PHYSICAL REVIEW B, VOLUME 63, 174435

Electrical transport properties of single-crystal Sr;Ru,05: The possible existence
of an antiferromagnetic instability at low temperatures
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We report the results of Hall coefficieRf; and magnetoresistan@@R) measurements on single crystalline
samples of SRu,O; grown by the floating zone methodRy was found to be positive over the entire
temperature range studi€@.3—300 K. Its temperaturéT) dependence follows closely that of the magnetic
susceptibility including a maximum at a characteristic temperaitre 17 K. We show thatR, can be
decomposed into normal and anomalous parts as in the case of skew scattering in heavy-fermion compounds
and ferromagnetic metals. This, together with the observation that the longitudinal MR is greater than the
transverse MR at the same magnetic field and temperature, suggests that magnetic fluctuations dominate the
electrical transport properties in8®u,0;. We found a crossover in the sign of the MRTat, from positive
to negative as the temperature increased, for both the transverse and the longitudinal configurations. In addi-
tion, a nonmonotonic behavior in the field dependence of the MR was found at low temperatures. These
observations suggest that the magnetic correlations JRUBO; at ambient pressure undergo a qualitative
change as the temperature is lowered. Ab®¥e they are dominated by ferromagnetic instability. However,
below T*, the system crosses over to a different behavior, controlled possibly by a canted antiferromagnetic
instability.
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[. INTRODUCTION result of Caoet al. but consistent with earlier results ob-
tained in polycrystals. It has been suggested that the FM
The discovery of superconductivity in the layered perov-ordering observed in flux crystals was induced by contami-
skite SERuO4,1 which appears to possesspavave spin- nation from impurities of the flux, the crucible, or a combi-
triplet pairing?~ has renewed interest in the magnetic prop-hation of both’®
erties of related compounds such as SrRa@d SgRU,O;. Ikeda et al also studied the magnetic properties of
Understanding the magnetic properties of these compound2fzRU,O; under hydrostatic pressure. Clear evidence for FM
may provide clues to the mechanism leadingtwave pair-  °rdering was found. The FM transition temperatiiiewas
ing in SLRUO,. found to be 7_0 Kat 1.1 GPa. Th_eref(_)re the authors argued
SrRuG, the three-dimensional cubic perovskite in the that SERLO, |sanearly_FM Fermi I|q_U|o!. They furthermore
Ruddlesden-PoppetRP) series (Sf.;RUOss, With n suggested that the maximum behavioryifir) might be due

— ), is an established ferromagnet willa= 160 K56 Eor to the critical spin fluctuations found close to a quantum

SrRW,0;, then=2 member in the RP series has been th crlrtlgiallgpomt, as in the case of (Ca,gRuC, (Ref. 12 and

subject of controversy regarding its magnetic properties.

In the original work of Caveet al. on phase pure, polycrys- i, gp.ry,0,, we have carried out Hall coefficienR(y) and
talline SERu,0," the magnetic susceptl_blllt)( was fqund _magnetoresistancéMR) measurements using Hu,0-
to show a peak around 15 K, accompanied by a Curie-Weisgingle crystals grown by the FZ method. In this article, we

behavior at high temperaturegi=C/(T— 6cw), whereCis  will present the results of our measurements and discuss their
the Curie constant, is the temperature, anky is the Curie  physical implications.

temperature, yielding negativé-,~15 K and a large mo-
ment of 2.5.5/Ru.

In a subsequent study, using single crystals gR850,
prepared by flux method, Caet al® reported a ferromag- Single crystals of SRuW,O; used in this study were
netic (FM) ordering at 104 K under ambient pressure. Thisgrown by the floating-zone method. X-ray diffraction mea-
result was in sharp contrast with the neutron diffraction re-surements confirmed a crystal structure oftve2 RP com-
sults on polycrystalline SRu,0;, which did not reveal any pound, showing no impurity phases. For in-plaiMR) and
long-range magnetic ordering down to 1.6°KRecently, Hall measurements, we used two rectangular-shaped single
lkeda et al'® reported the magnetic susceptibilify(T)] crystals with dimensions around &X®.1x 0.1 and 0.& 0.3
data of S§Ru,O, obtained on crystals prepared by the float- X 0.15 mn¥, respectively. For each sample, two current
ing zone(FZ) method, which shows a peak at about 17 K butcontacts covering the opposite ends and four voltage contacts
no ferromagnetic ordering. This result is different from theon the two sides of the crystal were prepared. All RuO

