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Fe precipitates in a Gy matrix, prepared using the Bridgeman method and with an average
composition of Cy;Fe;, displayed the coexistence of ferromagneti$tivl), spin glass-likg SGL)
behavior and antiferromagneti(AFM) correlations. The two former contributions may be
attributed, respectively, to the segregation of FMFe,.. precipitates and to the few Fe spins
distributed in the matrix. The annealing procedures increased the FM contribution and, as particle
growth and phase segregation took place, the SGL behavior progressively disappeared. Results from
high resolution transmission electron microscopyRTEM), x-ray photoelectron spectroscopy
(XP9), and electron energy-loss spectroscOpizLS suggest that the AFM correlations are due to

the a-Fe patrticles that show a surface layer of a few nanometers in thickness, of either FeO and/or
v-Fe... XPS and EELS measurements confirm the presence of FeO; however, the latter is only
tentatively suggested by the HRTEM analysis of the particle/matrix interface0@ American
Institute of Physicg.S0021-89780)08106-§

I. INTRODUCTION the magnetic correlations. Moreover, GMR in granular alloys

Heterogeneous granular alloys consisting of a distribulS essentially related to the spin-dependent scattering of con-

tion of small ferromagneti¢FM) precipitates embedded in a ductior'1 electr'ons at the particle—ma?rix .interfaces apd this
nonmagnetic metallidNM) matrix have been extensively effect is monitored by the demagnetization mechanism oc-
studied over the last few years because they exhibit giarfuning at the particle surface.

magnetoresistanCeGMR)_lrz Typ|ca| granular a”oys are In this article we discuss the structural and magnetic
Co—-Ag, Co—Cu, Fe—Cu, CoFe—Ag, NiFe—Ag, and CoFe-properties of Fe precipitates grown in a Cu matrix by anneal-
Cu; and depending on the relative FM—NM miscibility, asing a precursor alloy of composition G#e; under various
deposited sample@repared, for instance, by sputteriraye  conditions. A low Fe content was chosen to obtain a distri-
usually annealed at temperatures between 450 and 700 °C lnution of isolated magnetic particles, so as to study the struc-
order to promote the segregation and growth of the FM parture of the particle surface and its contribution to the mag-
ticles. The maximum GMR effect observed at low temperanetic properties. Moreover, this is an ideal system by which
tures is~30%-40% and this is obtained at20-25 at. % to evaluate the crystallographic relationships between the
FM concentration. Spin glass-likeSGL) behavior has also  magnetic precipitates and the matrix, and the way in which
been reported at low FM concentrationand is related to these orientation relationships affect the magnetotransport
the degree of FM—NM alloying. In general, FM—NM alloys (GMR) properties of these alloys. This article is thus aimed
are well known for showing this glassy behavior even at FMy; correlating the crystal structure with the magnetic proper-
concentrations as low as about 0.01 af’ Heterogeneous  yies and at identifying the key structural factors responsible
alloys are also of importance in understanding the basig,. e coexistence of ferromagnetism, antiferromagnetic

properties of a distribution of small magnetic particles. These(AFM) correlations. and SGL behavior in these low ferro-
alloys allow us to study the two main features that determin agnet content Fé—Cu heterogeneous alloys. We note that
the magnetic properties of fine particle systems, i.e., the crys- )

. . . 8Ithough cohereny-Fe precipitates in a Cu matrix are para-
tallographic and chemical structure at particle surfaces an . . :
magnetic at room temperature and antiferromagnetic below

~70 K, it is not yet clear how interfacial strains and inter-
3 Author to whom correspondence should be addressed: Permanent addreﬁffusion affect the AFEM correlations when th'm—Fe films
Dept. Fsica Fonamental, Facultatsfea, Universitat Barcelona, Diagonal
647, Barcelona 08028, Catalonia(Spain; Electronic —mail: ~ @re grownon Ctiand even how room temperature ferromag-
xavier@ffn.ub.es netic y-Fe films may be obtained.
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Il. EXPERIMENT (111) FCC Cu

Cu-3 at. % Fe alloys were grown using the Bridgeman 3000
method and individual pieces were annealed under various—
conditions: samples A650 °C, 18 min, B (650 °C, 4 h, C @

(650 °C, 24 h, and D (700 °C, 70 h. X-ray diffraction S 2000}
(XRD) patterns in the#/26 geometry and transmission elec- 8
tron microscopy(TEM) in bright (BF) and dark field(DF) ;
modes were used to determine the average crystal structurcg
and particle size of the matrix and precipitates. The local and §
average compositions were evaluated by x-ray energy-<S
dispersive spectrometryXEDS) using a 20 nm electron

