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Reduction of ordered moment in strongly correlated LaTiOs, s upon band filling
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Neutron diffraction and magnetic susceptibility experiments were performed on single crystals of the doped
Mott-Hubbard insulator LaTi@, s. The magnetic properties of the three-dimensional correlated electron sys-
tem were investigated upon hole doping. The size of the ordered momerit'ofriTihe canted antiferromag-
netically ordered phase reaches a maximum of 0.46£2pr LaTiO5. Upon increasing the band filling, i.e.,
upon increasing the amount of nonstoichiometric oxygdrom 0 to ~0.08, the ordered moment on®Tiis
shown to decrease rapidly. The weak-ferromagnetic saturation moment of {gfiOon the verge of the
insulator-to-metal transition, is reached via a series of steps in the magnetization curve.
[S0163-182609)00318-5

The orthorhombically distorted perovskite LaEi@s a  band. On changing the effective valence of Cu, i.e., by con-
Mott-Hubbard insulator with a small charge gap@.2 eV)  trolling the filling of the Cu-O related band, the cuprates
between the correlated Tid3states of the Coulomb-split exhibit a phase transition from an AF insulator to an uncon-
lower and upper Hubbard band® The nominal valence of ventional metal through the higFe superconductor state. In
Tiin LaTiO; is 3+ with 3d® (S=3) configuration. Increas- manganese perovskites based on the AF insulator LajVinO
ing the average valence of Ti leads to the formation of aor some values of hole doping an insulator-to-metal transi-
strongly correlated metal as the gap becomes filled with cation occurs at a certain temperature, generally associated
riers. This can be realized, for example, in LaZiQ or  with the ferromagnetic Curie temperature.

La; _,ATiO3 (A is a divalent alkaline earthA critical en- For all these @ electron systems the band filling control
hancement of the effective electron mass was found upoof the parent Mott insulators has been widely recognized as
approaching the Mott-Hubbard insulator phase from the meene of the most important aspects of the insulator-to-metal
tallic side?® For low carrier doping, i.e., in LaTiQ s with  transition>!” Moreover, it is believed that magnetism
off-stoichiometric oxygen £&46=<0.08 (Refs. 6-9 or strongly affects the electronic system. Therefore, a detailed
La; _,A,TiO5 with 0=x=<0.05(Refs. 9 and 10 a metal-to- knowledge of the magnetic properties of the doped Mott-
insulator transition occurs at low temperatures. This transiHubbard insulator LaTiQ, s might contribute to a better un-
tion is accompanied by antiferromagnetisF) ordering of  derstanding of the insulator-to-metal transition in strongly
Ti®*" moments, with a weak-ferromagnetic component due taorrelated electron systems.

spin canting. In this paper, we present neutron-diffraction and

The dependence of the electronic and magnetic propertigsagnetic-susceptibility measurements on a series of single
of LaTiOz on doping resembles to a certain degree the situerystals of LaTiQ, s. We observed a significant reduction
ation of the high¥, cuprate$'~*3and colossal magnetoresis- of the ordered moment size of Ti upon filling the narrow
tance manganese perovskités'® The parent compounds of d-electron band of LaTiQ i.e., upon increasing from 0 to
cuprates and manganates are charge-transfer insulators with).071). This gives further evidence that the spin-ordered
the gap formed between the occupied oxygerstates and phase collapses upon approaching the Mott-Hubbard transi-
the unoccupied Cu or Mnd3states of the upper Hubbard tion boundary. In the immediate vicinity of the insulator-to-
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TABLE II. The four possible magnetic structures for thRbnm
space group. The symmetry operators 2x, and ny relate the
position and orientation of spif; to S,, Sz, andS,, respectively.
The orientation of the spins along the indicated, andz axis are
denoted with a+ or — sign.

1 G, A, F, 2 A, G, C,
I S, + + + | S, + + +
2z - - + 2z S - - +
axxX''© s -+ + ax S + - -
nyt s + - + ny § - + -
3 C, F, A 4 F, Cy G,
_ FIG. 1. Orthor_homb_ldD.bnmspace group of_ LaTl_g)wnh fou_r s, + + + | s, + + N
distorted perovskite units in the crystallographic unit cell. Unit cell ot 4 4 ot N N _
parameters aff=100 K area=5.626 A, b=5.590 A, andc : S2 S2
=7.904 A. The positions of the Ti spins in the unit cell are labeled®* S~ ot axT S B N
S, ....,S,. The G,F, magnetic structure is indicated by arrows. Y S - + - ny & + -+
Note, however, that we cannot distinguish betwe@gF, and
G,F,.

