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Experimental study of the spin density of metastable fcc ferromagnetic Fe-Cu alloys

L. E. Bove, C. Petrillo, and F. Sacchetti
Istituto Nazionale per la Fisica della Materia, Unit@i Perugia, Perugia, ltaly
and Dipartimento di Fisica, Universitdi Perugia, Via Alessandro Pascoli, I-06123 Perugia, Italy

G. Mazzone
Ente per le Nuove Tecnologie, 'Energia e I’Ambiente (ENEA), Centro Ricerche Casaccia, Divisione Nuovi Materiali, Roma, Italy
(Received 18 October 1999

Magnetization density measurements on metastabJ€Uge, alloys at four compositiongx= 20, 40, 50,

and 60 at. %and at 5 K temperature were carried out by means of polarized neutron diffraction. The samples
were produced by high-energy ball milling and characterized by x-ray diffraction and fluorescence measure-
ments. Additional bulk magnetization measurements were carried out on the two samples at high Fe concen-
tration. Over the present concentration region, the Fe-Cu system is ferromagnetic and the four samples were
found to be in the fcc phase. Fe-Cu is therefore a very suitable system to investigate the magnetic state of Fe
in an fcc environment. Other than confirming that the Fe-Cu system is not a simple dilution alloy, the present
results were compatible with a two-state model for fcc Fe—that is, two different coexisting electronic states
associated with different magnetic moments and form factors.

. INTRODUCTION larger than that of RgNis, thus favoring the formation of
the high-moment, high-volume ferromagnetic state of Fe,
One of the most severe tests for first-principles solid-statéhe magnetic moment on the iron atom is lower ipdwnss
theory is the description of the magnetic state of transitiorthan in FggNis, Moreover, FgMnss is antiferromagnetic,
metals among which Fe and Mn represent quite difficultwhile FeygNis, is ferromagnetic, in contrast with the behavior
cases since their behavior is the result of a fine balance beleduced from LSDA calculations in the case of pure fcé Fe,
tween competing exchange-correlation interactions. In ordewhose equilibrium magnetic state becomes ferromagnetic as
to perform meaningful tests, it is very important to comparethe lattice parameter increases progressively. On the other
experiment and theory at the same level of accuracy; therérand, the overall behavior of fcc Fe-Ni allo¥s* as de-
fore, the experimental study of the spin density is of particu-scribed by the curve of the bulk magnetization versus com-
lar interest since it can be compared with the results obtainegosition, = shows that competing  ferromagnetic-
using the local spin density approximatiobhSDA), as the antiferromagnetic interactions are present in fcc Fe. The
spin density is one of the observables which can be derivedresence of competing interactions in fcc Fe and Fe-based
directly from the theory  without additional alloys is affected by the frustrated nature of the collinear
approximations:? antiferromagnetic structure of fcc systems and should be
Fe has been the subject of several detailed theoreticaarefully taken into account in all theoretical calculatidhs.
investigationd~° since it can be found in at least four elec- Moreover, the competition between ferromagnetic and anti-
tronic states lying within a very narrow energy range. In fact,ferromagnetic interactions is usually assumed to be the cause
although the experimental ground state of Fe at room temef the Invar behavior of fcc Fe-Ni alloys at Ni concentrations
perature and standard pressure is the bcc ferromagnetatose to 35%. Upon heating, in fact, the thermal volume
phase, the energies of the fcc ferromagnetic, antiferromagexpansion is contrasted by the opposite tendency to volume
netic, and nonmagnetic phaséand even more complex contraction brought about by the increased fractiortlafi-
magnetic phasé&sare very close to that of the ground state. volume antiferromagnetically aligned atoms.
This behavior is in qualitative agreement with the observa- Considering that pure fcc Fe is stable only at high tem-
tion that concentrated alloys of Fe with other transition met-perature, where no spontaneous magnetic ordering is ob-
als are found in all of the above magnetic and crystalloserved, some experimental information about its magnetic
graphic phases. However, in the equilibrium state, all binaryproperties can be obtained by studying fcc Fe-based alloys.
3d metal-iron alloys in the fcc phase contain a second comHowever, focusing on fcc Fe requires the contribution from
ponent which is intrinsically magnetic. Typical examples arethe second component of the alloy to be negligible, so that
the fcc systems Fe-Mh® Fe-Co? and Fe-Ni*®"13 Although  those alloys where Fe is the only magnetic atom should be
the experimental investigation of these systems is useful fopreferentially considered. In this respect, Fe-Cu alloys are
an understanding of the magnetic behavior of Fe in the fcwery well suited to this purpose since metallic Cu, which has
lattice, the second component, even at relatively low concera full 3d band, is not expected to contribute to the magnetic
tration, may play a decisive role in the choice of the mag-moment of the system. This is, for instance, the case of
netic phase of the system. This point is made clear by &i-Cu alloys, where a very simple behavior is observed in
comparison of the behavior of Edings (Ref. 8 with  the trend of the bulk magnetic moment as a function of the
FeseNisq 12 Even though the lattice parameter of,fdngsis  alloy compositiont>~*¥ Ni-Cu alloys have been investigated
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widely and now they represent a reference system. Fe-Cu _ 20000 — .

