOYS

The isomer shift, magnetization, and HMF undergo
changes as a result of 82 chemical ordering. It appears
that the change in isomer shift after ordering is different
for alloy compositions below and above about 30 at. %%uo

Co (see Fig. 5). In alloys with less than about 30
at. % Co, the addition of more Co atoms to the first
nearest-neighbor shell of "Fe atoms upon 82 ordering in-
creases the total number of electrons in the 3d l' states of
the Fe atom, which causes the isomer shift to increase.
In alloys with more than 30 at. % Co the Fe 3d 1 states
are full, and the addition of Co atoms to the neighbor-
hoods of Fe atoms will only decrease the number of
electrons in the 3d $ states, which causes the isomer shift
to decrease. It seems that a loss of 0.12 3d 1 electrons
could account for the observed change in magnetic mo-
ment (Fig. 3) and isomer shift (Fig. 5) during ordering.
From Fig. 7 we see that the calculated change in mean
HMF upon ordering exceeds considerably that of experi-
ment. We do not believe that this discrepancy arises
from an overestimate of changes in 3d spin polarizations
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during ordering; as seen in Fig. 3 the calculated change in
magnetic moment agrees fairly well with that of experi-
ment, even underestimating the experimental trend at
Fe—50 at. %%uoCo . Instea dw ebeliev e tha t ther e is a
change in the spin polarization of the 4s electrons during
ordering. If we assume that the change in isomer shift
can be mostly accounted for by the loss of 3d $ electrons
during ordering, it then appears that this discrepancy is
due to a simultaneous increase in 4s1 electrons and de-
crease in 4s 1 electrons during ordering.

The magnetic. moment of Fe atoms is larger in ordered
than in disordered alloys (see Fig. 3), since in the ordered
structure Fe atoms have more Co atoms as first nearest
neighbors. Although the magnetic moment of Fe atoms
increases upon ordering, the magnitude of the HMF
decreases (see Fig. 7). At 50 at. % Co, H,„z„—Hz;„,z,„
=+8 kG at 295 K, and increases to +14.5 kG at 77 K.
Very similar values for Horder ~disorder at 295 K have
been reported by others, ' in spite of the differences in
producing the disordered alloys. An understanding of
why the magnitude of the HMF decreases upon ordering,
whereas the magnetization increases, requires considera-
tion of all contributions to the Fe HMF. The individual
contributions to the Fe HMF, AHL, EHDNL, and
AH, NL were obtained from simulated ordered and disor-
dered alloys, ' and the change in the local and nonlocal

components of the average Fe HMF upon ordering are
presented in Fig. 10. It is clear that tge nonlocal contri-
bution to the Fe HMF undergoes the greatest change
upon ordering, and most of this is due to changes in
AH, NL, although changes in AHDNL are also significant.
This points out an important aspect of using Mossbauer
spectrometry to measure chemical order in Fe-Co alloys:
The spatial range over which Mossbauer spectra are sen-
sitive to local atomic arrangements is the longer charac-
teristic length of the Fe-magnetic-moment perturbations
around Co atoms, not the shorter characteristic length of
the conduction-electron polarizations. Nevertheless, our
preliminary results indicate that while many previous
Mossbauer spectrometry investigations of the order-

Co Concentration (at.%)

FIG. 10. Calculated local and nonlocal components of the
' Fe HMF (HL and H&L j, vs Co concentration. (These results
are not corrected for changes in the 4s polarization with alloy-
ing. )
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disorder transformation in Fe-Co have improperly attri-
buted the Fe HMF to additive HMF perturbations, the
resulting relationships between average HMF and short
range order parameter are strikingly similar to our own.
We are presently studying in greater detail the depen-
dence of Mossbauer spectra of Fe-Co alloys on the 1ocal
atomic order. It seems that Fe atoms associated with
two types of defects in the ordered structure, Fe atoms
near antiphase domain boundaries and Fe atoms situat-
ed of Co sites, have large HMF's and result in a positive
skewness of the HMF distribution in partially ordered al-
loys. A bit of this positive skewness is evident in Fig. 2 in
the HMF distribution from the mostly ordered alloy.

VII. CONCLUSION

We have performed Mossbauer spectrometry measure-
ments of the HMF distribution and average isomer shift
in bcc Fe-Co alloys, along with some EELS measure-
ments of 3d-state occupancies. Together with bulk mag-
netization data, we deduce how the occupancies of the
3d l and 3d $ states at Fe atoms change with Co concen-
tration, consistent with the assumption of a transition
from weak to strong ferromagnetism at around 30 at. %%uo

Co. Charge transfers involving 3d electrons to the Fe 3d
states (at 30 at. % Col were found to be no greater than
+0.2 by Mossbauer spectrometry and magnetization
data, and about —0.3 electrons by EELS. Both our iso-

mer shift and HMF data indicate a slight reduction in the
occupancy of 4s states with Co concentration of
dn~, /dc = —0.02 electrons, principally due to a loss of
4s $ electrons.

The model employed for the calculation of HMF dis-
tributions, which includes responses of both the core elec-
tron polarizations and the conduction electron polariza-
tions to magnetic moments, was found to work well for
disordered Fe-Co alloys. Although the HMF perturba-
tions of Co atoms in the various nearest-neighbor shells
of Fe atoms are additive at dilute Co concentrations,
these additive HMF perturbation parameters become
strongly concentration dependent, even changing sign, at
higher concentrations. The model was also used to ana-
lyze the changes in mean HMF after the disorder~order
transformation and showed that these changes originate
mostly from the CEP response to changes in the Fe mag-
netic moments after ordering. This implies that
Mossbauer spectra are sensitive to atomic arrangements

0

over distances up to 9 A around the Fe atoms.
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