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Electronic structure of Si and Ge gold-doped clathrates
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The electronic properties of single phase type-| clathrate compound8ug&i or Ge),; and BaGeys_y
have been investigated. The crystal structure, electrical resistivities, magnetic susceptibilities, the density of
states at the Fermi level, and the band ¢apere applicablewere determined. BAugSi,, and BaAugGesg
show a metallic behavior whereas d&#,5_, is semiconducting. On a basis of this work, a first evidence is
presented of the existence of type-l mixed-clathrates containing both silicon and germanium.
[S0163-18209)09743-X

Clathrates, which are essentially extended Si and Geates. In this paper, we report the electronic properties of
fullerene solids;?> have been drawing considerable interestAu-doped Si and Ge clathrates.
during the past few years. The doping of clathrates has The clathrates were produced by direct reaction of the
opened a field of new nano scale materials with a wide vastoichiometric amounts of the elements in a RF-induction
riety of properties ranging from insulators to metals, e.g.furnace. Under inert gas atmosphere, Ge or Si and gold were
Refs. 3 and 4. Some clathrates exhibit superconductivitfirst placed on a copper crucible and finally a barium sheet
when doped with alkaline-earth metals, e.g.,°BaUnlike =~ Was placed on top. The mixture was quickly melted
the intercalated fullerides, doped clathrates are air-stable bé=1 min) by RF-induction heating, held at the liquid state
cause dopants reside inside the Si or Ge cégedohedral for ~30 second and was then coolgd down to room tempera-
Clathrates with two distinct structure types have beerfure in less than 2 min. The formation of the Ge clathrates is
reported: A type-I clathrate with the general chemical for- '0und to be strongly exothermic while BaiSiy is exo-

: . . thermic to a minor extent.
mula of M, (Si or M = alkali or alkaline-earthh
ula of M,(Sior Gee ( alkali or alkaline-earthhas a The products were analyzed by transport measurements,

A15 unit cell (space groupPm3n). Two Sky or Gey superconduction quantum interference devicgQUID),
fullerenes per cell are located at the corner and the bodysowder x-ray diffractiof XRD) and electron diffraction. Re-
center positions and are connected covalently by six addisjstivity was determined from 4 to 300 K by applying a
tional Si or Ge atoms on the faces of the unit ¢8W8ta||0- constant Currerm_, 10, and 100 m}\across an ingot 5amp|e
graphically, the 6 site, see Table | for unit cell and measurement of the voltage between two points on the
parameters®® The structure can accommodate at maximumsample surface. The susceptibilitiag,. Obtained from
eight endohedral atoms. SQUID were fitted to different mathematical functions ac-
It was shown that the Si or Ge atortat the & positiong
bridging the(Si or Ge), fullerenes can be replaced by tran-

sition metals’ and the extent of substitution depends on the TAI_BLE . Unit Ce". parameters .for type-l clathrates
. . M,(Si or Ge),s, M=alkali metal or alkaline earth, space group

metal used. It can be expected that unique electronic propeF; o

ties will be achieved in the future by regulating the-§ite m3n].

elements. The electronic properties of the clathrates are ex- Site Occupation X y 7

pected to depend on the nature and the extent of metal sub-

stitution. The localization/delocalization of electrons could 2a, endohedral M 0 0 0

be controlled by them. Hopefully, strong interactions be- 6d, endohedral M 0.25 0.5 0

tween magnetic spins of the substituting metal and conduc-6¢ Si or Ge 0.25 0 0.5

tion electrons spreading into the network of clathrates may 16 Si or Ge 0.183 0.183  0.183

also be obtained. Hence, it is important to study the effects of o4 Si or Ge 0 0.31 0.166

metal substitution on the electronic properties of the clath
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[ The resistivities of both gold inclusion compounds were
Co B T measured from 4 to 300 K. The resistivities were found to be
o T I in the order of 104 and 10°° Om at 300 K for the Si and
R I N B » Ge clathrates, respectively. The temperature dependence re-
ol - o gl ol sults show that they are metallisee inset of Fig. 2 The

total susceptibility §ota) Of both compounds were mea-

FIG. 1. Electron diffraction measurement @f BagAugSisg, sured by SQUID. The data can be interpreted using a nearly
[211] direction and of (b) BagAugGey, [110] direction ()  temperature-independent party;,) and a Curie-like
BagGeys, [211] direction. The pattern&a) and (b) show a regular  temperature-dependent pajtd,;ie) (See Fig. 2 Both com-
cubic lattice;(c) shows a superlattice with twice the lattice constant. pounds have a similar Curie term with spin densities of about

