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Elastic soft mode and charge ordering of YhAs;
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The elastic constant of,, in Yb,As; relating to the transverse ultrasonic mode shows a pronounced
softening around the structural phase transition poifit,at292 K associated with the charge ordering of¥Yb
and Y states. The group theoretical analysis leads to the charge fluctuation modg,witlmmetry coupled
to the elastic straisy,, &y, &y, Of the softC,, mode. In a framework of the Landau phenomenological theory
for the phase transition, the order param&ey= Q,,= Q,,# 0 belowT gives rise to the linear chain of b
ions among the body diagon@l11] direction as well as the trigonal distortion &f,=&,,=&,# 0. Further-
more, this theory explains experimental observations of the elastic soft@@jlng:h(T—Tg)/(T—G)) above
T., the structural change from cubic phaseT@fto trigonal phase ocgv, and the first-order nature of the
transition.[S0163-18209)00301-X

[. INTRODUCTION the cubic phase to an angle @& 90.8° in the trigonal phase
means the spontaneous elastic straingf&,,= £,,# 0 be-
Rare-earth pnictide of Y/As; attracts considerable atten- low T,.*’ The abrupt change of the angleat the structural
tion from its low-temperature behavior bearing resemblancéransition point indicates the first-order nature of the phase
to the heavy fermion systeff. Even though it has extremely change afl ;=292 K.
low carrier concentration, 0.1% hole per molecular unit, The hole orbit 4% in the trivalent YB™ ion has the
Yb,As; exhibits a large specific-heat coefficieBt T=200 ground state of the magnetic multiplet with=7/2, L=3,
mJ/mol K2, and aT? dependence of low-temperature resis-S=1/2, while the closed shellf4* in divalent YI&* is char-
tivity. A large magnetic susceptibility at low temperatures isacterized by the nonmagnetic ground statgef0, L=0, S
similar to the Pauli paramagnetism. The Wilson ratio of=0. Under applied external magnetic field, therefore, one
magnetic susceptibility to the specific heat inp&b; is close  can detect an induced magnetic moment ofYins even
to the order of unity at low temperatures. No long-rangein the paramagnetic state. Recently Kokgil. performed a
magnetic order has been reported down to 45 mK irskillful experiment by the polarized neutron scattering under
Yb,As;.2 It was thought that these low-temperature proper-magnetic fields and detected the induced magnetic moment
ties of YhyAs; are caused by the usual dense Kondo effectof Yb3" ions aligned along thgl11] direction parallel to the
However, extremely low carrier in YJAs; is not adequate to uniaxial external stress field in the charge-ordered phase be-
screen the spin freedom of the localizéflelectron by the low T, .8 Furthermore, the neutron experiments observed the
Kondo scenario. one-dimensional excitation of the Yblinear chain with the
Yb,As; crystallizes to the anti-TJ?, structure with the antiferro-Heisenberg exchange interaction. Recently Fulde
space group symmetry af.* Two molecules of YRAs;are  and co-workers ! proposed a one-dimensional band Jahn-
contained in the unit cell defined by the basic vectorsTeller model for the linear chain of ¥6 ions, which ex-
1/2(-a,a,a), 1/2(a,—a,a), 1/2(a,a,—a) of the Bravais plains the heavy-Fermion behavior of large specific heat in
lattice of the body-centered cubi€’{. The magnetic Yb,As; at low temperatures. The charge freedom of the 4
susceptibility! Mossbauer spectroscopgnd perturbed an- holes of Y ions in the sea of Y& ions with the Coulomb
gular correlation of***vb ions’ indicate that YB" ions with  interaction leads to the charge ordering of Xb,. The spin
the 4f'3 configuration and YB" ions with the closed #4  freedom of 42 in the YIB** ion gives rise to the one-
shell coexist in the ratio of 1 to 3. This mixed valence state isimensional magnetism at low temperatures. The interplay
consistent with charge neutrality of Y(Yb*)3(As®);.  of charge and spin freedoms is the central issue for the un-
The structural phase transition from cubic phase with theisual properties in YjAss. The optical?!3 and cyclotron
space grouﬁrg to the trigonal phase witﬁlgy occurs atT. resonanclé’ measurements have been done to elucidate the
=292 K1®The absence of the superlattice in the x-ray meaorigin of the low carrier in YhAs;. The energy-band calcu-
surement below structural transition point shows the voluméation of Yb,As; shows the valence instability and tié
of the unit cell to be conserved in the charge ordering arounchole near the Fermi level indicating the low-carrier behavior
T.=292 K. The tiny deviation from the orthogonal axes in of the systemt®>~'’ The influence of the hole carrier to the
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charge order and one-dimensional magnetism ipA¥h is
still an open problem.

