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Linear-thermal-expansion measurements have determined the small relative length changes
(b L /L = —10 ) at the charge-density-wave (CDW) transitions in Lu5Ir4Silo, Lu5Rh4Silo, and

Tm, Ir4Si». Tm5Ir4Silo shows a second sluggish transition near 18+8 K which is comparable in
magnitude. Thermal-expansivity measurements show that, for each material, significant changes
occur in lattice properties on cooling through the CDW transition. Expansivity data above the
low-temperature ordering transitions for these three (Lu&Ir4Si lo, Lu5Rh4Si lo superconducting;
Tm, Ir4Silo, magnetic) and also for Sc5Ir4Silo (no CDW, but superconducting) in combination with
previous Cp results show unusual electronic behavior (large electronic contributions to a for all ex-

cept Lu5Ir4Si»), a positive lattice expansivity only for Lu5Ir4Silo, and a very large lattice expansivity
for Tm5Ir4Si». The lattice Gruneisen parameters for the superconducting compounds show
significant temperature dependence. A comparison of the pressure dependences of the supercon-
ducting transition temperatures (dT, /dP) as calculated from the discontinuities in a and C& and as
determined in high-pressure experiments suggests a complex T, (P) behavior. The magnetic contri-
butions to the expansivity of Tm5Ir4Silo are consistent with di8'erent signs for dT, /dP for the 1.9-K
ordering transition studied in these experiments and for the 0.86-K transition which has been ob-
served in Cz measurements.

I. INTRODUCTION

Lu5Ir4Si, o and Lu~Rh4Si, o are superconducting ternary
silicides, with the Sc5Co4Si,o-type structure, that show
unusual pressure behavior. ' In each case, the supercon-
ducting transition temperature T, initially decreases with
increasing pressure, then, at about 20 kbar, abruptly in-
creases from roughly 3.9 to 9 K for Lu5Ir4Si&0 and from
3.4 to 4.3 K for Lu5Rh4Si&o. Subsequent studies have
related these effects to a pressure-dependent anomaly in
the electrical resistivity, which for normal pressures
occurs at TO=80 and 140 K, respectively, for these two
materials. The related compound, Sc5Ir4Si, o, does not
show the high-temperature resistive anomaly, and has a
T, (8.3 K) that decreases quite normally with increasing
pressure. The results for Lu5Ir4Si, o and Lu~Rh4Si&0 have
been interpreted in terms of the formation of a charge-
density wave (CDW) at To on cooling. The CDW causes
gaps to appear in the Fermi surface, with the resultant
resistivity anomaly and a lower T, than for the non-
CDW material. The CDW formation is suppressed by
pressure, with the 20-kbar transition temperature
presumably characteristic of the non-CDW material.
The high transition temperature of Sc5Ir4Si,o, for which
no CDW transition occurs, is consistent with this hy-
pothesis.

Attempts to determine the volume change associated
with the CDW transition in Lu5Ir4Si, o were unsuccess-
ful, and suggested that the magnitude of the relative
volume change, b, V/V, was less than 10 . The present
experiments were intended to determine this volume
change directly for Lu5Ir4Si&o and Lu5Rh4Si, o, and also to

obtain low-temperature linear-thermal-expansivity data
for these materials and for Sc5Ir4Si&o, which would com-
plement the heat-capacity results of Hausermann-Berg
and Shelton. The fourth material that was studied,
Tm5Ir4Si, o, also has the Sc5Co4Si,o-type structure and
shows a relatively complex CDW transition below 134 K,
but undergoes magnetic ordering rather than supercon-
ductivity at low temperatures. '

II. EXPERIMENTAL DETAILS

Sample length changes and linear thermal expansivities
Ia=(t) lnL/t)T)t, ] were measured from 300 to 1 K using
a differential capacitance dilatometer similar to that de-
scribed by White and Collins, which had been modified
to accept samples of arbitrary shape and length. The di-
latometer was calibrated in terms of measurements on a
standard copper sample of roughly the same length (10
mm) as the ternary-compound samples. Published
copper expansivities' were used to convert the experi-
mental relative length changes and expansivities to abso-
lute values. The accuracy of these results varies from ap-
proximately l%%uo (systematic) for the length changes and
expansivities at high temperatures to 10 K ' for e at
the lowest temperatures.