0.1% per unit, which can reasonably be attributed to the

defect spins in the crystals. The sum of the diamagnetic
cording to the types of conductors forméemiconductors, (Xdia, N€gative and the Pauli typexpayi, POsitive suscep-
metals etd. The XRD patterns were analyzed by intensity tibility (x;in) was determined to bey,=—2.51(2)
calculations(using the XLAZY-PULVERIX program and <10 " emu/g and y;,=—1.78(2)<10 ' emu/g for.
Rietveld refinement using, e.g., the Cefiysogram pack- BaAusGeso and BaAueSis, respectively. In order to esti-
age. matexpauli= Xiin— Xdia the reportedyit, values! of the dif-

The XRD results and electron diffraction measurementd€rent atoms in the clathrate phases were added. This results
showed that single-phase ais(Ge or Sio clathrate com- 1 @ Xgia= _71-71>< 10”7 emulg for BgAusGeyo and del}a:_
pounds were formed. The electron diffraction patterns=1.67<10"" emu/g for BgAugSi,. These values give
showed a cubic lattice with no superlattice peaks in the'€dalivexpayi's Which are inconsistent with any physical
[100], [110], and[211] directions[see Fig. 1a) for [211] of plc'Fure. Other effects have to be co_nS|deregI fo_r a reasonable
BagAUgSis and Fig. 1b) for [110] of BagAugGey). Inten- estimate of theyy,. Some geometric contributions gy,

L . .. iIn BagAugGeyo would be similar to those in B&ey, because
sity simulationbased on the space grobm3n and the unit ¢ yhe very similar crystal structure. Thus using the experi-
cell parameters of N;_éi|45 (Ref. D] confirmed that in thgse mentally observegy;, of Ba;Geys (described latérand cor-
compounds all the Si or Ge atoms at theses(total of six recting it for the appropriate gold contentseys Of

per cel) have been substituted by Au atoms, and all theBagAUGGem can be estimated to be4.1(3)x 10" emu/g.
endohedral positiona and @l) are occupied by Ba atoms.  Ramirezet al!? have observed a similar deviation gf;.
The measured lattice constants are 1680 and 10.424) iy C,, and carbon tubules. They attribute this to the ring

A (the value in parenthesis represents the error in the lagiurrents on the cages and suggested Pauling’s formula for
digit), which agree within the errors with the literature Lamor diamagnetism.
values’

X.=—60(e?/4m.c?)4.09x |2, )
0.0

b) wheree andm, are the charge and the mass of an electcon,
is the speed of light, antlis the bond length. This model
would also be valid for the clathrates discussed here if the
electrons transferred from the Ba atoms modify the hybrid-
. e T ization of the Gg, orbitals in a way similar to ther orbitals
- BaAuSiy, 0 100 200 in Cg leading to weak orbital-ovelapping between ti8& or
\\\ Ge),o cage atoms (liéand 24&) and the atoms (€). Using
this simple model and assuming that each Ba atom donates
| BaAuGe, an average of 1.5 electronglescribed later a xing=
\\~ —2.41x10 " emu/g would be added, yieldingygi,=
3.0x10” F —4.12x10 7 emu/g, which is in good agreement with our
value.

Applying this model also to the Si-based clathrates the
values of yying=—3.40x10 " emu/g and ygis= —5.07
-4.0x107 | X 10" emu/g are deduced. Since g cannot be synthe-
sized from the melt for reasons of competing reactions form-
ing BaSp, the x4, was determined from a semiconducting
BagCu,Siy, sample after a correction for the gold contents to
be xgia=—3.2<10" 7 emu/g. This experimental value is

FIG. 2. Total susceptibility versus temperature obtained bymuch higher than the one obtained from the model. This
SQUID analysis for BgAugSiy, (a), BagAugGey, (b), and BaGey;  could be an indication for a lower degree of ionization of the
(c). The third curve shows a strong semiconducting behavior. Thd3a ions in the case of Si clathrates. On the other hand, a
inset shows the conductivity versus temperature adjusted to fit theimple model like the one suggested by Rameeal. might
figure for these three compounds in arbitrary units. need further corrections as well.
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From these susceptibilities expeyp,,; values can be 20 30 40 50 60
determined to be +1.6x10 7 emu/g and 1.42 6Fa) Barus.
x10~ 7 emulg, respectively, which are equivalent to a den- - AleSlo
sity of states at the Fermi level @éb of 13(1) and %3) per 4

eV for BgAugGeyp and BgAugSiyg, respectively. However,
other mechanisms might changg;,, and the values given |
here might need further correction. These extracted values 4 L MJ“ "
are fairly small, when they are compared to those of the t } ' } + } t } + i
superconducting NdagSiss clathrate® and seem to show £ 10 |-b) BaAuSi,Ge,
that the gold inclusion clathrates studied here are weak met—g_
als. Actually neither compound showed any superconductiv- € H i Vi
ity down to 2 K.
To study the influence of gold substitution, a nominal
BagGes was prepared using the RF induction method.
Temperature-dependent resistivity measurements showec
that BgGeyg is semiconducting. From the magnetic suscep-
tibility measurements electronic properties have also been
studied. The main contribution in the susceptibility shows a 54 |
semiconducting behavior, this confirming the results of the i l
. A

wn
i

intensity / arl
(=]

