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Transport and magnetic properties of a ferromagnetic metal: Ey_,R, TiO4
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We report the transport and magnetic properties of a series of ferromagnetic metallic compounds,
Euy, R, TiO3, where the maximuni is 8 K atx=0.1. Magnetic interaction between Edi 4pins mediated
by itinerant Ti 3 electrons is essential for the ferromagnetism of this compound, and a clear correlation
between transport properties and magnetism exists in this series. Possible roles of the electron-correlation
effect in Ti 3d electrons are also discuss¢80163-18209)50246-4

Recent studies of perovskite mangariiteave revived the at 8 K for x=0.1. This is a series of ferromagnetic metallic
interest in ferromagnetic metals. In perovskite manganiteszompounds with a simple cubic structure, where the interac-
ferromagnetic interaction originates from the Hund’s-ruletion between the localizedf4spins mediated by the itinerant
coupling between the localized spins in thg state of Mn  3d electrons causes the ferromagnetic ordering.
3d orbitals and the itinerant electrons in tkg state. Such Single crystals of Ey,La,TiO; for x=0, 0.1, and 0.2
magnetic coupling between localized spins and itinerantvere grown by the floating-zone method. Starting materials
electrons is not unique to perovskite manganites, but is seed® E4Os, L&0s, Ti, and TiG,. Stoichiometric amounts of -
in several ferromagnetic compounds. For example, the Curif€s€ compounds were mixed and pressed into rods with
temperatures of Eu chalcogenid&iO and EuSare drasti- > Mm diameter. We have skipped a sintering process, but
cally enhanced with doped carriers in the Ed Band? In directly melted the pressed bar under Ar atmosphere by us-

this case, magnetic coupling betweeh spins and 8 elec- ing a floating-zone furnace equipped with two halogen lamps

o X and ellipsoidal mirrors. Typical feed speed was 10 mm/h.
trons on the Eu site is essential for the enhancement of fer- ; . : ;
Many pieces of single crystals with shiny surfaces were ob-

dered kit FeO. 2 i ina b thined in the molten rod. X-ray-diffraction measurements in-
ordered perovskite, SWloFeQ;,™ magnetic coupling be-  gioqre that the crystal structure is a simple cubic, and the

tween localized spins on the ¥esite (3d°) and itinerant lattice constant is 3.905, 3.909, and 394 |, for x=0, 0.1,
electrons on the My site (4d*) causes the ferrimagnetic ang 0.2, respectively. Note that although we start only from
ordering of this compound below 410 K. It should be notedg 3+ (Eu,05), E¥* can be obtained owing to the charge
that all these compounds show characteristic correlation beransfer between Eu and Ti during synthesis. Melt-grown
tween magnetism and transport properties, for exampleyolycrystals of Ey_,Gd,TiO5 for x=0.5 and 0.7 were also
magnetoresistance. In this paper, we report a series of ferrgnade by a similar method with a much higher feed spééd
magnetic metals, Bu,R,TiO; (R=rare earth In this mm/h. Resistivity was measured by a conventional four-
compound, magnetic coupling betweehldcalized spins on  probe technique. Indium solder was used as the electrodes. A
the Eu site and @ itinerant electrons on the Ti site is essen- 7-T superconducting magnet was used for the measurement
tial for the ferromagnetism. To the best of our knowledge,under the magnetic field. Magnetization measurements were
ferromagnetic interaction caused by the coupling betwefen 4done by using a superconducting quantum interference de-
spins and 8 electrons has not been reported so far. vice (SQUID) magnetometer.

