PHYSICAL REVIEW B 70, 085104(2004)

Electronic, thermal, and elastic properties of TsSi;_,Ge,C, solid solutions
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In this paper we report on the electronic, elastic, and thermal properties®i JGe,C,. The conductivi-
ties, Hall coefficients, and magnetoresistances are analyzed within a two-band framework assuming
temperature-independent charge carrier concentrations. In this framewg8k,_J6eC, is shown to be a
compensated material, i.e., the concentration of electrons is nearly equal to that of the holes. Aside from effects
of solid solution scattering at low temperature, there appears to be surprisingly little effect on any of the
physical properties due to Ge substitution, with the exception of the thermal expansion, which is smallest in
x=1.
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I. INTRODUCTION of the M element While one may therefore anticipate that

Thermodynamically stable nanolaminates, so calbX substitution of Ge for Si may have little impact on the elec-
phases, with chemical formuM,,,;AX, wheren=1 to 3,M tronic transport properties of these materials, it must be kept
an early transition metaA an A-group element, an is C  in mind that the electrical and thermal conductivities of the
and/or N, are of considerable interest because of their utMAX phases are larger than those of the binary carbides, and
usual combination of properties: they are readily machinable?ne thus cannot totally discount the role of thegyrroup ele-
relatively stiff, pseudoductile at room temperature, and elecent.
trically and thermally conductive.These remarkable fea- [N this paper we report the results of a systematic inves-
tures are thought to be attributed to the relative weakness iigation of the magnetoresistance, Hall effect, thermopower,
shear of the hexagonal nets of tAegroup elements inter- electrical and thermal conductivities, the density of states at
leaved withM,,.,X,, layers. To date the most studied materi- the Fermi leveN(Er), elastic moduli and thermal expansion
als of theMAX family are TSiC, and TBAIC,. While these ~ coefficients of fully dense samples of33i; ,Ge,C, with x
materials exhibit qualitatively similar elastic and electrical=0, 0.25, 0.5, and 1. We compare the measured values for
properties, interpreting the differences between compoundée elastic moduli andl(Er) to those obtained frorab inito
is difficult since Al and Si belong to differed groups. As a  calculations. This is an important step toward understanding
result, there is a change in both atomic size, as well as ele¢he nature of theMAX phases as it is the presence of the
tronic structure, which could have complementary or offsetA-group layers that give rise to the unusual characteristics
ting effects. One distinct difference between the two comWhich set them apart from the binary carbides.
pounds is the fact that theaxis lattice constant of FAIC,
is more than 5% larger than that of3$ig. 1. _ Il. EXPERIMENTAL DETAILS