In the present paper we have performed the ultrasoni
measurement to examine the elastic properties inA%H
The experimental procedure is presented in Sec. Il and th
result of the ultrasonic measurements in Sec. Illl. We de
scribe the Landau phenomenological theory to explain the
charge ordering in YJAs; in Sec. IV. In Sec. V we discuss
the character of charge fluctuation mode and the charge o
dering in YyAs,.

Il. EXPERIMENT

The single crystal of YpAs; was grown m a W crucible
sealed by an electron-beam technique. Because the phase
Yb,4As; melts incongruently, the single phase of pls; was
grown inside the W crucible with temperature gradient by a
high-frequency electrical furnace. The crystallographic ori-
entation of YhAs; was determined by the x-ray photograph.
The sample with rectangular shape ot 2x 4 mnt for the
ultrasonic measurement was prepared by an electrical spa
cutter. In order to observe the ultrasonic pulse echoes with a
exponential decay, we polished carefully the surfaces o
samples to be parallel. The LiNg@ansducers for the gen-
eration and detection of the sound waves with the frequen
cies 10—50 MHz were bonded on the surfaces of the sampli
The sound-wave velocity was detected by an ultrasonic
apparatus based on the phase-comparison method. In the
timation of the elastic constait=pv?, we used the mass
density p=28.98 g/cni from the lattice constara=28.788 A
of the present sample of YAss.

lll. RESULTS
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FIG. 1. Temperature dependence of the elastic constants in the

We show the temperature dependence of the elastic comlixed-valence compound Y¥As; The elastic softening of the

stantsC;; of Yb,As; in Fig. 1. The elastic constant @4,
which was measured by the transverse mode propagati
along the[100] axis with the polarization vector parallel to
the [001] axis, shows a pronounced softening below 400 K
down to the phase transition poifit=292 K!8 The ultra-
sonic echo signal disappears abruptly beldwdue to the

strong increase of the ultrasonic attenuation associated witfy Yb,As,

the elastic domain. An increase of the elastic constantis
observed in lowering temperature in the ordered phase. T
elastic softening ofC,, in Fig. 1 suggests that the elastic
strainey,,&,x,exy With I's symmetry of theC,, mode plays
the main role for the charge ordering in s;. We present

&

transverseC,, mode has been found around the structural phase
nsition pointT.=292 K from cubic phasé'g to trigonal phase
associated with the charge ordering. Insets show low-
temperature anomalies of the elastic constants in the ordered phase

with the trigonal lattice in YRAS,.

results ofC,; and (C1;,— C1,)/2. This normal behavior o£g

is considerable contrast to the softeningQy in

the intermediate-valence compound Syt The softening
Cg in SmB; means the SAT ions changes easily into

Sntt ions with relatively small ionic radius as the volume of

the crystal shrinks with the external hydrostatic pressure. In

the present case of YAs; however, the absence of the

a mechanism of the charge ordering in Sec. IV. On the Othe§oftening ofCg implies that the coexistence ratio of ¥b

hand, the transverseCg,— C,,)/2 mode propagating along
the [110] axis with the polarization parallel tgl10] shows
only a steplike anomaly af,. This result means that the
(C11—C12)/2 mode characterized by the elastic strairegf
=(2€ZZ—sXX—syy)/\/§ Of &, = &4x—&yy With I3 symmetry
does not contribute for the charge ordering inX&s;.

The elastic constar@;; corresponding to the longitudinal
ultrasonic mode propagating along {€0] axis also exhib-
its a discontinuity afl .. Furthermore, the bulk modulu3g
(C11+2C15)/3 associated with the volume straig=g,,
+&yyt+e,, with I'; symmetry shows a small step & and

and YB¥' ions is conserved to be 1 to 3 even at the charge-
ordering pointT,=292 K. In the Landau theory in the next
section, therefore, we include the bilinear coupling of the
charge fluctuation mode withs symmetry to the elasti€,,
mode in the free-energy density, but the coupling of the
charge fluctuation mode df; to the volume straireg is
excluded.