alloys are also very interesting, as the number of the outer £ i5000] | ] *.-\’,’-'-'... .
electrons ranges from 11 in pure copper to 8 in pure iron, Z ]l 700 v
which is a very wide range of &8 electron concentration. 3 100004 * 500
However, Fe-Cu alloys are only stable as terminal solid so- £ 1 4 B2
lutions in a restricted range of composition close to the pure § 5000 i'f s

metals. As a consequence, these alloys can only be studied as = o ’*-I \I..;I\..l .
metastable phases obtained by nonequilibrium processing 10 20 30 4'0 50
techniques. 26 (degs)

The high-energy ball milling technique has been shown to _ ) _
be very effective in producing fcc Fe-Cu alloys in the Fe  FIG. 1. X-ray diffraction spectrum of gCu,. The typical fcc
concentration range from O to at least 60 at%Fhese al- Pattern is observed. Th@00 reflection from a bcc-like phase is
loys have been investigated in detail by means of x-ray difShoWn on an expanded scale in the inset.

fraction, differential ~ calorimetry, and  Msbauer The microscopic structure of the samples was investigated

9-22 " ot
spectroscopr%g_zz In addition, bulk magnetization ,, neans of x-ray diffraction using A« incoming radia-
measureme are also available. The results of theseion \yhich allows transmission geometry measurements of

studies have shown that the samples prepared by ball m“”nﬂelatively thick samples(50 um). All the samples were

are in the fcc phase and extended x-ray absorption fineq,nd g be in the fcc phase with the residual bee-like phase
structure(EXAFS) measurements have proved that the fccy)yays less than 3%. A typical x-ray diffraction spectrum is

phase of the alloy is present at the atomic IEVeBurpris-  hown in Fig. 1. Further characterization was carried out by

ingly, bulk magnetization measurements have been inteyeang of x-ray fluorescence, excited using monochromatic

preted as providing evidence for a simply diluted ferromag-pg i 4 radiation. No element with an atomic number greater

net with the same magnetic moment of 2gZper iron atom,  han7—14 other than Fe and Cu, was detected within the

as in purebccFe. This unexpected conclusion has been Criti'sensitivity limits of the experimental apparat(s5%. The
cized on the basis of the known behavior of Fe in the fcc

S ) composition of all the samples was found to be equal to the
lattice in Ref. 24 where the effect of thermal annealing on the, ) minal one. Of course. such an analysis did not allow the
bulk magnetic moment was also discussed. Actually, '

_ > in theycyyal composition of the fcc Fe-Cu phase to be determined
fcc phase, Fe can sustain two possible states of stable magg e a5 mentioned above, a small fraction of bce Fe was

netic moment—namely, a high-moment ferromagnetic stat€yresent, The present samples were found to be very similar
corresponding to (2.7—3jg per iron atom, and a full 8 {5 those investigated by other authd#2°as is apparent on

. 11 .
spin-up band™ and a low-moment state, corresponding 0 comparing the results of the characterization measurements.
~0.7ug per iron atom, characteristic of the antiferromag-  pojarized neutron diffraction measurements were per-

netic state’®° Therefore, considering that the state of fcc Fetqrmeq on the D3 polarized neutron diffractometer installed
with 2.2ug/atom has neither been observed in other cOMy the Institut Laue LangevitGrenoble, Frande The instru-
panion  systems nor obtained in first-principles ment was equipped with a superconducting magnet and a
calculations’™ investigation of the magnetic moment distri- cryostat. Use of D3 as a powder diffractometer in this spe-
bution of this alloy at the atomic level is extremely impor- cjfic experiment demanded for an improvement in resolution,
tant. .. achievable by selecting the highest possible take-off angle at
In the present study, measurements of the magnetizatiofe monochromator. Thé200 Bragg reflection from a
density of metastable fcc Fe-Cu alloys at different composi-Cong(38 monochromator was, therefore, selected to produce
tions have been carried out by means of polarized neutroghe nolarized neutron beam with 0.843 A wavelength. With
diffraction, aiming at describing the magnetic state of Fe inis configuration, a resolution adequate for a good separa-
this high-volume fcc environment. Polarized neutrons argjon of the(111) and(200) reflections in the present samples
particularly suited to this purpose because they couple to thg < attained and a rather extended 8)A( region was ac-
electron spin density and are sensitive to the local structurgessiple. The chosen monochromator configuration also lim-

so that the effect of the local environment on the magnetiGey the half-wavelength contamination, which was further
state can be investigated by studying the alloy system gy, ced by means of an Er filter.

different concentrations. The powder samples were contained in a cylinder-shaped
vanadium cell of 8 mm internal diameter, 0.5 mm wall thick-
ness, and 20 mm height. Because of the very irregular dis-
tribution of particle size in the present samples, the highest

The present samples were obtained by mixing commeravailable magnetic field, namely, 4.6 T, was used in every
cially pure Fe(99.95% and Cu(99.8%9 powders at the com- measurement. A test performed on the flipping ratio of the
positions 20, 40, 50, and 60 Fe at.%. In order to prevenEeCusg sample at 5 K showed that such a field was ad-
sample oxidation, the starting powders were flushed in Ar forequate to get full magnetic saturation. Indeed, from bulk
30 min and then sealed in a container under the same atmmagnetization measuremeftétit is known that the satura-
sphere. Powder charges of abédug were milled for 40 h in  tion field is much lower than the present one, which, how-
steps of 30 min alternated with rest intervals of 5 min, usingever, was necessary to reduce the depolarization of the neu-
a SPEX 8000 mixer/mill equipped with a hardened steel viatron beam. The measurements were carried out at 5 K. Data
and two balls of the same material of 13.5 mm diameter andvere collected over the®scattering angle range from 15°
10 g weight each. to 80° in steps of 0.5° resulting in a s\ range from