To further clarify the nature of the magnetic fluctuations

Il. EXPERIMENTAL METHODS
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FIG. 1. Temperature dependence of resistivity 0fR850;, T(K)

single crystal. The inset shows that bgth, and p. have a slope

change around 17 K. FIG. 2. In-plane Hall coefficienRy(T) for SzRu,0; with a

peak around 17 K. The inset shows the magnetic field dependence
) . of Vy, at two different temperatures.

layers were electrically shorted along tbexis to ensure a

homogeneous current d|str|but|on.- The axis trz_insverse articles and phonon§.Interestingly, bothp,;, and p, were
(HL1) MR measurements were carried out in a single crystajound to show an apparent slope change around 1(3e

with dimensions around 0:80.4x0.2 mn¥. Two rnng-  the inset of Fig. 1 This temperature is close to that below
shaped current contacts were prepared on the oppabite which the magnetic susceptibility drops sharply indicating
faces. The two voltage contacts were pointlike positioned ithat magnetic fluctuations have strong influence on the elec-
the center of the rings. trical transport properties.

Electrical measurements were carried out irfke and The temperature dependence of the Hall coefficiypis
dilution refrigerator. The temperature was meas.ured using ghown in Fig. 2.Ry is positive over the entire temperature
Lakeshore Cernox 1030 thermometer with relative temperaregion studied(0.30—300 K reaching a maximum at the
ture correctiongdue to the applied magnetic field, typically same temperature<(17 K) where bothp,,(T) and p(T)
0.15% at 4.2 K and 5.9%t& K and 8.0 7. For transverse  show a slope changdt will be used to denote this charac-
and longitudinal MR measurements, the magnetic fidld teristic temperatuje These observations agree well with a
was applied perpendicular and parallel to the injected currerirevious repoft' in which R, was measured on single crys-

I, respectively. In order to exclude the Hall contribution totg]g prepared by the FZ method as well.

the MR, only the symmetric part of\pap(H)=pan(H) The temperature dependenceRyf(T) is strikingly simi-
—pan(0) under field reversal was included. For Hall mea-|ar to that of y(T).”'° Such a behavior was observed previ-
surements, the magnetic field was applied parallel tocthe ously in heavy fermion compounds such as in 4JPand

axis with a current bias applied along tab plane. The Hall  ferromagnetic metal®® It was found thaRy, can be fit by
voltage Vy, which contains only the asymmetric contribu-

tions under field reversal, was found to vary linearly with Ry=Ro+ R 4mx(T). 1)

up to 4 T over the whole temperature region. By fitting

Vy(H) data usingVy=RyHI/d (d is the thickness of the RoandRsare referred to as the normal and anomalous Hall

sample along the axis), the Hall coefficientR, was ob-  coefficients, respectively. Such behaviorfafcan be under-

tained. stood in the picture of a skew scattering that involves com-
petition between spin-orbit coupling and spin-flip
scattering'’

[ll. EXPERIMENTAL RESULTS AND DISCUSSIONS For SERW,0,, it has been shown thai(T) satisfies the
Curie-Wiess laW'%at high temperatures. We have attempted
% fit our Ry data shown in Fig. 2 using the following equa-
tion:

Figure 1 shows the temperature dependence of electr
resistivity for in- and out-of-plane directions of the;Ri,O,
crystals(denoted byp,, and p. respectively. The overall
shape of these data are S|m|Iar.t0. those reported in Ref. 10. Ry=Ro+RL/(R— fcw) )
Both p,,(T) andp(T) are metallic in the whole temperature
region. The sharp drop ip.(T) below 50 K has been attrib- with three fitting parameters. The best(Bee the solid line
uted to the suppression of thermal scattering between quasi Fig. 2) was obtained aR,=—1.4X10 1 m*C, 6y
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FIG. 4. In-plane longitudinal MRApl,/p., (H|ab, I]ab),

FIG. 3. In-plane transverse MR,p5/pa, (HLab, 1]ab), for for SERWO,.

SRW0;. A sign change in MR is seen at 17 K.

