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Extraordinary Hall effect in SrRuO ;
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We have measured the Hall effect in thin films of the itinerant ferromagnet SyRsCa function of
temperature (1.8 K—300 K) and field (0—8 T). We find that the extraordinary Hall coeffRigsftanges sign
and can be described &~cT®+bp? whereT is temperature ang is resistivity. We discuss possible
interpretations of this result.

The Hall resistivity ) in magnetic metals is commonly Here we present measurements of the EHE in SeRag)
given by py=RyB+RsugM, whereB andM are the mag- a function of temperature. We find that at low temperatures
netic induction and the magnetization, respectively. The ternR, is negative and proportional tp?. As temperature in-
(RgB) is related to the effect 0B on the trajectories of the creases, the slope afR,/dT changes sign and close to
charge carriers. It is present in all metals dtdis knownas T, R, turns positive. The change of sign clearly indicates
the regular Hall coefficient. The ternR{uoM) is related to  that in addition to the negative quadratic term there is also a
the effect of magnetic moments on the charge carriers trajegsositive term. However, we show below that this term is not
tories. It is present only in magnetic metals @gdis known jinear inp: namely, Eq(1) does not fit our data. On the other
as the extraordlnargpr anomalousHall constant. While the hand, a reasonable fit foR, is obtained withR,=cT®
regule}r Hall effect is by. now well understoo_d, the under-+bp2_ In the following we discuss possible implications of
standing of the extraordinary Hall effeEHE) is far from this result.
being complete despite considerable theoréticahd The orthorhombic perovskite SrRyO(a~5.53 A, b

experimenta efforts. This is partly due to the difficulty to ~557 A, c~7.85 A) is an itinerant ferromagnet with Curie

distinguish between the regular and extraordinary contribu: )
tions to the Hall effect when the magnetization induces femperature Tc) of about 150 K for films and more than

- : 460 K for bulk. Our measurements were done on thin films
large magnetic field and/or large fields are needed to magne-

; . . of SrRuG, grown on slightly-miscut £2°) substrates of
tize the samplddue to formation of magnetic domajndn . .

the following we present EHE data of SrRyf@r which the SrT|Q3. The-SrRuQ film 9“)‘”? on. such suEstratesI as an
uncertainty in measuring the EHE is minimal and comparé/ntwinned single-crystal film with itf001] ([110]) direc-

them to existing theoretical models and experimental obsefion in the film plane and perpendicular talong the miscut
vations. direction. The saturated magnetic moment of SrRuU®

The common theoretical view is that ~ 1.4ug per ruthenium and, due to the uniaxial magnetocrys-
talline anisotropy, it lies approximately along th@10] di-
rection which in our films is at 45° out of the plane of the

Rs=ap+bp?, (1) film (bisecting the 90° angle of the unit-cell terraces of the
miscut SrTiQ).° For this study we have used high-quality

wherep is the longitudinal resistivity ané andb are con- ~ Single-crystal films grown by reactive electron beam co-
stants. The linear term ip is attributed to asymmetric scat- €vaporation with residual resistivities as low as 48 cm
tering of charge carriers, a process which derives from thécorresponding to a resistivity ratio betwe@r=300 K and
classical Boltzmann equation. On the other hand, the qua-T=1.8 K of ~45) and thicknesses between 800 and
dratic term inp is attributed to asymmetric side jumps which 2000 A. The magnetization of the films was measured with a
is a purelyquantumscattering process. While it is preferable Quantum Design SQUID magnetometer and subsequently
to testRy(p) whenp is dominated by point defects and is the films were patterned to allow for resistivity and Hall
modified by increasing the density of impuritiesnce in this ~ effect measurements with the current along (0e1] and
case a single type of scattering is involyedumerous recent [110] directions in each film.

