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Low-T, magnetically ordered phase of SfRuQ
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Magnetic susceptibility and electrical resistivity studies on polycrystalline SgRay@thesized at 900 °C
and annealed at various temperatures in the range 950—-1300 °C show the existence of two different phases of
the compound, a phase wiffi,=141 K formed below 1100 °C and a second and normal phase having
T.=160 K obtained at higher processing temperature$X00 °Q. Both the phases have orthorhombic crystal
symmetry with a marginal difference in their lattice parameters as evidenced from powder x-ray-diffraction
measurement$S0163-18207)00530-4

Strontium ruthenate, SrRu having a distorted perov- expected for ais=1 low-spin RU**. The reduced ferromag-
skite structure, is known for its high electrical conductivity netic moment was attributed to band ferromagnetfsamd
and as a ferromagnetic oxide containing a single kind ofecent band structure calculations agree very well with this
magnetic ion. SrRu@is the only conducting ferromagnetic view ®
oxide containing a second-row transition-metal ion and re- Recent studies of the transport and magnetic properties
search work on this compound gained momentum in the reen thin films of SrRuQ show that for some of the films
cent past because of its various possible technological, is 140 K717 In fact, it has been reported that the
applications:° It has been shown that the compound can beT, depends on the film thickne$sFor a film thickness of
deposited as thin films on various substrates. The films sg0 A the magnetic transition is observed at 140 K dnd
obtained possess high thermal and chemical stability withhcreases to 160 K for films of thickness 750 A. In this
good surface smoothness and high crystalline quality. Sincgaper, we show that for the polycrystalline compound also
the crystal structure of SrRuQs compatible to highF; su-  there exists two different magnetic ordering temperatures de-
perconductors and ferroelectric compounds, SrRUBIN  pending on the heat treatment conditions. Thus, when poly-
films can be used as a conducting buffer layer for variougrystalline SrRuQ is processed below 1100 °T, is ob-
applications such as ferroelectric and electro-optic devicesained as 141 K. Polycrystalline or single-crystal samples of
.supe.rconductor—normal metal-superconductor  JosephsatyRuo, are usually prepared at or above 1200 °C which
junctions, etc. gives aT, of 160 K.

At low temperatures SrRugbecomes ferromagnetic. Re- — polycrystalline SrRu@ was prepared by mixing SrCO
sistivity and magnetization measurements on both singleand nanocrystalline RuQtaken in the stoichiometric ratio
crystal and polycrystalline samples showed Curie temperagnd heating initially at 900 °C for 72 h with six intermediate
ture as 160 KO~ Substitution of Ca in SrRu@reduces the  grindings. Formation of single-phase compounds was estab-
Curie temperatur@ and finally the system becomes anti- lished by powder x-ray-diffractioXRD) measurements.
ferromagnetic for CaRu@ Even though both SrRuQand  The compound so obtained was then ground well and an-
CaRuG; are isostructural with the same number of unpairedhealed in air at various temperatures from 950 to 1300 °C for
d electrons, their extreme magnetic behavior is explained in2 h each.
terms of the extent of distortion of RyQOoctahedra in the Figure 1 shows the temperature variation of the ac mag-
structure. Magnetic measurements on single-crystals afietic susceptibility of polycrystalline SrRuheated at vari-
SrRuQ; showed that the magnetic susceptibility is highly ous temperatures. The ac susceptibility was measured at a
anisotropic® Ferromagnetic moments of single-crystal frequency of 27 Hz and an applied field of 10 G. For the
samples saturate at very low applied magnetic fields, if theompound annealed at 1000 °C, a sharp symmetric peak is
field is applied along th€110) axis of the crystal whereas observed at 141 K. The same susceptibility behavior is ob-
for polycrystalline samples there is no saturation observederved for the compound heated up to 1050 °C. However, for
even at very high magnetic fields. The experimentally obthe sample annealed at or above 1150 °C, a sharp peak in the
served saturation magnetic moment is found to be less thasc susceptibility curve is observed at 160 K. Since the ac
that calculated for a low-spin F?d(t‘z‘g) state. The ferro- susceptibility behavior of the sample heated at 1050 and
magnetic moment at 4.2 K measured at a field of 125 kG i9150 °C is entirely different, the material was annealed at
only 1.55:5 compared to the calculatequg expected for 1100 °C for different time intervals. It was found that for the
the low-spin Rd" ion. The effective magnetic moment sample annealed fo6 h the ac susceptibility behavior is
Meff, Calculated in the paramagnetic region is close to thaidentical to that for the low-temperature-treated samples,
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i a FIG. 2. Temperature dependence of the dc magnetization of
05 SrRuQ; annealed ata) 1000 °C/12 h andb) 1200 °C/12 h.
- most identical (2.£4g), indicating that there is no difference
00 F either in the oxidation state of Ru or the composition.
} ! 1 L L . L . Resistivity measurements were performed on sintered pel-
50 100 150 200 250 lets of the samples using the van der Pauw method. The
temperature variation of resistanc®(T)/R(30K), is
T (K) shown in Fig. 3 for the samples heated at 1000 and

1200 °C. The shape of the curves is identical to that reported

FIG. 1. Temperature variation of the ac magnetic susceptibilityfor the single-crystal or polycrystaline and thin-film

3-16 R
of SrRuO, annealed afa 1000 °C/12 h,(b) 1100 °C/6 h, (c) samples21® A T. anomaly(due to spin-dependent scatter-

1100 °C/24 h, andd) 1200 °C/12 h.
1.0

whereas for the compound annealed fdriRa sharp peak is
observed at 160 K, but with a small shoulder at 141 K. At
higher annealing temperatures above 1150 °C the only effect -
observed in the ac susceptibility curve is an increase in the
peak value of the susceptibility. The temperature at which ac
susceptibility is maximumT, ., coincides with the re- 09
ported T, values of 140 and 160 K for very thin films and
polycrystalline or single crystal SrRuQ respectively. The
maximum in the susceptibilityx,,,) observed in the ac sus-
ceptibility curves for the lowF, samples is lower than that
for the highT. samples.

