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MAGNETIC AND THERMODYNAMIC PROPERTIESOF LaTiO3�J. Hemberger, V. Frits
h, H.-A. Krug von Nidda, R. WehnF. Li
htenberg, A. LoidlElektronis
he Korrelation und Magnetismus, Institut für PhysikUniversität Augsburg, 86135 Augsburg, Germanyand M.V. EreminKazan State University, 420008 Kazan, Russia(Re
eived July 10, 2002)The orbital ground state of LaTiO3 is still under debate. Re
ent letters[B. Keimer, et al., Phys. Rev. Lett. 85, 3946 (2000) and G. Khaliullin,S. Maekawa, Phys. Rev. Lett. 85, 3950 (2000)℄ dis
uss a s
enario of alo
ally disordered orbital liquid and provide theoreti
al predi
tions aboutorbital 
ontributions to the spe
i�
 heat. We present magneti
 measure-ments together with results for the heat 
apa
ity. In the magneti
 sus
ep-tibility a distin
t anisotropy 
an be found, not only in the magneti
allyordered regime but also well above. The paramagneti
 sus
eptibility 
an-not be evaluated in terms of a Curie-Weiss type behavior and seems to bedetermined by a small 
rystal-�eld splitting and spin-orbit 
oupling. Inaddition the heat 
apa
ity of LaTiO3 is 
ompared with that of orbitallyordered LaMnO3 for temperatures around and below TN . No indi
ationsfor additional orbital 
ontributions 
ould be dete
ted.PACS numbers: 71.27.+a, 71.30+h, 75.30.Cr, 75.30.Et1. Introdu
tionLaTiO3 is an antiferromagneti
 3d1 Mott-Hubbard-Insulator with a Néel-temperature TN = 146 K. The system 
an roughly be 
hara
terized asa pseudo-
ubi
 perovskite, with degenerate t2g-orbitals. A

ording to theGoodenough�Kanamori rules one expe
ts lo
al ferro-type orbital 
orrela-tions in a spin-Néel state, but no eviden
e of orbital order in LaTiO3 wasfound [1℄. Be
ause of the only weakly distorted TiO6 o
tahedra in LaTiO3the 
rystal �eld a
ting on the Ti3+ ions (Ti3+: 3d1) is nearly 
ubi
, resulting� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(843)



844 J. Hemberger et al.in a threefold degenerate t2g band. In re
ent letters it was proposed that thesystem 
ould be des
ribed assuming a disordered orbital liquid ground state,where the orbital degrees of freedom are intera
ting via magnons and whi
his dominated by �u
tuations [2℄. Below the opening of an orbital gap, also alinear term in the spe
i�
 heat is predi
ted [2℄. The purpose of this work isto 
hara
terize the ele
troni
 and thermodynami
 properties of LaTiO3 andto relate these to a possible orbital origin in 
omparison to LaMnO3.All investigations were 
arried out using single 
rystals of LaTiO3, whi
hwere prepared by �oating-zone melting as des
ribed elsewhere [3℄. The X-ray di�ra
tion pattern at room temperature reveals an (almost pseudo 
ubi
)orthorhombi
 stru
ture (Pbnm) with the latti
e parameters a = 5:633 Å,b = 5:617 Å, 
 = 7:915 Å, whi
h is 
omparable to results reported in litera-ture (e.g. Ref. [4℄). The magnetization measurements were performed witha 
ommer
ial SQUID-system between 1.8 K and 500 K. No geometri
 de-magnetization e�e
ts had to be 
onsidered due to the small absolute valueof the ferromagneti
 magnetization (see below). The spe
i�
 heat has beenmeasured with non
ommer
ial setups utilizing a quasi-adiabati
 method be-tween 2 K and 15 K and an AC-method between 10 K and 200 K.2. Results and dis
ussionIn Fig. 1 we present measurements of the DC sus
eptibility up to T =500 K. The magneti
 phase transition into a (
anted) antiferromagnet takespla
e at TN = 146 K. This 
orresponds to the highest reported transitiontemperatures and thus denotes the quality of the samples, as already small-est deviations in the stoi
hiometry lower TN drasti
ally [3℄. The small ferro-magneti
 
omponent 
an be explained by the antisymmetri
 Dzyaloshinsky�Moriya (DM) intera
tion due to the bu
kling of the oxygen o
tahedra andlies in the order of 0:01�B/formula unit [4,5℄. The antiferromagneti
 
