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ABSTRACT

Cry;Geyg belongs to a large family of materials known as the Nowotny chimney-laddcl
compounds, some of which werce recently proposed as advanced thermoelectric materials
particularly because of their low thermal conductivity related to their relatively complex
crystal structure. in order to assess the potential of the compound Cryy Geyg for
thermoclectric applications, we grew large single crystals of this peritectic compound by a
vertical gradient freeze technique and measured the thermoclectric propertics of the
crystals, Cry; Geyg forms peritectically at 1201 K and crystals were grown from Ge-rich
solutions. The conditions and the results of the crystal growth experiments arc presented.
The crystals were characterized by x-ray diffractometry, | .aue technique, and electron
probe microanalysis. The results of the thermoclectric properly measurements suggest
that Cry, Geys has a metallic behavior and therefore presents little interest for
thermoclectric applications.

1. INTRODUCTION

TiS1, isthe prototype of a large family of materials known as Nowotny chimney-ladder
compounds of composttion T, X,,, where 2>m/n> 1.25 (1= transition clement, X: Si, Ge, Sn
or Ga)[ 1]. These compounds arc characterized by along unit cell consisting of subcells of
the transition clements, similar to the 3-tin structure type, and a helical arrangement of the
X clements. Some of the semiconducting compounds in this famil y, such as Ru, Si;,
Ru,Ges, and Mny 1+ Geyy  [2-4}, have been considered as advanced matcrials for
thermaclectric applications because of their relatively low thermal conductivity which is
favorable for achieving high thermoclectric figures of merit. Other compounds in this
family, such as TiSi,, have metallic conductivity [5]. It has been proposed by Nowotny
that the chimney-]addcr compounds having a number of 14 valence electrons (VIEC) per
metal atom should be semiconductors, and metals if the total is lower than | 4 [6]. This



rulc has been remarkably followed for the compounds investigated up tonow as pointed
out by Jeitschko and Parthé [7].

Cryy Geygis one of these compounds and its structural data can be found m reference [8].
The phase diagram of the (Cr, Ge) system was recently re-investigated [9]. ‘1’ here arc no
congrucntly melting compounds in this system but a series of compounds decomposing
peritectically starting with C3Ge through Crs Ges, Cryy Geg, CrGe, and finaly Cr,; Gey,.
The peritectic decomposition temperature of Cry Gegg 1S 1201 K. Because of its relatively
complex structure, the thermal conductivity mightbe low, which is favorable for achicving
high thermoclectric figures of merit. In addition, the semiconducting compound CrSi,
(having a closely related structure to TiSi; -t ypc compounds [ 10]) exhibits some
interesting thermoclectric properties [ 11 ]. The possibility of forming solid solutions
between CrSi, and Cryy Geyg is potentially interesting because of the possible reduction of
thermal conductivity for the alloys. Ilowever, information about the thermal properties of
Cr1Geyg is not available in the litcrature and only afew electrical property measurements
were performed on polycrystalline bulk samples or films [ 12,13]. In particular, it is not
clear if it is a semiconductor or a metal. According to the valence electron count rule
proposed by Nowotny for these compounds, Cry; Geyg should be metallic with a total of
12.9 electrons pcr atom of germanium. in order to verify the theoretical predictions and
assess the usefulness of the compound Cr,; Ge,q for thermoclectric applications, wc grew
large crystals of this chimney-ladder compound and measured some of its properties.

2. EXPERIM ENTAL DETANLS
2.1. Crystalgrowthand analysis

The Cr-Ge phase diagram is redrawn inFig. 1 and shows that the growth of Cryy Geyg can
only be initiated from Ge-rich solutions within 79 and 85 at. % of Ge. Cry; Geyg crystals
were grown from off-stoichiometric nominal melts with 80 at. % Ge (sce Iig.1). Ge picces
(99.999% pure) and Cr powder (99.996% pure) (total charge was about 12 g) were loaded
inquartz ampoules subsequently scaled under vacuum. Quartz ampoules with pointed
bottoms and a diamcter of slightly Icss than12.5 mm were used for the growth
experiments. A vertical gradient freeze furnace was used to grow the crystals. The furnace
was composed of a tubular SiC heater element for the upper zonc of the furnace with a
maximum Working, temperaturc of 1700K and with a diameter of 45 mm. Thelower zone
was built with an ordinary wire heater suitable. for temperatures up to ~1300K. A thermal
baffle made out of fircbrick was introduced between the two zones to increasc the
temperature gradient at the liquid-solid interface and to avoid any air convection. An
opening of 12.5 mm of diameter was made in the baffle to introduce the meclt container. A
di fferential thermocoupl € with a temperat urc programmer/controll er was emplo yed to
control the temperature difference between the top and the bottom of the baffle so that the
temperature gradient at the liquid-solid inter face remained constant during the growth. The
quartzampoule remained stationary and the translationof the liquid-solid interface was
achicved by lowering the temperature of the upper zone. other details about the furnace
used for the growth can be found m reference [ 1 4]. During the runs, the temperaturc



gradicnt was 42K/cm and the growth rate was about I mm/day.l.owering the lemperature
of’ the upper zonc moved the liquid-solid intet face from the bottom of the quartzampoule
up to the top. Samples were cut from the mgotsusing a diamond saw and used for
microstructural anti various x-ray analyses. The microstructure of the grown ingots was
investigated using a Nikon optical microscope. Some samples were ground for X-ray
diffractometry (XRD) analyses which were performed on a Sicmens D-500 diffractometer
using Cu-K, radiation withsilicon as a standard. The Lauc technique was also used to
characterize the crystals. Electron probe microprobe analysis (EPMA) was performed on
a J1E01, JXA-733 supcrprobe. The density of several samples was measured by the
immersion technique at room temperature using toluene as the displacement liquid.