=-102 K, andRg=1.7<10"" m%C. The absolute value e also measured the longitudinal in-plane MR,
of -y SO obtained is higher than that obtained by f'tt'ngApﬂ,\b/pab, of SERW,O,. As shown in Fig. 4Aplb/pab ex-
x(T) curves(around—15 K for polycrystals and-40 K hibits similar features af\py/pap. In particular, it also

for single crystalg but has the same sign as that found fromShOWS a sian reversal at temperatures sliahtly lower fan
magnetic susceptibility measuremen, was found to be 9 P res sightly
A more pronounced nonmonotonic field dependence was

negative, which means that the normal Hall effect is domi- I
nated by electrons. This is consistent with our expectatioiiSO found forApg,/p,p, for T<15 K. _
since band structure calculations reveal that igRBsO, We would like to point out another important feature in
there are four electron and two holelike bands crossing th&igs. 3 and 4: The magnitude dfpl,/p,p is greater than
Fermi surfacé® These observations suggest that skew scatthat of Ap;,/pa;, at the same magnetic field below approxi-
tering is a reasonable picture for understanding RyfT) mately 10 K. Since the current is not subject to the Lorentz
result. force in the longitudinal configuration, it reflects mostly the

As pointed out in Ref. 19, a negativk,y, does not mean contribution of spins. Therefore, this observation, together
that the magnetic fluctuations are necessarily antiferromagyith that of the skew scattering, suggests that spin scattering
netic(AFM) in nature, as frequently assumed in literature. Inhas a strong influence on the electrical transport in
fact, we found tha¥/y as a function of magnetic field devi- gy,Ru,0;.

ated from linear behavior abovie® (see inset of Fig. Rin a Figure 5 shows the transverseaxis MR (Api/p.) of

manner characteristic of ferromagnetic behavior consisterg - : Cay L
: o ' RW,O, at different temperatures. It is clear thap;/
with the argument of nearly FM behavior in Ref. 10. How- N P Pe/pe

belowT* V. b i it exhibits all the features observed in the in-plane MR. The
ever, below! *, Vi, becomes finear witli. - only obvious difference is that the negative-to-positive sign
Figure 3 shows the transverse in-plane MR,

) linA pi f lightly lower temperature
Apay/pap (HLI), between 0 and 7.3 T at various tempera-z%elga IMApc/pe was found at a slightly lowe P

tures. At high temperatured,ps,/pap, is negative and small, It is remarkable that a maximum i(T) and Ry(T), a
varying monotonically withH. The magnitude Oﬁpéb/pab slope change ia(T) and p(T), a deviation from linear
increases with decrea;ing temperature down to 30_ KTAs magnetic field dependence ¥fy,, and a sign change in lon-
approachesT* from high temperatures, the opposite ten-giydinal and transverse MR were all found at approximately
dency is observed. The value d&fp;/pap, eventually be-  the same temperature. These observations suggest that in
comes positive witlf <T* (=17 K). Another striking fea-  Sr,Ru,0; instead of continuing its trend to move closer to
ture is that, belowT*, Ap,,/pap Shows a nonmonotonic FM ordering as temperature is lowered, as one would natu-
field dependence. With increasiitty Apy,/pap initially in- rally expect, the system is side tracked to a different behavior
creases, then decreases after reaching a maximuin,at below T*. This qualitative change in the dynamics of the
which appears to increase with decreasing temperature. Thiystem has to be magnetic in origin.

nonmonotonic behavior af p;,/pap(H) persists to the low- Physical insight may be obtained from the
est temperature measured. (Ca_,Sr)RUO, solid solution system? For x
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0.2 : : : : 19 i ; .
H17 17 STRu0, aboveTp.™ In SRW,O,, although neutron diffraction mea

surements did not reveal any structural transifiam un-
usual change in structural details at low temperature, i.e., a
negative thermal expansion along thexis, was observed.
This might be responsible for the change of magnetic cou-
pling at low temperatures.

We note, however, that the anisotropy ytT) between
the in- and out-of-plane directions in Ru,O,; single
crystalg®is quite small. In additiony(T) was found to satu-
rate below roughly 6 K. How do we explain these observa-
tions in the picture of AFM fluctuations beloiv* ?

