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Effect of composition and short-range order on the magnetic moments of Fe in Fe1ÀxVx alloys
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We report dc magnetization, Mo¨ssbauer spectroscopy, and x-ray-diffraction measurements on Fe12xVx

alloys, quenched or heat treated, with single phase bcc structure in the whole concetration range. It is well
known that the saturation magnetization of these alloys decreases when the vanadium concentration increases
and vanishes completely forx>0.7. We find a very large additional decrease of the saturation magnetization
and hyperfine splitting after heat treatments, which preserve the pure bcc structure. Our data, however, exclude
the presence of an appreciable amount of paramagnetic phase and of magnetic disorder. The Mo¨ssbauer spectra
also gave account of a regular sequence of hyperfine fields, in accord with previous NMR and Mo¨ssbauer
works, whose relative weights, in the case of splat-cooled samples, approximate the values predicted by the
binomial distribution. While a moderate decrease of the iron moment in the neighborhood of V impurities in
dilute FeV alloys has been evidenced by neutron diffuse scattering, our experimental data of concentrated
alloys indicate a literal suppression in heat treated samples above 40 at. % V and the predominance of Pauli
spin paramagnetism in samples above 80 at. % V. The suppression of the iron moments is discussed within the
scenario of Stoner’s band ferromagnetism using the electronic structure calculated by the discrete variational
method.
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I. INTRODUCTION

Alloying Fe with 3d elements affects the saturation ma
netization, the magnetic ordering temperature, the magn
hyperfine splitting and is believed to affect also the magn
moments of the iron atoms themselves.1–7 In particular mag-
netization and hyperfine interaction measurements in F
alloys as well as in (Cr0.97Fe0.03)12xVx alloys suggest strong
reduction or even complete suppression of the i
moments.2,5,8 Although there is a wide consensus about t
decrease theoretically,9–11 the question has not been inves
gated in full detail experimentally.

Off-stoichiometric Fe-V alloys, prepared by convention
methods, are necessarily disordered with the possibility
occurence of some short-range order.12–14 More recently,
preparation of Fe-V alloys by mechanical alloying has be
achieved.15–18 Investigations using thin film19–21 and ion
beam mixing techniques are in progress. But all these n
sample preparation techniques face the problems regar
chemical order as much as the conventional methods. On
other hand, problems involving multiphase alloys are
easily settled. This is why most explanations about the
duction of the saturation magnetization and of the hyper
splitting have been attempted in terms of sample inhomo
neities. The low angle diffuse magnetic scattering of n
trons is of much help in very dilute binary alloys,22–25where
it allows good evaluation of the impurity moments and t
depression of the host moments at the first and second n
est neighbor shells. But for concentrated binary alloys t
technique only allows estimates of the distribution of m
ments. In iron rich Fe12xVx samples,x<0.25, the low angle
diffuse neutron scattering has shown magnetic moment
;1mB on V atoms and that these moments are antiferrom
PRB 610163-1829/2000/61~9!/6196~9!/$15.00
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netically coupled to the host moments. Both the Fe and
moments decrease moderately with increasing
concentration.2,14,26–28

Hyperfine field techniques are efficient in the whole ran
of concentrations but they are intrinsically statistical. In d
ordered alloys like Fe-V, they allow evaluation of one
several average hyperfine fields, depending on the lo
atomic configurations and correpondingly estimates of one
several average iron magnetic moments. Decrease of
average moments may suggest, but does not neces
prove, that the individual moments reduce, because there
several other causes, that reduce the hyperfine fields. Re
tion of the atomic magnetic moments has been inferred fr
these loose observations and therefore is fragile. Even th
retical models have been developed to describe the varia
of the iron moment as a function of impurity concentrati
or atomic configuration.5,25 The strong decrease of the ma
netization and the magnetic hyperfine splitting in allo
above 70 at. % V reinforces the hypothesis of the iron m
ment degradation,1,2 but it is still not a definitive proof of it.
While the actual experimental base is still too weak to u
ambiguously establish the degradation of the individual ir
moments, the theoretical models are not sufficiently dev
oped to account for it either.

