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Magnetic phase diagram of antiferroquadrupole ordering in HoB,C,
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The magnetic phase diagram for antiferroquadru@leQ) ordering in tetragonal Hof, has been inves-
tigated by measurements of elastic const&hts C,,4, andCgg in fields along the basaty plane as well as the
principal [001]-axis. The hybrid magneiGAMA) in Tsukuba Magnetic Laboratory was employed for high
field measurements up to 30 T. The AFQ phase is no longer observed above 26.3 T along the principal
[001]-axis in contrast to the relatively small critical field of 3.9 T in fields applied along the has@}-axis.

The quadrupolar intersite interaction ©f, and/orog is consistent with the anisotropy in the magnetic phase
diagram of the AFQ phase in HgB,.
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[. INTRODUCTION Tq is consistent with the AFQ ordering in the basal plane. It
was also reported that an anisotropic charge distribution due
4f-electron systems, with orbital as well as spin degree$o a small buckling lattice distortion of the B- and C-atoms
of freedom, in rare earth compounds frequently show electricontributes to the main peak of the resonant x-ray spectra of
quadrupole ordering in addition to magnetic dipole orderingthe E1 transition in DyBC,.16-20 These results suggest that
at low temperatures. We noted that in HoRiith al's triplet  the O, and/orog-type guadrupole ordering possessing a
ground state, ferroquadrupole ordering is accompanied by a
structural change from a cubic lattice to a trigonal &re. (a) @—e o e—Q Hoz=1
CeB;, with a I'g quartet ground state, is well known as a
typical example of antiferroquadrupol{@FQ) ordering in a c
cubic compound:® The tetragonal lanthanide compounds QB o & ,\;&
DyB,C,, HoB,C,, and ThBC, are also known to show AFQ o Og O
ordering in competition with antiferromagnetiCAFM) / @ \
ordering’~® These systems have the tetragonal }@Btype 2 @ @ Ho (z=0)
structuré®12 with space grougP4/mbmas shown in Fig. ‘Z y

.~ -
0&4/\ *e—08° 5O 4{ (z.@\uz)

1(a). The specific heat and magnetic susceptibility measure-
ments performed by Yamaucht al. revealed that DyBEC,
exhibits quadrupole ordering of the By(J=15/2) ions in
phase I beIowTQ—24 7 K, which successively transits to an (b)
AFM state in phase lll afy=15.3 K/ Neutron diffraction
measurements have shown the characteristic AFM structure,
with a slightly tilted angle, lying in the tetragonal basal
planel12 The tilting of magnetic moments in the phase IlI
are attributed to the competitive intersite interactions be-
tween the AFM and AFQ moments. Furthermore, field in-
duced AFM moments of the AFQ phase Il in the basal plane B
were detected by neutron scattering under magnetic fields y
applied along thg¢100]-axis!® Recently, Tanakat al. per-

formed detailed resonance x-ray scattering measurement at X
two resonant energies of electric dipdlel) transition and

electric quadrupoléE?2) transition at the DY L, absorp- FIG. 1. The crystal structure of HoB,. (b) The magnetic

tion edget*!> The (0 01/2) reflections atE2 channels of  structure applyingHI[100] in phase Il of HOBC,, according to
scattering suggests the anisotropic charge distribution belowhoyamaet al. (Ref. 21) and Zaharkeet al. (Ref. 26.

> H // [100]
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TABLE I. Classification and summary of the phase on HOB

Phase Properties Reference

| Paramagnetic, Paraquadrupole 8, 29

Il Antiferroquadrupole orderingwith field induced 13-192 20, 27
magnetic momenjs

] Antiferroquadrupole + Antiferromagnetic ordering 20 and 21, 26,27°

(coexistenceg

"’ Antiferroquadrupole + Antiferromagnetic orderiitgith 267
magnetic domains

n” Antiferroquadrupole + Antiferromagnetic orderiitgith 7225

partly reoriented magnetic moments
v Incommensurate magnetic orderigith diffuse neutron 21, 22
scattering

@Results on DyBC,.
bResults on Ho_,Dy,B,C.

charge distribution in the basal plane is the order parametgrounds are often compared to that found in cubic £eB
of phase Il of DyBC,. (Refs. 4-6 and La-diluted systems Qen; B33 1t has