pected for AF ordering of Ti moments. For all crystals with

metal transition, i.e., in LaTigy;, a peculiar magnetization 0= 9=0.08 we observed magnetic scattering at the same po-
behavior is observed. The weak-ferromagnetic saturatiogitions although the magnetic contribution to these Bragg
moment is reached via a series of steps in the magnetizatid¥faks decreases with band filling, i.e., with increasing off-
curve. stoichiometric oxygens. For LaTiO; gq(5), the relative in-

All the LaTiO,, 5 single crystals were prepared by crease due to magnetic ordering of Ti moments for some
floating-zone melting of sintered ceramic bars in a reducingrincipal reflections is listed in Table I.
atmosphere. The ceramics were prepared using a mixture of The only four magnetic structures with zero propagation
La,05, TiO, and TiQ sintered at 1350 °C. Special attention vectors that are compatible with LaTiQ; crystal symmetry
was paid to the synthesis of samples wéts 0. The oxygen are listed in Table Il. In this table, the position of the Ti spins
content of the crystals was measured with a thermogravimein the crystallographic unit cell are labele8,(x,y,z)
ric analyzer (SETARAM). Only crystals vylth a ho_moge— =(£,0,0), S,(xy,2)=(3,03), Ss(xy,2)=(0},0), and
neous oxygen content were used in this investigation. Neu- - . o ) )
tron diffraction was performed at the thermal neutron single>4(X¥,2)=(0,2,2), see Fig. 1. The position and orientation
crystal diffractometer D15 at the high neutron flux reactor ofof these spins are coupled with the symmetry operatays 2
the Institute Laue Langevin, Grenoble, France. The waveaX, andny, which relate the Ti spir§; t0 S, S;, andS,,
length used was.=1.17 A. The magnetization was mea- respectively. The two orientations of the spins along the in-
sured with a commercial superconducting quantum interferdicatedx, y, andz axis are denoted with & or — sign. The
ence device (SQUID) magnetometer (Biomagnetic three magnetic structures in Table Il with a ferromagnetic
Technologies, Ing. component F can account for the weak-ferromagnetic

We have measured the intensity of 198 Bragg reflectionsnoment  previously — observed in  magnetization
at different temperatures of three twinned single crystals ofmeasurements® To distinguish among these three struc-
LaTiOg, s with §=0.00Q5), §=0.0305), and6=0.041).  tures, we consider the magnetic structure factors for certain
These crystals are located in the magnetic phase diagrargflections listed in Table Ill. The significant magnetic inten-
where AF magnetic ordering of the Ti moments is expectedsity observed at thél 0 1) and (0 1 1) reflection is compat-
LaTiO,, 5 belongs to the orthorhombic space grobge-  ible with the AF typeG structure. We have essentially zero
Pbnmwith four distorted perovskite units in the crystallo- intensity in the(1 0 0), (0 1 0), and(1 1 1 reflections. This
graphic unit cell, Fig. 1. In this space group, a gain in neuleads to the conclusion that no AF type-and type€
tron intensity superposedn structural Bragg peaks is ex-

TABLE lll. Magnetic structure factor for selected reflections.

TABLE |. Relative increase in neutron intensity due to magnetic

ordering of LaTiQ goqs) for selected reflections. hkl Structure factor Order type

101  -S+5+S5-5S, G
hkl (15 K~ 1(190 KNI (S K) 011 Si-S—Si+S, G h+k odd, | odd
100 -0 001 S-S+ S-S, A
010 ~0 111 —-S$+S-S+S, A h+k even,| odd
101 0.60-0.09 100 -S-S+S+S, c
011 0.59-0.10 010 S,+S,- S-S, c h+k odd,1 even
111 ~0 110 —-5$,-5-5-5 F h+k even,l even
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FIG. 2. (a) Temperature dependence of the AF ordered moment an,f{T) of LaTiO; goqs), LaTiO; 03¢5y, and LaTiQ oqqy. The
dotted lines are fits tapeoc (1— T/ Ty)# with 3=0.35(3) andB=0.36(4) for LaTiQ goqs) and LaTiQ g3qs) » respectively(b) Temperature
dependence of the macroscopic weak-ferromagnetic momgp{T) measured by SQUID magnetometry.

