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Crl, GC19 belongs to a ]argc family of matcria]s known as the NowotIIy  chimney-laddcl
compounds, some of which WCIC rccc[]tly  pmposcci  as advanced thermoelectric materials
particularly bccausc  of their low thctmal conductivity related to their relatively comp]cx
crystal Wucturc, in order to assess the pc)tcntia]  of lhc comJmLmd Crl, Gc19 for
thcrmoclcctric applications, wc grew Iargc single crystals of this J)critcctic compcmnd by a
vc;lical gradient frcczc tcchniquc  and measured the thcrmoclcctric  propcrlics of the
crystals, Crl, GC19 forms pcritcctical]y  at 1201 K and crystals were grown from Gc-rich
solutions. ‘J’hc conditions  and (I1c rcsu]ts of the crystal growth cxpcrimcnts  arc prcscntcd,
‘1’IIC crys~als were clm~-actc~-iz,cd  by x-t-ay diffrac.tolnctry,  I am tcchniquc,  and electron
plobc microanalysis. TIIC rcsul(s  of the thcmoclcctric  properly mcasurcmcnts  suggest
that Crl ~ GC19  has a metallic behavior and thcrcforc  presents Iittlc interest for
thcrmoclcctric applications.

1. lNTRODIJC’1’10N

‘l’iSiz  is the pmtotypc  of a large family of materials known  as Nowotny chimney-ladder
Colnpoullds  of colnposition  ‘1’,, X,,, whcIc 2%1/11> 1.25 (’1’=  transition clcmc~i(,  X’ Si, Gc, S11
or (;a) [ 1 ]. ‘1’hcsc compounds arc characterized by a long unif CCII consisting of subcells of
the transition c]cIJlcn(s,  similar  to the (j-tin structure type, and a helical arrangement of the
X clcmcnts.  Some of the scIl~icol\dllctiI~g  compounds in this famil y, such as RL12  Si3,
RU2GC3, and Mtll 1 CIC19 [?-4], have been comictcrcd  as advanced matci’ia]s  for
thcmoclcctric  applications bccausc  of t]lcjr  rc]atjvc]y low (Ilcrllla]  conductivity W]lich  is
favorable for achieving high thcrmoc]cctric fjgLHcs of mcrj(. ~)[llcr  col~lpo~lllds  jll this
family, such as ‘1’iSi2,  have metallic conductivity [5]. Jt has been proposed by Nowotny
that lhc chimney-]addcr COInpOUI]C{S  having a IIlllllbcr  of 14 valcncc  cIcc,troI]s  (VljC) pcr
metal ato]n SIIOUICI bc sclllicoll[lllct~)rs,  arid metals if (llc total i s  10WCI  t}lal)  1 ~ [~]. “1’his



mlchasbccn  remarkably followed fm the compounds invcstigalcd  up to now as pointc(i

out by JcikxAko  and l’arlhL  [7].

(kll Gcly isc~l~c  (Jftl~csc cO1~lpoLlrl(lsalld  its StJLICtUHLl  data can bcfmmd  inl-cfcrcncc  [8].
“1’hc phase cliagrmn  of lhc (Cr, Cic) systcm was rcccntly  rc-invcsligalcd  [9]. ‘1’here arc no
congrucHtly  melting compounds in this systcm  but a series of compounds (iccomposing
pcritcctical]y  starting with C3GC through Crf Gc3, [1] I GcX, CrGc, and finally Crl 1 Gclg.
‘Ihc Jmritcctic  dccompositicm  tcmpcraturc  of Cr] ~ GClg is 1201 K. Bccausc  of its relatively
cmnplcx  structure, (I]c thcrma] ccmcluctivi(y  might bc low, which is favcmablc  for acllicvil~g
high thcmoclcctric  figUI-CS  of merit. ]H addition, the scmiconducting  compound CrSiz
(having a closely related structure to ‘I’i Si2 -t ypc compounds [ 10]) exhibits smnc
inlcrcsting  thcrmoclcclric  pmpcttics  [ 11 ]. ‘lhc possibility of forming solid solutions
bctwccn CrSiz  and Crll Gclg is potentially iiltcrcsting  bccausc  of the possib]c  reduction of
tllcrlnal  conductivity for the alloys. I lowcvcr,  information about the thcmal properties of
Crl 1 Gclg is not available in the Iitcraturc and only a fcw electrical property mcasurcmcnts
were pcrformccl  on polycrystallinc bulk samp]cs or films [ 12,13]. It] particular, it is not
clear if it is a semiconductor or a metal. Accor(iing  to the valcncc electron count ru]c
prc)posccl by Nowotny for these comJlou!lds,  Crl ~ Gclg shou]d bc mcta]lic with a total of
12.9 electrons pcr atom of germanium. in order to verify the theoretical prcctictiom  and
assess the usefulness of the compound Crl I Gclg for thcmoclcctric  applications, wc grew
Iargc crystals of this cl~imncy-ladclcl-  compound and measured some of its properties.

