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Sigmalike phase and nanoscale segregation in polycrystalline f&r,_, films:
An element-resolved magnetic and structural study
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Complex changes in room-temperature magnetic and chemical order in sputte@rgd Fdilms (1.0>x
>0.24) are revealed by resonant soft x-ray magneto-optical and scattering spectroscopies. A distorted, homo-
geneous paramagnetic phasexat0.55, similar to the bulkr phase, is found. Linked chemical and magnetic
segregation on either side of this phase are interpreted in terms of favorable and frustrated exchange interac-
tions, as is a net Cr local moment &= 0.69. Segregated alloys exhibit reversible magnitization originating
from weakly coupled, noncollinear Fe spins.

FeCr,_, alloys are interesting among binary magnetic  Polycrystalline films were grown by rf magnetron sputter-
alloys because the differedtband filling of the isostructural ing onto oxidized Si wafer and SiNnembrane substrates at
elements yields room-temperature ferromagn@®id) order ~ ambientT. Varying the surface area ratio of Fe and Cr target
in Fe and spin-density wavéSDW) antiferromagnetic material variedX, and an amorphous SiC capping layer pre-
(AFM) order in Cr. The transition from FM to SDWAFM vented oxidation. Areal mass density of Fe and Cr was de-
order withx is not well understood, especially in thin films termined by x-ray fluorescence, yielding-1.0, 0.91, 0.85,
where few techniques can resolve elemental contributions t8.69, 0.58, 0.50, 0.39, 0.34, and 0.24. Thicknesaried
magnetic and chemical ordering in films tens of nanometer§om 55 to 75 nm, as determined by fitting oscillations in
thick. Alloy films are relevant to Fe/Cr multilayers exhibiting low-angle x-ray reflectivity, and is 10 or more times thinner
giant magnetoresistanée® and to the coupling of Fe and Cr than films studied in Refs. 14-16. All data are collected at
across interfaces and in layered structdréSsince alloying  Tr-
of Cr on F&001) appears related to Cr ordering and inter- ~ Transmission soft x-ray magneto-opti¢®O) techniques
layer coupling’® Fe on Ct001) orders in orthogonal direc- near the Fe and Crii»(L3) and 2p1/5(L ) levels yield mag-
tions depending on the substrate surface step déhiigi- netic signals roughly proportional to the net moment or mag-
cating high sensitivity to structural disorder. Possiblenetization of each element along the wave vedtorThe
similarities to Co-Cr based films used in magnetic recordingcomplex Faraday MO response i (—n_)wt/N where
further motivate study of Fe-Cr films. Here element-resolvedh,,-=1—6,,_—iB,_ are the refractive indices for oppo-
soft x-ray magneto-optical and scattering techniques providsite helicity (+/—) circular polarization(\) andB(\) are
unique information that reveal complex changes in magnetigveighted sums of the real and imaginary parts of Fe and Cr
order with composition that correlate with changes in chemi-atomic scattering factors,and \ is the wavelength. Mag-
cal and structural order. netic circular dichroism{MCD) is (8, —8_). Spectra pro-

Bulk FeCr,_, alloys exhibit rich metastable behavior de- portional to this quantity were obtained ét45° utilizing
pending onx and preparatio®® while thin films have re- fixed helicity elliptical polarization from bending magnet
ceived less study. Fe and Cr have less than 1% difference f¢amlines by reversing magnetizatibhwith 180° rotation
room-temperatureT) bee lattice constant, yet a continuous ©f samples and permanent magnets providing 700 Oe in-

series of solid solutions exists only above 1093 K. khe Plane fieldH. Absorption spectrg:t=—In(l/ly) were nor-
phase is stable for 0.57x<0.51 and 1093k T=713K malized to have edge jump of 1 after pre-edge subtraction to
while at lowerT samples in this range can exhibit a misci- yield a common, per atom_sca_lle. The_lr d|ffgrence with re-
bility gap between chemically segregated bce phases BulKersedM yields the spectra in Fig. 1. Minor thickness effects
maanetic ordering temperatures abdveinclude EMT fo} are present in some Fe MCD spectra, precluding their precise
>g 3 and SDW%\FMTD for x<0 Oz\f b I c hil quantitative comparisolf. The spectra do show correct
X=1.0 and N 101 X=0.Uz Tor bee alloys, While — ,ajjtative trends with.
the o phase is paramagnetiPM) at Tg. Neutron scattering

