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Thermal hysteresis in the charge-density-wave transition of LgRh,Si;q
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We report the detailed studies of resistivity, magnetic susceptibility, heat capacity, thermal conductivity, and
thermoelectric power on the charge-density-w&®W) material LyRh,Si;q in the vicinity of its transition
temperaturel ~147 K. Pronounced thermal hystereses loops between heating and cooling cycles have been
observed in all measured quantities, making this system very unique as compared to other isostructural com-
pounds such as Lir,Si;g. The thermal hysteresis features ingRin,Si;q are attributed to the presence of
metastable states arising from pinning of the CDW phase to impurities. In addition, the measured physical
guantities are magnetic field independent up to 8 T, which excludes the possibility of a magnetic coupling to
the static CDW structure in lsiRh,Siyg.
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LusRh,Siygis a well-ordered intermetallic compound with found an unambiguous thermal hysteresis of ak3ok in the
a SGgCo,Sijtype crystal structuréspace grougP4/mbm).  Vicinity of the transition. This feature is not affected by ex-
A previous resistivity and susceptibility study indicated theternal magnetic field up to 8 T, as shown in the inset of Fig.
formation of charge-density-waveCDW) ground state at 1 ) o _
aroundTo~147 K, in spite of its three-dimensional struc- "€ magnetic susceptibility was measured using a com-
ture. 13 Recently, we observed a spike-shaped specific he%permal (ngntum Designsuperconducting quantum inter-
jump ACp(~40 J/mol K) within a very narrow temperature erence devicéSQUID) magnetometer on a sample that was
region in LuRh,Si;o near its CDW transitiod.Such a result, cut f“’”? th? same batch f.m measurements. The data d.'s'
similar to those found in its isostructural compoundsplayed In Fig. 2 was obtained during warming process in a
. . 5_7 dc field of 0.1 T under zero field cooled condition. The drop
Luslr,Siyg and Eglr,Siyg,>” " corresponds to a huge entropy

. . L in x, consistent with the previous resélts attributed to a
change. QObviously the mean-field description for WeakIYreduction of Pauli paramagnetism which is related to a par-

coupled CDW formations is not appropriate for the transi-j5| gnening of an energy gap and thus a loss of electronic
tions found in these materials, and thus the CDW transitionyensity of states at the Fermi level. As shown in the inset of
of this type was proposed to be first ordedowever, we  Fig 2. a well-defined thermal hysteresis loop of about 2 K

have seen no evidence of thermal hysteresisCin of  gppears around,. In this investigation, dc fields of 0.1, 0.5,
Luslr,Si;o within our measurement resolutiériTo further

explore the nature of the transition in 4Rh,Si;o, we per-
formed measurements under heating and cooling cycles to
: . ; . 60 e

examine the possible thermal hysteresis behavior, a charac- e S e

teristic feature exhibited in a first-order phase transition. In- - om0

deed, in the present study, we report the discovery of thermal 50-|

hysteresis near the transition of4Rh,Si in resistivity (p), Lu_Rh,Si,,

magnetic susceptibility ), heat capacity Cp), thermal

conductivity (x), and thermoelectric powelS}. The obser-

vations are attributed to the presence of metastable states * 0T(w)
Povam g e o 0T (down)

40+ 64

p (nQ cm)

