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Unusual thermoelectric behavior of packed crystalline granular metals
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Loosely packed granular materials are intensively studied nowadays. Electrical and thermal
transport properties should reflect the granular structure, as well as intrinsic properties. We have
compacted crystalline CaAl-based metallic grains and studied the electrical resistivity and the
thermoelectric power as a function of temperat(f¢ from 15 to 300 K. Both properties show

three regimes as a function of temperature. It should be pointedipdthe electrical resistivity
continuously decreases between 15 and 236iKwith various dependencies, e.g=T % at low

T, while (iii) the thermoelectric powefTEP) is positive,(iv) shows a bump near 60 K, ard)
presents a rather unusual square root of temperature dependence at low temperature. It is argued that
these three regimes indicate a competition between geometric and thermal processes—for which a
theory seems to be missing in the case of TEP. The microchemical analysis results are also reported,
indicating a complex microstructure inherent to the phase diagram peritectic intricacies of this
binary alloy. ©2004 American Institute of PhysiddOI: 10.1063/1.1808248

I. INTRODUCTION properties, e.g., of sand or rice piles, are much stutiiekhe

There are different types adensegranular materials, thermal properties, like the heat capacity and the thermal

i.e., those in which grains are dispersed in a solid matrix iffonductivity, e.g., of sand, are of interest as well. _
contrast to loosely packed granular materials. The former ~Theeélectrical properties of such systems are also of in-
class is necessarily a random mixture of two or more phasd§rest when the grains are metalliclikelt is thought that
with different1 -V characteristics. It has been much investi- there is a strong modification of the interface when an elec-
gated from a fundamental point of view along the lines oftric current is imposed—leading to a strong modification of
percolation ideas, for example, to search in the case of sihe oxide layers formed at the grain surfa¢e®—a modi-
perconducting embedded netwatksr the so-called critical ~ fication going even up to welding. This the Calzecchi-Onesti
concentration, whence percolation critical exponents®&tc. transitiort’ leading to sharp transitions in theV character-
In the second class, the mixture can be a powder of even igtics when the current reaches a certain value at which the
single chemical type of grains. This class, containing wet oresistance falls several orders of magnitude. Microsolderings
dry mixtures, is of interest for the technological questionsbetween grains may occur before a Calzecchi-Onesti
they raise, like for powder, sand, or pill packirigsin be- transition®® just like when nucleation sites are initiated by
tween, stem the loosely packed colloid deposits and polyhigh-concentration gradients at a first-order phase transition.
merlike composite&’ Those solderings are nonequilibrium or irreversible pro-
Depending on the volume fraction they occupy, powderscesses, thereby, being the fundamental cause for the hyster-
can be more or less dense. They can be distinguished frometic behavior found in—V curves of granular packing. In the
mechanical or optical point of view, i.e., according to thecase of not too good conductors, this leads to the study of hot
surface deformation upon Ioadﬁ'lgr to the modification of spots, equally detrimental in superconducting devices.
the absorbing spectrditt” (recall “invisible” U2 planes In - There are very few papers dealing with tleenperature de-
the case of electrically insulating grains, recall thatictural  pendenceof such electrically conductivedoosely packed
materials—none to our knowledge about the thermoelectric
dElectronic mail: marcel.ausloos@ulg.ac.be power (TEP) temperature dependence.
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In huge contrast, studies of the electrical resistdR(de In conclusion of the above, it is clear that some attention
of inhomogeneous composites have been of continuinghould be focused on the possible competition between geo-
interestt®?! with much emphasis on low-temperature phe-metric and thermal influence with some subsequent interpre-
nomena because of superconductifAty* and tunneling ef- tation based on electronic fundamentals.
fects; e.g., see Refs. 25-28 and references therein. Interest- A simple binary alloy CgAl, was selected as an inter-
ingly, the thermoelectric powe®(T) has been measured in estingly representative system. The phase diagram is par-
ceramics, like alumina or SiGe alldys®and composite su- tially known since 1928 according to Ref. 58. It was studied
perconductors. It is fair to mention for completeness a fewwhen attempting to make crystals from systems, which were
papers on glassy syste?‘ﬁ‘s°’5—although these are not truly initially glassy. Previous investigations did not report any
packed systems, but are nevertheless closectose-packed crystalline phase characteristics, reoffortiori temperature-
configurations. dependent properties of crystalline-packed grains.

