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Magnetotransport properties of STRuO 5 epitaxial thin films on (100 LaAlO j:
Presence of localized magnetic moments
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We report temperature and magnetic field dependences of the longitudinal and transverse magnetoresis-
tances of high-quality epitaxial SrRuyQhin films. We also report Hall effect measurements in the paramag-
netic and ferromagnetic states. The magnetic field dependence of the longitudinal magnetoresistivity shows a
simple scaling~H?/(T—T.)? far above the ferromagnetic transition temperaflige This observation sup-
ports a presence of localized magnetic moments afigvd S0163-18206)07825-3

Compared with 8 transition-metal oxide compounds,  SrRuG; thin films are deposited ofil00) single-crystal
only a few studies of d transition-metal oxide compounds LaAlO; substrates using an excimer lagXeCl, 308 nm
have been made. In a crystal environment, it is generallyith a pulse rate 10 Hz. Based on structural and electrical
believed that 4 and & transition-metal compounds follow properties of our SrRu@films, the optimal deposition tem-
a low-spin state instead of the high-spin state al 3 perature was 775 °C at 200 mTorr oxygen atmosphere. Im-
transition-metal compounds. According to a bandmediately after the deposition, the oxygen pressure of the
calculation® 4d transition-metal compounds have been re-chamber was increased 0300 Torr, and the films were
garded to follow a spin-independent band calculation, indi<cooled to room temperature. The epitaxial growth of the film
cating a nonmagnetic ground state. However, SrRellbws  was verified by x-ray diffraction with @ scan and by scan-
metallic conductivity and ferromagnetism below 160 K. In ning tunneling microscopy.The ¢ scan indicates that the
addition, Ca _,Sr,RuO3 systems show physical properties orthorhombic(110 direction equivalent to the pseudocubic
ranging from a metallic ferromagnetism in SrRy® short- a or b axis is aligned with thé¢100 direction of LaAlO;.
range metallic antiferromagnetism in CaRyi@ith the same  We used two films with 90 AF1) and 750 A(F2) thickness.
cation valence. This suggests that there exists a subtle inteFhe deposition rate of the films was calibrated by Rutherford
play of crystal symmetrg. Magnetically, both compounds backscattering spectroscopy. Using temperature dependences
show Curie-Weiss paramagnetism at high temperatures withf remanent magnetizatiorfaot shown, we obtained ferro-
a Curie constant equivalent &~ 1 (2.87ug). In the ferro-  magnetic transition temperature$ j ~140 K and 160 K
magnetic state of SrRu the saturation moment is for F1 and F2, respectively. The temperature dependences of
~1-1MB,3 which is significantly lower than the obtained Cu- the magnetizations show different behaviors for the two
rie constant from the paramagnetic state. films. The magnetization of F1 shows a rather fast decrease

In addition, giant magnetoresistances have been observ¥dth increasing temperature, indicative of superparamag-
recently on doped LaMn@ oxide compound4,and have netism. The magnetization of F2 shows a typical ferromag-
generated renewed interest in the electrical transport propef€tic transition. At 5 K, the remanent magnetizations for the
ties of ferromagnetic compounds. Similar magnetoresisf'eld perpendicular and parallel to the film are almost identi-
tances were also observed in metallic;LgSr,CoO; com- cal for F2. .
pounds, where a close relationship between magneto- Fro”.‘ now on, we V\.”” focus on'the magnetotransport
transport and spontaneous magnetization was inférredprOpert'eS of these films, espeglal_ly F.Z' Herbl,llc,

L H||b, andH|/a represent the magnetic field direction perpen-

Therefore, it is our purpose to study the nature of magne-

o . dicular to the film(transversg the magnetic field parallel to
totransport of the d transition-metal oxide compound Sr- the film but perpendicular to the applied currénansversg

RuO; with respect to an itinerant or a localized magnetic ;3 the magnetic field parallel to the film and parallel to the
moment. _ _applied currentlongitudina), respectively.