The aim of the present work is to establish this degra
tion of the iron moments in the Fe-V alloys as closely
possible. To achieve this goal in the magnetic samples,
eliminated all possibility of structural inhomogeneities a
of magnetic disorder by combining several experimen
techniques. In this way, it was possible to show that
saturation magnetization and the hyperfine splitting fall
homogeneous Curie-Weiss ferromagnets, which is only p
sible if the atomic moments themselves decrease.
6196 ©2000 The American Physical Society
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PRB 61 6197EFFECT OF COMPOSITION AND SHORT-RANGE ORDER . . .
samples with less than 30 at. % Fe, the result is even m
more conclusive. These samples are Pauli spin paramag
that definitively proves the absence of atomic magnetic m
ments. While our experimental data enhance and extend
previous results of Refs. 1–7, they add important featu
and unambiguously prove that the iron moments decreas
the iron rich samples and completely vanish in samples w
high vanadium concentration. We compare our results
conclusions with theoretical calculations,29,30 obtained from
semiempirical model and from first principles by the discr
variational method~DVM !.31

II. EXPERIMENTAL TECHNIQUES AND PROCEDURES

Samples of Fe12xVx (x50.120.8) of about 1 g were pro-
duced by melting very pure iron~99.999%! and vanadium
~99.95%! together in an arc-melting furnace, under hig
purity argon atmosphere. The Fe12xVx alloys can be ob-
tained with the purea phase~bcc lattice! in the whole range
of concentrations. Only around the equiatomic compositi
is it difficult to prevent the precipitation of the alternatives
phase, in agreement with Hansen’s phase diagrams fo
nary alloys.32

In order to ensure the formation of the disordered a
pure a phase, the samples were splat-cooled or seale
quartz tubes under high vacuum and quenched fr
1300 °C. X-ray diffraction was made directly on the cle
surface of the splat-cooled samples or on powders, crus
from the ingots. While for samples around the equiatom
composition, treated at 600 °C for 10 h, x rays clea
showed the presence of thes phase, only the pure bcc struc
ture was found in the remaining samples. Even after s
cooling from 700 °C to 600 °C in 70 h, x-ray diffraction o
the ingots showed no trace of thes phase. We have verified
that crushing of the alloys has no relevant effect on the m
netization and Mo¨ssbauer splitting.

Samples in the form of long parallel faced bars were
from the ingots for magnetization measurements. Some
the magnetization measurements were made directly on
slab shaped ingots. The magnetization measurements
performed with a vibrating sample magnetometer~VSM!,
having a sensitivity of 1024 emu as well as with a SQUID
~MPMS-XL! magnetometer from Quantum Design with se
sitivity up to 1029 emu. The transmision Mo¨ssbauer spectra
were obtained on powdered samples using the 14.4 keg
radiation of 57Fe in a conventional Mo¨ssbauer spectromete
provided with a temperature control to liquid nitrogen te
perature.

III. EXPERIMENTAL RESULTS

A. Magnetization measurements

In the metallic systems the atomic moments are magn
cally coupled via the RKKY-type exchange interaction a
ordered into a ferromagnetic domain structure for sufficien
low temperatures. When a magnetic field is applied, the m
netic domains easily align and the magnetization satur
for relatively low applied fields. In general the absence
magnetic saturation indicates the presence of nonferrom
netic phases.
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Magnetization as a function of temperatureM (T) and
hystheresis cyclesM (H) at 4.2, 90, and 300 K up to 50 kO
were obtained for the samples in the quenched as wel
heat treated states, all having the pure bcc structure.
forms of our M (T) curves for the quenched iron ric
samples show a normal magnetic behavior, without any s
cial feature up to 300 K, except for a dramatic decrease
the saturation magnetization with increasing vanadium c
centration, even at 4.2 K. As previously observed2 the satu-
ration magnetization approaches zero forx'0.7, where the
Curie temperatureTc vanishes as well. Slow cooling th
samples, from 700 °C to 600 °C, within 70 h approximate
causes strong additional reduction of the saturation magn
zation andTc , which then fall to zero already for about 4
at. % V, much less than previously observed.2 Nevertheless
x-ray diffraction on the bulk as well as powdered samp
with x50.1, 0.2, 0.3, 0.4, 0.7, and 0.8 shows only the pu
bcc phase. No trace of thes phase or any other unexpecte
phase is detected in these samples. These same heat
ments are shown in several previous works to strongly
hance the short-range order.13,14

