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Weak ferromagnetism and spin-charge coupling in single-crystal SiYRuOg
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SrYRuUG; is a magnetic insulator with a double-perovskite structure derived from the perovskite $SrRuO
which is an itinerant ferromagnet. Measurements of the magnetic susceptibility, magnetization, and electrical
resistivity are performed on newly synthesized single crystals 9fFBr1O;. The system orders antiferromag-
netically atTy=26 K and yet shows a conspicuous occurrence of weak ferromagnetism characterized by large
irreversibility in both magnetic susceptibility and isothermal magnetization. The ordered magnetic moment at
7 T shows weak temperature dependence and is onlygdBu, substantially low compared to that expected
for an S=3/2 system, consistent with weak ferromagnetism. The electrical resistivity demonstrates a weak
temperature dependence from 800 to 160 K and a rapid rise in the lower-temperature range. A sharp anomaly
in the resistivity is observed at the magnetic ordering temperdtyrewhich is then followed by a Mott-like
transition afT, = 17 K. The system also exhibits sizable negative magnetoresistance, which persists well above
the magnetic ordering temperature. All results presented reveal unusual magnetic and transport properties that
underscore the strong interplay of spin, charge, and orbital degrees of freedom.
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Studies of layered ruthenates or Ruddlesden-Poper seri@&ased on these earlier studies, the system possesses two ma-
(Ca, Sr),; 1Ru,Og,,+ 1 in the last few years'*have revealed jor features: namely, it is antiferromagnetically ordered at 26
a richness of intriguing and complex physical phenomenaK with a type-1 spin configuration and an ordered magnetic
These materials, often characterized by a strong competitiomoment of 1.8 5/Ru (Ref. 17 and it is insulating although
between antiferromagnetic and ferromagnetic coupling and ao results of electrical resistivity have ever been reported.
complex interplay of spin, charge, and orbital degrees of In this paper, we report the results of magnetic and trans-
freedom, are extremely sensitive to small perturbations sucport studies obtained from SfRuQ; single crystals, which
as slight structural alterations. As an extension of our workare particularly crucial for oxides containing Sr and Ru due
on the layered ruthenates, we have recently investigated the the frequently unavoidable presence of precursor phases
double perovskite S¥RuGQg in single-crystalform, which  such as strongly ferromagnetic SrRUQT-=165K) in
was noticeably not available before.,8RuQ; is known to  polycrystalline samplesonly a few percent of the SrRyuO
be an antiferromagnetic insulatbr'® The Ru ion in this phase often overshadows or distorts intrinsic magnetic prop-
compound is pentavalent ¢d) and in a high-spin state erties of underlying materialsWhile our data show a mag-
(4A29) with S=3/2 instead of tetravalent (4) and a low- netic ordering aff =26 K consistent with that reported for
spin state iTlg) with S=1 as in the members of the the polycrystalline samples, many unusual features that are
Ruddlesden-Poper series of the ruthenate®/FuQO; adopts  conspicuously absent in polycrystalline,8RuO; have been
a crystal structure derived from the itinerant ferromagneticobserved. In particular, the magnetic susceptibility belqw
perovskite SrRu@by replacing every another Ru by Y so becomes highly hysteretic, suggesting the occurrence of
that the remaining Ru ions form an fcc lattice. In spite of theweak ferromagnetism, not uncommon id é4nd 5 oxides
apparent phase proximity to itinerant ferromagnetism and, talue to the strong spin-orbit coupling. Weak ferromagnetism
some extent, superconductivity observed inRBIO,, the is also evidenced in the isothermal magnetization that is ir-
ground state of SYRuGQ; is vastly different from those of its reversible and nonlinear though far from being saturated.
sister compounds and thus underlines the subtlety of th&he magnetic moment extracted ldt&=7 T is weakly tem-
magnetic and electronic structure, which very often typifiesperature dependent below 40 K and surprisingly low com-
perovskitelike ruthenates. pared to that expected for & 3/2 system. SIYRuO; dis-