The low-temperature behavior of the elastic constants of
Yb,As; is shown in insets of Fig. 1 in expanded scales. The
shallow minimums around 40 K are found commonly in the
elastic constants of,;, (C;;—Cy5)/2, andC,,. The bulk

increases slightly in lowering temperature. The bulk modulusnodulusCg, however, exhibits monotonous increase at low

Cg of YbsAs; in Fig. 1 was calculated by the experimental

temperatures. Thef4® state in YB* ions has both spin and



PRB 59 ELASTIC SOFT MODE AND CHARGE ORDERING OF YfAs, 271

orbital degrees of freedom. The crystalline electric fields
(CEB with trigonal symmetry belowl ;. splits the ground-
state multiplet ofJ=7/2 into four Kramers doubletsThe
guadrupolar moments of the CEF state inXb; may
couple to the elastic strains of th&€{;—C,)/2 and Cy,
modes. The low-temperature anomalies in Fig. 1, therefore
may be explained by the quadrupolar susceptibility for the
CEF state ofJ=7/2 of Yb*' due to the quadrupolar-strain
interaction. In the present paper we focus the elastic sof
mode C,, due to the charge ordering. The coupling of the
quadrupolar moment of thef4hole state 4*° in the linear
chain of YB" ions along thg111] direction to the elastic
strain remains an unresolved problem in ultrasonic experi
ments of YQAs;.

IV. ANALYSIS

As presented in the previous section, the softening of th
elastic constant,, in Yb,As; is the most striking feature of
the structural phase transition associated with the charge o z
dering. Various physical quantities like the elastic constant:
in Sec. lll show the discontinuous change at the transitior. X
point T.=292 K. This means the phase transition of,Xb;
IS flrs_t _Order. Th_e Landa_lu theory Is.based on the Second'ord%(ructure of space grou’pg. The unit cell involves four chemical
transition associated V\."f[h the _Contlnuous change of t_he O_rd%rmulas of YhAs;. Because of the body-centered symmetry of the
parameter at the transition point. 'Eve_n thoug_h 'there IS a flrs'Erystal, there are eight Yb sites with the crystallographic indepen-
order nature of the charge ordering in s, it is of great  yonce.
significant to employ the Landau theory for the phase tran-
sition where the group-subgroup relation is expected. In this
section we make the group-theoretical analysis to project the

FIG. 2. Conventional unit cell of YjAs; with the anti-ThP,

Ybl: p;=py(u,u,u),

charg_e-fluc'guation mode, which freezes at th_e charge- Yb2: po=po(U,—u,—u+1/2),
ordering poinfT .. Furthermore, we construct the Gibbs free-
energy density described by the order parameter of the Yb3: p3=ps(—u+1/2u,—u),
charge ordering.
In Fig. 2, we show a conventional unit cell of Yks; Yb4: py=ps(—u,—u+1/2u),
with the anti-ThP, structure of the space groU’;ﬁ(l 43d). It
should be noted that the conventional unit cell in Fig. 2 con- Yb5: ps=ps(u+1/4u+1/4u+1/4), (1)
sisting of 16 Yb atoms and 12 As atoms is chosen to follow
the conventional crystallographic axes. Therefore, the vol- Yb6: pe=pe(—u+1/4u+1/4—u+3/4),

ume of the conventional unit cell in Fig. 2 is twice as large as
the unit cell of the Bravais lattic'; . The nonsymmorphic
space groupTg has 24 symmetry operatofR|b}, where
both rotationR and nonprimitive translatiob are included.
We refer to the definite presentation of the opera{&tib}
for the space grouﬂ'g that can be found innternational
Tables for Crystallograph$® In the present analysis we as- In the present compound of YAs,, the parameter in the
sume that YB" and Y ions coexist in the ratio of 1 to 3 charge density of Eq(1) is u=0.069 in unit of the lattice
and exhibit thermal fluctuation around the mean valence oparametef. Because of the body-centeréoc) symmetry of
2.25+. This conjecture of the charge neutrality in pAs;  the present crystal, there are two equivalent sites for Yb ions
seems to be reasonable because of the extremely low carrigr the conventional unit cell of Fig. 2, which are connected
concentration of 0.1% per unit molecule. The effect of thewith the pure translation operator ¢&|1/2 1/2 1/2 each
relative displacement of Yiand Y& ions with respect to  other. In the group-theoretical analysis, therefore, it is suffi-
As®” ions is omitted. The lack of the inversion symmetry in cient to consider charge densjty (i=1,2, ... ,8) for 8 Yb
the present compound YAs; with the space grouf§ leads ~ sites in Fig. 2. When 24 symmetry operators of space group
to the piezoelectric character of the crystal. The relative disT§ act onp; (i=1,2, ... ,8), one gets the representation
placement of Yb ions with respect to As ions could play anmatrix with 8X8 elements. The character for the charge den-
important role for the dielectric properties of Y&s,. sity of p; (i=1,2, ... ,8) obtained by the trace for represen-
We introduce the charge density (i=1,2 ... ,8) as a tation matrix is decomposed into a direct sum of the irreduc-
function of the position vector for thi¢h site of the Ybionin ible representationd’;(1D)®I',(1D)®1'4(3D)@I'5(3D).
Fig. 2 as Consequently there are charge-fluctuation modes Wih