Onoderaet al. reported that an isomorphous compoundbeen reported that (lea; B¢ (x=0.75-0.60 exhibits an or-
HoB,C, shows an incommensurate short range magnetic ordered phase IV being close to the AFQ and AFM phases. A
dered phase IV af¢;=5.9 K and successively undergoes anhuge softening in a transverse elastic cons@g and a
AFM ordering atTc,=5.0 K in zero field The magnetic trigonal lattice distortion in the phase IV of dey _Bg in-
structure belowTc, on HoB,C, is essentially the same as dicates a spontaneous ferroquadrupole moriekitibo and
that of DyB,C, [Fig. 1(b)]. The intermediate phase IV Kuramoto have recently proposed a plausible model based
possesses a long periodic magnetic structure characterizeéh octupole ordering to explain the trigonal distortion in
by a propagation vector &=(1+6,8,8") with §=0.11 and  phase I\2® The order parameter of phase IV in the present
¢0'=0.04, along with broad diffuse magnetic scatteringcompound HoBC, is not settled yet. The competition be-
aroundk=(100).21?> The phase IV of HOBC, is contrast to  tween AFQ and AFM ordering in the tetragonal HGB sys-
the absence of that in DyB.,. It is noted that neutron scat- tem is an important issue in the present work.
tering on ThBC, and ErB,C, also show long periodic mag- We have performed ultrasonic measurements on single
netic ordering with nearly the same periodicity ascrystals HOBC, under magnetic fields in order to investigate
HoB,C,.232*We show, in Table I, a dyad of the phase clas-the anisotropic behavior of the AFQ phase Il in tHeT
sification and these properties on H@B. Here, phase | is phase diagram in fields along the three principal axes
paramagneti¢paraquadrupo)egphase. The phase 1land III” HII[110], HII[100], andH|I[001]. In Sec. Il the experimental
are subphase of phase Ill, which will be discussed latemprocedure is described. The experimental results of the elas-
Some references with superscripts indicate that the phase i€ constants and the magnetic phase diagrams are presented
identified by analogy from the results on DyB and in Sec. lll. The concluding remarks are in Sec. IV.
Ho;Dy,B,C..

Elastic constants representing quadrupole susceptibility of
the 4f-electron system is a useful probe for examining a
ground state with orbital degeneracy or pseudodegeneracy in HoB,C, single crystals were grown with a tetra-arc
particular’® We have performed ultrasonic measurements ofurnace. Rectangular samples with dimension of
HoB,C, and in Fig. 2 we present the 3x3x2 mn? and 2X2X3 mn? were prepared by a wire
measured elastic constants for comprehen&idonsider-  discharge cutter for the ultrasonic measurement. The orien-
able softening of 22% foCy, below 100 K, 5.5% forCss  tation of crystal with respect to applied magnetic field was
below 50 K, and 2.4% fofC,,—C,,)/2 below 30 K down to  settled with in the accuracy of 1 degree by using x-ray Laue
Tc1=5.0 K indicate a pseudotriplet ground state consistingiffractions. The LiINbQ transducers for the generation and
of E-doublet and A(or B) singlet in HOB,C,.2° In phase IV,  detection of the sound waves with the frequencies 8.5 MHz
all transverse modes show enhanced softening associatadd its overtone 31 MHz were bonded on opposite surfaces
with considerable ultrasonic attenuation, where slow relaxof the sample. An ultrasonic apparatus based on the phase
ation time ofr~7x 107 s was found. comparison method, detecting time-delay for successive ul-

The magnetic field-temperatufel-T) phase diagrams of trasonic echo signals, was used to measure the sound-
DyB,C, and HoB,C, show anisotropic behavior depending velocity v. For the estimation of the elastic const&ht pv?,
on the field direction25 The order parameter of the AFQ we used the mass densip=6.965 g/cm from the lattice
phase and its relation to the anisotropy of tHeT phase parametera=b=0.534 nm andc=0.352 nm of HoBC,. A
diagram still remain to be solvéd.The H-T phase diagram °He-evaporation refrigerator was used for the low-
of the AFQ phase Il of tetragonal DyB, and HoBC, com-  temperature measurements down to 0.5 K. Magnetic fields

