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Measuring atomic moment and magnetic order through magnetic linear dichroism
with angular dependence studies of transition-metal alloys
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Magnetic linear dichroism measurements allow the measurement of atomic moments and spin order in alloy
magnetic systems with chemical specificity and surface sensitivity. The width of the dichroism spectrum is a
measure of the atomic moment via the local exchange, while the dichroism amplitude is a measure of the
elemental contribution to magnetic order in the alloy via the dipole selection rules. An analytical method has
been introduced to accurately and systematically determine the dichroism width and amplitude in order to
compare different alloy systems. Bcc and fcc binary alloys have been compared, and it is found that while the
atomic moment is independent of the crystal structure and undergoes no collapse in moment, the magnetic
order parameter collapses at the NiFe invar transition, as expected. Changing magnetic moments have been
tracked with changing alloy composition, along with changes in the magnetic easy axis and Curie temperature,
and are found to track the Slater-Pauling curve.
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[. INTRODUCTION specificity and magnetic sensitivity. Furthermore, the finite
probing depth of electron photoexcitatiof~7-10 A)

In a magnetic solid, the atomic core levels have their demakes this technique especially sensitive to surfaces. Photo-
generacy lifted by a combination of spin-orbit coupling andelectron diffraction (PD) is a source for enhanced bulk
an exchange field. In a chiral geometry, angle-resolved phavILDAD 516 which allows, by clever and careful PD-
toemission from these core levels using linearly or circularlyMLDAD experiments, to separate the bulk and surface con-
polarized light reveals a spectral dichroism when the chiraltributions to the dichroism/!® However, questions have
ity is inverted by switching either the sample magnetizationoeen asked about the applicability of the MLDAD method
direction or the photon polarizationThis technique is and the correct interpretation of the data. Can MLDAD be
termed a magnetic circular dichroisflCD)?2 or a magnetic  used, as previously claimédas a direct probe of magnetic
linear dichroism with angular dependen@dLDAD),® de- moment8
pending on the polarization of the light source used in the Although there are no well defined “sum rules” for
measurement. Synchrotron radiation provides a bright an¥ILDAD, the following has been shown.
monochromatic polarized light source which is well suited to (1) MLDAD asymmetry amplitude can be used to mea-
these measuremerits? sure magnetic hysteresis lodpwiith temperature and an ap-

Circular dichroism measurements in the absorption modglied field dependené&making it a Kerr-like diagnostic tool
(ABS-MCD)?1%-27 are well understood. In such a measure-of surface magnetization.
ment, the total photoionization current is recorded as a func- (2) The exchange splitting of these core states scales di-
tion of the changing photon energy. In the Bansition met-  rectly with the magnetic momeAtA simple model, neglect-
als, thel, 3 edges correspond to transitions from cqre ing the effects of disorder, also shows that the exchange
levels to valencel levels and provide a very effective way to splitting is proportional to the MLDAD asymmetry ampli-
probe the valencd state€ In such a situation there are well tude for splittings up to about 0.7 €V.
known “sum rules®**-23by which the orbital and spin com-  (3) The width of the dichroism asymmetry depends lin-
ponents of the moment can be deduced. However, the usearly on the surface spin magnetic moment for variations of
fulness of this method is limited by various secondaryup to +30%/4
effects?>-27 We believe that the technique of MLDAD is in need of

By measuring MCD or MLDAD in the photoemission some clarification. In Sec. Il of this paper, we explain the
mode one bypasses these problems by exciting a single cotieeory of MLDAD and the dichroic spectrum. In Sec. Ill we
electron to an unoccupied state well above the Fermi leveintroduce an analytical method to reliably quantify the width
Although MCD and MLDAD measure the same intrinsic and amplitude of the experimental MLDAD spectrum. Sec-
spectrunf282° MLDAD has the distinct advantage that it tion IV is concerned with our experimental methods. Section
exploits the linearly polarized part of the synchrotron beamy is concerned with our width daté/, pap, While Sec. VI
which is brighter and more strongly polarized than the circu-shows our results for the amplitudg, pap. Finally, these
larly polarized photons that emerge immediately above andesults are discussed in Sec. VII.
below the plane of the circulating electrons.

MLDAD is a good candidate for element-specific magne-
tometry in alloy~—21%or layered system&!118pecause prob- The theory of MLDAD has been well described by van
ing the atomic core levels directly provides both elementader Laar?®3*When a $ core hole is created in a ferromag-

II. THEORY
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relative binding energies&2 and{, respectively[Fig. 1(a)]. Energy relative to Er(eV)

In the presence of an exchange fi¢ld the degeneracy is
further lifted by Zeeman splitting into sublevels ofy
:ig,i% for j:§ and ofmj:i% for thej:% level [Fig.

FIG. 3. Typical MLDAD spectrum; 7.9 ML bcc Fe/AQ01)
measured with 190 eV photons. The asymmetry spect8(B),

2’ . . which derives from the “up” and “down” magnetizations, is unitless
1(b)]. In a weak exchange fields/{<1, thep orbitals are ;.4 reported as a percentage. The quantAigsao and Wi pap

elgensltates of th@_' m;) representation and the states With correspond to the positions of maximum and minimum intensities
m;=+3 have a spin expectation valu&=0. In a strong in S(E) which are determined by a peak-fitting procedure as de-
exchange fieldHg/ {>1, thep orbitals are eigenstates of the scribed in the text.
|[m,my) representation with a well defined spin. The states
m,-:i§ are pure spin-orbit states with a well-defined spin Lowt =
(S==5 in all exchange fields. For transition metals, the 3 S(E) = TN 1)
levels fall into an intermediate coupling regime in which MM
neither the spin-orbit coupling nor the exchange field domi-The MLDAD amplitude is then defined as
nates. Themj:i% states are therefore partially spin polar-
ized. 552 AmLpap = MAX[S(E)] - MIN[S(E)], 2

In a chiral geometryFig. 2), dipole matrix elements: ) L ) ) )
are responsiblge for diff%arigg gxcitgtion probabilities from the Where lm (I-y) is the photoemission intensity with the
multiplets which constitute the core state, depending or@mple magnetized in the ygown) direction. Ay pap de-
whether the sample is magnetized @p,) or down (I_y,). fines a new order parameter, whose value depends on the

