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The perovskite solid solution between ferromagnetic SrRa@l antiferromagnetic LaFeQs studied and
its structural, electronic, and magnetic properties are reported. With increasing 4,aReGsolid solution
forms a spin glass and undergoes, by Anderson localization, a gradual metal-insulator transition. Meanwhile,
the saturation magnetization initially increases with LafFe@ncentration, signaling the formation of large,
switchable local moments around3teln addition, a large negative magnetoresistance emerges as the satura-
tion magnetization decreases in the spin glass state. The solid solution is analogous to a Mn-doped, ferromag-
netic Pd alloy that contains induced local moments around Mn impurities, which themselves interact antifer-
romagnetically. However, itSr,_,La,)(Ru;_,Fg)O3 the spin polarization of mobile electronic carriers persists
even in Anderson localization and is the origin of the observed magnetoresistance. Similar magnetic and
magnetoresistive behavior is expected in otheic8tion-containing ruthenates and possibly other conducting
oxides.

DOI: 10.1103/PhysRevB.70.104409 PACS nuni®er75.30.Hx, 73.43.Qt, 75.50.Lk, 74.70.Pq

I. INTRODUCTION ducting electrons. A strong effect ofiXations on the mag-
netic property of CaRuQis also knowr. For example, a
Although there has been extensive research of magnetimall addition of Ti, Fe,Mn, and Ni changes CaRu@m a
impurities in metals over the last half century, similar studiesparamagnetic to a ferromagnetic ground state, presumably
in conducting oxides are few until recently. This is becausebecause of a strong coupling between tderBagnetic B-site
oxide magnets are technologically important due to theircations and the diconducting electrons.
electrical insulating attributes. Naturally, attention has been It is intuitively obvious that the strongest effect of mag-
mostly directed toward reducing conductivity in magneticnetic cation substitution on conduction electrons should be
oxides. In recent years, however, the research on coloss@lt in systems of the highest magnetic susceptibility. The
magnetoresistance has revealed an extremely rich variety @fieoretical basis of this argument was already provided in the
magnetic and conducting properties in complex oxides exelassical studies of giant localized moments, e.g., induced by
hibiting an intricate coupling between mixed valency, Jahn+e and Mn impurities, in Pd which is endowed with a large
Teller distortion, and electron correlation, which leads to in-susceptibility because of a very high electron density of
terrelated  structural, magnetic, and metal-insulatorstates at the Fermi levél(Eg). Among conducting oxides,
transitionst Up to the present time, though, such work is SrRuQ, and related compounds do have a hN(Eg), so
mostly limited to Mn-containing perovskites and relateti 3 muych so that they are either Stoner ferromagnets or on the
transition metal oxides. verge of becoming onlndeed, we have made the first ob-
Compared to 8 transition metal oxides, metallic conduc- servations that several Fe-containing mixed ruthenates
tivity is rather more common amongd4and & transition  (SrRuQ;, CaRu@ and SsRuQ,, forming substitutional solid
metal oxides, although except ruthenates they rarelgojutions with LaFeg) exhibit surprisingly large MR at low
exhibit magnetism by themselves. For disordered, pseud@emperatures, supporting a strong substitutional effect of
cubic ABO; perovskites, the studies of Battlet al. on  magnetic cations on conduction electr8ni agreement
mixed ~ 3/4d/5d  transition  metal B sites with the finding of Battleet al, spin glass forms in these
(Fe/Nb,Fe/Ru,Fe/Ta,Fe/lr,Co/Ru, Ni/Ru,Ni/Rh, CujRuU solid solutions. Yet a large MR occurs in the spin glass state,
found many spin glasses but thus far no evidence of a magvhich is itself unusual since most other large-MR oxides
netic effect on electrical conductidnin contrast, many possess long-range magnetic order insfekibhis MR is not
B-site ordered perovskites ofiand 41/5d transition metals  a grain-boundary phenomenon, since the MR measured in
do possess both conductivity and long-range magnetiepitaxial thin films was identical to that obtained in the bulk
order? Indeed, several such ordered perovskites, most promiceramics. Moreover, these ruthenates lack such features as
nently S(Fe;;Mo,,,)Os, have been recently reported to have mixed valency, Jahn-Teller distortion, and structural/
large  magnetoresistance(MR) at relatively high  magnetic/metal-insulator transitions that are common in
temperature$. Since the large MR observed is limited to manganates. So their MR cannot operate by the same mecha-
polycrystals and not seen in single crystals or epitaxial thimisms either(field-assisted metal /insulator transitipfhe
films, it is attributed to a grain boundary tunneling mecha-present study on $rlaRu;_,FeO; covering the composi-
nism, similar to the one operating between granular ferrotion range up tax=0.4 is undertaken to further understand
magnetic particlésbut different from that in manganates. the origin of the MR mechanism and, more generally, the
Nevertheless, these results provide evidence of a strong coeffect of 3 magnetic cation substitution on conducting ox-
pling between the @ magnetic cations and thed#5d con- ides. Polycrystalline samples were used which, according to
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TABLE |. Structure parameters for $ilLag sRuy #6303 at room temperature. Space gro&mma(No.
62). a=5.58235) A, b=7.84892) A, c=5.54405) A, V=242.9146) A3,

