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The solid solution S{NaysLayg);_yRUO; (0=<x=<1) is reported, and its structural, electronic, and mag-
netic properties are compared to isoelectroni€8y _,RuO;. The suppression of ferromagnetic interactions in
Sr,Ca _,RuUuO; has frequently been attributed to the orthorhombic structural distortion, either through the
crossover to classical antiferromagnetic interactions, or to a nearly ferromagnetic metal. Comparison of the
magnetic properties of diNagsLag ), RuO; to SrCa, _,RuO;, however, shows that there is a much faster
suppression of ferromagnetic interactions in the former case. Neither orthorhombic distortion nor cation size
disorder can explain the observed difference. Instead, the difference may be attributed to charge disorder on the
A site, which affects the local environment of Ru atoms greatly and leads to the faster suppression of the
long-range ferromagnetic state.
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[. INTRODUCTION netism due to the fact that its more distorted structure low-
ered the density of states at the Fermi Ié\ki.another cal-
The perovskite-based ruthenates have been of great recentlation, ferromagnetic ground states were found for both
interest due to the coexistence of ferromagnetism and supecompounds, but the calculated energies, especially for
conductivity in a single structural family. Three-dimensional CaRuQ, were very sensitive to calculational paramefeits.
SrRuQ, is metallic, and ferromagnetic beloWi,~160K.!  has also been argued that the larger structural distortion in
Double-layer SfRu,0; has a local moment at high tempera- CaRuQ would result in larger splitting of Rt orbitals, in
tures and develops antiferromagnetic correlations below 1furn, leading to stronger antiferromagnetic interactiths.
K, but the spins do not order magnetically down to very low  Recently, a new context for understanding CaRun@s
temperature$® The single layer compound SRuQ, dis- been proposed. It questioned the validity of regarding the
plays no local Ru moment and is superconducting at about Curie—Weiss(CW) behavior of x(T) as the proof of the
K.4 local moment nature and antiferromagnetic coupling of Ru
The ferromagnetism of SrRuQs at first unexpected, as spinst! Instead, it said that the change in magnetic properties
according to expectations, thg,(d**)—0,,—t4(d*") type  of SrCa_,RuO; could be explained quantitatively by the
superexchange interaction in a perovskite structure should kspin-fluctuation theory of itinerant-electron magnetism. On
antiferromagnetiC. The expected magnetic ground state forgoing from SrRu@to CaRuQ, the system changes from an
the ruthenate perovskites becomes even more problematictermediate itinerant ferromagnet, through weakly itinerant
when SrRuQ@ is compared with the closely related com- ferromagnet, to a nearly ferromagnetic metal. This viewpoint
pound CaRu@ Although they are isoelectronic and have was supported by the measurements of specific heat and
similar orthorhombic unit cells, CaRu®as a large negative high-field magnetization>*® and was further supported by
Curie—Weiss temperature,110 K, and shows no long range Ru and’O NMR studies-*'* This picture is consistent with
magnetic ordering. This has variously been attributed to théheoretical models based on electronic structure
difference in size between Sr and Ca and the correspondinglyalculation$
greater lattice distortion in CaRu@ the effect ofA cations Several studies have appeared which probe the properties
on the widths of the d bands and hence on the relative of Sr,Ca,_,RuO; perovskites>1>1®The variation in prop-
populations of the spin-up and spin-down bafds, the erties may now be basically understood in terms of the
greater Lewis acidity of Ca compared to that of 8f.”  change in magnetic ground state as a function @£ 8—Ru
Band structure calculations have supported the importance d@fond anglé but there may be other influences as well. Con-
the structural distortion. In one such calculation, the densitysideration of theA-site atom size disorder may be important.
of states of SrRu@was found to have a strong peak at thelt has, for example, been shown that at the same doping level
Fermi level, stabilizing ferromagnetism; while CaRpy®as and meanA-site cation radius, thd . in superconducting
found to be on the border of ferromagnetism and paramageopper oxides and the transition temperatlifein manga-
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nate ferromagnets both show a strong linear decrease witl =T ‘ ‘ ' \ ' ‘
A-site disorder.”8

