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ULTRASONIC INVESTIGATIONOF ANTIFERROQUADRUPOLE ORDERINGSIN HoB2C2 AND DyB2C2�Terutaka Goto, Tatsuya Yanagisawa, Koi
hiro HyodoYui
hi NemotoGraduate S
hool of S
ien
e and Te
hnology, Niigata UniversityNiigata 950-2181, JapanShingo Miyata, Ryuta Watanuki and Kazuya SuzukiGraduate S
hool of Engineering, Yokohama National UniversityYokohama 240-8501, Japan(Re
eived July 10, 2002)The antiferroquadrupole orderings of the ternary rare earth 
ompoundsHoB2C2 and DyB2C2 have been investigated by means of ultrasoni
 mea-surements. The transverse (C11 � C12)=2, C44, C66 modes in HoB2C2exhibit 
hara
teristi
 softening above T
2 = 5:0 K, whi
h 
onsist with anE-doublet and a singlet for the ground state. Considerable elasti
 soften-ing and ultrasoni
 attenuation in phase IV below T
1 = 5:9 K of HoB2C2indi
ates an enhan
ement of the quadrupole �u
tuation with a relaxationrate � = 7 � 10�9 se
. A softening of the transverse elasti
 
onstant C44in DyB2C2 above TQ = 24:7 K indi
ates a

identally degenerated Kramersdoublets of E1=2 and E3=2 for the ground state.PACS numbers: 71.27.+a, 74.50.+rThe orbital as well as spin degrees of freedom in lo
alized 4f -ele
tronsystem of rare earth 
ompounds give rise to 
ompetitive inter-site intera
tionbetween the ele
tri
 quadrupole moment and magneti
 dipole moment. The4f -ele
tron 
ompounds with an orbital degenerated ground state in parti
-ular favor the quadrupole ordering in addition to magneti
 ordering at lowtemperatures. It is now re
ognized that CeB6 with � 8 ground state in a 
u-bi
 latti
e shows antiferroquadrupole (AFQ) ordering of Oyz, Ozx and Oxy� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1173)



1174 T. Goto et al.[1℄. Yamagu
hi et al. have reported that DyB2C2 with a tetragonal LaB2C2-type stru
ture transits into AFQ phase II at TQ = 24:7 K and su

essively
hanges to antiferromagneti
 (AFM) phase III at TN = 15:3 K [2, 3℄. A�-type anomaly in spe
i�
 heat and little 
hange in magneti
 sus
eptibilityaround TQ mean the AFQ ordering in phase II. Resonant X-ray s
atteringshowed su

essfully the AFQ ordering below TQ in DyB2C2 [4℄. Onoderaet al. have re
ently found that the isomorphous 
ompound HoB2C2 has aninterest magneti
 phase diagram 
onsisting of the AFQ phase II, AFM phaseIII and an ordered phase IV [5℄. The tilted angle of the magneti
 moment inthe basal plane in phase III of both 
ompounds is a

ounted for the 
oexis-ten
e of the antiferro-ordering of magneti
 and quadrupole moments. It is ofquite interest that the phase IV in HoB2C2 lo
ates at a tetra-
riti
al point,where two di�erent types of intersite intera
tion of quadrupole and magneti
moments 
ompete ea
h other. It is worthwhile to refer the magneti
 phasediagram of Ce0:75La0:25B6 [6℄. Di�use s
attering by neutron experiments inphase IV of HoB2C2 is distinguished from the appre
iable magneti
 Braggpeaks in phase III. In the present paper, we show ultrasoni
 investigationon HoB2C2 and DyB2C2. Taking into a

ount the elasti
 softening of shearmodes, models for the ground state with orbital degenera
y in both 
om-pounds are argued. Ultrasoni
 attenuation in phase IV is presented.Single 
rystals with lamella shape were grown by a tetra-ar
 furna
e.Piezoele
tri
 LiNbO3 plates were bonded on the plane parallel surfa
es of thespe
imen prepared by a dis
harge 
utter. The sound velo
ity v was measuredby a phase 
omparator based on mixer te
hnology. In a 
al
ulation of theelasti
 
onstants C = �v2 we employ the mass density � = 6:83 � 102 g/m3for HoB2C2 and � = 6:82�102 g/m3 for DyB2C2. The transverse mode wasavailable for (C11 � C12)=2, C44, and C66.Fig. 1 shows the temperature dependen
e of the elasti
 
