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Recently it has been suggested that the complicated temperature dependence of the extraordinary Hall effect
(EHE) in the itinerant ferromagnet SrRyCrould be explained by the Berry phase effect in the crystal
momentum space. We test this model by measurements of EHE as a function of an applied magnetic field at a
constant temperature and show that the results seem to contradict the Berry phase mechanism.
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The Hall effect in magnetic materials includes, in additionexplained by the Berry phase effect knspace, which pre-
to anordinary (or regular) Hall effect (OHE), which origi-  dicts a peculiar nonmonotonic dependencegf on M. The
nates from the Lorentz force and depends on the magnet®uthors supported their contention by band calculations,
induction B, an extraordinary (or anomalouy Hall effect  which predicted EHE of a correct order of magnitude and
(EHE), which depends on the magnetizatign Usually, the  roughly reproduced its temperature dependence. However,
EHE is attributed to spin-dependent scattering, and the totddand calculations for SrRuare very sensitive to the input

Hall effect is given by parameter§:’? Therefore, while the calculations support the
OHE . EHE._ explanation, they leave open the possibility that in practice
Pxy=Pxy TPy = RoBz+ Ry(p) oM, (1) the Berry phase effect in SrRy@s much smaller, and the

EHE is caused by a different mechanism.

Another point which raises questions regarding the appli-
cability of the calculations of Fanet al. is their assumption
that the exchange band splitting vanishe3atn many itin-
erant ferromagnets, and probably also in SrRttahe band
splitting does not disappear 8¢, but at a temperature higher
by an order of magnitude. In such materialsTgtthe mag-
netlzat|on disappears on the long scale, but the short-range
order remains, and the spin-split bands are quite well defined
locally (see, e.g., Ref. D4 According to the calculation of
Fanget al, the EHE changes sign when the band splitting is

whereR, is the ordinary Hall coefficient related to the carrier
densityn, andR; is the extraordinary Hall coefficient, which
depends on the resistiviy asR,=ap+bp?, where the linear
term is due to a spin-dependent preferred direction in scat:
tering (“skew scatteringy,! and the quadratic term is due to a
lateral displacement involved in the scatteringside
jump”).?

Recently, it has been suggested that the Berry phase
effecf in the crystal momentum spac& spacg can also
give rise to EHE'® This is an intrinsic effect, which does
not involve scattering, but it depends on the Bloch states and

their occupation. In this model, the EHE is described as 08
p)I(E;/-IE_ -p U'BP(M) (2) 06 | ,g 200 A /////
where the Berry phase transverse conductimﬁ/’(M) does 04 1 % 190 //T
not depend om, and the dependence of; on M should be ' S T,
calculated from the band structure. First, this mechanismwas§ o2 - 0 150 300
invoked to explain the EHE inlll,Mn)V ferromagnetic g Temperature (K) /1
semiconductor$ then in SrRuQ (Ref. 5 (which is the sub- o 0
ject of the current papgrand later it was shown that the &
Berry phase effect itk space can be the dominant mecha- § 0.2 1
nism even in irorf. Actually such mechanism for the EHE
had been suggested by Karplus and Luttidgeldong time 041
ago, but it was disregarded later. This effect should be dis- 06 4
tinguished, however, from the Berry phase effect related to
motion in a topologically nontrivial spin background rieal 08 ‘ ‘
space, which has been also proposed as a source of EHE fc 0 50 100 150

some material8.
The EHE in the 4l itinerant ferromagnet SrRuxhibits
a nonmonotonic temperature dependence, including a change FIG. 1. Extraordinary Hall eﬁecpEHE (due to the spontaneous

of sigr*10 (see Fig. 1, andRs does not follow the relation magnetization as a function of temperature The inset shows the
R.=ap+bp2.1° Fanget al® argued that this behavior can be longitudinal resistivityp as a function of temperature.
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FIG. 2. Field-induced contribution to the Hall effect at
T=127 K.H=0.4 T, as a function of the direction of the figlthe
angle « is shown at the right bottom part of the figur&@he solid
curve is a fit from which the OHE contribution was evaluated.

FIG. 3. Extraordinary Hall effect as a function of the magnetic
field H at several temperaturémdicated in the legend