Sample-preparation procedures were similar to those
described previously. ' ' ' Stoichiometric mixtures of
high-purity elements were are melted in a Zr-gettered ar-
gon atmosphere, with the resulting ingots turned over
and remelted several times to provide homogeneity. The
samples then were sealed in quartz ampules with about
160 Torr of argon and annealed at 1250 C for one day
followed by three days at 1050'C. In each case, powder
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x-ray-diffraction data confirmed the single phase with the
Sc5Co4Si, p structure. Cylindrical samples, roughly 10
mm long, were spark cut from the final ingots; one end
was polished Aat and smooth, while the other, on which a
movable capacitor plate rested, was given a slightly con-
vex surface. In the following discussion we will assume
that these are isotropic polycrystalline samples, even
though crystalline samples might have significantly aniso-
tropic properties.

III. RESULTS AND DISCUSSION
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The results of the present experiments can be discussed
in three sometimes overlapping areas. The volume
changes associated with the CD%' transition at Tp in

Lu5Ir4S1&p LU~Rh4Si, p, and Tm~Ir4Si, p are easily ob-
served and measured, and allow the entropy change at
the transition to be determined. The temperature depen-
dence of the expansivity can give information about
unusual lattice effects just above Tp and for the phase in
which the CDW exists. Finally, the 1ow-temperature ex-
pansivity, when combined with published heat-capacity
results, serves to characterize not only the superconduct-
ing transition, but also the limiting T=O properties of the
low-temperature phase. These will be discussed in turn in
the following sections.

A. The CD% transition

The relative length changes near Tp are given in Figs.
1—3 for Lu5Ir4Si&p, Lu~Rh4Si, p, and Tm&lr4Si&p, with tran-
sition parameters summarized in Table I. The relative
volume change for Lu~lr4Si, o I b, V/V = 3 bL /L
= —[4.8(2)]X10 I is sufficiently small that it should
not have been detected in the earlier experiments. The
breadth of the transitions for Lu5Rh4Siip and Tm5Ir4Si&p,
and the hysteresis for Lu5Rh4Si, p, may be due to sample
inhomogeneities, or may be inherent in the transition.
Published results for dTo/dI' (Refs. 2, 4, and 7) can be
combined with the measured length (volume) changes
and the Clausius-Clapeyron equation,

dP/dT =bS/b, V,
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FIG. 2. Relative length changes for Lu&Rh4Si&p near the
CDW transition.

B. Temperature-dependent expansivities

The linear expansivities of these materials, as for most
solids, have a very strong temperature dependence; from

to calculate the entropy changes (bS/R, where R =8.314
J/molK is the gas constant) that are given in the fifth
column of Table I. These refer to one atomic formula
unit (a.f.u. ), which contains 19 atoms. The magnitudes of
the latent heats associated with these transitions are a few
J/cm .

Tm~Ir4Si&p shows a more complex behavior than either
Lu5Ir4Slip or Lu~Rh4Si, p. Yang and co-workers ' com-
ment on a pressure-dependent feature in the resistivity at
115 K, which also appears in the expansivity (see below),
but which does not show a detectable length change. No
expansivity data were obtained for this sample between
roughly 10 and 25 K, since its length increased slowly at
constant temperature as it was cooled below 30 K. The
length change (Table I) is comparable to those for the
higher-temperature transitions, but occurred with a time
constant of roughly 6 h at 15 K. There is no mention of
time-dependent effects in previous work with Tm5Ir4Siip,
and their origin is not understood.
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FIG. 1. Relative length changes for Lu5Ir4Si&p near the CDW
transition.

FIG. 3. Relative length changes for Tm~Ir4Si» near the
CDW transition.
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TABLE I. Parameters for the high-temperature, CDW, transitions. The numbers in parentheses indicate the uncertainty in the
last figure given.

Lu&Ir4Si»
Lu5Rh4Si, p

Sc5Ir4Si )p

Tm5II4S1)p
Tm5Ir4Si ip

Tm5Ir4. S1)p

'Reference 2.
Reference 4.