1000 {011) BCC Fe

probe in' a standard JEOL ?OO CX microscope equipped with % 4'3 ) 4'5 46
a scanning TEMSTEM) unit. X-ray maps of Cu, Fe, and O 26 (°)

were also obtained from XEDS. Selected area electron dif-

fraction (SAED) and microdiffraction experiments with a 20 FIG. 1. Detail of the XRD spectra for samples B, C, and D.

nm electron probe were recorded to ascertain the local struc-

ture and orientation relationships. High resolution TEM WaSFrom the integrated intensities of these two peaks, the atomic
erformed using a Philips CM 200 FEG microscope. This . '
P 9 b b a-Fe concentration was found to be about 4% for sample D.

microscope also incorporated an electron probe 92 nm . - .
P P P he isolateda-Fe precipitates are shown in the DF TEM

and was used to determine the local structure and orientatioﬁi rographg Fig. 20)]
relationships at the nanometer scale. The particle/matrix in- crograp 9. 4. .
The local and average composition of the samples was

terfaces were also studied. Energy filtered images were ob- i . .
tained by electron energy-loss spectrometBELS) in a determined by x-ray energy-dispersive spectrometigDS)

Philips CM 300 FEG microscope in order to map the Cu, Fegﬂsmg(a %O hnm ;Iectron tptrr?btel; Bqthh x-ray line profiles 3”3
and O distributions. X-ray photoelectron spectroscofyS aps(not snown suggest that Fe-rich regions corresponde

using Al and Mg Ka sources made it possible to evaluate the:girt]:?j Igfagign%?r:gcﬁse, gzg?rgzep?ggga?: ;Zmpﬁscvlgg ob-
content of both metallic Fe and Fe—O in the samples. Hys- K
P y ~2.5 at.% Fe for sample B and5.5 at.% Fe for sample C.

teresis loops, with applied fields up to 12 kOe, were mea- L ) .
sured at room temperature using a vibrating sample magn \though this difference can be attributed to the experimen-
al error in the measurement, it is in agreement with the

tometer and ac susceptibilitpc magnetic field of 1 OeThe . : ) : S
plibilitg 9 9 increase in Fe segregation with the annealing time detected

latter was measured as a function of temperatdt8—275 ; . !
. . from XRD, and with both the hysteresis looffsig. 8) and
K), f 11-1111 H I field. .
), frequency( 2, and dc applied magnetic field temperature dependence of the ac susceptilgifilys. 6 and
7). The local composition was obtained using an ultrathin
1. RESULTS AND DISCUSSION window detector; when the beam was focused on a thick area

XRD and TEM showed thad-Fe,..particles precipitate
in the Cy, matrixX’ and grow as the annealing time in-
creases. No other phases, suchyasg.., Cu—0, or Fe-0,
were detected. Average sizes were obtained from the peak
broadening of the XRD spectra of the samples, in compari-
son to a Cy, standard, which was used to calibrate both the
position and the instrumental width of the diffraction peaks.
Crystallographic Cu domains ranged from a few tenths of a
micron to a few microns; due to the small Fe concentration,
their peak positions were not affected, within the experimen- (b)
tal error, by the annealing procedure. The average size of the
a-Fe precipitates, obtained from the kg peak, was~27,
~39, and~58 nm for samples B, C, and D, respectively
(Fig. 1. These values are in agreement with the particle sizes
observed by DF TEM images, which ranged from 6 to 15 nm
in sample A, 15 to 30 nm in sample B, 30 to 60 nm in sample
C, and 40 to 70 nm in sample D. The integrated intensity of

. . . sy . FIG. 2. Microdiffraction patterns for sample C, using a 20 nm electron
the Feoss) peak increased with the annealing tiftieis effect probe:(a) [013] zone axis for the Gy, matrix and(b) [001] zone axis for an

was parFicuIarIy noticeable When going from sample BinC Fe,.c precipitate. The camera constant was calibrated from the Cu diffraction
suggesting that Fe segregation also occurred. The XRD spegattern and used to index that of the Fe, always resulting in a bcc structure
tra may be fitted within the rangeg242°—-46°, if we take i the case of the lattefa) and(b) do not represent the orientation relation-

; ships between the precipitates and the matrix, since the diffraction patterns
into account the G and Feoi) peaks. Unfortunately, for of the matrix and precipitate were obtained in different areas and orienta-

this low Fe concentration, XRD cannot detgefe precipi-  ons (ilts) of the sample(c) DF TEM micrograph for sample C, showing
tates, especially if they are coherent with the Cu matrix.solateda-Fe particles.