Il. EXPERIMENT
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TABLE I. Expected,R", and measuredR®®! flipping ratios of
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Depolarization effects were measured by inserting a thin

the polarization analyzer Gg-e; (see text The experimental data  single crystal of Cg,Fe; inside the powder sample and at the
were collected on Fe-Cu samples at 5 K. The experimental valuegenter of the cell. The size of the GBe; crystal, 0.3<6

of the spin reversal probability, due to sample depolarization, are w 2o mm°’, was such that the depolarization effects could be
listed in the last columriisee the Appendix

measured as an average on the whole beam section. The
same experimental configuration as for the diffraction mea-

R RO w surements was used. By measuring the flipping ratio of the
Fe,oClgg 34.0 34.0-1.0 0.00G-0.005 (200 reflection of the CgFe; sample and from the known
FeyCleo 34.0 28.3-0.7 0.014 0.005 theoretical_ va!ues of the flippi_n_g ratio as a fu_nct_ion of neu-
FesCusg 34.0 14.9-0.5 0.09% 0.005 tron polarlzatlo_n, the probablllty of depolarization of the
FesoClyg 34.0 7.9-0.2 0.224+0.005 neutron beam in crossing the first half of the sample was

obtained. The measurement was repeated for all the samples
because the particle size depended on sample composition.

0.15 to 0.77 AL, Consequently, the highest-order reflections] "€ €ffect caused by the depolarization is apparent from
measured in the present experiment w1 and (333). Table | where the measured and expected fllpplng ratio val-
The background intensity, which represents quite a larg&€S Of C@zFé; are reported @5 K for the various samples.
contribution to the scattered intensity because of the varioug€ depolarization is quite appreciable for the samples with
thermal shieldings inside the cryostat, was also measured &€ _h|ghe_st iron content, which, in turn, are those whose
5 K. Two background scans were performed, one with théP@rticle size is smaller.

empty container and one with the container filled witiCB The diffraction data on the Fe-Cu alloys were analyzed

powder as a full absorber. Using these results, the bac according to the procedure described in the Appendix, which
ground expected in presence of the sample, taking into a basically consists of background substraction, correction for

count the sample transmissiéwhich was in the range 0.6— incomplete beam polarization, depolarization effects, and
0.7), could be deduced ' spin-dependent attenuation. As an example, the intensity

measured with spin-up incoming neutrons on the sample
Fe;oCuyo at 5 K isshown in Fig. 2a) in comparison with the

20000

= {1 background intensity at the same temperature. The
E 15000 b @ background-free intensities for the g8u,q sample at 5 K
5 40 are shown in Fig. @) for spin-up and spin-down incoming
& 100004 ¢ neutrons. From the corrected spin-up and spin-down data,
Z . . the integrated intensities and the flipping ratios were ob-
& 5000+ J tained for each Bragg reflection. Finally, from the ratios of
£ AN magnetic to nuclear scattering amplitudes, the magnetic
O+—T——— 7 7 structure factor$,(G) of the present samples at 5 K were
20 40 60 80 deduced. The magnetic structure factBgs(G) are reported
26 (degs) in Table II, and the quoted errors account for both the statis-
20000 tical errors and uncertainties affecting the applied correc-
{(b) spin up tions.
15000 — ’. TABLE Il. Magnetic structure factors(G) (ug/atom) as
1 0 obtained from the present measurements at 5 K. The entries at the
100007 1 X (000 reflection are the bulk magnetic moments as reported in Ref.
= T ".: " oS " 20 for the 20 and 40 at. % alloys and as obtained from present
T 50004 v 0% ;4 measurements for the 50 and 60 at. % alloys
5 . , “ [ L) v . 70 y .
ALY R VIR 44
E goog_ - P spin down T=5K
'?z; . i FeCugg FeyClso FesoCusg FesoClyg
8 1 % 1 7‘* (hkl)  (ug/atom)  (ugl/atom) (ug/atom) (ug/atom)
= 6000~ 't 0 Te
| ;‘, : A R P 000 0.43%0.002 0.926:0.002 1.05%0.002 1.0860.002
3000 S : tfi"‘ 111 0.239-0.009 0.564:0.009 0.65%0.007 0.666-0.010
R Y u"v \ 200 0.2150.018 0.4980.016 0.606-0.013 0.5880.023
K ~ 220 0.108:0.012 0.24%30.012 0.2810.007 0.296:0.016
0 IR 311 0.075:0.006 0.106:0.019 0.236:0.007 0.2240.007
20 40 60 80 222 0.078:0.021 0.146-:0.025 0.19%0.016 0.198:0.016
26(degs) 400 0.051-0.021 0.13%0.028 0.13%0.016 0.159-0.026
FIG. 2. (a) Diffracted intensity from FgCuyoat 5 K for spin-up 331  0.015:0.012 0.072:0.006 0.06G:0.010 0.078:0.016
incoming neutrons vs scattering angtiots. The background in- 420 0.0220.012 0.0410.009 0.064-0.013 0.11%0.020
tensity | p.cx [S€€ EQ.(A1)] for spin-up incoming neutrons at the 422 0.00¢0.015 0.0340.012 0.06Z£0.016 0.0550.020
same temperature is also shovaircles. Lines are a guide to the 511 —0.021+0.015 0.03%#0.012 0.038&0.016 0.00%0.017
eye.(b) Background-free intensity vs scattering angle ig,Eey at 333