The “asymmetry spectrumS(E) (see Fig. 3 is given by surface magnetizatiofMgsace Which in turn depends on

the difference spectrum normalized to the intensity of theé?th the magnetic moment and the temperafurhis makes

+M and -M peaks after background subtraction has beerf‘mLoap Useful as a surface magnetomefer®*? Ay pap is
applied. This is normally defined as clearly element-specific by virtue of measurement from core

levels, which are distinct for different elements, even in an
- alloy. Its sign contains important information in alloy or
M ultrathin-film multilayer systems, in that a comparison of
magnetization Auipap from core levels with similar kinetic energies tells
the sign of the coupling between elemetits.
Another measure of the MLDAD asymmetry is the energy
- spacing or width(in eV) between the minimum and maxi-
P mum intensities in the difference spectrysee Fig. 1a)].
‘p’ polarized The MLDAD width (Wypap) CONtains information con-
Py cerning the exchange splitting in the core states via the en-
. ergy spread of the level core multiplet which reflects the
outgoing ) . .
photoelectron strengthlof the spin-dependent core-valence mteracfré‘hs.'
Wubap is therefore a measure of the local value of the spin
FIG. 2. MLDAD chiral geometry. The angle of linear polariza- Mmagnetic momerit} and is independent of temperature, crys-
tion of the incoming photons is outside the plane formed by thetal orientation with respect to the easy/hard magnetic axis, or
sample magnetization and the detected photoelectamitected in ~ magnetic order. Although the use Wy pap as an absolute
the normal direction measure ofu is not possible since the degree of photoemis-
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sion surface sensitivity is not precisely known, and momentghe choice of background also poses problems, because the
may be enhanced at the surface relative to their bulk valugjse of a six-degree polynomial backgroéhdr a Shirley
nevertheless the value W, pap is known to be linear with  backgrouné?36-3"3%involves an arbitrary choice of high and
a spin magnetic moment within at least a useful range ofow energy end points for the background which will inevi-
variation +30%74 tably change the value of the other fitting parameters. Per-
Schellenberget all®>'® have shown that measuring at haps for this reason there is some disagreement as to the
angles away from normal emissio®D-MLDAD) intro- relative intensity of the spectrum sublevéds® Therefore,
duces a modulation or even an enhancement of the amplitudee have adopted a procedure for use in fitting the MLDAD
Auipap @s a function of the collection angle. PD involves S(E) lineshape in order to extract consistent values of
forward-scattering along real-space crystallographic vector$Vy, pap and Ay pap-
and is therefore an effect relating to the bulk crystal. By In order to correctly fit the intrinsic spectrum, one must
making measurements as a function of the emission angléiyst subtract the inelastiqextrinsio background. One
PD-MLDAD allows one to distinguish the bulk and surface method commonly used is the Shirley backgroghdn
contributions to the MLDAD signal. Our choice of photon which the inelastic background at any energy is assumed to
energy hv=190 eV minimizes this PD effect for Feand be proportional to the integrated intensity at higher energy
Ni.34 The measurement geometry and photon energy are kepiith the condition that the background match the spectrum at
fixed throughout the entire experiment. Our measurementsuitably chosen points above and below the peak energy.
are, however, surface sensitive by virtue of the short electroAlthough simple to use, this method is sometimes very de-
attenuation length at this photon energy, which is between $endent on the high and low limits that one chooses arbi-

and 4 A for the elements Ni, Co, and Fe. trarily (especially when the background at a higher binding
energy is not constantin addition, the underlying assump-
IIl. SPECTRAL ANALYSIS tions of the Shirley background have been dispratfe@n

_ o the other hand, the background subtraction technique of
Questions arise in how to properly apply Et). If we are  Tougaard for a quantitative x-ray photoemission spectral

to plot the spectrum as analysié>*? has a sound physical basis and the routine can
Lo (E) = 1y (E) be applied without any choice of arbitrary parameters.

S(E) =M= M= (3) Tougaard®*2 measured the inelastic energy loss function

Lim(E) +1-m(E) of several transition metals at different energies by perform-

ing reflection electron energy I0$REELS measurements.
To a first approximation, the probability that an electron will
be inelastically scattered and lose kinetic endfgy; follows
the relation

(4) _ (2866 eV) - Ejps
ABosd = 1643 evir E2. 02"

then away from the center of the peaks, botl(E) and
I _m(E) will tend to zero and noise will dominate B®E).
Therefore, some authdr¥ use instead the normalization:

|+M(E) B I—M(E)
MAX [14(E)] + MAX[1_y(E)]’

But this still leaves us with a problem: the spectr&E) is _ .
dependent on the method of background-subtraction usea—.hIS relation .hOIdS regardless .Qf the peak energy or the
Ssample materiglamong the transition metalsTougaard then

The use of constant or polynomialor Shirley?? back- . ; ; S
grounds introduces arbitrary user-defined parameters whicfflowed how this relation can then be used in the definition of

o . . g 42 . Cie
affects th value of AR, (B, Th is especially prob- 5, UIErSe) nelastc cross sectoft " Essental s o
lematic when one wishes to compare valuesAgf pap Or y 9

Wupap from different data sets, where different backgroundu.p the extrinsic SpeCtrL.MO”OW t_he energy _Ioss relationship

subtraction parameters are used. We must use a backgrouﬂ'&tated by Eq.(5), Wh.'Ch consists of a smglle bro?‘d peak

subtraction procedure which can be reproducibly applieocen.ter.ed at-23 eV with a long slowly varying tail. The

without having to worry about an arbitrary choice of param-IntrInSIC spectruniy, can then be extrgctgd from the mea-

eters. Some peak fitting is then involved to determine thesuredlmeasby the following deconvolution:

exact values o\ pap and Wy pap- o
Other author®3>-38have been able to fit the MLDAD ling(E) = |mea£E)—J A(E' - E)lmeadE)ME".  (6)

