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Pressure effects on the phase transitions and energy gap in CeRhAs
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We report on the electrical resistivity, thermal expansion, and x-ray diffraction measurements of single-
crystalline sample of the so-called Kondo semiconductor CeRhAs under pressures up to 3 GPa. This compound
undergoes successive structural phase transitiong=860, T,=235, andT;=165 K at ambient pressure. On
cooling below T,, the crystal structure changes from the hexagonal LiGaGe-type to the orthorhombic
e-TiNiSi-type with a D X 2c¢ superlattice. By applying pressure up to 1.5 GPancreases with a ratio of 270
K/GPa, whereas botl, andT; decrease with —100 K/GPa. The concurrent decrease of both pheameter
and the energy gap along tlaeaxis with increasing pressure contradict thé hybridization gap model in
which the gap is enlarged by the enhancement of hybridization betweerfi #iecdrons and conduction band.
Instead, a sort of charge-density-wave transitionTais proposed for the origin of gap formation of this
compound. The semiconducting behavior in the resistivity vanishes when the phase with<tBe uperlat-
tice decomposes into two orthorhombic phases below 100 K and above 1.5 GPa.
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[. INTRODUCTION local Kondo coupling tuned by the-f hybridization is es-
sential for the gap formation. A natural question, then, is the
The ternary Ce compounds CeNiSn, CeRhSb, andtructural phase transitions or tleef hybridization govern
CeRhAs, crystallizing in the orthorhombie-TiNiSi-type  the gap formation in CeRhAs.
structure have attracted considerable attention, as they pos- Since thec-f hybridization becomes stronger by applying
sess an anisotropi¢pseud® energy gap near the Fermi pressure, one expects that the hybridization gap is enlarged.
level 12 Anisotropic c-f hybridization between the conduc- In fact, the magnitude of gap energy for CeRhSb increases
tion band and # electrons plays the central role in the gap with increasing pressufeFor polycrystalline CeRhAs, how-
formation in CeNiSn and CeRhSbAmong these com- ever, the gap was found to be suppressed with increasing
pounds, only CeRhAs undergoes successive structural phapeessure above 1.5 GP&his observation suggests that the
transitions atT;=360 K, T,=235 K, andT;=165 K# With  gap suppression results from the change of electronic state in
elevating temperature abovig, the e-TiNiSi-type structure this compound. The relation between the structural transi-
with a superlattice of modulation vectar;=(01/21/2  tions and stability of the gap has been the issue to be clari-
changes to a hexagonal LiGaGe-tydeThis structural tran-  fied. In this paper, we report the measurements of the resis-
sition causes a large increase of the orthorhorabéxis pa-  tivity, thermal expansion and x-ray diffraction under
rameter. On cooling below; in reverse, the magnetic sus- pressures for a single crystalline sample. In Sec. II, high
ceptibility along all of the principal axes strongly decreasespressure techniques are described. In Sec. Ill, the pressure-
which suggests the onset of gap formatioBelow T,, two  temperature phase diagram of CeRhAs is presented, and then
other superlattice reflections appeargat(0 1/31/3 and  the detailed experimental results are described. In. Sec. IV,
0;=(1/3 0 0. Below T3, the peak at}, suddenly disappeafs. experimental results will be discussed in relation to the struc-
The rapid increase of electrical resistivity beldwindicates  tural phase transitions and gap formation. Finally, the sum-
the development of the gap. More recently, the analysis ofmary and conclusions are given in Sec. V.
the Hall coefficient indicated that there exist two distinct
energy scales for the gap structure; 2000 K belgwand 300
K below T5.° These observations imply that the gap forma-
tion in CeRhAs is closely related to the lattice modulations, Single-crystal samples of CeRhAs were grown by the
that is, a charge-density-wav€DW) transition. Further- Bridgman technique. The details of preparation and charac-
more, the excess heat capacity abdyefrom the Dulong- terization of the sample were described in the previous
Petit's value might originate from some sort of charge orderpaper* The electrical resistivity under pressures up to 3 GPa
ing in CeRhAS> On the other hand, the gap magnitude forwas measured by a dc four-terminal method in the range
CeRhSb and CeRhAs derived from the photoemission an@.35<T=<520 K. The thermal expansion was measured by a
electron-tunneling measurements can be scaled with thstrain gauge method in the ranges € 2<300 K and 0
Kondo temperatur@, =360 and 1500 K, respectively, which <P<2.2 GPa. A dummy gauge was glued on a Mo plate.
were estimated by the relation ®f ~ 3T, whereT,, is the  The pressure was generated by a clamp-type piston-cylinder
maximal temperature of the magnetic susceptibiltyThe  pressure cell by using Daphne oil as the pressure transmitting