arising from pinning of the CDW phase to the transition. In 304 60 2. .
addition, we carried out resistivity, susceptibility, as well as _ °, * 87T (down)
heat capacity measurements with the application of magnetic §
field to examine the possible origins associated with the ob- 204 ¢ b\ T, \q
served hysteresis. a -
The samples studied were prepared by an arc-melting o,
technique described elsewhér€igure 1 presents the tem- 101 Smoteareind
perature variation of electrical resistivity of £ERh,Si;o mea- B T T i T
sured during warming process by a standard four-terminal 0 . . . . ‘
method. Near the CDW transition temperatlig~ 147 K, 0 50 100 1T5(?() 200 250 300
an abrupt increase ip was observed, a characteristic re-
sponse irp for CDW formation. The resistivity enhancement  FIG. 1. Temperature dependence of electrical resistivity of
Aplp was estimated to be approximately 15%, consistentusRh,Siy,. Inset: the thermal hysteresis of electrical resistivity
with the previously reported valifein this study, we further nearT, in fields of 0 and 8 T.
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FIG. 2. Temperature dependence of magnetic susceptibility oK. The temperature-dependent specific heat ofRtuSi;q
LusRh,Sijo. The inset shows a clear hysteresis loop in the vicinityupon cooling is illustrated in Fig. 3. Nedi,, a pronounced
of the transition with fields of 0.1 and 4.0 T. anomaly inC, with a huge excess specific he’€C,/C,~
15% was observed. In this study, we found that the transition
1, and 4 T were applied foy measurements, but we only is hysteretic with a loop of about 2 K. In addition, the appli-
present the data measured for 0.1 and 4 T fields. It is clearlgation of magnetic field up to 8 T has no effects on the
seen in this figure that the transition temperature and theysteresis loop o€, as demonstrated in the inset of Fig. 3.
hysteretic feature of susceptibility for LRh,Si;, are essen- The T-dependent thermal transport measurements includ-
tially unchanged with field. ing conductivity and thermoelectric power were carried out
For specific heat measurements, relative heat capacitgimultaneously in a close-cycle refrigerator over tempera-
data were obtained by an ac calorimetry, using chopped lighures from 10 to 300 K, using a direct heat-pulse technfque.
as a heat sourdeThe absolute value of the specific heat in The representative in LusRh,Si;, obtained by a warming
zero field was determined by measuring a powder sampleprocess is shown in Fig. 4. A broad maximum appears at
(~200 mg) using a differential scanning calorimetBSCO) around 30 K which is due to the reduction of thermal scat-
with a precision better than 3%. The ac results were thusering at low temperatures. Aroud), « has a sharp drop
corrected for their addendum heat capacit@g varnish and accompanied by a well-defined peak in which a hysteresis
thermocouple wirkand normalized to the DSC data at 180 loop (~2 K) is observed, as demonstrated in the inset of
Fig. 4. The abrupt drop ir nearT, can be fit very well with

the resistivity data by means of the Wiedmann-Franzlaw,
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FIG. 3. Temperature dependence of specific heat gRhSi; ;. T(K)
The inset shows the thermal hysteresis of specific heat Tigar FIG. 5. Thermoelectric power as a function of temperature for
fields of 0 and 8 T. LusRh,Si;o. The inset demonstrates the thermal hysteresis Tigar
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indication of the sharp drop is essentially caused by the reeommensurate, and incommensurate states at 90, 75, and 50
duction of electronic contributions. The occurrence of a peak&, respectively, have been identified by x-ray diffraction. In

in « at T, could be understood as a result of heat carried byaddition, a large thermal hysteresis of about 10 K has been
soft phonons occurring during the phase transifion. observed in both resistivity and magnetic susceptibility at

The T-dependens of LugRh,Si,, measured during heat- around 50 K, which suggests a first-order phase transition
ing process is plotted in Fig. 5. A broad shoulder at aroundgSSeciated with this incommensurate CDW transition. While

: : he 3D structure, the coexistence of superconductivity with
50 K is attributed to the phonon drag effect, commonly see ' ) .
at low temperatures in metals. In the vicinity B, the See- DW features, and the observed thermal hysteretic behaviors

beck coefficient exhibits a pronounced peak wiks/S in LusRh,Siy, are reminiscent of those in Cy¥,, conclu-

306 consistent with the value previously reportethe sive evidence for an incommensurate transition in
o . ' P y rep X LusRh,Siyo will have to wait till an exact phase identification
peak inS could be associated with soft phonons which en-

. . . f the superlattice by x-ray diffraction.
hance the heat transport. As presented in the inset of Fig. 59 Now, we turn to the magnetic field dependence on the

a thermal hysteresis loop of alidiK also appears i near resistivity, magnetic susceptibility, and specific heat data. In

the transition. It is worthwhile mentioning that measure- . . NP
. i general, CDW materials with magnetic-field-induced phe-

ments ofS in quasi-1D CDW systems such as 2H-TaSe nomena are typically associated with CDW coupling with
(Ref. 9 and (NbSg)1ql5 (Ref. 10 also show similar hyster- magnetic impurities, field-induced spin-density wadg&®W)
esis loops near their transition temperatures. It indicates th%ixed with CDW gr(’)und states. or field-modified Fermi sur-
thg origin of the thermal hysteresis behavior in these syste "ce. For the extensively studi,ed CDW system NpSbe
arises from the same mech_anlsm,'presumably due to the p'i};irge field-enhanced resistance was initially attributed to the
ning of the CDW phase to impurities. ... mixture of SDW with CDW ground staté$,but the NMR