E

spectral(+M) and I(-M) with a sextuplet representing

atomic-like sublevels. These analyses support a Zeeman-lik&nhough Eq(5) is 0n|y an approximation to the true inelas-
picture of thep-level peak shape. The maximuminimum) tic scattering probabilities, fine structure in the inelastic scat-
intensity in the XMLDAD difference spectrum correspondstering probability function will tend to “smear out” when
to the position of them==3 states’? in agreement with convoluted with the primary spectrum. Conversely, the
theory3! We have likewise tried fitting the MLDAD spectra broadness of Eq(5) ensures that features of the primary
I(+M) and I(-M) with six Lorentzian peaks(or with  spectrum of only a few eV in scale will not be distinguish-
Doniach-Sunjic asymmetric pegkt represent each of the able in the background spectrum.

m; subbandgFig. 1), but with little success. The main prob-  Equations(5) and (6) have no free parameters, so this
lem has been that there are so many independent variablesrimethod can be applied to any photoelectron spectrum in a
such a fit that the fit readily converges on a false solutionsimple manner without arbitrary chosen user-defined param-

S(E) =

(5
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FIG. 4. A: XPS spectrum of 6.2 ML NjFeso/Ag(001), using
1253.6 eV photons from a MgiKx-ray lamp. The Tougaard back-
ground(TBG) is also shown. B: Linear dichroism spectig, (solid
line) and 1_y, (dotted ling of 3p core peaks with corresponding
Tougaard backgrounds. The Ni peak is at —-66 eV and the Fe peak
-53 e\/. The phqton energy is 190 eV gnd magnetization is in thgour free parametersiViy pap, AvLpan, the position of the
(100 in-plane direction. C: MLDAD differencd.y~I_v, after  minimum intensity, plus a constant. The remaining param-
background subtraction. eters are taken from those in the Fe “reference” fit. In this

way, the Fe reference spectrum shape is effectively
eters(such as the end points in a Shirley or linear back-"stretched” byx- and y-magnification factors and centered
ground. Figure 4 shows an example of Tougaard back-on the Fe alloy dichroism. We are thus able to find a best fit
ground subtraction, both in the XPS spectrum which is usedf the Fe reference spectrum function to the experimental
to determine concentrations and film thickness by pealdifference data. The values @y, pap andAy pap are given
heights, and in theBcore level peaks used for the MLDAD once more by the minimum and maximum points in the
measurement. In the latter case, the valence bands at higheurve-fit “effective” spectrum; in effect they are directly
energy(within 10 eV of the Fermi levelare sufficiently re-  given by thex- andy- magnification factors used in the curve
moved from the spectrum of interest that the backgroundit.
from these states lacks structure and varies only slowly. We have found this to be a very effective method to reli-
Without measuring the full spectrum up to the Fermi level,ably extractWy pap andAy pap values from noisy data sets
the background from the valence states is represented in Figihere random “spike” intensities would otherwise skew the
4(b) by subtracting a constart200x 10° counts at all en- analysis of maximum and minimum intensities. Figure 5 is
ergies. an example in which several bcc NiFe alloy spectra are fit

Our method to determin®/ and A then comes from a with effective spectra in this manner. It is clearly seen that
idea, based on a method introduced by Liberati andhe reference “effective spectra” shape provides a good fit to
coworkers’ The difference(dichroisim) spectrum is then fit the data, for small variations &/, pap and even for large
with a double Lorentzian functiorfone positive Lorentz variations inAy pap.
peak, one negatiyeo obtain an “effective” spectrum. Figure  The Niand Co alloy dichroisms were fitted with their own
3 shows such a fit performed on the pure bcc Fe dichroisnelemental reference spectrum shapes, Fig. 6. Other groups
spectrum, to construct the Fe effective reference spectrunhave measured the dichroism of pure Co and found it to be
The Wy, pap is defined as the energy difference between thevell defined’-'2 The Co peaks in this work were all fit to the
maximum and minimum intensities in the effective spectrumshape of Co in the fcc alloy Ggre,s/ Cu(00); this differ-
and the asymmetnAy pap IS related to the difference be- ence shape function provided very good fits over the full
tween the minimum and maximum peak heights. Errord/in range of NiCo and CoFe alloys studied. The Ni MLDAD
and A are given by they? fitting procedure. There are six spectrum is a more difficult matter. Our group and
independent fitting parameters: the ratio of peak widths, thetheré?344344who have measured the pure Ni dichroism
ratio of peak heights\Wy pap, AuLpaps the ratio of peak have encountered problems accounting for the shape and
widths to Wy pap, @nd the position of the minimum inten- magnitude of the difference signal. This is probably due in
sity. These six values together define the pure Fe “referengeart to distortion of the Ni B core peaks by the Ni 6 eV
spectrum.” satellite, which is an effect due to pairs of correlated holes

Later, when measurements are made of the Fe dichroisiscattering around the Fermi surface. The exchange splitting
in alloy systems, the Fe alloy dichroism is fitted with only in pure Ni is also rather weak, so that thps3d and 3y,

FIG. 5. Core d dichroism of bcc Nj_Fe /Ag(001) with mag-
netization in thg110) direction and photon energy 190 eV. The Fe
dichroism peaks were fit to the same shape as in Fig. 3; the Ni
ggaks were all fit to the shape of Ni in $dreyg/ Cu(002).
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Ni3p Co3p checkedin situ by low energy electron diffractiolLEED).
Ni;,Coge Transition metal alloy films were grown by simultaneous
molecular beam epitaxfMBE) from separate-beam evapo-
Nip,Coyg ration sources, forming a well-orderé@01) fcc-ordered film

on CU00Y or a(001) bcc-ordered film on A@OL) in which
the elemental occupation of lattice sites is randomly allo-
Niz1Cogg cated according to the alloy composition. Binary alloy films
of the Fe, Co, Ni, and Cu lattice match to Ag and Cu sub-
Ni.Co strates with less than 3.5% and 2.5% strain, respectively.
B Growth rates were monitored during evaporation by quartz
w_/\/_/\f_— crystal microbalance$QCM). Film thicknesses were mea-
NigsCog5 sured by core level x-ray photoemission spectrosco{iRS),
and such measurements were used to calibrate the QCMs.
A-/\//\f—‘ Residual gas pressure was kept below 1I0-° mbar during
NigsCo, ; evaporation, and the sampl€u or Ag was held at room
s temperature. Surface morphology was checked with LEED
"/\/’/\/-_“ after growth. The surface free energy of @Gund Ag is sig-

T T T T nificantly smaller than for Fe, Co, and Ni. Therefore we
-10 5 0 would expect CUAQ) segregation to occur before segrega-
energy relative to Co 3p (eV) tion of alloy elements in the film. Deposition with the sample
FIG. 6. Core B dichroism of the fcc alloys Ni,Co,/Cu(001) _held at room temperature ensures that the alloy f_ilm remains
with magnetization in the(110) direction and photon energy in a metastable state as long as the tem4%erature is kept lower
190 eV. The Ni peaks were all fit to the shape of Ni in than the onset of Cu segregaticn400 K).*° These methods

Nig,Fens/ Cu(001), the Co peaks fit to Co in GgFeys/ Cu(001). have begn previqus]y shown to result in well-ordered random
alloy epitaxial thin films>*6-*8Measurements were made at

sublevels no longer overlap. The shape of the dichroism ihoem temperature.