Although SpYRuUQ; was first synthesized more than 20 plays nontrivial conducting behavior obeying no obvious
years agd> " only recently have there been a handful of power law or exponential throughout most of the tempera-
reported experimental and theorett€astudies driven par- ture range measured (k5 <800K). Furthermore, a well-
tially by an attempt to search for superconductivity and itsdefined anomaly in resistivity is observed at theeN&m-
coexistence with ferromagnetism, which were reportedlyperatureTy, which is then followed by a Mott-like transition
found in SpYRuUQ; with dilute Cu doping:®>~?*While super- atT,,=17 K. All results seem to point out spin-charge cou-
conductivity is beyond the scope of this paper, it is our in-pling and a competition between antiferromagnetic and fer-
tention to gain insight into the nature of the ruthenates irromagnetic coupling, which is in accordance with results of
general and systematically characterize the magnetic arsind structure calculations for SiRuQj. 18
transport properties of S¥RuGg in particular. Investigations Single crystals were grown in Pt crucibles using the flux
of this system were previously carried out only polycrys-  technique from off-stoichiometric quantities of RyQY,0s,
talline samples primarily using powder neutron diffraction SrCQO;, and SrCJ). The mixed chemicals were heated at
and measurements of magnetic susceptibility below 73 K. 1500 °C for 20 h and slowly cooled down at a rate of 2 °C/h
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FIG. 1. (a) SEM image of a single $YRuQ; crystal;(b) TEM 601
diffraction pattern of 110] from the crystal. ey
120
to 1350 °C and finally quenched to room temperature. The - (120) 220
single crystals were fully characterized by electron micros- 201 (011X111() 12 ( )(024)
copy and x-ray diffraction. Resistivity was measured with a | | | F124)
standard four-probe technique and magnetization with a ", 2 N 3 5 63 73