Atom Site X y z Uso(A?) n
Sr le 0.50275) 1/4 0.9944831) 0.00772) 0.7
La 4e 0.50275) 1/4 0.9944931) 0.00642) 0.3
Ru da 0 0 0 0.004¢4) 0.7
Fe & 0 0 0 0.00376) 0.3
o1 de 0.543@14) 1/4 0.495768) 0.015%8) 1
02 & 0.272316) 0.019911) 0.231620) 0.01518) 1

our previous work, should exhibit the intrinsic magnetic andPnma (No. 62 with the SrRuQ@ structure as the starting
MR behavior. model!! A random placement of Sr and La on the Sr site,
and Ru and Fe on the Ru site, at the nominal fraction of
(0.7:0.3, was assumed. Atomic positions and isotropic ther-
A. Materials mal factors of ions were refined using the GSAS software
Ceramic samples of composition;St.aRu;_FeOs (0 packagé’ with the peak shape function No. 3. The structure
<x<0.4) were prepared by the solution polymerization Parameter data are presented in Ta}ble [, and the fitted XRD
technique described elsewh&®.The method involved the data are shown in Fig. 1. The ref|2r1ement converged with
thermal decomposition of a polymeric gel made from mixingValues R,=2.26% andwR,=2.72%(x“=5.71). The refined
RuO,, nitrates of Sr,La, and Fe, and p@hylenglyco).  Structure(x=0.3) is orthorhombic and slightly differs from
After thermal decomposition, powders were pressed into petthat of SrRuQ. Specifically, the unit cell volume increases
lets and sintered at temperatures between 1200 and 1400 f@®m 242.26 & in SrRuQ, to 242.91 &, which is almost the
while packed in an excess amount of sacrificial powder osame as that of LaFe(242.88 &). Correspondingly, the
SrRuG,. The phase purity of the samples as well as theiraverageB-O-B bond angle increases from 163° in SrRU0
lattice parameters were studied by x-ray powder diffraction165.4°, despite the smaller value of LaRe@57°).12 Thus,
(XRD) using CuKa radiation, with Si powder added as an Vegard's rule is not obeyed even though we did verify a
internal standard. Crystal structure refinement was conductesbmplete range of solid solution between the two end mem-
for the powder sample witk=0.3 at the X-7A beam line bers and detected no evidence for cation ordering on either A
(wavelength=0.5998 Aat the National Synchrotron Light or B site. The XRD patterns of all the other samples also
Source(NSLS) at Brookhaven National Laboratory. Only showed only a single orthorhombic phase. Fitted room tem-
room temperature XRD data are reported here since no strugerature lattice parameters as well as volume of the unit cell
tural transition was found during cooling scans. The valencere listed in Table II.
state of Ru of all the samples was determined by x-ray ab-
sorption near edge structuf8ANES) on the Rul,,, edge in
the fluorescence mode at the X19B beam line at NSLS.
[Energy range=2820-2850 eV, selected by a1, Our compositional design called for #esubstitution of
monochromatol. Magnetization data were collected in a RU*" to be charge compensated by®t substitution of S¥'.
physical property measurement syst¢éRPMS (Quantum  This scheme was confirmed by ascertaining thé*Rtate in
Design using rectangular bars with an aspect ratio of at leas@ur samples using Rl -edge XANES spectra, shown in
2:1. The long axis was always along the direction of applied=ig. 2b). They are compared with the spectra in Figa)2
magnetic field since no magnetic anisotropy is expected for
sintered polycrystals. For resistivity measurements pellets ' ' ' ' '
were cut into bars of approximate dimensions 8 mm 4000 Sr,La Ru Fe, O, 1
X1 mmx 1 mm, and the measurements were performed in a S
four-point-probe configuration in PPMS. The field direction
was always perpendicular to the long axis of the bar since
our previous work indicated little crystallographic MR aniso-
tropy in the epitaxial thin film samplésThe MR was com- 1000 -
puted with reference to the zero-field resistance after the first
complete field cycle to remove the effect of anisotropy due to
the shape of the sample and possible irreversible changes.

Il. EXPERIMENTAL PROCEDURES

B. XANES

3000

2000

Counts

20 (deg)

. RESULTS
FIG. 1. Observed(crosy and calculated(solid line) x-ray
diffraction  profile from the Rietveld refinement of
The crystal structure refinement for tke 0.3 sample was  Sr, /Lag sRuy & 505. Tick marks indicate the positions of allowed
performed using the Rietveld method in the space groupBragg reflections. The difference plot is shown at the bottom.

A. X-ray diffraction
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TABLE II. Summary of structure and magnetic data, as well as temperature for metal/insulator transitiop,liaRcy _,FeOs.
Standard deviation of temperatufg) is estimated to be +1 K, taking into account instrumentation preci€ldhK), cooling /heating rate
(2°/min), and sampling interva{1-3 K) for data which were then smoothed by interpolatign, is the average moment, in Bohr
magneton, of each B-site cation, calculated frit(® T) at 10 K using the conversion factor of 5584.8 emu/molasl

X 0.0 0.1 0.2 0.23 0.25 0.27 0.3 0.4
a(d) 5.57384) 557485  557827)  5.57916)  5.579@5)  557974)  5.580%5)  5.58063)
b(A) 7.85245)  7.85497)  7.85537)  7.85297)  7.85586)  7.85384)  7.85218)  7.860214)
c(A) 5.53536)  5.53647)  5.53989)  5.54149)  5.54098)  5.54255)  5.54367)  5.5458%4)
V(A3) 242.2681)  242.4232) 242.74%2)  242.7812) 242.8422) 242.8831) 242.9262)  243.2781)
Te(K) 161 109 60.4 49.6 40.3 35

Ti(K) ~5 19 30 35 39.5 47.6
T(K) 61 312 222 267 288 274

Oew(K) 162.75) 128.84) 90.02) 83.94) 83.41) 74.43) 50.54) -0.7(5)
et g/ o)) 2.6083) 2.87Q5) 3.0092) 2.9872) 2.9251) 2.962) 3.0893) 2.951)

tsal e/ Mol) 1.38041)  1.67752)  1.311Qq1)  1.197G1)  1.04892)  0.96762)  0.54341)  0.28351)