In contrast to the usual behavior of magnetic alloys, o
heat treated samples all show strongly reduced satura
magnetizations and Curie temperatures; for instance,
Figs. 1~a! and 1~d!. The only exception is Fe0.2V0.8, whose
magnetization remains extremely low and unchanged. P
of M 213T for the quenched Fe0.3V0.7 sample and for the
heat treated Fe0.6V0.4 sample, are given in the insets of Fig
1~a! and 1~b!, respectively. These samples show a Cur
Weiss behavior with Curie temperatures (Tc) of 177 and 147
K, respectively. The Fe0.3V0.7 sample remains a Curie-Weis
ferromagnet, even after the heat treatment, butTc falls
closely to 30 K. The magnetization of this sample at 4.2
shows a tendency to saturation, but does not rigorously s
rate even at 50 kOe, where it is an order of magnitu
smaller than in the quenched state~three orders of magnitude
lower than that of pure iron!. The magnetic behavior of the

FIG. 1. ~a! The magnetization as function of temperature,M (T)
of quenched (Q), and heat treated~HT! Fe0.3V0.7 sample;~b! the
M (T) of HT Fe0.6V0.4 sample;~c! the M (T) of the Q and HT
Fe0.2V0.8 sample, and~d! the magnetization as function of the ma
netic field of theQ and HT Fe0.9V0.1 and Fe0.6V0.4 samples. The
insets in~a! and ~b! display 1/M plots.
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6198 PRB 61KRAUSE, SCHAF, da COSTA, JR., AND PADUANI
quenched Fe0.2V0.8 sample is totally different from that of al
the other samples. While its magnetization is strictly prop
tional to the applied field up to 50 kOe, its value, in a field
10 kOe, is four orders of magnitude lower than the satura
mangetization of pure iron~even lower than that of pure
palladium!, see inset~a! in Fig. 2. From Fig. 1~c!, curveQ it
can be observed that this magnetization is very nearly c
stant with temperature, excepting for a paramagnetic con
bution at low temperatures, due to some Fe rich clust
After the heat treatment, the magnetization is unchanged
still linear in the applied field, but becomes practically flat
the whole temperature range. That behavior suggests P
spin paramagnetism; see curve HT in Fig. 1~c!.

The hysteresis cycles for the quenched samples are
played in Fig. 2, where we call attention to the differe
scales on the magnetization axes of the figure insets.
most relevant feature is the dramatic decrease of the sa
tion magnetization with increasing vanadium concentrati
The upper inset~a! in Fig. 2 shows an extended view of th
low magnetizationM (H) for Fe0.3V0.7 and Fe0.2V0.8, while
the lower inset~b! shows the hysteresis of a typicalM (H)
cycle. All samples exhibit very narrow hysteresis cycles~less
than 5 G wide! and curiously show nearly equal and consta
susceptibilities (x) almost up to the respective saturatio
magnetizations. The small sample dependence ofx is due to
the slightly different shapes and demagnetizing factors of
samples. The decrease of the saturation magnetization
consequence of the heat treatments was nearly the sam
absolute value for the samples with 10, 20, 30, and 40 a
vanadium. Figure 1~d! examplifies these effects. In Fig. 3 w
plot the average magnetic moment~saturation moment! per
iron atom for the different vanadium concentrations, as e
mated from the saturation magnetizations at 4.2 K, in
disordered as well as heat treated states. The data reve
important and systematic decrease of the saturation mom
per iron atom as a consequence of the increasing short-r
order. The most relevant magnetization data are summar
in Table I.

FIG. 2. Hysteresis cycles for the indicated samples. The inse~a!
zooms the cycles for Fe0.3V0.7 (3) and Fe0.2V0.8 ~s! and~b! shows
the typical wideness of the cycles.
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B. Hyperfine fields

Chemically disordered crystalline alloys often displ
wide ranges of probe local environments leading to eff
tively continuous distributions of hyperfine parameters.
our study of Fe12xVx alloys with Mössbauer spectroscop
we have used model independent hyperfine field distributi
~HFD! with hyperfine field linearly coupled to isomer shif
Mössbauer spectra were fitted with Lorentzian line sha
with appropriate weight factors.