: A ' MCD spectra reveal that magnetization of Fe and Cr
revealed an inversion in chemical short-range order whereby,q|ve differently withx. Cr exhibits a net moment that

Cr prefers Fe nearest neighbors $0r 0.9 and clusters for yapigly decreases with added Cr foE0.69. Fe retains a
smallerx.*® In thin films no reports of ther phase are evi- strong net moment fox=0.69, a weak or zero moment for
dent. A miscibility gap between bcc phases was interpreteg— 0 58 and 0.50, and a reduced moment Xer0.39 and
from a split diffraction peak in annealed fili$and from (.34 decreasing to zero at=0.24. A zero MCD signal im-
annealing-enhanced magnetoresistdricA. reversible sus- plies either AFM or PM order, and decreased net moments
ceptibility in films was interpreted to result from slight out- imply either uniform reduction for all atoms of a species, or
of-plane anisotropy® This study reveals a-like phase at an inhomogeneous distribution of moments. When present
Tr, linked chemical and magnetic segregation interpreted ithe Cr net moment opposes that of Fe, as indicated by the
terms of stable and frustrated exchange interactions, and ewepposite sign of their spectra Bt (the leading edge of the
dence for noncollinear Fe moments in segregated samplesL andL, lines) and consistent with studies of Cr moments
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FIG. 1. Fe and Cr transmission MCD spectra taken in near-
saturation field are normalized to common scale for each species. F|G. 2. Fe and Cr Faraday hysteresis loops normalized to an
Thels andL; edges are at 708 and 720 eV for Fe, and at 574 an&lemental specific rotation scale that provides a semiquantitative
584 eV for Cr. measure of elemental moment between samples. Data were col-

. 13 6 ) i lected at 2.5 eV below the; edge of each element.
in alloys'**®and at surface3® The unipolar and bipolak 5

shapes of Fe and Cr, respectively, indicate that they retaigr susceptibility remains near zero for more Cr-rich alloys.
distinctly different spin polarization in alloys, which is sig- pyre Fe exhibits weak reversible magnetization abidye
nificant becaused-state occupancy bears directly on thethat is considerably increased in the allogexcept forx
chemical potentials of Fe and Cr, which are thus spin—:0_58)_ The squarene=mg/mg provides a measure of
dependent properties. _ o _ this reversible magnetization. Hera; and mg are remnant
Faraday rotation of linearly polarized radiation, given by gng saturated elemental magnetization approximated by
a= (6, —6_)mt/\ siné, measures motion and approximate aS, o, measured aH=0 and 650 Oea lower limit to the
size of elemental magnetization. Element-specific hysteresis ,a saturated valygrespectively, and normalized lay® val-
loops were obtained 2.5 eV below thg lines in transmis- o5 atx=1.0 for Fe andk=0.91 for Cr loops. These relative
sion (f=45°) while varyingH parallel tok with an electro- elemental magnetization values in Fig(aB summarize
magnet. A tunable linear polarizer in the transmitted beamyands in Fe and Cr magnetization withAlso plotted in Fig.
measures rotagl(ljgn to exceed 10° near the Fe edg% of Fe-3(5) js 1— S, that deviates appreciably from 0 only for Fe in
rich samples/™® Elemental specific rotation,afe ¢ 4 systematic way with. An unusual magnetic state At
= a sin/tC, provides a common measure of Ré<tx) and -0 50 is characterized by-1S=0.9, indicating predomi-

Cr (C=1-x) magnetization for comparison between nantly reversible magnetization resulting from noncollinear
samples. Since Faraday rotation and MCD spectra are relatefoments.

by Kramers-Kronig transformatiol{, the accuracy of com-  Trends of Fe and Cr magnetization show that changes in
parison of elemental magnetization between samples usingagnetic order correlate with specific composition ranges.

fixed-energye, cis limited by the extent to which shapes The discontinuity in Fe net momentst 0.58 and the asym-

of MCD spectra vary wittx. Only if all spectra of Fe, €.9., metry in Cr net moment about this composition are not con-

differ only by energy-independent multiplicative factors dosjstent with in a continuous solution model, suggesting

fixed-energyag, loops rigorously measure relative Fe mag- composition-dependent chemical segregation or changes in
netization between samples. Distinct differences in MCDstructure. Hard x-ray diffraction and soft x-ray resonant scat-

spectral shapes would indicate changing total or relativeering reveal structural features that correlate with the chang-
orbital/spin moments witlX. Since elemental spectra in Fig. ing magnetic order.