To study the magnetism further, and to test the effect of
disorder on the magnetic properties, a series of
Sr,(Nay sLag 5)1 _xRUO; perovskites is reported. The struc- .
ture, electrical, and magnetic properties  of
Sr(NagsLay g1 xRUO; are compared to the isoelectronic
Sr,Ca, _,RuGQ; series. Since the cation sizes decrease in the 1o
order Sf"(1.44A)>Na"(1.39A)>La?"(1.36 A)>Ca"
(1.34A), a smaller orthorhombic distortion and a smaller
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size disorder would be expected for,@Mag sLag ;- xRUO; o | bt ai bt RSB Nd s iAol |
than for SgCa ,RuO;. Contrary to the expectation based oottt b
on Ru-O-Rubond angle, however, a much quicker | | ! ; ! | ! |
suppression  of  ferromagnetism was found in 2 40 5 % 0o 10 10160
Sr,(NagsLags) 1 xRUO;. Both orthorhombic distortion and 26 (deg)

cation size disorder effects are considered, and neither can FIG. 1. Observed+) and calculatedcontinuous ling powder
account for the observed changes in the magnetic properties, s . P
Instead, the effect of-site charge disorder is introduced feutron diffraction pattern for §iNa -0 gRuO; at 295 K. The
L . . S " difference curve between observed and calculated intensities is
This disorder is denved'from rqndom d|str'|bu.t|on ofSr shown at the bottom of the figure.
Na', and L&" on theA-sites. It gives a qualitative explana-
tion fqr the ob_servgd changes. Inxgﬂao_sLaogl_xRuQ, . RESULTS
there is less size disorder but mohesite charge disorder.
The magnetic properties of SrRy@re shown to be more Neutron diffraction data showed that all samples of
sensitive toA-site charge disorder than to structural distor-Sr(Nagslags);—xRuO; were single phase and had the
tion. GdFeQ type orthorhombic perovskite structure. Figure 1
shows thex= 0.4 neutron diffraction pattern. Detailed results
of the structural refinements are presented in TaBfeThe
cubic subcell parameters of BNayslays); xRuO; are
Samples of S(Nayslays);_xRUO; were prepared by shown in Fig. 2a). All three lattice parameters decrease lin-
conventional solid state reaction using Sk(E.99%, early when S¥*(1.44A) is substituted by smaller
Na,C05(99.999%, dried L303(99.99%, and dried La®"(1.36A) and Nd(1.39A). There is, however, a
Ru0,(99.95%. The starting materials were mixed in sto- change in the slope arournxi=0.4. The RI—O—Rubond
ichiometric proportion and heated at 500 °C for four hours inangles show a discontinuity at this composition, as shown in
air. The powders were then heated at 1000 °C for two day&ig. 2(b). The rotation of Ru@octahedra changes character
and at 1100 °C for one day in air with intermediate grindings.whenx goes below 0.4, becoming more uniform, and is ac-
Finally, the samples were pressed into pellets and anneale®mpanied by a greater rate of decrease of the lattice param-
at 1100 °C for three hours. Similar conditions were used tceters. Table Il lists selected bond angles and bond distances
prepare samples of &g ,RuO;. for Sr(Nayglags) 1 xRuO;. There are no significant
Powder neutron diffraction data were collected at thechanges in the Ru—O bond lengths or the O—Ru-O bond
NIST Center for Neutron Research using the BT-1 high-angles within the Ru@octahedra across the series, consis-
resolution powder diffractometer. A C(811) monochro- tent with former studies showing the rigidity of the RyO
mator was employed to produce monochromatic neutromctahedra in $Ca _Ru0,,?! and as would be expected for
beams of wavelength 1.5401 A. Collimators with horizontalsolid solutions in which the Ru oxidation state is unchanged.
divergences of 15 20, and 7 of arc full-width at half- Thus, the overall structural changes are in the-R—Ru
maximum were used before and after the monochromatohond angle between octahedra, as shown in Fig. 2.
and after the sample, respectively. The intensities were mea- The temperature dependence of the resistivity for poly-
sured in steps of 0.05° in thehZange 3°-168°. Data were crystalline pellets of S(NaysLays) 1 RuO; is shown in
collected at room temperature and the structural parametefSg. 3. SrRuQ is metallic with the expected kink in the
were refined using the program GSAS. resistivity curve at the ferromagnetic transition temperature
Electrical resistivity was measured in the range of 5—-400L60 K. On(La/Na doping, the resistivity increases system-
K using a standard four-lead AC technique on polycrystal-atically, but remains metallic for the whole series. In con-
line sample bars about 1 mxil mmXx5 mm in size. The trast, the resistivity in §Ca _,RuO; charges little in the
magnetic properties were studied in a commercial apparatysaramagnetic temperature range, and there is no clear trend
from QD. Data were collected in the temperature rangeat low temperature¥ The S;Ca,_ ,RuO; data show that the
5-300 K for Sg(Nayslags);-xRuO; and SgCa _,RuO; at  orthorhombic distortion has no big effect on the observed
1T on field cooling and 5—-400 Kt& T on field cooling.  resistivity. We attribute the increasing resistivity in
Since the SiCa _,RuO; magnetic data in the literature Sr(Nayslags); xRUuO; to be due to the effect oA-site
vary 10-131518ye synthesized and measured the whole seriesharge disorder, described in detail with regard to the mag-
under our own conditions to allow direct comparison. netic properties. The different charges on thsite cations
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TABLE I. Structural parameters for ARuCat 295 K. A=Sr,(LagsNays)1_y. Space groupPnma (#62. Atomic positions: ALa/Na/Sy: 4c(x,1/4z); Ru: 4b(0,0,1/2); Q1):
4c(x,1/4z); O(2) 8d(x,y,z).