Yb7: p;=p7;(u+1/4,—u+3/4,—u+1/4),
Yb8: pg=pg(—u+3/4—u+21/4u+1/4).

bc
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TABLE I. The bases of the charge-fluctuation modes in the high-temperature phase with spacﬁggroup
in Yb,As;. The triplet state of the charge-fluctuation mqde,,.prs.x:Prsxy COUples to the elastic strain
£y7:&,x,Exy Of the soft elasticC,, mode. The coupling of the full symmetry moge, to the volume strain
£g=¢&xxT &yyt €,, does not play an important role in the charge ordering inAgh.

Symmetry Charge-fluctuation mode Elastic strain
Iy pri=pi1tp2tpstpatpstpstprtps eg=exxT eyyt ez,
I’ pr2=p1+p2tpstps—ps—pe—p7—ps
Is 8u:(2€zz_8xx_8yy)/\/§

£,= Exx— Eyy
Ty Prax=pP1tP2—pP3—pPs—pPstps—p7tps

Pray=p1~ P2t pP3—Pa—Ps— Pet P77t Ps

Praz=pP1= P2~ P3tPs—PstpPstpP7—ps

Ts Prsyz=P1t P2—p3—pPat ps—petp7—ps &y;
Prszx=P1— P2t p3—patpstpe—pr—ps €2x
Prsxy=P1— P2~ P3tpstps—ps—p7rtps Exy

symmetry, which will couple to the elastic strains In the Landau theory for the phase transition, the Gibbs
&yz,€2y,Exy Of the soft elasticC,, mode. The lack off';  free energy is explained by the function of the atom or elec-
representation in the charge-fluctuation modes is in agreeron densityp=p(x,y,z).?* Herex,y,z mean the coordinate
ment with the absence of the elastic softening arotipéih  of the atom or electron. In the present case the function
the (C,,—C;2)/2 mode associated with the,=e,,—&,,  p(X,y,2z) means the charge density for thEhole of 48in
strain of I'y symmetry. There is a charge-fluctuation modeYb®" in the sea of YB" ions in crystal. The modulation of
with full symmetry ofI";. However, the absence of the elas- charge density involving the charge ordering is writterpas
tic softening in the bulk modulu€g in Fig. 1 associated =py+Ap. Herep, is the charge-density part that is invari-
with the straineg=e,,+ey,+e,, of I'; implies that the ant across the phase transition point. Therefogeis ex-
charge fluctuation of"; is stable even around,. panded by the basis with full symmetry; of space grouﬂg

The projection operat8t derives the bases of the irreduc- in the high-temperature phase abdlie. The second term
ible representations consisting of linear combination of theAp is due to the symmetry-breaking part, which changes at
charge density; (i=1,2, ... ,8) for the Yb sties. The bases the charge-ordering poirit,. This means thaAp=0 in the
of the irreducible representations are listed in Table I. Thenigh-symmetry phase abov&. and Ap#0 in the low-
basis ofpr1=p1+po+p3tpstpstpstprtpg means the symmetry phase beloW, .
thermal distribution of thef holes associated with two Y¥b In the present case of YAs;, Ap is expanded by the
ions to the 8 Yb sites in Fig. 1 with equal weight. This mOdecharge-fluctuation mOdpl“S,yzaPFS,zx'PFS,xy with T's sym-
of pry corresponds to a uniform charge distribution with themetry in Fig. 3. This mode is quenched at the charge-
mean valence 2.25. Other bases Qbr,, pra, andprs with ordering pointT,..
the symmetry-breaking character in Table | indicate the
charge-fluctuation modes with anisotropic charge distribu-  Ap=3%,Q,prs,=Qyprsy:+ Qzx0rszxt QuyPrsxy-
tions.