Results of dc magnetization measurements on the sampleeo_g
annealed at 1000 and 1200 °C are shown in Fig. 2. Magne-fY
tization measurements were performed on a vibrating-sample
magnetometefVSM) at a field strength of 5000 G in the
temperature range 80—300 K. It may be seen that there is ¢
clear difference in the transition temperature of the com-
pounds processed at low and high temperatufgsvalues 0.7 T T T
are obtained as 140 and 160 K, respectively, for the samples )
annealed at 1000 and 1200 °K-H measurements at 80 K 50 100 150 200 250 300
gave the saturation moments as ug%nd 0.7%g, respec- T (K)
tively, for the low- and highF, samples, at a field strength of
15 kG. Both compounds obey Curie-Weiss behavior above FiG. 3. Temperature dependence of the normalized electrical
230 K, and effective magnetic moments calculated from theesistance of SrRug annealed at(a) 1000 °C/12 h and(b)
inverse susceptibility in the paramagnetic region are also alt200 °C/12 h.

/R(300K)
o
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ing of the conduction electropsit 140 and 160 K, respec-
tively, is observed on the resistivity curves of low- and high-
temperature annealed samples.

The results from magnetic susceptibility and resistivity
measurements on polycrystalline SrRuénnealed at differ-
ent temperatures indicate the existence of two different
phases of the compound, a IoW-phase which is formed
below 1100°C and a high; phase formed above
1100 °C. The normal phase reported for SrRU® the one
formed at high temperature. Both phases are stable at roon
temperature. The low-temperature phase transforms to the
normal phase when heated above 1100 °C and the phas
formation is not reversible. A small shoulder at 160 K in the a
ac susceptibility curve of the 1000 °C-heated sanfplg. 1)
indicates that the high-temperature phase, in minor amounts,
is also formed at lower processing temperatures. The width
of the ac susceptibility curves of the loWw: phase is larger b
than that of the highr, phase. Identical behavior was re-
ported for the transition widths of the temperature derivative c
of resistivity of thin films showing the two differerit. val-
ues, the lowT film having a broader transition widtf.

The reported crystal structure of SrRy@ related to the
GdFeQ; structure, orthorhombic with lattice param- i L l A l 4 I L L
etersa=5.57 A,b=5.53 A, andc=7.85 A, and space group 450 455 460 465 470
Pbnm!® The RuQ; octahedra in the structure are slightly ' ' ’ '
distorted and for the isostructural compound CaRuO o)
the RuQ; octahedra is highly distorted. The two compounds _,9 (degree)
show extreme magnetic behavior; CaRu@rders anti-
ferromagnetically below 110 K2 For the composition
Sr;_,CaRuO;, the ferromagnetic transition temperature FIG. 4. Powder x-_ray-diffraction patterns corresponding to the
decreases as the calcium concentration is increRssti- (220 and(004) reflections of SrRu@ annealed ata) 1000 °C/12
kanoet al® have shown that the decrease in the Curie tem!: () 1100 °C/12 h, andc) 1200 °C/12 h.
perature of SrRu@ at high pressures is comparable to that
observed in the calcium-substituted samples. @@al'®  plane, the lattice parameteasandb would be close to 5.6 A,
have commented that the reduc®g of very thin films is  and are almost equal to that reported by Eenal? for thin
possibly due to distortion in the basal plane of SrRu@®e  films which show the 140 K transitiofthe pseudocubic lat-
distortion occuring due to the lattice mismatch between theice parameter, along the growth directioml;;;=3.96 A
substrate and the compound. Thus it is possible that the tWgompared to 3.93 A for the high; phase,a=b=2a,).
phases of SrRu@will have slightly different lattice param-  This difference in thed values of the two reflectionsdgy,
eters. Expansion of the lattice parameter along the growt@ndd,,,) indicate that the lattice parameters for the [Gy-
direction is also reported for thin films of SrRyGhowing  phase are different from that of the high-phase. The low-

the 140 K transitiort. _ T, phase, thus, may correspond to another distorted ortho-
Powder XRD patterns of both the low- and hi@b- hombic structure.

phases were found to be identical. However, the nature of the t js concluded that SrRu@exists in two different crys-

XRD peaks corresponding to the basal plane reflectiongy|iographic forms, both having orthorhobmic crystal struc-
(along (110)) was found to be sensitive to the annealingtyre with a marginal difference in their lattice parameters as
conditions. The effect of annealing at various temperaturegyidenced from powder XRD studies. Measurements of both
on the shape of one of these XRD peaks is shown in Fig. 4nhe magnetic and electric properties showed two different
The symmetric diffraction pattern shown for the high- magnetic ordering temperatures for these two forms. The ob-
temperature-heated sample corresponds to (829 and  served difference in the shape of the ac magnetic suscepti-
(004 reflections of the higfF, phase. For the samples an- pjlity curves for the two phases may be an indication of a
nealed below 1100 °C an additional weak reflection is objfferent type of magnetic ordering for the IoV phase as

served as a shoulder at lower diffraction angles. As the proagainst the ferromagnetic transition at 160 K for the high-
cessing temperature is increased, the reflection becomes phase.

more and more symmetric. TH220 and (004 reflections

are observed at=1.96 A for the highT, phase. The intense

peak for the low¥, phase in this region is observed at the ACKNOWLEDGMENTS

samed value and the position of the shoulder corresponds to
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