onstant C44 ofHoB2C2. It is remarkable that C44 shows a softening of about 22% below100 K. Other shear modes show also the softening of 2.4% in (C11 �C12)=2and of 5.5% in C66 [7℄. These softening of shear modes are referred from theground state with orbital degenera
y of J = 8 state at Ho3+ site with C4hpoint group symmetry.The quadrupole-strain intera
tion for an ion, HQS = �g�O�
"�
 , isa perturbation Hamiltonian for the ultrasoni
 measurements. Here thequadrupole moments Oyz , Ozx with E-symmetry are responsible for C44,O22 with B-symmetry for (C11 �C12)=2 and Oxy with B-symmetry for C66.A model 
onsisting of E-doublet and A- or B-singlet at low ex
ited energy� � 5 K des
ribes su

essfully the softening of the shear modes in HoB2C2in terms of the quadrupole sus
eptibility. The solid line in Fig. 1 is a �t bya formula C44 = C044(T � T 0C)=(T ��) with T 0C = 1:78 K and � = 1:13 K.
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Fig. 1. Temperature dependen
e of C44 in HoB2C2 with a tetragonal stru
ture.The solid line is a theoreti
al �t. Inset shows ultrasoni
 attenuation �44 and C44around transition from paramagneti
 phase I to ordered phase IV at T
1 = 5.9 Kand su

essive transition to AFM phase III at T
2 = 5.0 K.Inset of Fig. 1 shows a detail of the softening in C44 and attenuation
oe�
ient �44 over the su

essive phase transitions I-IV-III at low tem-peratures. It is remarkable that the softening of C44 and attenuation �44enhan
ed very mu
h in phase IV between T
1 = 5.9 K and T
2 = 5:0 K. Em-ploying the Debye-type dispersion of the attenuation 
oe�
ient, �(!) =(C1 � C0)=2�v3 !2�=(1 + !2�2), we obtain a very slow relaxation rate� = 7�10�9 se
 in phase IV. Other shear (C11�C12)=2 and C44 modes alsoshow in
rease in attenuation 
oe�
ient in phase IV. This result means thatthe quadrupole moments 
oupled with the elasti
 strain of the ultrasoundshow a very slow �u
tuation in phase IV, whi
h is de�nitely distinguishedfrom the behavior in the AFM phase III and the AFQ II in HoB2C2. The
hara
teristi
 feature with �u
tuation in both magneti
 and quadrupole mo-ments in phase IV suggests the order parameter of the higher order rank,presumably the o
tupole ordering.The transverse C44 mode of DyB2C2 in Fig. 2 reveals a softening ofabout 4% below about 150 K down to TQ = 25 K. Inset of Fig. 2 showsthe su

essive transition from AFQ phase II to the AFM phase III. Thetransverse (C11 � C12)=2 mode of DyB2C2 shows also softening of 1.7% inparamagneti
 phase I, while the C66 shows a monotonous in
rease aboveTQ. In the tetragonal site-symmetry C4h, J = 15=2 splits into two kinds ofKramers doublets E1=2 and E3=2. The elasti
 softening in Fig. 2 is referred



1176 T. Goto et al.from an a

idental degenera
y of Kramers doublets E1=2 and E3=2 for theground state Dy3+ at C4h site in DyB2C2. The solid line in Fig. 2 is a �tby C44 = C044(T � T 0
 )=(T ��) with T 0
 = 3:43 K and � = 2:29 K.
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Fig. 2. Temperature dependen
e of C44 of DyB2C2. Inset shows the transition fromparamagneti
 phase I to AFQ phase II at TQ = 24:7 K and su

essive transitioninto AFM phase III at TN = 15:3 K.In summary the tetragonal 
ompounds HoB2C2 and DyB2C2 in thepresent experiment show the elasti
 softening indi
ating the orbital degen-era
y for the ground state of the 4f -systems. Considerable softening in thetransverse C44 mode in both 
ompounds suggests that the quadrupole mo-ments Oyz, Ozx with E-symmetry are the most provable 
andidate for theorder parameter in the AFQ phase. The ultrasoni
 attenuation in phase IVof HoB2C2 shows slow �u
tuation rate of the quadrupole moment. Furtherexperiment is required to establish the order parameter of the phase IV inHoB2C2. REFERENCES[1℄ O. Sakai et al., J.Phys. So
. Jpn. 66, 3005 (1997).[2℄ H. Yamau
hi et al., J. Phys. So
. Jpn. 68, 2057 (1999).[3℄ J. van Dujin et al., Phys. Rev. B62, 6410 (2000).[4℄ K. Hirota et al., Phys. Rev. Lett. 84, 2706 (2000).[5℄ H. Onodera et al., J. Phys. So
. Jpn. 68, 2526 (1999).[6℄ O. Suzuki et al., J. Phys. So
. Jpn. 67, 4243 (1998).[7℄ T. Goto et al., J. Phys. So
. Jpn. 71, 88 (2002) Supplement.