" B
pFS,yz pl"5,zx pr5,Xy

FIG. 3. The charge fluctuation mode pfs,,pors.x:Prsxy With I's Symmetry is quenched at the charge-ordering pdjt 292 K in
Yb,As,. The valence of 2.5 in figure means that thef4® hole of YB** ion thermally populates on the Yb site with half-weight. The
valence of 2.6 in the figure indicates the ¥ ion on the site.
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Here the coefficient®,,,Q,x,Qyy in Eq. (2) are the order
parameter to describe the charge ordering ofA4Q. The
order parameteQ,,,Q,,,Q, should be zero in the high-
temperature phase abovie.. In principle we can expect
three possibilities for the ordered phage: Q,,#0, Q.
ZQXyZO, (ii) Qyz: Qx# 0, Qxy:O- (iii) Qyz:sz:Qxy
#0. It is of great interest to consider the last casdiibf,
which leads to the ordered phase with the space-group sym-
metry C$, of the trigonal lattice. The space gro@§, is the
subgroup ong in the high-temperature phase. The present
analysis confirms the trigonal lattice with the space group
Cgv below T, in YbsAs; by the electron-microscope
experiment.

When the body-diagon&lL11] direction is chosen to be a
unique axis of the trigonal lattice o€S, in the low-
temperature phase, one can find the charge deAgityer,
which appears in the charge-ordered phase far b&lpwAt
low temperatures one can expect the order paran@fer
(i,j=x,y,z,i#j) in Eq. (2) to be unity.

Aporder= Prsyzt Prszxt Prsxy Aporder

=3p1=p2—ps—pat3ps—pe—p7—ps. (3 FIG. 4. The charge-ordered structure Mo ge= prsyz+ prszx
+ prsxy in the low-temperature phase m‘gv in Yb,As;. The 4f
hole of the YB" ion aligns along the body-diagonfl11] direc-
tion.

The six symmetry operators of the space gr(i@p keep the
charge densityA p,qer Of EQ. (3) invariant. This means that
the charge-fluctuation mode pf-sy,+ prs,xt prsxy in Fig.
4 is the active representation of space grd’tﬁpfor the tran-  softening of the transvers€,, mode around the charge-
sition of theC$, phase. ordering point has been found in the present ultrasonic ex-
In the high-temperature phase abdie the charges due periment. In order to describe the lattice instability due to the
to the4f hole of the YB™ ion is thermally distributed in the charge ordering, it is useful to consider the free-energy den-
sea of YB* ions. In the case of the charge-fluctuation modeSity F expanded by the power series of the order parameter
Prsyz Prszx:Prsxy iN Fig. 3, the charge distribution is not besz:?xy as well as the elastic stra#y,,e,x,exy Of the
uniform, but locates the peculiar Yb sites with half-weight of Ca4 mode:
chargee/2. The charge fluctuation mogg-s,, in Fig. 3, for _ 1 2 2 2y, 1
example, leads to the intermediate valence ofi2fer the 1ot 2¢(Qyzt Qinct Q)+ 38QyQaxQuy
sites of Yb1, Yb2, Yb5, Yb7, while the_ absence of thie +%7[Q§z+ Q§x+ Q:y_%(Qiz"_ Q§x+ Q)Z(y)Z]
hole means the valence of 2:0for the sites of Yb3, Yb4,
Yb6, Yb8. It should be noted that when we measure the — + 8(Qy.ey,+ Qe sxt Quyexy) + 3Co4(85, T2+ 65)).
distance from the Ybl site, Yb2, Yb3, Yb4 sites are located (4)
at the first nearest neighbor, Yb5 corresponds to the second-
nearest neighbor, and Yb6, Yb7, Yb8 locate at the third neartiereF is a part free from the phase transition. Because the
est neighbor. It is expected that tA& hole of the YB* ion  inversion symmetry does not exist in the space grofif
in Yb,As; localizes well on the Yb site. In the ordered phase,the high-temperature phase in Ms; the bases of
therefore, the charge distribution of half-weight with the {yzzxXxy} as well agx,y,z} belong to the same irreducible
chargee/2 is expected to be unstable, and only the localizedepresentatiof’s. In the free-energy density of EG) in the
state of the 4 hole with unit chargee is available at low present case, therefore, the third-order power of
temperatures. This simple principle promises that the twq3)8Q,,Q,,Q,y is also an invaraint term in addition to odd
types of the ordered phases correspondingditoQ,,#0,  powers of order parameter and elastic strain. This third-order
Qzx= Qxy="0 and(ii) Qy,=Q,#0, Q,y=0 are not stable at term in the cubic crystal without inversion symmetry gives
low temperatures. The ordered phase for) Q,,=Q.x rise to the first-order phase transition.
=Q,,#0 seems to be stable because the charge ordering The order parameter®,,,Q,,,Q,, due to the charge-
with unit chargee is available. As one can see in Fig. 4, the fluctuation mode in Fig. 3 are characterized by the wave
charge densityA p,qer Of Eq. (3) corresponds to the linear vectorq=0 at the Brillouin zone centef point. Therefore
alignment of the4f hole with unit chargee along the body- the bilinear coupling ofQy,,Q,4,Qyy to the elastic strain
diagonal direction[111]. This arrangement of the charge with q=0 in Eq.(4) is available. The charge ordering will be
density Apqer IS actually realized in the ordered phase be-realized at the Brillouin zone cent&r point. This argument
low T;=292 K in Yb,As;. is consistent with the x-ray measurement, where the super-
The structural change from the high-temperature cubigattice is not observed beloW,=292 K in Yh,As;. In the
phase oﬂ'g to the low-temperature trigonal phase@,, is  higher-order term, the order parameters may couple quadrati-
accompanied by the charge ordering ing%bs;. The elastic  cally to the elastic strain in principle. This quadratic coupling
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FIG. 5. The elastic softening of the transvefsg mode in the /T