5 K. Upper panel, spin up; lower panel, spin down.
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value of the derivative can be taken as an indication that Cu
atoms do not carry a magnetic moment. This is also sup-
ported by the results obtained in the Ni-Cu alloys, where a
qualitatively similar behavior was observed and polarized
diffuse neutron scattering data were availaBIi€ In Fig. 3,
a straight line with 2.8z /atom slope and intercepting the
concentration axis at-.=0.05 is also shown. Even from this
initial observation, it is evident that the Fe-Cu systeamnot
be described as simple dilution of Fe into ,Gzontrary to
what was stated in Ref. 20.
——— The behavior of the bulk magnetization curve at Fe con-
00 02 04 06 08 10 centration lower than-30% can be described by a simple
Fe concentration phenomenological model which accounts for both the linear
trend and the onset concentration for ferromagnetism and
offers a possible interpretation of the physical mechanism
polarized neutron diffraction dataug,). The solid line is a guide to leading to the observed magnetic behavior. The electronic

the eye. The dashed curve is the line with «8%atom slope structure of the bin_aryCB alloy can _be described, as usual_,
through 0.05 Fe concentration. by means of two different electronic bands associated with

each component of the alloy and each one comprising two

Finally, bulk magnetization measurements were carrie¢Pin-dependent subbands. In a system like Fe-Cu, where the
out on the 50 and 60 at. % alloys using the same samples ar¥gcond component is nonmagnetic, the polarization of the Cu
at the same temperatu® K) and applied magnetic fiel@h.6 bands, as also discussed above, can be reasonably neglected
T) as the neutron experiment. The reasons for repeating tH&>  first approximation. A further assumption can be done
magnetization measurements at these Fe concentrations wéta the 3j band of Fe which, in this alloy, is in an fcc envi-
suggested by some discrepancies between the values f@nment: the spin-up@band of Fe can be taken as full at all
ported in the literaturé®2! The bulk magnetization data are the aI_on concentrations when.the ferromagnetic phase of the
also quoted in Table Il as the structure factors of (9@0) alloy is well developed—that is not very close to the onset

reflection, and the values at 20 and 40 at.% concentratioroncentration. The validity of this assumption is supported
are after Refs. 20 and 21. by many theoretical investigations on the fcc phase of Fe for

which a high-spin state, stable at high atomic volume and
favoring the strong ferromagnetism—that is, an almost full
Iil. DATA ANALYSIS AND DISCUSSION spin-up band—is expected. Therefore, the observed decrease

By means of the combined use of the present neutroR’ the magnetic moment by-0.95ug per additional (8
diffraction and bulk magnetization data at four Fe concentra-"4S) €lectron, which is made available by the addition of
tions, information on the microscopic arrangement of theCU, could be explained by a charge transfer mechanism in
magnetic moment in the Fe-Cu system and, ultimately, onyvhich a_transfer of electron_s takes plape from the delocalized
the magnetic state of Fe in an fcc environment is gained. ThéS™ P)-like bands to the spin-downdslike band of Fe. Al-
analysis of the neutron diffraction data and their interpretathough rather schematic, such a model has the advantage of
tion are strictly related to the knowledge of the bulk magne-9iving quite a simple account of the linear trend of the bulk
tization curve versus composition. The bulk magnetic mo Magnetization. Under the simplifying hypothesis that the
ment data are shown in Fig. 3. Some observations on th@legtronlc charge is .transferred at a constant rate, the mag-
behavior of the Fe-Cu system can be drawn immediatel?€tic moment of Fe in the alloysr., can be written as
from an inspection of this figure. The region of linear depen-
dence at low Fe concentrations is followed by a nonlinear
dependence region for Fe concentrations higher than 30%. _M 1—Xpe
Moreover, from the trend of the bulk magnetization curve at '“':e_xFe_'“Fe XFe Aet:
low Fe concentrations, it is clear that no spontaneous mag-
netization occurs when the Fe concentration is less than
at. %. Although this feature was not explicitly stated in pre-wheres is the bulk magnetic moment of the allgyp, is the
vious papers, it is quite apparent in all the reported experimagnetic moment of Fe with no charge transfer occurring,
mental bulk magnetization data and Curie temperature, eveXe is the Fe concentration, amg; is the number of electrons
though the exact onset concentration is not accuratelper added Cu atom that are transferred to the spin-down band
defined?®?5?% Increasing the Fe concentration, the onset ofof Fe. Equation(1) accounts also for the onset concentration
spontaneous magnetization is observed and the system ber ferromagnetism, which, in this model, turns out to be
haves as a ferromagnet. In the Fe concentration region fromlirectly related to the amount of charge transfer occurring in
5% up to 30%, the magnetic moment per atom increases atthe system. Assuming the onset concentration at 5% Fe and
rate of about 2.86g/atom; that is, each iron atom added to taking du/dxg=2.85, one findsup.=2.707ug and ng
the alloy introduces an additional magnetic moment of=0.143, which are quite reasonable values. It is important to
2.85ug. This concentration derivative of the average mag-observe that, because of the finite value of the onset concen-
netic moment is related to the neutron diffuse scatteringrationn. mustbe positive; that is, electronic charge is trans-
cross section®!® In the present case, the relatively high ferred towards the spin-down band of Fe. Although this