1 have very similar shape, semiquantitative trends in elemen- X-ray diffraction normal to the films reveals a pronounced
tal magnetization are obtained from Faraday loops. lattice distortion atx=0.58 and 0.50 above a much smaller
Hysteresis loops normalized tmge’ o in Fig. 2 confirm  deviation above Vegard's lal¥ig. 3(b)]. This noncubic dis-

MCD trends and reveal field-dependent similarities and diftortion coincides with ther phase stability range, where both
ferences in Fe and Cr magnetization. The identical coercivéhe film and the bulkr phase are paramagneticTat. How-
field Hc for Fe and Cr confirms that Cr species yielding theever, the films distorted lattice is not the same as that of the
net moment are exchange-coupled to FEl: increases bulk o phase. Even so, the simultaneous structural distortion
from 8 Oe for pure Fe to a maximum of 35 Oexat0.69, and loss of magnetic order presumably have related micro-
indicating added resistance to reversal on alloying, but softscopic origins.

low-anisotropy behavior in general. Both Fe and Cr have Chemical ordering leading to clustering and segregation
near zero susceptibility at=0.58, indicating PM order, and results in diffuse scattering peaked at or near the origin of
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FIG. 3. (a) Relative saturatednfs) and remnantrfig) elemental
magnetization obtained from Faraday elemental specific rotatio
a,‘?‘e' cr- Also shown in S where squareness=mg/mg. FgCr)

region Il. Region I, comprising 18x>0.58, is the only

Pegion where Cr shows a net moment. At low concentrations

results are in the tofbottom panel. Lines connect data pointb) in this range Cr appears to dissolve in Fe, while at higher

Values for(110) interplanar sgaciné; normal to the films Féolid lines concentrations it segregates. Region Il comprises the Cr-rich
' samples 0.5 x>0.24, where segregation occurs into Fe-rich

connect measured data points. Regions |, Il, and Il correspond t0 . . . . )
P g P regions exhibiting a net moment and Cr-rich regions with no