II. EXPERIMENTAL PROCEDURE
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FIG. 2. Electrical resistivityp(T) along thec axis of CeRhAs
for T>300 K under pressures up to 0.51 GPa. Inset shows the
pressure dependence of the maximal temperafggg in pe(T).

gap along thec axis may be related to the superstructure in
the b-c plane. On the other handt,/kg along thea axis
decreases with pressure. FBe>1.8 GPa, bothT, and T;
vanish suddenly and give way to another phase, denoted by
phase V, belowl,~ 100 K. Furthermore, the gap energy for
bothllla andllic is strongly suppressed at about 2 GPa. The
FIG. 1. (Color onling (a) TemperaturdT) vs pressuréP) phase coincidence between the appearance of phase V and disap-
diagram of CeRhAs. Solid lines are a guide to the eye. The phas ea,rance o-f.the gap suggests that the StrUCt,ural and/or elec-
for T=Ty, T,=T=T,, T,=>T=Ts, Ts=T, andT,>T are denoted ONIC transition belovif, leads to the suppression of the gap.
by I, 11, 11l, IV, and V, respectively.(b) Pressure dependence of the ~ NOW, We present the data of electrical resistiviiy(T)
energy gafEy/ ks, which is estimated by the activated behavior for along Fhec_ axis of C?RhAS forT>300 K at various pres-
60 K< T<100 K in the electrical resistivity forlla andl|c. sures in Fig. 2. The jump o at T, results from the gap
formation, as noted in the Introduction. The magnitude of the
mp slightly increases with pressures, which is consistent

P (GPa)

medium for the measurements below 300 K. The pressure &t _ . .
room temperature was determined by the change in the r -.'th the increase OE.g/kB al_ong thec axis forP<1 _GPa In
sistance of manganin wire, and that at low temperatures b ig. 1(b). As ;hown in the inset of F'g' 2, thg maximal tem-
the change in superconducting transition temperature of S _eraturngaX|n PC(T) around 300 K shifts to higher tempera-
For the resistivity measurement above 300 K, silicone ojturés with a ratio of 110 K/GPa. The pressure dependence of
was used as the transmitting medium, and the load was helfmax Will be discussed below.

at a constant value in the whole temperature range. The x-ray W& MoVve to the pressure dependenceT) and p (T)
powder diffraction measurements up to 2.5 GPa was carriefelow 300 K. In Fig. 3,0, at the lowest temperature hardly

out by using a diamond anvil cell in BL-10XU, SPring-8.  changes up to 1.6 GPa, bpf decreases by two orders of
magnitude on further increasing pressure from 1.6-3.1 GPa.