(a)
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Cu (a)

FIG. 4. HRTEM image for sample C, showing the ellipsoidal distortion of
some of thea-Fe particles.

0 Cu be located in the Fe-rich precipitates, leading to both metallic
IC L Iie J LJ\\ Fe and an Fe—O-type compound in the precipitates. How-
J o T ever, the latter result should be taken as tentative since it
6 8 might be related to a higher surface roughness around the Fe
F precipitates. We note that, based on the x-ray maps for Fe
e (C) and O in very thin areas of the samples, oxygen was uni-
formly distributed throughout the sample and it did not cor-
Fe ‘ relate with the Fe-rich precipitates.
Cu Microdiffraction patterns were recorded with a 20 nm
electron probe to ascertain the crystal structure of the Fe
precipitates. The Cu matrix was oriented along a given zone
CU axis, from which the camera constantvas determined by
Fe applying the expressionr(h,k,1)-d(h,k,l)=c; where
'C J Cu r(h,k,l) is the experimental distance from the transmitted
beam to the diffraction spot and(h,k,l) the ideal fcc
T J 1 ¥ ¥ I 1 T ) T . . . . .
0 2 4 6 8 10| Cup k) interplanar spacingFig. 2(@]. Applying this value
Energy (keV) , of ¢, indexing of the microdiffraction patterns of the Fe par-
ticles always led to a bcc structur€ig. 2(b)]. The bcc struc-
FIG. 3. XEDS spectra for sample D, using a 20 nm electron probe and atU'® Of the Fe precipitates and the particle/matrix orientation
ultrathin window detector(a) thick area of the Cu matrif360 counts/s (b) relationships were checked at the nanometer scale using a 2.4
thin area(near the hole in the samplef the Cu matrix(30 counts/s (c) Fe nm electron probe_ First' an Fe precipitate was imaged by

precipitate~40 nm in diametef30 counts/sin an area close t¢b). The . . .
total number of counts was 100,000 in all cases. Some surface C contamll_-”:zTElvI (Flg. 4)' Then, the sample was ftilted until the

nation is present ifb) and(c). (c) confirms that the precipitates are Fe rich. Microdiffraction Pattem indigated that tr[&]:]-]_ zone axis
Oxygen is mainly located at the sample surf@epeak is presentitb) and  for the Cuy,. matrix surrounding the Fe precipitate had been

(0), put not i_n_(a)]. However, some extra oxygen might be Ipcated in the reached[Fig. 5@)]. Finally, whenever the microdiffraction
:Srfr:; ‘;;ef(')f]'tmisﬁgﬂ sl_p;.Ctra were performed after cleaning the samplg, o \was taken at the center of the Fe precipitate, the

[110] zone axis for Fg. was obtainedFig. 5b)], yielding

the Kurdjumov—Sachs orientation relationships for fcc and
of the matrix, the expected Cu-dominant spectrum was obbcc graind&— 111)sc c|[110]pcc e @and  (1—10). | (1
tained and no O contribution was detectgedg. 3@)]. In —11)pecre As usual, the camera constant was calibrated
contrast, when the beam was focused on a thin area of tifieom the Cu diffraction pattern and used to index the Fe
matrix, the expected surface O contaminatigassivation pattern. However, a mismatch between the zone axes of the
layen was clearly visibldFig. 3(b)]. Finally, when the beam matrix and precipitate, which increased with the annealing
was focused on top of an imaged precipitaie an area very temperature, was detected. The mismatch angles wéfe
near to the previous spectrum and of very similar thicknes4.5°, 3°, and 5.5°, for samples A, B, C, and D, respectively.
since the counting rate was roughly the same—Fig)]3  This may be related to the particle distortion as a function of
even though the spectrum was dominated by the contributiogrowth from quasispherical to ellipsoidal-like and observed
from Fe, the O contribution was slightly highér-4% for in HRTEM images(Fig. 4). Small quasispherical bcc par-
sample D than before, suggesting that some extra O mighticles may be accommodated in a fcc matrix and although

Downloaded 08 Jun 2010 to 161.116.168.169. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