high-temperature phase of space grd’@pin Yb,As;. The bilinear
coupling term of the charge-fluctuation maglg; ,,prs ,x, Prsxy i
Fig. 3 to the elastic strains,,,&,x,£4, 0f the C4, mode leads to the
: _ 0 0

elastic soft mode 0fCyy=Cay(T—Tc)/(T—O) for T>Tc. The  gooong order transition witlB=0 in the free energy. Casél)
solid line in th% figure is a ‘;'t with the parametef§=247 K,®  \10ans’ the first-order transition with the parameters Aof
=234 K, andCy,=2.23< 10" ergs/cri. (—5ayl4y)=0.20 andB=(—58/12y)= —1.74. The temperature

] ) ) o ) dependence of the trigonal angle indicated by the x-ray measure-
gives rise to a jump at the transition point but does not exment in Ref. 7 is reproduced by the present calculation With
plain the elastic softening i€,4 of Yb,As;. Therefore we  —1.56x10° ergs/crd in Eq. (9).
consider only the bilinear coupling term in E@).

We assume that the coefficieat of the second-order solid line in Fig. 5 is a fit by the formula of the elastic
power in Eq.(4) passes through zero at a characteristic teMgyonstant of Eq(6) with parameterd 9=247 K, ® =234 K,
perature® asa = ao(T—©). In the present case the charge- o c9,—2.23x 10! ergs/crd. The experimental observa-
fluctuation modeprsyz,prszxPrsxy in Fig. 3 gives rise 10 4oy of the transition poinf,=292 K in the present crystal
the Coulomb interaction among unit cells at different sites. It ¢ Yb,As, is considerably higher than the critical tempera-
is expected that the quadrupolar interaction in the lowes 0_ : P :

P 4 P fure of T,=247 K. This result implies the first-order phase

order plays a main role in providing the temperatéren the - o .
L : i . transition of the charge ordering in YAs;. The difference
coefficienta. The fourth-order term in Eq4) is necessarily lbetweenT2=247 K and®=234 K is the coupling energy

positive because of the stability of the system. The bilinear; 0 °© )
coupling of the order parameter to the elastic strain in(@. © ' *0Cas=13 K between the charge-fluctuation mode and
the elastic strain of th€,, mode.

gives rise to the structural phase transition associated wit
the charge ordering. The elastic const@ﬁg in the elastic The Femperature erendence of the order pargmeter be-
flow T, is also explained by the free-energy density of Eq.

energy term in Eq(4) means the stiffness in the absence o ) ) : :
the coupling of the elastic strain to the charge-fluctuation(4)'_Concf'm'ng the trigonal distortion beloW;, we take
modeprsyz,Prszx:Praxy - Qyz=Qzx=Qxy=Q in Eq. (4).