For P>2.3 GPa, the metallic behavior appears below 70 K.
lIl. RESULTS On the other hand, the increaseppfwith P up to 1.6 GPa at
low temperatures suggests the development of gap along the
Before presenting the detailed experimental results, the axis. Above 1.9 GPa, howeves, decreases significantly
pressuréP) vs temperatur¢T) phase diagram of CeRhAs is over the temperature range, and eventually exhibits a metal-
summarized in Fig. (). We call hereafter respective phase lic behavior at 3.0 GPa. As shown in the inset, a crossover
as 1(T=Ty, I (Ty=T=T,), lll (T,=T=T,), and IV (T3  from p,(1.5 K)>p,(1.5 K) to p,4(1.5 K) < p,(1.5 K) occurs
=T). With increasing pressure up to 1.5 GPa, bbjlandT;  at 1.5 GPa, implying a significant change in the electronic
decrease with a ratio of —100 K/GPa, wherdadncreases state of this compound.
with a ratio of 270 K/GPa. This fact suggests that phase Il, In order to make clear the pressure dependence of the
where the unit cell of the-TiNiSi-type structure is doubled and T, the data ofp,(T) and ps(T) in the range 56T
along theb andc axes, is stabilized by applying pressure. As <250 K are represented in Fig. 4. Steplike anomalies at both
shown in Fig. 1b), the energy gajgy/kg, which is estimated T, and T; in p, and p. shift to lower temperatures foP
from the activated behavior in the electrical resistivity for <1.6 GPa and become broader, and vanish at 1.6 GPa. For
llic in the range 66 T< 100 K, also increases with pressure P=1.6 GPa, a weak anomaly appears at a@out 230 K in
up to 1 GPa at the initial ratio of 27 K/GPa. Therefore, theboth p, and p., and shifts to lower temperatures with pres-
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FIG. 3. (Color onling Temperature dependence of electrical re- \/
sistivity p, andp. of CeRhAs forl|la andlllc under pressures up to B ——— 30
3.1 GPa. i i 3 i
50 100 150 200 250 300
sure. ForP>1.9 GPa, a sharp peak g, and a jump inp. T(K)

with hysteresis manifest themselvesTat~100 K, indicat-
ing a first-order phase transition. This transition shifts to FIG. 4. (Color onling Temperature dependence of electrical re-
higher temperatures with pressure and fades away at 3 GPsistivity p, and p; of CeRhAs for 56< T<300 K under pressures.
The pressure-induced transitions found in CeRhAs are exPata for each pressure are shifted by a constant value for clarity.
pected to be related to structural transitions. Then, we meaLhe inset of the upper panel shows up the beng,if) atT".
sured the lattice parameters under pressures up to 2.5 GPa by
powder x-ray diffraction. It is found that the orthorhombic anomalies in botiAL /L, andAL./L., as denoted by circles.
e-TiNiSi-type structure is sustained up to 2.5 GPa. Figure 5These anomalies become pronounced peaks with increasing
shows the pressure dependence of lattice parameters aptessure, and shift to high temperatures with a ratio of 70
relative volumeV/V, of CeRhAs at 250 K. It is noteworthy K/GPa as reported previously.By contrast, the intrinsic
that the a parameter shrinks extremely with a ratio of anomalies af, in bothAL,/L, andAL./L. become broader
-0.108 A/GPa, while théb and ¢ parameters slightly in- and shift to low temperatures with increasing pressure. On
crease with the ratios of 0.0036 A/GPa and 0.0093 A/GPathe other hand, the anomaly ii_,/L, at T slightly shifts to
respectively. This elongation #fandc parameters by apply- high temperatures with increasing pressure up to 0.23 GPa
ing hydrostatic pressure is quite unusual and will be diswith a ratio of 60+20 K/GPa. This ratio agrees with 80
cussed later. By fitting Birch’s equatiiito the data of//V,  K/GPa which is estimated by Clausius-Clapeyron equation
vs P, the bulk modulusB, was estimated to be 70 GPa, dT/dP=AV/AS, using AL,/L,=+0.2%, AL./L.=-0.06%,
which is comparable with that reported for Ce based comand AL,/L,=-0.06% from the previous x-ray diffraction
pounds such as Ceg(B,=90 GPa.'* data® and AS=0.35 J/KmoP For P=0.49 GPa, however,
The lattice parameters under pressures as a function olie a parameter elongates angarameter shrinks below.
temperatures below 300 K was measured via the relativEurthermore, botiT, and T; decrease by applying pressure
length change\L,/L, and AL /L. along thea andc axes. with a ratio of -100 K/GPa. FoP=1.5 GPa, the steplike
The results are displayed in Fig. 6. It should be noted that thanomaly atT; vanishes suddenly. An upturn ikL,/L, and
freezing of the pressure transmitting medfdrgives rise to  the associated decreaseAif./L. appear at the temperature
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FIG. 5. Pressure dependence of lattice parameters and relative
unit cell volume of CeRhAs at 250 K.

denoted byT", which shifts to low temperatures. THé is
defined as the temperature where the thermal expansion
dL/dT has a local minimum along thee axis and maximum L *
along thec axis. ForP=1.9 GPa, another phase transition at
aboutT,~90 K appears suddenly, and shifts to higher tem- B , i
perature with pressure. T4ﬂ * A