(x=) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
a(A) 5.50013)  5.50583)  5.50993)  5.514%3)  5.52023)  5.52202)  5.523@3)  5.52633)  5.52873)  5.53123)  5.532Q2)
b (A) 7.78574)  7.79435)  7.80084)  7.80984)  7.81863)  7.82073)  7.82584)  7.83084)  7.83694)  7.84444)  7.84633)
c(A) 5.50873)  5.51683)  5.52274)  5.53123)  554063)  5.54632)  5.55123)  555723)  5.56203)  5.56733)  5.56842)
Vv (A% 235.892)  236.752)  237.372)  238.212)  239.132)  239.522)  239.933)  240.493)  240.993)  241.563)  241.7G2)
A X 0.02536)  0.02465)  0.021%6)  0.02176)  0.01975)  0.01945)  0.01827)  0.01847)  0.01836)  0.01766)  0.01665)
z -0.0081) —0.0051) —0.0091) —0.0041) —0.0031) —0.00677) —0.00779) —0.00489) —0.00468) —0.00298) —0.00346)
U (A? 0.01035)  0.010@5  0.01065  0.01075  0.01084)  0.01034)  0.00865  0.00925)  0.00874)  0.00795)  0.00894)
Ru U (AY 0.00943)  0.00913)  0.00894)  0.00844)  0.00944)  0.00933)  0.00965)  0.00934)  0.00894)  0.00744)  0.00683)
o1 x 0.49027)  0.489Q7)  0.49188)  0.49259)  0.492G8)  0.49337)  0.495Q09)  0.49539)  0.49458)  0.49539)  0.49737)
z 0.0731) 0.0741) 0.0671) 0.0661) 0.0581) 0.05668)  0.0571) 0.05639)  0.05418)  0.05328)  0.05246)
Uy, (A?) 0.0183) 0.0183) 0.0213) 0.0244) 0.0193) 0.0122) 0.0082) 0.0122) 0.0142) 0.0182) 0.0142)
U,, (A?) 0.0042) 0.0122) 0.0002) 0.0002) 0.0002) 0.0052) 0.0002) 0.0002) 0.0002) 0.0032) 0.0002)
Uass (A 0.0203) 0.0133) 0.0353) 0.0293) 0.0272) 0.0262) 0.0292) 0.0242) 0.0232) 0.0132) 0.0171)
U3 (A2 0.0041) 0.0061) 0.0052) 0.0082) 0.0022) 0.0062) 0.0072) 0.0002) —0.00G2) —0.0042) —0.0052)
02 x 0.28745)  0.28725)  0.28595)  0.28475)  0.28454)  0.28414)  0.283%5)  0.28135)  0.28065)  0.27765)  0.27754)
y 0.039G6)  0.03726)  0.037G5)  0.03535)  0.03644)  0.03434)  0.03265)  0.03174)  0.03024)  0.02884)  0.02763)
z 0.71466)  0.71685  0.717%6)  0.71875  0.71915)  0.72084)  0.72096)  0.72325)  0.72315)  0.724G4)  0.72334)
Uy (A? 0.0121) 0.01q1) 0.0131) 0.0111) 0.001G9)  0.01078)  0.0121) 0.0121) 0.0141) 0.0121) 0.01098)
Uy, (A2 0.0222) 0.0202) 0.0161) 0.0172) 0.0181) 0.0221) 0.0222) 0.0212) 0.0181) 0.0171) 0.0141)
Uass (A 0.0122) 0.0121) 0.0121) 0.0111) 0.0141) 0.013§9)  0.0121) 0.0101) 0.0101) 0.0071) 0.00968)
U, (A% —0.001) —0.0041) —0.0071) —0.0041) —0.006G9 —0.00649) —0.0051) —0.0061) —0.0041) —0.0041)  —0.00349)
U;s(A) —0.0051) -0.0091) —0.0031) —0.0041) —0.001) —0.0071) —0.0041) —0.0041) —0.0051) —0.0041) —0.0021)
Uys (A2 0.0072) 0.0052) 0.0091) 0.0041) 0.0031) 0.0071) 0.0081) 0.0041) 0.00291)  0.0011) 0.00q1)
Ry (%) 4.94 4.67 6.04 5.22 5.29 4.95 6.74 6.39 6.10 6.47 6.02
Rup(%) 6.35 5.87 7.48 7.41 7.16 6.50 8.60 8.21 7.88 8.29 7.62
x2 1.122 1.029 1.398 1.701 1.376 1.192 0.9379 0.9408 0.9157 0.9215 0.8601
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and was attributed to the occurrence of 'Sclusters in the

