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SEARCH FOR THE QUANTUM SPIN LIQUID STATEIN PYROCHLORE OXIDES�H. Fukazawaay, D. Yanagishimaa, R. Higashinakaaand Y. Maenoa;baDepartment of Physi
s, Kyoto University, 606-8502 Kyoto, JapanbInternational Innovation Center, Kyoto University, 606-8501 Kyoto, Japan(Re
eived July 10, 2002)We have investigated a pyro
hlore Mott insulator Y2Ir2O7 with an ex-pe
tation that 5d5 ele
trons of Ir ions in the t2g orbitals give rise to anS = 1=2 Heisenberg system and form a quantum spin-liquid state. How-ever, it exhibits spin�glass ordering below about 170 K. Su
h spin-glassordering is also observed in its isomorphs Y2Mo2O7 and Y2Ru2O7 withS = 1.PACS numbers: 71.30.+h, 75.40.Cx, 75.10.JmQuantum spin-liquid (QSL) state is one of the important subje
ts ofthe resear
h on the geometri
ally frustrated systems [1℄. In this state all thespins form only spin-singlet pairs, whi
h give rise to ma
ros
opi
 degenera
yof the ground state, namely a residual entropy. The existen
e of the QSLstate has been theoreti
ally expe
ted for the Heisenberg antiferromagneti
(AF) spins on the pyro
hlore latti
e [2℄. However, there are few 
andidatesof the real materials in whi
h the QSL state is indeed realized.Re
ently pyro
hlore iridates, R2Ir2O7 (R = Y and lanthanides), haveprovided additional resear
h interests in this respe
t [3�5℄. These materi-als were reported as early as about 30 years ago but were little studied [6℄.Kennedy et al. [7℄ studied the 
rystal stru
ture of the materials, but did notreport the low-temperature properties, whi
h are essential for the 
hara
ter-ization of the frustrated magneti
 systems.The magneti
 frustration arises be
ause of the pyro
hlore stru
ture inwhi
h R and Ir sub-latti
es form individual networks of linked tetrahedra.Systemati
 variations of the physi
al properties have been investigated by� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.y E-mail: hideto�s
phys.kyoto-u.a
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hanging the elements of the R site [3℄. Furthermore, one may expe
t thatea
h Ir ion has a quantum spin S = 1=2 if the �ve 5d ele
trons in the t2g or-bitals are lo
alized in the presen
e of strong ele
troni
 
orrelation. Althoughthe QSL state is theoreti
ally expe
ted for antiferromagneti
 Heisenberg py-ro
hlore magnet [2℄, there have been few 
andidates of the a
tual materialsstudied up to now. These urge us to study the S = 1=2 pyro
hlore system,pyro
hlore iridates.Of the pyro
hlore iridates, Y2Ir2O7 serves as a referen
e material, sin
eit does not possess a magneti
 rare-earth element on the R site and itsphysi
al properties are 
omparable with those of its isomorphs Y2Mo2O7 [8℄and Y2Ru2O7 [9℄, based on S = 1.Y2Ir2O7 exhibits non-metalli
 behavior down to 4.2 K and exhibits quitea small ferromagneti
 (FM) 
omponent below Tm = 170 K, though it has notbeen well understood whether su
h FM 
omponent is intrinsi
 or not [3, 4℄.In spite of the non-metalli
 behavior, it has been reported by Taira et al. [4℄that the 
 is �nite, 4.1(3) mJ/K2mol-Ir, suggesting the existen
e of theFermi surfa
e. We will dis
uss the origins of the FM 
omponent and the�nite 
 of Y2Ir2O7.We used poly
rystals synthesized by the 
onventional solid-state-rea
tionmethod [3℄. We measured the resistivity by a standard four-probe methodbelow 300 K and the spe
i�
 heat by a relaxation method between 1.8 and300 K (Quantum Design, PPMS). We investigated the d
 magnetizationwith a SQUID magnetometer (Quantum Design, MPMS5S) between 1.8 and350 K. The 
rystal stru
ture is 
ubi
 with the latti
e parameter at roomtemperature a = 10:176(1) Å.In Fig. 1, we plot the d
 magneti
 sus
eptibility M(T )=H � �(T )(�0H = 1 T). Very small FM 
omponent, amounting to 4 � 10�3 of thesaturated moment of S = 1=2 spins, is observed. The Tm of Y2Ir2O7 isabout 170 K 
onsistent with the value previously reported by us [3℄ andby Taira et al [4℄. We obtained the e�e
tive spin Se� = 0:07(1) from theCurie�Weiss �tting (�(T ) = �0 + 4�2BSe�(Se� + 1)3kB(T � �CW)for Y2Ir2O7 above Tm. It 
orresponds to only 14(2)% of the expe
ted spinS = 1=2.In the inset of Fig. 1, we show spe
i�
 heat of Y2Ir2O7 between 100 and200 K. No peak was observed at around Tm, though the slope of C vs T
hanges at around 150 K. The linear �ttings between 100 and 145 K andbetween 170 and 200 K, represented by the two solid lines in the inset, 
rossat 150 K. This temperature reasonably 
orresponds to the Tm in �(T ). The