3040 J. Appl. Phys., Vol. 87, No. 6, 15 March 2000 Batlle et al.
9.0 F .....IIIIII-IIII...--....-.
1111 Hz S reeeall
S g5
Q L
S =
m 111 T
\-/‘) 7.0 ) '... '.'..l .l.......‘...-
-8 555 Hz ALLE TUNIS
x '.-o"...
6.5 ataat - AA‘I‘;‘;‘" A““““‘““‘ astan 4 a4
FIG. 5. Microdiffraction patterns for sample D, using a 2.4 nm electron CXER z
probe:(b) [110] zone axis at the center of an &eprecipitate~50 nm in L s L L . . . L
diameter and@ [111] zone axis for the Gy matrix all around the Fe 10 20 30 40 50 60
precipitate(a) and(b) show the Kurdjumov—Sachs orientation relationships T (K)

for fcc and bcc graingRef. 8. Patterns(a) and (b) are related through a

tilting angle of about 5.5° and this slight mismatch is associated with theg . 7. Detail of the in-phase component of the ac susceptibiljpat low
anisotropic growth of the particles. temperature for sample B at different frequencies.

ths leads to ?Iargilocal s_ulrf?ce stréine (;elldﬁarametelzs increasing Fe segregation with annealing time, since the con-
ave to match at the particle/matrix interfacehe overall  copiration of isolated Fe spins diluted in the matrix, which

surface energy is small. Larger particles cannot accommogee yegponsible for this freezing behavior, is drastically re-

date the local strain at the surface, so they grow eIIipsoidaIauced_ A residual Fe dilution 0f-0.3 at. % in sample D
Iike, at the expense Qf an increa;e in the surface energy. ThFﬁight lead to a freezing temperature of about 2 hich is
kind of deformaﬂon' IS common in Fe-Cu "’,‘HO%' ! in agreement with the expected solubility of Fe in @Qu35

The ac gusceptlblllty measur'ements with an ac field of 1, o/ Fein Cu at 780 °Cobtained from the phase diagrdm.
Oe and at six frequencies, ranging from 11 toX 10" Hz, Finally, a clear increase ig,. was observed above 80 K for
were carried out between 4.2 f?‘”_d 215K, Both_sampl_es Aang, samples, and this increase was smoothed by the applica-
B clearly Sho,Wed a characteristic SG!‘ peak in the in-phasg,n of 3 dc field. These findings suggest the presence of
component,x;, at low temperaturdFig. 6. No relevant short-range AFM correlations which are broken by a dc field,
differences were observed in these two samples. The freegﬁ agreement with the magnetization cun(&ay. 8, see be-
ing temperature depends on the measured (‘;,[eq“ency afly). although this AFM contribution might be partially hid-
shifted from_~23 K at 11 Hz to~30 K at “X_l Hz, for  qen by the increase in the background signal coming from
sample B(Fig. 7)'_ Th_|s Iow-temp(_arature peak is also qepen'the FM phaseincreasing with the dc applied fieldThis FM
degt.onht_hedapphcatmn of a_dc fielgarallel t?] the aciflellzi contribution should give a quasiconstaf, since the initial
an f't shifte Ifrom~2; Hac=0) t.o ~f35 K when ::&C_SOO susceptibility of a distribution of blocked FM particles does
Ot? or sgmp ehB, wit I’cllmee}slunng re?%Jencyll of 111 de, 8ot depend on temperature at temperatures well below the
observed In other sma pa.rtlce syste, >amples CandD  rean blocking temperaturélat zero-field cooling at low
did not display this peak; howeve; increased below omperatyres These high-temperature AFM correlations

about 20 K, suggesting that the SGL behavior, if present, oo also observed in a = multilavers (300 bi-
would appear only below 4.2 K. This is in agreement with /P05 om yers(
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FIG. 6. In-phase component of the ac susceptibijfy: (®) sample B FIG. 8. Detail of the hysteresis loop at room temperature for samples C and
measured at 111 HZM) sample B measured at 111 Hz and with a dc D. Inset. Decreasing branch of the hysteresis loop at room temperature for

applied field of 500 O¢parallel to the ac field and(A) sample D measured samples B, C, and D. All curves have been normalized to the volume frac-
at 111 Hz. tion of a-Fe precipitates obtained for sample D.
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layers, which suggests that those samples may in fact com-
prise Fe clusters precipitated in a Cu matftikhe low field
susceptibility showed a blocking behavior at low temperature
(very smalla-Fe precipitates while y-Fe was only detect-
able by conversion electron Nsbauer spectroscopy.