The combination of the above results of electrical resis- : . . . (b)
tivity and thermal expansion suggests that CeRhAs under- 50 100 150 200 250 300
goes phase transitions below and T, at pressure above 2 T(K)
GPa. In order to directly observe the structural transitions,
we measured the temperature dependence of the powder Fig. 6. (Color onling Temperature dependence of rela-
x-ray diffraction at a fixed pressure d?=2.1 GPa. The tjve length change\L,/L, and AL./L, along thea and ¢ axis of
diffraction-pattern profiles recorded @300 and 50 K(be-  CeRhAs under pressures. Data for each pressure are shifted by a
low T,) are compared in Fig. 7. At first glance, almost sameconstant value for clarity. The anomalies denoted by circles are due
profiles suggest that neither structural type nor space groug the freezing of the pressure transmitting mediiiRef. 12.
change on cooling below,. Looking more carefully, one
notices some peaks split into two peaks with decreasing tem-
perature. In Fig. 8, below 150K T, another peak of

i et

T T T

Int. (arb. units)

(30),r appears at the lower angle side of the high- CeRhAs
temperature pealB01),r. The(301), 1 intensity grows in the 2 1GPa
consumption of thg301),t intensity with decreasing tem- A=0.5518 A
perature below 150 K. It means that the volume fraction of
the phase with larges parameter increases beldWw. Split- "JMJ 300K_
ting of the peak was observed also f@f00, (411), and UU
(512). This splitting belowT" suggests the coexistence of ~ i
two orthorhombic phases with slightly differeat param-
eters.
IV. DISCUSSION /AJfJ L}U 50K

We now discuss the mechanism of the gap formation for 10 1'5 2'0 2'5 30
CeRhAs based on the experimental data of the present work. 26 (deg)
So far, three scenarios have been proposed for the mecha-
nism: (a) a charge ordering transition &,° (b) a gap origi- FIG. 7. Powder x-ray diffraction profiles of CeRhAs at 300 K
nated from c-f hybridization effect:>"® (c) a charge- and 50 K forP=2.1 GPa.
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- 70K \J\\\ T temperaturdl and the energy gaR,y/kg increase with ratio
: ’ ‘\f T of dInTc/dP=0.30 GPa® and d(Ey/kg)/dP=5 K/GPa
i _{’_‘/ Xt A n ] with increasing pressure up to 3 GP&or many Ce com-
1 = — pounds, the volume dependence T, that is, Grineisen
- A . parametel”=—dln T,/ dln V=BydIn T¢/ P whereBy is bulk
- 50K /'\ ?‘-.\ 8 modulus, is inversely proportional @.*2 If the gap magni-
/ N\ \\'\‘ . tude is increased by the enhancement-df hybridization,
L Vi ,.»// \aw . d(E4/kg)/dV should be proportional tb' and thus inversely
B T S = o proportional toTk. Becausél,=1500 K of CeRhAs is much
133 135 137 139 141 143 larger than T,=360 K of CeRhSh, we expect that the
26 (deg) dIn T¢/dP and d(Ey/kg)/dP for CeRhAs is much smaller
than those for CeRhSb By is the same order for both com-
pounds. Assumindy for CeRhAs to be proportional 16,
the maximal temperature @f, (see the inset of Fig.)2then
dInTy,/dP=dInT,/dP=0.42 GPa.. This value of
dIn Tx/dP may be overestimated because thenear T,y
density-wave(CDW) transition® Our data cannot distinguish <T; is affected by not only Kondo effect but also the gap
whether or not charge ordering occurs in CeRhAs. Thereforegpening at T;. However, the fact that the value of
we consider the scenarigb) and(c). Thec-f hybridization  d(Ey/kg)/dP=27 K/GPa along thec axis of CeRhAs is
modef was applied to understand the pseudogap formatioftarger by a factor of 5 than that noted above for CeRhSb
in the isostructural compounds CeNiSn and CeRhSbh. Acstrongly suggests the different origin of gap formation.
cording to this model, the hybridization gapis given by In the previous papérjt was argued that a reduction of
AxTc=2zgV?ID, wherezg, V, andD are the renormaliza- the a-axis lattice parameter on cooling beldly would en-
tion amplitude, hybridization matrix elements, and bare bandance the-f hybridization, which leads to the formation and
width of conduction electrons, respectively. With increasingdevelopment of the gap in CeRhAs. This is an analogy with
pressure, allzg V, and D may increase. HoweveN?/D  the case of CeNiSn, where uniaxial-pressure applied along
should be enlarged with pressure becadse more sensitive the a axis enhances the hybridization and increases the gap
to D. Therefore, the gap is expected to be enlarged withmagnitude’* For CeRhAs, however, the significant shrink
pressure, and scaled By.® For CeRhSb, both the Kondo along thea axis under pressursee Fig. $is associated with