: . . The p-level photoemission spectrum was measured at
pure Ni/CUy100 does not approximate a simple doubl_e peak190 eV photon energy, which is near the peak in the 3

ICp’)ﬁotoionization cross-sectiom for all the transition metals

?Jr;hgflt\::eap Ie;/r(]atljs degsgldesvglgtlacsl\l\)//e(ljlr:a\g]t?\em(tsr;nusslgi;ri% dunder consideration. The sample was first magnetized in
Psj2 aNdpy/> plane (with a field stronger than the coercive figloh the

. 12 aa ; .
Ié?,reenm;g:)&r]ﬁﬁde%?étﬁe t:r?aetgeg;/v ,:Lhetg?cﬁrgi\;rﬁattﬂgt%wupwards direction and a spectrum taken of the elemgntal

. inting P o C levels. Then the sample was magnetized in the downwards
signal to noise ratio for pure Ni is prohibitivé Therefore, in

this work the Ni peaks were all fit to the shape of Ni in fcc direction and the spectrum measured once more. A series of

alloy Nig,Feys/ CU(001), which has much better definition 0. OF MOré sets of such scans were made, with the "up

and which does in fact approximate a double Lorentziar](;M) and “down” (M) magnetization spectra interleaved.
peak. This is due in part to hybridization of the &dands y taking the measurements in this way, effects due to the

: . . " . slow exponential decay in synchrotron beam strength were
with the Ni d band.s which stabilizes the Ni exchange andnegated. Measurements were made with the sample magne-
reduces the intensity of the 6 eV satellite.

tized in both the(010) and (110 in-plane directions, and
sometimes also th@01) out-of-plane direction, in order to

intensity (arbitrary units)

IV. EXPERIMENT determine the magnetization easy axis.
Magnetic dichroism measurements were performed at V. RESULTS—Wi pan
Beamline 7.0.1 at the Advanced Light Sour(&LS) in _ _ _ _
Berkeley, California. The experimental statidrwith base Figure 7 shows the changing atomic moments of Ni and

pressure 10! mbar is located on a undulator which supplies Fe atoms in NiFe alloys, as determined by neutron scattering
tunable linearly polarized light in the horizontal plane. A experimentd?52One sees that the Fe atomic moment in-
solenoid could be moved into position surrounding thecreases when alloyed with Ni, and that the Ni atomic mo-
sample in order to create a vertical magnetizing field so as t§1ent also increases gradually when alloyed with Fe. For low
magnetize the sample either up or down. Incoming photon§€ concentrationgwhere Fe is in the impurity regimehe
impinge on the sample at an angle of 60° off normal andscatter in the data is such that it is not clear whether the Fe
perpendicular to the magnetization direction. Outgoing phomoment rises sharplashed lingor gradually(dotted ling.
toelectrons were collected in the normal direction using al’he average atomic moment may be defined through the
hemispherical electron energy analyzer. “stoichiometric mean”™:

The CY001) or Ag(001) single-crystal substrates were i
mechanicallyand in the case of Cu, electrochemicalbol- Hmeat A1-Bx] = (1 =X)pa+ (X) - ™
ished. Before deposition, the substrates were cleaned by Our Wy, pap data for the Fe @ dichroism in NiFe alloys
sputter-annealing cycles. Surface cleanliness and order weig shown in Fig. 7(upper pangl A few features are imme-
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Nis.<Fey alloys - "o Fe moment Fe(100 is known to be a strong ferromagnet, and in fact
30 830 o e oot theory predicts the surface spin moment of Fe to increase by
° O~ 96T 31% over the bulk valug¢from 2.25 to 2.94g) and the or-

bital moment to increase by as much as 12@8m 0.82 to
1.84ug). These surface moment enhancements are smaller
for Co (+10% for the spin moment and +30% for the orbital
J momenj. The case of Ni is special: the surface of bulk Ni
00 &imf,,':,,y.o,°§1_ﬂx‘;',?w 10 undergoes an enhancement in mom@fit6% for the spin

moment and +60% for the orbital momgribut on the other

Magnetic moment ()
4
o

1.2 =
30 = L - .
82 8 hand—ultrathin films of Ni/C(L00) may actually have their
$ "7 iy 02 surface spin momemeduceby up to 25% overall because of
2.0 —28 3 hybridization of the Nid bands with the underlying Cd
= - 26 ‘a,, bands.
= 0o o o _2.4;': The explanation proposed by Liberai al.” posits that
o5 LT moments n Ni1.xFe,a"oys|\m_22°°v changing stoichiometry in the alloys leads to changing en-
’ T J T T - hancement of the surface moment and heWgg pap as a
- function of concentration. Pure Fe should undergo a roughly
° wﬂ‘:"(ﬁg, 100) — 31% enhancement ikVy, pap (from the increased surface
. xmmgg,:‘g) . Nogmals: s spin momentwhile Fe in a matrix of Ni atoms should have
_ its d bands hybridized with Ni and experience less enhance-
3.0 9— — — 1.0 ment.
[ 26 momentsin N o, aloys| 09 & Therefore, as we attempt to quantitatively relate the Fe
3 2% 083 Wwuipap to the magnetic moment neutron measurements
32_0_ — 07 3 from Refs. 49-51 we adjust the data to match neagfdjs,
= 08 % whereW=1.1 eV matches with the theoretical Fe high-spin
159 Bl moment of 3.@g; Fig. 7 (upper panél For Fe concentra-
10 E B 2;‘ 3 tions above 25%, the measuréd pap incorporates the Fe
T T T T : surface enhancement, and does not quite drop all the way