In perovskite titanatesRTiOg), R (rare earthis usually The inset of Fig. 1 shows the temperature dependence of
trivalent and Ti is also trivalent, which takes the'3electron resistivity for EUTIQ, and Ey ¢Lay 1TiO5 in a logarithmic
configuration. These compounds have orthorhombic distorscale. It is clear from this figure that EuTjOs a (band
tion because of the relatively large®Tiion and the small insulator, but becomes metallic with La substitution for the
R3* ion as a perovskite structure. Many studies have beegy site. The main panel of Fig. 1 shows the temperature
carried out for these perovskite titanates as a typical series @fependence of resistivity for Eyap,TiO;, and
Mott insulators? In EuTiOs, however, Eu is divalent because Sr, 4 a, ;TiO5 having no localized spins. Various studies on
of the stable 4’ (EW*") state, and thus Ti is tetravalent Sr,_ 1 a,TiO; have clarified that itinerant electrons are intro-
(3d?%), meaning that EuTi@is a band insulator. In addition, duced into Ti 3! states with the La substitution for the Sr
because of the relatively small“Ti ion and the large Bif  site, and the number of electrons per Ti site equals the La
ion, EuTiO; has no lattice distortion but has a simple cubic concentrationx.*® Thus, 0.1 electron per Ti site exists in
perovskite structure. Therefore, EUTEI@ similar to SITiQ, SIyday (TiO5. Similar behaviors in the resistivity of
except that EuTi@Q has large spins on the Eu sites ( Eu,dlayTiO; and that of Sygla, ,TiO5 indicate that the
=7/2), which orders antiferromagnetically at 6°K. electronic structure of the Eu compound is almost the same

As in the case of SrTiQ electrons can be introduced into as the Sr compound, i.e., 0.1 electron per Ti site. However, a
Ti 3d states of EuTiQ by substituting divalent Eu by triva- clear kink at low temperatureshown by an arrow in Fig.)1
lent R. We found that such electron-doped Eufiecomes is observed only for Eyglag ;TiO3, suggesting the ordering
a ferromagnetic metal with the maximum Curie temperaturenf Eu spins.
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FIG. 1. Temperature dependence of resistivity for FIG. 3. Resistivity vs temperature under magnetic field for
Euy.dlay 1TiO3 (a solid line and Sg (Lay 1 TiO5 (a dashed ling The Eu oLag 1TiO3. The inset shows the field dependence of resistivity
arrow shows the temperature of the ferromagnetic ordering of Eat 9 K for the same sample.
spins. The inset shows the temperature dependence of resistivity for

EuTiO; and Ey d_a, ;TiO; in a logarithmic scale. change(antiferromagnetic interaction through the oxygen
2p state, and also byii) the indirect exchange through the

The main panel of Fig. 2 shows the magnetization vsEU 0 State. In the case of Eu chalcogenidesO and Eug

: ; the latter interaction, which is ferromagnetic, is dominant
temperature under 100 G for EuTjGnd Euy ol a5 1TiOs. C '
The undoped EuTiQshows a cuspts K in the magnetiza- between the nearest-neighbor spirf@n the other hand, for

tion curve, which corresponds to the antiferromagnetic orFl.d-80.1TIO, itinerant electrons are introduced into the tri-

dering of Eu spins, as previously reporfeBy electron dop- ply degenerated,, orbitals of Ti 3d states. These orbitals

ing into the Ti 3l states, however, magnetization shows a€longate towqrd the center _b_etween neighboring_ Eu atoms,
d so there is a small but finite overlap of the oribtals with

sharp increase at 8 K, and resistivity shows a sharp drop . .
e Eu spins. As a result, another channel of magnetic inter-

the same temperature. The inset of Fig. 2 shows the field ™ . . o !

dependence of magnetization for fzliag ;TiO5 at 5 K. action between the Eu spins mediated by the itinerantdTi 3

Magnetization is saturated aboved.5 T, and the saturation el_ectrons appears, which IS analogous to the Rud_erman-

moment is Jug per Eu, which well coincides with the spin Kittel-Kasuya-Yosidg RKKY') interaction between localized

moment of ?Eu 6= 7'/2) These results indicate that spins of magnetic impurities in metals. This type of magnetic

Etn ol an TiO- i f ti tal bel K wh interaction can cause the ferromqgngtlc ordermg_ qf the Eu
t d-201TIOs is & feromagnetic metal below 8 K, where spins in Eyday TiO5;. Such a situation looks similar to

the Eu spins are fully polarized. ;
Here, let us consider the mechanism of magnetic interacgoloed Eu chalcogenides. We note, however, that Eu chalco-

tion in these compounds. In the undoped EuJiere are genides originally have ferromagnetic interaction without
Eu 4f spins 6=7/2) but ﬁo itinerant electrons. and interac- itinerant carriers(due to the indirect exchange interaction

. N : . _ through Eu %l). Therefore, the present system is different
tion between Eu # spins is dominated byi) the superex from the Eu chalcogenides in the sense that the interaction

changes from antiferromagnetic to ferromagnetic with carrier

5 10f Bugylag,Ti0; doping. Such a sign change of magnetic interaction with car-
= at 5K rier doping is rather analogous to perovskite manganites.
SN 17100 For perovskite manganites and Eu chalcogenides, the con-
§ I duction of itinerant electrons, which is strongly coupled with

