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Order-driven contribution to the planar Hall effect in Fe 3Si thin films
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We report on an intrinsic origin to the planar Hall effect through experiments on the Heusler alg8iEg
in the range -0.0&x=< +0.06. Both structural ordering around exact%iestoichiometry and thermally
regulated magnetic ordering of interpenetrating fcc Fe sublattices drive the planar Hall effect from a conven-
tional to an ordered intrinsic magnetotransport regime. The transition is marked by a change ingigouof
not of Ap,,. A microscopic model which extends anisotropic magnetoresistance theory correctly describes this
regime.
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Both the anomalous Hall effédctAHE) and anisotropic Within AMR and AHE theory, the electric fiel& result-
magnetoresistanée(AMR)—studied intensively over the ing from a current density applied through a ferromagnetic
past several decades—relate to the magnetization of a ferrghin film with magnetization vector of unit length is given
magnetic thin film in an external magnetic field applied per-py
pendicular and parallel to the film plane, respectively. An
early intrinsic description ascribed the anomalous Hall resis- E=p.j+(p=p)([-mm+pyg(m Xj). 1)
tivity to a spin-orbit interaction of spin-polarized conduction

electrons’ while extrinsic models involved scattering poten- el and dicul velv. the fi
tials due to impurities and defedts. rent parallel and perpendicular ta, respectively, the first

The past five years have seen a surge in research on %?rm embodies in part longitudinal magnetoresistance and

intrinsic origin to the AHE. According to a recent thebign the second one AMR the(_)rvHs describes the normal Hall

the prototypical ferromagnet Fe, the AHE arises due to con€ffect and the AHE resulting from the out-of-plane compo-

duction of carriers from a very narrow portion of the Fermj "€nt of magnetization. Thus, upon rotating a film with a

surface which is split by the spin-orbit interaction. The nearSingle magnetization domain in a fixed in-plane magnetic

degeneracy of spin up and spin down states at such points fi¢ld, the longitudinal and transverse resistiviti&p,, and

the band structure may thus induce a nontrivial spin topologys, = €volve as

throughout the ferromagnet’s lattice. Due to a Berry phése B 2

connection of wavefunctions, this leads to a transverse resis- Apxe=(p = p.)cos(by), 2

tivity, which is intrinsic to the ferromagnetic material. How-

ever, while the AHE and the planar Hall effs®@HE) both avr_ 1 .

originate from the spin-orbit interactiéhthe PHE has not Py = 5P~ p1)Sin26w), (3

yet been described in a similar framework, despite a conjunc-

tion of PHE experiment8 on and AHE Berry phase thedfty ~where 6, denotes the angle between magnetization and cur-

of dilute magnetic semiconductors. While PHE measurerent. p/)'" is also called the planar Hall effect.

ments on Fe have evidenced a deviation from AMR Magnetotransport experiments in the planar Hall geom-

theory?12 a Berry phase description was not applied. etry were performed on rectangular samples with Ohmic
In this paper, we present experimental results orcontacts such that a homogeneous current was directed along

Fe3.,Sii thin films with DO; crystal structure and compo- the [-110] hard axis. In this crystallographic direction, the

sition x near FeSi [see Fig. 1a)], which also reveal an ad- angle of in-plane applied magnetic fie#} is 0. When the

ditional contribution to the PHE as compared to the straightmagnetic field is directed along an easy magnetization axis,

forward AMR model. A microscopic model functionally ¢ “for 6,=45°, the directions of applied field and magneti-

reproduces this PHE term, which we ascribe to topological, 4tiqn coincide 6= 6y,). As the sample is rotated away from

defects in the spin density distribution. In support of oureH:450, 6y begins to lag behindj,. Figure 2 presents the

model, both thermal and structural disorder drive magne, o1 tion Of p and py, With 6, on a nearly stoichiometric

totransport into a conventional regime by destroying the co- : - . ) _
herence of spin fluctuations between Fe sublattices. Fé3.,Sh sample(x=+0.01; 44 nm thickat T=77 K and

Epitaxial F&,,Si;_, thin films of high crystalline and in- T=300 K. For an ’apphed f|eld-_|-25 Oe which does_not
terfacial quality were grown by molecular-beam epitaxy on®vercome the film's fourfold anisotropy enerysweeping
GaAg4001) substrated? With thicknesses in the 30-50 nm 6 through a hard axis induces a jumpdg toward the next
range, these fully strained films are sufficiently thick to €aSy axis and consequently a kilamp) in pxy (px,) data.
quench any significant uniaxial anisotroyre;,,Si;_, films ~ Such behavior indicates single-domain magnetization rever-
with nearly exact stoichiometrx=0 are almost lattice- Sal. As the crucial observation of this paper, an inversion in
matched to the GaAB01) substrate and exhibit a nearly the angular traces gf,, has occurred betweeh=77 K and
complete magnetization remanence alond®@0] easy axis T=300 K, while the angular dependencegf remains un-
as well as coercive fields of 1 Gé. changed. The implied sign change gf(6,,) takes place at