The only other knowrM;AX, phase is TjGeG,.2 While
Ge is larger than Si, it is isoelectronic. However, there has The sample fabrication details are described elsewhere.
been little work done on the physical properties 0fGaG,  In general, bulk polycrystalline samples ®£0.25 andx
or substitutions of Ge for Si in T8iC,. We attempt to inves- =0.5 were fabricated by mixing TC, SiC, and Ge powders
tigate the impact of the atomic radius of thegroup element in order to yield the desired stoichiometry. The mixed pow-
on the elastic and electronic properties. Since substitutiongers were hot isostatically pressed at 1873 K under 172 MPa
on theX site? apparently do not affect the conductivity, and pressure for 8 h in vacuum-sealed glass tubes. The main im-
since substitutions on thil sites give rise to classic solid purity in each case was Ti€2 vol. %. However, for the
solution scattering,it is reasonable to assume, as a first ap=0.5 sample a Si-Ti rich phase was obseryed vol.%)
proximation, that the current flows through ttel bands of  with a Si: Ti:Ge molar percentages determined by electron
the M atoms. This conclusion is consistent with the fact thatdispersive  x-ray  spectroscopy to be~48+4:40
the density of states at the Fermi level is substantiat3.5:12+1.4. Thex=1 samples were prepared by hot press-
(=0.6-0.8 eV per Ti aton* and is dominated byl orbitals  ing the appropriate stoichiometric composition at 1873 K for
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6 h with an applied pressure 6f45 MPa. The samples were 3.0x10"7 ——1——1—— .
then annealed at 1873 K for 48 h in an argon atmosphere
Optical microscopy revealed the main impurity to+8 vol. 2.5x107
% TiO,. All samples were>99% dense. .
The room-temperature elastic constants were determinerg 5 gx197
with an ultrasonic echo-pulse technique using a RAM 10000€
system from Riteé. The time of flight of a 10-MHz tone £
burst produced by a lithium niobate transducer was measureg
by heterodyne phase sensitive detection. For the ultrasoni 1.0x107
measurements 88 x 8 mn? cubes ofx=0.5 andx=0 were g
used. Thex=1 sample was cylindricall0 mm in diameter
and 16 mm long In all cases Sal6lwas used as the ultra-
sonic transducer-bonding compound. Room temperature I
Young's E and sheaG moduli were calculated from inde- 00— e0 120 160 200 240 280 320
pendent measurements of the longitudinaland shear
sound velocities, assuming an isotropic mednese results
were then used to calculate the bulk modgiland Poisson’s FIG. 1. Resistivity as a function of temperature for
ratio. TizSi;GegC,. Also included are previous results for 38iC,
Several bar shaped specimen with dimensions1l (Ref. 16.
X 12 mn? and 1.5 2Xx 12 mn? were cut for the transport
measurements. The Hall effect, resistivity and magnetoresis- IV. RESULTS
tance MR, were measured as a function of temperakure
the 5—300 K range and in magnetic fields up to 9 T with a The temperature dependencies of the electrical resistivi-
Quantum Design Physical Properties Measurement Systeties, p, exhibit typical metal-like behavior for all
(PPMS using four and/or five probes. The voltage sensitiv-TizSi; GgC, phasegFig. 1). At room temperature, there is
ity was roughly 5 nV, and no contact heating was observedittle difference between the various compounds. At lower
for currents up to 300 mA. The MR component of the trans-temperatures the differences between the end members and
verse voltage and the extraction of the Hall signal werethe solid solution compositions manifest themselves. The re-
achieved by either a balancing potentiometer or by magneti@idua| resistivities of the solid solution compositions are
field reversal and subtraction of the measured voltages. Thepearly identical (=8.5x 1078 ) m), roughly three times
mal voltages were eliminated by use of a low-frequency adigher than that ok=0.16
current technique. The low-temperature thermal conductivi- In the 5-300 K temperature range, the Seebeck coeffi-
ties, Seebeck coefficients and heat capacities were also mezents of all compositions are weak functions of temperature
sured with the PPMS. and quite low; they fluctuate between £&//K [Fig. 2, also
The thermal coefficient of expansiodfifCE) was mea- shown for comparison purpose the Seebeck coefficient val-
sured from 323 to 1473 K under Ar in a Anter Corporation ues for single crystal TiRef. 17].
Unitherm dilatometer. The measurements were carried out on

1.5x107

Resi

5.0x10°

Temperature (K)

heating and cooling at a rate 8° C/min. 12
10 Ti o—
IIl. CALCULATIONAL DETAILS - /O/
o
Our calculations are based on density functional theory i /

with the so-called VASRRefs. 8 and 9 program package,
wherein ultrasoft pseudopotentials within generalized-
gradient approximation$GGA) are explored®!! The fol-
lowing parameters were used in the calculations: a relaxation

N L o ]
T
! \

Seebeck coefficient S (WW/K)

0 e L =Yg
convergence for ions of X 1074 eV and an electronic relax- A\ o e
ation convergence of X10° eV. We employed conjugate -2 '\ —e— X=0
gra_dient optimizat_ion of_ the wave functions, using 4L 0 3 :@: §:g:§5
reciprocal-space integration with a Monkhorst-Pack . \ / —o— X=1
schemé? The energy cutoff was 500 eV withkapoints grid 6 o] —o—Ti metal along (1100) [17]
of 7X7X7 and the tetrahedron method with Bléchl correc- 38 [
tions for the energy® Once the equilibrium configuration 0 50 100 150 200 250 300

was reached, tha and c lattice parameters and the elastic
constants were calculated. More details about the elastic con-
stant calculations can be found in previous wttk® In ad- FIG. 2. The Seebeck coefficient as a function of temperature for
dition to the elastic constants, we also calculated the densityre Ti;Si;_,Ge,C, samples. Also included are the results for single
of states at the Fermi level and the Debye temperature.  crystal Ti(Ref. 17.