Hysteresis loops measured at room temperature are plot-
ted in Fig. 8. If we assume that the mean blocking tempera-
ture(Tg) and the energy of anisotropgy- (V), (K being the
anisotropy constant, wher,_re ,u=4.72x 10° erg/cn®
at room temperature an/) the mean particle volumeare
related through the expressidg-(V)=25kg-(Tg),'° then
most of thea-Fe particles must be blocked well above room
temperature for samples B, C, and D, and we should expect
a pure FM hysteresis loop. However, it could be argued that
the increase iny;. observed above 80 KFig. 6) might be
related to the blocking of the smallest particles in samples A
and B, rather than to short range AFM correlations. This is
not possible for samples C and D, given the particle size
distributions observed by TEM. Coercive fields range fromF'C- 9- HRTEM image for am-Fe precipitate in sample D, suggesting the

. . existence of a surface layer of a few nanometer in thickness with a structure

165 to 230 Oe for samples A and D, respectively, which ar€jierent from the particle core.
reasonable values far-Fe (Fig. 8). All the samples saturated
at large fields(Fig. 8, inset and as the annealing time in-
creased, saturation magnetization increased due to the dearve. The latter contribution might be attributed to the
crease in both the amount of Fe spins alloyed to the Cghort-range AFM correlations observed in the ac susceptibil-
matrix and the relative unimportance of disordered spins aty, which are broken by the applied field as we approach
the particle surfacédecrease in the surface-to-volume ratio saturation. This might be the reason why the knee of the
as well as the particle growttnegligible contribution from loops (saturation field of about 1500 Qés reached at fields
small particles that are not blocked at room temperature much higher than the field at which hysteresis disappears
However, for sample Dlargest Fe segregation, largest~e  (which is of the order of the anisotropy field etFe, i.e., a
contenj, we obtained an experimental saturation magnetizafew hundred Op and the remanence-to-saturation ratio is
tion M&P=511 emu/cri(Fe), which is much smaller than much smaller than the value expected for a cubic system. In
the expected bulk valué ;=1717 emu/cr This means that addition, somen-Fe precipitates may be multidomain mag-
only about 30%(in volume of the Fe content contributed to netic particles as the critical size for Fe goes from 15 nm for
the saturation magnetization. spherical particles to about 60 nm for ellipsoidal particles

Let us assume that we have an inner FM particle coravith an aspect ratio 10:1. This FM—AFM coexistence has
(a-Fe) and an outer shell not contributing to the magnetiza-also been found in many other granular alld§$4oreover,
tion. Then, M and M are related through the expression if the surface layer were the cause of the AFM correlations,
M =Mg: (1—-d-(S/(V)), whered is the thickness of the sur- we note that a two-dimensional Heisenberg system with
face layer noncontributing to the saturation magnetizatiorAFM interactions does not show long-range order and the
and (S the mean particle surface. This expression yiglds susceptibility displays a very broad maximum with tempera-
= 6 nm for sample D. The surface layer might have either gure. Finally, a surface spin-disordered structure might also
different crystal structure from that of the particle core, e.g.contribute to the outer loop. That disorder might arise from
y-Fe (Neel temperature~70 K39, or a different chemical either a reduced number of Fe neighbors for surface spins
composition, e.g., Fe@Neel temperature~186 K and ex- (leading to a frustrated magnetic structure or to superpara-
trapolated Curie—Weiss temperatur&70 K), and these two magnetisn, charge transfer or particle/matrix interdiffusion,
possibilities might lead to the short-range AFM correlationsamong others.
observed at room temperature. The former might be caused Preliminary HRTEM images of the particle/matrix inter-
by the matrix-particle interdiffusion and surface strains,face suggest that some particles had a surface layer of a few
yielding a progressive transformation from a bcc to a fccnanometersFig. 9) with neither the structure of the particle
structure of the Fe atoms at the particle surfacedA40%  core nor the matrix. The lattice images from the surface
of the mean particle size, XRD cannot solve the problem ofayer, calibrated using the fringes from the |Gy matrix,
detecting they-Fe contribution, particularly if these small might be attributed toy-Fe. Also, the presence in the
precipitates are coherent with the Cu matrix. Hence, all hyssamples of an Fe—O-type compound was studied by XPS and
teresis loop<Fig. 8 and insethave been normalized to the EELS. XPS spectra were taken by using a Mg Eource,
volume fraction ofa-Fe precipitates obtained for sample D. after cleaning the surface by ion milling. The spectrum for
It is also worth noting that the hysteresis lodp%g. 8) sug- sample D[Fig. 10@)] shows the 9,,, and 23, lines for
gest a superimposition of an inner FM-like logphowing  metallic Cu, the Auger lines for Cu and the line (~284
hysteresisand an outer loop, which shows no hysteresis an@V) for C. The latter suggests some residual surface contami-
a marked decrease in the slopguasilinear MversusH nation after cleaning. Neither Cu—O nor O lines were ob-
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7.5+ —
Cu (d) FIG. 11. Energy filtered maps obtained from EELS, for sample(d:
HRTEM image,(b) Cu mapping,(c) Fe mapping, andd) O mapping. All
Cu spectra were performed after cleaning the sample surface by ion milling in
LN,.
6.0 L I 1 L i 1 L L i 1 L
735 720 705 690
6.6 spectrum for a pure metallic Cu stand4fédg. 10d)] using
the MgKea source reinforces this experimental artifact—the
64 spectrum for Cu appears not only at the expected energy of
' ~933 (2p4») and~953 eV (D3,) (not shown, but also at
= N ] ~699 and~719 eV, respectively. The difference between
5.6 =] these two sets of values-(234 eV) corresponds to the dif-
715 710 705 700 695 ference between the in-coming energies of kheradiation