components are present in the magnetic structure ofesult of this is a strongly reduced “effective factor (g
LaTiO,, 5. The magnetic structure is therefore eiti@fF, ~1)2
or G,F,, Fig. 1. This means that all nearest-neighbor Ti The macroscopic weak-ferromagnetic moment found in
moments are oriented antiparallel in the three-dimensionahe spin-ordered state is due to canting of the AF ordered Ti
(3D) long-range ordered phase below theeNteemperature moments. The canting is driven by the GdRe@pe
T, in agreement with previous neutron powder-diffractiondistortior?? of the perovskite lattice. This rotation of the
measurements on LaTiQ,. *® Because of the twinning of Ti-Og octahedra in the orthorhombic phase allows the anti-
the crystals we cannot distinguish betwegyF, andG,F, . symmetric Dzyaloshinski-Moriya superexchange tekn

It is interesting to investigate the evolution of the ordered=2; ;,D;; §XS; in the spin Hamiltonian. Figure (B)
moment sizan,g of Ti and its temperature dependence uponshows the temperature dependence of the weak-
band filling. Considering the observed magnetic intensitiesferromagnetic momerny, for the three LaTi@, s crystals
we find for LaTiO; goo(5) an ordered moment on Ti oh,e as measured by SQUID magnetometry. The AF ordered mo-
=0.46(2)ug, whereug is the Bohr magneton. Upon hole ment sizem,g, Fig. 2a), and the weak-ferromagnetic mo-
doping, the ordered moment decreases rapidly. Fomentmy, Fig. 2b), decrease by the same fraction with an
LaTiOsz 0305y and LaTiQg7¢1), @ moment on Ti of increasing amount of nonstoichiometric oxyges 8<0.08.
0.32(2ug and 0.09(3ug, respectively, is obtained. The This indicates that, within the error, the reduction of the
temperature dependence of the ordered mome{(T) in  macroscopic weak-ferromagnetic moment can be understood
the three crystals is shown in Fig(a® A fit with mpaec(1  in terms of a decreased moment on Ti without a change in
—T/Ty)# in the vicinity of Ty leads to the respective critical canting angle € 1.7°).

exponents5=0.35(3) and8=0.364), for LaTiO; gg(s) Figure 3 shows the dependence of the ordered moment
and LaTiQ 3s5), consistent with the 3D Heisenberg m g versus Nel temperaturd’y . We have included data on
picture. the weak-ferromagnetic momem,,- of several additional

Generally, an ion with spir§ in a 3D magnetically or- LaTiO;z, 5 crystals with 0= §=<0.08, which was shown to be
dered lattice has an ordered momenggfzS, which yields a good measure afise (see above The size of the ordered
~1ug for S=3 wheng~2. The smaller ordered moment of moment of Ti reaches a maximum of 0.46¢2) for
~0.5ug found in LaTiQ; is not due to quantum fluctuations. LaTiO3 ggq5). With increasing band filling, the moment de-
These are known to reduce significantly the ordered momentreases rapidly and long-range 3D order is suppressed for
e.g., in the cuprates, because of a reduced=0.08, i.e., for more than-0.16 holes/Ti. Surprisingly,
dimensionality!®?° In fact, the ordered moment of Ty(mae) does not extrapolate to zero, which prompted us to
0.46(2)ug/Ti in the 3D correlated LaTi@can be explained speculate about a collapseT§ asmue— 0 in the vicinity of
with an unquenched orbital momentum. In the ionic picturethe Mott-Hubbard transition. It is interesting to compare this
without crystal distortion the orbital magnetization inducedbehavior with the situation found in cuprates and mangan-
by spin-orbit interaction on thi, states is kg. The crystal ates. The ordered moment size in the AF ordered phase of
field in LaTiO; splits the degeneratgy orbitals and partly  YBa,Cu;Og, 5 Or La,CuQy, s as determined by magnetic
guenches the orbital moment. This remaining orbital mo-neutron scattering has a maximum af,z~0.6ug for
mentum reduces the total magnetic moment on the Ti sites§~0.2%2This limit is in agreement with the theoretical pre-
in accordance with Hund’s third rule. Roughly speaking, thediction for aS=% 2D Heisenberg AR® With increasings,



PRB 59 REDUCTION OF ORDERED MOMENT IN STRONGY. .. 11 835
Myye (1/Ti) 0.020
0.000 0.(205 0.(310 0.(215 0.015
150 F -
el 0.010
__ 125} - LaTiOa,ooo(s) E
< " 2 = 0.005
g 100 | ,%’ - LaTioa.oao(s) 4 S_“
2 - = 0.000
g 75 - 5
o - ) E
g ; LaTiO s E 0.005
|q_> 1 Q
5 50f ! ? 4 =
2 j & top-axis 0.000
251/ , ® bottom-axis
LaTiO 0.005
’ 3.08(1) LaTioamu)
0</ L L L L L Lo s a0 2 o 2 0 4 o
0.000 e
0.0 0.1 0.2 ( 0/-?-) 0.4 0.5 1 2 3 4 5
m i
aF \Mg uH M

FIG. 3. Neel temperaturely versus the AF ordered moment
Mae on Ti (bottom axig for LaTiOsggqs), LaTiOz03qs . and
LaTiOg 971y - The weak-ferromagnetic moment,e for an addi-
tional series of crystals is includdtbp axig. Themy (top axi9 is
scaled tom,g for LaTiOg goqs) - The dashed line is a guide to the
eye.