solid solution, leading to short-range ordered regions of
of SrRuQ,.*® The downward drops in ¥/ disappear when the

magnetic field is increased from 1T to 6 T. This shows that
magnetic interactions in these compounds have some field
dependence.
can affect the local environment of Ru atoms greatly, and Figure 5 shows the effective magnetic momeny; and
cause variations in the electron densities in the Ru—O nethe Curie—Weiss temperaturés\,, as a function of compo-
work, which are effective in scattering electrons. sition for Sg(Nagslags) ;- xRUO; and SgCa _,RuO;, de-

The magnetic properties of the perovskite series are morgved from the data in Fig. 4. The effective magnetic mo-
complex. The temperature dependence of inverse magnetinents in S{Ca, _,RuO; decrease smoothly with composition
susceptibility measured at 1T on field cooling for both seriefrom 2.7 to 2.1ug/Ru. For the(La/Na) doped series, the
is displayed in Fig. 4. It can be seen that both series are wethoments decrease from 2u%/Ru to 2.3ug/Ru at interme-
described by the Curie—Weiss law at high temperaturesiiate composition and then increase back toig7Ru. The
while there are broad downward drops iry it intermediate  increase in effective Ru moment occurs at the same compo-
temperature regimes in samples with mix@aations. This  sition as the structural distortion betwegrs-0.3 and 0.4.
phenomenon was observed previously forC3_,RuO;  Subtle structural distortions or discontinuities in perovskites,

FIG. 2. Selected structural data for,G¥ayslags) ;- xRUO;.
Figure da shows the cubic subcell parameters
Sr,(Nag sLag 51— xRuGs, and Fig. Zb) shows the Ru—)—Ru (®)
and Ru—-@2)—Ru (<) bond angles. Lines are guides to the eye.

TABLE II. Selected interatomic distancéd) and angleg°®) for ARuUQ; at 295 K. A=Su,(LagNag o).