commercial superconducting quantum interference device
magnetometer. FIG. 2. (8) Experimental x-ray diffraction pattern from powered
The resulting shape of $fRuQ; single crystals tends to single crystals;(b) calculated diffraction peaks using the perfect
be cubiclike with an average size being 0d®%15  SrYRUO; structure;(c) calculation using models with disordering
% 0.10 mn?. The typical morphology of the single crystal is ©f Y and Ru or long-range order vacancies.
shown in Fig. 1a), which is a secondary electron image from
a scanning electron microscog8EM). It is clear that the ture reportetf is consistent with the experimental data.
crystal is formed with flat and low-indexed planes. The lump  X-ray diffraction from powdered single crystals was car-
attached to the sides of the crystal is the remains of the fluxied out using a Scintag powder diffractometer, as shown in
The individual S§YRuQ; single crystals were also charac- Fig. 2(@). The crystal structure of the single crystals is con-
terized by transmission electron microsco@EM) using a  firmed to be the same as one reported in Ref. 17. To ensure
JEOL 2010 microscope operated at 200 kV. The compositiotthat these single crystals have the ordered stacking of Ru-O
of the crystal is examined by energy-dispersive x-ray specand Y-O octahedra in this double perovskite, as previously
troscopy(EDS), confirming the ratio of Sr:Y:Ru being 2:1:1. reported.’ calculations using several structural models were
Figure 1b) displays a selected-area diffraction pattern of theperformed to estimate the relative intensities of thajor
[110] zone axis obtained from a thin area of about 170 nmdiffraction peaks using DesktopMicroscopist softwHFeys.
thick determined by two-beam convergent beam electron dif2(b) and Zc)]. The ordering of Ru and Y in $YRuGQ; is
fraction from such a crystal as shown in Figa)l whose Verified by results of the calculations where the relative in-
sharp reflections are characteristic of a single crystal. Théensities are in a perfect agreement with the experimental
simulation of the diffraction pattern using the crystal struc-data with the(—112) peak being the strongedtigs. 2a) and
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[ ' T 200 e e ' rence of weak ferromagnetism, which will be discussed
0.07 L FC . b
elow.
006 L11Y 150 1] Fitting to a modified Curie-Weiss law for 40T<<350 K
' ' H yields an effective paramagnetic moment Ofiqg
2005 [+ % 3 100 13 =3.87ug/Ru that is in perfect agreement with the theoretical
., ©0.05 : ] _ _ _
o HE E value for R3" (4d3) ions determined by the spin-only for-
§0.04 P sl ] mula uer=2[S+1)]*?ug (see the inset of Fig.)3 This
£ ,' . result, however, differs from that reported in an earlier study
Lo03 PZFC *., O where Meft WaS found to be 3.138g/ Ry, wh?ch was attrib-
I T(K) uted a spin-orbit coupling The Curie-Weiss temperature
=002 ] Ocw=—2.5K, one order of magnitude smaller thak,,
suggests a weak antiferromagnetic exchange interaction or
0.01 | H”ab=0.5T et o o] the coexistence of comparable ferromagnetic interactions.
0 ‘ ‘ , Nevertheless, this result is considerably different from one
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reported earlier where®/Ty=5.5 for polycrystalline
SKLYRUO,.2® The temperature-independent magnetic suscep-
tibility xo is estimated to be 1310 2 emu/mol, which is
FIG. 3. Zero-field-cooledZFC) and field-cooledFC) magnetic  |arge for insulators. The enhancementyig, known as the
susceptibility (defined asM/H) as a function of temperature at Stoner enhancement and commonly seen in oxides with a
l—_|”ab=0.5 T. Inset: reciprocal magnetic susceptibility as a func-narrow band, may imply a magnetic instability driven by
tion of temperature. spin fluctuations or a strong competition between antiferro-
magnetic and ferromagnetic coupling that is also manifested
2(b)]. In sharp contrast, should there exist a disordered stackn band structure calculationg.
ing of Ru and Y ions or long-range order vacancies in the The existence of weak ferromagnetism becomes unam-
structure, the(100) peak would become the strongest onebiguous in Fig. 4, which displays the temperature depen-
instead with a largely diminished-112) peak[Fig. 1(c)]. I dence of the ZFC and FC magnetic susceptibility for differ-
fact, assuming disorders or vacancies even as small as 1% @it magnetic field$H=0.02, 0.5, and 4 JTbelow 60 K. At
Ru and Y sites in the calculations could result in drasticH=0.02 T, the magnetic susceptibility shows a sharp transi-
changes in the relative intensities. The results displayed hetgon strikingly similar to that of a spin glass. As the magnetic
unambiguously prove that single-crystal ,8RuUO; pos-  field H increases, the transition becomes largely broadened,
sesses ordered crystal structure without any disordering aghereas the magnetic irreversibility decreases and yet re-
long-range order vacancies, consistent with results reporteghains to be significantly large. AH=4 T, the magnetic
previously'’ susceptibility resembles a ferromagnet rather than an antifer-
The crystal structure of $YRuGQs is a derivative of the romagnet. In fact, the broadening of the magnetic transition
perovskite SrRu@by replacing every another Ru by Y. It with increasingH is a characteristic of a ferromagnet. In
becomes monoclinic due to the larger ionic radius of Y withcontrast, for an ordinary antiferromagnet increasing magnetic
a space group oP2,/n(14) and unit cell parametera  field only suppresses the Bletemperature, but retains the
=5.7690,b=5.7777,c=8.1592 A, andb=90.23°" Ru-O  sharpness of the transition. It is also expected for an antifer-
and Y-O octahedra are all titted away from their ideal cubicromagnet to show a different temperature dependence of the
orientation with long Y-O bond lengtt2.2 A) and a short magnetic susceptibility for different principal crystallo-
Ru-O bond lengtt{1.95 A).*” Unlike in SrRuQ, there are no  graphic directions below the étemperature. The magnetic
common O ions shared by neighboring Ru-O octahedra isusceptibility of S§YRuOg; shows no significant anisotropy
SKYRUG,; each Ru-O octahedra shares a single O atonbelow Ty =26 K when measured witH parallel to thea and
with each neighboring Y-O octahedra. Thesuperexchange c axes[see Fig. 4a)]. While it cannot be ruled out that this
between the nearest Ru ions is carried out via a Ru-O-O-Rbehavior could be due to yet undetected microscopic disor-
linkage and ther superexchange via a Ru-O-Y-O-Ru link- der inherent to this material, which would in turn lead to
age. However, the Y ions are not expected to play a signifiglassy behavior, it is much more likely that there is a strong
cant role in the magnetic superexchange because they agempetition between antiferromgnetic and ferromagnetic
fully ionized and provide no accessible orbitals necessary teoupling, which leads to canted antiferromagnetism or weak
participate in superexchange ,BuYGOg can be thus consid- ferromagnetism. There are two possibilities for the occur-
ered as consisting of tilted Ryctahedra which are con- rence of weak ferromagnetism in the absence of itinerant
nected via two bridging O atoms. electrons, namely, single-ion magnetic anisotropy and anti-
Shown in Fig. 3 is the temperature dependence of theymmetric superexchange. It is plausible that the noncubic
magnetic susceptibility defined &/H for theab plane in a  crystal field and spin-orbit coupling, which is always signifi-
field-cooled(FC) and zero-field-cooleZFC) sequence with cant in 4d- and 5d- electron oxides where orbitals are
magnetic fieldH=0.5T. While evidence for the magnetic extended, create local anisotropy energies which in turn cant
phase transition is obvious &4 =26 K, the magnetic sus- spins to induce a small, ferromagnetic component when
ceptibility becomes highly hysteretic. This behavior, unex-minimized?> However, the presence of weak ferromag-
pected for an ordinary antiferromagnet, indicates the occurmetism could also be attributed to an antisymmetric exchange
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FIG. 4. Zero-field-cooledZFC) and field-cooledFC) magnetic
susceptibility as a function of temperaturetgt,,=0.02 T, (a), 0.5
T (b), and 4 T(c). Field-cooled magnetic susceptibility for the
axis is also plotted ira).