1 (uB/atom)

FIG. 3. Magnetic moment per atom vs Fe concentration in
Fe-Cu alloys. Dots: bulk magnetization ddja). Open triangles:

@
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model is rather appealing in its simplicity, the weakest as- 1.0
sumption is that of a concentration-independent charge trans-
fer. 0.8
As to the behavior of the bulk magnetization curve at Fe .
concentration higher than 30%, a mechanism different from 0.6
the simple charge transfer should be invoked to account for <) i
the observed nonlinear trend. The analysis of the neutron ™ 04
diffraction data, for which the bulk magnetization data rep- i
resent a constraint to be fullfilled, can help in clarifying those 0.2
aspects. |
The magnetic structure factoks,(G) measured in the 0.0 . . . : ]
neutron diffraction experiment are the series coefficients of T00 02 04 06 o8 1o

the expansion of the spin densig(r), in the Fourier lattice

. 0_1
series, that is sin(e)/ (A”)

FIG. 4. Form factors of fcc Fe vs si)/\. Dots: form factor
FM(G):J drs(r)e ¢, of the iron atom in the ordered compound Fghis deduced from
Qg the experimzental data of Ref. 10. Solid line: form factor of the
Q, being the unit cell volume, and they are commonly writ- free ion Fe* (Ref. 2.
ten in terms of the bulk magnetic momeatand the mag-  atization data. The two sets of data have the same trend,
netic form factorf(G) of the alloy. In the present system, 5inough the absolute values are different for the two alloys
because of the. topologllcal dl_sorder and using a primitive unit; 5o and 60 at. % concentration.
cell, the following relationship holds: The possibility that the differences shown in Fig. 3 were
F\(G)= uf(G) @) due to unreliable experimental structure factors was consid-
M K ' ered carefully. In particular, the effect of the beam depolar-
which amounts to a definition of the experimental magnetidgzation, which directly affects the flipping ratio and hence the
form factors f(G) over the reciprocal lattice vector§.  structure factors, was further checked. It was found that pos-
Equation(2) can, alternatively, be exploited to deduce thesible inaccuracies in the structure factors originating from
magnetic moment using, however, a model representation fétepolarization effects not properly taken into account were
the magnetic form factor. Assuming Cu to give a negligibleto rule out. Indeed, the agreement between the two sets of
contribution to the magnetic properties, this approach conmagnetic moment datg and ug;, for the 50 and 60 at. %
sists in fitting the experimental magnetic structure factorglloys would be possible only with unphysical values of the
Fu(G) by means of an appropriate magnetic form factor offlipping ratio of the FgCa, crystal. Considering that 34 is
Fe with the magnetic moment left as a free parameterthe expected value of the §&&oq, flipping ratio for operation
Clearly, the magnetic moments resulting from this procedur®f the spectrometer in ideal conditions, a value of 37 would
must be comparable, within the experimental uncertaintiedye necessary to bring the neutron data upon the bulk magne-
with the bulk magnetization data. Sound discrepanciesization data in the case of the f€us, sample and against
among the two sets of data could only result from a notthe measured value of 15. In the case ofEey, the
adequate model form factor or not reliable experimentaFe&Coy, flipping ratio should take a value of 19 against the
Fu(G) data. measured value of 8.

To ascertain this point, we first carried out the fitting pro-  The reliability of the structure factor data being assessed,
cedure whose crucial point is the choice of the model formthe difference observed in Fig. 3 can be ascribed only to a
factor. Indeed, a form factor representative of Fe in an fcgoor representation of the Fe-Cu system by means of the
matrix must be used and, in the simplest picture, it can b&hosen form factor or to a concentration dependence of the
taken as independent of the alloy composition. As a fornform factor itself. A guess on the concentration dependence
factor appropriate to fcc Fe in the metallic phase, we chosef the form factor can come from the experimental form
that of Fe in the ordered compound FgNihe spin density factors, as obtained from E@2) where the bulk magnetic
of which was measured by Cable and Wolf8indeed, inan moment has to be used. The experimental form factors are
ordered phase the magnetic moments and the spherical forsiown in Fig. 5. Although the data exhibit rather sizeable
factors of both the components of the alloy can be unamerror bars, a trend versus concentration of the experimental
biguously deduced from the experimental structure factorsform factors can be identified. This behavior was quantified
From the FeNj datd® we obtained magnetic moments and by calculating the followingy? ratio
spherical form factors of both Fe and Ni using the standard
data analysis procedure described in Ref. 27 and accounting Xixpt_ SelFm(G)— ufmod G) 1%/ 0%(G)
for the noncomplete glegree of orde_r of the §§\mple. 'Ifhe. form X2 ZelFwm(G)— uiifmod G) 1%/ 04(G) )
factor of Fe, as obtained from FefNiwas strikingly coinci-
dent with that of the free ion Eé as quoted in Ref. 28. Both wheres?(G) is the standard deviation & (G), el G) is
form factors are shown in Fig. 4. Using this form factor for the model form factor of fcc Fe from either the FgNata or
fcc Fe, we carried out the fit to the experimental structurehe Fé* free ion(see Fig. 5, and u and u; are, as before,
factorsF,,(G) and we obtained the magnetic momepis, the bulk and fitted magnetic moments. This ratio takes the
which are shown in Fig. 3 in comparison with the bulk mag-values 1.0, 1.3, 2.0, and 2.6 on increasing the Fe concentra-
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08 ' factors arises from the composition dependence of the pos-
--------- FezoCuso sible local environments. The simplest model would then
————— Fe40CUgo assume the presence of only two possible magnetic states for
Fe, which are connected to the local environment of each
atom. Of course, such a local environment model attributes
the change of the alloy structure factors to a well-defined
mechanism, i.e., the direct magnetic interaction between two
Fe atoms at nearest-neighbor sites.