reports have examineB(p) when the change ip was To extractR; we measureghy as a function of field at
achieved by changing the temperattifeThe experiments different temperatureee Fig. 1 The Hall resistivity com-
(both recent and previous oneseem to support the claim of prises both the regular and the extraordinary part. However,
two distinct processes being responsible for the EREp) two important properties of SrRyCallow for minimal un-

of low-resistivity magnetic metalée.qg., dilute alloys at low certainty in the identification of the EHE part beloW..
temperaturesis usually linear inp while Rg(p) of high-  First, after fully aligning the magnetization of the sample by
resistivity compoundgeither due to disorder or high tem- applying high magnetic fields, there is no nucleation of re-
peraturg is usually quadratic ip. versed magnetization regions when the field is set to %ero.
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X 107 1/cn? which corresponds to approximately one
charge carrier per ruthenium. Below 60 k,; becomes in-
creasingly nonlinear at high fields; see, e.g., the behavior of
pn at T=1.8 K[Fig. 1(@)] where the slope of, turns from
negative to positive ati>4 T. This behavior op(H) may

be quite confusing since it is reminiscent of the behavior of
py in other itinerant ferromagnets for which the change of
slope occurs when the change in the regular Hall effect ex-
ceeds the change in the EHE. In such cases the high field part
of p(H) is extrapolated td1=0 to estimate the EHE. This,
however, is not the case here since it would imply thar at
=1.8 K the EHE at saturation is more than 30 times larger
than its magnitude in remnant statebat=0 while we know
that 1- M/M¢<0.001, whereM is the remnant magnetiza-
tion andMg is the saturation magnetization. Therefore, con-
trary to previous conclusiorfswe find thatRy(H=0) does

not change sign. It remains electronlike in the low tempera-
tures limit while the sign change in the slopewf reflects a
sign change ofiR,/dH. Such a sign change is commonly
related to low-field high-field crossover which occurs when
w.7~1. Here w.,=(eH/myc) is the cyclotron frequency
(my is the cyclotron magsand 7 is the scattering time.
When the temperature is increaseddecreases and conse-
quently the field at whichw.7~1 is satisfied increases.
Therefore, at, e.g., 20 K the crossover field is greater than
our maximum field of 8 T; nevertheless, the effect of the
incipient crossover opy is clearly observed. The crossover
field allows us to estimate the scattering times l/w,
=5.68<10 12X (my/mcH) whereH is the crossover field

in teslas. AtT=1.8 K the crossover field is-4 T and using

the calculated Fermi velocity af-~2x 10" cm/sec(Ref. 8

FIG. 1. (a) Hall resistivity as a function of field a&T=1.8, 30,  we find that the mean free paths | =v-7~2.84(my/m,)
and 50 K. The field is perpendicular to the film plane and thex 10° cm. On the other hand, the estimated average mean
current is along th¢001] direction (connected open squajesnd  free path which corresponds to a resistivity of 4.8 cm is
the[110] direction(open circles (b) Hall resistivity as a function  ahout 5<10 % cm. Therefore, our results imply that
of field atT=90, 130, and 160 K. The field is perpendicular to the (my /mg) ~0.2 (while m*/me~3.7).8 This very smallmy, is
film plane and the current is along thieo1] direction (connected  ~onsistent with quantum oscillations measurements per-
open squargsand the[ 110] direction (open circles formed on similar films which showed that the main signal

corresponds to a cyclotron mass of 0.2 electron masses.

Therefore, in a remnant state we measure the full contribu- Having identified the regular Hall effect we turn to exam-
tion of the spontaneous magnetization to the Hall effect. Sed® Rs. In Fig. 2a) we show the extraordinary Hall resistiv-
ond, the self field created by the remnaMtis less than 1Y (Rs#oM) atH=0 as a function of temperature with the
~2 KOe which induces a small regular Hall effect whosecurrent along th¢001] and[110] directions. We see that
contribution to the total Hall effect at zero applied field canRssoM is small and negative at low temperatures. As tem-
be generally neglected. As a result of these two properties wigerature increaseRsuoM becomes more negative reaching
may reliably identify the zero field Hall effect with the EHE. @ minimum at about 90 K, after which it increases and
The interpretation of the Hall effect becomes more compli-crosses zero at about 130 K. Since we show the EHH at
cated when an external field is applied since two sources 0, it vanishes al >T.. We note that there is a difference
affect py : (a) the regular Hall effect an¢b) the change in in the EHE for the two current directions. This behavior may
the EHE due to the change M. For this reason, the deter- be related to the different angles between the currents and the
mination of Ry requires the use of a field range where themagnetic moment which is 45° for the current in thg110]
change in the EHE is negligible compared to changes in theirection and~90° for the current in th€001] direction. It
regular Hall effect. Based on magnetization measurements interesting to note that the anisotropy in the EHE is much
we assume that dt<<140 K most of the variation ipy for  larger than that observed in the longitudinal resistivity. It
fields aboveH =4 T is related to the regular Hall effect. could be either because the EHE is more sensitive to the

