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Paramagnetic anisotropic magnetoresistance in thin films of SrRuO 3
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SrRu@G; is an itinerant ferromagnet and in its thin film form when grown on miscut Sy H&s T,

of ~150 K and strong uniaxial anisotropy. We measured both the Hall effect and the
magnetoresistanddR) of the films as a function of the angle between the field applied and the
normal to the films abové .. We extracted the extraordinary Hall effect that is proportional to the
perpendicular component of the magnetization and thus the MR for each angle of field applied could
be correlated with the magnitude and orientation of the magnetization induced. We fit the MR data
with a second order magnetization expansion, and it indicated large anisotropic MR in the
paramagnetic state. The extremum values of resistivity were not obtained for currents parallel or
perpendicular to the magnetization, probably due to crystal symmetr20@ American Institute

of Physics. [DOI: 10.1063/1.1676052

I. INTRODUCTION along theb axis and thus uniform growth of the measured
films can be confirmed by MR measurements in the ferro-

The phenomenon of anisotropic magnetoresistancenagnetic phaséThe films were patterned by photolithogra-

(AMR) in magnetic conductors expresses the dependence phy to allow Hall effect(HE) and MR measurements. The

the resistivityp on the angles between the currertand the  sample whose results are presented here is 300 A thick with

magnetizationM. In polycrystals the AMR effect is com- T,~147 K and resistivity ratio of-13.

monly found to followp=p, +(p,—p,)cos & wherep, is

the resistivity whenJ LM, and p, is the resistivity when ||, MEASUREMENTS AND DISCUSSION

JIM.! This simple relation is not expected to hold in crys-

talline samples where both the current orientation relative to & ()tL(JIrEEEe)%surements ha\t/e ftWO paﬁ@fxtraor?lnatr)éHtillth
the lattice as well as the magnetization orientation relative tghec measurements from which we extract bo €

the lattice play an important role. magnitude and the orientation ™ and (b) MR measure-

Here we present AMR measurements of thin films of theMents for currents in thgo01] and[110] directions. Com-
4d itinerant ferromagnet SrRuQabove T, (T.~150 K). bining the two measurements we show that the MR can be fit

Those films are epitaxial and characterized by large uniaxiaf’€!l by second order magnetization expansion.
magnetocrystalline anisotropyMCA).2 In our measure- Both HE and MR measurements were performed as a

ments, we study the AMR under uncommon conditiofas: function.of the anglep betvyeen the applied field and the
while in most AMR measurements the orientationfis @Sy axis, wheréi rotates in th¢00]) plane. Each fllm_has
changed without changing its magnitude, here, because 0 kinds of pattern: a pattern with current along fie0]
the large MCA both the orientation and magnitude f  direction(denotedP,;,) and a pattern with current along the
change;(b) while in most AMR measurements the applied [001] direction (denotedP). While in P, the angle be-
field H is parallel toM, here, because of the large MCA,
M|H except for cases whetg is along the easy or hard axes. b
Therefore, to explore the AMR in SrRy@ is not sufficient
to measure MR as a function of the angle, but we need to
independently determine both the magnitude and orientation / P /
J C

of M.

Our films are grown on miscuf2°) SrTiO; substrates
using reactive electron beam epitaxy. The films have an P
orthorhombic  structure a=5.53 A, b=557A, ¢ p., = @
=7.85 A) and they grow uniformlywithout twinning with [ b _J | 45°\ [/ 45°
the c axis in the film plane and tha andb axes 45° out of

plane(see Fig. J..3 The MCA is uniaxial with the easy axis FIG. 1. Sketch of the patterned film. In pattePPp current] is in the[001]
direction. In patterrP,, current] is in the[ 110] direction. Crystallographic
directionsb (easy axiy anda (hard axig are 45° out of the plane of the

dElectronic mail: ph174@mail.biu.ac.il film. In our measurements field rotates in thg001) plane, ¢ is the angle

Ppresent address: Department of Applied Physics, Yale University, NewbetweerH andb, « is the angle between the inducktiandb, and@d is the
Haven, CT 06520-8284. angle betweeM andH.
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tweenJ and H varies with ¢, in P field H is always per-
pendicular taJ. The measurement configuration is illustrated
in Fig. 1.