(recorded in the same experimgmtf the following model C. Magnetic properties

compounds: RuQCaRuQ@, and SrRu@, all containing

Ru**; and SrY,;,Ru;,,03, an ordered double perovskite con-  The temperature dependence of molar dc magnetization is
taining R&*. In general, the R, -edge XANES has two shown in Fig. 3 using data collected during cooling to 5 K in
peaks which can be assigned fp-2t,; and p— e, transi-  the magnetic field specified. The low field data of Figa)3
tion, respectively* The two transitions in R occur at verified that SrRu@ has a ferromagnetic transitioiCurie
higher energies than in Rlbecause the dielectrons of —temperature,T¢, at 162.26 K,'> and that ferromagnetism
RW* have lower energy levels, also the energy separatioieakens in the solid solution. The data at larger fields,
between the two transitions is larger in Ribecause of a shown in Fig. 8b) for 1 T and in Fig. 8c) for 9 T, show an
stronger ligand field. These features of°Rare clearly ab- unusual crossover of the=0.1 andx=0 curves at low tem-

sent in all the Sr,lLa,Ru,_[FgO; samples. peratures. This is confirmed in Fig. 4 which displays the field
dependence of magnetizatioll(H), at 10 K, indicating a
_g sl ' @) - crossover field of about 1 T for the two compositions. Since
5 the nearest neighbdB site) Fe-Fe interaction is strongly
g ol /\ ] antiferromagnetiqNeel temperature of LaFe®740 K),'6
=t / SrY, Ru, 0| the extra magnetization in the=0.1 sample at large fields
-%_ 4J cannot be due to Fe-Fe clusters, even if they exist. Therefore,
5 L SrRuo, it must come from the alignment of the local moment of‘Fe
8 2”//\@‘& under a high field. The “saturation” magnetizatiov,
£ ,‘/ \_f“,"l taken fromM at 9 T at 10 K is plotted as a function &fin
S o ' ‘ 1 the inset of Fig. 4. A peak at=0.1 and a rapid decrease at
2830 2840 2850 x=0.3 are evident.
Energy (eV) Figure 5 displays the temperature dependence of the real
, , , part of ac susceptibilityy,. for all the compositions. With
10+ {(b) - increasingx, the peak ofy,. occurs at lower temperature,

N ] which is similar to the behavior observed in Fig. 3. Note that
T % the curves forx=0.3 and 0.4 are shown at ten times the
, 1 actual values since the magnitude gf has drastically de-

creased fronx=0.27 to 0.3. Moreover, the shape of thg,
peaks atx=0.3 and 0.4 is cusp-like, which is different from
that at lowerx. Such a cusp shape has been associated with
spin glass in the literature” which is reasonable given the
. . s competition between Ru-R@erromagnetiz and Fe-Fgan-

2830 2840 2850 tiferromagneti¢ interactions, as well as the partitioning ef-

Energy (eV) fect of Fe on the Ru-Ru network.

FIG. 2. Room temperature XANES spectra of ruthenate com- Other signatures of spin glass were also observed for
pounds:(a) spectra of model compounds: Ru@aRuQ,SrRuQ,  these compositions. Figure 6 depicts the dc susceptibility
and Sr¥,,Ruy .03, (b) spectra of Sr,La,Ru;_FeOs samples with ~ curves of thex=0.3 sample obtained under ti8.01 T)
different compositiorx. Lines indicate positions of two transitions field-cooled(FC) and zero-field-cooledZFC) conditions. A
in the R state. hysteresis is evident below the cusp temperature, which can

— < ‘-\.“:""" S
oL X200 e CaRuO,

Norm. absorption (arb. units)
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0ok . :

0 75 150 225 300 ~o 50 100 150 200
Temperature (K) Temperature (K)

6000 FIG. 5. Temperature dependence of real part of ac susceptibility

5000 of Sr_La,Ru;_,Fe O3 samples with different composition

4000 that thex=0.3 sample is a spin glass. The same holds for the
x=0.4 sample.

For a normal ferromagnet the peak height of the ac sus-
ceptibility increases with decreasini. Such a trend was
observed for 8<x<0.2. Beyondx=0.2, however, we find
the peak height in Fig. 5 decreases with indicating a
0 75 150 25 300 change in the magnetic behavior. This change was further

Temperature (K) investigated under different cooling and heating conditions.
Figure (a) shows the magnetization curves obtained in the
] () | sequence ofi) strong field(1 T) cooled (SFO, (ii) zero-
field-heated(ZFH), and (iii) weak field (0.01 T) cooled
(WFC), for thex=0.25 sample[The data of step@) and(iii )
are from Fig. 3] Also shown for reference are the dataygf
during ZFH. It is clear that the SFC and WFC data are very
different. This is already evident in Fig. 3 where the satura-
tion magnetization at low temperature varies by a factor of 5
between SFQ1 T) and WFC (0.01 T) for x=0.25, com-

5 25 150 2% 300 pared to a factor of 2 fax=0. There is also a large difference

Temperature (K) in the magnetization between the SFC and ZFH cycle, which

indicates that the large magnetization poled by the strong

FIG. 3. Molar dc magnetization as a function of temperature forfield cannot be retained at zero field in the ZFH cycle. From
Sn_,LaRu,_,Fe O3 samples with different composition cooling  the ZFH curve, we further see that the sample loses most of
in (a) 0.01,(b) 1, and(c) 9 T. its remnant magnetization at a temperature well belQw

taken to be the peak temperature jdg. This is unlike the
be associated with the freezing temperatlte Hysteresis is WFC case in which the largest magnetization change occurs
also manifest in Fig. 6 in the frequency dependence of thever a temperature range aroufig In comparison, in fer-
peak ac susceptibility, whose position shifts toward higheromagnetic SrRug@ there is an abrupt change in magnetiza-
temperature at higher frequency indicating that freezing igion occurring afT in all the curvegSFC, WFC, and ZFMH
frequency dependent. These observations strongly suggesfiown in Fig. Tb).
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>
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~N

2000

Sr, La, Ru, Fe, O

T T 0.7 703 0.3~3
9000 |- 0.1 4 0.14
0.2
6000 - 85 o
° 0.27 = -
g 2 3
g or 931 £ loao
3 04 3 5
£
€ (1} 5 3
@ = 008 £
o 8 7 i\ 3
°  -3000 g = i —=—10Hz Ry o
= 0.02| ——100Hz W 008 =
—&—1kHz
-6000 e | —A— 10 kHz
? 0.04
0001020304 0.01 L s L L
9000 |- ] ) ) X 16 30 45 60
-9 6 -3 0 3 (] 9 Temperature (K)