The averaged hyperfine magnetic field of the HFD f
lows an overall trend very similar to that of the saturati
magnetization. The details of the spectra, however, reve
regular sequence of decreasing hyperfine fields for e
sample. The highest hyperfine field of the Fe0.9V0.1 sample is
in fact somewhat higher than the value known for pure m
tallic iron, and that is also observed in many other Mo¨ss-
bauer and NMR works on iron rich Fe-V alloys.3,7,14,29The
plots of the weighted contributions to the HFD as a functi
of the hyperfine field values (Hh) show a sequence of regu
larly spaced peaks, especially for the samples richest in i

In the HFD for the Fe0.9V0.1 sample, for which the bes
resolution was obtained, the spacing between the main p
~highest field! and the first satellite line is of the order of 3
kOe. This is somewhat larger than observed in the dilute F

FIG. 3. The magnetic moments of Fe, obtained from the satu
tion mangetization at 4.2 K, for the quenched~s! and slow cooled
(D) samples. The dotted lines are guides to the eye.

TABLE I. Experimental results for the average magnetization
Fe in Fe-V alloys.

Quenched Slow cooled
Alloy m(mB) m(mB)

Fe0.9V0.1 2.2260.02 1.7860.02
Fe0.8V0.2 2.0860.02 1.3160.02
Fe0.7V0.3 1.8260.02 0.5360.02
Fe0.6V0.4 1.1760.02 0.1660.02
Fe0.5V0.5 0.9960.02
Fe0.4V0.6 0.3360.02
Fe0.3V0.7 0.02460.002 0.01760.002
Fe0.2V0.8 0.00 0.00
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PRB 61 6199EFFECT OF COMPOSITION AND SHORT-RANGE ORDER . . .
alloys,3,14,32,33where this spacing corresponds to only abo
25 kOe. The reason of this increased spacing is the displ
ment of the main iron hyperfine field (2336 kOe) to higher
field values as also observed by Wertheim.3 This increase of
the mainHh corresponds to the small increase of the ir
moment26,27 in the samples with low V concentration. How
ever, the reduction of the hyperfine field byDHh525 kOe,
with respect to that of pure iron, due to the substitution
one NN iron atom by vanadium, is still significantly high
than for the substitution by Al or Si.33 This is because V
atoms have small magnetic moments, which are coupled
tiferromagnetically to the iron moments, while Al and
represent holes in the magnetic bcc lattice of Fe. The H
obtained from fitting the Mo¨ssbauer spectra of the quench
samples with up to 40 at. % V, are depicted in Fig. 4

FIG. 4. Hyperfine field distributions, as obtained from expe
mental Mössbauer spectra of the quenched samples~continuous!,
slow cooled samples~s! and calculated based on the binom
probability distribution~shaded!.
t
e-

f

n-

,

continuous lines. The shaded areas in Fig. 4 correspon
the theoretical HFD, calculated with the assumption of a p
fectly random occupation of the bcc lattice sites by the
nadium and iron atoms. In so doing, we have associa
shifts of 26 kOe and 25 kOe to respectively each first
second NN V replacement for Fe,1 and a shift of26 kOe to
each third NN V replacement for Fe. A probability for eac
impurity configuration was calculated, assuming a binom
probability distribution up to the third neighbor shell, usin
the relation

P~m,n,w!5
8!

~82m!!m!

6!

~62n!!n!

12!

~122w!!w!

3cm1n1w~12c!262m2n2w, ~1!

wherem, n, andw are the number of first, second, and thi
nearest vanadium neighbors, respectively, andc is the frac-
tional vanadium concentration. Equation~1! weighs the con-
tribution of each impurity configuration to the calculate
HFD. The corresponding value of theHh was calculated us-
ing the relation

Hh5@336226m225n16w# kOe. ~2!

The theoretical HFD’s, shaded areas in Fig. 4, were obtai
by adding all the contributions over each interval of 6 kO
and plotting the total value at the centroid of the respect
interval. Although the experimental HFD are shifted towar
lower field values with respect to the theoretical ones, th
display a very similar peak structure. These shifts are in p
due to some short-range order, induced by the V
repulsion,14 that favors atomic configurations having more
as first NN to Fe. However, the main cause for the shifting
certainly not this short-range order but a decrease of the
moments, as will be discussed below.

