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Extraordinary Hall effect in SrRuO 3

L. Klein
Physics Department, Bar-Ilan University, Ramat-Gan 52900, Israel

J. R. Reiner, T. H. Geballe, M. R. Beasley, and A. Kapitulnik
Edward L. Ginzton Laboratories, Stanford University, Stanford, California 94305

~Received 11 October 1999!

We have measured the Hall effect in thin films of the itinerant ferromagnet SrRuO3 as a function of
temperature (1.8 K–300 K) and field (0 –8 T). We find that the extraordinary Hall coefficientRs changes sign
and can be described asRs'cT51br2 where T is temperature andr is resistivity. We discuss possible
interpretations of this result.
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The Hall resistivity (rH) in magnetic metals is commonl
given by rH5R0B1Rsm0M , whereB and M are the mag-
netic induction and the magnetization, respectively. The te
(R0B) is related to the effect ofB on the trajectories of the
charge carriers. It is present in all metals andR0 is known as
the regular Hall coefficient. The term (Rsm0M ) is related to
the effect of magnetic moments on the charge carriers tra
tories. It is present only in magnetic metals andRs is known
as the extraordinary~or anomalous! Hall constant. While the
regular Hall effect is by now well understood, the unde
standing of the extraordinary Hall effect~EHE! is far from
being complete despite considerable theoretical1 and
experimental2 efforts. This is partly due to the difficulty to
distinguish between the regular and extraordinary contri
tions to the Hall effect when the magnetization induce
large magnetic field and/or large fields are needed to ma
tize the sample~due to formation of magnetic domains!. In
the following we present EHE data of SrRuO3 for which the
uncertainty in measuring the EHE is minimal and comp
them to existing theoretical models and experimental ob
vations.

The common theoretical view is that

Rs5ar1br2, ~1!

wherer is the longitudinal resistivity anda and b are con-
stants. The linear term inr is attributed to asymmetric sca
tering of charge carriers, a process which derives from
classicalBoltzmann equation. On the other hand, the q
dratic term inr is attributed to asymmetric side jumps whic
is a purelyquantumscattering process. While it is preferab
to testRs(r) when r is dominated by point defects and
modified by increasing the density of impurities~since in this
case a single type of scattering is involved!, numerous recen
reports have examinedRs(r) when the change inr was
achieved by changing the temperature.3,4 The experiments
~both recent and previous ones! seem to support the claim o
two distinct processes being responsible for the EHE:Rs(r)
of low-resistivity magnetic metals~e.g., dilute alloys at low
temperatures! is usually linear inr while Rs(r) of high-
resistivity compounds~either due to disorder or high tem
perature! is usually quadratic inr.
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Here we present measurements of the EHE in SrRuO3 as
a function of temperature. We find that at low temperatu
Rs is negative and proportional tor2. As temperature in-
creases, the slope ofdRs /dT changes sign and close t
Tc , Rs turns positive. The change of sign clearly indicat
that in addition to the negative quadratic term there is als
positive term. However, we show below that this term is n
linear inr; namely, Eq.~1! does not fit our data. On the othe
hand, a reasonable fit forRs is obtained withRs5cT5

1br2. In the following we discuss possible implications
this result.

The orthorhombic perovskite SrRuO3 (a;5.53 Å, b
;5.57 Å, c;7.85 Å) is an itinerant ferromagnet with Curi
temperature (Tc) of about 150 K for films and more tha
160 K for bulk. Our measurements were done on thin fil
of SrRuO3 grown on slightly-miscut (;2°) substrates of
SrTiO3. The SrRuO3 film grows on such substrates as a
untwinned single-crystal film with its@001# (@ 1̄10#) direc-
tion in the film plane and perpendicular to~along! the miscut
direction. The saturated magnetic moment of SrRuO3 is
;1.4mB per ruthenium and, due to the uniaxial magnetocr
talline anisotropy, it lies approximately along the@010# di-
rection which in our films is at 45° out of the plane of th
film ~bisecting the 90° angle of the unit-cell terraces of t
miscut SrTiO3).5 For this study we have used high-quali
single-crystal films grown by reactive electron beam c
evaporation with residual resistivities as low as 4.6mV cm
~corresponding to a resistivity ratio betweenT5300 K and
T51.8 K of ;45) and thicknesses between 800 a
2000 Å. The magnetization of the films was measured wit
Quantum Design SQUID magnetometer and subseque
the films were patterned to allow for resistivity and Ha
effect measurements with the current along the@001# and