Tl 5‘ localized spins, can be controlled by aligning the localized

spins with magnetic field, and such a process gives rise to
large negative magnetoresistance. That phenomenon is also
expected for the present compounds. Figure 3 shows the
temperature dependence of resistivity under various mag-
: netic fields. With decreasing temperature, resistivity without
- magnetic field shows a slight increase from 30 K down to
i Tc=8 K, then shows a sharp kink 8t-, and decreases
below T . Under the magnetic field, however, such a kink at
T in resistivity is rounded and negative magnetoresistance
appears. The inset shows the field dependence of resistivity
FIG. 2. Temperature dependence of magnetization under 100 @t 9 K (immediately abovd ¢). These are universal features
for EuTiO; and Eyd.a,,TiO5 (solid lines, left axis as well as  for the ferromagnetic compounds that have strong coupling
resistivity for E dlay TiO; (open circles, right axjs The inset  between itinerant electrons and localized spins.
shows the field dependence of magnetization at 5 K for In Sr_,La,TiO5, the number of carriers per Ti can be
Ew dLag 1TiO5 normalized to the number of Eu. varied from 0 to 1 by substituting divalent Sr by trivalent
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. studies on Sr_,R,TiO5 indicate that the electron-correlation
Eu,_R,TiO;

effect in the Ti 3 state is pronounced asapproaches 1In
other words, because of the on-site Coulomb interaction on
the Ti site, the effective mass of the itinerart 8lectrons is
enhanced ag approaches 1, where the system becomes a
Mott insulator. This mass enhancement of the Ti 8ec-
trons effectively reduces the interaction between the local-
ized 4f spins, and hence reduc@s . Such an issue, i.e.,
how the correlation effect of itinerant electrons modifies the
magnetic interaction mediated by them, has not been well
studied so far, and the present compounds would be an ideal
system for future studies on that issue.

It also should be noted that the compound on the other
end of this series, GdTi{) is a Mott insulator with a dis-
x torted perovskite structure, and becomes ferromagnetic be-
low 34 K.” The ferromagnetic interaction in this compound
is believed to be dominant between neighboring Ti and to be
associated with the ordering of T orbitals® In other
words, the origin of the ferromagnetic interaction in GdJiO

La® In EuTiO;, however, too much La substitution breaks Is different from that in the doped EuT{OThe present ex-
the Eu network itself. To further increase the number of itin_perlmental result indicates that two different types of ferro-

erant electrons, therefore, we choose Gd as a trivalent ioﬁl’wagnets, the metallic and the insulating ones, do not continu-
which has the same electron configuration witlf E§4f") Gusly change from one to the other withbut T takes the

and can maintain the network of 4spins. Figure 4 plot3 ¢ minimum in between. . .

as a function of the number of electrons per Ti sitex]. In summary, we found a series of ferromag_ne_tlc com-
The inverse susceptibility fax=0.1, 0.5, and 0.7 is plotted pounds, Ey,R,TiOs. In this series, the magnetic interac-
in the inset. As can be se€hg is maximized ak=0.1, and t|on.chang_es from antn‘erromagnenq to ferromagnepg with
then it again decreases with further increasing@ne pos- carner dqplng, and the ferromagnet!c mterapnon ongmates
sible origin for that behavior ofTc vs x is a RKKY from the interaction between Euf 4pins mgdlated by |t|_n_-
oscillation? In the case of a RKKY interaction, the sign of erant Ti 3 electrons. The electron-correlation effect _of itin-
interaction changes oscillatorily according to the relation be_erant elect.rons also plays a key role for the magnetism in a
tween the Fermi wave number and the distance betweelﬁrgexregme.

neighboring sites. Thus, with increasing the number of elec- This work was supported by a Grant-In-Aid for Scientific
trons, T can change oscillatorily. Another possible origin is Research from the Ministry of Education, Science, and Cul-
the electron-correlation effect in the Tid3state. Various ture, Japan.
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FIG. 4. x dependence ofl. for Ey, ,R,TiO; for R=La
(circles andR=Gd (squares The inset shows the inverse suscep-
tibility normalized to the number of Eu and Gd.
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