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The ®°*Ru Méssbauer effect has been measured in the off-stoichiometric Sréripounds that have been
synthesized with lowered for compositions SrRu, O3 (0.0<v=<0.12. The T¢ of the compounds range
from 162 K (pure SrRu@) to 45 K (SrRu, gd03). The isomer shifts of these compounds measured above the
T for each compound reveal a small change in ion state of Ruthenium from 4+ toward 5+Tastbereases.
However, the hyperfine magnetic fields remain at approximately 33 T at 4.2 K in depiigssethpounds and
the absence of quadrupolar features in the spectra indicates that theBa@edra remain undistorted in these
samples. The rapid decreaseTg@with the change in the charge distribution at the Ru site suggests that carrier
concentration has a much stronger influenceTgnthan the rotation of the RufQoctahedra seen in the
Sr,CaRu0O; system.
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INTRODUCTION magnetic phases, anomalous metallic beha¥icand for

It has been known for many years that almost cubicome also superconductivity. The properties of the cuprates

. . - 1 are thought to be driven by strong electronic correlations due
SrRuQy 1S a ferromagnet with ac=163 K-~ [t has areported in part to narrow 8 bands. By contrast, widerddbands
magnetic moment of between @.8and 1.6.5 depending on

. . associated with ruthenium might tend to reduce correlations.
the study which is less than predicted by 8vl state of the  j5\ever, the properties of the ruthenate oxides have also

ruthenium (Ru) ion'.? The ferromagnetism(FM) has been  peen analyzed in terms of correlation effects. Agthalll
shown to be sensitive to the orthorhombic distortion of themeasured the optical conductivity of & _RuO; films
perovskite structure which arises from rotations of B@®-  and analyzed their data in terms of a metallic Mott-Hubbard
tahedra. This has been demonstrated by studying theystem. Correlation effects have also been seen in photo-
Sr«CaRuO; system in which Sr is replaced with isoelec- emission and inverse photoemission measureniénts.
tronic Ca and cause$c to uniformly decrease to zero at Anomalous metallic behavior has been identified in optical
x=13 In comparison the compounds,@¥aysLay5);,RUO;  conductivity in SrRu@.!® There is also a low-frequency
(Ref. 4 exhibit local charge disorder which affects the Rupeak at 35 meV abov&: and non-Drude frequency depen-
environment and leads to even faster suppression of the Filenceo(w) = w %2 instead of the quadratic dependence ex-
state than in Sr,CaRuO,;. The electronic structure of pected of a Fermi liquid. Schroeter and Donicidentify
SrRuQ, was calculated by Sin§husing the linear augmented this peak with pseudogap behavior similar to that in the cu-
plane wave(LAPW) method. He found a piling up of the prates and recently have proposed that this is due to fluctua-
density of states near the Fermi level which points to aions associated with an orbital antiferromagnetic phase
Stoner mechanism for the ferromagnetic transition. More rewhich is cut off by the ferromagnetic transition. SrRu®
cently, Mazin and Singhhave shown how the evolution of also characterized as a “bad metal” in which the resistivity
magnetic properties can be understood in terms of the intedoes not saturate when the loffe-Regel limit is reacteas

play between band structure and lattice distortions not onlys the resistivity of many of the ruthenate oxidé€shis be-

in the Si_,CaRuO; system but in the much larger set of havior arises from the loss of weight in the quasiparticle pole

ruthenium oxide compounds. due to strong scattering so that any single-particle approxi-
SrRuQ; is a member of the Ruddlesden-Pop@P) se-  mation, such as electronic states described by the band struc-
ries of compounds, &RuU,03,41, N=0,1,2,.... Itsstruc-  ture, breaks down. There is still no consensus on the role of

ture is also similar to that of SRuO, which has the same correlation effects in the ruthenate oxides.