interaction or Dzyaloshinskii-Moriya interacti&t?* moti-
vated by a lack of inversion symmetry of the Ru atoms.

Shown in Fig. 5 is the isothermal magnetizatirfor the
ab plane. There are a few features that are remarkabjév
is hysteretic, characteristic of a ferromaghste Fig. %a)].
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FIG. 5. Isothermal magnetizatidd ., at T=5 K (a); M ,p at
T=30, 40, and 70 Kb).

ponent due to canting of sping2) While the strong field
dependence o is anticipated for an antiferromagnet, the
slight curvature seen iM, which confirms the presence of
the ferromagnetic component, persists up to 40ske Fig.
5(b)]. (3) M shows no significant anisotropy when measured
at different principal crystallographic directiohsot shown,

but it is clarified in Fig. 4a)], which is not unexpected for a
perovskitelike system such as,8RuQ;. (4) MatH=7T is
0.5ug/Ru, only one-sixth of the expected ordered moment
for S=3/2. The deficiency of the magnetic moment is a re-
flection of spin canting or strong spin-phonon coupling due
to the severe tilting of Ru-O octahedra present in this system,
which very often weakens the magnetic momébx.No spin

flop is observed in the magnetic field range measured, indi-
cating a lack of an easy-axis anisotropy in this syst@nAs

the temperature increasels| at H=7 T does not change
greatly untilT=70K [see Fig. ®)], suggesting the presence
of strong spin fluctuations that are persistent well abbye

As can be seen below, the spin fluctuations as well as spin-
charge coupling are indeed pronounced and clearly mani-

The irreversibility becomes smaller and eventually vanishegested in the electrical resistivity.

asT increases. The remnant ferromagnetic moment extrapo- Shown in Fig. 6 is the electrical resistivity(T) as a
lated toH =0 is about 0.0pg/Ru, small yet finite, and goes function of temperature for the basal plane &b
to zero atTy,. This is consistent with a ferromagnetic com- <800 K) and for thec axis (1.5<T<300K). Herep(T)
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10° ¢ ‘ — — ‘ to the degree of magnetic frustration which involves the

nearest and the next-nearest neighBork. has been ob-

. served only in a handful of materials such as the stoichio-

metric CaRu,0, at ambient pressut@ and nonstoichiomet-

ric V,0; at nonambient pressuf®.As the temperature

further decreases, a sharp transitionpig,(T) is seen at

Ty=17K resulting in an increase ip,p(T) by nearly 40%

from Ty to 2 K. The jump inp(T) is anomalously large,

3 marking an evident change in the electron scattering process.

The temperature dependencepf(T) for 2<T<7 K very

E well follows the Efros-Shklovskii variable-range hopping

(VRH) model with the Coulomb interaction[p(T)

E ~exp(To/T)¥? where T, is a constant associated with the

— localization length Though the fitting range may not be

01 ™00 200 300 400 500 600 700 soo  \Wide _enoulzhfor an unambiguous argument, the VRH behav-

ior with T+ dependence suggests the importance of long-

T (K) range Coulomb repulsions between carriers or electron cor-

relation, which may consequently dominate the low-

set: detailegh,(T) below T=60K (left axis), magnetoresistivity temperature  transition region. In addition, negative