2. IO( 1’1{:1<1  M fHVJ’AI . I)ETA1 1 A’

2.1. Crystal  growtlI and analysis

‘1’hc Cr-Gc phase diagram is redrawn in I;ig. 1 and shows that the growth of Crl 1 GC19 can
only be initiated from Gc-rich solutions within  79 and 85 at. O/O of (3c. Crl 1 Gclg crystals
were grown  from off-stoichiomctric  nominal melts with 80 at. O/O Gc (SCC I:ig. 1 ). Gc picccs
(99.999% pure) and Cl powder (99.996% pure) (total charge was about 12 g) were loaded
in quartz ampou]cs  subsequently scaled undcl vacuum. Quartz  ampou]cs  with pointed
bottoms and a (Iiamctcr of slightly Icss than 12.S mln were used for the growth
cxl~crimcnts,  A vertical g~-atticnt  frccz,c  fllrllacc  was uscci to :,WW the crystals. ‘1’hc furnace
was colnposcd  of a t~lbulal  Sic, l~catcr  clc~llcl]t  for the upper z,otlc  of tllc furnace with a
n~aximuln working, [clnpcraturc of 1700K and with a cliall]ctcr  of 45 mm. ‘1’hc 10WCI Z,OI]C
was built with all o[dinary  wire IIcatcr suitable. for tcnlpcraturcs  up to - 1300K. A thermal
b a f f l e  m a d e  out of fircbrick was itltroduccd  bctwccn  tl~c two z,oncs  to il]crcasc lhc
tclnpcraturc gradient at the liquid-so]ict  intcrfacc  and to avoid any air convcolion.  An
opening of 12.5 mn~ of cliamctcr was made in the baffle to introduce the Iuc]t  c,ontaillcr.  A
di ffcrcntia]  thcrlnocoup]  c with a tcmpcrat  urc I~roglal~~l~lcr/cor~t~oll  cr was cmplo ycd to
ccmtrol  the tcmpclaturc diffcrcilcc  bctwccll tllc tclp and the bottom of the baffle so that tl]c
tclnpcraturc  gradic}lt  at the Iiq[]id-so]id itltc~  face lcIllaiTlcd  constant CIllrillg  the growth. “1’hc
quartz ampoulc  remained stationary and thc tt-allslatiol]  of (lIC liquid-solid intcrfacc  was
ac.llicvc(i  by lowcling  (Ilc (clnpctatllrc  of tlIc, llj)pcr  ZOI]C,  other details abo~lt  tllc ful-l\acc
llscd for tllc growt]l can bc found in rcfcrc[lcc [ j 4]. 1 )urillg the 1’[111s, t)lc tcmpcraturc



gradicllt  was 42K/cm  and the growth rate was about 1 mndday.  1,owcring the tc[npcratl]rc
of’ the LIppcr zone moved the liquid-solid intc! Fdcc from the bottom of the quarlzt  alllpOLlk

L]])  ([) thC k)]). Samp]cs  were cut from the ingo(s using a diamond saw and usc(i  for
l]lic~(Jstl-LlctLtral  anti various x-ray analyses. ‘Ihc micmshucturc  of the grown ingots was
investigated using a Nikon optical microscope. Some samples were ground for X-ray
diffractomctry  (XR1>) analyses w}lich were pcrforlncd  on a Sicmcns 11-500  (iiffractomctcr
using CU.-KU radiation witi~ siiicon as a stan(iar(i. “1’hc l,auc tcchniquc  was also used to
cllar-actcrizc the cl-ystals.  Iiicctron  probe microJm)bc analysis (fiPMA) was performed on
a  .JEOl. .iXA-733 supcrpmbc. ‘1’IIc  cic~lsity  of scvcrai samj>lcs was measured by the
imlnct”siorl  tcchniquc  at room tcnlpcraturc  using tolucnc  as the disJ)iaccmcnt  liquici.