(x=) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
A-O(1) X1 2.9765) 2.9805) 2.9476) 2.9446) 2.9325) 2.9264) 2.9126) 2.9116) 2.9145) 2.9066) 2.8905)
-0(1) x1 2.5965) 2.5925) 2.6236) 2.6256) 2.6295) 2.6414) 2.6586) 2.6576) 2.6535) 2.6611) 2.6775)
—-0(1) x1 3.1179) 3.1308) 3.0959) 3.1169) 3.0797) 3.0545) 3.0517) 3.0686) 3.0606) 3.0676) 3.0595)
—-0(1) X1 2.40%9) 2.4018) 2.4389) 2.4259) 2.4747) 2.5005) 2.5047) 2.4956) 2.5096) 2.5066) 2.5135)
A-0(2) X2 2.6674) 2.6814) 2.6834) 2.6955) 2.7014) 2.6964) 2.7045) 2.7065) 2.7144) 2.7194) 2.7283)
-0(2) X2 2.7615) 2.7585) 2.7745) 2.7625) 2.77%4) 2.7774) 2.7785) 2.7744) 2.7684) 2.7684) 2.7633)
-0(2) X2 3.2604) 3.2394) 3.2314) 3.2124) 3.2114) 3.2043) 3.1944) 3.1744) 3.1633) 3.1403) 3.1343)
-0(2) X2 2.3895) 2.4135) 2.4085) 2.4345) 2.4314) 2.4383) 2.4454) 2.4734) 2.4844) 2.5084) 2.5093)
Ru-Q1) X2 1.9882) 1.9891) 1.9851) 1.9871) 1.98149) 1.98067) 1.98199) 1.98278) 1.982%7) 1.98356) 1.98325)
Ru-Q2) X2 1.9834) 1.9743) 1.9774) 1.9773) 1.9793) 1.9722) 1.9743) 1.9723) 1.9743) 1.9872) 1.9842)
-0(2) X2 1.9974) 2.0043) 2.0023) 2.0013) 2.0053) 2.0082) 2.0053) 2.0043) 2.0012) 1.9912) 1.9872)
Avg. Ru-O 1.980 1.989 1.988 1988 1988 1987 1987 1986  1.986  1.986  1.985
Ru-Q1)—Ru 156.54) 156.84) 158.54) 158.54) 161.23) 161.62) 161.63) 161.83) 162.43) 162.12) 163.12)
Ru-Q2)—Ru 155.92) 156.92) 157.22) 158.12) 157.92) 158.91) 159.52) 160.52) 161.12) 161.12) 162.41)
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FIG. 6. Magnetic hysterisis loops for,$Naj sLay 5)1 - RUO; at

5 K with x=0.4, 0.3, 0.2, and 0, respectively.

FIG. 4. Temperature dependence of the inverse magnetic sus-
ceptibility measured at 1T on field cooling for temperature independent teryy,, was determined to a pre-
Sr,(Nag sLag 5);—xRuQ; and SgCaRuQ. cision of =5x 10" °emu/mol Ru and is included in the fits.
The Curie—Weiss temperatures decrease smoothly with com-
such as those seen here, can often be an indicator of deliczﬂgsmon in both series. This is consi_stent with previogs stud-
electron/lattice interactiorfS. Further detailed study of this les of SKCa_,RuG;, and has. bee_n mtgrpreted as being dge
wio the effect of orthorhombic distortion on the magnetic

composition region may be of interest. All samples sho : : . : ;
Curie—Weiss-like behavior in the high temperature regimestpert'eS' If distortion were the dominant factor in suppress-

; o _ ing ferromagnetic interactions, then a lowgg,, would be
The 6¢cy/'s are fit in the temperature range of 175-300 K. Aexpected in SCa,_RUO, than in SE(N&daye); (RUO;
at the same doping level due to the smaller size of'Ca
T 1 compared to (Nglag=)2", and the larger resulting struc-
8 H=1T 3 tural distortion. The present experiments, however, show the

Temperature (K)

2.6 opposite results: there is a much faster suppressiahigfin
- SrNag sl-ag 5)1RUO3 Sr,(Nag sLag 5)1 - xRUGQ; than in SgCa, _,RuO;. This can be
ﬁ’ 24 N seen, for example, by the fact that the transformation from
5 positive to negativeéd, happens at a lower doping level in