- ~ - _magnetoresistivity, defined d9(0)—p(H)1/p(0), is ob-
,fggl?oerdHisilpo(?-(Tr)igh?(ix?;)/p(o T as afunction of tempera served and is sizable when measuredHat 10T (see the

inset of the Fig. 6, right axjs The negative magnetoresistiv-
ity, which is already visible abové(3%—-4%), becomes
displays semiconducting or insulating behavior throughoutarger belowTy,, with a drop in resistivity by about 8%, and
the temperature range measured. The anisotropy between theaks just belowT,,. It is clear that there is remarkably
basal plane and theaxis becomes more evident below 200 strong spin-charge coupling beldty .
K. Here p,,(T) for the basal plane increases slowly &s All results presented here reveal the strong interplay of
decreases from 800 to 160 K and then rises rapidly belovgpin, lattice, and charge degrees of freedom that character-
150 K by five orders of magnitudgfrom 3 to 1.5 izes this relatively unknown system. The magnetic ground
X 0°Q cm between 150 and 1.6)Kp,,(T) could not be fit ~ state in S§YRuG is clearly unstable due to the strong com-
successfully to any power law or exponential over the entirg?€lition between ferromagnetic and antiferromagnetic cou-
temperature range 40T<800 K. However,p,,(T) can be Pling. Theoretical calculations using the extended Stoner
fit to 1/T dependence for the high-temperature range 2g8snodel conclude thatin SYRuQ; the energy difference be-
<T<800K and fits well to an activation gap of 76 meV for tween ferromagnetic anq ant|fe.r_rom.agnet|c ordering is small
the intermediate-temperature range <80<150K. This comparegltost?e mafgn(;:tlcfstatt))llﬁe}tlon energyt_becagse f[’; the
: omparable Stoner factor for both ferromagnetic and antifer-
\;ig?a’gsr(rane?s”vt/%rllavr\:itlr? Stﬂgitg]ré;té%%glssa?(&aﬁzv& C:;g? 94 omagnetic structure$. This is due largely to the severe tilt-
. i . ing of RuQ; octahedra that leads to reduction of the effective
mmed from band structure calculatiotfsp, obeys_ the_ acti- hopping between neighboring Ru ions, thus weakening the
vation law reasonably well for 1T5<T<<200K, yielding a

f hile the fitti effective exchange constant and, ultimately, the antiferro-
gap of 120 meV. While the fitting temperature range may nol,5qnetic stabilization energy. In fact, the layered ruthenates
be wide enough to reveal accurate activation energy,

f i th Id be reflecti ¢ : _theld'by and large are particularly sensitive to the magnon-phonon
t?(;(nairz:cgtiﬂgtueregap could be reflective of an anisotropic e ec(':oupling,27 and to a large extent, it is the degree of the RuO

h hibi ll-defined tilting that determines the ground state. This is well illus-
As T approachesTy, p(T) exhibits a well-defined o0 in  al  isostructural  Sr;R4Ospey  and

anomaly, representing a pronounced change in spin scatte&-aqHRLho3n+1 (n=1,2,3 and infinite where the Sr com-

ing. This anomaly is much more pronouncedpigy, for the . 14q tend to be ferromagnetic, whereas Ca compounds,

basal plane(see the insgt In the vicinity of Ty.pan(T)  peing more distorted, lean towards antiferromagnetic
clearly shows a slope change and becomes nearly temper@r-)up”ng_l—m In addition, there is apparently strong spin-

ture independent for 2 T<30 K. Short-range magnetic or- charge coupling, which is somewhat surprising given the

der.or spin flgctuations foF=Ty=26 K evident in the mag- overwhelmingly large resistivity and weak magnetic mo-
netic properties can account for the slope change(if)  ment. The large resistivity can be attributed to the loose Ru-
aboveTy=26K: the slight decrease js,(T) justbelowTy  5_0.Ry linkage and the tilting of RuQoctahedra that re-

could be a result of a reduction of spin scattering as thgy,ce the overlap of orbitals, whereas the transitiof gtis
system undergoes the magnetic phase transition in the viCifya\y to be associated with the Mott transition driven by
ity of Ty=26K. It is striking in that this behavior is unex- ., related electrons.

pected for an ordinary antiferromagnet where the unit-cell

doubling would certainly widen the insulating gap, resulting  This work was supported by the In-House Research Pro-
in an increase rather than a decrease.ih more metallic  gram at the National High Magnetic Field Laboratory. The
phase in an antiferromagnetic state is conceivable imicroscopy facilities were supported in part by NSF Grant
theory?® but rare in reality due to the sensitivity of this phase No. DMR-9625692.
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