With sample resistivitieg, andp, for configurations of cur-
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FIG. 1. (a) DO; structure of FgSi. Arrows indicate magnetic
interactions between FB) and Fe¢A,C) sites. (b) Evolution of FIG. 3. (@) px and(b) pyy vs applied fieldH for specific angles
Pxd(300 K)/ pyo( 77 K) with x for Fe;,,Sij—y. (c) One spin configu- 4y (in degreel at T=300 K for x=+0.01.
ration in a(100 plane for magnetizatioM [|[100], with chirality
x>0 due to noncoplanar orientations of(ReB,C) spins which

composeM as schematized ifd). [Fig. 3(b)] converge to the 45°/135° points in a vanishing
applied field, ang,, may exhibit two switching events d,

Torq=251 K for this sample and persists even for a moderatd/MPS from one easy axis to another during magnetization
applied field which has overcome the fourfold anisotropy'€Versal- However, the 45°/135° orientations of magnetiza-
energy. Significantly nonstoichiometric samples do not showion do not represent an extremum as expected within AMR
this sign change. theory from Eq.(3). o _
Figure 3 presents magnetic field sweeppgfand p,, at To s!mpll_fy the complex magnet|zat|on behavior pre-
a fixed angledy away from the hard axis at=300 K. Our sented in Figs. 2 and 3, we aslszume to first order that
measurements on §&i down toT=77 K show thalp, < p,, fulfills AMR theory and'extrac119,\,I from Eq.. (2).' We may
an unusual but not unique res@ibs the field is lowered, all tNen Plotpyy as a function offy as shown in Fig. 4 foi
pex curves[Fig. 3@)] converge toward the same low-field =300 K andT=77 K. Relative to AMR theoryp,,(6y) also
resistivity, which reflects the rotation of sample magnetiza-€Xhibits the expected fourfold a”'SOtroFl'C behavior but
tion toward an easy axis as identified by the measurement fdf _Phase-shifted byAfy(T=300 K)=-22.5° and A6y(T
6,,=45°. Given Eq(2), one cannot distinguish between dif- =77 K)=+95° with respect to these axes. Furthermore,
ferent easy axes from,, data. Correspondinglys,, data  Apx/(6w) is generally much lower than the value predicted
by AMR theory. We therefore introdutea compensating
(a) term to p,,

g pxyzaﬁyR-Fp)%?mp

S 1 1

g = 5P~ LSIN204) + peomg,SIN204 + ), (4)

< which can correct AMR theory above and beldy (see

(b) insets of Fig. 4 using T=300 K: pcom==0.95p,—p,), ¢

7 =2.1°,T=77 K: pcom=—1.49p,—p, ), 6=-3.3°.

S Effects due to domain wall boundaries, atomic disorder,

g and electron localization could explain our results within

S 1L I AMR theory only if bothp,, andp,, behaved similarly. Also,

< — AMR theory cannot account fdp,,|<p,—p,. A change in
-180 -90 0 90 180 sign of the cubic anisotropy constaiiy (Ref. 159 may be

0, (degrees) ruled out since the angular position of the jumpgy, re-

mains unchanged. A systematic error in the in-plane angular
FIG. 2. (@) pyx and (b) pyy Vs 6y at T=77 K (doty and T position has been corrected to withi2°, and thefourfold
=300 K (circles for a sample withx=+0.01 atH=25 Oe. symmetry ofp,, jumps precludes any dominant contribution
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of the wave functiort® It was already demonstrated theoreti-

FIG. 4. pyy Vs 6 obtained within AMR theory fronp,, data, at  cally that a finite AHE may exist in systems with more than
(@) T=300 K and(b) T=77 K, and fit to Eq.(4) for x=+0.01. two non-coplanar spin sublattictsDue to the high symme-
Insets:p, ™, piy", and fit vsfy. try of the FgSi system, multiply degenerate contributions to

a PHE from the ensemble of possible spin configurations for
from uniaxial anisotropy, in agreement with other a givenm will cancel each other out. However, this cancel-
measurements. Any small out-of-plane misalignment lation, which is also typical for the AHE, may be lifted by
would induce an antisymmetric angular response from théopological defects at the boundary between clusters of such
AHE and was carefully avoided. An intrinsic out-of-plane configuration®® and by higher-order spin interactiorisee
magnetization was not observed. In addition, such consideRef. 19 and references thergirsuch defects are known to
ations are already excluded through the data analysis comead to an intrinsic AHE!?? Also, as shown for other
tained in Fig. 4, which now narrows the problem exclusivelysystems;? spin orbit interaction will lift these degeneracies,
to the dependence of the PHE 6f. Altogether, our results resulting in Berry phase contributions at narrowly defined
demonstrate the existence of an additional contribution to theegions ink space away from the high-symmetry directions
PHE. considered here.