T vl

FIG. 8. (Color online Temperature variations of powder x-ray
diffraction profiles of CeRhAs around03) and (301 lines for P
=2.1 GPa.

064110-5



UMEO et al. PHYSICAL REVIEW B 71, 064110(2005

the decrease ify/kg along thea axis (see Fig. 1. Another  electron-phonon coupling. To make sure this scenario, mea-
discrepancy is noticed by the comparison between the elesurements of phonon dispersion by inelastic neutron scatter-
trical resistivity p, and thermal expansioalL,/L, along the ing experiment are needed.
a axis atP~1.1 GPa shown in Fig. 9. Note that increases The transition of CeRhAs &t is characterized by forma-
on cooling belowT, and T3, regardless of the expansion tion of a simple commensuratgb X 2c) superlattice. This is
along thea axis. Therefore, the simple scenario based on thalso unusual because an incommensurate lattice modulation
c-f hybridization gap model seems to be not the case. occurs in most of CDW compounds. The Hall coefficient of
Second, we consider the CDW scenario. CDW gaps opefi~2x 103 cm®/C for CeRhAs aboveT; (Ref. 5 is one
at the Fermi surface at those portions that satisfy the nestingrder of magnitude larger than the ordinary Hall coefficient
condition?® Figure 1 showed that the increase of the gapof metallic intermediate-valence compounds such as CeNi,
along thec axis of CeRhAs coincides with the increaselef ~ CeSn, and CeRy?? This suggests that the carrier concen-
by applying pressure up to 0.5 GPa. We recall that the phaseation aboveT; is much smaller, that is, Fermi surfateS)
[l below T; is characterized by the superlattice with modu-of CeRhAs is relatively small. In fact, the band structure
lation vector ofq;=(01/2 1/2. This modulation should be calculation reveals the small gap opening ab®yé? In the
related with the gap formation along tkheaxis. Nakajimaet  calculated band structure for hexagonal CeRhAs, a flat band
al. suggested that the lattice modulation is a result of a soréxists at the valence band t6B-A line). The cylindrical FS
of CDW transition atT,.® However, the transition tempera- around thd" point seems to be favorable for nesting relevant
ture of conventional CDW materials decreases with pressur® a CDW transition. But, this FS is not consistent with the
by the following reason. The CDW is formed if the gain in carrier concentration derived from the Hall coefficient
electronic energy resulting from the opening of the gaps exmeasuremeritt These features for the transition @ of
ceeds the strain energy which increases with the formation dEeRhAs resembles the CDW transition ifi-TiSe,, which
superlattice. The electronic-energy gain increases with deundergoes a commensurat@ X2x2) transition at Tc
creasing temperature because the Fermi surface becomes200 K2° The normal phase of TiSeabove T is semi-
sharper at low temperature. By applying pressure, the latticenetal with a small’-point hole FS and.-point electron FS
stiffens in most cases, which increases the strain energy and the hexagonal Brillouin zon®. Because these FSs are
destabilizes the CDW state. As a consequence, the CDWifficult to nest each other, TiSaloes not fit into the con-
transition temperature is lowered under pressure, as observedntional FS nesting model. To explain the unconventional
in many cases. However, there are exceptions in which thEDW transition of this compound, a band Jahn-Teller
transition temperature increases with pressure, although tieechanism was proposétiMotizuki and co-workers devel-
reasons have remained unclear. The examples are a quasped a microscopic theory including the band Jahn-Teller
one-dimensional compound ZrJ¥ a layered compound mechanism. It was shown that the electron-phonon interac-
7-Mo0,0;,,Y” and a filled skutterudite PrRB;,.1® The transi- tion as well as FS nesting plays an important role in the
tion temperature can rise if the strain energy is reduced witlfEDW transition in TiSe.? To make clear whether or not the
