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By using the extraordinary Hall effect in SrRg@Ims we performed measurements of the paramagnetic
susceptibility in this itinerant ferromagnet, frof (~150 K) to 300 K. These measurements, combined with
measurements of magnetoresistance, reveal that the susceptibility, which is almost isotropic at 300 K, becomes
highly anisotropic as the temperature is lowered, diverging along a single crystallographic direction in the
vicinity of T.. The results provide a manifestation of the effect of large magnetocrystalline anisotropy in the
paramagnetic state of al4tinerant ferromagnet.

DOI: 10.1103/PhysRevB.71.100403 PACS nun®er75.30.Gw, 72.25.Ba, 75.40.Cx, 75.50.Cc

The coupling of spin to electronic orbitals yields the ubig- single easy axis of magnetization, roughly in the
uitous phenomenon of magnetocrystalline anisotidp¢A) direction’ 8 The films are single phase, with th&10] direc-
in ferromagnets$.While the manifestation of MCA belowW,  tion perpendicular to the surfa¢as was shown by transmis-
in the form of hard and easy axes of magnetization is welkion electron microscopy study of films grown in the same
studied, the fact that the strength of the MCA decreases withpparatu§, so that theb direction is at 45° out of the plane
temperature as a high power of the spontaneousf the film. For measurements of Hall effect, the films were
magnetizatiof could give the impression that MCA effects patterned by photolithography, and we have subtracted data
aboveT, are at most a weak perturbation. Here we show thabbtained at reversed fields to eliminate the field-symmetric
the MCA has a significant effect in the paramagnetic state ogéontribution arising from longitudinal offset of the Hall
the 4d itinerant ferromagnet SrRuQover a wide range of leads. We studied films with thicknesses from 6 to 150 nm,
temperatures—not only is the susceptibility diverging alongand obtained almost thickness-independent results. The Hall-
a single axis afl, but the difference between the suscepti-effect data presented below are from a 30-nm film.
bilities along the different crystallographic axes is noticeable The transverse electric field,, in magnetic conductors
(>30%) already at=(T-T,)/T.=0.5. originates from both thevrdinary (or regular) Hall effect
A paramagnetic susceptibility diverging along only one (OHE), which depends on the magnetic induct®nand the
crystallographic direction has been reported previously foextraordinary(or anomaloug Hall effect (EHE), which de-
bulk specimens of QINH,)Br,-2H,0.2 but the anisotropy pends on the magnetization,
there was found to be only 2% of the exchange intedral
(compared to~30% which we find in SrRug). Another Ep=-Rpd X B-RyJ X oM,
report refers to two-dimensional cobalt films, where an an- ) o .
isotropy of 5% was measurédn both cases, the tempera- WhereJ is the current densityR, is the ordinary Hall coef-
ture range for which the susceptibility was measured is by aficient related to the carrier density andR; is the extraor-
order of magnitude smalldin units of T.) than in our mea- dinary Hall coefficient which has been explored in the ferro-
surements of the three-dimensional SrRuins. magnetic phase of SrRuy(y temperature-dependérand
Measuring the paramagnetic susceptibility in films posedield-dependent measurements(Possible contribution of
a considerable technical challenge due to the combination dhe planar Hall effect* is not considered, since it is elimi-
small magnetic moment of the film with large backgroundnated in our subtraction procedure that leaves only field-
signal from the substrate. We avoided these difficulties byantisymmetric contribution. o
using the extraordinary Hall effe¢EHE) whose signal de- In measurements abovk; we found that a significant
pends on the film internal magnetization and not on the totatall effect develops even when the magnetic fields ap-
magnetic moment of the sample. Therefore, the signal dogslied parallel to the current which flows along th#&10]
not diminish with decreasing thickness, neither is it affectecdirection. The temperature dependence of this Hall effect re-
by the substrate magnetization. sembles the expected behavior of the induced magnetization
We study epitaxial films of the itinerant ferromagnet (see Fig. 1 These results indicate that the measured Hall
SrRuG; grown by reactive electron-beam coevaporation  effect is an EHE related to an out-of-plane componeritiof
miscut(~2°) SrTiO; substrates. The orthorhombic unit cell generated by in-plan. The fact thaM is not parallel toH
(a=5.53 A b=5.57 A c=7.85 A) is slightly strained by the suggests anisotropic paramagnetic susceptibility.
substraté, which seems to be the reason for the redutgd For quantitative characterization of the susceptibility an-
of the films (T.~150 K) relative to that of bulk single isotropy, we measured the Hall effect as a function of field
crystals(T,~ 165 K). In the ferromagnetic state, there is a direction at various temperatures. For each temperature
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FIG. 1. Hall effect withH=2500 Oe applied parallel to the cur- T (K)