@ 1̄10# directions in each film.
To extractRs we measuredrH as a function of field at

different temperatures~see Fig. 1!. The Hall resistivity com-
prises both the regular and the extraordinary part. Howe
two important properties of SrRuO3 allow for minimal un-
certainty in the identification of the EHE part belowTc .
First, after fully aligning the magnetization of the sample
applying high magnetic fields, there is no nucleation of
versed magnetization regions when the field is set to ze6
R7842 ©2000 The American Physical Society
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Therefore, in a remnant state we measure the full contr
tion of the spontaneous magnetization to the Hall effect. S
ond, the self field created by the remnantM is less than
;2 KOe which induces a small regular Hall effect who
contribution to the total Hall effect at zero applied field c
be generally neglected. As a result of these two properties
may reliably identify the zero field Hall effect with the EHE
The interpretation of the Hall effect becomes more com
cated when an external field is applied since two sour
affect rH : ~a! the regular Hall effect and~b! the change in
the EHE due to the change inM. For this reason, the dete
mination of R0 requires the use of a field range where t
change in the EHE is negligible compared to changes in
regular Hall effect. Based on magnetization measurem
we assume that atT,140 K most of the variation inrH for
fields aboveH54 T is related to the regular Hall effect.

Before turning to the EHE we examine the regular H
effect mainly for its role in analyzing the EHE~see Fig. 1!.
We see that in the temperature interval 60 K,H,140 K
and at fields of 4T,T,8 T rH(H) is quite linear. Attrib-
uting this behavior to the regular Hall effect we estimateR0
and using the relation R051/ne we find n;1.5

FIG. 1. ~a! Hall resistivity as a function of field atT51.8, 30,
and 50 K. The field is perpendicular to the film plane and
current is along the@001# direction ~connected open squares! and

the @ 1̄10# direction~open circles!. ~b! Hall resistivity as a function
of field atT590, 130, and 160 K. The field is perpendicular to t
film plane and the current is along the@001# direction ~connected

open squares! and the@ 1̄10# direction ~open circles!.
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31022 1/cm3 which corresponds to approximately on
charge carrier per ruthenium. Below 60 K,rH becomes in-
creasingly nonlinear at high fields; see, e.g., the behavio
rH at T51.8 K @Fig. 1~a!# where the slope ofrH turns from
negative to positive atH.4 T. This behavior ofr(H) may
be quite confusing since it is reminiscent of the behavior
rH in other itinerant ferromagnets for which the change
slope occurs when the change in the regular Hall effect
ceeds the change in the EHE. In such cases the high field
of r(H) is extrapolated toH50 to estimate the EHE. This
however, is not the case here since it would imply that aT
51.8 K the EHE at saturation is more than 30 times larg
than its magnitude in remnant state atH50 while we know
that 12M /Ms,0.001, whereM is the remnant magnetiza
tion andMs is the saturation magnetization. Therefore, co
trary to previous conclusions,7 we find thatR0(H50) does
not change sign. It remains electronlike in the low tempe
tures limit while the sign change in the slope ofrH reflects a
sign change ofdR0 /dH. Such a sign change is common
related to low-field high-field crossover which occurs wh
vct;1. Here vc5(eH/mHc) is the cyclotron frequency
(mH is the cyclotron mass! and t is the scattering time.
When the temperature is increased,t decreases and conse
quently the field at whichvct;1 is satisfied increases
Therefore, at, e.g., 20 K the crossover field is greater t
our maximum field of 8 T; nevertheless, the effect of t
incipient crossover onrH is clearly observed. The crossove
field allows us to estimate the scattering time,t51/vc
55.683102123(mH /meH) whereH is the crossover field
in teslas. AtT51.8 K the crossover field is;4 T and using
the calculated Fermi velocity ofvF;23107 cm/sec~Ref. 8!
we find that the mean free pathl is l 5vFt;2.84(mH /me)
31025 cm. On the other hand, the estimated average m
free path which corresponds to a resistivity of 4.6mV cm is
about 531026 cm. Therefore, our results imply tha
(mH /me);0.2 ~while m* /me;3.7).8 This very smallmH is
consistent with quantum oscillations measurements p
formed on similar films which showed that the main sign
corresponds to a cyclotron mass of 0.2 electron masses9