This apparent difficulty may be solved if we assume that
the spins aligned antiferromagnetically in;Bu,O,; are
canted to the axis. A small net ferromagnetic component in
thec axis in the canted AFM can explain the slight hysteresis
observed in thé—H curve on polycrystals $Ru,O;.1* The
saturation ofy(T) belowv 6 K is likely to imply that the
crossover from FM to AFM is incomplete probably because
SzRW,0; does not undergo a structural phase transition as in
(Ca_,Sr)RuUO,. This might also be the reason why neutron

-0.15 : : : : diffraction did not detect any sizable magnetic ordering.
H (T) For (Ca_,Sr,)RuQ,, the magnetic instability in the 0.2
=<x=<0.5 region leads to non-Fermi liquid behavior. Its

FIG. 5. ¢ axis transverse MRApi/p, (HLc, Ifc), for  pan(T) shows aT** dependence. For §Ru,0;, our resis-
SrRW,0;. tivity data exhibit a similar behavior. Boit,,(T) andp.(T)

cllefrly deviate from;l';squared dependence. The best fit is

. . _ T+*for p,p(T) andT=<for pc(T), as shown in Fig. 6. How-
<0.2, (C_Zal_xer).RuO‘l 1S a_ntlferromagne_nc. F(_)r 0=2x ever, we note that the residual resistiviy estimated from
§O.5, this materlr_all _system is near a FM_lnstablht_y. In Par-Fig. 1 is about 19.0 (2.8)u( cm for p,y (po). It is about
ticular, atx§0.5, it is nearly ferromagnetic, gvolvmg from five times(for p,) and two times(for p.) greater than that
paramagnetic $RuQ, through band narrowing. Between renqried by Ikeda in Ref. 10, suggesting that our FZ crystals
0.2<x<0.5, it changes into a state with short-range AFMmay contain slightly more impurities and defects than theirs.
ordering below a characteristic temperatligg(Tp, whichis  Ag 3 result, it is natural to ask whether the observed Tbn-
about 10 K atx=0.2, decreases continuously to zeroxat penavior is intrinsic to SRW,O,. In Ref. 10, it was argued
=0.5). Below Tp, pay(T) shows a change of slope. MR that SpRU,0, is a Fermi liquid withp,,(T)= T2 However,
shows_ a _negatlve—posmve sign revgr_sal and ”Oan”OtO”'fheirT-squared fitting for resistivities, especially fog,(T),
behavior in field dependence. In addition, ba#f) andRy  gppears to be less than the best fit. A deviation from the
show a maximum afp. ~_ T-squared dependence jn,(T) is clearly visible even be-

The phenomena seen in (£gSk)RuQ, are clearly simi- oy 6 K. This deviation suggests an intrinsic deviation from
lar to those of §RW,O;. Furthermore, (Ca.,SK)RUQ; and  Fermi liquid behavior in SiRu,O, most probably due to the
SRW,O; have comparable electronic specific heat Coeff"system being close to an AFM instability.
cients and Wilson ratios. All these similarities suggest that = The nonmonotonic field dependence of MR observed in
the magnetic correlations in §w,0; show a qualitative  gp.Ru,0, below T* can be easily understood in the cross-
change belowT*. At high temperatures, FM spin fluctua- oyer scenario as discussed above in which the MR should
tions dominate because of the close proximity to the FMcontain both negative and positive terms. The negative term
instability while at low temperaturebelow T*) they cross  myst have originated from the development of FM spin fluc-

over to AFM fluctuations. _ _ tuations as the field increases.
In the magnetizatiorfM) vs field (H) curve obtained on

SrRW,0; polycrystals’** M(H) shows a convex character

at low flelds_belowT*. This is a characteristic feature of IV. CONCLUSION

AFM correlations. Abovel*, M(H) shows a concave fea-

ture typical of FM correlations. This further supports the In summary, we have studied the transport properties of

observation that as the temperature decreasgRugd; at  SiRUW,O; under magnetic field using single crystals prepared

ambient pressure moves away from a FM, but closer to aby the FZ method. The temperature dependence of the in-

AFM magnetic instability. This scenario seems to be capablglane Hall coefficient has been found to resemble that of the

of explaining all features seen in the electrical transport irmagnetic susceptibility showing a maximumTdt. The field

SRW,0; described above. dependence of, was found to deviate from linear behavior
In (Ca,_,Sr,)RuUQ,, the change of magnetic correlations aboveT*. Both p,,(T) andp.(T) exhibit a slope change at

is driven by a structural phase transition at temperatur@boutT*. Furthermore, we found that the longitudinal in-
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plane MR is larger than the transverse. Both the in-plane and ACKNOWLEDGMENTS
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