Field (T
@ FIG. 6. Magnetic susceptibility of §rlLag sRuy e ;03 sample
FIG. 4. Field dependence of dc magnetization at 10 K foras a function of temperature showing spin-glass-like behavior, in-
SrLa,Ru;,FeO; samples with different composition These  cluding deviation in the FC0.01 T) and ZFC dc magnetic suscep-
curves were obtained using samples cooled to 10 K without a filedtibility below T; and frequency dependence of ac susceptibility be-
Inset: magnetization at 9 T as a function of composition. low T.
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3000 [ Sr. LaRu, Fe O
¢ 1-x X -x “x 3

2500 — 150 1
3 X
g 2000 ;' ;‘
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2 E ©
E%1000- . g 2
500 = g 50l : 4
-
o_
SG
0 1 1 1
00 01 02 03 04 05
ore x=00 o8 Composition (x)
6000 - -
-

5000 |- RS {os FIG. 8. Tentative magnetic phase diagram of
Emo_ZFH _0_4;- SnrLa,Ruy,FeO; determined using ac/dc magnetization data.
3 WEC Tos ‘g FM=ferromagnetic, PM=paramagnetic, CG=cluster glass,
§ ¥ - SG= spin glass.

E,gzooo 102 g
1000} Joa ™ shown) These features were found for samples fren0.2
ok 00 to 0.25 but not forx=0.27 and higher. The phase boundary

0 50 100 180 200

Temperature (K) for the reentrant transition in Fig. 8 was drawn accordingly.

Magnetic behavior af > T was analyzed and it followed
FIG. 7. Molar dc magnetization recorded following a the Curie-Weiss law. The parametefig,, and u, extracted
SFQ1 T)/ZFH/WFC0.01 T) measuring sequence. Real part of ac from the fits of the FCL T) magnetization data are listed in
susceptibility  during ZFH is also  shown. (@) Table Il. The Curie-Weiss temperature continuously de-
Siy 7489 2R Uy 756 2205 and (b) SrRuQ;. creases withx, consistent with the weak-field magnetization
data earlier. The effective magnetic moment, on the other
Similar ferromagnetic behavior as=0 was also seen in hand, shows only a small increase. However, it is larger than
x=0.1 and 0.2 compositions, whereas similar behaviox as the “saturation momentjs, calculated fromM(9 T), by a
=0.25 was found irx=0.23 and 0.27 compositions. Thus, a factor of 1.9 atx=0 and 5.7 atx=0.3. (Theoretically, this
clear distinction can be made between the ferromagnetic béatio, [(S+1)/S]*2 should be 1.4 forS=1) The Rhodes-
havior of the samples witkx up to 0.2, and those witk  Wohlfarth ratio deduced fromes and ug, in the ferromag-
=0.23,0.25, and 0.27. The behavior of the latter group iietic compositions varies from 1.3 for=0 to 1.7 forx
typical for cluster glasses, according to the literafidrén ~ =0.2, indicating a mixed nature of itinerancy and localization
such materials, ferromagnetic interactions within each clustefor the magnetic moment$.
are responsible for the WFC magnetization and the large ac
susceptibility response at the appardgt (taken to be the X =0.2—
peaky . temperature, which is proportional to the strength of o] T, (@) 1
ferromagnetic interactions within each clustévleanwhile,
coupling between clusters, which is too weak to sustain a
large remnant magnetization at zero figlde ZFH curve in
Fig. 7(@)], is responsible for the SFC magnetization when the
magnetic alignment between clusters is aided by an external
field. 0.00 -
The earlier observations allow us to construct a tentative o 15 30 45 e 75
phase diagram for $rl a,Ry,_,Fe O3 in Fig. 8, showing the Temperature (K)
approximate phase boundaries of ferromagngiid), clus-
ter glass(CG), and spin glas§SG) state as the material is
cooled from the paramagnetiPM) state. Forx from 0.2 to
0.25, we also found evidence for a reentrant transition from
cluster glass to spin glass at a lowlgr This CG/SG transi-
tion is manifested in several ways, for example, by a low
temperature peak iy,(T), shown in Fig. 9a). Even asT¢
for the PM/CG transition and; for the CG/SG transition
draw nearer and the latter transition is smeared by the of . . . .
former, the evidence for the CG/SG transition can still be T e erature Ky
. . . . perature {(K)
seen in a shoulder in eithat,(T) [Fig. Ab)] or x42{T) (not
shown) Meanwhile, theT; for the CG/SG transition is also FIG. 9. Determination off;, marked by arrows, in cluster glass
responsible for a shoulder or a weak maximum in dc magfrom a combination of ac/dc magnetization measuremegas.
netization, as foM(T) in ZFH [Fig. 9b)] or in WFC (not  Sipglag ;Rug gFey 203, and(b) Srp 7180 29RUy 7€y 203
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Temperature (K) 9F - - T

0 75 150 225 300 -
10°
X T v T T T T T T 6L

Resistivity (ohm cm)

% x=04 :
b ! 1

02 03 04 05 06 07
-1/4 -1/4
T7(K™)

x=0.1

EX = 0.0

10

100 FIG. 11. Log of conductivity(o) as a function ofT~*# for
Temperature (K) Sr,_LaRu;_,Fe05 samples with different composition

FIG. 10. Temperature dependence of resistivity forfield and 9 T, both collected during cooling. The negative
SrLa,Ru,_,Fe O3 samples vyith Qiﬁerent composition The data MR, defined adpg-py)/po, is shown in Fig. 12 for several
of x=0 and 0.1 are plotted in different scale on the top to makesgmples at 9 T(Other compositions were omitted for clar-

obvious the kink afl and the resistivity minimum &f". ity.) Unlike SrRuQ, which has a small MR that peaks at
T, 20 our samples showed monotonically increasing negative
D. Electrical resistivity MR with decreasing temperature, except for the0.1