In this paper, we will report temperature and magnetic ' Figure 1 shows temperature and magnetic field depen-
field dependences of longitudinal and transverse magnetences of resistivities of F1 and F2. The overall resistivity of
totransport properties of high-quality epitaxial STRU@In  F1 is larger than that of F2. F1 also shows an upturn at low
films, where the temperature dependence and magnitude @mperatures indicating a localization effect. On the other
resistivity are comparable to single crystalg/e will also  hand, the magnitude of resistivity of F2 is almost identical to
report Hall effects on paramagnetic and ferromagnetic stateshe value of a single crystiland the temperature depen-
The magnetic field dependence of the longitudinal magneeence is also similar except at very low temperatures. There
totransport shows a simple scalingH?/(T—T,)? far above  are changes of slopes at thgs of both films. The magnetic
the ferromagnetic transition temperatufg. This observa- field dependences of both films ldt = 7 T with H|| ¢ show
tion supports a presence of localized magnetic momentsaximum changes at tie.'s (~140 K for F1 and~160 K
aboveT,. for F2). Such negative magnetoresistances are characteristics
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FIG. 1. (@ Temperature dependence of resistivity of the 90 A FIG. 2. (a) Temperature dependence of the Hall coefficient of
thick film atH = 0, 7 T with H||c. At low temperatures, it shows a the 90 A thick film atH = 1, 7 T with H|c. (b) Temperature
localization effect(b) Temperature dependence of resisitivity of the dependence of the Hall coefficient of the 750 A thick filmHat= 1,

750 A thick film atH = 0, 7 T with H||c. The temperature depen- 7 T with H|c. The inset shows a linear magnetic field dependence
dence and the magnitude are similar to those of single crystals. Thef the Hall resistivity at 250 K. This indicates that there is no
inset shows the temperature dependence of difference resistivitiesontribution from the spontaneous magnetization.

of ferromagnetic compounds. The insets show difference reare similar. This coincides with the observed isotropic orien-
sistivities[ Ap=p(H) — p(0)] betweenH = 7 and 0 T. The tation dependence of the remanent magnetization if this ef-
narrower full width at half maximunFWHM) of F2 than of ~ fect results from the spontaneous magnetization. The two
F1 indicates a different nature of ferromagnetic fluctuationsCurves on the positive side of Fig. 3 represent the difference
as seen in the remanent magnetizations. Ap, (Hllc,b)~Apy(H]a). The difference results from the
Figure 2 shows the temperature and magnetic field depeﬁaCt that a Lorentz force also contributes to the transport
dences of the Hall coefficients for F1 and F2. The magneti roperty in the transverse directions, where the Lorentz force
field was along the axis and the current along theaxis. ends the trajectory of the carriers. As seen in Fig. 3, there is
Above ~200 K, no magnetic field dependence is observed® large contribution from the scattering by the Lorentz force,
betweenH = 1 T andH = 7 T. Below ~200 K, the Hall
coefficients betwael1 T and 7 T start to deviate. Compared 10
with the behavior of 7 T, there is a large enhancement of the

Hall coefficient ¢ 1 T aroundT, on both films. As the tem- € . A\ .
. u P

peratures decrease further, we observe a change of sign of © =7 A

the Hall coefficient. BelowT ., the temperature dependence % ok i 3

of the Hall coefficient of F1 is different from that of F2. —_ o

Above T., the Hall coefficient is positivéhole typg, and 90_ s\ 1

shows a strong temperature dependence following a Curie- f A N T/ A

Weiss-like behavior. The inset of Fig(l shows a linear =
magnetic field dependence of the Hall resistivity of F2 at 250
K.
Figure 3 shows the temperature dependences of the
Ap’s of F2 for three different field orientations Bt = 7 T.
For the magnetic fieldH| a, i.e., the longitudinal magnetore-

sistivity (Apy), the magnitude of the negative magnetoresis- F|G. 3. Temperature dependence of the transverse and longitu-
tivity is larger than those of the transverse onag (). The  dinal magnetoresistivities & = 7 T for the 750 A film. The two
behaviors of the two field orientations for curves on the positive side of the figure indicate the contribution
H||c (perpendicular to the filinandH||b (parallel to the film  from the Lorentz force acting on the carriers.
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e behavior of a superparamagnetism, while F2 shows a spin-