'Reference 7.

T
(K)

80.1(5)
140(7)

None
134(2.5)
115(S)
18(8)

hL /L
(10 )

—1.60(5)
—2.7(1)

—0.45(5)
None

—1.20(5)

d Tp /dP
(10- 'KA-)

—1.4(1)'
—2.0(2)

—1.2(1)'
—1.4(1)'

AS/R
(a.f.u. -')

0.82(8)
0.95(9)

0.27(3)

Remarks

0.2-K hysteresis
3-K hysteresis

(0.5-K hysteresis
a only
Very sluggish

roughly 2X10 K ' or less at 20 K to 10 K ' at 300
K. This temperature dependence can be eliminated to
first order by using the ratio of an experimental e to that
of copper at the same temperature. The expansivity of
copper varies monotonically with temperature from 1 to
over 300 K, ' and so any structure in this representation
must be associated directly with a for the sample. The
temperature dependence from 20 to 300 K of the experi-
mental n's for Lu5Ir4Si&p, Lu5Rh4Si&p, Sc5Ir4Siip, and
Tm5Ir4Si, p are presented in Fig. 4 using this reduced rep-
resentation. No data were taken between 300 K and tem-
peratures just above the transition, since the resistivity
data are smooth in this region. Hence, the solid lines in
Fig. 4 are intended only for visual guidance, and have no
fundamental significance. Data for temperatures near
200 K would have been useful for LU5Rh4Si]p.

The data for Sc5Ir4Si, p are smooth, with the upturn at
low temperatures associated with a large electronic con-
tribution to the linear expansivity (see below). The re-
sults for temperatures below Tp for Lu5Ir4Si, p,
Lu5Rh4Si, p, and Tm~Ir4Si&p suggest that the CDW transi-
tion has a significant impact on the lattice properties,
with no common feature evident. The behavior of
Tm5Ir4Si&p below 40 K perhaps is a precursor of the slug-
gish transition, which was mentioned in the preceding
section. The step in the Tm~lr4Si, o data at 115 K (Table
I) is also observed in the resistivity measurements; '

time-dependent length changes (drifts) also occurred in
this temperature region. In each case, the expansivities
appear to anticipate the CDW transition on warming, in
addition to the well-defined length discontinuities at Tp,
which appear in Figs. 1—3.

1. Normal-state properties

The low-temperature thermal expansivity and heat
capacity for a normal metal above a magnetic transition
each are expected to be of the form

a=A, T +AiT+A3T +AqT +
= A,s/T + g AT",

tl OClC1

CP g T +Jg] T++3T ++5T +
=B,s/T + g B„T".

n OdCl

The first terms (A,s and 8, ) are associated with
"high-temperature" magnetic contributions, and are im-
portant only for Tm~lr4Si, o. The first-order terms (A,
and 8, ) are generally associated with an electronic con-
tribution, the third-order terms ( A3 and 83) are the lim-
iting "lattice" or Debye contributions, while the fifth-
order terms (A5 and 85) are due to the lowest-order,
non-Debye, dispersion effects. The Debye temperature
Op is proportional to 83

Table II contains the parameters for Eq. (2), which
were used to calculate the broken, "fit," lines in Figs. 5—8.
The last line in Table II has, for comparison, the low-
temperature fit parameters for copper. ' The major
differences between the copper parameters and those for
the present materials are the larger magnitudes of the
"electronic" ( A i ) contributions, the negative lattice ( A 3 )

parameters for Lu5Rh4Si&p, Sc5Ir4Si &p, and Tm5Ir4Si ]p,
and the overall very large magnitudes of the Tm5Ir4Si, p
parameters.

C. Low-temperature results

The low-temperature expansivities for Lu~Ir4Si &p,

LU~Rh4Si, p, Sc5Ir4Si, p, and Tm5Ir4Siip are given in Figs.
5—8. The data in each of these figures show a discontinui-
ty at a temperature T„which corresponds to the super-
conducting transition for the first three, and to magnetic
ordering for Tm5Ir4Si, p. The following discussion will
consider first the normal-state ( T )T, ) properties of
these materials, and then the thermodynamics of the
transitions.