Sr(NagsLag 5)1 - RUO;. This suggests that although the dis-
tortion may be effective in suppressing ferromagnetic inter-
. actions, it may not be the only significant factor.
20— 1 200 The 6cw's in (La/Na) doped samples change from posi-
Sr.Ca. RuO tive to negative wheix is close to 0.3. Ferromagnetism is
L XIS 4 100 still present, however, for samples with,y<0. The com-
pound Sg A(NagsLag5)0.gRUO;, for example, shows a mag-
netic hysteresis loop even with a negatigg, . Figure 6
shows the hysteresis loops measured & K for
Sr(Nag sLag 5)1 - yRUO; with x=0.4, 0.3, 0.2, and 0, respec-
-100 tively. There are small ferromagnetic components to the
SrNag sLag 5)1xRUO3 magnetization at low temperatures for all valuesoéxcept
L (b‘) 4-200 for thex=0 end member. The 6T measurement of magneti-
00 02 04 06 08 1.0 zation is at sufficiently high field to be above the hysteresis
Sr loop for all compositions at all temperatures, and we there-
x fore employ 6 T magnetization to parametrize the ferromag-
FIG. 5. Component dependence @J the effective magnetic Netic moment. The temperature dependence of magnetization
moment and (b Curie—Weiss temperatures for measured at 6 T on field cooling for both series is displayed
St (NaysLag 21 xRUO; (A) and SgCaRuQ (M). Lines are guides in Fig. 7.
to the eye. For a more detailed comparison, FigaBshows 6,y vs.

2.2F
erCa1_xRuO3 ( a)

o
()%
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SrRuG, and CaRu@ At any particular bond angle, i.e., if
the degree of orthorhombic distortion is kept fixed, tha/

Na) doped sample has a lowdi., than the Ca-doped
sample. This clearly shows that orthorhombic distortion can-
not explain the differences in magnetic properties of these
two series and cannot be the sole factor in suppressing fer-
romagnetic interactions. Figurét shows the magnetization

at 5 K measured at 6 T for all samples in the two series,
plotted as a function of the structural distortion via the Ru—
O-Ru bond angle. The dramatic suppression of ferromag-
netism for Sg(NaysLag 5)1 - xRUO; can be seen.

IV. DISCUSSION

Structural distortions in perovskites which change the in-
traoctahedroM—O—M bond angle are expected to affect the
electronic bandwidth. There have been intensive studies on
the 3d-based perovskites with unpaired electrongjrorbit-
als. For the L_,A,MnO; (L=RE,A=Ca, Sr) system, the
o(ey) bandwidth was found to have\/( ) ~cog 6 depen-
dence, wherd is the Mn—O—Mnbond angl&® Studies of

FIG. 7. Temperature dependence of magnetization measured the rare earth orthoferrites show that the Neel temperature,

6 T on field cooling for S{{NaysLag )1 RUO; and SgCaRuQ.

Ty, and codd are linearly related? The same relationship
was found in the REM, sMn, sO05 (Me=Ni, Co) system for

the average R—O—Ruintraoctahedra bond angle for both T, when §=140° b

series, using the structural

data from Fig. 2 for

There has been, however, little work on the-dased per-

Sr,(Nay sLags); xRUO; and published structural data for ovskites with unpaired electrons i3y orbitals. To get a
Sr,Ca,_RuO;.?° The Ru—O—Ribond angles are an indica- more precise description about the relationship betwkgn

tor of the degree of orthorhombic distortion, and are the pri-and bond angle for the ruthenate perovskites, calculations on
mary influence on the different electronic/magnetic states othe magnetic exchange interactions fgg compounds are

200
H=1T
100 -SnCaqxRuO3

7

-100

0w (K)

.200 | 3xNap 5L20.5)1-xRu03

1 s 1

T=5K, H=6T

| SrxCa1xRuO3 ®
Srx(Nag 5Lag 5)1-xBuO3 &

{ny jow mws) uonezisubepy

148 152 156

Average Ru-O-Ru bond angle (Deg.)

FIG. 8. (a) Curie—Weiss temperaturgi=1 T) and (b) magne-
tization measuredt& K in afield of 6T vs. the average R-O—Ru
bond angle for S{NaysLa;s);_xRuO; (A) and SgCaRuQ (H).