Temperature (K)
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FIG. 5. Thermal conductivity as function of temperature for

The temperature dependencies of the Hall coefficiBats  various TiSi;_GeC, compositions.
for the various compounds are plotted in Fig. 3. TReg
values are negative and small at the lowest temperatures angsults in a temperature coefficient of expans{®CE) for
become more negative with increasing temperature. Ag=0.5 (9.3x 10°°K™) that is slightly higher than that of
found for TESIC, and TBAIC,,**8 the magnetoresistance x=0(8.9x 106 K™2). At 7.8x 10°® KL, the TCE ofx=1 is
(MR) of all phases could be well fitted by the expressionthe |owest of the three. Note the excellent agreement be-

MR=[p(B)-p(0)/p(0)]=aB? wherea is a quadratic coeffi-

tween the heating and cooling curves, suggesting no micro-

cient andB is the magnetic field. The temperature depen-cracks or phase transitions.
dence ofa for x=0.5 and 1 is plotted in Fig. 4.

The room-temperature thermal conductivity of all

The room-temperature longitudinal and shear sound ve-
locities together with the various elastic constants deter-

phases is about 40 W/m K rangeig. 5. The end members mined in this work are listed in Table I. The moduli &f
show clear maxima inc in the temperature range of 40 to =0.5 were=10% lower than those of the end members.
75 K. These maxima are absent for the solid solution com-

positions.

The thermal expansion o&=0.5 and the end members are
compared in Fig. Gthe curves are shifted to the right from
room temperature for clarijyLeast squares fits of the curves
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FIG. 6. Bulk dilatometric thermal expansion of select

Ti3Si;GeC, compositions. All measurements start at ambient
temperatures. Open and solid symbols represent heating and cool-

FIG. 4. Temperature dependence of the magnetoresistance codfig curves, respectively. For clarity, the curves are shifted to the
ficient « for Ti3Si;_,GeCo.

right by 150 K forx=0.5 and 300 K forx=1.
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TABLE I. The Young’s, shear, and bulk moduli of 3Hi;_,GgC,. Also listed are the longitudinal, and sheavs sound velocities and
Poisson ratiov. The Debye temperature is calculated from the mean sound velocity and estimated from the low-temperature heat capacity.

Density B G E v vs 0%, 0, N(Eg)
Material ~ (g/cn?) (GPa (GPa (GPa  (m/s) (ml9 v (K)2 (K)?  (eV.unit cel)™* Refs.
x=0 4.5 190£10 138+4 330+10 9100 5570 0.20 715-780 715 ¢ 50 6
4.5 206 22
Theory 4.41 204 123 307 9130 5280 0.25 741 15
Theory 5 21
Theory 4.4 20
x=0.5 5.02 169 130 310 8262 5096 0.20 728 724 5.1 This work
183+4 23
x=1 5.56 186 142 340 8230 5063 0.19 725 670 5.4 This work
Theory 5.36 191 144 345 8451 5182 0.20 736 4.73 This work
de=elastic.
bi= low temperature heat capacity.
‘Ref. 19

Table | also lists Debye temperatu® values calculated

from the mean sound velocityas well asN(Eg) and Debye o= o = e(Nun + Pup), 1)
temperature®;, determined from the low-temperature heat

capacityc, fitting by c,~ yT+ BT with the electronic and

phonon contributions described yandg, respectively. The _ Matpnp(p, + ,up)2 2
agreement among all the values is quite satisfying. “- (upn + Mpp)z '

The elastic constants for=0 and 1 obtained from thab
initio calculations are listed in Table Il. For comparison pur- ) )
poses, all moduli, sound velocities, afg, were calculated - (KpP - 4an) (3)
from the elastic constants derived in turn from #de initio H e(upp + )2’

calculations. Those values and the calculatédEr) are
given in Table I. The measurexlandc lattice parameters of Wheren and p are electron and holes carrier densities, re-
3.090+0.002 A and 17.764+0.002 (Ref. 6, respectively, spectively;u, andu, are the respective mobilities. There are
are in good agreement with the corresponding calculated vathree equations but four unknowns. Thus, we can solve for
ues of 3.075 and 17.687 A. The calculategarameter for ~as a function oh. Parametrically plotting as a function of
the Ti atoms is 0.134 and for C atoms is 0.572; the latten for different temperaturefinset, Fig. Ta)] indicates that
have not been measured. the curves are identical. It is unlikely that there is any sig-
nificant temperature dependence to eith@r p since previ-
ous work has shown that the magnetic susceptibilities of
V. DISCUSSION these compounds are weak functions of temperafire.
From the inset of Fig. (&), one finds that a given value of

