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Invar effect of STRuOj: Itinerant electron magnetism of Ru 4d electrons

T. Kiyama, K. Yoshimura, and K. Kosuge
Division of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-01, Japan

Y. Ikeda and Y. Bando
Institute for Chemical Research, Kyoto University, Uji 611, Japan
(Received 11 April 1996; revised manuscript received 14 May 1996

We have investigated the temperature dependence of the unit-cell parameters and volume gfé®ilRuO
CaRuQ with the Debye-Scherrer x-ray-diffraction technique in the temperature range from 12 to 300 K. The
volume of SrRu@ is almost constant below the ferromagnetic transition temperdtyref 160 K. This
represents a discovery of the Invar effect in transition-metal oxides, which is known to exitrian3ition-
metal itinerant magnets, e.g., Fe-Ni alloys. This fact suggests that thel Rledtrons, which cause ferromag-
netism, have a Fermi surface and form a conduction band similar to thatlinvar alloys. On the other hand,
the temperature dependence of the volume of Cafuad be well described by a Debye function, implying
that thermal expansion is governed by phonons, and that magnetic ordering does not occur in this compound.
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Transition-metal oxides exhibit a variety of physical prop- Powder x-ray diffraction patterns were taken from 12 to 300
erties. The discovery of high; cuprate superconductdrs K for both samples, using a Rigaku diffractometer and Cu
has drawn much attention to transition-metal oxides, particuK « radiation. The peak positions were calibrated against Si
larly to those which have perovskite-related structuresas an internal standard, and the lattice parameters and other
Among those, the series of ruthenium oxides has very interstructural parameters were obtained with a least-squares fit-
esting structural, electrical, and magnetic properties. Théing procedure. Magnetization of the polycrystalline
compound SIRuQ, is isostructural to the highi;, supercon- SrRuG, sample was measured by a quantum design super-
ductor La_,M,CuQ, (M=Ca, Sr, and Basystem, and re- conducting quantum interference device magnetometer in the
cently was also found to be a superconductor With-0.9  temperature range from 5 to 170 K under the magnetic field
K.2 Both SrRuQ and CaRu@have an orthorhombically dis- of 0<H<4.5 T. The value of spontaneous magnetization
torted perovskite structurgFig. 1(b)] that is the same as was determined by the conventional Arrott-plot method.
GdFeQ; it is described as an orthoferrite structure, and be- The change of the diffraction patterns of SrRu®ith
longs to the space groupbnmat room temperaturé® Both  temperature in the measured temperature range indicates that
compounds show metallic conductivlySrRu@, is a ferro-  SrRuQ; exhibits no structural transition and has the same
magnet withT.~ 160 K>® while CaRuQ was not found to  crystal structure over the whole measured temperature range.
be magnetically ordered down to 4.2 K despite the largelhe obtained structural parameters of SrR&D 300 K are
negative Weiss temperature, which ordinarily suggests antidisplayed in Table | with those of CaRy@t 290 K. Figures
ferromagnetic interactions in this compoufftiKanbayasi  2(@)—2(c) show the variations of the lattice parameters of the
tried to explain the difference in magnetic properties by asa, b, andc axes of SrRu@ with temperature, respectively.
suming a ferromagnetic interaction for the Ru-Sr-Ru pathThe variations of lattice parameters on temperature do not
and an antiferromagnetic one for the Ru-O-Ru pain the  show discontinuous changes. It should be noted, however,
other hand, Fukunaga and Tsuda insisted that the more dithat the variation of the lattice parameters of h@ndc axes
torted structure of CaRu{xhanges the sign of the magnetic clearly indicates anomalies below 160 K. The length oftthe
interaction'® The origin of determining the sign of the mag- andc axes are almost constant for4Z <160 K, while the
netic interaction in this system and the detailed electroni@ axis shows a usual thermal expansion. These anomalies
state of CaRu@have not been well understood. These com-affect the temperature dependence of the volume of
pounds are very interesting from the viewpoint of itinerant-SrRuG,. As shown in Fig. &), the unit-cell volume of
electron magnetism. To study these compounds furtheiSrRuG is almost constant fof<160 K, and so SrRu®
x-ray diffraction at low temperatures was performed forexhibits what is called the Invar effect. The solid line in Fig.
SrRuQ, and CaRu@ which found that SrRu@ shows an 2(d) represents the result of fitting by the following function
Invar effect belowT .~160 K, while CaRu@ showed no which expresses the contribution to thermal expansion by
anomaly in the temperature range of<I2<300 K. anharmonic parts of lattice vibration using the Debye model