Il. EXPERIMENTAL DETAILS
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FIG. 2. Elastic constants d€,4, Cgs and (Cy1;—Cyp)/2 as a
function of temperature below 80 K. FIG. 4. Relative change of the elastic constase/ Cgg VS

magnetic field at frequencies of 31 MHz under various tempera-

up to 12 T were applied by a superconducting magnet. Ma tures in HoBC,. Magnetic fields up to 8 T were applied along the

netic fields above 12 T were generated by a hybrid magnéfllo]_aX's'
(GAMA) consisting of the superconducting magnet and

water-cooled resistive magnet in Tsukuba Magnet Labora966 as a function of temperature under various magnetic

tory (TML) of the National Institute for Materials Science f€lds forHI[110]. The Ce; was measured by the transverse
(NIMS). _ultrasonlc mode propagating along l[h@O_]-ams with polar-
ization along theg 010]-axis, corresponding to a symmetry
strain &,, with a B(I',) representation. The transver€ig
[ll. RESULTS AND DISCUSSION exhibits a softening of 3% with decreasing temperature down
A. Magnetic field dependence forH I[100] and HI[110] to the_transmon temperatur'écz_:S.O K in zero field. The _
softening ofCgg in the phase 1V is suppressed in a magnetic
Figure 3 represents the relative change of elastic constafield of 0.5 T, andTc; of the I-IV transition point shifts to
lower temperatures with increasing fields. TBg increases
T T—T Tt T T T I below T, being the transition point from the phase IV to the
8 T - phase lll. Then these I-IV and IlI-lV transition points cross
- ™ 2 each other at a tetracritical point T phase diagrarfisee
X i Fig. 6(c)]. The minima ofCgg in fields above 1.5 T and up to
3 T indicates transition from paramagnetic phase | to the
AFQ phase Il. Above 4 T, no indication of this phase tran-
sition was observed.
. Figure 4 represents the relative change of the elastic con-
o - stantCgs as a function of magnetic field fadl[110] at sev-
eral temperatures. In temperatures below 4.5 K and down to
0.55 K, the sharp minima around 3.5—4 T suggest the occur-
rence of an I-ll phase transition, which is expected in the
ordered phase with symmetry breaking character. The inter-
mediate region of two transitions, from 2T to 4 T in
H//[110] HII[110], indicates the AFQ phase Il. The small anomalies at
EZ [[:)(1)8]] ] fields lower than 1.9 T are an indication of the II-1ll phase
3 D transition. The II1,,;Ill phase transitions has been also ob-
0 2 4 6 8 10 12 served at 1.7 T. A broad minimum at 6.5 K indicates no sign
T (K) of the field induced phase transition.
The relative change of the elastic const@nj as a func-

FIG. 3. Relative change of the elastic constaiies/Ce vs  tion of magnetic field forHII[100] is shown in Fig. 5. The
temperature under various magnetic fields applied alongih@-  C44 Was measured by a transverse ultrasonic mode propagat-
axis of HoB,C,. Transverse modes at frequencies of 31 MHz wereing along the[100]-axis (or [010]-axis) with polarization
used for the measurements. along the[001]-axis. TheC,, mode induces a symmetry

ACGG/CGG (2K)
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[001]-axis. (@) shows temperature dependendgb) shows field
FIG. 5. Relative change of the elastic consta&@,,/Cy, VS dependence.
magnetic field at frequencies of 31 MHz under various tempera-

ures in HoBC,. Magnetic fields up to 8 T were applied along the intermediate direction with an anglé=22.5° between the
[100}-axis. [100] and the[110]. Further details of the ultrasonic results
. . are skipped in the present paper for convenience.
straine,y (or ey;) corresponding to one component&l’s,) As one can see in Fig. 6, the AFQ phase Il shows
doublet. The magnetic field dependence @f, in Fig. 5  apisotropic behavior as a function of the field direction in the
shows two anor.n.alles, a kink at 1.8 T corresponding to thg,gqq) x-y plane. The upper critical magnetic field
-1 p_hase transition and a step an.omalylat 0.2 T.The IatteHC[llO]:?’-g T of the II-I transition forH[[110] shrinks to
transition shows hysteretic behavior, which may be causeﬁc[loo]zz_0 T forH|I[100], while the AFM phase Ill and the

by a domain effect in phase IIl phase IV behave mostly in an isotropic manner being inde-