2. Gruneisen parameters

y = —d In@/d lnV =f38T I(ci./V), (4)

Similar temperature dependences for e's and Cp's in
Eqs. (2) and (3) can be understood in terms of the elemen-
tary Mie-Griineisen model" in which the entropy is
defined in terms of a characteristic energy, C&(V), as
S(4( V)/T). Calculations of P and Cz in this model lead
to the dimensionless Gruneisen parameter
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vvhere p=(c) ln V/BT)~ is the isobaric volume thermal ex-
pansivity, Cv(4&/T)/V is the constant-volume heat capa-
city per unit volume, and BT is the isothermal bulk
modulus. N, which is determined by Cz, gives the energy
scale in this model, with its volume dependence y follow-
ing from expansivity data. A y can be defined for the
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FIG. 7. Low-temperature expansivity data for Sc,Ir4Siio.

FIG. 4. Expansivity data from 20 to 300 K for the four corn-
pounds after normalization by the expansivity of copper. The
CDW transition temperatures To are at the smallest value of
cx/ca&„ in each of these figures. The solid lines from near To to
300 K have no significance except to provide visual continuity.
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ly, these y's have magnitudes from 1 to 4, and may be
positive or negative. The behavior of y&„may be temper-
ature dependent and complex even for the elementary
model, since each of the phonon branches may have a
(frequency-dependent) y associated with it. In general, "

y&„= g y A'co/g fico,
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FIG. 8. Low-temperature expansivity data for Tm5Ir4Si1p.
The solid lines outlining the 1.9-K magnetic transition have no
significance except to provide visual continuity.

bulk material, or, more appropriately, y's can be defined
for each of the "independent" contributions (magnetic,
electronic, and lattice for the present samples) to the
thermodynamics of a material. " The y's appropriate to
the current materials are

y, =(3BTV)(cc, /Ci, , )

=(3BTV)( A,s/B, s),
y,i„=(3BTV)(cc,i„/Cp, i„)=(3BTV)( & i /Bi ), (6)

yi„=(3BTV)(a„,/Cp i„)=(3BTV)( A3/B3), (7)

where for an isotropic polycrystal, p=3a, Cz=C~ at low
temperatures, and Bz- and V vary only slowly with tem-
perature. The right-hand sides of Eqs. (5)—(7) use the no-
tation of Eqs. (2) and (3) to give limiting values.

In this elementary model, " the characteristic energy
for a magnetic material at high temperature is related
directly to the magnetic ordering temperature Tc (not to
be confused with the superconducting transition tempera-
ture), and so y, = —d lnTc/d ln V. Similarly, the
characteristic energy in the free-electron model is propor-
tional to the Fermi temperature TF cc 1/N(E~), where
N(EF ) is the density of states at the Fermi level and

y,&„,= —d lnTF/d ln V =d lnN(E+)/d lnV

gives the volume dependence of N(E~) directly. Typical- y~„=3(a—A&T)BTV/(B3T +B&T ) . (9)

with y = —d inca/d lnV, and the summation is over lat-
tice frequencies which are excited at a given temperature.
Since the Debye model applies rigorously at
low temperatures, the limiting value of y&„=yo &„= —d lnOO/d 1nV. The transverse-acoustic modes make
the major contribution to the lattice properties at low
temperature, followed by the higher-frequency
longitudinal-acoustic modes as the temperature increases,
and then the optical modes at higher temperatures.

Table III summarizes parameters for Eq. (3) from low-
temperature heat-capacity data, ' as well as parameters
for the heat capacity of copper. ' The unusual presenta-
tion of the copper parameters (19B„&„)is intended to
provide a direct correspondence with those for the 19-
atom a.f.u. of the present materials. When compared
with this copper representation, the major difterences are,
first, in the electronic contribution for Tm51r4Si&o (which
undoubtedly is associated with magnetic effects ), and in
the large relative magnitudes of the B~ terms, which sug-
gest strong dispersion eA'ects.