Polycrystalline samples of SrRyCand CaRu@ were for the lattice specific heat:
synthesized by a conventional solid-state chemical reaction. e
SrCG;, CaCQ, and Ru metals of 99.9% purity were mixed VEV(T=0)+[ L’ dT=V(T=0)
in a nominal composition, pressed into pellets, and heated in o B
air at 1323 K for 24 h. The pellets were reground in an agate 3 rop /T 3

fo eX_ 1 dX’ (1)

mortar, pressed, heated again at 1573 K for 24 h in air, and
cooled down to room temperature at the rate of 1 K/min. B

9yNkg [ T
" T(e—D
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FIG. 1. Crystal structure of) cubic perovskite ABX;) and(b) Temperature (K)
orthorhombically distorted perovskite. Ru atoms are coordinated
octahedrally by oxygen atom@xygen atoms are omitted for brev- 2422 T T T T T
ity.)
2420 - () -
whereV(T=0), ®y, v, andB represent the volume at 0 K,
the Debye temperature, the @risen parameter, and the 2418 Te -
bulk modulus,_r_espectiver\/(T=O), ®p, and 9Nkg/B ‘-'5::
are the three fitting parameters and the parameters were de- o 2416 ~
termined through a least-squares fitting procedure in the tem- (_%
perature range of 160T<300 K. The determined param- > 2414lg ® 0 ®° -
AV
TABLE |. Structural parameters for SrRy@nd CaRuQ. 2412 |- | | -
Atom Site Occ. X y z 0 100 200 300
T \ K
SrRUG; P,,ma (No. 62 orthorhombic 300 K emperature (K)
Ru 4a 1 0 0 0 FIG. 2. Temperature variations of the unit-cell parametars,
Sr 4c 1 0.503) 1/4 0.998) (b) b, and(c) ¢ of SrRuQ, respectively. Temperature dependence
o) Ac 1 0.557) 1/4 0.56) of the unit-cell volume of SrRu@is also shown ind). The solid
' | line represents the contribution of the phonon fitted by the Debye
0O(2 8d 1 0.220 0.037 0.210 v
@ 20 an 10 function with ® of §25.5(K), V(T=0 K) of 240.9 (&), and
CaRuQ P, ma (No. 62 orthorhombic 290 K 9yNkg /B of 0.0281 (A/K).
Ru 4a 1 0 0 0
Ca 4c 1 0.556) 1/4 0.015) eters are shown in Table Il. The obtained fitting line deviates
0o(1) 4c 1 0.467) 1/4 0.591) very much from the observed values of the unit-cell volume
0(2) 8d 1 0.297)  0.053) 0.193) under 160 K.

Figures 3a)—3(c) also show the variations of the lattice
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TABLE Il. The parameters/(T=0 K), Op, and 9yNkg/B 5.5390 T T T I T

determined by a least-squares fitting using Debye function. ° °
5.56385- o (a) -
Debye temperature . 5.5380 ° _
— 3 3
V(T=0 K) (A% 0p (K) 9yNkg/B (A%K) < 5.5375 ) ]
SrRuG, 240.9 525.5 0.0281 ® 55370 LIPS _
CaRuQ 226.3 542.0 0.0198 )
5.5365 - ¢ E -
. 5.5360}- -
parameters of the, b, andc axes of CaRu@with tempera- .
ture, respectively. In the entire temperature range, CaRuO 5.5355__; l . ] T
has the same crystalline structure, and no discontinuity or 7.6651= 7 ! ' ' T
anomaly was observed. Figuréd® shows the variation of (b) °
the unit-cell volume of CaRupwith temperature. The solid
line represents the results of a similar fitting as mentioned 7.6601 LI
above with SrRu@ The obtained parameters are shown in = i
Table II. e .
Unlike CaRuQ, the observed unit-cell volume of 7.6551 ° 7]
SrRuQ; is much different from the result of fitting below 160 °
K. The obtained Debye temperatures of SrRu@nd o *
CaRuQ@ are 526 and 542 K, respectively, and are almost 7.6501e o ]
equal. ThenAV,,, which was obtained by the difference } { } : t
between the measured volume and the calculated] see
Fig. 2(d)], is not thought to be caused by fitting procedure, 5.355 - (c) b
but is thought to be an intrinsic property. It is suggested that ®
the thermal expansion of SrRy@ affected by another fac-
tor besides lattice vibration. The other factor is expected to Z 5.350F i -
originate from ferromagnetism, because the anomaly on vol- o °
ume occurs at the Curie temperature of SrRul® elucidate .
the relation between the anomalous volume change and the 5.345- ° -
ferromagnetism further, the following procedure has been .
tried: AV, and theM? (=square of spontaneous magnetiza- oo ®
tion) are plotted together against temperature in Fig. 4. Since 5.340E L L L L
0 100 200 300

the variations of these two sets of values show a good agree-
ment, it is certainly believed that ferromagnetism of
SrRuG; causes the anomaly of the thermal expansion.