Except for insulating glasses, most composite systems As described in Sec. Il, an original route has been used
are often made of electrically conducting grains embedded ifor the synthesis of CaAl we have obtained tiny crystals
an insulator matrix, thus behave like a disordered system if0.5 mm)3. After compacting the granular material, we have
the (usually) localized regime. Transport properties dependmeasured the electrical resistivifyg), thermoelectric power
whether or not the system is above a percolation transition ofQ), and magnetic properties as a function of temperature
not; they are usually dominated by carrier hoppbesween (Sec. Ill) from 40 to 300 K or so. The temperature depen-
grains, i.e., anntergrain process. Thus, they display certain dencies ofp andQ are found to be unusual. The magnetic-
features of the variable-range-hoppigRH) phenomenon susceptibility behavior is paramagnetigec. Il). The find-
type observed inloped semiconductars fact. In particular, ing interpretation relies on temperature-dependent
the electrical resistivity of such systems has been observed fgercolation network features and stresses intergrain and in-

obey a so-called stretched exponential dependence tragrain differences occurring in such granular-packed mate-
_ TP rials. Band-structure considerations from Huang and
p(T) = po , (1) Corbett® on related Cal,, with variousx andy, are taken

whereT is the temperaturd, is a characteristic temperature, N0 account in view of interpreting our findingSec. 1V).
and p=1/(d+1) in terms of the dimensionalitg of the The last sectionSec. IV) serves as much as a place for
system936_38 conclusion as for raising questions and suggesting further

Yet. it seems obvious that from both structural andinvestigations. The chemical characteristics of the grains are

chemical points of view, thdensebut loosely packed granu- found in the Appendix.

lar systems should be quite different from doped materials.

In ad('oo.sely or not packed gr?”‘."ar S{Stemi the metaf 4l: SAMPLE SYNTHESIS AND CHEMICAL
conducting entity occupies a finite volume in space, and -, ARACTERISTICS

hopping from a grain to énearest neighbygrain is likely to

occur through rathewide and ofteninhomogeneoumsulat- Several CgAl, phases and stoichiometric compounds
ing barriers with finite thickness distributed over a sort ofare knowr® Recently, Huang and Corb%%ynthesized sev-
percolating network:#1°:3%40 eral of these and characterized them, e.g.;s8lq, and

In contrast, in the case of a doped material, hoppingCaAl5 from an electrical resistivity point of view, includ-
between two impurity sites goes through onlyparow size  ing some calculation and discussion of the band structure of
insulatinghomogeneoubarrier. both compounds. Both materials were found to be good elec-

Therefore, some debate may arise on whether the VRHtfical conductors,pgr=55 and =60 u{) cm, respectively
model of doped materials can be applied to granular{with paramagnetic Pauli propertiesHuang and Corbett
(loosely or denselycompacted metals—the more so for the conclude on a very similar density of states near the Fermi
TEP or Seebeck coefficient, which is a much more elusivdevel.
quantit;f‘l‘43 and does not seem to be found when browsing  Our choice of thex andy values for our study has been
through the VRH literature, whence the main motivation be-influenced by observing the similarity of the @&, phase
hind our studies. diagram with that of BiSrCaCuO or YBaCuO superconduct-

Such electrical and thermal transport properties may béng ceramics, i.e., a peritectic point near1 andy=2, a
depending on many conditions, like various types of graincompound not studied in the crystalline phase to our knowl-
size distributions. This opens up a huge set of problemsedge. It is expected that the phase diagram analogy could be
which cannot be all tackled here. The effective conductivityof interest for interpreting features, taking into account the
and thermoelectric power in such composite systems can bgrain intrinsic property, if necessary.
enhanced or reduced—the more so as a function of tempera- Master alloys were prepared in an arc furnace under
ture when there are competitive processes. At this stage, dpectrally pure argon atmosphere with a 0.2-MPa overpres-
should be pointed out as references based on macroscogare. Titanium getter was used in order to eliminate traces of
points of view, with considerations based effiective prop- oxygen originating from calcium. The purity of starting met-
ertiesdepending on the type of packing as in Refs. 44-53 tals was 5N and 3N for Al and Ca, respectively. Samples were
quote a few about théeffective-medium approximation homogenized for 15 min at 1420 K.
electrical conductivity, while in the case of the thermoelec- The sample is made of very tiny black but shining
tric power, see Refs. 54-57. grains. Even though no size dispersion distribution was
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FIG. 3. Same as on Fig. 2, on a log-log plot, with fit to a line with slope

FIG. 1. Polarized light microscopy analysis of a grain of the |nvest|gated:_3/4 at low temperature.

system, showing CaAldendrites, in a CagAl,,-CaAl; matrix; the size of
the photography diagonal is about 1.