2.2. Transport property measurements

Samples about 2 mm thick and between 5 and 10 mm in diameter were cut from the grown
ingots perpendicular and parallel to the growth axis for transport property measurcments.
The transport properties arc indeed cxpected to be anisotropic for non-cubic structures
such as Cr,;Geyg. The high temperature resistivity, Hall effect, Scebeck coefficient.,
thermal diffusivity, and heat capacity mcasurcments were conducted on sclected samples
between room temperature and about 11 OOK, The electrical resistivity (p) was measured
using, the van dcr Pauw technique with a current of 100 mA using a special high
temperature apparatus [ 15]. The | lall coefficient (Ry) was measured inthe same
apparatus With a constant magnetic ficld value of - 10,400 Gauss. The errors were
cstimated at 4 0.50/0 and 4+ 20/0 for the resistivity and 1 Jall coefficient mecasurements,
respectively. The Secbeck coefficient of the samples was measured on the same samples
used for resistivity and J lall cocfficient measurements using a high temperature light pulsc
technique [16]. The error of the Scebeck coefficient measurement was estimated to be
less than 4 3%. The heat capacity and thermal diffusivity were measured using a flash
diffusivity technique [17] and the thermal conductivity was calculated from the
experimental density, heat capacity, and thermal diffusivity values. The ovcrall error in
the thermal conductivity values was estimated at about + 100/ ..

3.RESUL TSAND 1) ISCUSS1ION

3.1. Crystal growth results

Several ingots were successfully grown and a typical ingotis shown in Fig. 2. As
expected, the ingots were composed of two parts: the lower part corresponding to the
CryyGeyy compound and the upper part corresponding to a Ge-vich cutectic. The
interface between the two phases was always clearly seen on the ingots (scc Fig. 2). Once
ingot was cut parallcl to the growth axis to reveal the microstructure near the interface.
Fig. 3 shows the cross-scction and reveals the interface between the single-Jhasc material
and the cutectic type microstruc ture. Microprobe analysis showed that the material was
single-phase below the interface with a composition corresponding to the 11:19 ratio. The
same composition was found for the dark inclusions in the area above the interface while



the brighter matrix corresponded to pure Ge. This interface was very flat, which indicates
the uniformity of the temperature gradient in the furnace andin the melt as well as the
temperature stability during the growth. Cracks tend 10 develop locally near the interface
becausce of the difference in thermal expansion between the two type of phases which
causes thermal stresses upon cooling. The lower part of the ingots was cut from the rest
of the ingot and subjected to further analysis. The density of the entire lower portions of
the ingots was found to bc about 99.5 % of the theorctical density of Cry; Geyy: 7.4 ¢
cm™. XRD analysis of samples cut from the lower part of the ingots always showed that
thc samples were single phase with a composition corresponding 10 the Cryy Geyg
structure. Most the of the samples cut from the bottom portion of the ingots were single
crystals as indicated by l.auc patterns and microscopic examinations. Neither chemical
etching nor electron microscopy revealed any grain boundaries and single crystals up to
10 x 10x 10 mm* were obtained. :PMA investigations of these samples also showed that
they were single phase with a uniform composition close to 11:19.

3,2, Transport properly results

The electrical resistivity and Sceebeck coefficient values measured for Cryi1 Geyg single
crystals arc shown in Figs. 4 and 5, respectively. The Scebeck cocfficients arc low,
increase glightly with increasing temperature and vary littie with the orientation. The
electrical resistivity valucs arc also very low. Samples had p-type conductivity with
typical values of 1 x 10”cm*for the carrier concentration and of 3cm? V-' s for the
f 1all mobility. The room temperature electrical resistivity isabout 0.17 mQcm, in general
agrecment with the results obtained 1n two previous studies [ 12, 13]. The low electrical
resistivity and Scebeck coefficient values, associated with the low carrier mobility and
high carrier concentration tenet to indicate the metallic behavior of Cry; Geyg - Finally, Fig.
6 shows the thermal conductivity values as function of the temperature for two Cry; Geyg
single crystals. As for metals, the thermal conductivity increascs with increasing
temperature but the values arc rather low. The room temperature thermal conductivity is
about 40 mW cm? K™ and is the sum of electronic and lattice components. The lattice
component was estimated at about 17 mW cm-" K-l by subtracting the electronic
component which was calculated using the Wicdemann-Franz law. This is a somewhat
low lattice thermal conductivity for a metal but this might be explained by the complex
crystal structure of Cr,1 Geyg and also maybe with a high density of defects which was
found in structural analogue compounds such as inthe semi-l)icta] WSi, [1 8]. All the
pt operties measured suggest that C 1y, Geyg has @ metallic behavior and further supports
the rule proposed by Nowotny as wc pointed out above. Therefore, the potential of the
compound Cr,, Geyy for thermoclectric applications is limited, as is the case for all
metallic compounds unless they possess Seebeck coefficient values of at least 120 pv
K-I, which is not the case for Cr;; Geyg (scc Fig. 5). Studies of the aloying of Cry;Geyg
with the semiconducting and structurally 1elated compound CrSi might, however, be  of
interest; since there is a possibility that a band gap would open it the band structure for
these alloys, which should possess really low thermal conductivity values