ompo-nent was determined to be � 0:45�B by neutron di�ra
tion experiments [1℄.The onset of the spontaneous magnetization 
an be des
ribed using a 
riti-
al exponent of 
 = 0:34 � 0:01 as it is typi
al for experimentally observedmagneti
 se
ond order phase-transitions. In the magneti
ally ordered phasea 
lear anisotropy 
an be dete
ted [5℄. Nevertheless, it is astonishing thatalready well above TN the sus
eptibility is anisotropi
 (see inset of Fig. 1). Inaddition it is notable that the small but distin
t slope of the inverse paramag-neti
 sus
eptibility 
an be des
ribed neither by a Curie�Weiss type behaviornor by a 
onstant Pauli-
ontribution (whi
h would be di�
ult to motivate inan insulator anyway). A parameterization of ��1 in terms of a Curie�Weisslaw would lead to an e�e
tive moment of 3.2 �B and a Curie�Weiss tem-perature of �1100 K, both values beyond any physi
al interpretation. Theobserved behavior 
an be understood 
onsidering the spin-orbit 
oupling
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Fig. 1. DC magnetization M (left s
ale, open symbols) and inverse DC sus
eptibil-ity 1=� (right s
ale, 
losed symbols) of LaTiO3 in an external �eld of 100 Oe. Thesolid line below TN is 
al
ulated as M / (TN � T )
 with 
 = 0:34� 0:1. The insetgives the magnetization at T = 300 K in dependen
e of the angle � between theb; 
-plane and the magneti
 �eld (H = 20 kOe).and the lo
al axial 
rystal �eld [5℄. Expe
ting a spin-orbit splitting valueof � � 300 K, the sus
eptibility is dominated by a van Vle
k 
ontribution.The e�e
tive g-value for the pure quadruplet j = 3=2 is zero, but be
omessizable and anisotropi
 due to the axial 
rystal �eld [5℄. The resulting 
om-plex orbital 
on�guration generates the observed paramagneti
 behavior.Nevertheless, it remains un
lear how the orbital ground state is in�uen
edby the onset of magneti
 order. To elu
idate this question and to �nd apossible eviden
e for the postulated opening of an orbital gap [2℄, 
alori
measurements were performed for temperatures around and below TN.
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Fig. 2. Spe
i�
 heat of LaMnO3 (
losed 
ir
les �) and LaTiO3 (open 
ir
les Æ)represented as C=T vs T in a temperature range between 5 K and 200 K.The spe
i�
 heat of LaTiO3 is displayed as C=T vs T in Fig. 2. For
omparison the spe
i�
 heat of single 
rystalline LaMnO3 is shown. Thissystem is also an antiferromagneti
 insulator (TN = 140 K) and also showsthe orthorhombi
 O' stru
ture, where the slight distortion from 
ubi
 sym-metry results from a bu
kling of the oxygen o
tahedra, but here with a value



846 J. Hemberger et al.for 
=p2a < 1 smaller than in LaTiO3. In the LaMnO3 (Mn3+: 3d4) the egband is o

upied by one ele
tron, the degenera
y is lifted by the Jahn�Tellere�e
t (TJT = 800 K), and the orbitals are ordered. At high temperatures(T > TN) the heat 
apa
ities almost 
oin
ide signaling similar phonon 
ontri-butions. Close to TN distin
t anomalies show up in both 
ompounds and forT < TN, C=T of LaMnO3 ex
eeds the heat 
apa
ity of LaTiO3 signi�
antly.Ele
troni
 (spin and orbital) entropy obviously determines this behavior. Atlow temperatures linear 
ontributions to the spe
i�
 heat are found, whi
h
an be addressed to magnons in both 
ompounds [5℄. The magneti
 entropywhi
h is hidden at temperatures below TN should be of the order ln(2j+1).The area between the two 
urves shown in Fig. 2 sums up to approximately�S � 13 J/mol K. With j = 32 (LaTiO3) and j = S = 2 (LaMnO3) the
al
ulated di�eren
e is 1:9 J/mol K and be
omes 7.8 J/mol K, if we use thespin-only value of LaTiO3 with S = 12 . Hen
e, even 
onsidering only thespin states the heat 
apa
ity of LaMnO3 is too large or that of LaTiO3 istoo small. Taking orbital 
ontributions of LaTiO3 into a

ount would fur-ther redu
e the 
al
ulated di�eren
e in ele
troni
 entropy, 
ontrary to theexperimental observation.In 
on
lusion, we examined the magneti
 and 
alori
 properties of LaTiO3as well in the paramagneti
 and antiferromagneti
 regime. The anisotropi
van Vle
k type behavior of the sus
eptibility 
an be explained by meansof spin-orbit splitting and small 
rystal-�elds, suggesting a 
omplex orbitalground state. The 
omparison of the additional 
ontributions to the spe
i�
heat below TN on LaTiO3 and in orbitally ordered LaMnO3 suggests theabsen
e of orbital 
ontributions, su
h as e.g. the opening of an orbital gap.In addition even the magneti
 entropy in LaTiO3 seems to be rather small,
ompared with naive assumptions. Nevertheless there are indi
ations frompreliminary measurements of the thermal expansion and the temperaturedependent x-ray di�ra
tion, that even orbital order at TN 
annot be ruledout [6℄. From this the nature of the spin-orbital ground state in LaTiO3 isstill un
lear and further investigations are needed.This work was sponsored by the BMBF via VDI/EKM, FKZ 13N6917/18and by DFG within SFB 484 (Augsburg).REFERENCES[1℄ B. Keimer, et al., Phys. Rev. Lett. 85, 3946 (2000).[2℄ G. Khaliullin, S. Maekawa, Phys. Rev. Lett. 85, 3950 (2000).[3℄ F. Li
htenberg et al., Z. Phys. B82, 211 (1991); Prog. Solid State Chem. 29, 1(2001).[4℄ G.I. Meijer et al., Phys. Rev. B59, 11832 (1999).[5℄ V. Frits
h, et al., Phys. Rev. B65, 212405 (2002).[6℄ J. Hemberger, B. Bü
hner, D. Bruns (to be published).
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