0.0 02 04 0.6 08 1.0

Concentration ' of Ni,_Fe, alloys down to 2.2, although the systematic reduction in the Fe

moment is reflected in the reduction of the W&, pap-

FIG. 7. A direct comparison of neutron scattering data of atomicMeanwhile, in Fig. 7/lower panej the Ni Wy pap has been
moments(open circles, Refs. 49-5aAgainstWy pap data(solid  matched to the neutron scattering moments data for pure Ni.
symbolg. Curves are provided as a guide to the eye. Top: Fe moAlthough the neutron scattering moments data for Ni in-
ments. Bottom: Ni momentdNy pap iS independent of the mag- creases by 54% when alloyed with Fe, our experimental
netization direction and crystal symmetry. We assume conversiogy,, p.p is seen to decrease slightly-18%). We observe
factors of u/W (Fe)=2.75u5 €V and /W (Ni)=0.3335 V™" increased scatter for lower Ni concentrations, where the Ni
when relating neutron data to MLDAD dataee the text for de- ztoms increasingly behave like impurities in the Fe film
tails). Top graph only: error bars are suppressed when smaller thaghiner than like an alloy. Thus the experimental uncertainty
15 mev. in our measurements from decreasing intensity of the \Ni 3

diately apparent. First, the measured dichroism width doe§ignal is enhanced by randomness in the local exchange felt
not appear to have any dependence whatsoever on Crysﬁy individual Ni atoms within the film. To first order the
symmetry (fcc vs bcg or on the magnetization direction divergence of them=x3/2 peaks is linear with an
[(100) vs (110)]. Second, the width of Fe in NiFe alloys is increasing exchange fiekd;on this basis we should expect
greater than that of pure Fe, which parallels the increase iRroportionality between the momepntand asymmetry width
the Fe moment upon alloying with Ni. However, whereas théWuipap- In this way we arrive at the following empirical
Fe moment in NiFe alloys increases by up to approximatelygcaling — factors:  u/W (F&)=2.75ug eV?,  wu/W (Ni)
~35% when alloyed with Ni, the dichroisiiVy pap in-  =0.33%ug eV
creases by a much more modes3%. Neutron scattering moments data for Fe and Co atoms in
A similar reduction in theehangeof Wy pap in compari-  the CoFe alloy?>* is shown in Fig. 8, along with our
son with neutron scattering moments data for changing alloyVupap data. In this graph we assume a conversion factor of
concentrations was noted by the previous authors studying/W (Fe)=2.75ug eVl (the same conversion as is used in
Co,_Fe.” Those authors understand the quantitative differFig. 7); we argue that sinc&y pap reflects the local ex-
ences between the measud, pap and neutron scattering change, the same relation betweé#fy pp and atomic mo-
momentsu as originating in the large surface magnetic mo-ment . must hold for Fe regardless of whatever other ele-
ment enhancement in Fe. ment it is alloyed with. The conversion factor pf W (Co)
According to Hjortstam and coworket3at the surface of =1.2ug eV lis used for Co. Note that the measub&gh, pap
a magnetic film, reduced coordinatidgnumber of nearest values of Liberatiet al. are systematically higher than our
neighbors leads to narrowing of thd bands and increase in own values, although they show the same trend of changing
both the spin and orbital moment. The surface layer oMWy pap With concentration. This could be because the
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FIG. 8. Top: Cq-F¢ alloy atomic moments, determined by  piG. 9. Top: Ni_Co, alloy atomic moments, determined by
neutron scattering experiment®efs. 52 and 54 Curves are pro-  peytron scattering experimerits®® Middle: Wiy pap (Co) data,
vided as a guide to the eye. MiddM4y pap (F€) data, supposing  sypposing thatu/W (Co)=1.2ug eV-2. Bottom: Wiy pap (Ni)
that u/W (Fe)=2.75u5 eV L. Bottom: Wy pap (C0) data, suppos- data, supposing thak/W (Ni)=0.333u5 eV"1. Wiy pap data for

ing that /W (C0)=1.2ug €V™. Wy pap data for the bee crystal  pyre bec Co from Ref. 7 with an unspecified measurement
orientation is supplied by Liberagi al. (Ref. 7) with an unspecified  qientation.

measurement orientation. Middle and bottom graphs: error bars
suppressed when smaller than +15 meV. flm morphology or alloy homogeneity. The measured
Wupap for Ni in NiCo alloys exhibits somewhat less scat-
author$ determinedWy pap differently from the method ter, and there are indications that the Ni moment may de-
that we used. Namely, they smoothed their data with 5-pointrease at high Co concentrations. It is clear in both the Ni
smoothing and then located the highest and lowest intensityind CoW,y pap that the dichroism width is independent of
points in the data set. We argue that our method of fitting thehe in-plane measurement orientatigh00) vs (110)].
data set with a standard curve is more effective at reducing Our experimentalWy, pap data for Co in CuCo alloys is
the effects of noise and is less prone to systematic error. Oshown in Fig. 10. Once again, the Co scaling factor of
the other hand, Liberatt al. fit their Co in Ca_Fe data /W (Co)=1.2ug eV?! is used. It is not clear from this
using a method related to our own, and thereby determinegraph whether or not the Co moment remains constant upon
widths Wy, pap Which match well with our own experimen- alloying with Cu. However, in the measurementW, pap
tal values for Co in Cg,Fe,. (Cu) we do not see any evidence of an induced moment or
Neutron scattering moments data for Ni and Co atoms irjichroism on the Cu sites, as predicted by several
a NiCo alloy is shown in Fig. 9, top panel, with data from gythors>8-6°
Refs. 54-56 as compiled in Landolt-Bornstefn.Our Figure 11 plots our dichroism elemental moments data for
WiiLpap (C0) andWy pap (Ni) data in NiCo alloys is shown  fcc alloy systems against the so-called “Slater-Pauling
in Fig. 9, middle and lower panels. These graphs again as:urve” which plots the changing mean atomic moment in an
sume conversion factors oft/W (Co)=1.2ug €V and alloy against the number of electrons per atoon mean
w!W (Ni)=0.333u5 eV ! (the same ratios as used in Figs. 8 atomic numbex>2 Between 26 and 27 mean atomic number,
and 7. Scatter in our measur®d,, pap for Co in NiCo al-  the transition metal alloys undergo a Martensitic phase tran-
loys is mirrored by equivalent scatter in the neutron scattersition through a face-centered-tetragonal phasgivalently,
ing moments data and probably indicates imperfections ilody-centered tetragongrom bcc to fcc. At concentrations