[T
ok (a) E wave-excited magnetization.
£ i ] The Hall effect shows strong temperature and magnetic
a a 7 field dependences in both films. AboVg, the Hall coeffi-
2 E cient is positive, and increases with decreasing temperature.
s g Below T., the Hall coefficient starts to decrease, and
= -2 g changes sign. Comparing F1 with F2, the behavior of the
—_ .2 = E Hall coefficient belowT, seems to depend on details of the
5':6 E 5 ] ferromagnetic state, i.e., the spontaneous magnetization.
= 301050 860 40 50 E Above ~200 K, the Hall coefficients wittH=1 and 7 T
g b B coincide with each other as shown in the inset of Fity) By
o 1 2 3 4 5 6 7 8 the linear magnetic field dependence of the Hall resistivity at
S H(T) S — 250 K. Below~200 K, the Hall coefficients of the two mag-
= HIl netic fields deviate from each other. This kind of behavior is
' typically seen in ferromagnetic compounds. In ferromagnetic
= UGe,, Yunet al?also observed a large enhancement of the
,: Hall coefficient at a low magnetic field without any change
e of sign. It is believed that the Hall coefficient of a ferromag-
= netic system consists of two terms, where one originates
& from the Lorentz force and the other from the anomalous
T Hall effect due to spontaneous magnetizativH:
z On the other hand, the change of the sign in the Hall
- coefficient is not directly related to the spontaneous magne-

tization. Around~250 K, where no magnetic field depen-
dence of the Hall coefficient is observed, the Hall coefficient
of F1 and F2 is~5.3x10 ** and ~1.3x10" ! m®/C, re-

FIG. 4. (a) Magnetic field dependence of the longitudinal mag- SPectively. The deduced number of carrier concentrations is
netoresistivity for the 750 A film at 200, 210, 220, 230, 240, and~ 1.2X 10?¥cm?® and ~5x 10%/cm?3, respectively. We can
250 K. The magnetic field dependence is quadratic. The inset showexpect smaller carrier concentrations in F1 due to localiza-
a difference resistivity vs quadratic magnetic fie{d) Scaling of  tion and to its larger value of resistivity. However, compared
the difference resistivity véi2. with photoemission data and the crystallographic density

with one carrier per formula unit€1.7x 10?°4cm?), the de-
i.e., an orbital contribution. This indicates that the magneduced carrier concentration obtained from the Hall coeffi-
totransport in this system consists of spin-dependent anéient is far too large. At~300 K, the deduced number of
orbital-dependent terms. carrier concentration is-1.3x 10?4/ cm? for F2. Considering

Figure 4a) shows magnetic field dependences of longitu-the above facts and the change of sign of the Hall coefficient,
dinal magnetoresistivities of F2 abolle. The magnetore- it is reasonable to consider SrRy@s a two-band system
sistivity shows a negative magnetic field dependence. At &ith holes and electrons. Therefore, the anomalously small
temperature closer to tﬁQ’ the negative magnetoresistancevame of the Hall coefficient results from the Compensation
is enhanced. The magnetic field dependence is proportion&ffect of holes and electrons by the Lorentz force. A prelimi-
to H? as seen in the inset of the Figiat Figure 4b) shows hary result indicate_s that there is another change of the sign
a scaling of Ap. The meaning of the scaling function around~380 K. This supports the two-band model.
[p(H)—p(0)](T/T,—1)? will be discussed later. The mag- The octahedral cubic crystal field of Ru{¥in SrRuG;
netic field dependences of the transverse magnetotranspoftBlits the Ru 4l states into a lower threefold degenertig
show a similar behavior with a smaller change than that ofevel and a higher twofold degeneratgone. Ru"* has four
the longitudinal casénot shown. electrons in the d shell. The high-spin state 'L@zgeé with