FIG. 4. Magnetization versus applied figtt(H) of LaTiO; g7y,
for temperatures indicated. The(H) curves forT=25 K andT
=40 K are offset for clarity. The sample is cooled inuametal
shielded environment to ensure zero-field cooling. The series of
steps inm(H) are indicated by an arrow.

i.e., by controlling the filling of the Cu-O related band, the magnetization behavior, is found for hole-doped samples
ordered moment size of €ti is reduced accompanied by a on the verge of the Mott-Hubbard transition boundary.
strong decrease inTy. Contrary to the situation in Figure 4 shows the magnetization curves(H) of
LaTiO;. 5, the Neel temperature in these cuprates is found| aTiO; o7, for three different temperatures. Pronounced
to be proportional to the ordered moméftong-range AF  gteps in the magnetization curve upon reaching the saturation
order in YB3CuOs., and LaCuQ,,, cannot develop oment are observed. These steps are basically equally
above a critical hole concent_ratlon 6f0.02 holes/Cu. The spaced in the applied field. With increasing temperature,
AF ordered moment on Mn in LaMnO(AF typeA Struc- o senaration between the steps decreases. It is interesting
ture, 3.4%g with Ty=140 K) is, like for the titanates and to note that the magnetization curva(H) at T=5 K of

%he related Mott-Hubbard insulator PrTjQvas also shown

to have a large hysteresis, with one clear step at

1 ) . )
Mn-O band leads to a decrease in AF moment and a gradué‘lo|_|~3"r> T O_One might _speculat_e that an applled_fleld
formation of ferromagnetic order, which makes it difficult to IS able to switch one twin _dom_aln _|nt0 another_ with a
make a statement concerning the doping dependence of thgore favorable_fer_romagnetlc dlrc_ectlon, generating ste_ps
Néel temperature. Note the similarity in hole doping aboveln the magnetization curve. This could also explain
which AF order in LaTiQ, s and LaMnQ, s is suppressed. gualitatively its temperature dependence as bglng a balance
In the ionic picture, this critical doping 0f0.14 to 0.16 between the thermal energy and the energy introduced by
holes/site corresponds thl4*/M3*~1/6, i.e., every spin the field. It remains surprising, however, that the steps are
(M3+) has on average about one hoM"(‘*’) as its nearest regularly Spaced in the applled field. Further information
neighbor. This is consistent with the model proposed byon the field dependence of the ferromagnetic component in
Aharonyet al,?* that the effect of hole doping is not to dilute the ordered state could be obtained by polarized neutron-
the spin system, but to introduce frustration. The holes irscattering experiments.
rare-earth oxides reside primarily on oxygen atoms. The ex- In summary, we have presented neutron diffraction
change interaction between the hole on the oxygen and ea@nd magnetic susceptibility of single crystals of the
of its two nearest-neighboringl (M =Ti, Mn, or Cu) holes  doped Mott-Hubbard insulator LaTiQs. The TP
requires that théVl spins be parallel. Frustration occurs be- moment, 0.46(2)g in LaTiO&OOO(S)i is shown to decrease
cause theM-O-M superexchange interaction is antiferro- rapidly —with increasing nonstoichiometric  oxygen
magnetic. If the OM exchange is large enough, AF order 0<§=<0.08. Near the insulator-to-metal transition, i.e., in
will be disrupted. LaTiO3 g7(1), the weak-ferromagnetic saturation moment is
We have measured the magnetization curvagH) reached via a series of well-defined steps in the magnetiza-
of LaTiO;,s crystals to study the behavior of the tion curve.
weak-ferromagnetic component to the ordered moment.
The crystals have been cooled <Ty in a wu-metal
shielded environment to ensure true zero-field cooling We are grateful to H. Schwer, J.-P. Locquet, and J.
prior to the measurement. Whereas LaJ&Dows the typical Fompeyrine for fruitful discussions. This work was partially
m(H) behavior of a weak ferromagnet, a peculiarsupported by the Swiss National Science Foundation.

ments of 2.525 and 0.2%g are reported for LaMng,s
and LaMnQ,;, respectively!® In LaMnO,_ 5, filling the
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