distinct structural regions in the room-temperature phase dlagramhet moment. Favorable and frustrated interatomic exchange
interactions are revealed by their roles in defining these three
reciprocal spacé and was investigated by measuring reso-structural regions through free-energy considerations. Gener-
nantly enhanced scattering in transmission with scatteringlly the FM and SDWAFM order of elemental Fe and Cr do
vector (g| =4 sin@/\) in-plane from most samples and an not mix. Fe-Fe FM exchange dominates magnetic order at
uncoated Sily membrane. Figure 4 shows data measured I, and is the source of magnetization in the alloys.
eV below the Fd_; peak and corrected f@-dependent vol- In region | a ferrimagnetic exchange between Fe and Cr
ume and absorption. The=0.91, 0.85, and 0.69 alloys scat- stabilizes a local Cr moment, unlike the SDW origin of AFM
ter well in excess of the substrate, while tke:0.58 film  moments in pure Cr. Ak=0.91 this exchange is associ-
scatters little more than the substrate. Energy scang at ated with chemical short-range ordering in which Cr is sur-
=0.01A"* show resonant enhancements of 10-100 timesounded only by Fe in the first-neighbor shell. Adecreases
near the Fe R, and 2py, levels for x=0.69, while Cr  Cr-Cr nearest neighbors frustrate this chemical/magnetic or-
resonant enhancement systematically increases from zero éér and Cr clustering or segregation ensues, reducing the net
x=0.91 with added Cr in this range. These resonant en€r moment. Cr-rich regions are not magnetically ordered as
hancements confirm that clustering or segregation contribdiscussed below. The Fe-Fe FM exchange is not significantly
utes to the scattering fox=0.85 and 0.69. The film ax perturbed at dilute Cr concentration, and remains intact as Cr
=0.58 is relatively homogeneous, with no resonant enhancesegregates in region |. The energy of Fe-Fe exchange evi-
ment at either edge. Resonantly enhanced scattering frodently is the driving force for segregation. Similar segrega-
segregation is strong at the Fe edg&at0.50 and decreases tion behavior is observed in Co-Cr alloys in the Co-rich
systematically with added Cr. Scattering was measured withegion?! underlying interest in this and related alloy films for
samples at remnance following saturation, and contributiongmagnetic recording media.
from both magnetic and chemical heterogeneity cannot be The ¢’ phase is not stabilized by the energy of magnetic
ruled out. Indeed chemical heterogeneity would presumablgxchange interactions dz. We suggest that entropy asso-
yield magnetic heterogeneity and hence magnetic contribweiated with melting of assumed loWw{errimagnetic ordered
tions to scattering even with all moments saturated. Thepins and the generally large degeneracy of possible
monotonic decrease of scattering fox0.69 is consistent d-electron configurations stabilizes tle phase, and also
with relatively uncorrelated scattering sources, while thethe highT bulk o phase. The metastability @f’ is evident
peak forx=0.50 away fromg=0 indicates interference be- in that it is not an end-point phase for segregation in region
tween scattering centers spaced on average 50 nm apart in bor |11, If it were an end-point phase in region |, a more rapid
interfering spherical particle model. drop in Femg would be expected. If it were an end-point
A consistent model of changing magnetic and chemicaphase in region Ill, no Fe magnetization would be observed.
order with x, comprised of three distinct regions, emergesindeed the relatively large Feg (with mg=0) at x=0.5
from the combined data. At=0.58 is a chemically homo- indicates that this composition is just outside thebound-
geneous, paramagnetic phase with a distorted lattice. This &ry. In region Il segregation into Fe-rich regions is again
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driven by the Fe-Fe exchange interaction. The absence of @upled to the core of FM regions with noncollinear remnant
Cr net moment is consistent with AFM Cr order. However, orientation. This is consistent with bistable coupling of Fe to
Cr-rich regions in films withk=0.24 are expected to exhibit Cr(001) induced by structural disordétwith segregated al-
no magnetic order, since even bulk alloys h@yebelow Tz loys exhibiting a wider range of disorder and hence switch-
except forx<0.02. Size effects would also suppréggbe- ing fields. Alternatively, noncollinear coupling between seg-
low T even in otherwise pure Cr” The small size and regated FM regions, similar to Fe/Cr multilay&r$, could
possible Fe content of Cr-rich segregated regions makgield reduced squareness. The squareness of Cr loops in re-
SDWAFM order unlikely afT. o o gion | is best reconciled by concluding that the Cr magneti-
Segregation in regions | and Il is driven primarily by zation results from configurations of Cr dissolved into Fe-
exchange energy gained in the FM ordering of Fe. Magneti¢ich FM regions, and the reduced squareness of Fe results
ordering of Cr does not provide a driving force for segrega+rom weakly coupled moments at segregation interfaces at
tion, although added Cr beyomek0.9 spoils FM order in Fe  \hich intermixed Cr is predominantly paramagnetic. &or
thereby promoting segregation. Segregation proceeds readily 50 the second mechanism may be more appropriate.
at nanometer scales in sputter-deposited thin films because The soft x-ray MO and scattering techniques utilized here
the kinetic energy of condensing species enhances add-atg@ye provided significant new information regarding
mobility at the growing surface. These eased kinetic conglement- and field-resolved magnetic and chemical order to
straints together with possible stresses in growing films mayeyea| the roles of energetic and kinetic factors in determin-
explain the stability ofo’ at Tr compared to the high- jhg metastable microstructures. Few if any other techniques
stability of the bulko phase. Segregation is consistent with 5.a sensitive to these aspects of magnetism in films only 10 s
chemically distinct layers in Fe/Cr giant magneto resistancgs nanometers thick. Strong core resonances make these

multilayers;* while ferrimagnetic ordering of dilute Crin y_ray techniques generally applicable to a broad range of
Fe is consistent with surface alloying of Cr on @91."°  samples that need not be highly ordered.
The reduced squareness of Fe could result from anisot-

ropy, either from randomly oriented crystallites containing We thank J. Bowers for assistance in sample preparation.
Fe-rich FM segregated regions, or from a tendency towardoft x-ray measurements were made at bending magnet
out-of-plane anisotropy. However-1S>0 whenever segre- beamlines 9.3.2 and 6.3.2 at the Advanced Light Source at
gation occurs, suggesting that segregation is linked to it BNL. This work was supported by the Director, Office of
origin. Noncollinear Fe moments would result from frus- Science, Office of Basic Energy Sciences, Materials Sciences
trated Fe-Fe interatomic exchange interactions at segregatiddivision of the U.S. Department of Energy under Contract
interfaces in which some interfacial Fe moments are weakljNo. DE-AC03-76SF00098.
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