2.2. ‘1’ranspor-t  property measurements

Samp]cs about 2 mm thick and bctwccn  5 and 10 mm in diameter were cut from the growu
ingots pcq>cndicu]ar  and parallel to the growth axis for h-ansport  propc~iy  mcasurcmcnts.
‘1’l]c transport properties arc indeed cxpcctcd to bc anisotropic  for non-cubic structures
such as Crl 1 Gclg. l’hc high tcmpcraturc rcsistivity,  1 lall effect, Sccbcck coefficient.,
thcrmai diffusivity,  and heat capacity mcasurcmcnts were conducted on sclcctcci  samp]cs
bctwccn  room tcmpcraturc and about 11 OOK, ‘J’hc electrical rcsistivity (p) was measured
using the van dcr l)auw tcchniquc  with a cwrcn( of 100 mA using a special high
tcmpcralurc apparatus [ I S]. ‘1’hc I Ia]i mcfficicnt (R}l)  was measured in lhc same
apJ>aratus  with a cmstant  magmtic ficlci value of - 10,400 Gauss. The errors were
cstimatcci at t 0.50/0 an(i i 20/0 for the rcsistivity and 1 lail coefficient mcasurcmcntsj
rcspcctivcly.  ‘1’hc Sccbcck coefficient of the samples was measured on the same samples
used for rcsistivity  and J lall cocfiicicnt  mcasu~clncl~ts  using a high tcmpcraturc  light  pu]sc
tcclllliquc  [ 1 6]. ‘1’hc error of the Sccbcck coefficient mcasurcmcnt  was ~stimatcd to bc
icss than 4. 3%. ‘1’hc heat capacity and thermal diffusivity  were measured using a flash
diffusivity tcchniquc  [17] and the thermal conductivity was calculated from the
cxpcrimcntal  density, heat capacity, and thermal diffusivity  values. The ovcrali  error in
the thcnnal conductivity values was estimated at about i 10O/..

3. RICStJ1,TS ANI) 1) ISCUSS1ON

3.1. Crystal growth results

S e v e r a l  ingots  WCrC s~lcccssflllly grown all(i a typical ingot  is Sl~OWII  ill l~ig. 2. As
cxpcctc(i,  tllc ingots  were composcci  of two parts: tllc lower part corresponding to (hc
Cr] ~ Gcly c o m p o u n d  an(i tbc upper  par( corrcsi~onding to a Gc-rich cutcclic.  “i’hc
intcrfacc bctwccn the two phases was always clearly seen on the ingots (SCC l~ig. 2). (3I1c
ingot was cut Jlarallcl  to the growth axis tc} reveal the microstmcturc near the intcrfacc.
f:ig. 3 shows the cross-scctioll  and reveals the il)tcrfacc bctwccn tl~c single-Jhasc material
and t}lc cutcctic  type lllicrostl”LIC,  tLllc. Microprol)c  analysis  showed that the material was
sillgic-pi~asc l>clow t)lc itltcrfacc with a colllpositiol~  corrcspon(iing  to the 11:19 ratio. “i’hc
Salnc composition was fottll(i  fol. tllc (iark illclllsiolls  ill tllc  area above t}IC itltcrfacc wbilc



(Ilc[)riglltct  l]latrix  corresponded topuIc~Ic.  ‘1’hisintcrfacc  was very flat, which indicaks

lbc uniformity of Ibc lcmpcralurc gyadicnt  in the fmnaccami  in the melt as well as the
tcmpcralurc siability  dllrillg the growlll.  Cracks tcn({ 10 develop locally near the intcrfacc
bccausc  of tbc c{iffcIcncc  in tbcrmal cxpansim bctwccn  [hc two type of phases which
causes thcnnal stresses upon cooling. ‘1’hc Iowcr parl of the ingots was cut ficm the rc.st
of tbc ingot and subjcctcd  to furlhcr  analysis. ‘1’hc density of tbc entire lower portions of
the ingots was found to bc about 99.5 ‘A of the tlwolctical (icnsity c)f Cr[l GC19 : ‘7.4 g
CIn-3.  XRI) analysis of samples cut from the lower part of the ingots always showccl that
(hc samples were single phase with a composition cmrrcsponciing  10 t}lc Crll GC,9
s(ruc(urc. h40st the of tbc samples cut from tllc bottmn  portion of tbc ingots were single
crystals as indicated by I.auc patterns and microscopic examinations. Neither chemical
etching nor electron microscopy rcvcalcd any grain bc)undatics and single crystals up to
10x 10x 10 mIn3 were obtained. ljl’MA investigations of these samples also showc(i t}lat
they were sing]c phase with a uniform composition close to 11:19.