rent(along the[lTO] direction as a function of temperature above

T. (=147 K). The dashed line is a guide to the eye. FIG. 3. Susceptibility along the crystallographic directiph80]

(x2) and[010] (x;,) as a function of temperature, on a semilog plot.
The values are multiplied bR, whose temperature dependence is
expected to be smooth. The error bars Ryy, reflect an uncer-
aboveT,, a small-field limit exists, where the magnetization tainty of up to 2° iné. The dashed lines are guides to the eye. The
depends linearly on the field and can be fully describednset shows the ratig,/ x, for 165 K<T<300 K. The solid curve

in terms of constant susceptibilitias, x;, and y along the 1S & fit to (T-TeD)/(T-Tgy) with TET =109 K, TgF=150.5 K.

a, b, and c crystallographic directions, respectively

(uoMa=xaHa €to. An example of measurements in
this limit is shown in Fig. 2, where the EHE resistance
(Repe=woRM | /t, wheret is the thickness of the samplis
shown for two different fields af=153 K as a function of
the angled (see inset The solid curve is a fit obtained by
assuming certain values gf, andy,, based on the equation,

H
Rene(H, 6) = —R%t (xp COSO— x5 Sin 6).
\‘\‘

Figure 2 also demonstrates the relatively small magnitude
and different angular dependence of the OHE, which was

20
T=153K

16

Rue/H (pQ/Oe)

o EHE (250 Oe)
x EHE (500 Oe)
--- OHE

g (deg)

subtracted from the measured sigtal.

The main result of this paper is presented in Fig. 3, which
shows the temperature dependence of the susceptibjities
and y, (multiplied by Ry). We see that the susceptibility is
very anisotropic throughout most of the investigated tem-
perature range. Particularly, exhibits striking divergence at
T, becoming several orders of magnitude larger than
while y, changes moderately. The actual divergencg o6
even stronger than shown in Fig. 3 singg was not cor-
rected for the demagnetizing fie(decause of uncertainty in
the value ofRy); consequently, the apparent susceptibility in
our measurement configuration is onhy/ (1 +x,/2).

Since thec direction is in the plane of the film, the EHE
measurement could not be used to determipéthe insen-
sitivity of EHE to a field component in the direction was
experimentally confirmed Therefore, measurements of
magnetoresistancéViR) Ap= p(H)-p(0) were employed?
Based on previod$ and current resultésee inset to Fig. 4
Apx—-M? (for a constant direction of magnetizatjorThus
we can infer the susceptibility behavior aloag b, andc
directions by comparing the MR obtained with fields applied
along these directions. The results, shown in Fig. 4, clearly
indicate that the induced magnetization along hirdirection

FIG. 2. EHE aff=153 K divided by the applied field (circles: ~ 9rows asT. is approached much more rapidly than along the
250 Oe, crosses: 500 Pas a function of the anglé betweenH a or c directions. The divergence here is less pronounced
and theb direction(see illustratioh The dashed curve is the OHE. than in Fig. 3 since for fields applied here the magnetization
The solid curve is a fit obtained by assuming certain constant valuealongb is sublinear(but using lower fields would not allow
for the susceptibility along tha andb directions. us to obtain accurate MR data for thendc directions. The
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FIG. 4. Magnetoresistance as a function of temperature with &rhe solid curve presents the expected behavior with an anisotropy
field of 0.5 T applied along the different crystallographic directions cqnstant of 1.% 107 erg/crs.

(the values are normalized to the values at 180THie inset shows

the magnetizatioiuoRsM) and magnetoresistan€Ap) as a func- . . . . .
tion of a field(applied along thé direction, atT=170 K). The solid yields the same . critical behavid, with an . effective
curve is a fit toApe—M2. AJ=AD/z, wherez is the number of nearest neighbors.

The anisotropyAJ (or AD) can be estimated from the
susceptibilities in the mean-field region, which are expected
to follow the Curie-Weiss 1(T-T¥F) law (with a different
mean-field transition temperatul@'" for each directioy if
Pauli paramagnetism and diamagnetism can be neglétted.
We cannot fitRyy, or Rgxp as a function of temperature
because the temperature dependenceRofis unknown.
However, the ratigy,/ x, does not depend oR,, and fitting

temperature dependence of the MR wiittic is very similar
to the MR with Hlla, suggesting that the behavior §f is
similar to the behavior of.