structure as the original high-temperature cuprate supercon- Here we examine the reported effect of ruthenium vacan-
ductor Lg_,Sr,CuO, and is an unconventional supercon- cies caused by off-stoichiometry on ferromagnetism in
ductor below 1.5 K. Related ruthenate and ruthenocuprateSrRuQ; using the®®>Ru Méssbauer effedtME). Previously,
oxides, which include compounds such agY®u;_,CuOg  powdered pure SrRuOhas been studied as a function of
(Ref. 8 and GdSyRu,_,Cl,,,Og (Ref. 9, and cuprate oxides temperature by thé&°Ru ME (Ref. 17 and those measure-
have in common rich phase diagrams containing differentments showed a pure hyperfine magnetic field of 33 T which
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vanishes at 162 K. The isomer shift indicated a 4+ state with Foukes | ' nominal stoichiometry: SIRWO, . ]
no change of theT.. Recently, it was shown that single- 10 L
phase compounds of SrRyO; can be produced with de- ]
pressed Curie temperatur€§:) from 160 K (powde) by o

annealing under oxygen at high pressures as measured k'g" 10
magnetizatiot®°Neutron diffraction measuremeftshow g v AF100
that the compounds are single phase and that Ru vacanciei“«w’,:::::::::::-::::::::::::::::.::::::_::r:R:::O::::::::::
are present in the compounds. The vacancies are reported fig "m'"a'mmm“fs s

the octahedral sites and are related to the change in thg 10
Tc. X-ray diffraction measuremenrtsshow that the samples ¢
(v=0.0,0.05,0.08are single phase. We have measured the 1¢*}

%Ru Méssbauer effect in these compounds of nominal for-

Ar1100C

mula SrRy-,0; (v=0.0,0.05,0.1p above and below the [  SATCS
Curie temperatures. AbovE: the spectra are single lines 20 25 30 35 40 45 50 55 60 65 70
whose isomer shifts increase with tig. The spectra for 20

depressed compounds show line broadening which is in-
dicative of either a small quadruple interaction and/or muI—for selected SrRu,05 samplesy (nominal stoichiomety=0 (up-

tiple sites for Ru. However, at 4.2 K the spectra of all thepq a4 0 og(lower). Spectra represent samples after different an-
samples have nearly the same hyperfine magnetic field, apgajing:upper line—initial synthesis in Ar 1100 °Cmiddle line—

proximately 33 T, with little or no distortion of Ruocta- g0 pars of @ 1100 °C:lower line—after subsequent annealing in

FIG. 1. Powder x-ray diffraction spectra as a function of angle

hedra in spite of the much reduced valueTef Ar at 1100 °C. In the lower spectra the main maxima of positions
of impurity phases in the spectra are marked by short vertical lines
EXPERIMENTAL RESULTS for SLRUQ,, stars(x) for Ru metal powder, and plus sigs) for
RuG,.

Polycrystalline samples of the nominal formula
SrRu_, O3 were synthesized from a stoichiometric mixture change. The Curie temperature recovers to its high-
of SrCO; and RuQ using a solid-state reaction method. Af- temperature value in the range of 155—162d¢e Fig. 2

ter calcination in 21% G/Ar at 950 °C the synthesis of aigo the magnetic moment measured in low temperature
stoichiometric SrRu@was performed in flowing argon gas 54 at high magnetic field, Fig. 3, recovers to its value char-

at 1100 °C. The off-stoichiometric samples of S{R@s  4cteristic of stoichiometric SrRuginset to Fig. 3. The co-
(0.0=v=<0.12 were synthesized1065-1100 °¢ in high

pressure of 21% ¢ Ar corresponding to 600 bars of partial e
pressure oxygen. X-ray analysis shows that the compound ] 1009 '° i " i
are single phase for=0.0, 0.05, and 0.08 but not for

v=0.12(see Fig. 1 for the XRD diffraction patters for=0 8 8 iy
andv=0.08 samplest®1® Magnetization and ac susceptibil- 1
ity measurements were carried out on a Quantum Desigrg el 082 - iy
MPMS superconducting quantum interference deviceE R '°° T
(SQUID) and Quantum Design PPMS susceptometer for«g’ 4 ]
temperatures between 4.5KT<300K and magnetic < ir

fields -70 kG<H,<70 kG. The results of magnetic 2r 1

measurements  for  several differently  annealed 2L
(v=0.12,0.08,0.05,0)0compounds are shown in Figs. 2
and 3.

