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Induced spin polarization in ferromagnetic Gdg, 4Y 376
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Evidence of a spin moment, induced through a Ruderman-Kittel-Kasuya-Yosida-type interaction in
GUs,.4Y 376, IS presented. The additional moment, of G:0603ug, arises from polarization of Y-like elec-
trons in the alloy. The moment was detected in a Compton scattering experiment via the measurement of the
one-dimensional projection of the momentum space electron-spin density in Gd and in the alloy. The result is
consistent with theoretical predictions calculated using the linear muffin-tin orbital method within the local
spin-density approximation.

Oscillatory exchange couplifhgvas first observed in su- Gadolinium metal is a # ferromagnet, with a magnetic
perstructures of Gd and Y. This was quickly followed by moment of 7.6&g (Ref. 6 and a Curie temperature of
observations of giant magnetoresistance in other similag94 K. The moment comprisesug from the half filled 4
multilayer systems. The coupling between successive ferrashell, plus an induced conduction electron moment of
magnetic Gd layers is thought to rely upon the spin-0.63ug. As predicted by Hund's rules, there is no orbital
polarization of the Y layer$,although this polarization has component [ =0). Gadolinium has the hcp structure, and
never been observed. Given that yttrium plays a similar imthe moment aligns along the axis down to 235 K, below
portant role in bulk Gd-Y alloys, we have studied the latterwhich it becomes cantedYttrium has the same structure
in order to search for evidence of such an induced momenaind a similar atomic volume to Gd, and hence the alloys
The bulk alloy system exhibits interesting magnetic behav+eadily form a continuous solid solution with only small
ior, having three ordered phaseand is an excellent system changes in their lattice parameters. The nonmagnetic Y “im-
for studying the magnetic interactions. At high Gd concen-purities” might be thought to have very little effect on the
trations (above 70% Gplthe alloy has different ferromag- magnetic properties, acting simply as a diluent. However, in
netic phases at low and high temperature. In compositionstudies of the paramagnetic moments, Thobatral,* in
containing less than 60% Gd the alloy exhibits a helical anearly work, and Foldeakét al, more recently, showed that
tiferromagnetic phase. In the intermediate compositions therthe addition of Y does not simply monotonically reduce the
is a delicate balance between the three phases. For a lartgal moment; an extra contribution is apparent. Thoburn
composition range, the total magnetic moment is greater thaet al. had also found a large additional moment in the ferro-
would be expected simply from the dilution of the &d. magnetic phase, although its size may be ascribable to the
There has been considerable effort made towards an unddower value they quoted for the pure Gd momgntl2ug
standing of the magnetic structures of the Gd-Y alloys, butompared to the now accepted value of LE3Ref. 6].
the nature of the excess moment has not hitherto been fullyhe behavior of the total moment could be explained in two
resolved. Moreover, the physics of the magnetic ordering ofvays: either the presence of yttrium modifies the crystal
the Gd-Y alloy system is also considered to arise from arfield, resulting in anorbital contribution to the moment, or
indirect exchange interaction involving the Y electrons. Inthe hybridized conduction bands in the alloy enable a larger
this paper we present experimental evidence for the polarizaspin moment to be induced.
tion of the Y electrons, in the form of an exceginmoment The 4f electrons of Gd are highly localized, and the mag-
in ferromagnetic Ggb 4Y 376. netic ordering in both the Gd metal and in the Gd-Y alloy
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arises from an indirect exchange interaction mediated via thelere,n7(p) andn|(p) are the momentum dependent spin
conduction electrons. Hence the ordering mechanism in thdensities. The area under the MCP is equal to the number of
Gd-Y alloys is quite different from that observed in the unpaired electrons, that is, the total spin moment per formula
transition-metal alloys such as Yf&where significant hy-  unit:
bridization is expected with thed3Fe electrons. In the rare
earths, a Ruderman-Kittel-Kasuya-YositRKKY )-type in- .
teraction is required, which is explained in terms of the f -
wave-vector dependent susceptibiligg(q).® In pure Gd, , Jmad P2)dP2= ftspin- ®
x(q) has a maximum afj=0, leading to the observed fer-
romagnetic ordering? If this maximum is at a nonzerq, Magnetic Compton scattering is now an established tech-
because of yttrium induced Fermi surface nesting in theque for probing momentum space spin densities and band
alloys**then a more complex arrangement of spins maystructures in magnetic materidfs'® Within the impulse ap-
form,>** such as seen by x-ray resonant magnetic scatteringroximation, the method is solely sensitivespin magnetic
in a DyLU thin fiIm.l4 The RKKY-type interaction relies on momentsl;svzov21 that is to say, the orbital moment is not
the polarizability of the Y conduction bands. However, it haSmeasurea_z The value of magnetic Compton Scattering lies
recently been proposed that the additional moment can b@ its uniform sensitivity to the whole of the spin-resolved
accounted for purely by considering orbital contributionselectron momentum distribution. Since the MCP is a differ-
originating from the modified crystal fiefiThis was rea- ence between Compton profiles, the contributions from the
soned from the experimental behavior of the effective Landﬁonmagnetic electrons and from unwanted Systematic
g factor and total angular momentuinwhich is compatible  sources disappear. Spin-polarized positron angular correla-
with the assumption that the Crystal field is Changed by thQion experiments also probe the Spin den%ﬁ% but are sub-
presence of Y, permitting spin-orbit coupling to induce theject to both positron-electron correlation effects and repul-
orbital moment. The presence of a spin moment in the lowsjon of the positron by the positive ion cores, so that the
temperature ferromagnetitferro-11" ) phase would indicate positron does not sample electrons in all states eqdally.
that the exchange-splitting persists and that the Y bands afeurthermore, the incoherent nature of the Compton scatter-
polarized, obviating the need for a large orbital contributioning process means that the electron-density distribution can
in the aIon. The goal of this experiment was to determinebe samp|ed at all momenta, notab]y at the low momenta
whether there is indeed an extra spin moment contribution tQyhere the conduction electrons contribute.
the magnetization in the low-temperature ferro-1l phase. The [0001] MCP for Gd, .Y 37 Was measured on the
The experiment was performed using magnetic Comptomjgh-energy x-ray beamline at the ESRF. The experiment
scattering, a uniquely sensitive probe of the spin componeRas performed in reflection geometfywith an incident
of the magnetization. The Compton profi€p,) is defined  peam energy of 200 keV, selected by {841} reflection of
as the one-dimensional projection of the electron momenturg Sj monochromator, and a scattering angle of 168°. The
distributionn(p), samples were 5 mm diamet&rl.3 mm thick disks and were
oriented so that the resolved direction was withir2° of
[0001. The temperature of the samples was maintained at
J(pz):f f n(p)dpydpy , (1) 70+2 K. At present, it is difficult to reverse the polarization
, o of the synchrotron x-ray beam, but in soft ferromagnets like
and the integral o8(p,) is simply the total number of elec- hese the sample’s magnetization can be easily reversed.
trons per unit cell. The profile can be obtained experimenyiere the magnetization was kept alternately parallel and an-
tally from the energy spectrum of the inelastically scatteredjyarallel to[0001] with a 0.96 T rotating permanent magnet.
photons. This is achieved by exploiting the Compton effectirhe energy spectrum of the scattered x rays was measured by
in which monochromatic photons scattered through a given, gqig-state Ge detector. The momentum resolution obtained
angle by stationary electrons would have a single energy,ans 044 atomic units (a.u., where 1 a.s:1.99
determined purely by the scattering angle. However, becausg 1 -24 kg m s2). The total number of counts in each of
bound electrons must have some distribution of momentay,, charge profiles was D&EL0, resulting in 3.% 1¢f in the
the photon energy is Doppler broadened into an energy disycp \ith a statistical precision of 3% at the magnetic
tribution. This is related to the Compton profile, defined c,mnon peak in a bin of width 0.09 a.u. The usual correc-
above, via .the6scatter|ng cross sectidmithin the impulse 4 procedures for the energy dependence of the detector
approximatior’” If the photons impinging on a sample have efficiency, for absorption, relativistic scattering cross section
a component of circular polarization, then a small spin de- 4 magnetic multiple scattering were applied and after
pendence appears in the scattering cross settieversing checking that the profiles were symmetric about zero mo-
either the photon polarization or the magnetization of th entum, the MCP’s were folded about this point to increase
sample changes the sign of the spin-dependent signal, whii{ﬁe effective statistical precision of the data.