By use to the stability conditiondF/dQ;;=0 (i,]

FIG. 6. The temperature dependence of the order parameter
Q(T) for the charge ordering below.. Case(2) indicates the

.. . . . 2
=X,y,z, i1#]), one gets the renormalized elastic energy in ~ 3( ) L, 1 5 3
the high-temperature phase as F=Fot 21 ¢ cs, Q™+ 3'BQ 57’Q ' (7)
= 1 & h bilit diti i iti | f th
e oy JA PO ST ST The stability condition requires a positive value of the
F=Fot 3| Cam | (oyzt et ei) ©) fourth-order term ¢<0) in Eq.(7). The minimum condition

of the free-energy density of E(/) leads to the equation for
The second derivative of the renormalized free-energy equape order paran’?gter writi/en asq ) a

tion (5) with respect to the elastic strain provides the elastic
constantC,, in the high-temperature phase. 3ao(T—T2)Q+BQ2— 12,030, ®
The solution of Q=0 means the high-temperature phase
aboveT,.. In the case of the second-order transition gr
=0 in Eq. (8), the temperature dependence of the order pa-
Here the critical temperatufE) corresponding to the elastic rameter belowl ., is written asQ= Q[ (T2— T)/T2]¥2 Here
instability point for the second-order transition is written asthe amplitude is defined @3o=(—5/4)"%aoTYy)*2 The
TI=0+ (8% 2oCY,). In the present case of YAs;, how-  continuous change of the order parameter is presented in
ever, the third-order term in Ed4) gives rise to the first- case(2) in Fig. 6. The first-order transition accompanied by
order transition aff;, which is higher tharT?. the discontinuous change of the order parameter is shown in
In Fig. 5 we show the elastic softening of the transversecase(l) in Fig. 6, where the parameters Af=(—5a/4y)
C44 mode in the high-temperature phase of,Xs;. The =0.20 andB=(—5p8/12y)=—1.74 are assumed.

. _a2|~:_co T-To) i 6
M2 TMT-0 (Li=xyziz)). 6

8ij




PRB 59 ELASTIC SOFT MODE AND CHARGE ORDERING OF YfAs, 275

The stability condition for the free-energy density of Eq. Yb,As;. It is expected that other charge-fluctuation modes of
(4), dF19g;;=0 (i,j=x,y,z, i#]), provides the spontane- T',, I',, andI', are excited states in YBs;. The observa-

ous strain proportional to the order parameter belqw tion of the excited stat&';, I',, andT', in Yb,As; is an
important problem of spectroscopic measurements by optical
. o methods.
8ii:_C_oQij (Li=xy.z i#]). © The charge ordef p,qe in Fig. 4 indicates clearly the

a4 linear chain alignment of Y& ions along the body-diagonal

The anglea=90°+24 in the trigonal phase distorted from [111] direction. This result based on the Landau theory is
the orthogonal axes in the cubic phase is related to the spogonsistent with one-dimensional character of the magnetic
taneous elastic strain proportional to the order parameter b@xcitation of Y& ions at low temperatures in ¥As; ob-
low T,. served by the neutron experiménthe YB** ions in A pgrger
in Fig. 4 locates at the second nearest neighbor. As was
gj=sing (i,j=x,y,z, i#]). (100 pointed out by LorenZ’ the Madelung energy due to Cou-
lomb interactions among the Yb ions becomes minimum
for the case that the ¥b ions locate at the third-nearest-
neighbor sites. It should be noted that the charge-fluctuation
mode 0fApiome=3p1~ P2~ p3—ps—pst3ps—p7—pg iN
the Lorenz model consist df, representation, but does not
containl’s representation. The Lorenz model, therefore, does
not explain the structural phase transition from cubcto
trigonal Cgu associated with the charge ordering in#bs.
the present stage it is not clear why the system favors the
charge ordering\ poqer With Yb3" alignment of the second
nearest neighbor. It might be possible that the mixing effect
between thelf state in YB* ions andp state in As leads to
energy gain for the linear alignmentp4e in Fig. 4. The
theory based on the band Jahn-Teller model succeeded in
explaining the elastic softening &,, and the trigonal dis-
tortion below T,.1° This means that the band Jahn-Teller
model includes essentially the Coulomb interaction associ-
V. CONCLUDING REMARKS ated with the charge-fluctuation mode wilth symmetry dis-