Not surprisingly all compositions show metalliclike con- Yields a value forp that is the same at all temperatures.
duction down to 5 K (Fig. 1). Similar to TiSiC, and Based on the fact that the thermopower is negligiBig. 2),
TizAIC, (Refs. 16 and 1Bthe temperature dependenceRyf it seems reasonable to choasep, as is done in the inset of
(Fig. 3), the positive quadratic, nonsaturating magnetoresisEig. 7(a). From this, we can therefore deduce the values of
tance (MR~ aB?) and the relatively small Seebeck coeffi- and p as a function ofx [inset, Fig. Tb)]. There is little
Cients(Fig. 2) require a two-band model to ana'yze the ex_Varlatlon n the carrier concentration W|m although it ap-

perimental results. In the low-field limit of the two-band Pears that in retrospect, based on this work, our previously
model, the following applies: derived values fon andp for TisSiC, (Ref. 16 were off by

a factor of=2.

The electron and hole mobilities deduced assunmng
as a function ofx and T are plotted in Figs. (& and qb),
respectively. Not surprisingly the mobilities of the end mem-
bers are higher than those for the solid solutions. This effect
is indeed consistent with the fact that thés for the solid

TABLE |II. Calculated elastic constants for ;8eG and
Ti3SiC,. The former are from Ref. 15.

Elastic constantéGPa

X ‘1 C12 €13 Cas Caa solutions are also lower than those for either end members
0 365 125 120 375 122 (Fig. 4. Also note thaR,; <0 becauses,> u,. The increas-
1 355 143 80 404 172 ingly negativeR, with increasingr is due to the fact that the

holes scatter more easily at highthan the electrons do.

085104-4



ELECTRONIC, THERMAL, AND ELASTIC PROPERTIES. PHYSICAL REVIEW B 70, 085104(2004)

0.05

combination of solid solution and grain boundary scattering.
This result is supported by the fact the residual electrical
resistivities of the solid solutions are also higher than those
for the end members. In any case, the fact that the room
temperature value fork scales with p, independent of
whether there is sizable phonon contributionsostrongly
suggests that nearly all of the entropy transport takes place
through the charge carriers, in agreement with a Wiedemann-
Franz analysis of the electrical and thermal conductivities.
Remarkably, the substitution of Si by the Ge atom does

not impact the elastic properties. Based on the results shown
in Table 1, it is obvious that substitution of Ge for Si in
TisSi;,GeC, has a small effect: only mindr=10%) solid
solution softening is observed. The agreement between the
bulk modulus ak=0.5 measured in this wor69 GPa and
that measured by x-ray diffraction in an anvil cell
(183+4 GPa is good?® Furthermore, the agreement be-
tween the values of the elastic constants Xerl derived
from ourab initio calculations and experimegiast two rows
in Table |) is quite gratifying. The value dB is also in good
(@) agreement with the 198 GPa value predicted by Zéioal 24

0.05 Interestingly, while the calculations indicate tltaj andc,;

' ' ' —— are smaller inx=1 than inx=0,c;,,C33 andc,, are larger
(Table 1I).
i ] On the other hand, the TCE of ;8eG is one of the
A lowest measured for MMAX phase to date. This lower value
is consistent with the fact that the calculated valuedgrin
Ti;GeG is larger than in T{SiC, (Table II). It is also note-
worthy that thec axis lattice constant ok=1 is only 0.5%
bigger than that ok=0 even though Ge has a significantly
larger radius than both Si and Al, again suggesting that Ge
may be more tightly bound.
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VI. SUMMARY AND CONCLUSIONS

We have completed systematic measurements of the elec-
tronic, thermal, and elastic properties o£34_,GeC,. Sur-
0 50 100 150 200 250 300 prisingly the substitution of Ge for Si in 3%iC, has little
Temperature (K) effect on the properties. From the conductivity, magnetore-
(b) sistance and the Hall effect, utilizing a two-band model, we
find a temperature-independent charge carrier density
FIG. 7. Temperature dependence of the mobility@felectrons ~ Whereinn=p~2x 10°” m®. The reduction in thermal con-
and(b) holes for TiSi;_,GeC,. The inset of(a) displays paramet- ductivity and higher residual resistivity demonstrates the role
ric plots ofn andp at various temperatures fa=0.5 which satisfy ~ 0Of the defect scattering in the solid solutions. Finally, the
Egs.(1)~(3). Note thatn=p (hatched regioncan be satisfied at all calculated elastic properties are in very good agreement with
temperatures. The inset {iv) shows the carrier concentration de- the experiment.
pendence oIx.
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