The resistivityp(T) of metallic SrRuQ displays a kink at sample that is strongly ferromagnetic. We have determined
he field dependence of MR for all the compositions at 10

T because of a change in the magnetic scattering of corl: .
dﬁcting electrons. On gour data, sh%wn in Fig. 10? this isand 30K gnd found .that. the largest negative MR occurs at
marked by an arrow at 160 K. Substitution with LaReO XZO'.S' ]:_Aslo:llcljjstratzd n F'%‘ 1?’ tEe ';]/'R at 1?kK ?as asym-
eventually led to an apparent metal-semiconductor transitioH“EtrIIC 1€ _e[tae(;l e_tnhce t _atbac Sdt etcusp Il'e Ie;ﬁtqure com-
at the temperatur@”, empirically defined as the minimum mo_lr_lhy assomat_e 2’.\" 3ram doun ar); '\ljlr;ane Ing : ¢
resistivity temperature on the curve, with metallicity prevail- € magnetization dependence o proves most re-

ing atT>T". (See the upper panel of Fig. 10 for an exampleyea"”g' At a constant temperature, say 10 K, this can be

in the x=0.1 sample.In agreement with the magnetic data, inspected by crpssplotting thist (H) data_ Of_ Fig. 4 and
Tc decreases withy, but T roughly increases witk. These ~MR(H) data of Fig. 13. The result shown in Fig. 14 suggests
features are absent in some curves. For example, no kirfk roughly linear relationship between MR aMf. Indeed,

appears when the magnetic transition occurs on the semicoff2 X=0.27 and abovein the spin-glass stafevhere there is
ductor side, as ix=0.2 for which Te<T =220 K. Forx no remnant magnetization at all, the plots are essentially lin-

=0.4 no metallic behavior was observed up to at least 350 K&aI- The average slope, MR/.(MQ_T)Z’ shown in the inset of
These data are also summarized in Table II. Fig. 14 for 10 and 30 K, rapidly increases with composition

The semiconducting data at low temperatures range ag" x> 0.27. This suggests that the ferromagnetic magnetiza-
pear to follow the variable range hopping mo#&in Fig. 11

-

we plot log o) (a=p™) vs TY4 The linear dependence for the 40pe=03 T

x=0.3 and 0.4 sample is in accord with the model prediction x=0- £
p(T)=poexp(Ty/ T)¥4. The typical hopping length, predicted 30r z

to ber=a(T,/T)Y* with a being the effective Bohr radius of 3 x=0.2)\ &

an electron localized around its trapped site, was calculated ;; 20r g L 100
from these data. The average hopping range at 10 K and zero = 0l Tepperature (19
field were about & for x=0.3 and 2& for x=0.4, and =01 |
slightly shorter at high field. ol

0 50 100 150 200
E. Magnetoresistance Temperature (K)
Upon the application of a magnetic field the sample resis- FiG. 12. Temperature dependence of 9T MR for
tivity generally decreased, giving rise to a large negative MRy, _ | a Ru,_Fe,0; samples with different compositior. Inset:

in some compositions. An example is illustrated in the insetemperature dependence of resistivity for #30.3 sample in zero
of Fig. 12 using the resistivity of the=0.3 sample at zero field and 9 T.
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FIG. 13. Field dependence of MR at 10K for FIG. 15. MR vs dcM? at a constant field9 T) for data col-
SnLa,Ru,_,Fe0O5 samples with different composition The data  lected at different temperatures, for,Sta,Ru,_,FeO; samples
of x=0.3 and 0.4 have been shifted downward by 15% for clarity.with different compositionx. Temperature, which decreases with
The resistance was recorded during a field sweep from 0 to +9 tincreasingM?, is an implicit parameter for these curves. Where
-9 T and back to 0 T. These sweeps found little hysteresis indicatapplicable, open circle indicatdd? value atT, and arrow indi-
ing very little shape anisotropy in ferromagnetic samples. HowevercatesM? value atT;.
in ZFC spin-glass samples beldlly some irreversible changes oc-
curred during the first field sweep. moments in this compound, judging from the Curie-Weiss

behavior of magnetic susceptibility above the Curie tempera-

tion, present in the low samples, is not responsible for the ture. This dual character af electrons is commonly recon-
MR. The MR-MZ2 relation can also be inspected by Crossp|ot-C|Ied in the framework of spin-fluctuation theory of Moriya
ting M(T) data of Fig. 3 and the M) data of Fig. 12, with that simultaneously allows spin/charge itinerancy and local-
the field fixed at, say, 9 T. This is shown in Fig. 15 in which iZation in both the real and thespace'® For SrRuQ and the

all the curves except on&x=0.1) exhibit a characteristic ferromagnetic solid solutions studied h¢up tox=0.2), the

shape plunging toward an asymptolitvalue, which corre- Rhodes-Wohlfarth ratio is from 1.3 to 1.7, which is an inter-
sponds to the saturation magnetization at O,K. In this regimemediate value consistent with the earlier interpretation. The
while magnetization is nearly saturated, MR continues tootoner ferromagnetism in SrRy@s attributed to the high
rapidly increase with decreasing temperature. These curvé¥(Er) as a consequence of the narrétd) band width and
also show no special feature at eitferindicated by arrow ~ the presence of a van Hove singulafit§o, A- or B-site
or T (circle). The exception ok=0.1 is again due to its substitution tends to weaken the ferromagnetism by shifting
strongly ferromagnetic character, as evident from the peaﬁ'therN(EF) or the van Hove singularit§f) lowering Tc and

MR that concides wittM(Tc) as indicated by the marker. ~ fcw.”*"?Meanwhile, since SrRuQis a “bad metal*® the
screening length is likely to be long and the Coulomb inter-

actions, including electron correlation, are not fully screened

IV. DISCUSSION over oneB-0O-B distance. In the subsitutional solid solutions,
o _ further electron localization in the Anderson sense also oc-
A. Energy levels and magnetic interactions ofi electrons curs because of the charge and size disorder at the substituted

