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Reduction of ordered moment in strongly correlated LaTiO31d upon band filling
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Neutron diffraction and magnetic susceptibility experiments were performed on single crystals of the doped
Mott-Hubbard insulator LaTiO31d . The magnetic properties of the three-dimensional correlated electron sys-
tem were investigated upon hole doping. The size of the ordered moment of Ti31 in the canted antiferromag-
netically ordered phase reaches a maximum of 0.46(2)mB for LaTiO3. Upon increasing the band filling, i.e.,
upon increasing the amount of nonstoichiometric oxygend from 0 to ;0.08, the ordered moment on Ti31 is
shown to decrease rapidly. The weak-ferromagnetic saturation moment of LaTiO3.07(1), on the verge of the
insulator-to-metal transition, is reached via a series of steps in the magnetization curve.
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The orthorhombically distorted perovskite LaTiO3 is a
Mott-Hubbard insulator with a small charge gap (;0.2 eV!
between the correlated Ti 3d states of the Coulomb-spli
lower and upper Hubbard band.1–3 The nominal valence o
Ti in LaTiO3 is 31 with 3d1 (S5 1

2 ) configuration. Increas-
ing the average valence of Ti leads to the formation o
strongly correlated metal as the gap becomes filled with
riers. This can be realized, for example, in LaTiO31d or
La12xAxTiO3 (A is a divalent alkaline earth!. A critical en-
hancement of the effective electron mass was found u
approaching the Mott-Hubbard insulator phase from the m
tallic side.4,5 For low carrier doping, i.e., in LaTiO31d with
off-stoichiometric oxygen 0&d&0.08 ~Refs. 6–9! or
La12xAxTiO3 with 0&x&0.05 ~Refs. 9 and 10!, a metal-to-
insulator transition occurs at low temperatures. This tran
tion is accompanied by antiferromagnetic~AF! ordering of
Ti31 moments, with a weak-ferromagnetic component due
spin canting.

The dependence of the electronic and magnetic prope
of LaTiO3 on doping resembles to a certain degree the s
ation of the high-Tc cuprates11–13and colossal magnetoresi
tance manganese perovskites.14–16 The parent compounds o
cuprates and manganates are charge-transfer insulators
the gap formed between the occupied oxygen 2p states and
the unoccupied Cu or Mn 3d states of the upper Hubbar
PRB 590163-1829/99/59~18!/11832~5!/$15.00
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band. On changing the effective valence of Cu, i.e., by c
trolling the filling of the Cu-O related band, the cuprat
exhibit a phase transition from an AF insulator to an unco
ventional metal through the high-Tc superconductor state. In
manganese perovskites based on the AF insulator LaMn3,
for some values of hole doping an insulator-to-metal tran
tion occurs at a certain temperature, generally associ
with the ferromagnetic Curie temperature.

For all these 3d electron systems the band filling contr
of the parent Mott insulators has been widely recognized
one of the most important aspects of the insulator-to-m
transition.13,17 Moreover, it is believed that magnetism
strongly affects the electronic system. Therefore, a deta
knowledge of the magnetic properties of the doped Mo
Hubbard insulator LaTiO31d might contribute to a better un
derstanding of the insulator-to-metal transition in strong
correlated electron systems.

In this paper, we present neutron-diffraction a
magnetic-susceptibility measurements on a series of si
crystals of LaTiO31d . We observed a significant reductio
of the ordered moment size of Ti upon filling the narro
d-electron band of LaTiO3, i.e., upon increasingd from 0 to
;0.07~1!. This gives further evidence that the spin-order
phase collapses upon approaching the Mott-Hubbard tra
tion boundary. In the immediate vicinity of the insulator-t
11 832 ©1999 The American Physical Society
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metal transition, i.e., in LaTiO3.07, a peculiar magnetization
behavior is observed. The weak-ferromagnetic satura
moment is reached via a series of steps in the magnetiza
curve.

All the LaTiO31d single crystals were prepared b
floating-zone melting of sintered ceramic bars in a reduc
atmosphere. The ceramics were prepared using a mixtur
La2O3, TiO, and TiO2 sintered at 1350 °C. Special attentio
was paid to the synthesis of samples withd'0. The oxygen
content of the crystals was measured with a thermogravim
ric analyzer ~SETARAM!. Only crystals with a homoge
neous oxygen content were used in this investigation. N
tron diffraction was performed at the thermal neutron sing
crystal diffractometer D15 at the high neutron flux reactor
the Institute Laue Langevin, Grenoble, France. The wa
length used wasl51.17 Å. The magnetization was me
sured with a commercial superconducting quantum inter
ence device ~SQUID! magnetometer ~Biomagnetic
Technologies, Inc.!.