The Hall field in magnetic conductors has two contribu-
tions,

MM
max

EH: - RoJXB_ RSJX/.L()M,

whereB is the magnetic field, an, andRg are the ordinary
and the extraordinary Hall coefficients, respectively. By mea-
suring the HE in our films at a temperature wh&gvan-
ishes (~130 K),® we determinedR,, which enabled us to
extractugRsM | (whereM | is the component dfl which is
perpendicular to the film planat all temperature§This is

not sufficient, however, since we need to determine both
components oM. For that we note that based on symmetry
considerations we may assume that if fieldthat is applied

in the (001) plane at angleb relative to the easy axis, creates
magnetizationrM that points at angler relative to the easy
axis, then applying the same field at angle will create the
same magnetization, but at angtex.® In our case the easy
axis is 45° out of plane, thus symmetry considerations yield
M (¢)=M, (— ¢) whereM; and M, are the in-plane and
perpendicular components bf, respectively. Consequently,
by measuring the Hall resistivitypgne) at ¢ and — ¢ we
obtain  pepe(P) = wmoRsM L () and  pene(— )

= uoRsM,(¢), which allows us to determink! (multiplied ¢ (deg.)

by woRs, which is assumed constant for all data taken at a o ,
FIG. 2. Magnetization and MR data at 170 K as a function of angle

given _temperatun)e_Flgu_res 2a) and 2b) shoyv the changein |/ cH and easy axi®, and fits of the MR data based on measukéd

magnitude and direction oM as a function ofep at T and Eq.(1). (a8 Magnitude ofM relative to be that oM, which is the

=170 K determined with that methdthe results fronP,, magnitude ofM obtained withH=4 T applied along the easy axi)

and P, are indistinguishable As expectedM obtains its Angle bgtweerM andH f_or H=4 (open circlesand 3 T(closed diamonds

maximum value ath=0 and Iags behindd except forH (c) MR in Pyy. (d) MR in Pc._For (c) and (d) the ;ymbols represent the
. . .. experimental results and the lines represent the fit.

alonga andb. It may be the first time that the EHE which is

sensitive only to the perpendicular component of the magne-

tization is used to extract the full magnetization vector base%f error indicates the evaluated changes in fitting parameter

on symmetry. This is possible only because of the tilted easy. .~ce there is a difference between the instrumepitaihd

a_\xis. When the easy axis is_ perpendicular or parallel to th‘:fhe actualg of up to 2°.

film th|s scheme is not applicable. The fits of the MR data based on E@.) allow us to
Figures Zc) and 2d) present the MR _measured a determine the “clean” AMR effect, namely, how would the

=170 K forH=3 and 4 T inP,;, andP, . To fit the MR data resistivity change if we could rotat®l in the (001) plane

we exp.and.MR |r.i\/|, noting that due to the MR ;ymmetry without changing its magnitude. Figure 3 shows the expected
under field inversion the lowest order expansion is of second

order. Since in our experimeM remains in thg001) plane

0 (deg.)

MR (%)

MR (%)

it is sufficient to use two components &. We use the — ——
freedom of choosing the principal axes to take them in the — ‘ : :
crystallographic directions @& andb. Therefore, the general X
expansion of the MR to lowest order is IJE:
o)
MR=[p(H)~p(0)]/p(0)=A(M{+BMZ+ yMM,), 2
() =]
o
whereM, and M, are the components & along the easy . ‘ ! :
axis (b) and hard axis ), respectively. The lines in Figs. .90 ' _4‘5 0' ' 4'5 ' 20
2(c) and 2d) are fits of the MR data based on the measured
M and Eq.(2). a (deg.)