Toward a microscopic model for the additional PHE ob-  Another consequence of the spin orbit interaction is a spin
served in ordered E8i with DO; symmetry, we analyze the scattering asymmetry between different spin sublattites.
ensemble of collective spin fluctuations on the different subDefining such a scattering ratig with i=A, B, or C, scat-
lattices given the intra-lattice spin density distribuidand  tering of an electron with momentumat a lattice site with
a two-spin interaction between the (FeC) and F¢B) an out-of-plane spin component leads to an in-plane field
sublatticed” The FéB) site lies in a cubic magnetic envi- H23™~=_, 5 cai(S; X p) which is perpendicular to the elec-
ronment of FéA,C) sites, so that its spin is unconstrained in tron’s momentunp. In addition, an angular analysis of the
rotation. In contrast, the inversion symmetry of théA¢C)  spin chirality x» g c(6y) straightforwardly results in a func-
spin sublattices is broken due to a tetrahedrgBfFenviron-  tional form HEa"@'=sin( 6y, + 6)cog 6y, + 6) which corresponds
ment, resulting in preferred spin orientations. Without anyto our experimental observati¢eee Eq(4)]. Detailed theo-
loss of generality to our model, we assume that their on-sitéetical calculations beyond the scope of this paper will deter-
spins tend to align along111) directions containing the mine which topological defects and which electrons at the
magnetically stronger FB) nearest neighbor sitdsee ar- Fermi surface are participating in this angular- and phase-
rows in Fig. 18)]. Using this constraint, configurations of dependent PHE. _
spins S, Sg, Sc at lattice sites F@), Fe(B), and F€C) may Recent ce}lculatloﬁs‘or Fe of the AHE in a Berry phase
be found such that the spin chiralityasc=Sa-(Sg X Sc) framework yield a Iarge valuexy.~ 751(9 cm)~ from the
+0. An example of such a collective spin configuration, Saturated magnetization. Accordingly, in the planar Hall ge-
which conserves the orientation of mean magnetizatioMetry, we definer, to be
mIl[100] and yieldsyagc>0, is demonstrated in Figs(d
and Xd). We thus describe collective spin fluctuations in a o= Apxx 5)
normal ferromagnet with no frustrated steady spin state. Y pfx+ Apfy’

Spin chirality acts as the gauge flux for the charged car-
riers which evolve in the background of fluctuating spins,where Apxy:piy—piy, and piy,pfy denote the maximum
thus describing the AHE as due to a Berry phase connectioplanar Hall resistivities due to the fully saturated magnetiza-

172401-3



BRIEF REPORTS PHYSICAL REVIEW F1, 172401(2009

tion (see Fig. 4 For x=+0.01 at T=77K, o,  belowT,q drive thisordered intrinsicmagnetotransport re-

~=-350(Q cm)"*—an extremely large value compared to gime. In addition, since only our extension to AMR theory

AMR theory which suggests an intrinsic magnetotransportan explain our results abovie,,, we presume that similar

regime in our ordered alloy. considerations may apply to this conventional regime at high
As seen in Fig. (b), metallic conduction in F&,Sii IS temperature, in related fashion to the case of¥e.

g{;itrl\?gkyetrgffL\J/(\:/gdm;wththJs](érc)er?t?cl)rllgstrﬂgmzri:lozisfé(r)(;?ar In conclusion, we have observed an additional contribu-
: y ' tion to the planar Hall effect through experiments on

while retaining theD0; crystal structure, and ugg,(T) as an D . .
ordering parameter. Figure 5 presents the dependeneg, of F;?’fxs'l‘?]f"mshA m'ﬁFOSCOP'C model fll)ased on Ber_ry _phase
0N pyy for 77 K=T=300 K. Within —0.08<x= +0.06 0, effects shows how this extra term reflects magnetic interac-

exhibits two magnetotransport regimes. In the high_tions with reduced crystal symmetry for certain Fe sublat-
temperature regime, i-eI>Tordl Tyy is of same sign and tices in the ordered ESI Heusler alloy. Both structural dis-
comparable amplitude-+20 (2 cm)™* as for Fé% and al- order in Fe,Sij_, across the -0.08x<+0.06
most independent gi,,. For T<T,q, 0y, changes sign and stoichiometry range and thermal disorder above a correlated
increases, for low values of and p,,, by over one order of temperaturel,4 destroy the coherent spin density fluctua-
magnitude relative tar,(T>T,g. No such crossover was tions and drive the system into a conventional magnetotrans-
observed af =4 K for samples wittrk<-0.19 andx +0.09,  port regime. Our results call for aab initio theory on an
i.e., farther fromx=0. In addition, T,4 decreases with in- intrinsic origin of the planar Hall effect, in particular for
creasingx| (see inset of Fig. 5°° The T4 range is in good FeSi.

agreement with the exchange energl /B« (A,C)]

=145 K between F&\,C) and FéB) sublattices as experi- We thank A. Riedel for technical assistance, H. T. Grahn
mentally determined by Stearhs,thus supporting our for a critical reading of the manuscript, and Y. Takagaki, P.
model. From this we infer that spin-chirality effects betweenKleinert, P. K. Muduli, R. Engel-Herbert, and S. L. Lu for
Fe(B) and F€A, C) sublattices with coupled spin fluctuations stimulating discussions.
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