We preferred to analyze the magnetic structure factor data
by following this second approach and for two main reasons:
(@) at high iron concentration the nonlinear trend of the mag-
netization looks very similar to that observed in both Ni-Mn
(Refs. 27 and 2Pand Fe-Ni(Ref. 30 ferromagnetic alloys.

In Mn-based alloys, the nonlinear dependence of the magne-
tization versus composition is ascribed to local environment

FIG. 5. Experimental form factor(G) vs si9)/x for the four ~ €ffects induced by the strong antiferromagnetic coupling be-
alloys. Fe,.Cugy oOpen triangles. FgCus,: solid triangles. tween neighboring Mn atomsb) This approach is strongly
FeCu circles. FgCu,; dots. The curves are smooth lines supported by the existing theoretical literature on the fcc
through the data points as guides to the eye. phase of metallic iron. Indeed, the results of the theoretical

investigations point out the stability of only two magnetic
tion for the four alloys we studied. This result indicates thatstates of fcc Fe: the first state, called the low-spin state, is
the form factorf ., G) is an adequate representation for theassociated with a magnetic moment-efl ug, it is stable at
two alloys with 20 and 40 at. % Fe, whereas the form factodow atomic volume, and it favors the antiferromagnetic cou-
of the two high-Fe-concentration alloys, namely, 50 and 6(ling; the second, the high-spin state, is stable at high atomic
at. %, differs appreciably fronf,{G). The experimental volume, it is associated with a magnetic moment ranging
structure factors=\,(G) for the Fg,Cu,, sample are shown from 2.5up to 3ug, and it favors the strong ferromagnetism.
in Fig. 6 whereuf o G) and us:f o G) are also shown as Therefore, coherently with the conjectured double magnetic
continuous functions of sidj/\. state of Fe the measured structure factors were written as a

From the above analysis we conclude that only the lowweighted sum of two contributions, that is
iron -concentration alloys can be satisfactorily described by
the Fe form factor as observed in FgNTherefore, a pos- Fm(G)=[x1p1f1(G) +Xa472(G) IXpe, 4
sible approach to the description of the magnetic propertieghere ; and u, are the magnetic moments of the iron
of the Fe-Cu system could be to model the structure factorgtoms in the two magnetic states, and x,=1-x;, and
by means of composition-dependent magnetic moments and(G) andf,(G) the corresponding fractions and form fac-

form factors. This approach iS, hOWeVer, SO unrestricted as tfbrs‘ The bulk magnetic moment was also written as a
prevent recognition of the responsible physical mechanismsyeighted sum:

Alternatively, the magnetic structure factors can be modeled
by assuming the coexistence of more than one magnetic state = Xq 1+ Xous | Xee. 5)

for the iron atoms in the alloy, each state associated with al’he fit to the measured structure factors and bulk magneti-
magnetic moment and a form factor. This approach assumes 9

that the local environment affects the magnetic state of Fe, s ation data through Eq6t) and(5) was carried out under the

that the composition dependence of the magnetic structu é)llowmg assumptlons:_(a) the magnetic form factorsf,
andf,) and the magnetic momengg, andu,) were almost

independent of the alloy compositiofl) the magnetic mo-

- - Fe50CU50

FegoCuso

0.2 0.3 0.4 0.5 0.6
sin(ey/a (A-1)

1.2 4
R mentu,; was deduced from E@l); (c) the magnetic moment
T g ‘§ uo was left as a free parametdd) the form factorf; was
2 N that deduced for the iron atom in the FgNntermetallic
L 0.6 compound which was assumed to be representative of Fe in
= T \ an fcc matrix;(e) the form factorf, was modeled by that
o 0.3-] appropriate to a hydrogenic atom with angular momentum
= equal to 2, that is,
0.0-F— T T A8(3N*—10Q%\2+3Q%)
0.0 0.2 0.4 0.6 0.8 f2(Q)= 302+ 02° , (6)
. n -1
sin@/2 (A7) with \ left as a free parameter.
FIG. 6. Magnetic structure factor of f€uy,at 5 K. Dots:  ex- The fit was carried out by varyiny and u, over a quite