enables the spin part to be isolated. The resultant profile, 1o experiments were complemented by LMTO band-
known as the magnetic Compton profildCP), is a projec- g cture calculatioRé performed within the local spin-
tion of the momentum density of only those electrons W'thdensity approximatioiLSDA) .28 The authors recently dem-
unpaired spins, onstrated the ability of this technique to predict the magnetic
Compton profiles of ferromagnetic Gd metal a%rgrd the details
. of the calculations are described more fully thetén order
Jmag(pz)_j f[nT(p)—nl(p)]dedpy. 2) to predict the MCP of the disordered £dY 376 alloy, a
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TABLE I. Calculated partial spins in Bohr magnetons per atom F T T T T
for pure Gd and for Gd and Y in GgsY375. Also shown are the 24f4 4
total moments per formula unit of the alloy. Ps
20| % -
s p d f Total %
S 16 2 .
Gd (pure 0.025 0141 0580  6.94 7.64 @ “,
Gd (alloy) 0032 0153 0525  6.85 7.56 P2f L 1
Y (alloy) 0.000 0124 0205 0.022  0.350 2.8l 9".;. ]
Total 0.020 0.142 0.405 4.29 491 - .,
0.4} .
k2
16-atom supercell approach was adopted. By taking ten Gd 0.0 : :
and six Y atoms, a effective composition of £&gY 575 was 0 2 4 6 8 10
obtained, very close to that of the measured sample. The P, [a.u]