In Fig. 6, we show theH-T phase diagram of H - AT
which vgas obtained by ultrasgnic and n%agnetizati?)éﬁ:zmeapendent of the field direction in t_h_e basa_l p'a’?e- The order
surements in fields applied parallel to the basal plane. Phaé)earameter of phase Il has stability against field[110

boundaries were determined I8 vs H (solid triangles, more.tha'nHll[loo]. Actually, the phase Il is stable on!y in
Ces VS T (grey circles, Cyy vs H (solid diamonds andCyy, the vicinity of the phase llI-1 boundary alonig|I[100] in
vs T (solid reverse trianglésOpen symbols show the results Fi9- 6@).
of magnetization measurements by Onodetaal? In the

phase diagram of Fig.(8 we use the previous ultrasonic

results from Ref. 29. In order to verify the anisotropy of the

AFQ phase Il, the magnetic fields were applied along the Figures Ta) and 7b) represent the temperature depen-

B. Magnetic field dependence foH ||[001]

b T 71— — T T T T T T — T T T T T T
HoB,C, (@] 6=22.5deg. (b)| H /1 [110] (6 =45 deg.) (¢) FIG. 6. H-T phase diagrams of
L H //[100] (6 =0 deg.) 1 A CgusH | A Cggvs.H | HoB,C, with the fields applied
A CgvsH ® CouaT ® Cgvs. T ® Cgvs.T along the(a) [100_], (b? 0=22.5°,
v Cy,vsH o CuvsT O Magnetization and (c) [110] directions. Data
4~ 5 Magnetization T T {Pnoderaietalyi— points were determined from the
- (Onodera etal,) elastic anomalies inCgg vs H
% L 4 I 1 B | B (solid triangleg, Cgg vs T (grey
I I (AFQ) circles, Cyy vs T (solid reverse
A i | i triangley, andCyy vs H (solid dia-
______ N Il arQ) e monds as shown in Figs. 3-5.
At AOIEI'L,"O‘ Solid and dotted lines are guides
S L ECN Q)] | - w T e i for the eyes. Previous data of
1 Ly Br o Igany P magnetization measured by On-
ol Py O M - ol P oderaet al. are also shown for
0 2 6 0 2 4 6 0 2 4 6 8 comparison.
T(K) T(K) T(K)
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* | kATio0] i along the[001]-axis up to 30 T. Measurement frequencies are
0 5 10 15 0 2 4 6 8 10 12 52 MHz.
TK) H(T)

magnetic field dependence AfC,,/C,, at various tempera-
FIG. 8. Relative change of the elastic constAf,,/Cy4 of the  tures. The results of 2.2, 3.0, and 4.0 K show the llI-Il tran-
transverse modes at frequencies of 31 MHz under various fields argition around 4 T, indicated by arrows. As shown in the inset
temperatures in HORC,. Fields up to 11 T were applied along the of Fig. 8b), a hysteresis effect has been observed which

[001]-axis. (&) shows temperature dependen(®,shows magnetic  suggest the first order class of the llI-1l transition. As will be
field dependence. Inset @b) shows hysteretic behavior around shown in the phase diagram of Fig. 11, phase IV changes to
3.5 K. the phase | with increasing fields at 5.2 K.

dence ofACge/ Cgg under various fields up to 8 T along the The magnetic field dependence 8C€,,/Cqq up to 11T

principal[001]-axis and field dependence at various temperawith .H”[001] in Fig. 8b) reyealed the field induce@ I'”.
tures, respectively. In Fig. (@, the I-IV transitions at transition. In order to examine the Il-| phase transitions in

Te1=5.9 K, indicated by down arrows, shift to lower tem- higher fields WithHII[OOl], we have pursued ultrasonic mea-
peratures with increasing field up to 3 T while the Iv-lll surements ofCy; using the hybrid magnefGAMA) up to
transition T, indicated by upward arrows, shift slightly to 30 T in Tsukuba Magnet Laboratory. We choose the longitu-
lower temperatures in field. Eventualljs; and T, cross dinal C{; mode because Qf its de_fmlte ultrqsonlc echo signal
each other at 3 T. At 3.5 T, two anomalies indicating the@S compared to the relatively faint echo signal in transverse
successive transitions I-Il and II-11l were observed. The I-Ii Ultrasonic modes. Figure 9 represents the magnetic field de-
transition has been found from 4 T to 8 T in Figay These ~Pendence of ACy,/Cy; at 1.5K for HI[001] from
transition points are shown in the phase diagram in Fig. 115 T to 30 T. A sharp minimum at 26.3 T has been found.
We successfully observed the AFQ phase Il in high magnetid he behaviors in AFQ phase transition©f; are very simi-
field applied alongH[[001] above 4 T. lar to the ones oCq for HII[100] or [110].