perimental data. Dashed lineusfqodG). Long-dashed line: Droad range with;, and hence;=1-x,, fixed in order to
wmodG).  fmod G) is the model form factor of fcc Fe shown in g€t the correct bulk magnetization. The fit was performed
Fig. 4. Solid line: curve calculated according to the model of Eqs.including all the experimental structure factors of all the four
(4), (5), and (6) (see text The circle at sin)/A=0 is the bulk  alloys at the same time. In this way we got the best estimate
magnetization data. of u, andf,(Q) at all the iron concentrations. It turned out
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that they? surfaces of the fit had a rather well-defined mini- centration of Fe is increased over 30%, which is very similar
mum around w,=(—0.56-0.10)ug and N47=0.35 to that observed in Mn-Ni and Fe-Ni alloys, was interpreted
+0.10A"1. Such a minimum indicates that a second mag-on the basis of the two-magnetic-state model of Fe, using
netic state with a negative magnetic moment and a rathetifferent form factors and different magnetic moments for
broad distribution of the magnetization through the unit cellthe two states of Fe. From the analysis of the present diffrac-
is favored with the present experimental data. As expectedijon data, together with the bulk magnetization data, it was
the concentration of the negative magnetic moment state dbund that a good fit is obtained only if the magnetic moment
Fe increases on increasing the iron concentration, and @f the additional magnetic state of Fe is negatively aligned
takes the valuesx,=0.021+0.025 at 20 at.% Fex,  with respect to the ferromagnetic matrix. The results of the
=0.064+0.015 at 40 at. % Fe,=0.146+0.010 at 50 at. % fit strongly support the idea that the occurrence of the nega-
Fe, andx,=0.253+0.010 at 60 at.% Fe. The magnetic tive magnetic moment state is related to the local environ-
structure factor resulting from the present fit is shown as anent of each Fe atom. If this is the case, any theoretical
solid line in Fig. 6 in the case of the f€u,, alloy. Unfor-  calculation performed in systems like the present one should
tunately, the quality of the present data does not allow for @ot neglect these local effects. The presence of a second
more quantitative analysis of the shape of the spin density ohmagnetic state of Fe gets further support from the recent
the second magnetic state of Fe and we had to rely on theesults of Mesbauer measuremettti FesCus, where the
model function of Eq(6). Nonetheless, conjecturing the sec- presence of two magnetic states for iron is suggested to ex-
ond magnetic state provides a model within which both theplain the observed spectra. Indeed, a value of the concentra-
experimental neutron data and the bulk magnetization dattion x, similar to that found in Ref. 31 is recovered by the
find a simple and common interpretation. present analysis at the best fit valuewof. The interpretation
We want to note that the present data could have beeef the data in terms of the two-state model is also supported
described also by an almost constant negative magnetic mdy the results of Ref. 24 where the magnetization changes
ment density plus a magnetic moment density well repreafter annealing were discussed.
sented by the form factor of the free #eion. In such a We note that alternative models can be proposed to ex-
model the negative magnetic moment is expected to origiplain nonlinear trends of the bulk magnetization, involving,
nate from the polarization of those electrons with the mosfor instance, changes of the band splitting of the electron
diffuse distribution throughout the unit cell, and hence it isdensity of states with concentration. However, in the case of
expected to be proportional to the bulk magnetic momentFe-Cu a variation of the band splitting with concentration
This model would therefore predict a linear trend of the mag-does not account for the nonlinear trend of the bulk magne-
netization as a function of the composition. tization. Indeed, since the band splitting is expectednto
Further support of the present description of this systengreasewith increasingthe iron content, this would result in
comes also from the recent paper of Bual3! The authors an increaseof the Fe magnetic moment dncreasingthe
report the presence of two different components, with a difiron concentration. This behavior would be just the reverse
ferent distribution of hyperfine fields, in the sbauer spec- of what observed—that is, decreaseof the Fe magnetic
tra measured in EgCUs, samples. Such a behavior is possi- moment athigh iron content.
bly ascribed to variations in the magnetic moment of the Fe Finally, we observe that further investigation by means of
atoms depending on the local environment. polarized diffuse neutron scattering measurements would be
valuable. Such an investigation would allow for a quantita-
tive determination of the individual average magnetic mo-
IV. CONCLUSIONS ments as well as of their fluctuations. Moreover, the analysis

Polarized neutron diffraction measurements on four®f the nuclear contribution to the diffuse scattering would

samples of metastable fcc Fe-Cu alloys were performecgive ir_n‘ormation on the_ atomic short-range order. T_his is of

These measurements, together with bulk magnetization datgreat |mp0rtan<_:e to define the effect of the local environment

allowed for a description of the magnetic state of iron within ©" the magnetic moment.

the fcc environment. First of all, the neutron diffraction data

confirm the bulk magnetization and Curie temperature results ACKNOWLEDGMENTS
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APPENDIX
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spin-dependent background transmission, and the spin- 20000
dependent sample attenuation. Moreover, because of the 15000_‘ .
rather low resolution, possible superpositions of the tails of 1l =
adjacent Bragg peaks had to be carefully treated in order to 100004 ¥
obtain the correct intensity to be integrated over each Bragg 0 1 o
peak. § 50007 .7
First of all, the background was subtracted by means of g c- :
the following relationship: = _
G 15000 ¢
ko 1 &
£ jo000-{
ls=1m=lpack= Im—[Talot (1—=Tg)lapd, (AL) 1
5000 74
wherel,, is the measured sample intensity aipg. is the 0 Lo N
background intensity with, the intensity measured with the 20 40 60 80
empty cell, | 45 the intensity measured from the cell filled 26 (degs)

with B,C powder, andl'y the forward sample transmission.