300 K in a closed cycle refrigerator with stabilization by a
looked for, the size of the grains seems to be rather uniform,.S340 controller with accuracy of 0.01 K. See other details
from visual observation, and in the order @5 mm?3. The  elsewheré?
samples are very brittle even after strong packing in a clas- The electrical resistance versus temperature variation
sical press. After metallographic treatment of the sample sufR(T) measured in a broad temperature range is shown in Fig.
faces, a grain content is seen through a high-resolution pa2 and present three regimes. Different unusual features can
larized light microscopgFig. 1) to be made of dendrites be observed. First of alR decreasewith increasingT from
embedded in a matrix, the dendrite long size roughly rangin@0 K down to 235 K, in particular, there is a quasar
between 10 and 5@m. Alas, it has been impossible to ex- decay between 70 and 235 K. On a log-log gléig. 3), we
tract the needles from the matrix. The dendrites are Al richobserve thatR remarkably well behaves like-T-34 for
and made of CaA| while the matrix is Al poor and has a 15 K<T<70 K. R(T) seems to remain rather constant for
composition close to GaAl 4 The chemical characteristics higher T or slightly increasing above 235 K. The electrical
and a comment on the grow process, whence the grain strutesistivity is aboufp=100 u{) cm at room temperature.
tural (unavoidable inhomogeneity, can be found in the Ap-
pendix. It is shown that the grains are crystalline. B. Thermoelectric power
IIl. MEASUREMENTS The TEP has been measured following the method de-
scribed in Ref. 61. The imposed temperature gradient is
about 1 K/cm. The results are shown in Fig. 4agersusT.

The four-probe method was used for precise measureQ(T) is positive in the investigated temperature range and
ments of the electrical resistance of the samples. A dc up tgbout 20uV/K at 77 K and 40uV/K at room temperature,
10 mA was injected as 1-s pulses with successively reversegspectively—values similar to those of poorly metallic sys-
direction in order to avoid the Joule and Peltier efftt§ tems. The data presents a bump at ca. 60 K followed by a
and ageind? The electrical resistivity was calculated from minimum at 100K and a rapid rise thereafter
the voltage drop and the sample dimensions, i.ex77 (~0.12uV/K?). In Fig. 5, a IfQ/T) versus IfT) plot is
X 10 mn?. The temperature was varied between 20 andéhown in which atriple regime is well observed. Below

60 K, Q(T)/T=20/yT, thus Q(T)=20.0T°%, In the inter-

A. Electrical resistance
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FIG. 2. Electrical resistance vs temperature of a polycrystalline dense
packed sample based on CgAlthe sample dimensions are X7/ FIG. 4. Thermoelectric powe®(T) vs temperaturd of a polycrystalline
X 10 mn?, leading to a resistivity at room temperatusd 00 w{) cm. dense packed sample showingldrshape behavior.
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plot, with fits at low and high temperature. 200 S
mediary regime, the decay is very regular till 100 K. Above 0
100 K, the slope is equal to —0.25 on such a log-log plot, ] 102 L4 {)6 Ls
indicating thatQ(T) behaves liker®4, thus not quite linearly . : ’ ’ 10
as it should be usual for metallic systems at high Mole fraction, Ca

C. Magnetic susceptibility FIG. 6. Phase diagram of the binary system CaAl, extracted from Ref. 76.

dc magnetic measurements at several temperatur
(20—300 K and magnetic fieldsup to 1 T) were also per-
formed in a Quantum Design Physical Property Measure
ment System, when it worked, using an extraction method.