Having identified the regular Hall effect we turn to exam
ine Rs . In Fig. 2~a! we show the extraordinary Hall resistiv
ity (Rsm0M ) at H50 as a function of temperature with th
current along the@001# and @ 1̄10# directions. We see tha
Rsm0M is small and negative at low temperatures. As te
perature increases,Rsm0M becomes more negative reachin
a minimum at about 90 K, after which it increases a
crosses zero at about 130 K. Since we show the EHE aH
50, it vanishes atT.Tc . We note that there is a differenc
in the EHE for the two current directions. This behavior m
be related to the different angles between the currents and
magnetic moment which is;45° for the current in the@ 1̄10#
direction and;90° for the current in the@001# direction. It
is interesting to note that the anisotropy in the EHE is mu
larger than that observed in the longitudinal resistivity.
could be either because the EHE is more sensitive to
anisotropy in the conducting states in the two directions
because the EHE is sensitive to the angle between the cu
and the magnetic moment and does not depend only on
perpendicular component.

To test the applicability of Eq.~1! we plot in Fig. 2~b! Rs
~obtained by dividing the extraordinary Hall resistivity b
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FIG. 2. The EHE for current along the@001# direction ~connected open squares! and in the@ 1̄10# direction ~open circles!. ~a! The
extraordinary part of the Hall resistivity as a function of temperature. Also shownm0M ~full circles! as a function of temperature whereM
is the component of the remnant magnetization that is perpendicular to the plane of the film.~b! The coefficient of the EHE as a function o
resistivity. ~c! The coefficient of the EHE as a function of resistivity square.~d! The coefficient of the EHE without the part quadratic
resistivity as a function of temperature.
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m0M ) as a function of the resistivityr. We see that Eq.~1!
cannot fit our data. The theoretical prediction is for a p
rabola whereasRs(r) is clearly not. Nevertheless, we ob
serve that at low temperatures we can fitRs(r) by Rs
5br2 @see Fig. 2~c!#. Assuming that the low temperatur
behaviorRs5br2 is due to side jumps we calculate its ma
nitude. The theoretical prediction is thatDy
5(bm0Ms\kF)/(2ne2) whereMs is the saturation magne
tism and n is the carrier density. Substitutingb;21
31025, m0Ms50.2 T, \kF;7310225 kg m/sec, andn
51.531022 1/cm3 we obtain thatDy;0.2310210 m. This
result is within the common range ofDy’s (10211–10210 m)
obtained for transition metal alloys.

Taking the reasonable value ofDy as an indication tha
there is abr2 contribution toRs , we want to identify the
additional contribution~beside the side jumps! to the EHE.
For that we subtract fromRs thebr2 contribution and exam-
ine Rs* 5Rs2br2. Rs* is not linear inr as expected; there
fore, we want to explore whetherRs* is proportional just to
part of the scattering events. To identify the remaining c
tribution we plot Rs* as a function ofT @Fig. 2~d!#. The
simplest fit is in the form ofRs* ;Tn. Trying it, we find a
reasonable fit withn55.
-

-

Ther2 term inRs is considered more robust because it
generally believed that the side-jump mechanism is inse
tive to the scattering mechanism;1 hence, the relation is ex
pected to hold even when several scattering processes
tribute to the resistivity. It is not clear whether this is also t
case for skew scattering.1 Therefore, one way of analyzing
our results is to identify the part of the resistivity that cou
give rise to aT5 dependence. A possible candidate could
phonon scattering, since this is the phonon resistivity foT
!uD whereuD is the Debye temperature. However,uD of
SrRuO3 is ;368 K ~Ref. 8! and theT5 dependence is no
expected to persist up to close to 150 K. It is more likely th
T5 would reflect some magnetic scattering; however, we
not aware of a magnetic scattering mechanism that will yi
such a temperature dependence. Alternatively, it is poss
that the difficulty in fitting the data is an anomaly of SrRuO3.
This compound exhibits various transport anomalies att
uted to effects of strong electron correlations.10 Therefore, it
may be that a different theoretical treatment is required
calculate the anomalous Hall effect in this compound. R
cently, it was reported that the EHE of manganites, wh
are strongly electron-correlated metals~belowTc) whose re-
sistivity is dominated by magnetic disorder, cannot be
with Eq. ~1!;4 however, the data were fitted quite well wit
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new theoretical predictions11 that took into consideration th
particular transport properties of these compounds. It is p
sible that a similar treatment is required also in the case
SrRuO3 whose EHE data cannot be fitted either with Eq.~1!,
or with the predictions for the manganites.
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