We have measured the intensity of 198 Bragg reflecti
at different temperatures of three twinned single crystals
LaTiO31d with d50.000(5), d50.030(5), andd50.07(1).
These crystals are located in the magnetic phase diag
where AF magnetic ordering of the Ti moments is expect
LaTiO31d belongs to the orthorhombic space groupD2h

16-
Pbnm with four distorted perovskite units in the crystallo
graphic unit cell, Fig. 1. In this space group, a gain in ne
tron intensitysuperposedon structural Bragg peaks is ex

TABLE I. Relative increase in neutron intensity due to magne
ordering of LaTiO3.000(5) for selected reflections.

h k l @ I (5 K)2I (190 K)#/I (5 K)

1 0 0 ;0
0 1 0 ;0
1 0 1 0.6060.09
0 1 1 0.5960.10
1 1 1 ;0

FIG. 1. OrthorhombicPbnmspace group of LaTiO3 with four
distorted perovskite units in the crystallographic unit cell. Unit c
parameters atT5100 K are a55.626 Å, b55.590 Å, andc
57.904 Å. The positions of the Ti spins in the unit cell are labe
S1 , . . . ,S4. The GzFx magnetic structure is indicated by arrow
Note, however, that we cannot distinguish betweenGxFz and
GzFx .
n
on

g
of

t-

u-
-
f
-

r-

s
f

m
.

-

pected for AF ordering of Ti moments. For all crystals wi
0<d&0.08 we observed magnetic scattering at the same
sitions although the magnetic contribution to these Bra
peaks decreases with band filling, i.e., with increasing o
stoichiometric oxygend. For LaTiO3.000(5), the relative in-
crease due to magnetic ordering of Ti moments for so
principal reflections is listed in Table I.

The only four magnetic structures with zero propagat
vectors that are compatible with LaTiO31d crystal symmetry
are listed in Table II. In this table, the position of the Ti spi
in the crystallographic unit cell are labeledS1(x,y,z)

5( 1
2 ,0,0), S2(x,y,z)5( 1

2 ,0,12 ), S3(x,y,z)5(0,1
2 ,0), and

S4(x,y,z)5(0,1
2 , 1

2 ), see Fig. 1. The position and orientatio
of these spins are coupled with the symmetry operatorsz,
ax, andny, which relate the Ti spinS1 to S2 , S3, andS4,
respectively. The two orientations of the spins along the
dicatedx, y, andz axis are denoted with a1 or 2 sign. The
three magnetic structures in Table II with a ferromagne
component F can account for the weak-ferromagnet
moment previously observed in magnetizati
measurements.6–9 To distinguish among these three stru
tures, we consider the magnetic structure factors for cer
reflections listed in Table III. The significant magnetic inte
sity observed at the~1 0 1! and~0 1 1! reflection is compat-
ible with the AF type-G structure. We have essentially ze
intensity in the~1 0 0!, ~0 1 0!, and~1 1 1! reflections. This
leads to the conclusion that no AF type-A and type-C

l

TABLE II. The four possible magnetic structures for thePbnm
space group. The symmetry operators 2z, ax, and ny relate the
position and orientation of spinS1 to S2 , S3, andS4, respectively.
The orientation of the spins along the indicatedx, y, andz axis are
denoted with a1 or 2 sign.

1 Gx Ay Fz 2 Ax Gy Cz

I S1 1 1 1 I S1 1 1 1

2z S2 2 2 1 2z S2 2 2 1

ax† S3 2 1 1 ax S3 1 2 2

ny† S4 1 2 1 ny S4 2 1 2

3 Cx Fy Az 4 Fx Cy Gz

I S1 1 1 1 I S1 1 1 1

2z† S2 1 1 2 2z† S2 1 1 2

ax† S3 2 1 1 ax S3 1 2 2

ny S4 2 1 2 ny† S4 1 2 1

TABLE III. Magnetic structure factor for selected reflections.