The response of the material is that of a paramagneti
one over the whole temperature range investigated, with
susceptibility in the order of 8.6 10 (SI unity at T
=300 K. It is quasi-independent of temperature; the suscep-
tibility decreases by a factor of 3 between 50 and 300 K in & Electrical resistance

%hould be rather stable. However, the intergrain connections
could be temperature dependent. Therefore, the electrical
conduction process should be only resulting from an inter-

rain hopping process and an intragréametalliclike) con-
guctivity. Both having a different temperature dependence.
ﬁ\gain, an effective-medium theory should be valid.

field of 1 T, but this is not displayed here. Various mechanisms are invoked when explaining a de-
creasingR(T) behavior:(i) an Arrhenius excitation, i.e., an
IV. DISCUSSION exponentiadecrease corresponding to a thermal barrier leak-

The discussion is essentially based on the microstructurdd® when the temperature increas@s; a Mott, so-called

. : . . . 36,37 N
optically and microscopically observed, i.e., a packed mix-VRH 3grégchamsn’?, or (i) a Shklovskii-Efros (SB)
ture of (apparentlyheterogeneoysee Appendixtiny grains, ~ effect?™""i.e., a small Coulomb gap opens up at the Fermi
together with the unusual temperature dependence of th@lrface as a result of Coulomb interactions between the qua-
electrothermal property for stressing the features and emphéaiparticle carriers, thereby modifying the Mott VRH result.
sizing fundamental considerations. In these cases, the electrical resistivity can be expressed as

First, let it be observed that even though each grain ighe stretched exponential, EQ), wherep=1/4 or 1/2 for
surely multiphasi¢see Appendix both phases, according to the Mott or SE type conductivity;T, characterizes the
Huang and Corbett have equivalent electricgimetallic) variable-range-hopping energy scale. The classical Arrhenius
properties. Therefore, for discussing the electrical resistivitylaw corresponds tp=1. Plots of logo versusT 2 or T4
at least, we can safely assume that each grain is monophad®ok so far from any straight line that they are not displayed;
and metallic. If the grains were made of insulating compo-they donotindicate any(relatively extendeglinear region,
nents in a not well conducting matrix, thus having a peculiathich could convince us of arguing in favor of a Mott or SE
heterogeneity as found in metal-insulator composites, onge€chanism in some range. In fact, it is found from Fig. 3 that
might argue that charging effects on inner surfaces mighbelow 70 K,
complicate the analysis. This does not seem to be the case -3/4
here, whence giving some validity for effective-medium p(T):ﬁo(7—7> ; (2
theory considerations in describing each grain.

One might next wonder whether the sample networkwith p,=25 Q) cm whenT is measured in Kelvin.
structure could be much modified as a function of tempera- Unusual fractional exponents are often interpreted in
ture, leading to a temperature-dependéntaicrostructural  other condensed matter research through fractal consider-
transition. Even though we cannot entirely disregard suctations for the underlyinggeometrical network supporting
effects due to grain thermal expansions, we assume that thibe elementary excitations of inter&st-themselves having a
granular network structure, whence the number of contactpossible temperature dependeiiafich scales like their in-
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1800 Indeed, an electrical resistivity decreasing with temperature,
1600 0 as in Fig. 5, is also observed in heavy fermion matefal®
1400 0:CaAlz Such a feature is associated to a sharp density of states
0 ffgg?’:ﬁ 4 (DOYS) near the Fermi level and carri@de)localization?o
§ 1201 ' ! Finally, at higher temperature, the smooth decafR@
g 1000 1 o with increasingT can be attributed to the Fermi-Dirac func-
g 800 - tion behavior increasing width a§ increases and further
Z o charge-carrier delocalizatidfl.The electron(or rather hole,
8 0 o o herg band mass contains a more important imaginary con-
= 404 . tribution as a function of temperature, and the charge-carrier
200 1 L 1 J 1 o 00 wave function spreads out. The intergrain thermally activated
o] RV " A charge(ballistic) hopping process becomes more pronounced
- - A - - 2 at high temperature and competes wipHike) metallic con-