184439-7



JANKE-GILMAN, HOCHSTRASSER, AND WILLIS

1.50 4

Co moments in fcc Cu,,Co, alloys

PHYSICAL REVIEW B70, 184439(2004

TABLE I. Wy pap conversion factors: the magnetic moment in

— 1.80
Bohr magnetons associated with a given dichroism width of units
1.45 - - 175F eV in the alloys studied.
3 } — 1 7o§
2140 F 3 Fe Co Ni Cu
£ w - 1658 Alloy psleV  ugleV  pgleV  ugleV
1.35 & Wyypuo (foc, 110) = ]
Right axis: } } { — 1.60~ Nll_XFQ( 2.75 0.333
O Neutron moments
1.30—I : : ; | Co,Fe, 2.75 12
00 02 04 06 08 10 Ni;_,Coy 1.2 0.333
Concentration 'x' of Cu,_Co, alloys CU]__XCQ< 1.2 0

FIG. 10. Wy pap (Co) data for a Cy_,Co, alloy, supposing that
/W (Co)=1.2ug eV ™. magnetocrystalline anisotropy is responsible for creating an
easy axis in-plane in th@.00) direction, though uncertainties
of NiFe near NjgFes, the “invar transition” NiFe alloys ex- N the Ayipap (Ni) mask any distinction in the Ni
perience a sudden decrease in the order parameter and tighroism. We observe that the ratidypap (Fe,110/
magnetization drops to zero. Again, for the purposes of thifwipap (Fe,100 is approximately 1/2=sin 45° for high
plot we have used these conversion factors betWégnh,p ~ Fe concentrations. This can be explained if the sample al-
and u: w/W (FO=2.7%g eVt u/W (Co=1.2ug eV, ways magnetizes along th@00) easy axis even when the
w/W (Ni)=0.33%5 eV* (see Table ). The stoichiometric magnetizing field is applied along tii#10) axis, and that the
mean moment of each alloy is then plotted against atomiéwLpap (F€,110 measures thel10) component of the mag-
numberZ. We see immediately that ths, pap Signal of the  netization which really lies along th@00) direction. Both
alloys changes linearly with concentration and tracks théAwipap (F€) and Ay pap (Ni) show that at these high Fe
changing bulk magnetic moment. The neutron scatteringoncentrations the magnetization has a zero out-of-plane
data, which actually measure the average magnetization péd01) component. For concentrations below about 0.6
atom in the alloy, show a deviation from this linear trend in (which is the invar transition in Ni,Fe,), the easy axis dis-
high Fe concentrations of NiFe and CoFe. This is related t@ppears. For sufficiently lowk, disorder increases until
the onset of antiferromagnetic order on the bcc ¢ide Z)  Aupap (F€ is of the same magnitude in th@00), (110),
of the Martensitic phase transition. Tié,, pap Signal is not  and(002) directions. AsWy, pap does not drop to zero for
responsive to changes in magnetic order and does not shaWwese low Fe concentrations, this indicates magnetic disorder
this deviation. Our data could be interpreted as a “surfacand spin noncollinearity, which could be brought about by
moments Slater-Pauling curve.” strain or disordered film growttiow Fe concentrations pre-
fer to grow in the fcc orientatioR) and/or by a reduction in
the Curie temperature. The decreaséiif pap (Fe) at low
Fe concentrations is certainly due to the fact that the Curie

In contrast with the results fay pap, the magnitude of temperature is dropping near the invar transitiaii mea-
the dichroism amplitudé\, pap Stems from constructively surements were made at room tempergture
adding the spectra from spins within the crystal. Therefore, it Fcc Ni_Fg/Cu(100 films below the invar transition
strongly depends on the sample magnetization g£i30) vs  (x<0.6) have their easy axis oriented in tfELO) direction,
(110, the crystal symmetryfcc vs bcg, the measurement Fig. 13. Ay pap (F& remains roughly constant for low Fe
temperature, and the sample thicknesg, pap is order de-  concentrations. Above~ 0.6 the dichroism amplitude de-
pendent, whiléWy pap is not. creases and the easy axis either disappears or switches to the

Data collected for a range of thin film bcc NiFe/@§0 (100) direction (results are uncle@ar Ay pap (Ni), mean-
alloys are shown in Fig. 12. We observe in g pap (F&)  while, appears to increase with Fe doping up until 0.6
that for high Fe concentrationg™above about 0.5 or 0.6 the at which point the Ni amplitude decreases once more. For

VI. RESULTS—Aupab

W yLoap data: ‘Slater-Pauling Curve'

3.0
Neutron data W, .
2.5+ L I K- NiFo alloys FIG. 11. Asymmetry widthWy, pap Vs the
20— o Bomonts Y o ﬁ?g:ﬁg’;: Slater-Pauling curve. The curves agdsymbols
o CuCoalloys represent neutron scattering magnetic moment

measurements as compiled by Bozaiftef. 52.
Other symbols represent our dichroidy, pap
measurements, converted into a magnetic mo-
ment(see the text The ug/eV conversions used
are outlined in Table I.