Ferromagnetism of SrRughas been attributed to itiner- Sites. The earlier picture suggests that we may consider pair-
ant d electrons and explained in terms of the StonerViS€ cation-cation magnetic interactiondyr, Jrere and

criterion® However, there is also clear evidence for localJrerut0 Understand the magnetism in the solid solutions. Ob-
viously, JryryiS ferromagnetic and positive but its magnitude

—————— decreases with substitution. Meanwhillre is antiferro-

O ety x = 0.1 1 magnetic and strongly negative in view of the Fe-O-Fe su-
] perexchange interaction for the high-spin 3Fe(3d°)

oK cations!'® The competinglg g, and Jeere interactions there-

1 fore lead to a spin glass state in tf#) site Ru-Fe solid
solutions!’ The more interesting question is whetldegg, is
ferromagnetic or antiferromagnetic. In the following, we will
ez 03 x| argue that it is ferromagnetic and it lead to the formation of
o, Comeemment) | ferromagnetic Rtf clusters around Fé, and, eventually, to
0.0 2.0 4.0 6.0 30 100 12.0x10 .

M? (emumoly’ a large negative MR. .
The ferromagnetidg.g, arises because of electron reso-
FIG. 14. MR vs ddVi2 at a constant temperatuf®0 K) for data  hance between Béand Rd*. This motivates the net spin of
collected at different fields, for SrlaRu,_FeOs samples with ~RU** electrons(low-spin S=1) to align with that of Fé&"
different compositiorx. Field, which increases with increasing?, ~ (high-spinS=5/2), i.e., they adopt the R tyy13t,4/* and
is an implicit parameter for these curves. Dashed lines on the curvdse®* ty 13,1t ° configurations, with the resonance elec-
are linear fit to data. Inset: compositional dependence of ratio ofron being the,| type. A direct verification of the ferromag-
MRg /M3 ; at 10 and 30 K. netic coupling between Rtiand Fé* would have been pos-

MR (%)

30K |

-50
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Ru t5 for RU**, which is consistent with our assumption in con-
02 Ru gy stru_ctin_g Fig. 16 and the previous spgctroscopic_&“a(a)m-
/?Fe tyg paring (i) and iii ), we see that there is no shift in the tran-
78 N ONGR sition energies, but the low energy transition is stronger in
L: ' l",;h : ‘: i m (iii) indicating more empty states in Ry, possibly because
— \ P — of an ele_ctron transfer to Be This |_s_con5|_stent with our
1eV Fe e, picture since the resonance we envisioned is a real transition

and not a virtual transitionSimilar observations have been

FIG. 16. Schematic energy diagram for the electron levels inreported in SrFg,M0,,,03, in which the Fe band is strongly
SrLaRu;FgOs. In constructing the diagram, we used data in hybridized with the Mo band. The electronic density shifts
Ref. 24 to define the Zaanen-Sawatzky-Allen energiesfrom Mo°* to F€" in this ordered compound, thus creating,
(A,U,10D0).% In units of electron-volts, they ar€8,1.7,3 for  in some experiments, evidence for the intermediate Fe va-
Ru** and(2.6,7,1.3 for F€*. We also let band widthV be 1 eV |ence states, between 2+ and 2y Comparing(i) and (ii),
for all the tog andey bands. we see that both transition energies and their separation

(10Dq) are higher in(ii), which is expected from the higher

sible if thex=0.5 compound were B-site ordered. However,valence state of 5+. The weight of the low energy transition
due to the relatively small mismatch between the size ands also higher in(ii) reflecting one fewer electron in Ry,
charge of Ré™ and Fé", this compound is disordered and In short, the general consistency between the XANES spec-
forms a spin glass instead. On the other hand, the analogoti& and Fig. 16 lends credence to our picture of energy levels,
Sr(Moy-Fe )O3 compound with an electronic structure of electron resonance, and ferromagnetic coupling between
Mo tog* and FE* tyy13e,1%,4/° is ordered Here, a simi-  Ru** and Fé*.
lar resonance dff,y| elecron between Mo and Fé* should
compel the net spins of Beand M@* to become antiparal-
lel, which is the case since the compound is ferrimagnetic.
Therefore, this resonance mechanism betwedraBd 4l To recast the discussion of Fe-Ru interaction in terms of
electron orbitals seems viable and, around eadh, ideads  delocalized electrons, we note that thé'Fgy13e,1% band is
to a ferromagnetic shell of Rtiwith its net spin aligned with  full and well separate from the conductiéRu** t,;) band,
that of F&*. thus Fé* is a localized magnetic “impurity” with empty

To justify electron resonance, the energy levels of theltygl) states that happen to be near the Fermi surface of the
Ru*(tyl 1) band and the Fé(ty,|°) band need to be close. (Rutyy) conduction electrons. As a result, it can form virtual
This is obviously the case of thg, electrons of M6" and  bound states with conducting electrons. The situation is simi-
Fe**, since StMo,,Fe; )05 is metallic having nearly com- lar to that of 31 magnetic impurities in d metals, e.g., Fe
pletely spin-polarized electrons; i.e., it is “half-metallic*  dissolved in Pd, which induces giant magnetic moments,
The situation of Sr,La,Ru;_Fe,05 is less obvious because even ferromagnetisi#f:?® Magnetism in both cases involves
of the random placement of A- and B-site cations. To gaironly d electrons for which the theory of Wolff, Clogston, and
some insight, we will assume that the relative energy level§o-workers is applicab&:3! Following this theory, we ex-
of thed electrons of the B-site cation, measured from the togPect the scattering cross section of the conductiBn)d
of the oxygen P manifold, are invariant when the cation electrons by théFe**) magnetic impurity potential to expe-
environment changes from the “purdSrRuG/LaFeG,) rience a maximum nedtg, due to a resonance at the empty
state to the solid solutiofSr,_LaRu,_[FeO;) state. This impurity (Fe** t,y]) state. Since only the down-spin conduc-
assumption allows us to construct the schematic energy didion electrons near thg: can benefit from the resonance, the
gram in Fig. 16 for thed electrons of Rt and Fé* in corresponding Wannier functions located at the nearby sites
Sr_LaRuy_FgO; using their respective energy levels in will also favor the down-spin type. Therefore, the nonpartici-
SrRuQ; and LaFe@, which are known from first-principles pating filled band of Ru,y will be of the up-spin type at
calculations and spectroscofiylt is then clear that the these locations, and will be largely responsible for thet
(empty Fet,y levels are located close to tlipartially oc-  up) moment for Ru which is in alignment with the loq@ip)
cupied Ru t,y levels. Therefore, electron resonance is plau-moment of F&". As further shown by Clogstoet al, the
sible in Si_,La,Ru,_FeO5; and may give rise to a positive induced magnetic polarization of the surrounding conducting
Jreru?® electrons in the host metal is proportionalN¢E;), which is