Table IV gives O™0'sas well as the values of y which are
obtained from the right-hand sides of Eqs. (5)—(7) and the
parameters in Tables II and III. These calculations use
the a.f.u. molar volumes given in Table IV,and assume,
from a lack of other data, that the bulk moduli for all
four compounds are identical with that for Lu&Ir4Si, o,
BT= 1370(70) kbar. The striking features in Table IV are
the large values of y,&,« for Lu5Rh4Si, o, Sc5Ir4Si, o, and,
possibly, Tm5Ir4Si, o, and of yo&„ for Tm5Ir4S1, 0. These
values of y,&,«support the observations from Table III
that the electronic states of these compounds are unusual,
while the large yo ~„ for Tm5Ir4Si, o probably is related to
the higher-temperature () 10 K) instabilities in this com-
pound.

Figure 9 gives the temperature dependence of y&„ for
the three superconducting compounds. The points are
calculated from the actual linear-expansivity data with
the electronic contribution (there is no magnetic contri-
bution) subtracted and the smooth Ci, relations,

TABLE II. Low-temperature normal-state thermal-expansivity parameters for Eq. (2). The units of a are K

LU5I1 4S11p

Lu5Rh4Si, p

Sc5Ir4Si 1 p

Tm5Ir4Si, p

Copper'

'Reference 10.

0
0
0

—96(3)
0

21
(10-')

0.77(5)
3.90(5)
3.83(7)

52.5(10)
0.25

Aq

( 10
—11)

1.00(5)
—2.1(1)
—0.40(5)

—33(1)
2.67

( 10
—14)

3.7
( —0.2)

&0

0.356

Ranges

3.8—12 K
3 ~ 5—12 K
9.0—12 K
4.0—10 K

Leading terms
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TABLE III. Low-temperature normal-state heat-capacity parameters for Eq. (3). The units of C& are (mJ/K a.f.u. ). The parame-
ters for copper have been multiplied by 19 for direct comparison with those for the 19-atom a.f.u. of the ternary compounds.

Lu5Ir4Si lp'

Lu5Rh4Si lp'

Sc5Ir4S1 lp'

TIIlgIr4S1 l p

Copper (19B„)

Bmag
(1o')

0
0
0

78.4
0

Bl

23.4
16.7
9.93

923'
13.15

B3

0.752
1.41
0.571
0.823'
0.900

Bq
(10 )

22.0
1.46
6.67

0.371

Ranges

3.8—26 K
3.5—26 K
8.6—30 K
4.0—10 K

Leading terms

'Reference 2.
Reference 7.

'These values include contributions from the magnetic transitions.
Reference 12.

The smooth fit relations in Fig. 9 were calculated using
the parameters in Table II, and correspond to the fit rela-
tions plotted in Figs. 6—8. The systematic scatter of the
Lu5Ir4Si&o data may or may not be significant, since the
lattice contribution to e is small near 5 K. The Az pa-
rameter for Lu~Rh4Sijo was chosen to give a constant y&„
to roughly 8 K and gives good agreement with the actual
data (Fig. 7). The temperature dependence of y„, is com-
plex in each instance, and suggests varying signs for the
y in Eq. (8) as higher-energy modes are energized with
increasing temperature.

3. Lou-temperature transitions

The discontinuities in a (b.a) in Figs. 5—8 are due to
the superconducting transitions for Lu~Ir4Si j 0,
Lu5Rh4Si, o, and Sc5Ir4Si, o, and to a magnetic transition
for Tm5Ir4Siio. The temperatures of these transitions (T,
in Table V) are in agreement with similar discontinuities
in heat-capacity data (b,CP). ' We were not able to ob-
tain expansivity data for the lower-temperature
Tm5Ir4Si&o transition at 0.86 K.

The superconducting and magnetic transitions each are
second order, for which the pressure dependence of the

transition temperature, dT, /dP, is related to the discon-
tinuities in o. and Cz by

dT, /dP = T, bP/(DC'/V), (10)

where EI3=3 ha. dT, /dP as calculated from Eq. (10) is
given the fifth column of Table V, while the results of
direct high-pressure measurements are given in the sixth
column. The effects are small (10 K/bar corresponds
to O. l K in 10 kbar), with differences arising because the
current results give dT, /dP at P=O, while the direct
measurements represent linear fits to T, versus P data for
pressures up to 20 kbar. The differences are significant
for Lu5Rh4Si, o (where T, apparently first increases, then
decreases with increasing pressure), and for Sc~lr4Siio
(where d T, /dP apparently decreases with increasing
pressure). The pressure-dependent data for the
Tm~Ir4Si&o transition at 1.93 K are inconclusive, since the
shape of the transition changes in a nonsystematic
manner with increasing pressure.