The samples with different nominal deficiency of Ru 1 — - .
(0.0<v=0.12 are stabilized by annealing at high pressure 0 50 100 150 200 250 300 350
of oxygen. The perovskite phase of these samples with T®
v=0.12,0.08,0.05 have maxima} in their ac susceptibility at FIG. 2. Temperature dependencies for St of the real
45, 76, 94, and 92 K, respectivef:® The samples have omponent of tt?e ac susceF:)tibiIi(‘Haczl Oe%]‘lzgéo H2 for v
been subsequently reannealed at ambient pressure. Insteacfrgfminal stoichiometry=0.00, 0.05, 0.08, and 0.12. Solid lifalso
the expected decomposition of then cation-deficien o D, P

. . . E se) for stoichiometric sample of SrRuQAr, 1100 °Q. Open
ABOg-type phase, the material remains single phase accorggrdesl open squares, open triangles, and open diamonds: samples

ing to the power x-ray diffraction analysisee Fig. 1 If it , (nominal stoichiometry=0.00, 0.05, 0.08, and 0.12, respec-
partial decomposition occurs, one would assume that there {Rely, synthesized in 600 bars of ,Gn 1065-1100 °C; solid
very slow kinetics or fine dispersion of the reaction productsircles(also inset samplev=0.00 after its subsequent annealing in
which precludes observation of the emergent phases in th& at 1100 °C. The inset compares the susceptibility at ferromag-
diffraction spectra. These are not observed for subsequenthyetic transition upon its return to the 155—162 K temperature range:
repeatedly grinded and annealed material. Simultaneouslgplid triangles—»=0.08, Ar 1100 °C; solid circless=0.00, Ar
however, the magnetic characteristics of these samplesL00 °C; crossed circless=0.00, 21% of Q@ 1200 °C.

0 I 1
140 150 160

s N
170
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40
E 40 s - o nominal Ru stoichiometry: . SrRuO,
r 1 8
WF Gaop ? 1 1.000{&
X Ezo - o ©04
Dk 10 o 4 g
2 2
g POF T gy -
g’ nominal Ru stoichiometry 3 E 0.992
§ °F =
= q0f
"""" 0.984-1— . . ; ,
NP = -4 2 0 2 4
30 F Velocity (mm/s)
40 b FIG. 4. Transmission versus velocity for’8Rh(Ru) ME spec-

trum of a SrRuQ Tc=162 K sample measured at 4.2 K. The open
circles represent the data and the black line represents the best fit to
the 18-line spectra with the correct line intensities.
FIG. 3. Magnetic hysteresis loops of SiRy0O; at 4.5 K. Solid

I|_nel(also lower inset SIRuG, synthesmled in A;ln 1100 ;C Op((ejn. disproportionation ofT¢ in the range of 140—160 K was
circles, open squares, open triangles, and open diamonds: ,.eyioysly reportedt for samples annealed in different am-
(nominal stoichiometry=0.00, 0.05, 0.08, and 0.12, respectively, , . . .

e . bient pressures. Thel. discussed here in the off-
for samples synthesized in 600 bars gf@ 1065—-1100 °C. Lower . - . .
e - : ; . stoichiometric polycrystalline materials was found to pro-
inset: samplev=0.08 (triangles synthesized at high pressure of . . . .

Cgresswely shift toward its high-temperature value for

oxygen before and after its subsequent annealing in Ar at 1100 °C ling t ¢ higher than 600 °C. The electroni
Upper inset: magnetic moments at 7 T and 4.5 K for samples witfRneéaling temperatures nigher than - 1he electronic

different nominal Ru stoichiometry; the symbols correspond to theSt'Ucture calculations indicate that there is substantial mag-
main graph. netization density at the oxygen sites so that oxygen off-

stoichiometry could modify the magnetism of SrRufO

ercive field, which should scale with pinning of magnetic TheggRéJ Méssbauer effect was performed by producing a
domain walls, remains at its higher value gained in high-Source of*Rh(Ru) by proton bombardment in a cyclotron on
pressure annealingnset to Fig. 3, also Ref. 18In Ref. 20, enrlchgd targets and the experiments were performed in a
where a lowered To=150 K was also reported for fransmission geometry as descrlt_)ed elsewﬁ%“_r'dale callbra-_
SIRY, o:0, the possibility of the presence of defects inducedtion é)7f the spectrum was de.termln.ed by the inner four Il'nes
at grain boundaries is suggested based on the observed dff @ *'Co(Rh) source versus iron foil while the zero-velocity
ference in the resistivity of differently annealed samples. Unchannel was determined by ti#Rh(Ru) versus Ru powder
like the polycrystalline material, the single crystals of experiment. The aluminum absorber holders contained over
SrRuQ; annealed during the same high-pressure synthesit00 mg/cnd of natural Ru and were attached to a brass ring
did not reveal lowering offc and only a slight increase of that was wrapped with heating wire. Both the source and
the coercive field! This indicates the importance of the ef- absorber were kept at nearly the same temperature by the
fective surface of the material and the reaction kinetics in théielium or nitrogen exchange gas in the cryostat. The tem-

chemical processes involved in synthesis of these comperature was maintained by Lakeshore temperature controller
pounds. and diode to within 1 K.