The data in Figs. 3 and 4 imply that only the susceptibility
along theb direction (which is also the easy axis of the
spontaneous magnetizatidh diverges at the phase transi-

tlor!; moreover, the large anlsiatropy of th_e susceptibility |sthe data to the expressiohT—TMF)/(T—TMbF) converges
noticeable(>30%) already att=(T-T.)/T.=0.5. ME CAUE_ O
. . : - .. to the values T ;=109+2 K, T;;=150.5+0.5K for
Anisotropy in the behavior of the susceptibility arising 165 K< T< 300 Kc(;ee inset in Fi CYB From these values
from MCA may be described microscopically by a Heisen-We find an anisotrony o —J.~0 3% or Dv-D.~0.3)z
berg model withanisotropic exchange ; Py Oy~ Ja™=".Xag OF Dp=1a=1.3:
To examine whether the paramagnetic anisotropy is con-
H=-3 3,5 1) sistent with the ferromagnetic anisotropy we performed mag-
aSaFe netization measurements beldy. However, noting that the

(), . . o . .
‘ easy axis of the magnetization, which is alongltrgirection

or with single-site anisotropy close toT,, changes its orientation as the temperature is low-
ered(by a maximum of 15° at zero temperat)ffeand con-
H=-32S S-2D,S,, (2)  sidering that additional factors become significant when the

@ ha magnetization is large, the most we can expect is an order-
wherea=a,b,c denotes spin components along the Crysta|_of-magnitudt_a agreement between the paramagnetic and the
line directions, andi,j denote lattice sites. Band ferromagnetic anisotropy. , ,
calculation$® and spin-polarization measureméfitshow Using a superconducting quantum interference device
that SrRuQ is an itinerant ferromagnet. However, various (SQUID) magnetometer which measures the whole magneti-
theoretical modelée.g., the local-band thedr) indicate that ~ Z&tion vector, we estimated the ferromagnetic anisotropy by
magnetic moments in itinerant ferromagnets can behave as f#€asuring the rotation dfl resulting from applying a mag-
localized even abov&,, thus vindicating the description of netic field in the[110] direction. We find, between 10 and
their magnetic interactions by the Heisenberg Hamiltonian90 K, a smooth rotation oM in the (001) plane by up to
The experimental observation that the exchange splitting in~-20° at H=5T (see Fig. % almost without change of
SrRuQ; does not change much &% is approache sup-  magnitude?® This behavior can be described by an aniso-
ports the relevance of such a treatment to SrRuO tropy energy, E,.=K sir? 6, with a weakly temperature-

Since T.=cJ, anisotropic exchange results in a different dependent anisotropy constakt whose low-temperature
effective T, for each spin component. Consequently, the susvalue is(1.2+0.1 x 10" erg/cn?.
ceptibility along the direction with the largedtdiverges at The large anisotropy constant[compared to
the actualT,, while no divergence occurs for the other spin 5x 10° erg/cn? in Fe, (Ref. 24, 8x 10° erg/cn? in Ni,
components at any temperatdfeSingle-site anisotropy (Ref. 25, and 4x 10° erg/cn? in hcp Co(Ref. 26] is prob-
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ably a result of the reduced symmetryorthorhombi¢ and Finally, we would like to note that while it is common
the large spin-orbit couplirf§ through which the spin direc- to use the EHE as an indicator of magnetization, it is
tion is affected by the crystal structure. seldom used for a quantitative analysis of magnetic behavior.

To relate the ferromagnetic anisotropy with E¢b). and_ In this work we presented a striking example of the
(2), we note that at low temperature the exchange aligngyer by performing sensitive measurements of the zero-

the spins along a single direction, thus the energy cosi_ . - P P
of magnetization rotation from thé direction toward S\Tﬁ:i#m;”;cvaegdne&'g fgscz?r:'b::tizr;géglr;cmir;:ssi Orftsigﬁhe
the a direction by an angl® in the case of anisotropic ex- 9 P 9

change iIAE=zNS(J,—J,)sir? 6, whereN is the number of effect of MCA in the paramagnetic state of & &inerant
spins per unit volume. A similar result is obtained in the casd€romagnet.
of single-site anisotropy. Considering that the zero-

temperature magnetization is er Ru ion, and calculat- . .
ing F3 accordinggto the relatigLr;‘]lE?:kBT'éAF/ZZsS*'l)v we Sions, and A. Aharony, J. S. Dodge, and M. Gitterman for

obtainJ,—J,=0.1J,,4. This result is in reasonable agreementuserI comments on the_ manuscript. We acknowledge sup-
with J,-J,~0.3],, extracted from the anisotropic port from the Israel Science Foundation founded by the

susceptibility. Israel Academy of Sciences and Humanities.
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