plied perpendicularly to the easy axis. In general, we expect

about one-third of its zero-temperature value, which prob- .
ably does not happen beloW. d
The experiment presented here explores the changes in Apyy=RoH cosa + %MLXH coda - agy), Q)
EHE resulting from changes iM due to a magnetic field
applied at a fixed temperature. This allows us to test the ) o o
applicability of the Berry phase model directly, by a com-Whereae, is the direction of the easy axig,is the suscep-
parison between temperature-dependent and field-dependdiiility, and p"(p,M) is considered to be a function &
behavior, without making assumptions regarding the detail@lone, since for constant temperature and magnetization di-
of the band structure. Particularly, we inquire whether the'ectionp is a function ofM (Lorentz magnetoresistance is
quantity that vanishes af=127 K in Fig. 1 is the negligible at the_ t.emperature of our measuremérﬁigure 2
p-dependenR, from Eq. (1) or the M-dependentrfyp from  shows the additional Hall effedi.e., after subtracting the
Eq. (2). EHE measured at zero figlds a function of the direction of
We study epitaxial films of SrRuQgrown by reactive the field, and a fit according to E¢B). It turns out that the
electron beam coevaporatiSron miscut(~2°) SrTiO; sub- ~ parts of the OHE and the EHE in the field-induced Hall
strates. The films are single phase, with a single easy axis éffect are comparable in magnitude. For a field applied along
magnetization roughly at 45° out of the plane of the fitme ~ the easy axi$60+3)% of the change in Hall effect was due
direction of the easy axis varies slightly as a function ofto the OHE, while(40+3)% was due to the EHE.
temperaturg!® The film whose results are presented here has Figure 3 shows the EHE as a function of the magnetic
a thickness of 30 nm, an@i,=147 K. The films were pat- field H at different temperatures, after subtracting the OHE
terned by photolithography. The current path was perpencontribution.(The field was applied along the easy axis, in
dicular to the easy axis. The residual longitudinal offset inorder to create maximal possible changesMr) Interest-
Hall effect measurements was canceled by repeating thidgly, while the magnetization increases with the increasing
measurements with a reversed magnetic field and taking haffeld, not only does the EHE decrease, it even changes sign.
the difference of the results. All measurements were perFurthermore, EHE exists even &t 127 K, where the zero-
formed with the films uniformly magnetized, including at field Rs (see Fig. 1 vanishes.
zero magnetic field. These results seem to qualitatively agree with the predic-
In order to separate the OHE contribution, we measuredions of the Berry phase model for these temperatures, since
the Hall effect at a low magnetic fieldH less than 0.4 Yas by applying a magnetic field we reach valueshfthat at
a function of the direction of the field. In such fields, the zero field exist at lower temperatures: Figure 1 implies that
change irp,, is linear inH, implying that the change ipf;"",  in the range of temperatures presented in Figlo§(M)|
if it is significant, is also linear irH. In addition, for such decreases with increasing; therefore, the EHE is expected
fieldsM does not rotate away from the easy axis because th® decrease when a magnetic field is applied.
anisotropy field is of order of 10 ¥.Since the easy axisisat ~ On the other hand, the increaseNhdiminishes magnetic
a=45° (« is defined at the right bottom part of Fig),2he  Scattering, resulting in a negative magnetoresistgivie)
EHE and the OHE contributions have different symmetriesAp(H)=p(H)—p(0) (see Fig. 4 Thus the results can quali-
and can be separated. Particularly, the EHE contributiotiatively agree also with the prediction based on @&g. since
should not be affected at all when the magnetic field is apby applying a magnetic field we attain lower resistivitjgs
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Magnetic field H (T) the zero-field resistivity, and the squares denote the resistivity for
which EHE vanishes at applied magnetic field, as a function of the

FIG. 4. Magnetoresistanc&p(H)=p(H)-p(0) as a function of éemperature at which the field is applied.

the magnetic field, corresponding to the measurements presente

in Fig. 3. scatteringphonons, etg, while in the second case the whole
] ) change irnp is due to change in magnetic scatteri4@here-
and in our range of temperaturdd, decreases with decreas- fore, the magnetic scattering is different in the two cases,
ing resistivity (see Fig. 1 and inspt indicating different values olM. Thus, it is not a particular
Quantitative examination of the results supports the secyz1ue of M in oBP(M), which makes EHE vanish.

o y
ond possibility. It turns out, for example, that the  quantitatively, we estimate that the nonmagnetic part of

MR (=-7 u€) cm) which is required aff=134 K to make /4T around 130 K is about 0.52Q cm/K, which is the
the EHE vanish brings the resistivity to the zero-field resisajye ofdp/dT aboveT, where the magnetic resistivity satu-
tivity of T=127 K (where the EHE vanishes at zero field ates. Therefore, nonmagnetic resistivity plays an important
Figure 5 shows this pattern for a range of temperatures: thg)je. For example, only 3.0 cm of the 7.0 cm differ-
EHE always vanishes at the same valugoThis behavior  ence in the zero-field resistivity between 134 and 127 K is
is consistent with Eq(l). o due to magnetic resistivity. The magnetic resistivity of 127 K
The vanishing of EHE at constant resistivity cannot bejg achieved at 134 K already fét=3.4 T this is the field for

consistent with Eq(2), since the identical resistivities do not \yhich the MR is 3.5uQ cm (see Fig. 4], while the EHE
correspond to identical values . While direct magnetic \gnishes only aH=8.1T.

measurements could be advantageous, accurate magnetizaqn conclusion, when temperature- and field-dependent

tion measurements of thin films are plagued by big substratgeasurements of the EHE are combined, the results cannot
contributions. On the other hand, it is possible to analyze thge simply explained in terms of the Berry phase model. On
question by considering changes in magnetic scattering inne other hand, it seems that Ed) describes the EHE cor-

volved in our experiment. o rectly, although the microscopic origin of tiedependence
From a temperaturd>127 K, vanishing EHE can be of R remains unclear.

achieved either by lowering the temperature to 127 K or by
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