- l '
<

40 |- ©) BaAuGe,

resistivity measurements.
In order to elucidate the observed differences between the 0 pe . Maninte'd " : ’ ! - 1

pure Ba-inclusion Ge and the Au-containing B&-or Ge 20 30 40 50 80

clathrates, the structure of the nominalB&,g clathrate has

been studied in detail. Rietveld analyses of the XRD pattern 26

of the nominal BgGey clathrate implies that some Ge onthe [, 3. XRD spectrum of(a) BagAugSis, (b) the nominal

6c sites are missing, but this is not the case for the Au-dope@a,Au,Si,(Ge,, and,(c) BagAugGey,. The line positions of pristine
Ba-(Si or Ga clathrates? According to these investigations Si and Ge are indicated by arrows.
the favorable stoichiometry is B@e,; which is equivalent to
three missing Ge atoms per unit. Thuss 8 dangling bonds
have to be saturated. This leeds to an average degree of lelge no successful studies have been published dealing with
electron transfer of the 8 Ba atoms. Similar defects were alsthe possibility of Si-Ge binary-framework clathrates. Since
observed for other clathrates, e.gg®ey, by Cordieretal®  Ge and Si behave with large differences in formation of
Electron diffraction patterns of B&e,; show superlattice clathrates at low-doping levels of transition metals into the
peaks[see Fig. {c)], supporting such an idea. Considering 6¢ positions, it shall be of great interest to see whether such
the fact that the period of the superlattice peaks is twice th&inary-framework clathrates can be achieved.
lattice constant, it is likely that the superlattice is made due The XRD pattern of the nominal BAugSi,(Gey com-
to the missing of half the Ge elements on thepsitions  pound showed that an expected clathrate has been synthe-
connecting the Gg clusters. sized with a lattice constant of 10.57 A. The XRD spectrum
The band gap of the nominal Bae,s was determined by is shown in Fig. 8). The fact that the peaks in the XRD
transport measurements to be @) meV (see inset of Fig. spectrum are so sharp shows that a major phase is present
2). SQUID analysis revealed similar magnetic susceptibili-consisting of mixed (Si,Gg) cages. The lines in this spec-
ties for samples prepared as nomina8e,; and as nominal trum, however, are shaded to lower angles to a small extent,
Bag;Gey, (see Fig. 2 for the nominal B&ey;) with a band  indicating that the lattice is not overall homogeneous but has
gap of 422) meV being in good agreement with the trans- some parts with slightly larger lattice constant. It is interest-
port result. The diamagnetic susceptibility was determined tdng to note that there are neither signals from pristine Si or
be —4.8(3)x10 " emu/g. The Curie constant of about Ge(reflections of pristine Si and Ge are marked by arrows in
2.5(3)x 10 ® emu/g yields a spin defect density of 3% per Fig. 3(b) nor from the nonmixed clathrates visible in the
molecule. The value is much higher than the one for goldspectrum[see Fig. 8a) for BagAugSiy and Fig. 3c) for
inclusion compounds and supports that thg®a; sample  BagAugGeyq].
has a deviation from the ideal Baeyq structure with defects, In conclusion, the addition of gold to the §&i or Ge),,
which would consequently imply that the occupation of tran-clathrates produces metallic samples that have the ideal
sition metals on the Gpositions could stabilize of the type-l BagAug(Si or Ge) stoichiometry with no lattice sites unoc-
clathrate formation. cupied. On the other hand, when trying to occupy tbosites
The enhanced stabilization of type-I clathrates by Au atwith Ge under ambient pressure, only up to half of these sites
the & position has suggested us to try having a chance tare occupietf leading to semiconductivity in the resulting
synthesize a type-I clathrate with a framework of both siliconBagGey; with superlattice structure. These results confirm the
and germanium, which is difficult to make under conven-already published interpretation that the Ba atoms are ion-
tional conditions. Although much useful information hasized to a degree of less or equal to 2 and the additional
hitherto been accumulated in the field of clathrates with ei-electrons are localized at the 6ites reducing the available
ther a Si or Ge framework to date, to the best of our knowl-bonds. It was shown that the occupation of the sites
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largely modifies the electronic states of these clathratedies and their constant support during the transport measure-
Thus, it will be interesting to see in the future how elementsments. The project was supported by The Japan Society for
baring a magnetic spin at the 6ocations interact with the the Promotion of SciencéMIRAIKAITAKU-Project), the
conduction electrons. Grant-in-Aid for Scientific Research on the Priority Area

. “Fullerenes and Nanotubes” by the Ministry of Education,
The authors would like to thank Dr. T. Manako, Dr. Y. Science, and Culture of Japan, and the Sumitomo Founda-
Shimakawa, and H. Wada for allowing us to use their facili-tion.
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