Lines are guides to the eye.

needed. Experimental and theoretical studies of tthe8r-
ovskites with unpaired electrons @y orbitals found that the
magnetic interactions change from antiferromagnetic to fer-
romagnetic as the metal-oxygen—metal bond angle varies
from 180° to 90°. The situation is more complex when the
interacting orbitals arg,—O,,—t,q as in the present system.
As the bond angle decreases, the 180%/pe p—d interac-
tion decreases, but thetype-like p—d interaction becomes
stronger. Furthermore, interaction between twwg orbitals
becomes possible. Detailed theoretical modeling of this sys-
tem would be of significant interest.

It has recently been shown that at the same doping level
and meanA-site cation radiugr ), T, in the cuprate super-
conductors and the ferromagnetic transition temperatyre
in manganate ferromagnets both decrease linearly Avithie
disorder, parametrized by the variance in radfi=(r3)
—(rp)2.151%n the two series under study here, cation size
disorder may also have a significant effect on the magnetic
properties. Table Il shows the calculated measite cation
radius,(r»), and the size variance;?, for both series. Al-
though(r ) is not fixed in the present study, the cation size
disorder effect cannot account for the differences in the rate
at which Ca substitution anfLa/Na) substitution suppress
the T. of STRuQ,. First, at equak, Sr(NaysLags); xRUuO;
has a smallers? than SgCa,_,RuQ; due to St" being
closer in size to L& and N& than to C&". Thus, if oy
were to decrease witlr?, again Sg(Nay < ags);_RUO;
would have highef,y values than SCa ,RuO;. Second,
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TABLE Ill. Statistical variances? (size disorderin the distri- 0 T T T T T
bution of A-site radiio?=(r3)—(r ).
-100
(ra) o’ (ra) o? - 800
X .200 e ,
SrRuG 1.44 0 SrRu@ 1.44 0 ~ x 2005
SheCa, 142 00016 SyglagNay; 1.427  0.0007 5_300 2 g
ShheCaa 1.40 0.0024 SylagNay, 1.414 0.0011 < " SIS R
SpLae 1.38 0.0024 SrlagsNays 1.401 0.00115 400+ o
( a ) 0 02 04 06 08 10
St Cag 1.36 0.0016 SplagNay, 1.388  0.0009 parge disoor
CaRuQ  1.34 0 LaNayRuO; 1.375  0.0002 -500 s s s : -
40 &
£
q-1 ,;
o? peaks at the intermediate doping levels in both series, P o,
while their 6¢/'s decease monotonically as Sr content de- g
creases. 13 £
Since neither orthorhombic distortion nor cation size dis- 4.4 3
order can explain the much faster suppression of ferromag- AM Y
netic interactions in $tNaysLay 5); - xRUO;, there must be ¢ 15 =
other factors. One additional important factor may be charge ! ! | ! !