Sear
h for the Quantum Spin Liquid State : : : 1503
0

0.5

1

0 100 200 300

M
/H
  
(1
0
-3
 e
m
u
/m
o
l-
Ir
)

T (K)

µ
0
H = 1 T

ZFC

FC

40

60

80

100 150 200

C
P
  
(J
 /
 K
 m
o
l-
Ir
)

T (K)

Fig. 1. Magneti
 sus
eptibility of Y2Ir2O7. Data for both zero-�eld-
ooling (ZFC)and �eld-
ooling (FC) sequen
es are shown. Spe
i�
 heat of Y2Ir2O7 are shownin the inset. Two solid lines denote the linear �ttings between 100 and 145 K andbetween 170 and 200 K.small magneti
 moment of Y2Ir2O7 below Tm may be due to either spin-glass ordering or 
anted antiferromagneti
 ordering. Sin
e only the slope
hange but no peak was observed in the spe
i�
 heat, the FM 
omponent isas
ribable to spin�glass ordering as previously reported in other pyro
hlores,su
h as Y2Mo2O7 [8℄ and Y2Ru2O7 [9℄.We should note that an additional steep in
rease of magnetization wasobserved with de
reasing temperature below about 15 K. Sin
e no 
hangein �(T ) was observed below this temperature, the in
rease is attributable tomagneti
 impurities or lo
alized Ir spins at grain boundaries.In Fig. 2, we plot the spe
i�
 heat divided by temperature, CP (T )=T ,against T 2. Solid line denotes the quadrati
 �tting, CP =T = 
 + �T 2,between 14 and 20 K. Below 14 K, it is di�
ult to perform a valid quadrati
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i�
 heat of Y2Ir2O7. Solid line denotes the quadrati
 �tting between14 and 20 K.
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ause of additional in
rease of CP =T with de
reasing T [10℄. Thisin
rease 
annot be explained in terms of the lo
alization e�e
t, sin
e in su
ha 
ase CP=T should exhibit linear behavior (the Debye T 3 term) with thesame slope and the same �nite inter
ept 
 at least up to 20 K. We spe
ulatethat the origin of the in
rease is attributable to a magneti
 
ontribution,sin
e it appears to 
orrespond to the steep in
rease of �(T ) below 15 K.Although CP =T of Y2Ir2O7 at 1.8 K is 5.8(2) mJ/K2mol-Ir, we may
onsider that the 
, whi
h is equal to 0.0(5) mJ/K2mol-Ir, is the intrinsi
ele
troni
 spe
i�
 heat 
oe�
ient. This value strongly suggests that Y2Ir2O7is a Mott insulator.In summary, we have revealed that Y2Ir2O7 is a Mott insulator. Al-though it does not exhibit the QSL behavior, spin-glass ordering o

urs be-low 170 K re�e
ting the geometri
al frustration of the pyro
hlore stru
tureas previously reported in Y2Mo2O7 and Y2Ru2O7.The authors would like to thank T. Ishiguro for his support. H.F. a
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