Magnetic field dependence dfCqq/Cqyg at temperatures ~ Figure 10 represents the temperature dependence of
from 0.55 K to 6.5 K is shown in Fig.(B). Two successive ACi1/Cyy under fields of 15, 17, 18, 20, and 30 T. TBg,
transitions of IlI-1II"yy, and 1,1l indicated by arrows, Shows minima corresponding to the I-Il phase transition, in-
are a common feature in the measurements performed &icated by arrows, around 4 K and below 20 T. The minima
0.55, 1.4, 2.5, and 3.5 K. At 4.5 K, a reentrant process ofhift slightly to lower temperatures with increasing fields. No
l1l-I-1l phase transition was observed between 2 T to 2.7 T.anomaly in the result at 30 T indicates the absence of the I-II
At 5.5 K, the I-IV phase boundary shows a broad p|ateal}ransition. The distinct difference between the results of 20 T
around 1.4 T. At 6.5 KCqs sShows a monotonous increase in and 30 T suggests that phase Il closes in the vicinity of criti-
phase . It should be noted that the tetracritical point exists a€al field Heiooy=26.3 T.

T ~4.5 K and in a fieldH" ~3 T applied along the principal Figure 11 represents the magnetic phase diagram in fields
[001] direction. This point is argued again in the magneticalong the principa[001]-axis up to 30 T. The gray circles,
phase diagram of Fig. 11. solid squares, solid triangles, solid reversed triangles, and

As shown in Fig. 2, the transver€l, mode in zero field solid diamonds are the present resultsGaf and C,,. The
shows considerable softening on the order of 20% with deopen triangles and open reversed triangles represent the tran-
creasing temperature. The softening@f, is very much re-  sitions in the present results @, obtained by using the
duced in applied fields along the princigab1] direction, as  hybrid magnet. There are three ordered phases, the AFQ
shown in Fig. 8a). The sharp minima o€, in fields below phase I, AFM phase Ill, and phase IV in addition to the
3 T, shown by downward arrows, indicate the IV-lIl transi- paramagnetic phase I. In the phase Ill, subphagg; éxists
tion points. The I-IV transition points, which have clearly between 2 T and 4 T. The magnetic neutron scattering in
been observed in the results@f; were not identified in the subphase Il on HoB,C, has not been reported yet. On the
results ofC,, in Fig. 8@). The shallow minima oC,, above analogy of a similar subphase llbon DyB,C,, the magnetic
4 T upto 11 T correspond to the transition from the para-structure of subphase {j, for HII[110] on HoB,C, is ex-
magnetic phase | to the AFQ phase Il. In Figh3 we show pected to be the altered form of AFM structure in phase I,
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| HoB,C,

due to the interplay of several order parameters. Similar mul-
N ticritical phenomena appear on th& T phase diagram of
anisotropic AFM system¥:3” The hysteresis effect across
the lI-Ill phase boundary ensures the first order transition,
and the discontinuity of the elastic constants at the IV-lII
transition points may also indicate the first order transition.
The vertical I-Il phase boundary from 4 T to 20 T is de-
termined by the minima in temperature dependenc€ gf
andCy;. There is a difference between the data-p&¢sand
C,4that may be due to the mode difference or sample setting.
We use the data of,, to obtain the I-1l transition in high
field. The point at 26.3 T obtained ¥, in Fig. 9 suggests
H J/ [001] an upper phase boundary of the AFQ phase Il in fields. The
k//u//[100] | closed magnetic diagram of the AFQ phase in the present
HoB,C, resembles the closed behavior in the AFQ phase |l