Temperature(K)

In general, volume is affected by the magnitude of the 2270
magnetic moment through the magnetovolume effect accord- '
ing to the following equatiort* 227 0
wm=2 (Dq/B)[{MZ)—(M2)], 2 S 226.8
q s
2 226.6
mq=N51f M(R)exp(igR) dR, 3)
226.4
wherew,, is the volume strain by the magnetovolume effect,
B the bulk modulusD, the magnetovolume coupling con- 0 100 200 300
stant depending upomy M(R) the spin densityM, the Fou-
rier g component of the spin densiti, the number of unit Temperature(K)
cells in the crystal, and ), means the average &0 K. In FIG. 3. Temperature variations of the unit-cell parametars,

itinerant electron magnetic substances, the magnitude Qf) b and(c) c of CaRuQ, respectively. The temperature depen-
magnetic moment is generally reduced belbyas tempera-  gence of the unit-cell volume of CaRy@ also shown ir(d). The

ture increases, while in magnetic insulators the magnitude ofolid line represents the contribution of the phonon fitted by Debye
the magnetic moment is conserved regardless Ofunction with ©p of 542.0 (K), V(T=0 K) of 226.3 (%), and
temperaturé? Therefore, itinerant electron magnetic sub- 9yNkg /B of 0.0198 (i@/K).

stances have the negative contribution to thermal expansion

below T, because(Mﬁ) generally reduces as temperatureeach other and, as a result, the Invar effect appears as in the
increases belowT.. Consequently it is expected that in case of other 8-Invar alloys. In other words, it is suggested
SrRuG, the effect of the normal thermal expansion by latticethat the 4-band electrons in SrRuQvhich cause ferromag-
vibration and the reduction of magnetic moment compensataetism are itinerant and play a role in metallic conductivity.



54 INVAR EFFECT IN SrRu@: ITINERANT ELECTRON . .. R759

In Fig. 2, theb and c axes exhibit anomalies rather than

0.25 R R the a axis in SrRuQ@. Based on this fact, the magnetic easy
A °© . axis is expected to be on tlec plane. Kanbayasi has stud-
o a - 05 ied the magnetization of a single crystal of SrRuénd
020 shown that this compound has a magnetic easy axis of
o o4 £ (110 when the unit cell is taken to be that of a pseudocubic
“e 015} §=‘N perovskite structurFig. 1(a)].*® Taking these two facts into
= é Jdos 3 consideration, the magnetic easy axis is expected to be the
& Ny axis of the orthorhombic unit cell, i.{001).
0.10 |- o2 g In comparison with a typical Invar alloy Fe-Ni which has
A AV g = the volume strainw=AV/V=1-2x10"2 (T=0) and the
0.05} M 4 ; square of spontaneous magnetizatA~ 3.2u3/atom**®
oM 1° SrRuQ, hasw~1x103 (T=0) andM2~O.6,u§/atom, and
0.00 A T R T 0.0 then the ratio ofw to M? for Fe-Ni is 2—4 times larger than
0 40 80 120 160 that of SrRuQ@. It can be said that those values are very
Temperature (K) close, considering the differences of thd-3and 4d-band

widths or the number of magnetic atoms per unit volume
FIG. 4. Temperature dependence of spontaneous volume magetween the two systems.
net_ostrictionAVM (A) and the square of the spontaneous magneti- |n conclusion, SrRu@and CaRu@ do not indicate any
zationM? of SrRuQ (O). structural transition or discontinuous changes of lattice pa-
rameters for 12 T<300 K. SrRuQ was first discovered to
As to CaRuQ, the fitting line well reproduces the ob- show the Invar effect below.~160 K in transition-metal
served variation of its unit-cell volume with temperature. It oxides, and the d-band electrons which induce ferromag-
indicates that the contribution of the phonons principallynetism show itinerant electron character. On the other hand,
rules the thermal expansion of this compound, and magneti€aRuQ exhibited no anomalies in the thermal expansion
ordering of itinerant electrons as shown in SrRu® not  measurement, suggesting no magnetic order in this com-
expected to occur. This is consistent with previous repdtts. pound.
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