The discussion following Eqs. (5)—(7) suggests a
correspondence between the y's, which are defined by
these equations and the volume dependences of the corre-
sponding characteristic energies. For the superconduct-

TABLE IV. Low-temperature thermodynamic parameters; the y's are Gruneisen parameters. See the text for details.

LusIr4Si lp

Lu~Rh4Si lp

Sc5Ir4Si, p

Tm~Ir4S1, p

Copper

8 a

(K)

366
297
401
355'
345

7mag

—1.00

V elect

2.7(2)
19(1)
30(1)
4.6(1)
0.92'

Vp lat

1.1(1)
—1.2(1)
—0.54(5)

—33(1)
1.69g

V trans

—1.8(2)
10(2)

—20(1)
3.7(4)

V b

(crn'/a. f.u. )

198
195
186
198

7.12g

'Reference 6, except as noted.
Reference 1, except as noted.

'From Table II ~

Reference 7.
'Reference 12.
'Reference 11.
gReference 10.
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TABLE V. Low temperature transition parameters.

T'
C

(K)
Aa'

(1o-' K-')
hCp

(J/K a.f.u. )

d T, /dI'
( 10 K/bar)

Eq. (10) Direct'

Lu5Ir4S1)p

Lu~Rh4Si )p

Sc5Ir4Si, p

Tm5II 4S1ip

Tm5Ir4Si &p

3.8(2)
3.3(3)
8.3(1)
1.90(5)
0.86(4)

0.28(3)
—1.4(2)

6.4(2)
—32(1)

0.124
0.112
0.250
7 0(5)

1os(s)'

—o.so(s)
2.0(5)

—12(1)
s.o(s)

—0.98(4)
—0.70(4)
—2.56(4)

o(s)

'Present data, except as noted.
Reference 6„except as noted.

'Reference 1.
Reference 8.

'Reference 7.
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ing state, the characteristic energy is proportional to the
transition temperature, as is the case for a magnetic ma-
terial at high temperature. Equation (10) can be rewrit-
ten as

y„,„,= —d lnTcld lnV=BT(3 ha)l(bCp/V) .
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The sixth column of Table IV contains y„,„,as calculated
from the data in Table V. The magnitudes for Lu~Ir4Si]o
and Tm5Ir4Si, o are "reasonable" (in the range from 2—5),
while those for Lu5Rh4Si&o and Sc5Ir4Si,o are large, possi-
bly reAecting the large values of y,&„, for these materials.
The high superconducting temperature for Sc5Ir4Si&o re-
sults in a and C~ data that are sufBciently extensive that
a y„can be calculated for this material by analogy with
Eqs. (5)—(7). The resulting y's (not shown) are consistent
in magnitude with the —20, which is given in Table IV,
but increase from —40 at 4 K to —10 at 8 K. We cannot
determine whether this is due to problems with either the
o; or the C„data, or with the elementary model.

The two magnetic Gruneisen parameters for
Tm51r4SiIII, y, [Eq. (5)] and y„,„, [Eq. (11)j, have
different signs and different magnitudes. This undoubted-
ly occurs because two magnetic transitions occur for
Tm~lr~Silo, the first (1) at 0.86 K and the second (2) at
1.90 K. Both a, and Cz, contain contributions
from each of these, so that, in Eq. (5),

ymag +(magi ++mag2 ) T l(~P magi+ P mag2)

(ymaglcP magi +ymag2CP mag2) l CP magi + CP mag2)

(12)
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FIG. 9. Lattice Griineisen parameters [Eq. (9)] for the three

superconducting compounds.