4, SUMMARY

A two-zone vertical gradientfreeze furnace was usced to grow large single crystals of the
peritectic Nowotny chimney-ladder compound Cryp | Geg. The crystal s were
characterized by x-ray diffractometry, Lauc technique, density mecasurements, and
clectron microprobe analysis and the results showed the good quality of the grown
samples. The thermoclectric propertics of the crystals were mecasured and the results
show that Cr,,Gejg has a metallic behavior and therefore presents little interest for
thermoclectric applications. The metallic behavior of Cr,; Geyg isinagreement with
theoretical predictions based on valence electrons for the Nowotny chimney-ladder
compounds.

ACKNOWLEDGMENTS

This work was carried out at the Jet Propulsion Laboratory/California Institute of
Technology, Pasadena, California, USA under contract with the National Aeronautics and
Space Administration. The authors would like to thank Danny Zoltan and Andy Zoltan
for thermoclectric property measurements, Jim Kulleck for x-ray diffractometry, and Paul
Carpenter for microprobe analyses.

REFERENCES

1. W. B. Pearson, Ac(a Cryst., 326 (1970) 1044,

2. C. P.Susz, J. Muller, K. Yvon and L. Parth¢, J. Less-Common Met., 71 (1 980) 3.

3. A. Borshchevsky and J. -p_ Fleurial, J. Crystal Growth 137 (1 995) 283.

4. G. Zwilling and 1 1. Nowotny, Monatshefte fiir Chemic 105 (1 974) 666.

5. D. A. Robins, Phil. Msg. 3 (1958) 313.

6. f 1. Nowotny, inL.. R. Eyning and M. O'Keefe (eds.), The Chemistry of Ixtended
Defects in Non-Metallic Solids, North-Holland, Amsterdam (1 970) 223.

7. W. Jeitschko and I:. Parthé, Acts Cryst. 22 (1 967) 417.

8. H. Vollenkle, A . Preisinger, H. Nowotny and A .  Wittman, Zeitschrift fiir
Kristallographic 124 (1967) 9.

9.D.Godat and P. I'eschotte, Journal of the I.css Common Metals 72 (1 980) 7.

10. W Jcitschko, Acts Cryst. B33 (1977) 2347.

11. 1. Nishida, J. Mater. Sci. 7 (1972) 1119.

12. 1. Kawasumi, S. Konishi, M. Kubota, and M. Sakata, Japan. J. Appl.Phys. 17 (1 978)
2173.

13.N. Lundberg, M. Ostling and F. M. I>’Heurle, Applicd Surface Science 53 (1 991) 126.

14. A. Borshchevsky, ‘1'. Caillat, and J. -P. Fleurial, NASA Tech Briefs 18,3 (1994) 68.

15. J. A. McCormack and J. -p. Fleurial, in Modern Perspectives on Thermoclectric and
Related Materials, edited by 1). D.Allred, C.B. Vining and G. A. Slack (Materials
Research Society, Pittsburgh) (1991) 135.

16.C. Wood, . Zoltan, and G. Stapfer, Rev. Sci. Instrum. 56 (1985) 719.



17. J. W. Vandersande, A. Zoltan, and C. Wood, Int.J. of Thermophysics 10 (1989) 251.
18. 1. M. D’Heurle, F. K. 1LeGoues, R. Joshi, and . Sumi, App. Phys. Lett. 448 (1986)
332.

Figures captions

Figure 1. Cr-Ge phase diagram redrawn from Ref. 9.

Figure 2. Single crystal of Cry; Geyg grown by the gradient-ftccze technique (scale
n centimeters).

Figure 3. Cross section of one of the ingots near the boundary between the single
phase material (gray area) and the cutectic microstructure (top part)
(Magnification x 40).

Figure 4. Electricalresistivity as a function of inverse temperature for a Cry;Geyo
single crystal cut perpendicular to the growth direction.

Figure 5. Seebeck coefficient as a function of temperature for two Cry; Geyg single
crystals cut perpendicular and parallel to the growth direction,

Figure 6. Thermal conductivity as a function of temperature for two Cry; Ge,o Single

crystals cut perpendicular to the growth direction.
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