results were essentially unchanged for different configura- FIG. 2. Th imental tic Combt fil f Gd
tions of the 16 atoms. In order to provide a suitable compari- ormalizea o (; g;pigmeenngrcﬂggﬁ 'é 4 O:(np o(nsop“rocla (':i?;ec; ’
son, the pure Gd MCP was also calculated in the supercell OFs 0P 24 37.6 ’

. . . . scaled to 4 tails of the Gd profile. The diamonds represent the
and it was found to be essentially identical to that from thej.cc. o in Bohr magnetons per a.u. for a formula unit of the

standard calqulatlon. The lattice parameter ae ratio alloy. The difference in the theoretical profilésee Fig. 1, convo-
were, respectively, 6.8710 a.u. and 1_'590 for Gd, and 6'875§1ted with a Gaussian with full width at half maximum0.44 a.u.

a.u. and 1.584 for the alloy. The predicted moments and thei, represent the experimental resolution, is presented as a solid line.
associated characters for Gd andg63fY 37 5 are presented in

Table I. It can be seen that an extra spin moment of @35

is expected per Y atom, mainly on tpeandd-like itinerant . ) i
electrons deriving from Y orbitals, and this corresponds toC©MParison of the experimental profiles for the pure metal

0.13ug per formula unit. It is important to note that, while and the alloy shows that_ there ig a small, bqt genuine differ-
this moment is not actually on the Y site, it is neverthelesnce forp,<2 a.u., consistent with that predicted by theory.
associated with Y electrons and no increase in the Gd itineBY integrating ovep,, the value of the induced moment can
ant moment is observed. The predicf@D01 MCP’s are be calculated as
presented in Fig. 1, where theg anoments have been nor-
malized to account for the Gd dilution in the alloy. This
clearly shows that the conduction electron contribution in-
creases relative to thef4noment in the alloy.

In Fig. 2, we present the experimental MCP’s for Gd and
Gdg, 1Y 376, Normalized according to their f4 moments. . . . .
Tr?gse ;rg presented together with the theoretical predictions In order to investigate the robustness of this small differ-

after convolution with a Gaussian of FWHM 0.44 a.u. to €"¢®: Weé perfo_rmed a n.umber of ghecks during the data
simulate the experimental resolution. The Gd profile is ana2nalysis. The difference is present in the raw, uncorrected

lyzed in more detail in Ref. 26. The salient features here ardat@. The corrections applied to the Gd and;£3ds7 ¢ data
the narrow conduction electron contributions at low momen-Sets are essentially the same, since both measurements were
tum superimposed on the broadef grofile, as expected. Performed with the same setup, and the detector efficiency
and scattering cross sections are identical in both cases. The
multiple-scattering contribution was calculated to be an order
of magnitude smaller than the measured difference signal.
The absorption correction was calculated to simulate pos-
sible misalignments in the setup, but the results remained
unchanged. It should be noted that npa+0 a.u. this cor-
rection is almost a linear function @f, and any error will be
unlikely to affect the difference observed, especially when
the data are folded about the origin. Hence the result is ro-
bust to any reasonable variations in the corrections applied.
In conclusion, we have presented evidence of an addi-
tional spin moment in ferromagnetic @dY376, corre-
sponding to a polarization of the Y-band electrons. It is un-
affected by the corrections that need to be applied to the
experimental data. Band-structure calculations performed
within the LSDA are consistent with our result. It should be
FIG. 1. Calculations of the magnetic Compton profile of Gd remembered that the presence of this spin moment does not
(dots and Gg, <Y 3- 5 (solid line) resolved along0001], performed ~ rule out the existence of an additional small orbital moment.
using a 16-atom supercell. Also shown is the equivalent free atonflowever, in contrast with the interpretation of Foldeaki
profile for Gd 4 electrons(dashes et al.® we conclude that, irrespective of any orbital contribu-

A pgpin=0.16+0.03ug . (4)

Jmg [mg 7 @.u.]

p,[a.u]
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