1.0 Fe: p/W=275pgeV’
Co: n/W=12pgeV’

Ni: p/W=0.333 pgoV"

Magnetic moment ()
o
]

e
)
|

0.0 -

) ) 1 1 1 1
26.5 27.0 27.5 28.0 28.5
Atomic number (Fe = 26, Co = 27, Ni = 28, Cu = 29)
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o Asymmetry in bee Niy ,Fe, alloys the “unusual spin reorientation in Ni® This effect for Ni is
i quenched when less than 5% Fe is doped into Ni. One pos-
€ ] o 9 sible explanation for the behavior @&, pap (Ni) is that a
g e small amount of Fe dopant has the effect of changing the
‘g i [ Y easy axis from out of plane to in plane, but not without some
2 4_' o (100) | ® degree of spin noncollinearity. Further doping with Fe in-
% 1l &',?; _.._|_° creases the order of the Ni spins, and brings them further in
0 | | T |. | line with the in-plang110) axis. Meanwhile, the Ni moment
0.0 02 04 06 08 10 remains roughly constariFig. 7).
CofRamtyEton X o NysFe aloys Schellenberget al 3 also measured this concentration de-
<207 3 pendence iMy pap Of both the Ni and Fe signals, with a
<25 = maximum at about 50% concentration for both Ni and Fe.
§2-°‘ 5 They ascribe this to changing Ni and Fe moments as pre-
£ 15 [N Awono: ® dicted in a theory paper by Friichtl and Ki¥yHowever, we
£l e 10 see this effect only in the dichroism amplituég, pap, not
2059 e (001) ﬁ the dichroism widthWy, pap, Which is a measure of local
0.0 exchange. Thus, we deduce that the changing dichroism am-
0:0 o2 04 08 08 10 plitude must be a result of changing order, and not of chang-

Concentration 'x' of Ni, Fe, alloys .
ing elemental moments as such.

FIG. 12. Bce NiFe asymmetry for magnetization in the in-plane [N our data for thin film fcc CoFe alloygnot shown
(100) and (110 directions, and also théd01) out-of-plane direc- neitherAy pap (Co) nor Ay pap (F€) give any clear indica-
tion. Top: AwLpap (F€). Bottom: Ay pap (Ni). Curves are provided tion of the magnetic easy axis, with great scatter in the data.
as a guide to the eye. Error bars suppressed when smaller than theross the  whole concentration range GBe,
symbol size(Fe: £0.3%, Ni:+0.1% Aupap (Fe ranges between 6% and 20% without a signifi-

) ) N _ cant deviation between measurements made in(1bé) or
concentrationsX” above the invar transition there is a sharp (110 direction. The Co dichroism amplitud,, pap (CO) is
decrelase. in the Curie temperature which governs magnetige, scatteretbetween 4% and 8ypand appears to decrease
ordering in the alloy” All of our measurements were made ith an added Fe content which might indicate increasing
at room temperature, hence the decrease in measurgghgnetic disorder in the thin film. The seeming lack of a
AuLpap- In the thickness range 7-15 ML which we have ey in-plane magnetic easy axis might also signify spin
studied, there is a spin reorientation from #1®0) axis in  nponcollinearity. Despite this, our measurements have found
plane to the110) axis in plane at a concentration of around hat the Co and Fe dichroisms have the same sign, which
NigsFess™ which is in agreement with our findings here.  ipgicates that Co and Fe spins are aligned parallel with one

Pure Ni is known to orient its magnetization axis out of ghqther in the film. This observation has also been made by
plane for thicknesses greater than 7 monolayers, known asperimentalists studying magnetic circular dichroism in

6,65
Asymmetry in fcc Niy_ Fe, alloys CoFe a”OySl'

12— Zharnikovet al*8 studied fcc Ce_,Fe, alloys on Ci100)
£ 10 ) S o and found that for more than 70 at. %> 0.7) there is sig-
g 85— nificant vertical expansion in the film, accompanied by a
f 6 — © o change in the growth mode, and in-plane uniaxial strain. Al-
T o dAm rw o though fcc Fe/C(LOO) orients its easy axis perpendicular to
% 2| © 8?8; the plane, fcc Co/QU00 prefers to orient its easy axis in

o plane, and even as little as 7 at. % Co in Fe is enough to
v o o4 os o8 1o bring the easy axis in plane, for thicknesses above 4%}L.
Congentration 'x' of Niy Fe, alloys This grougd?® also studied roughness of the films with chang-
ing thickness and stoichiometry. In the thicknesses of CoFe

that we studied(from 7 to 15 ML), the films should be
smooth for Fe concentrations below 60 at. % and rough
above this concentratidif.
In the thin film fcc NiCo alloys(not shown we find the
05 | magnetization to be aligned in plane but without a discern-
T T T I ] able easy axi$100) vs (110). Ay pap (Co) varies between
0.0 02 et S 0.8 10 6% and 14%, whilédy pap Varies between 1.0% and 2.5%.
oncentration 'x’ of Ni,_,Fe, alloys . . . .
The Curie temperature remains high over the entire concen-
FIG. 13. Fcc NiFe asymmetry for magnetization in the in-planetration range, varying from 1400 K for pure Co, to 650 K for
(100 and (110) directions. Top: Aw.pap (F&). Bottom: pure Ni57
AuLpap (Ni). Curves are provided as a guide to the eye. Error bars Although the Co moment remains roughly constant with
are suppressed when smaller than the symbol @ +0.3%, Cu doping(Fig. 10, we do see a changing Co asymmetry
Ni: +£0.1%). Aupap (Co) (Fig. 14). This will be at least in part related to

e
309 o (100
e (110)

Asymmetry Ay pap (%)
&
1
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Asymmetry in fcc Cu, ,Co, alloys reality, multi-electron excitation processes are possible in
9 16'_ . photoemission. However, to first order we can assume that
2 12 «* the final state consists of only a single core hole in which
- e & case the atomic model is applicable. Then the magnetic lin-
> 8- ° ° ear dichroism widthWy, pap is determined by the splitting
4 4] [0 Aon: * between them;= +2 and = orbitals of the core level elec-
S 1S g?g; tronic state(Fig. 1). Wy, pap iS thus a measure ddg/Z, and
< o therefore of local exchange. Since core level photoemission

I 1 1 I I 1 . e . .
0.0 02 04 06 0.8 10 is an element-specific technique, this makég pap @ Mmea-