This energy diagram is supported by the XANES spectravery high in Pd®? SrRuQ, and CaRu@ This again justifies
which probe the unoccupied part of the electronic density othe positiveJger,
states. The process is fast enough that only the local environ- For CaRuQ, which is paramagnetic, we have already re-
ment, RuQ octahedron, is most relevant. The XANES peaksported induced ferromagnetism due to Lagebstitution?
in Fig. 2 assigned to O2—Rut,; and O p—Ruey tran-  For ferromagnetic SrRuf evidence for induced magnetic
sitions thus reflect the energies and the numbers of the emptyoments is manifest in the crossover of the magnetization
Ru states* Compare the spectra ¢f) Ru**, as in CaRu@, curves in Figs. &) and 4, giving the maximum in the satu-
(i) RUP*, as in SrY,,Ru, ;05 and(iii) Ru** in the presence ration magnetization ax=0.1. Since the crossover field is
of neighboring F&, as in Sy_,La,Ru,_,Fg 03, we find 1Dq proportional to the crossover temperat(ite5 T at 10 K in
(the energy difference between the two pgagksbout 3 eV  Fig. 4, 9 T at 100 K in Fig. &)], the crossover is indicative

B. Substitution-induced magnetic moment
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of the field-induced rotation of certain magnetic momentsproposed that an atomic spin valve mechanism, involving a
On the other hand, the moment of*F&=5/2) itself is too  bridging Fé* electron state between two fRuelectron
small to rotate with a field of the earlier magnitude at thesestates, can explain how the Fe moment regulates the conduc-
temperatures, in view of the large magnetic anisotropy eneition of Ru electrons. This mechanism is further developed
gies typically associated with Fein oxides. Therefore, the later in view of our current understanding of the polarization
rotation strongly implies a much larger effective momentand localization behavior in gglaRu;_Fg0s.

which we believe is induced by the ¥epolarization of the In the regime where strong MR is seen, the resistivity is
neighboring electrons. several orders of magnitude above that of SrRuthere-

In paramagnetic Pd, the range of Fe-induced ferromagfore, very few mobile carriers are available in these compo-
netic alignment extends to more than 1 nm from the impussitions. Yet their concentration or transport mechanism must
rity, according to neutron scattering data and electronic strudse highly sensitive to the overall magnetization since MR
ture calculations® In Sr,_La,Ru,_[Fe,O; we can indirectly linearly rises withM?. Meanwhile, since Anderson localiza-
estimate the range by noting the maximum magnetizatiotion occurs at F& and L&* substitution sites, forming local-
occurs ax=0.1. Comparing this composition with the prob- ized states outside the energy bands of SrRwdly those
ability of finding a nearest B-site neighb6k/6) and a next carriers that occupy states at energies lying beyond the mo-
nearest neighbof1/12), we conclude that the polarization bility edge are mobile. We now argue that these mobile car-
cloud probably does not extend beyond the nearest Fe-Rigrs, whose concentratiofi.e., conductivity must rapidly
pairs(0.4 nm. At higher Fe concentrations, the impingementdecrease witlx as the localized states proliferates, are highly
of the polarization clouds overlaps, so the effective momengpin polarized. This is because, as the electron states near
decreases. In addition, there is an increasing chance to forfr€" are magnetically polarized, they are split into majority
Fe-Fe nearest neighbofsn the B sublattice which interact  “Pands” and minority bands just like in a ferromagnet.
antiferromagnetically and cannot be aligned by the field, sd herefore, since there are more occupied states in the major-
the effective moment also decreases. The probability of findity bands than in the minority bands, there are also more
ing Fe-Fe nearest neighbors at any B S|tex%|6 the case of mobile electrons in the ma.jority band than in the minority
random B-site substitution, or 6% a&t0.1 and 24% ax  band, given the same relative energy level of the mobility
=0.2, increasing rapidly witk. Therefore, it is not surprising €dge in these bands. As a result, the mobile carrier popula-
that the maximum magnetization is reached at a relativeljyion in any “ferromagnetic” cluster, while very sparse, is al-
small x given the strongly negativé-.ro ways highly spin polarized just like in a metallic ferromag-

In this respect, a comparison with (®&th,Fe) alloy is net. Electron conductivity, therefore, depends on the
instructive. Like Fe,Mn also induces giant moments ir?Pd. Ccorrelation of the majority spin whose orientation varies
However, unlike Fe, short-range Mn-Mn interaction in Pd isfrom one Fe-centered ferromagnetic cluster to another. This
antiferromagnetic whereas Fe-Fe interaction in Pd is ferrocorrelation depends on the overall magnetization, hence, the
magnetic. Thus, as the amount of Mn in Pd increases, th¥R. . _ _ _
effective moment induced by Mn eventually decrea@éézor We now consider the simplest model with only two ori-