h k l Structure factor Order type

1 0 1 2S11S21S32S4 G
0 1 1 S12S22S31S4 G h1k odd, l odd
0 0 1 S12S21S32S4 A
1 1 1 2S11S22S31S4 A h1k even,l odd
1 0 0 2S12S21S31S4 C
0 1 0 S11S22S32S4 C h1k odd, l even
1 1 0 2S12S22S32S4 F h1k even,l even
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FIG. 2. ~a! Temperature dependence of the AF ordered moment on TimAF(T) of LaTiO3.000(5) , LaTiO3.030(5) , and LaTiO3.07(1) . The
dotted lines are fits tomAF}(12T/TN)b with b50.35(3) andb50.36(4) for LaTiO3.000(5) and LaTiO3.030(5) , respectively.~b! Temperature
dependence of the macroscopic weak-ferromagnetic momentmWF(T) measured by SQUID magnetometry.
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components are present in the magnetic structure
LaTiO31d . The magnetic structure is therefore eitherGxFz
or GzFx , Fig. 1. This means that all nearest-neighbor
moments are oriented antiparallel in the three-dimensio
~3D! long-range ordered phase below the Ne´el temperature
TN , in agreement with previous neutron powder-diffracti
measurements on LaTiO;3.0. 18 Because of the twinning o
the crystals we cannot distinguish betweenGxFz andGzFx .

It is interesting to investigate the evolution of the order
moment sizemAF of Ti and its temperature dependence up
band filling. Considering the observed magnetic intensit
we find for LaTiO3.000(5) an ordered moment on Ti ofmAF
50.46(2)mB , wheremB is the Bohr magneton. Upon hol
doping, the ordered moment decreases rapidly.
LaTiO3.030(5) and LaTiO3.07(1), a moment on Ti of
0.32(2)mB and 0.09(3)mB , respectively, is obtained. Th
temperature dependence of the ordered momentmAF(T) in
the three crystals is shown in Fig. 2~a!. A fit with mAF}(1
2T/TN)b in the vicinity of TN leads to the respective critica
exponentsb50.35(3) andb50.36(4), for LaTiO3.000(5)
and LaTiO3.030(5), consistent with the 3D Heisenber
picture.

Generally, an ion with spinS in a 3D magnetically or-
dered lattice has an ordered moment ofgmBS, which yields
;1mB for S5 1

2 wheng;2. The smaller ordered moment o
;0.5mB found in LaTiO3 is not due to quantum fluctuations
These are known to reduce significantly the ordered mom
e.g., in the cuprates, because of a redu
dimensionality.19,20 In fact, the ordered moment o
0.46(2)mB/Ti in the 3D correlated LaTiO3 can be explained
with an unquenched orbital momentum. In the ionic pictu
without crystal distortion the orbital magnetization induc
by spin-orbit interaction on thet2g states is 1mB . The crystal
field in LaTiO3 splits the degeneratet2g orbitals and partly
quenches the orbital moment. This remaining orbital m
mentum reduces the total magnetic moment on the Ti s
in accordance with Hund’s third rule. Roughly speaking,
of
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result of this is a strongly reduced ‘‘effective’’g factor (g
;1).21

The macroscopic weak-ferromagnetic moment found
the spin-ordered state is due to canting of the AF ordered
moments. The canting is driven by the GdFeO3-type
distortion22 of the perovskite lattice. This rotation of th
Ti-O6 octahedra in the orthorhombic phase allows the a
symmetric Dzyaloshinski-Moriya superexchange termH
5(^ i , j &Di j Si3Sj in the spin Hamiltonian. Figure 2~b!
shows the temperature dependence of the we
ferromagnetic momentmWF for the three LaTiO31d crystals
as measured by SQUID magnetometry. The AF ordered
ment sizemAF , Fig. 2~a!, and the weak-ferromagnetic mo
mentmWF, Fig. 2~b!, decrease by the same fraction with a
increasing amount of nonstoichiometric oxygen 0<d&0.08.
This indicates that, within the error, the reduction of t
macroscopic weak-ferromagnetic moment can be unders
in terms of a decreased moment on Ti without a change
canting angle (;1.7°).

Figure 3 shows the dependence of the ordered mom
m AF versus Ne´el temperatureTN . We have included data on
the weak-ferromagnetic momentmWF of several additional
LaTiO31d crystals with 0<d&0.08, which was shown to be
a good measure ofmAF ~see above!. The size of the ordered
moment of Ti reaches a maximum of 0.46(2)mB for
LaTiO3.000(5). With increasing band filling, the moment de
creases rapidly and long-range 3D order is suppressed
d*0.08, i.e., for more than;0.16 holes/Ti. Surprisingly,
TN(mAF) does not extrapolate to zero, which prompted us
speculate about a collapse ofTN asmAF→0 in the vicinity of
the Mott-Hubbard transition. It is interesting to compare th
behavior with the situation found in cuprates and mang
ates. The ordered moment size in the AF ordered phas
YBa2Cu3O61d or La2CuO41d as determined by magneti
neutron scattering has a maximum ofmAF;0.6mB for
d;0.20,23This limit is in agreement with the theoretical pre
diction for aS5 1