Further insight into effect of the recovery of ferromag-  First, we discuss the low-temperature measurement of sto-
netism upon ambient pressure annealing is provided througighiometrically prepared SrRuOprepared under normal
the data in Figs. 1-3. For SrRy®amples synthesized in Ar solid-state conditions. The spectra in Fig. 4 shows iR
at 1100 °C (with preceeding calcination in 21% ,Oat ME of SrRuQ, measured at 4.2 K. The line representing the
950 °Q the cutoff temperature of the maximum of ac sus-fit to the data is a superposition of 18 lines derived from the
ceptibility is 163 K(see Fig. 2 This value corresponds well hyperfine interaction based on tl2-M1 mixed-multipole
to the T reported for a single crystal of SrRy®and we  y-ray transitions occurring in th&Ru nucleus? The fit to
assume it reflects the temperature of the ferromagnetic trarthe spectrum shows a full linewidth of 0.20.01) mm/s for
sition in the stoichiometric polycrystalline sample. Thegof ~ each line. This is an experimentally narrow linewidth which
several high-pressure synthesized samples, which subsdescribes a single-phase sample with little or no disorder.
guently were annealed at ambient pressure, returns to thEhe spectrum is fit with a hyperfine magnetic field of 33.6
somewhat lower value indicated by maximum of ac suscept0.5) T, isomer shift of —0.370.02 mm/s, and no electric-
tibility centered in the range between 154 and 15Tik6et  quadrupole interaction. The result is very similar to that pub-
in Fig. 2). Only the reannealing in flowing Afi.e., at the lished earlier for SrRu@'® Based on systematic studies
conditions which stabilize the stoichiometric perovskite of oxide compound$? this isomer shift is consistent with a
partly reestablishes the phase with=163 K—the inset in  +4 charge state for the Ru ion.

Fig. 2; see the second small maximum in ac susceptibility at In Fig. 5 we compare the spectrum of SgRD; with
a few kelvin higher than its main peak. We note that thethat of RuQ at 4.2 K. We first point out that amplitude of
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W Ru Powder
- :
0 =
%‘ 1.000 1 P g SrRuO, (nom.
g T 3 J £ 0 '
7} et
S 09921
; K p SrRu, O,
T .
0 ot o
1.000 33 160K SrRuQ,
-1.0 -0I.5 0:0 0:5 1:0
0592 o5 SrRu,,0, Velocity (mm/s)
RuO, subtracted FIG. 6. Spectra which show the transmission versus velocity for

} - . . T . ; — a ®Rh(Ru) ME spectrum of SrRy, 05 measured at the indicated
-4 =2 0 2 4 temperatures and values @f Ru powder is included as a standard.
. The open circles represent the data and the black line represents the
Veloclty (mm/s) best fit to the single-line spectra. Nom. is the abbreviation of nhomi-
nal. The spectra show that as the Ru content in the compound de-

FIG. 5. Transmission versus_velocity for’@Rh(Ru) ME SPEC- creases toward=0.12, the isomer shift decreases. Table | shows
trum of RuG, and SrRy 903, Tc=90 K measured at 4.2 K in the yhe regyits of the fitted parameters for the spectra.
upper two spectra. The open circles represent the data and the black

line represents the best fit to the data in RuThe lower spectrum  pressure(HP) oxygen as shown in Fig. 1. The nominal
has RuQ subtracted from the data. The 18-line spectra with thepreparation of SrRu@yielded aT. of approximately 92 K
correct line intensities is the black line fit to the détacles. after HP oxygen treatment as shown in Fig. 2. PfRu ME