After the heat treatments, which strongly enhance
short-range order,14 without changing the pure bcc structur
the magnetic hyperfine splitting experiences a strong a
tional shift towards the low field extreme~see dotted HFD’s
in Fig. 4!. For the samples Fe0.6V0.4 and Fe0.7V0.3 these shifts
are in fact enormous and the peak structures in the HF
practically vanish. For Fe-V samples, whose magnetiza
clearly saturates and exhibits a Curie-Weiss behavior w
TC well above room temperature, the suppression of theHh
is a very remarkable feature. For instance, the Curie temp
ture of the heat treated Fe0.7V0.3 sample is nearly 400K and
its magnetization saturates as shown in Fig. 5. Nonethe
its Mössbauer spectrum hardly shows a magnetic splitting
300 K and its hyperfine splitting is far too small even
liquid nitrogen temperature. The behavior of the heat trea
Fe0.6V0.4 sample is even more dramatic. At room temperat
it has a narrow line Mo¨ssbauer spectrum, see Fig. 6, th
broadens a little bit at 90 K, altough its Curie temperature
143(62) K and its magnetization saturates@see Figs. 1~b!
and 1~d!#. A moderate decrease of the hyperfine field (Hh) in
the Fe0.6V0.4 sample is expected due to Fe substitution by
but what is observed is literally a cancellation. This suppr
sion of the hyperfine field and of the saturation magneti
tion in these alloys can in no way be attributed to sam
nonhomogeneity because x-ray diffraction results show
pure bcc structure, the magnetization clearly saturates@see
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6200 PRB 61KRAUSE, SCHAF, da COSTA, JR., AND PADUANI
Fig. 1~d! and Fig. 5# and the Mo¨ssbauer spectra show n
signs of other phases. Our results, while revealing the
creteness of the effects introduced by near neighbor ato
configurations, evidence a gradual and overall decreas
the saturation magnetization and of the hyperfine splitting
samples that remain single phase and overall homogen
Curie-Weiss ferromagnets. These results unambiguo
point to an overall degradation of the atomic magnetic m
ments.

The Pauli spin paramagnetic character of our Fe0.2V0.8
sample proves the complete absence of atomic momen
this sample and presumably in all alloys above 80 at. %
Indirectly this also corroborates the hypothesis of the deg
dation of the individual atomic moments in the samp
richer in iron.

IV. DISCUSSION

Within Stoner’s model for band ferromagnetism, the
fective moment of an iron atom in metallic iron and in iro
alloys is mainly due to the effective spin of the 3d electrons.
In general the orbital moment of Fe atoms, in solid iron,
strongly quenched by the electric crystal field. The atom
moments are mainly responsible for magnetization and
hyperfine fields (Hh).

Transition impurities like vanadium perturb the neighbo
ing iron atoms strongly enough to hybridize the 3d, 4s, and
4p atomic orbitals and to broaden their energy levels i
energy bands. It also weakens the antisymmetrization of
atomic orbital states and correspondingly lowers the sym
try of the spin states. This results in the reduction of
intra-atomic exchange interaction between electrons of op
site spins and causes suppression of the atomic mom
The dramatic effects of short-range order on the satura
moment and hyperfine splitting show that this perturbation
quite local and therefore especially efficacious when va
dium occupies first neighboring sites to the iron atoms.

FIG. 5. ~Upper! Magnetization as a function of temperatur
~Lower! Magnetization as a function of field. The continuous line
a guide to the eye.
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TheHh at a given nucleus in pure metallic iron consists
an effective field of about2337 kOe, which may be sepa
rated into a contribution of2187 kOe, induced by the effec
tive 3d spin of the probe atom and a transferred field o
2150 kOe, induced by the neighboring magnetic atoms. T
former field results from the Fermi contact of the co
1s, 2s, and 3s electrons, which are polarized negatively a
of the 4s conduction electrons, polarized positively by th
effective 3d spin of the probe atom. The transferredHh is
the Fermi contact field of the 4s electrons, polarized by the
neighbouring magnetic atoms.34 Therefore, the substitution
of an iron atom by an impurity changes the transferred
perfine field at a neighboring iron atom by certain we
defined values. In the presence of several NN impurities,
dependence of the hyperfine field on the symmetry of
impurity configurations can raise additional problems.