As seen in Fig. 1, F1 has a lower ferromagnetic transitiorS = 2, where as the low-spin state nég with S = 1. In
temperatur€140 K) than that of F2. The apparent decreasesAd transition-metal compounds, there exists a stronger spin-
of T.'s are also observed in Ga,Sr,RuO; compounds orbit interaction, since the effect of the crystal field is not as
with increasing CaRefs. 2, 8 and in the pressure depen- strong as in 8 transition-metal compounds. As seen in Fig.
dence ofT, of SIRuO;.%°The decrease df in our thinner 3, the difference betweehp , results from spin-orbit scat-
film also coincides with the fact that the lattice mismatchtering, where the orbital quenching is not suppressed. Below
between the pseudocubic lattice constant 3.93 A of SERuUO~200 K, there exists a strong contribution from the spin-
and 3.793 A of LaAIQ induces a compression in the film. orbit scattering acting opposite to the spin-only contribution.
As the film gets thicker, the compression will decrease, and his coincides with Hund’s rule, where there exists an oppo-
T, recovers to the bulk and single-crystal value. The transisite effect between the spin and the orbital contribution be-
tion widths shown in the insets of Fig. 1 also demonstratdow half-filled d states, though we should notice the large
that F1 has a broader transition Bt than does F2. This enhancement of the spin-orbit contribution below the ferro-
might be related to the nature of the magnetic transitionmagnetic state. This indicates that this effect is directly re-
where F1 shows the remanent magnetization similar to 4ated to the ferromagnetic state.
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Negative magnetoresistances are predicted for both itinethe magnetotransport is proportional ¢(8)?. Rather, the
ant weakly ferromagnetic statésand localized ferromag- negative magnetoresistance results from the suppression of
netic states] and have been observed experimentally. In afluctuations of the Edwards-Anderson order parameter by the
Kondo system, a negative magnetoresistance is a|S|Ehagnetic field, where the mean val(g) = 0 but<82> is
observed? In fact, the negative magnetoresistance is realfinite. This shows that the magnetotransport is directly
ized if a magnetic field suppresses spin-dependent scatteringgypled to the local spin fluctuations, and shows that, above
The scaling observed in Fig(l is predicted in a system 1 the magnetic moments are localized, as the Curie-Weiss
with spin fluctuations through a localizetiand itinerants |5 indicates.

. . 17 . .
interaction;” and we demonstrate such a scaling quantita- summarize, we here measured the magnetotransport

tively. It was pregicted tha;c the negative magnetoresist:.:mcsroperties of high-quality epitaxial SrRuGhin films. The
should vary asH®/(T—T,)" far above the ferromagnetic magnetoresistance data scale and the scaling is well de-

transition temperature. This coincides with our observation, ) . .
Since the temperature range of the scaling is far above thsecn_beql by suppression sid spin fluctuatlons_ by the mag-
ferromagnetic transition temperature, we can safely use getm field. In th|_s ca;e,_the Spin of thiestate is yveII local-

mean-field approximation. The susceptibilig(T) of this ized. The scaling indicates that the negative magneto-

system abovd . follows a Curie-Weiss paramagnetism and :ﬁ:lsltia:jrx:rtljss-%r:/;é?:c?n bgrg:; su;rzrgzignir?f S:Jé:tuc;trllgns of
can be described ag ¢ T.) *.2 In another words, the scal- P H

ing is proportional taH2y(T)2. As seen in Fig. 2, the Hall shows the existence of localized magnetic moments above

coefficient has no magnetic field dependence from 210 K to ¢*

250 K. This indicates that this scaling does not result from Los Alamos National Laboratory is under the auspices of
field-induced spontaneous magnetic moments, where the ethe U.S. Department of Energy. J.H.C. was supported in part
semble averagé€S) is finite (S denotes a spih. This differs by RCDAMP and the University research fund at Pusan Na-
from the observed relation in La,Sr,CoO5; Ref. (5) that tional University.
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