26 (°) duction in the grains. Recall a similar type of mechanism due
to (densg granular structure in mixed superconductdrfs’
FIC_;. 7. X-ray diagram of a dense as synthesized_CaAI system; the inse"ke Al-Ge mixture, at “not very low temperature@"where
points out to peaks belonging to the so-called matrix phase. the R(T) decay is likeT-9-117 an exponent similar but quite
. i different from 3/4. Assuming that aliveak localization ef-
trinsic interaction energy Recall here, as an analogy, the to.ts are suppressed by the temperature, the occurrence of a
case of magnetic disordered systems, charact'e'rlzed by SorBﬁase transition irR(T) exists depending on the tunneling
exchange energy (and some directly relatgdritical tem- .,y ctancey and the phase coherence on both sides of the
peratureT,, on a(random) network, characterized by SOMe ynnejing junction. For such systems, at sngalthe conduc-
fractéil dimension. The best description of those systems is iﬂvity exponentiallydecays with temperature, but hatoga-
fact® through two different coherence lengtdgandér, one  jhmic temperature dependence at lagyeThis (effective
(usually temperature independghtr the netwo_rk and one  .qnqyctance picture can be used analogously here, since the
(strongly temperature dependgfar the magnetic structure. yiarqrain barrier conductanag likely increases with tem-

The present eIectncaI_conducnc_)g process with the temyeratre. However, the temperature dependencies found here
perature behavior op(T), i.e., theT™" law is best inter- 146 are quite different from those in the granular metals
preted in terms of a S|m|I.ar argument covering the wholeyis.yssed by e.g., Efetov and Tscherdit fact, in view of
temperature range. In particular, the power-lawl 9 re- o jifferent temperature dependencies, we prefer to consider
sistance decrease can be thought to result from a thermgly; the effects are due to intrinsic density of states rather

effect, on a resistivégeometrically disordergdbackbone, 4n mobility constraints at not too low temperature.
not changing with temperature in this Iolwange. Indeed, in

presence of such a geometric disorder, the charge-carrier
mean free patlf can be considered in the usual linear super8. Thermoelectric power

osition approximation 4%
P PP Turning to the TEP data, we have already argued

1. 1.1 3 elsewher&’ that Q should be considered as a transport coef-
¢ b € ficient and not assimilated only to the change in entropy or

g
_ density of state8® Nevertheless, the above recalled consid-
where {r and {, are the mean free path of carriers, respeCrations on mean-free-path selection for the electrical

tively, due to(grain-size limiteg thermal effects and intrinsic charge-carrier scattering processes are also very useful in
geometric disorder. Moreover, in this less conducting, i..qqar to interpret theQ(T) behavior at lowT. As in an
Io_w-tempe_ratu‘{e regime, Orbac_:h description of random meggtactive-medium approximation, the behavior @fT) de-
dia excitation&* can be used to interpret the exponent 3/4 aspends on the dominant scattering process. Notice that the

the signature of the percolation network for the hoppinge,neent of a percolation network made of tunneling barriers
charge carriers, whence finding avery reasonableeffec- with a distribution of temperature gradients is not usual nor

tive (fractal-like***) dimensionality5=9/4 of thethree di-  easily simulated for TEP. However, see some similar consid-
mensional since 5> 2, backbon&® eration by Danilovet al. in Ref. 66.
The 60—-70 K breakor crossoverindicates the energy Let us also recall that a TEP measurement implies no

range at which the thermal process takes over on the geomedxternal electrical current. Whence, it is unlikely that some
ric disorder. From a microscopic point of view, this tempera-“barrier ageing” or “not spots” take place in the temperature
ture value allows us to estimate tteverage electrical car-  range of interest through a Calzecchi-Onesti-like transition.
rier energy distance between the Fermi level and the bottoriMoreover, local charging can also be neglected, in view of
(observe thaQ(T)>0, in Fig. 4 of the conduction band. the metallic nature of the grains—though local hot spots
This hopping(or barriep energy, being overcome at such a might exist. To our knowledge, they have not been observed
temperature, leads to a more easy conduction process such configurations. Thus, within the above line of
whence a weakep. Moreover, above such &, in the so- thought, both increase in charge and heat transport as a func-
calledintermediatetemperature range, tH(T) linear decay tion of temperature, and the large thermoelectric effect at
reminds us of the behavior found in heavy fermion systemstoom temperature can also be understood to result from a
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consists in studying the temperature dependence of basic
transport properties, like the electrical resistivity and the
thermoelectric power. One might wonder whether the fea-

CaAl, tures are due to the packing structure only or whether the
electrothermal properties are sensitive to grain contacts.
l We have synthesized a packing of grains made of well-
CaAl, identified crystalline phaseS. The microstructure and
/" Caj;Aly, chemical content of the tiny grains have been examined. We
’ have measured the electrical resistivity and the thermoelec-
/ tric power.
The thermoelectric power shows three regimes, like the
electrical resistivity—in both cases within identical tempera-
// s ture intervals. Readily, the electrical resistivity has a long
(e unusual power-law decreasing regime between 20 and
CapAlLs 200 K. In particular, the thermoelectric power shows an un-
\ - usual square-root temperature dependence at low tempera-