. . . " measurement of this nominally prepared sample under HP
the 8th(11th (starting with the most negative velodtyne  ,yygen was equivalent to that oE0.05 in Fig. 5 at 4.2 K

is larger than that of the 4tfL5th line in the 18(Ref. 24 | ynich also indicated the presence of Ru@r possibly the

line spectrum. This is the reverse of what is seen in the purginer secondary phage3he neutron diffraction experiments
magnetic spectrum in Fig. 4. The explanation for this can bgyn this nominally stoichiometrically prepared sample at HP
seen by comparing the SrReO; spectrum with that of j, 5yygen showed the absence of Ru from the Ru octahedra.
RuG,. The RuQ spectrum consists of two broad lines which s i'interpreted as meaning that there are Ru vacancies in
arise from the electric fields gradients at the Ru site angpoqe samples. 2Ru ME measurement at 97 K showed a
whose positions are the.same as the 8th and 11th Iines in “%‘?ngle broadened line as shown in Fig. 6. This nominally
SR 9603 Spectrum. This suggests that there is a RU0> repared sample was then annealed and it recovered o a
purity phase in the sample. It should be noted that it is alsgf 155 K and produced equivalent ME spectra at the mea-
possible that some FRuQ, (Ref. 23 and pure Ru powder g rement temperatures of 4.2 and 160 K as the SERUG

(see Fig. & might be present in the spectrum as shown. irj theyuced under normal solid-state synthels 1100 °C as
x ray of the powders in Fig. 1. Each of these would fit into gpq\yn in Figs. 4 and 6. It is plausible that the Ru from the

one of the lines of the subtracted part of the spectrum. Animpurity phase Ru@(and/or Ru from other impuritiésvent

gular positions of the diffraction peaks of these phases ar ack into the vacant Ru octahedra u e
: g . : pon annealing in argon
marked in the pattern in Fig. 1. The subtraction of awelghtedgaS and therefore helped raise fhe

RuO, spectrum from SrRyL:05 results in the third spectrum Experiments were performed with StRyO; at 4.2 and

in Fig. 5. This last spectrum can be fit with a pure hyperfine
magnetic field of essentially the same magnitude as in th 8 K. The results for SrRykd0; do not show any structure at

normal synthesis SrRuOsample with only a slightly in- .2 K but only a broad_ened.line which could accommodate a
creased quadrupolar component. Comparing the area undap-| magnetic hyperfine field. The measurement at 78 K
the weighted Ru@spectrum with that under the SrRyO,  Shows a broadened single line. The x-ray and neutron experi-
spectrum we can determine the amount of the impurity phas@ents show this SrRuO; sample to have impurities.
to be of order 5%. The RuOphase was not detected in the ~ The spectra shown in Fig. 6 represent fiiBu ME of
neutron diffraction studies on these samples which suggesf&fRu-,O3 for various values ob and temperatures above
that the size of Ru@ agglomerates should be less thanTc. The spectra show a rapid evolution with changes in the
100 A. Ru content.

Experiments were performed with nominally prepared Table | shows the results of fitting the data to Lorentzian
stoichiometric SrRu@ which was synthesized under high- single lines. These spectra are single line but the lines are
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TABLE I. Samples, their Curie temperatures, their isomer shiftsinhomogeneous distribution of Ru vacancies and the pres-
at elevated temperatures, and the full width at half maximum for theence of impurity phases in the samples..
lines. We found that the average hyperfine field does not change
with increasing number of Ru vacancies even though the
value T falls rapidly from 163 to 45 K. This has been seen
also in a point contact Andreev reflectioRCAR) measure-

Sample Isomer
(synthesis stoichiometyy Tc (K)  shift (mm/g T’y (mm/9

Ru Powder 0 0.14.01) mentg® on Sk gTip 03 and SrRy 5. In these measure-
SrRUgO3 45 -0.19(.01)  0.20(.01) ments it was shown that the transport spin polarization in
SrRuQ(nom) 92 ~0.25(.01)  0.22(.01) SrRuG; does not change from 60% as ruthenium vacancies

are introduced into this compound. The spin polarization at

SrRu 94 -0.28(.01 0.15(.01) . ..
SIRu (norﬁisi);nnealeﬁ 155 -0 312 01; 0 132 01; the nucleus produces the hyperfine magnetic field and so the
O ’ B T PCAR measurements are consistent with the measurements
SrRuG, 160 -0.33(.01 0.13(.01)