a Pd-0.35%Fe host alloy, which is ferromagnetic because dtntations, up.and down, for the spin. The prob_ablllty of find-
Fe doping, the addition of Mn actually causes the alloy toi"d @ cluster in the up state (3 +m)/2, wheremis M/Ms,
undergo a transition from ferromagnetic to spin glass, with &nd likewise for the down state (4 -m)/2. Next, the prob-
reentrant ferromagnetic-to-spin glass transition occurring agbility for spin alignment in two neighboring clusters, either
an intermediate compositidi. Obviously, this behavior is both up or both down, i§(1+m)+(1-m)?]/4. Therefore,
similar to the phase diagraffig. 8 of Sr;_La,Ru,_,FeOs. the resistivity, which inversely scales with this probability, is
The amount of Mn requiregabout 6% to render the Pd proportional to 2(1+nm?). This implies a negative MR of
alloy a spin glass, however, is much lower than that of'Fe m?/(1+m?). This prediction is consistent with our observa-
(about 27% for the ruthenate. This can be accounted for bytion of the strongVi? dependence. Importantly, since it pre-
(i) the larger number12) of nearest neighbors ifface- dicts that the slope in Fig. 13 should inversely scale with
centered-cubicPd compared to thad) of B sites in perov- MgaP whereasMg,; rapidly decreases whex>0.27, it ex-
skite, and(ii) antiferromagnetic Mn-Mn interaction extends plains why a larger MR is obtained at a highewhen com-

to the(6) next nearest neighbors in Pd but antiferromagnetiqared at the same magnetization.

Fe**-Fe** interaction extends only to the nearest neighbors. The earlier simple prediction is only valid at smailand
when the placement of magnetic substitutional cations is ran-
dom. At higherm, conductivity percolation needs to be con-
sidered, which would lead to a more rapid decrease in resis-

The large negative MR observed in,Sta,Ru,_,FeO5 tivity. (Otherwise the maximum MR is 50% according to the
cannot be associated with Lorentz force or ferromagneti@arlier prediction. This, however, will be countered by the
transition?® MR due to Lorentz force should be positive, antiferromagnetic coupling between 3fFecations, since
which contradicts our observation. MR due to ferromagneticaround a Fé-Fe| pair the polarization cloud is poorly de-
transition should peak &f., which is not the case here ex- veloped. On the other hand, if the magnetic substitutional
cept forx=0 and 0.1 when the MR is relatively small. Be- cations are orderly placed between every two Ru, it is con-
sides, SrRu@and CaRu@ have comparable metallic resis- ceivable that the compound may experience a field-induced
tivity but only SrRuQ is ferromagnetic. Previously, we have transition from a completely insulating, antiferromagnétic

C. Magnetoresistance
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ferrimagnetig state to a conducting ferromagnetic state, giv-MR. These latter requiremen( ) and(iv) are obvious since
ing a MR of 100%. Although most antiferromagnetic oxidesthe MR was not observed in metallic @, Mn) and strong
probably are not switchable because of the very high switchferromagnetism would cause a spontaneous long-range clus-
ing field required, a relatively large MRB%) has been re- ter alignment into ferromagnetic domains, obviating the need
cently reported in antiferromagnetic SpyRu;,03at 10 T at  for field alignment. For oxides, these requirements can be
17 K36 satisfied by forming a solid solution between a Stofseich
as SrRu@) or nearly Stonefsuch as CaRugand SsRuQy)
V. CONCLUDING REMARKS ferromaggne?t7 and an antiferromagnetic insulatgsuch as
i LaFeQ).

In this study, we have shown that the structure and va- Fir%lly, we reiterate that the mechanisms of magnetism,
lence states of $r,La,Ru,_FeO; are quite normal, without = conduction, and MR in these ruthernates are entirely distinct
any transition or mixed valence throughout the compositionfgm those in manganates, for which mixed valence and
range studied. The magnetic phase diagram is also prototyRunn-Teller distortion are essential. This is made obvious by
tical for a binary substitutional solid solution of ferromag- noting some fundamentally different characteristics of the
netic and antiferromagnetic end members. The solid solutiofyq systems. For example, the pressure dependerite isf
undergoes a gradual metal /insulator transition due to A”derpositive for manganates because the increased bandwidth fa-
son localization, v_vhich is again expected bepause one enghrs charge delocalization and double exchafigeut the
member(LaFeQ) is a Mott insulator. The main effects of opposite holds in SrRuPbecause the increased bandwidth
magnetic Fe substitution ace) the polarization of neighbor- decreases\(Ey), adding to the kinetic energy penalty for
ing conducting electrons, giving rise to a large effective moang polarizatiod? Nevertheless, the fundamental exchange
ment around Fe, which enables a relatively modest field tonechanism of electron resonance between an occupied state
align these substitutional cations at relatively high temperazng an empty state, at two neighboring cation sites, applies
tures, andb) a robust negative MR in the insulating, spin- 5 hoth R4*/Fe* in Sr,_LaRu_Fe O and Mr#*/Mn** in
frustrated states when host ferromagnetism already fad?ﬁanganates. Therefore, a hybrid mechanism is entirely pos-

away. The first effect can be explained by drawing an analsjple when both Ru and Mn coexist in the same system.
ogy with the case of Féand Mn impurities in Pd, noting

that the very highN(Eg) of the host and the unoccupied
electron states of the magnetic impurity at energies Bgar
provide intense virtual bound states and induce a strong mag- This work was supported by the National Science Foun-
netic polarization of the conducting electrons. The secondlation, Grant No. DMR 03-03458 and DMR00-79909. The
effect can be explained by noting that the population of mo-authors gratefully thank R. Fisch for many stimulating dis-
bile carriers is strongly spin polarized even under Andersortussions. They also want to thank W. Dmowski, T. Egami, S.
localization, provided the localization occurs around polarizKhalid, and W. Caliebe for help with the experiment at
ing magnetic substitutional cations. In addition to the re-X19A, at the National Synchrotron Light Source,
quirements of(i) energy alignment between the magnetic Brookhaven National Laboratory, which is supported by the
substitutional cation and the host conduction band,@né  U.S. Department of Energy, Division of Materials Sciences
high N(Eg) of the host, soméiii) electron localization, and and Division of Chemical Sciences, under Contract No. DE-
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