As we should address here, to ensure the reproducibilitfe.g, 5 ingicated a pure CDW enhancement associated with

of the observed thermal hysteresis insRlySiyo, at least o qrface changés The latter mechanism normally oc-

two pieces cut from different ingots were measured. All pre-. | . in nearly compensated metals, although the Fermi sur-

sented features are repeatable for different experimental rugs .. may contain several electron and hole pockets. With the

on the same sample, but the observed peaks are Somew lication of an external magnetic field, the Fermi-surface
sample dependent. The absolute measured values are slighifiy he mogified and thus change the electronic band struc-

different from different measurements, mainly due to the UNires. Apparently LgRh,Siy, can not be classified as this

certainty on sample dimensions. In spite of this discrepancyfype of metals. The origin of a mixture of SDW with CDW
their intrinsic hysteresis features would remain unchanged. ;.0\ states .has been discussed by several authors. Over-

. Although sir_nilar t_hermal hysteresis has been discovereﬂauser has mentioned that a SDW component may develop if
in many low-dimensional CDW systems such as 2|_|'-Easethe elastic stiffness constants are sufficiently anharmonic in a

(Ref.. 9, (NbS.Q) 103 (R.Ef' 10, a’.‘d Tag (Ref_ 13, the h_ys- CDW metal'® Gor'’kov and Lebed have argued that for the
teretic behavior found in LyRh,Sijo near its CDW transition oo of simple anisotropic metals with two open nesting

is thought to be the first example of this kind in the temaryge i gurfaces, the tendency to SDW formation could be
rare-earth tran5|_t|on-m_etal silicide system. The hySter.et'%nhanced by external magnetic fiéldThe observation of a
features in Iow-_d!men3|onal_ CDW materials are typically In- magnetic-field independence in the vicinity of the CDW tran-
terp.r.etedl ash§r|3|ng f(;om plnn:jng O:: QSVS/:DW phai? 10 IM-gition in LusRh,Siye Suggests that its CDW nature does not
purities. In t 'j regar ,fa num erf oh metastable stateqyq the appropriate characteristics of these various models.
may appear, due to a freezing of the wave vector to a non- -, summary, an unambiguous thermal hysteresis loop in
equilibrium average value. The choice of a partlc_:ular mEtaLu5Rh48i10 near its CDW transition has been observed by
stable; statg ;(rr:erte_fore delpenstshon the Fherrr:al E'_Str?rly %f ﬂW’]eans of resistivity, magnetic susceptibility, heat capacity,
sample and the time scale of the experiment, which leads tg,q 5 conductivity, as well as thermoelectric power mea-

irreversible characteristics for measured physical quantitiessurer,nents The hysteretic behavior insRi, S is presum-

_Experlmgntal_ results obtained from t|me-d_ependem res'?"Vz'ably due to pinning of the CDW phase to impurities, which
ity studies in Ta§ seem to be consistent with this

T s 9 . : could result in the relaxation time exceeding any practical
argument®'2 This picture is also appropriate to the current

f LuRh.Si - F h h " time scale for real measurements. In addition, we have dem-
case of L4 hySiyo. For ot er ternary rare-earth transition- ,,qiratad that there is no coupling between an applied mag-
metal silicides such as kir,Siyg, the pinning force between

the CDW phase and impurities may not be sufficient to resuIEetiC field (up to 8 T and the static CDW structure in
. : . - . Rh,Si;g. Alth h ibl igi d hani
in any irreversible behavior, and thus explains why the hysy.- huSho OUgh PossSIbie Orgins and mecnhanisms

’ . ; L . ! - have been discussed, a specific extension of the theoretical
teresis behavior is visible in L&h,Si;g but not in P

. ) X models to LyRh,Si;; and additional experimental data
Luslr,Si;o.® However, this proposed mechanism for the hys- 4RMSiy P

. S X : . Y>"based on the single crystal x-ray diffraction study would be
teretic behavior is not exclusively restricted to either first-

- required to verify whether the transition is first-order and the
order or second-order phase transitions. Hence, the true thgf;,o incommensurate nature in this material

modynamic nature of the CDW transition in 4Rh,Si;o has

not yet be established by present measurements. This work was supported by National Science Council,
Another class of CDW systems having a 3D structure isTaiwan, under Grant Nos. NSC-90-2112-M-259-017

CuV,S, which is the most studied material of this type. (Y.K.K), NSC-90-2112-M-110-012H.D.Y), and NSC-90-

Multiple phase transitions corresponding to incommensurate2112-M-415-002C.S.L).
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