We _Obtamed the following fitting parameters dt FIG. 3. Expected MR at 170 K and=4T as a function of anglex be-
=170 K: p=1.4+0.2, y=—0.6+0.1 for the P, pattern,  yweenM andb, assumingM is constant, forP, (solid curve and P,
andB=1.7+0.2, y=— 0.1+ 0.1 for theP. pattern. The limit  (dashed curve
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behavior afT=170 K for P,, andP, for a value of magne- Vvanishes. However, we have recently discovered that even at

tization obtained wittH =4 T along the easy axis. that temperature the EHE contributes to the Hall effect mea-
For P, we note that althougl LM there is significant surements and therefore a differdy value should be used

AMR (B+#1), and thaty=0 is within our experimental ac- in the analysigdetails will be published elsewhgréVhile

curacy, as would be expected from symmetry considerationghis affects the extracted fit parameters, the qualitative prop-

These results exhibit strong dependence of the MR not onlgrties of AMR reported here remain unchanged.

on the angle betweel andJ (which remains constanbut

also on the direction o relative to the crysta_l. FaPg, we Israel Science Foundation founded by the Israel Academy of

note that the extremum values are not obtainedJjidt or Sciences and Humanities

J.LM but at intermediate angles. In fact, the extremum val- '

ues forP,,, are in between those obtainedRy (along thea

andb axes and those observed in polycrystéisarallel and

perpendicular tal). This shows that in our case the AMR

related to the orientation ofl with respect to the lattice is of 'T. R. McGuire and R. I. Potter, IEEE Trans. MaghlAG-11, 1018

the same order of magnitude as the AMR due to the relativg(f%gi-n 3.S. Dodge, C. H. Ahn, J. W, Reiner, L. Mieville, T. H. Geballe

One of the authorséL.K.) acknowledges support by the

orientations oM andJ. We also note that for = 45°, Wh.iCh_ M. R. Beasley, and A. Kapitulnik, J. Phys.: Condens. Ma8er10111
corresponds td/1 perpendicular to the plane, the MR is dif-  (1996.
ferent inP,, and P, despite the fact that in both caskEM. 3A. F. Marshall, L. Klein, J. S. Dodge, C. H. Ahn, J. W. Reiner, L. Mieville,

e ; ; L. Antognazza, A. Kapitulnik, T. H. Geballe, and M. R. Beasley, J. Appl.
This illustrates the dependence of MR on the directiold of Phys.85, 41311999,

relative to the .crystal. ) ) ) 4As the sample is rotated with magnetic field applied, jumps in magnetore-
In conclusion, we have presented an AMR investigation sistance which correspond to magnetization reversal occur at angles con-
of SrRuQ, with simultaneous measurementshdfand MR in sistent with uniform direction of the easy axis throughout the sample.

. . +:5J. Smit, PhysicdAmsterdam XXI , 877 (1955.
the same pattern, thus enabling accurate determination of its}” Klein. J. W. Reiner, T. H. Geballe. M. R. Beasley, and A. Kapitulnik,

AMR bghavior despitg the change in mggnituda/phn_q in Phys. Rev. B61, 7842(2000).
its relatively angle withH. The results indicate significant 7Our results are not very sensitive to possible small variatiorRcéis a
AMR even in the paramagnetic state, whéfteis relati\/ely function of the temperature. For exampleRi§ varies 10% between 130

small, and a Iarge effect of the orientation Mf andJ rela- 8and 170 K, the error in'estimates fﬁ'randyremai.ns essentially the same.
tive to the crystal axes The demagnetizing field is not important since even for the zero-

. . . temperature limit of saturated magnetizatiovhich is much bigger than
Note added in proofAs mentioned in the text, thR, the magnetization at 170 K witH =4 T), it would be smaller by an order

value was extracted at a temperature beldwwhere R of magnitude than the fields applied here.
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