Each one of the experimental HFD’s for the quench
Fe-V samples, represented by continuous lines in Fig
show a well-defined sequence ofHh satellites. The good
agreement of their peak structures with those of the ca

FIG. 6. Mössbauer spectra of the indicated quenched and s
cooled samples, measured at room temperature and at 90 K.
continuous line is a fitting; see text.
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PRB 61 6201EFFECT OF COMPOSITION AND SHORT-RANGE ORDER . . .
lated HFD’s, in which the symmetry of impurity configura
tions was not considered, indicates that different configu
tions of the same number of impurities in the NN and NN
shells have similar effects.1 Despite the remarkable similar
ties in the shapes, the experimental HFD’s are consider
shifted to lower fields with respect to the theoretical on
calculated for random occupation of the bcc lattice sites
fixed momenta on Fe and V atoms; see shaded spectra in
4. Part of this shift may arise from the strong repulsion b
tween V impurities,14 giving rise to some short-range orde
which reinforces the lower satellite lines at the expense
the higher ones. However, it should not shift the lines the
selves. The most relevant effect lies in the fact that the
perimental satellite lines as well as the main line are syst
atically shifted to lower fields with respect to th
corresponding calculated ones. Although this corresp
dence may be not always completely clear, the regula
growing shifts with increasing number of V impurities in th
immediate vicinity of the Fe atoms is clear and demonstra
the local character of their origin. Were these shifts due
extended band effects, then the shifts would be the same
all satellite lines and moreover they would be limited to t
transferred hyperfine field. Yet, we see satellite lines down
practically zero field value. Considering that our samples
single phase Curie-Weiss ferromagnets, satellite lines in
field range are only possible if the contact field of the co
electrons falls too. Now this is only possible if the iron m
ments degrade. In the magnetization this reduction of
iron moment results in the reduction of the saturation m
netization and the saturation moment.

We can of course relate magnetizations and magnetic
perfine fields. Assuming this relation to be linear, we c
rected the centroid of the theoretical HFD’s for the degra
tion of the saturation moment ~from saturation
magnetizations! per iron atom of our quenched samples, s
shaded HFD in Fig. 7. These corrections shift the HFD’s
lower fields and considerably improve the agreement
tween the experimental and calculated spectra for the
samples with the lower vanadium concentration. The sh
are, however, too large for the Fe0.7V0.3 and Fe0.6V0.4
samples, denoting a considerable nonlinear behavior betw
saturation moment andHh . The saturation moment degrad
faster than the hyperfine field. A nonlinear behavior betwe
the Fermi contact field of the core electrons and the lo
saturation moment can hardly be conceived. But such a n
linearity may arise from variations of theHh , contributed by
the 4s conduction electrons. In pure iron, polarization of t
4s conduction electrons by the effective 3d spin of the probe
atom creates a positive Fermi contact fieldHh of about
1180 kOe.34 The 4s band of vanadium lies mostly abov
the Fermi level of iron as can be seen from Fig. 8~a!. There-
fore the 4s band of the Fe-V alloy empties as the vanadiu
concentration increases. This positive field thus decrease
mulatively by two causes: It decreases linearly with t
probe moment and in addition decreases because the 4s band
empties. On the other hand the much larger negative c
field only decreases linearly with the probe magnetic m
ment. This explains at least in part why the value of the to
Hh decreases less than the atomic moment. A nonlinear
havior can also arise between the oscillatory RKKY-like35

and Grüner-like36 (4s) conduction electron spin polarizatio
-

ly
,
d
ig.
-

f
-

x-
-

n-
ly

s
o
for

o
re
is
e

e
-

y-
-
-

e
o
-
o

ts

en

n
l

n-

cu-

re
-
l
e-

as a function of the distance and the respective Fermi con
field or transferredHh . While the amplitude of the spin po
larization is proportional to the local magnetic moment,
phase depends on the Fermi wave vector. The transfe
Fermi contact field thus changes nonlinearly with the lo
magnetic moment, because the Fermi wave-vector chan
as the vanadium concentration changes. We have no qu
tative estimate for the nonlinear contributions in theHh ,
induced by the probe moment and in the transferred field,
probably the major nonlinear contribution comes from t
emptying of the 4s band.