All the intensities and transmission in EGAl) are depen- FIG. 7. Typical result of the fitting proceduksee the Appen-
dent on the spin state of the incoming neutrofig. was  dix) on the background-free spin-up data ofd&&y, at 5 K (dots.
calculated accounting for both the true absorption and th&/pper panel: the solid line is the fitted curve. Lower panel: first
attenuation due to the spin-dependent scattering, the spilﬁ’e?‘k data after subtraction of the fitted curve. Dashed lines are a
dependent linear attenuation coefficient of the sample beinguide to the eye.

p=n(oc+oi+oy),
whered3°" is the monochromator Bragg angle ang and

wheren is the sample number density, angando, are the D, were also left as free parameters. Use of this approximate
incoherent scattering and the absorption cross sections petjuation is reasonable since the sample scattering angle was
atom. o, is the coherent scattering cross section per atonalways greater than the monochromator Bragg angle. The
due to Bragg processes taking place inside the sampleuality of the fit was found to be quite good in all cases and
which, accounting for the spin-dependent magnetic crosgven in those regions where different reflections strongly
section, is given by ovelap because of the rather poor resolution. The main rea-
son for developing such a fitting procedure was the need of
obtaining clean peaks—that is, free from residual back-
ground and possible contributions from adjacent peaks—for
each Bragg reflection from which the integrated intensities
could be deduced. Therefore, the fitted curve was employed
to subtract the tails of all the reflections but that to be ana-
lyzed from the experimental data. In other words, use of the
fitting procedure was limited to the subtraction of the contri-
_ : ¢ bution arising from neighboring reflections on the tails of a
corresponding to the reciprocal lattice vectrb andp(G)  given peak, and the integrated intensity of each reflection
are the nuclear and magnetic scattering lengths,(#rd(1  was deduced by direct integration of the isolated experimen-
+sir? ¢)/2, ¢ being the Bragg angle. As apparent from theseta| peak. This procedure is expected to reduce the effect of
equations, the attenuation correction requires an approximatfe tails providing a reliable integrated intensity for those
estimate of the magnetic structure factor of the sample. Theeflections which are very close to each other without resort-
form factor® of the free ion F&" and a fixed magnetic mo- jng too much to the results of the fit. A typical result of this
ment of 2.2« per iron atom were employed as a first guessprocedure is shown in Fig. 7.
of the magnetic structure factor of the alloy. This approxi- Depolarization effects brought about by the sample were
mation is not crucial, since the magnetic contribution to therreated by seeking a solution of the appropriate neutron
total cross section is fairly small and never exceeds 10%yansport equations. With a finite transition probability be-
The transmissiog was then determined by numerical in- tween the two neutron spin states, the transport equations can
tegration over the sample volume using the so-deduced lirpe written as
ear attenuation coefficient.

The intensity corrected for background was fitted to the
diffraction pattern appropriate for an fcc sample, leaving the
lattice parameter, the peak intensity of each reflection, and
the residual background, due to both incoherent and diffuse
scattering and modeled by a second degree polynomial, as
free parameters. The width of the Bragg peaks was described

by the approximate two-parameters formula where dN;(dN,) represents the variation of the spin-up

(-down) neutron flux when the neutron path inside the
sample isd7, w is the spin reversal probability due to the

F2(G)d(G), (A2)

C
O~
¢ 2N SEe

where
F2(G)=b?+q?p(G)*+29°bp(G).

In Eq. (A2), d(G) is thed spacing of the reflecting planes

W:WO+ DO tar( ﬁB_ ’ﬁglon),
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sample depolarization, and, () is the spin-dependent lin-

ear attenuation coefficient. By analytic integration of these C=
equations along the path from the container wall to the point

where a scattering event takes place, under the assumption of

a uniform sampleN;(7) andN,(7) were obtained for any

given value of the incoming neutron flux and the incoming

beam polarization. The explicit formulas Nf.(7) andN ()

are

N(7)=N;(7)+ N (7)=Bexp(— ui7)+Cexpl— u,7),

2
N(7)=N;(7) =N (7)=——
™ My
=2
X|w+ /| Z=—] +w?
2
2
+
M= M
_ 2
o (u o
2
where
1
B=| 1-
My M
o/ 14|
2w
1
+ No,
2w |2
2\/1+
M= M

B exp(—u17)

Cexpl— p21),

1
1+ | N
wi—
21+ ﬁ)
2w
1
No,
2w\ 2
2 1+
My
mit pi— )
Ml/2: 2 +Wi T +W2,

n(r=0) being the incident beam polarization aNf7=0)
being the incoming neutron flux.

Applying this approach to the analysis of the flipping ratio
measurements of th00) reflection from the CgFe; crys-
tal mounted inside the Fe-Cu powder samples, it was pos-
sible to deduce the experimental values of the transition
probability w. Indeed, the relevant path in this case is only
that from the container wall to the g&e; crystal, and the
relationships forN;(7) and N (7) were numerically aver-
aged over all the possible paths of this kind. Tealues
deduced from the depolarization measurements are reported
in Table I. Finally, the experimental flipping ratios of the
Fe-Cu samples were corrected for depolarization effects,
making use of the so-deduc&dvalues and performing the
numerical average oN(7) and N (7) over all possible
paths from the container wall to the point where the scatter-
ing event takes place—namely, everywhere inside the
sample volume. It is worth to note that a simultaneous cor-
rection for depolarization and spin-dependent attenuation is
obtained as a result of this procedure.
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