Concentration 'x of Cu,,,Co, alloys sure of the changinglementaimoment in an alloy.
We have observed that the widti, pap Of the dichro-
FIG. 14. Fcc CuCo asymmetiy, pap (C0) for magnetization  ism difference signal undergoes only small chan@esthe
in the in-plane(100) and (110 directions. Error bars are on the order of 10% as a function of the alloy concentration for the
order of the symbol sizét0.3%) or less. No measurable Cu asym- range of alloys studied. In other words, thps3 sublevels
metry was found Ay pap (Cu) <0.3%). experience no significant shift in energy. Furthermore, we
find that the dichroism “shape” is not distorted for small
changingT. which brings about a drop in the sample mag-changes in its widthWy_pap. Using the approximation that
netization(orden with an increasing Cu concentration. the dichroism “shape” remains constant, we use a peak-
Just as we did for the dichroism width's dat4,, pap, Wwe  fitting procedure to determine changes Why, pap and
can scale the dichroism amplitudag, pap in alloy systems Ay pap With great accuracy.
appropriately and stoichiometrically add them to construct a The amplitude of the dichroisiy, _pap depends on a host
Slater-Pauling curve of the average saturation magnetizatiowf other factors, including the photon energy, the axis of
In the best case, when the elemental radial dipole factors magnetization, and the experimental geometry. In essence,
and B8 are knowr? then they can be used to calibrate the Ay pap Measures the probability of a linearly polarized pho-
contribution to the sample magnetization of separate eleton to photoexcite an electron out of the=- g 2,+§, and
ments in an alloy. With this information and upon assump-+ sub-orbitals, due to partial spin polarization of t
tion that to first ordey pap is directly proportional to the subbands along the sample magnetization axis. When neigh-
magnetization, one can stoichiometrically add tf@ali-  boring spins are aligned ferromagneticaytiferromagneti-
brated elemental dichroism amplitudes for components ofcally), their contributions to the spectru&E) add construc-
an alloy to obtain a magnetic order parameter. Such a diaively (destructively. Therefore, the intensity of this
gram is presented in Fig. 15 for the bcc and fcg e, spectrum,Ay pap, iS @ measure of magnetic order. Indeed,
alloys. In this case, as the elemental radial dipole factorsince photoemission from the core levels is element specific,
were not known, the Fe and Ni dichroism amplitudes werea,, ., measures aelemental contribution to magnetic or-
calibrated against each other by assuming that for Fe an anger,
plitude Ay pap Of 14.3% corresponds to the pure Fe magne- Changes in magnetization with alloying can come about
tization of 2.22:g per atom, while for Ni an amplitude of through (1) a stoichiometric calibration between two con-
2.25% corresponds to QU8 per atom(these values match stant elemental moments in an alla®) the elemental mo-
the data in Fig. 12 We see that this figure, unlike Fig. 11, ments themselves can change through alloying with another
shows a clear collapse in magnetizatitime invar effectfor  element;(3) a reduction in magnetic order through shifts in
high Fe concentrations in fcc NiFe,. For bcc NiFg the  the Curie temperature4) a reduction in magnetic order

reduction in magnetization is less clear. through the film breaking up into magnetic domainsy(®y
changes in magnetic order in thin films due to restricted di-
VII. DISCUSSION mensionality. The Curie tempere_lture of an alloy can be mea-
sured as the temperature at whiy, pap drops to zerg®
The atomistic MLDAD model of van der La&hand Even when the 85, sublevels experience only a small

Stoh? assumes that electrons are being photoexcited out afhift in energy with alloying(for example, Fig. ¥, we find
core levels, directly into a high energy free electron band. Irthat the dichroism amplitud&,, pap May undergo a signifi-

3.0 AyLpap data: “Slater-Pauling Curve'
E 259 (O, Neutron data Awioan
g sod O — focNiFe | | ® focNiFe FIG. 15. Asymmetry amplitudedy pap VS
2 O m -- becNiFe | | O beeNiFe the Slater-Pauling curve for NiFg, alloys. The
2 1.5 o g curves represent neutron scattering magnetic mo-
% 104 ment measurements as compiled by Bozorth
2 . (Ref. 52. Other symbols represent the stoichio-
= 059 ) o ] metric mean value of our alloy dichroism

0.0 — ® AvLbap Measurementssee the texjt

T T T T 1
26.0 26.5 27.0 27.5 28.0

Atomic number (Fe=26, Co=27, Ni=28, Cu=29)
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cant changé€Figs. 12 and 18 Clearly the changing dichro- (CoFe, NiCo, CuCpshow a great degree of scatter in the
ism amplitudeAy, pap COMes about as spectral weight shifts dichroism amplitude and undefined easy axis, making a cali-
from negativem; sublevels to positiven; sublevels(or vice  bration betweem\, pap and magnetization impossible. This
versg when the magnetization is switched amot from an-  is in part because other experimental parameters such as the
other effect such as a widening or distortion in the shape ofilm thickness were not constant from sample to sample. De-
the photoelectron intensity profile. It follows that the methodspite these problems, the dichroism widthy, pap Was well
we have developed to measug, pap Should(to first ordej defined.
be a linear measure of this change in spectral weight, and, In conclusion, the magnetic linear dichroism provides in-
therefore, of the sample magnetization. formation concerning the magnetic moment and contribution

It is very interesting to find that the widtW,, pap (@nd  to sample magnetization in an alloy througty, pap and
therefore the atomic momentof Fe and Ni atoms in the W,y pap- The technique combines chemical specificity with
FeNi alloy, are independent of the crystal struct(bec ver-  surface sensitivity. Because of its chemical specificity, we
sus fcg. We find that although the magnetic ord&y, pap  can tell whether or not the components of an alloy are mag-
drops at the invar transition, the Fe and Ni atomic momentsietically aligned(ferromagnetic ordgror anti-aligned(anti-
Wupap are oblivious to the bce-fecc Martensitic transforma- ferromagnetism or ferrimagnetigmwWe have developed a
tion. This indicates that the invar transition comes abouuseful method to accurately and systematically determine
through a change in magnetic order and not through a catahy pap andWy, pap @nd compare these values between dif-
strophic collapse in the atomimomentgsee Ref. 6Y. ferent alloy systems.

When we assume that the dichroism width’'s déka pap
is directly proportional to the magnetic moment, it makes
sense foWy, pap Of elements in an alloy to be scaled ap-
propriately and stoichiometrically added in such a way as to The authors wish to acknowledge the expertise and help
build up a “MLDAD atomic moments Slater-Pauling curve” provided by the personnel on Beamline 7.0.1 at the Ad-
(Fig. 11). Similarly, dichroism amplitude®Ay pap Which  vanced Light Source, Berkeley. In particular, Dr. James
measure an element’s contribution to the alloy’s magnetizaTobin made available his XMLD end-station and his techni-
tion can be combined in the “magnetization Slater-Paulingcal help. This work was partially funded by DOE-OER
curve” (Fig. 15. Some of the transition metal alloys studied Award No. DE-FGO2-96ER455.95.
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