Before turning to the EHE we examine the regular Hallanisotropy in the conducting states in the two directions or
effect mainly for its role in analyzing the EHEee Fig. L~ because the EHE is sensitive to the angle between the current
We see that in the temperature interval 666KH<140 K and the magnetic moment and does not depend only on the
and at fields of 4T<T<8 T py(H) is quite linear. Attrib-  perpendicular component.
uting this behavior to the regular Hall effect we estimBte To test the applicability of Eq.1) we plot in Fig. Zb) R
and using the relationRy=1/ne we find n~15 (obtained by dividing the extraordinary Hall resistivity by
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FIG. 2. The EHE for current along th&®01] direction (connected open squajesnd in the[110] direction (open circles (a) The
extraordinary part of the Hall resistivity as a function of temperature. Also shoylh (full circles) as a function of temperature wheve
is the component of the remnant magnetization that is perpendicular to the plane of ttib)filine coefficient of the EHE as a function of
resistivity. (c) The coefficient of the EHE as a function of resistivity squad@.The coefficient of the EHE without the part quadratic in
resistivity as a function of temperature.

uoM) as a function of the resistivity. We see that Eq1) The p? term inRy is considered more robust because it is
cannot fit our data. The theoretical prediction is for a pa-generally believed that the side-jump mechanism is insensi-
rabola whereaRq(p) is clearly not. Nevertheless, we ob- tive to the scattering mechanisnhence, the relation is ex-
serve that at low temperatures we can Ri(p) by Ry  Pected to hold even when several scattering processes con-
=bp? [see Fig. 2c)]. Assuming that the low temperature tribute to the resistivity. It is not clear whether this is also the
behaviorRy=bp? is due to side jumps we calculate its mag- @€ for skew scatterirfgTherefore, one way of analyzing
nitude. The theoretical prediction is thatAy our results is to identify the part of the resistivity that could
= (buoMike)/(2n€?) whereM, is the saturation magne- 9iVe fise to ar® dependence. A possible candidate could be
tism andsn is the carrier de;sity Substituting~ — 1 phonon scattering, since this is the phonon resistivityTor
X10°5, uoM=0.2 T, %k ~7><10‘.25 kgm/sec, andn <6p Wh.ere 0p is the Debye temperaSture. Howev@r[? of
:1.5><'1022 1/érrﬁ we ’obtaiFn thatAy~ 0.2x 10*1°,m. This SrRuQ, is ~368 K (Ref. 8 and theT> dependence is not

o , —11 10 expected to persist up to close to 150 K. It is more likely that
result is within the common range afy’s (10°°-10"""m) T° would reflect some magnetic scattering; however, we are

obt_;:m&gd f(t)rrm transition letal Iallo;;s. indication that not aware of a magnetic scattering mechanism that will yield
aking the reasonable value dfy as an indication tha such a temperature dependence. Alternatively, it is possible

there is abp? contribution toRg, we want to identify the e Cop :
. - . P e that the difficulty in fitting the data is an anomaly of SrRuO
additional contributior(beside the side jumpso the EHE. This compound exhibits various transport anomalies attrib-

For trlat we subgracfE frorR; the bp? contribution and exam- 104 g effects of strong electron correlatidfigherefore, it

ine R; =Rs—bp®. R is not linear inp as expected; there- 3y pe that a different theoretical treatment is required to
fore, we want to explore wheth@&y is proportional just to  cajculate the anomalous Hall effect in this compound. Re-
part of the scattering events. To identify the remaining concently, it was reported that the EHE of manganites, which
tribution we plotRg as a function ofT [Fig. 2d)]. The  are strongly electron-correlated metéelow T,) whose re-
simplest fit is in the form oR{ ~T". Trying it, we find a  sistivity is dominated by magnetic disorder, cannot be fit
reasonable fit witmn=5. with Eq. (1);* however, the data were fitted quite well with
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