\ ture. It seems that the observed complex dependencies can be
considered to result from a competition between metallic in-

tragrain and semiconducting intergrain barrier properties.
From our observations and reported features by others,
we can neglect the inhomogeneity of the grains when dis-
cussing electrical and thermal transport properties. The sys-
CapAlis + CagAls tem is thus thought to be described as a network of resistive-
packed “macrograins” having boundaries well connected
FIG. 8. Sketch of the observed microstructures in relation to the phasdpetween conducting grains. The role of the density of carriers
diagram of the binary compound CaAl with emphasis on the peritectic temy, the grains is emphasized. Indeed, in view of the rather
perature region. high value of the overall resistance, even taking into account

o ) __the effect of macrograin barriers, a sharp DOS at the Fermi
delocalization process on the complex barrier network, W'tnevel close to some conducting gap, maybe expected, sug-

MO cfo tmhpetlngtchta;_aé:;egstlctm'e:an frlee pfaths, agd aweai,(tiﬁ'esting some localization. Thus, such electrical and thermal
ing of the contact 1| ue o Fermi-surtace widening wi transport properties indicate a competition between mean
temperature. There is, to our knowledge, no such a theory fqr . paths, later overcome by easy electronic tunneling.

TEP. We stress that the corresponding features in the tempera-

To be fair, one might also argue on whether Mehape ture regimes both foR(T) andQ(T) allows for strong argu-

of Q(T) is not du_e to a phonon drag. Qur argument to .dlsm'S?nents on the physics of such packed granular metallic mate-
phonon drag, in favor of competing carrier localization rial properties. The R(T) behavior, p~T-%* at low

lengths, stems in the fact that phonon drag is usually assocy . .
... temperature followed by a linear decrease being unusual for
ated to long wavelength phonons and are thus sensitive

) . . ST good metallic systems, is interpreted as resulting from a
mainly to boundary scattering. In view of the grain size and I~ . . . .
L competition process between intragrain and intergrain con-
granular packing, it could be the case here. However, phon

on .- . -
o i : At | lim-
drag description leads to a predicted behavior likefor Huctlwty t low temperature, we suggest an intergrain lim

. . itin n ivity with intragrain electronic localization an
metallic systems—this is not found here at all. As an argu- g conductivity with intragrain electronic localization and

intergrain mediated hopping. An increase in temperature
ment, recall that TEP of compacted small sizemm) ho- 9 bpIng o mp
mogeneous Ge grains has been previously studied at Imlﬁadmg to a(low) saturation and delocalization regime.
9 9 P y From the resistance data break, we can even conjecture

temperature, without any convincing evidence that the befhe existence of a small gap-60 K) between theE, level

havior was due to phonon dré@_'m In fact, a Q~T2 and the top of the valence band in CaAduch that thermal
7 . . .
should be expected,a very different behavior from what is excitationsreducethe number of truly conducting electrons

observed here. Whence, it can be discounted that the peakgr)l{ exciting them into a narrowheavy mass conduction

TEP is due to phonon drag processes. We thus propose thband. This suggests the great interest in calculating the band

the features are due to an intrinsically competitive T
) T . : o structure of such compou(s); this could be complemented
(geometric-thermaldissipation mechanism, involving intra- e .
by specific heat and optical measurements.

and intergrain parameters. Both a change in DOS and/or Second, it is necessary to insist about the unusual

electronic heat conduction scattering should be taken intg :
) . Square-root dependence of the thermoelectric power at low
account in theoretical work:

temperatureQ~ T2, andQ~ T%* at high temperature. Un-
der the conjecture that the behavior is consistent with an
electronic hopping between grains at low temperature, we
After studying the effect of electrical currents on inter- thus report the behavior of a charge carrier on a percolation
grain barrier ageing, at a fixe¢doom, in facj temperature for network under a temperature gradient. A search of the litera-
loosely but dense packinlé,‘leone step, among many others, ture has not revealed whether this TEP behaves like that in

CaA12
Ca;3Al
CagA13

V. CONCLUSION
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