pressure. As shown in Fig. 5, the increase of botandc  transition of CeRhAs af is derived by the band Jahn-Teller
parameters of CeRhAs with pressure indicates the softeningiechanism, detailed study for the band structure near FS
of the lattice in theb-c plane, which may reduce the strain using an angle-resolved photoemission measurements is
energy. To confirm this scenario, elastic constant measurgeeded.
ments under pressure are highly desirable. Next, we discuss the pressure dependenc&,cdnd T;
Because CeRhAs is a three-dimensional compound, ifsee Fig. 1 The gradual decrease ©f andT; with increas-
seems that the nesting of the Fermi surfaces is difficult. Furing pressure above 0.2 GPa is consistent with that for the
thermore, the transition &k, is of first order as evidenced canonical CDW transition as discussed above. Belgwnd
from the sharp peak in the specific heat of 90 J/maéIA- T, the development of the gap is related to the superlattice
though most of CDW systems are low dimensional, and unformation withg;=(1/3 0 0. Here, the strain energy associ-
dergo a second order transition, a first-order CDW transitiorated with this modulation increases by the shrink of ¢he
was found in a few three-dimensional systems such aparameter with pressure. Then, it is natural that the transition
Luslr,Si;ot° It was ascertained by a very narrow and hugetemperatures are lowered and the gap alongatexis is
cusp in the specific he&150 J/mol K at T,=80 K. Further-  suppressed as shown in Fig. 1. However, the initial increase
more, the energy gafg of 700 K for Lulr,Sio is much  of T3 for P<<0.2 GPa contradicts this model. Probably, the
larger than the value d&,=3.5XgT, derived from the weak other modulation withg,=(0 1/3 1/3 plays a role. To ex-
coupling mean-field theory. This large gap was explained byamine the relation between the development of the gap and
a strong coupling model proposed by McMill&hAccording  lattice modulations, more detailed band structure calculation
to this model, a short coherence length leads to significantcluding the lattice modulations a@f, andgs; are necessary.
phonon softening, and eventually the relatigy™> 7kgT, is The most significant observation in the presence work is
obtained. As mentioned above, CeRhAs shows a rather largee sudden suppression of the gap of CeRhAs above 1.5
cusp of 90 J/mol K in the specific heat Bf. Furthermore, GPa. According to the band structure calculafidthe gap
the value ofEy/ks=2000-4500 K estimated by the measure-magnitude continues to increase with decreasingatipa-
ment of Hall effect(Ref. 5 and optical reflectivityRef. 21) rameter down to 7.13 A. Experimentally, thgparameter at
corresponds to 5—-13 times ®f, being far above the weak 1.5 GPa is still 7.3 A as shown in Fig. 5. Thus, the gap
coupling value. These facts further support the conjectursuppression cannot be explained by only a reduction oéthe
that the transition aff; is a CDW transition of a strong parameter. Instead, the gap closure should be related to the
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appearance of the phase V beldy. On going from the GPa. The orthorhombia parameter at 250 K decreases with
phase IV to phase V, the significant change of the electronipressure up to 2.5 GPa, whileand ¢ parameters increase
state is manifested in the reverse of anisotropy in the resisslightly. These findings suggest that the gap formation in
tivity at low temperature, as shown in the inset of Fig. 3. TheCeRhAs is a result of a sort of CDW transition. The increase
anomaly in resistivity aflT, vanishes above 2.8 GPa, and of T, under pressure may be explained by the strong-
then, the phase V seems to merge into the phase Il. To excoupling CDW model. The CDW scenario provides better
amine the electronic state at high pressure above 3 GPanderstanding of the unusual gap formation in CeRhAs, and
microscopic experiments are needed. this scenario needs to be examined by further studies of
Fermi surfaces.
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