Unfortunately, y, 2 from Eq. (11) and the total magnet-
ic contributions from the a and Cz data are not sufhcient
to determine uniquely the individual contributions from
the two transitions. The only definitive statement that
can be made is that, since y, g2 is positive and the total
y, g

is negative, y, g, must be negative; that is, its con-
tribution to a must be negative to give the observed nega-
tive a, . A direct determination of the pressure depen-
dence of T; or of Aa at this low-temperature transition,
would give the information required to determine these
individual contributions.
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IV. CONCLUSIONS

The relatively small volume changes at the CDW tran-
sitions have been determined quantitatively in terms of
length changes for Lu5Ir4Si&o, Lu&Rh4Si&o, and Tm5Ir4Si&o
samples (Figs. 1—3 and Table I). The entropy changes at
these transitions are relatively large, and are several times
the electronic entropy at To which can be calculated
from the electronic-specific-heat coefficient. This sug-
gests changes in lattice properties at the transition tem-
perature which are evident in Fig. 4. Tm5Ir4Si, o, which
shows magnetic ordering rather than superconductivity
at low temperature, has a second transition at 115 K that
appears as a discontinuity in n, and a third transition at
18(8) K with a comparable volume change which
proceeds very slowly (taking hours to complete).

The normal-state low-temperature properties of these
materials show quite diverse behavior. In the (extrapolat-
ed) T=O limit, the electronic-specific-heat coefficients for
Lu5Ir4Siio, Lu5Rh4Si&o, and Sc5Ir4Si&o, and the limiting
Debye temperatures (Oo) for all four, are relatively con-
sistent (Tables III and V). This applies also to yo i„ for
Lu~Ir4Si, o, Lu5Rh4Si, o, and Sc~Ir4Si, o, although it is nega-
tive for Lu5Rh4Si&o and Sc&Ir4Si,o. For Tm5Ir4Si&o, the
linear contributions (not purely electronic because of
magnetic transition effects ) to the heat capacity and ex-
pansivity are extremely large, while the large and nega-
tive lattice expansivity (yo i„) probably is a precursor of
the sluggish phase transition that occurs at 18(8) K.

Figure 4, which gives the ratios of the sample expan-
sivities to those of copper, suggests quite different lattice
behavior above and below the CDW transition. The
abrupt rise in a/ac„ for Sc51r~Si,o on cooling reflects the
large a,&„, for this material. The decrease in a/ac„on
warming for Lu5Ir4Si&o, for which the electronic terms
are relatively small, appears to be related to an extrapola-
tion to the CDW transition of the temperature-

dependence of y&„ in Fig. 9. The data for Tm5Ir4Si, o
behave similarly above roughly 40 K. The Lu~Rh4Si&o re-
sults in Fig. 4 reAect a relatively large a,&„, and a small
(negative) a„, at low temperatures (Figs. 6 and 9). The
differences between Sc5Ir4Si&o and the other three ma-
teials in Fig. 4 suggest that the formation of a CDW on
cooling has a signi6cant effect on the lattice properties,
yet the low-temperature parameters (Tables II—IV) do not
show a common behavior or trend.

The comparison of dT, /dP from high-pressure experi-
ments and the P=O value which we calculate from the a
and Cz discontinuities (Table V) suggests a complex
T, (P) behavior for the superconductors (Lu~lr~Si, o,

Lu5Rh4Siio, and Sc&lr4Siio). When expressed in terms of
an equivalent y„,„, [Eq. (11) and Table IV], the T, 's for
both Lu5Rh4Si, o and Sc5Ir4Si&o show an abnormal pres-
sure sensitivity, but of opposite sign, while T, for
Lu&Ir4Si&o is well behaved. The difference in Table IV be-
tween y, g

for Tm~Ir4Si&o as calculated from the experi-
mental data [Eq. (5)] and from the a and Cp discontinui-
ties at 1.9 K [Eq. (11)]reflects the contributions to the ex-

pansivity data of the second magnetic transition at 0.86
K. The sign of this contribution must be opposite to that
for the 1.9-K transition; hence, dT, /dP for the 0.86-K
transition must be opposite in sign (or (0) from that for
the transition for which we have expansivity data. High-
pressure data for the 1.9-K transition are inconclusive,
and do not exist for the 0.86-K transition.
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