Actually, corrections of the calculated hyperfine field d
tributions should be made individually for each satellite w
base in the effective iron moment, corresponding to the
spective impurity configuration, rather than on the saturat
moment per atom. However, excluding very dilute alloys,
experimental technique is able to measure the individ
atomic moments in disordered as well as in short-range

FIG. 7. Hyperfine field distributions as in Fig. 4, but correctin
for the decrease of the saturation moments.
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FIG. 8. Density of states for the 3d, 4s, and
4p electrons of~a! a central V atom and~b! a
central Fe atom at the body center of the b
cluster of pure iron,~c! for a central Fe having
four NN replaced by V, and~d! a central Fe hav-
ing all the 8 NN and all the 6 NNN replaced b
V, from Ref. 30.
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dered alloys. The best clue in this direction is still the sa
lite structure of the HFD’s extracted from the Mo¨ssbauer
spectra. If our samples are indeed chemically homogene
the displacements of the experimental satellites with res
to the calculated ones in Fig. 4, could allow an approxim
quantitative estimate of the iron moment degradation for
different impurity configurations. However, Mo¨ssbauer spec
tra with much increased statistics would be of valuable h
in this estimate. Anyway strong additional support for th
iron moment degradation is of course provided by the P
spin paramagnetic character of the samples with high va
dium concentration, where literal suppression of atomic m
ments occurs.

We also tried to correct the calculated HFD’s for the sa
ration moments of the slow cooled samples~see dotted
HFD’s in Figs. 4 and 7!. However, the changes of the sat
ration moments and the hyperfine fields in the samples w
30 and 40 at. % V are so different and drastic that su
corrections can hardly have a meaning. By the way it may
observed that some iron rich configurations are still pres
in these heat treated samples, that contribute to the res
magnetization and give rise to the hyperfine field peaks,
cated to the right of the main HFD’s.

We can get additional insight into the problem of iro
magnetic moment degradation, by comparing our experim
tal observations with theoretical calculations,30 using first
principles energy band calculations.31 DVM calculations for
the ~bcc! Fe-V clusters, involving the two closest coordin
tion shells, provide approximate partial density of sta
~PDOS! for the 3d, 4s, and 4p electron bands.30 The PDOS
for a central V atom and a central Fe atom in clusters of p
~bcc! iron are depicted in Figs. 8~a! and 8~b!. Figure 8 also
shows the PDOS for a central iron atom when V repla
four NN iron atoms@Fig. 8~c!# and when V replaces all NN
and NNN iron atoms@Fig. 8~d!#. It may be observed from
these PDOS that the spin-up and spin-down semi-bands
come gradually more symmetric and that correspondin
their relative energy displacement vanishes as the numb
vanadium atoms increases in the NN and NNN shells. Ob
ously, this indicates reduction of the interatomic exchan
I

y

l-

s,
ct
e
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a-
-

-
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nt
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interaction, that we attribute to the reduction of the atom
moments. This reduction drops the transition temperatureTc
and has the effect of depressing the saturation magnetiza
as well as the magnetic hyperfine field. Specifically, the r
son why vanadium perturbs the iron atoms so strongly
parently lies in its very large density of states at the Fe
level @see Fig. 8~a!#.

In summary, the vanishing of the iron moments in co
centrated Fe-V alloys has been incorporated to different
tents in many experimental and theoretic
works.1–7,9,10,14,24–30However, all the experimental tech
niques fail in providing knowledge of the individual atom
moments in chemically disordered or short-range ordered
well as magnetically disordered systems. Experimental te
niques, like the low angle diffuse neutron scattering expe
ments in concentrated alloys have got evidence of a distr
tion of atomic moment values, magnetization measureme
have shown reduction of the saturation moment and hyp
fine measurements in iron rich Fe-V alloys by NMR a
Mössbauer techniques show satellite structures, that ca
be understood in terms of the mere substitution of host
oms. All these results strongly suggest reduction of
atomic moments or even its extinction. However, due to
sufficient experimental evidence to eliminate all the possi
alternative causes, which lead to the reduction of the ma
scopic or microscopic magnetization and of the hyperfi
fields, none of these earlier attempts could dispel all
doubts about iron moment degradation. In the present w
we have strategically combined x-ray, magnetization and
perfine techniques to demonstrate the degradation of the
moments as close as possible in Fe-V alloys up to>70 at.%
V and its complete extinction in alloys above 80 at.% V.
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