2 2D Heisenberg AF.19 With increasingd,
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i.e., by controlling the filling of the Cu-O related band, th
ordered moment size of Cu21 is reduced accompanied by
strong decrease inTN . Contrary to the situation in
LaTiO31d , the Néel temperature in these cuprates is fou
to be proportional to the ordered moment.12 Long-range AF
order in YBa2Cu3O61d and La2CuO41d cannot develop
above a critical hole concentration of;0.02 holes/Cu. The
AF ordered moment on Mn in LaMnO3 ~AF type-A struc-
ture, 3.49mB with TN5140 K! is, like for the titanates and
cuprates, strongly reduced upon hole doping. Ordered
ments of 2.52mB and 0.25mB are reported for LaMnO3.025
and LaMnO3.07, respectively.16 In LaMnO31d , filling the
Mn-O band leads to a decrease in AF moment and a gra
formation of ferromagnetic order, which makes it difficult
make a statement concerning the doping dependence o
Néel temperature. Note the similarity in hole doping abo
which AF order in LaTiO31d and LaMnO31d is suppressed
In the ionic picture, this critical doping of;0.14 to 0.16
holes/site corresponds toM41/M31;1/6, i.e., every spin
(M31) has on average about one hole (M41) as its neares
neighbor. This is consistent with the model proposed
Aharonyet al.,24 that the effect of hole doping is not to dilut
the spin system, but to introduce frustration. The holes
rare-earth oxides reside primarily on oxygen atoms. The
change interaction between the hole on the oxygen and
of its two nearest-neighboringM (M5Ti, Mn, or Cu! holes
requires that theM spins be parallel. Frustration occurs b
cause theM -O-M superexchange interaction is antiferr
magnetic. If the O-M exchange is large enough, AF ord
will be disrupted.

We have measured the magnetization curvesm(H)
of LaTiO31d crystals to study the behavior of th
weak-ferromagnetic component to the ordered mom
The crystals have been cooled toT,TN in a m-metal
shielded environment to ensure true zero-field cool
prior to the measurement. Whereas LaTiO3 shows the typical
m(H) behavior of a weak ferromagnet, a peculi

FIG. 3. Néel temperatureTN versus the AF ordered momen
mAF on Ti ~bottom axis! for LaTiO3.000(5) , LaTiO3.030(5) , and
LaTiO3.07(1) . The weak-ferromagnetic momentmWF for an addi-
tional series of crystals is included~top axis!. ThemWF ~top axis! is
scaled tomAF for LaTiO3.000(5) . The dashed line is a guide to th
eye.
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magnetization behavior, is found for hole-doped samp
on the verge of the Mott-Hubbard transition bounda
Figure 4 shows the magnetization curvesm(H) of
LaTiO3.07(1) for three different temperatures. Pronounc
steps in the magnetization curve upon reaching the satura
moment are observed. These steps are basically equ
spaced in the applied field. With increasing temperatu
the separation between the steps decreases. It is intere
to note that the magnetization curvem(H) at T55 K of
the related Mott-Hubbard insulator PrTiO3 was also shown
to have a large hysteresis, with one clear step
m0H;3.5 T.10 One might speculate that an applied fie
is able to switch one twin domain into another with
more favorable ferromagnetic direction, generating st
in the magnetization curve. This could also expla
qualitatively its temperature dependence as being a bala
between the thermal energy and the energy introduced
the field. It remains surprising, however, that the steps
regularly spaced in the applied field. Further informati
on the field dependence of the ferromagnetic componen
the ordered state could be obtained by polarized neut
scattering experiments.

In summary, we have presented neutron diffracti
and magnetic susceptibility of single crystals of t
doped Mott-Hubbard insulator LaTiO31d . The Ti31

moment, 0.46(2)mB in LaTiO3.000(5), is shown to decrease
rapidly with increasing nonstoichiometric oxyge
0,d&0.08. Near the insulator-to-metal transition, i.e.,
LaTiO3.07(1), the weak-ferromagnetic saturation moment
reached via a series of well-defined steps in the magne
tion curve.

We are grateful to H. Schwer, J.-P. Locquet, and
Fompeyrine for fruitful discussions. This work was partial
supported by the Swiss National Science Foundation.

FIG. 4. Magnetization versus applied fieldm(H) of LaTiO3.07(1)

for temperatures indicated. Them(H) curves forT525 K andT
540 K are offset for clarity. The sample is cooled in am-metal
shielded environment to ensure zero-field cooling. The series
steps inm(H) are indicated by an arrow.
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