presented here.
It is difficult to quantitatively account for the behavior of
the hyperfine field and@c on the basis of the standard model

progressive'y more broadened as ﬂ’@|s depressed from f0r ferromagnetism. The Standard model for itinerant feI’I’O-
160 K toward 45 K and the position of the line, the isomermagnetism is the Stoner modIn which the magnetic or-
shift, moves to higher velocities. Clear evidence of Radd  dering is driven by short-range interactions among electrons.
other impurities is absent at these higher temperatures in thEhis model has been extended by Hirsch to include orbital
HP oxygen-annealed samples, consistent with their measur@tgpendent short-range interactidAsAt the Hartree-Fock
small amounts. But some of the broadening may be due ttevel the dependences of magnetization at zero temperature,
RuG, (and other stated impuritigsThe ME isomer shift in ~ Mg(0), andT on carrier numben are substantially indepen-
absorbers containind®Ru shows no measurable thermal dent of the density of states in the battdV((0) is propor-
shift. This temperature independence for the isomer ginift  tional ton and T has a maximum at half-fillinga=1. This
the temperature range measured for SrRD;) has been  model was investigated further by Wahée al32 who in-
found experimentally in SRuG, (Ref. 23, CaRuQ (Ref.  ¢jygded the strong-coupling correlations which arise from the
17) and LaRw,0y, (Ref. 26, Ru powder(Ref. 26, BaRUQ  |arge value of the strength of the interaction among the elec-
(Ref. 26, and, of course, in SrRuQRef. 17. There is no t%](ré)rns. They found that there is strong dependence on the
> ; : m of the density of states, that the valueTgfis strongly
same temperatufé.The variation of the isomer shift COMES Yaduced from that found in the Hartree-Fock treatment, and
) i 4 . e U Slt&at there is a maximum iMc at values ofn which depends
with an increasing number of Ru vacancies and is indicative . . .
of an evolution of the Ru charge state from +4vat0 to-  °" .the strength of the interaction. This model dogs not de-
wards +5(Ref. 25. scribe the Iocal_ momen_t character of the electronic degrees
of freedom which survives abovE: (Ref. 3 and cannot
address the dependence of the hyperfine field which is deter-
mined by the polarization of the electron density at the Ru
nucleus. The microscopic calculations of Mazin and Stfgh
are also unable to address the hyperfine field at the Ru site

In the Si_,CaRuQ; systemT decreases uniformly with . : .
x betweerx=0 and 1. This decrease has been identified wit oo they employ the LAPW methdtlin which the core

an increasing rotation of the Ry@ctahedra which changes electrons and_the nuclear Coulomb pot.enti.al are treated by a
the nature of states at the Fermi surface. On the other hangSeudopotential. As a result the polarization of theave
T drops much faster in SrRyO; without changing the _electrpns due t(_) magnetic ordering is not mclude_d expllcnly
magnitude of the hyperfine field. There is no evidence that? their calculations. However, the decreaseTgfwith n is
there is any significant distortion of the Ry@©ctahedra in ~consistent with a Stoner-like shift in the Fermi level away
the Mossbauer spectra asncreases. This result is in agree- from a maximum in the density of states of the -R©
ment with neutron scattering measurements on theseands which is the origin of itinerant ferromagnetism in the
materialst® Stoner model. The lack of dependenceMf(0) on Ru va-
However, the Modssbauer spectra do show both a rapidancies anda suggests that the polarization ®&lectrons is
change in the charge distribution at the Ru nucleus and dominated by the localized electrons responsible for the
broadening of features in the spectra so that the spectrum iscal moment which survives abovig instead of the itiner-
featureless byw=0.12 whenT-=45 K. The change in the ant RuO band electrons, at least while the samples are ferro-
charge state of the Ru atoms can be expected on chargeagnetically ordered and/or the RuO octahedral remain un-
counting grounds when Ru is removed from the octahedradistorted. AboveT. the measured hyperfine field is zero
This suggests that the carrier densityis decreasing. The because of the rapid fluctuations of the local moments. This
broadening of the lines indicates a small distribution of hy-issue can be resolved by detailed calculations of the hyper-
perfine fields at the Ru sites. This could arise from fluctuafine field in these compounds which, at present, may be in-
tions in electronic properties due to disorder from antractable.

CONCLUSIONS
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