1 1 ) 1 ) ] 1 1 |nC B_38
0 2 4 6 8 10 12 14 &.5-80.556

T(K)

AC1/Cyy k)

FIG. 10. Relative change of the elastic consta@t,/C;; as a IV. CONCLUDING REMARKS
function of temperature at frequencies of 52 MHz under various We

have measured the elastic constan,;,
field applied along th¢001]-axis. Gy

(Cll—Clz)/Z, C44, and CGG Of H082C2. The SOftening Of
. ] these modes is due to the pseudotriplet ground state of the
which the magnetic moments are partly rotated to the advargystem_ The minima or kinks &,;, C,, andCgg were use-
tageous direction for the external magnetic fildn the | in particular to determine the transition points in fields.
other hand, the boundary of phaségJlifor HI[001] has not  \\e have obtained thd-T phase diagrams of Ho, for the
been observed by magnetization measurement on,€98  fields along the principal001-axis and in the basak-y
Therefore, the origin of phase §}; would be different from  pjane. In theH-T phase diagrams, there exists a tetracritical
phase I1f;,. point at T'~5.5 K, H'~0.75 T for the basal plane and
As one can see in the inset of Fig. 11, the four phase§* ~4.5 K, H'~3.0 T for the principal[001]-axis, where

meet each other at the tetracritical poifit~4.5K and two different interactions, magnetic dipole, and electric
H" ~3.0 T. It is notable that the I-1l and IV-IIl phase bound- quadrupole, are competing with each other.

aries approach the tetracritical point tangential to each other, The AFQ phase Il is stable even in fields of
Hcroo=26.3 T along thd001] axis at absolute zero, while

30 ' ' the phase boundary shrinks to btyy;=3.8 T for fields
el . along the[110]-axis andH¢j109=2.0 T for [100]-axis. This
ii : anisotropy in the critical field$dcroo>Hcr110™> Hepaog in
o HoB,C, is dpmingteq by thg anisotrppy of the RKKY—typg
20 Lac.. v quadrupolg intersite interaction mediated by the conduction
18 v CE v T electrons in the tetragonal system. The de Haas-van Alphen
£ 45 |_4Cgvs H B measurements by Watanuét al. revealed the main Fermi
T 14 L°Cesvs T HoB.C. surface to have a columnar shape |nd|cat|ng_ two-dimensional
v Cyyvs. H 2>2 character of the syste®.The band calculation of LafE,
12 ac, v T H /10011 also shows the two-dimensional properties, reflecting the
9= it I N strong hybridization of the & orbitals of La with the
&= (AFQ) N orbitals in B-C sheet® The anisotropic band structure will
6 N N play a role in the anisotropic quadrupole intersite interaction,
4T T A e 7 which brings about the anisotropic behavior of the AFQ
S ““l"i'ﬁ"(;;ﬁw) ’E(lIV I phase of HoBC, and DyB,C, under magnetic fields.
O R It is useful to demonstrate the symmetry properties of the

guadrupole moments under the applied fields along the high
symmetry[100]-, [110]-, and[001]-axis. One may apply the
FIG. 11. MagneticH-T phase diagrams of HoE, with fields ~ Symmetry argument of AFQ order parameters in cubic §.eB
applied along thé001]-axis. Data points were determined from the Which was proposed by Shiiret a'_-,4_1_43 to the present te-
elastic anomalies it€es vs T (grey circles, Ceg vs H (solid tri-  tragonal HoBC, system. For a finite magnetic field, the
angles, Cyy vs H (solid reverse triangl¢s Cy, vs T (solid dia- ~ Symmetry of the system is lowered to keep the field induced
monds, C;;, vs T (open reverse trianglgsand C1; vs H (open  dipole moment, namely angular momentdgn J,, andJ, to
triangles as shown in Figs. 7-9. Inset shows expanded view ofbe invariant. In the case of CgBdue to thel's-type AFQ
tetracritical point. Solid and dotted lines are guides for the eyes. order parameter, linear combinations of quadrupole moments
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result in cubic symmetry. In an applied magnetic field, theparallel to the basal plane due to the tetragonality of the
highest symmetry axis for these moments are related tgystem.
field directions as follows:O,, for HI[001], Oy, +O,,
for HI[110], and Oy,+0,,+0,, for HI[111] in cubic
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