3,2, “1’ransport  properly results

‘1’hc electrical rcsistivity and Sccbcck  coefficient values mcasm-ccl  for Crl 1 GC19 single
c r y s t a l s  arc shown  in Figs. 4 and 5, rcspcctivcly.  ‘1’IIc  Sccbcck cocfficicnk arc  low,
incrcasc slightly with increasing tcmpcraturc  and vary Iittlc  with the orientation. “I”hc
electrical rcsistivity  va]ucs arc also very low. Samples had p-tyJJc conductivity with
typical values of 1 x 1022 cm- 3 for the carrier conccnt!-ation  and of 3 Cmz V-’ S-l for the
f lall mobility. “Mc room tcmpcrahlrc  electrical rcsistivity  is about  0.17 mflcm, in general
agrccmcut with the results obtained in two prc.vious studies [ 12, 13]. The low electrical
rcsistivity and Sccbcck cocfficicnf  values, associated witl~ the low camicr mobility and
IIigb canicr  mnccntratic)li  tenet to indicate the mctalIic bcbavior  of Cl] * CiClg.  Fi~jally,  Fig.
6 shows the thermal conductivity values as fllnction  of the tcmpcraturc  for two Crl, GClg
single c~ystals.  As for metals, the thermal conductivity incrcascs with increasing
tcmpcraturc but tbc values arc rather low. 3’hc room tcmpcraturc  thcmal conductivity is
about 40 mW cm-l K-l and is the sum of electronic and lattice components. The lattice
ccmponcnt was estimated at about 17 mW cm-’ K-l by subtracting tbc electronic
component which was calculated using the Wicclc~~~atlt)-I~rarlz  law. This is a somcwbat
low lattice thcrlna]  conductivity for a metal hut this might bc explained by tbc comp]cx
c1 ystal structulc  of Crl 1 GClg and also lnayhc with a l~igll density of defects which was
found in structural analoguc compounds such as in tl~c semi-l)lcta] W~Si2 [1 8]. All the
1)1 opcrtics lllcas~]rcci  suggest that (; II, (iclg IIas a Illctallic,  bcllavjor  and furlllcr sllppc)rts
the mlc pmposcd by Nowotny as wc poilltcd  out above. ‘1’hcrcforc,  the potential of the
coI]lpo[Irld (jl, Gc,9 for thcnnoclcctric  app]jcatjol]s  is Iilllitcd,  as is tbc c a se  fo r  all
lnetallic  col)]pounds  UnlCSS  they pOSSCSS Sccbcck cocffjcicnt values of at Icast’ 120 ~~V
K-l, which is not the case for Crll Gclg (SCC f~ig. 5). Studies of the alloying of Crl, Gclg
wi th  lhc scmiconducting  and strllctllra]ly  Iclatcd  COIIIpOUIIC[  (;rs12 nlight,  lIOWCVCr,  bc of
intcrcs(; since thclc is a possibility t}lat a band gap  WOLIld open in the band structure for
t}]csc a~)oys, which sllou]d pC)SSCSS really  ]OW t}lcrlllal  co[lduclivity  values

I



4, SUMMARY

A lwo-zone vertical graclicnt  ftCWC  fLl[llaCC was USCd tc) grow ]algC Sil@C crysla]s of the
pcritcclic Nowotny chilnncy-laddc[  ccmpound Crl 1 Gclg. ‘1’hc c r y s t a l s  Wclc
chamctcrizcd  b y  x - r a y  di ffractomctry,  I,auc tcchniquc, density mcasurcmcnts, and
clcctmn microprobe analysis and the tcsults showed the good quality of the grovm
samples .  I’hc thcrmoclcctric  propcrlics of the cl-ystals were mcasmxl  and he rcsulls
show that ~,rl 1 ~JC19  haS a IllCtal]iC behavior and thCrCfOrC  [)1’CSC[ltS  ]ittlc illtCICSt for
tllcrllloc]cclric  applications. ‘1’hc metallic behavior of Cr l I Gclg is in agrccmcnt with
thcotctical  predictions based on valcncc  electrons for the Nowotny chilnncy-ladclcr
comj~ounds.

‘1’his work was carried out at {hc Jet Projmlsion  J,aboratory/California  lnstitutc of
‘1’cclmology,  Pasadena, California, USA under  contract with the National Aeronautics and
Space A(il~liT)ist~atio~l.  l’hc authors would like to thank Danny Zoltan and Anc{y  7,01tan
for thcrmoclcclric propcr(y  mcasurcmc]lts,  Jim Kul]cck for x-ray diffractomctry, and Paul
Caq>cntcr  for microprobe analyses.
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I:igurc  1. (;r-Gc phase diafyam redrawn froln Ref. 9.

l~igurc  2. Sing]c crystal  of (;Il, ~iclg  grown by the gradient-ftcczc tcchniquc  (scale

in ccl}timctcrs).

l;igurc 3, (loss section of onc of the ingots  near the bounclaty bctwcc!l  the single

phase material (gray area) and the cutcctic  microstruclmc (top paro

(Magl}ification x 40).

l;igurc 4, lilcctrical  rcsistivity  as a function of inverse tcmpcratmc for a CYll  GC19

sing]c crystal cut IJcrjJcll(iicLllalto  the growth direction.

l:igurc 5. Sccbc& coefficient as a function  of tcmpcratwc for two G] 1 Gclg single

crystals cut ~~c~~>cl~(liclllar  at~dparallcl  to thcgrowt})  direction,

l:igurc 6. 'I`Ilcrll~al  colldLlctivity  asafl)l)ctioll  oftc[ll~lcratllrc fortwo{;rll  Ciclg single

cl-ystals  cut llcl~Jcll({iclllarto  the growth (iilcction,
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