of the Al and Mg sources. Fortunately, the Fe contribution to
the spectrum in Fig. 1@) is clearly shown within the range

_ . 705-715 eV. However, it is evident that the expected line at
FIG. 10. XPS data for sample D after cleaning the sample surface by ion

milling: (a) spectrum in the binding energy range 200—1000 eV, using a Mg~707 ev (2)3/2) broadens to higher energies, SUQQeSting
K source,(b) detail of () in the range 925-970 eV, showing thp;zand  that not only metallic Fe but a compound of iron and oxygen
2y, contributions from metallic Cuic) detail of (a) in the range 695-740 s present. The best fit of the spectrum is shown in Fige)10
teh\/, _sh(;J_wintg the_t(:(t)_ntribl;titohns gfm metallic (f}qr(r)]s_s—tallkingdeffect dt::ettof with the contribution of FeO (g5, at ~709 eV}, leading to
MZ &na;fe;egfﬁéifgn% aneFe_%issgciomp'gu(:;’ g:tgﬁ Ofn fhzg szc_o an average composition of 98.1 at. % metallic Cu_, 1.2 at. %
trum in the same binding energy range (&5 for a metallic Cu standard Metallic Fe, and 0.7 at. % FeO, for sample D. Finally, the
using a MgK & source and showing the cross-talking effect with the<Al energy filtered maps for Cu, Fe, and O obtained by EELS
source,'a}nde) best fitting of the P32 peaks in(c), quding to an average (Fig, 11) reinforce the suggestion that there is an extra
composition 98.1 at. % metallic Cu—1.2 at. % metallic Fe—0.7 at. % FeO. amount of O in the surface layer around the metadii€e
particles, probably associated with the FeO detected by XPS.
In summary, if we assume the ratio of metallic Fe to FeO
served. A detail of the spectrum in the binding energy rangebtained by XPS to be correct, 63% of the Fe content in the
925-970 eV clearly shows they2, and 205, lines for me-  precipitates is metallic and 37% is oxide. However, accord-
tallic Cu, with binding energies of-953 and~933 eV, re- ing to the hysteresis measurements, only about 30% of the
spectively[Fig. 1ab)]. A detail of the spectrum in the range total Fe content contributes to the net magnetizatier=€).
690-740 eV is shown in Fig. 16. The main lines in this The expected solubility of Fe in Cu is about 0.35 at. % for
spectrum, at-699 eV and~719 eV, do not correspond to Fe sample D(which results in about 12% in the average com-
but to Cu, and this arises from a cross-talking effect betweeposition Cy-Fe;), as the phase diagram and the ac suscep-
the Mg and AlKa sources; although we are using the Mg K tibility both suggest. We may thus estimate that thée
a source, the Al one sits beside it, such that the excitation ophase in sample D is about 21% of the Fe content, that is, 0.6
the Mg anode leads to a residual excitation of that of Al. Theat. %. Consequently, this is why XRD, TEM, and the other

Binding Energy (eV)
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experimental techniques used in this study cannot clearly*A. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S. Zhang, F. E.
ascertain they-Fe precipitates, particularly, if these precipi- Spada, F. T. Parker, H. Hutten, and G. Thomas, Phys. Rev.6&18745
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