In the present paper we show the elastic softening of th€USSed in the present paper.

transverseC,, mode around the charge-ordering point in " \Eﬂe presen+t analysis we assumed the coexistence ratio
Yb,As;. We introduce the bilinear coupling mechanism of ©f Yb*" and YIF* ions to be 1 to 3 for the charge neutrality.

the elastic straif,,,& 5y, zxy Of the Cy4y mode withTs sym- This assumption is reasonablg in MAs; becguse of the ex-
metry to the charge-fluctuation mode wifls symmetry. We tre_mely low carrier concentranon.of 0.1% in the moleqular
employ the group-theoretical analysis to pick up the charge‘-m't- The carrier mcreaseZ% considerably in the substituted
fluctuation mode of YB' ions in the sea of Y& ions in the  System of YR(As, ,Sh)s.™ The screen effect by the car-
high-temperature cubic phase with the space gf6fipThe  l€r to the charge ordering in YtAs,_,Shys is an interest-

charge-fluctuation modes are decomposed into irreduciblE'd SngECthfor #'”5‘50”'3 exgeﬂm?nts. Aclzj[ually the f3C{;E)ss-
representation§,, I',, T'y, andT's. The bilinear coupling °Ver rom the charge order of the linear alignment o

between the charge-fluctuation mogesys.prssxProsy |ofn<(sbt3(’)+the glﬁss bt()ahawo[)reflecgnbg ttrrl]e ra}Pdom _dlstrlbutlon
and the elastic strainy,,&,, &y, gives rise to the structural 0 lons have been observed by the ultrasonic measure-

phase transition from the cubic phaseTcﬁ to the trigonal m.ent's. The results will be published elsewhere: 'F‘ Fhe Sub-
phase ofcgv. This mechanism of structural change re- stitution compound of YigAs; _,P,)3, the carrier diminishes

. and semiconducting behavior appears at low temperat(res.
sembles to the cooperative Jahn-Teller effectdroB4f elec- g bp P

tronic system of triplet ground staf@s with the degeneracy The systematic investigation of the charge ordering in
> Yb,(As; _P,)3 without the carrier is quite interesting when
of the quadrupolar moment. The triplet ground stBtgof alASL PR3 q g

. o g . used to examine a screen effect to charge ordering of the
the charge fluctuation mode in Fig. 3 splits into the single g g

stateA pgerin Fig. 4 and the excited doublets in the trigonaIrSyStem'
phase belowr.. It is expected that the charge ordering of

the tripletI's mode atT.=292 K in Yb,As; releases the

entropy of AS=RIn3=9.13 (J/molK). The specific
measuremefit of Yb,As;, however, showed\S=0.3 (J/ The authors wish to thank A. Yoshihara, M. Kataoka, and
mol K) aroundT =292 K, which is a considerably smaller B. Luthi for valuable discussions on the Landau theory. The
amount tharR In 3 for the triplet ground state. It is possible authors express their thanks to H. Harima for important in-
that the short-range-order effect above the transition pigint formation on thelnternational Tables for Crystallography
reduces the entropy arounid,. Furthermore, precise mea- This work was supported in part by the Grant-in-Aid for
surement of the specific heat is required to detect the later8cientific Research from the Ministry of Education, Science
heat associated with the first-order phase transition irand Culture of Japan.

The x-ray measurement of YAs; showed a discontinuous
change of the angle from=90° to «=90.74° (¢=0.37°)

at T,=292 K." According to Eq.(10), one gets the sponta-
neous straire,,= &= &,,= 6.46X 10 2 at T, leading to the
trigonal distortion with the principal axis alond11]. We
have already calculated caéb in Fig. 6 corresponding to
the discontinuous change of the order parameter atin
taking the coupling parametet= —1.56x 10° ergs/cni in
Eqg. (9), the temperature dependence of the order paramet
of case(1) in Fig. 6 reproduces successfully the trigonal
distortion belowT, in Yb,As; by the x-ray measuremeht.
The negative sign of the coupling constahieads to the
linear chain of YB* ions along the[111] direction being
shrunk belowT.. This is consistent with the ionic radii of
Yb3* ion to be smaller than that of the Yb ion.
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