-6
disorder on theA site of Sg(Nag lag 5);_«RuG;, which can 154 156 158 160 162 164 166
be parametrized in an analogous way as size disorder, i.e.,
o&p=(Z2)—(Z,)?, where Z, is the charge ofA cation.
There is no charge disorder in,&g _,RuO; because Sr and FIG. 9. Comparison of decrease (@) Curie—Weiss tempera-
Ca are both divalent. In giNaysLags);_RuO;, however, tures, andb) magnetization due to structural distorti¢BD M) and
single valent N4, divalent Sf*, and trivalent LA" are dis-  charge disordefCD @) effects. Lines are guides to the eye. Inset:
ordered on the perovskite A" site. Thus, locally, the Suppression obcy (A) and magnetizatio®) due to charge dis-
RUYOg octahedra surrounded by taions would behave order effect vs. charge disorder in,8¥ag s-ag 51— xRUOs.
more like RU'Og octahedra, whereas those surrounded by
Na" ions would behave more like R®; octahedra. der are shown as a function of the variance in the charge
(LaRU"0,) is paramagnetic, and studies of Sy, ,RuO;  disorder @2p) in Sr(Nayslags): RuO; in the inset. The
show that L&" was more effective than ain suppressing low temperature magnetization is seen to be more immedi-
ferromagnetic interaction'sSodium ruthenates do not form ately sensitive to charge disorder thargisy .
perovskite structures, and little is known about their mag- One common feature of SNayslags);_xRuO; and
netic properties. By introducing charge disorder, the localSr,Ca ,RuG; is that their 6-y/'s decrease smoothly with
environment of ruthenium ions and their local charge state isloping. There have been two separate explanations for the
greatly changed, and there must be fluctuations in the locamooth evolution of ., from positive to negative in
electron densities throughout the ruthenium—oxygen netSr,Ca ,RuO;. The older explanation is based on the
work. These fluctuations change the ruthenium—oxygen hyCurie—Weiss law, i.e., that positivi.,y indicates ferromag-
bridization and the interaction between ruthenium spins, andetic interactions and negativ.,, indicates antiferromag-
ferromagnetism is suppressed dramatically. Although thereetic interactions between spins. In this scenario, both ferro-
are no previously documented cases of this behavior, thenagnetic and antiferromagnetic interactions are present in
present system appears to be a good example. In terms of thieese compounds, and their ratio changes on going from
band structure picture, the La—Na—Sr charge disorder is eXSrRuQ, to CaRuQ. The strong Ru—O hybridization, which
pected to smear the peak in the density of states which i found in SrRu@, stabilizes the ferromagnetic ground
responsible for the ferromagnetism, and therefore suppressate. As Ca doping content increases, the Ru—0 hybridiza-
the ferromagnetism more for any particular amount of struction decreases and the spins become more localized. The
tural distortion. The decrease if\y due to the structural tzg(d“)—ozp—tzg(d“*) type superexchange interaction in
distortion effect can be calculated by subtracting #gg, of  a localized-electron system is expected to be antiferromag-
the SgCa _,RuQ; solid solution from that of SrRug) and  netic. A continuous change @y in Sr,Ca _,RuO; could
the decrease idcy due to the charge disorder effect can bemean a continuous change in the relative strength of these
calculated by subtracting thi.y of Sr,(NagsLags); - xRUO;  two kinds of interactions. Recently, the validity of regarding
from that of SfCa _,RuUO; at a particular B—O—Rubond  the sign of the Curie—Weisg observed fory(T) as an indi-
angle. Figure @) compares these two effects @y, . Itis  cation of the sign of the spin coupling has been called into
seen that charge disorder acts more strongly than structurgliestion'! Instead, it said that the change in magnetic prop-
distortion in decreasingc. Figure 9b) compares the sup- erties of SgCa, _,RuQ; could be explained quantitatively by
pression of tB 5 K magnetization of SrRu{at 6 T due to  the spin-fluctuation theory of itinerant-electron magnetism.
these two effects. A similar conclusion can be drawn. Thdn this picture, consistent with one interpretation of the elec-
decrease i,y and 5 K magnetization due to charge disor- tronic structure calculatiofsCaRuQ is poised at a quantum

Average Ru-O-Ru bond angle (Deg.)
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critical boundary between ferromagnetism and paramagneinteractions, observed ificy, and the low temperature mag-
ism. In both contextsgcy is an order parameter which is a netization for Sf(Nay 4., £); - yRuQ;. Neither orthorhombic
measure of how far the compounds proceed from an interdistortion nor cation size disorder can explain this dramatic
mediate itinerant ferromagnet (SrRgO through weakly change. Instead, we suggest that it is due to charge disorder
itinerant ferromagnet, to an exotic nearly ferromagneticon the A-site, which affects the local environment of Ru
metal (CaRu@). atoms greatly, leading to the faster suppression of the long-
Sr,Ca,_,RuO; has attracted much attention due to its un-range ferromagnetic state. This appears to be the first ex-
usual and unexpected magnetic properties. Most former stuémple of off-site charge-disorder induced suppression of fer-
ies attributed the suppression of ferromagnetic interactiongomagnetism observed for transition metal oxides.
on substituting Si" for C&* to the orthorhombic structural
distortion, either through the crossover to classical antiferro-
magnetic interactions, or to a nearly ferromagnetic metallic
state. Here we have shown that comparison of the magnetic This work was supported by the National Science Foun-
properties of Si(NagsLag5)1 yRUuO; to SkCa _,RuG; indi-  dation Grant No. DMR-9725979. We would like to acknowl-
cates that there is a much faster suppression of ferromagneticige helpful conversations with A. Millis.
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