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olllprcitcnsive neutron diffraction mcasurcmcnts were performed to study the isostrllctura.l,,)· +-+ It 

pha.'ic transition ill Cco nTho.1 alloy. Using Rietveld refinements, we obtai ned lattice rwd t lwnna.! 
par amcters &i a function of t.emperatme. From tl lP. t.emperature slope of t he thermal pararu0t(~ rS, 

w(, determin d Deyhe temperatures 8 1 = 13:3(1) K and 8 0= 140(1) K for t he I phase aile! the (} 
phase , respectively. This result implies that t he vibratiolla.! entropy challg(~ is not signifi('ant at the 
I +-+ Ct transition, contrary to that from d ementa.i ,erium [Phy~. Rev . L(~tt . !l2, 105702, 20041· 

PACS numbers: 64.70.1 b , 71.27.+a. 6L12.Ld 

INTRODUCTION 

Ceriulll lIlcta l is au intriguing ill,ttnrial which displays 
rich plws es a.s a fUllction of tempenttuJ'e and prc."'!slll'c. 

t ambicnt p!,(~s::;lll'e , elcrnentctl Ce uudergoes a sed"" 
of pha.'i!' t.ransi tiOIlS from bee to fce to dhep (doH blc 
h xagollal c!osc-pll..cked) tlwn back to fcc st.ructmcs a.<; 
tlte t ell l]Jprature dccreas('.'l from it::; mclting t mperatnre 
(Tm ev llOO K) to 100 K [1] Among thc'Se multiple phase 
trallsitiolls, the isostrHctural (fcc) "y -> a trallsitioll bas 
been <1 long-standing refw,-1[ch t.opic [2-7J since its hrst. 
discovery by Bridgmall ill the 19:30's [H] . The "y - -) a 
pha,,<;c tr(l.llsit ion occllrs at room temperature for pres­
sur's O.lS GP a, a..<; well as at ambient pres~ure and.-v 

t emperat nre 100 K , wit.h a volume collapse of .-v 17.-v 

Yo [1]. 
T his H.nmna.lously larg(· volume Ch rtllg(~ a t the "y -> a 

tm l1sition is mnnnollly d .scribed by an instabiJj ty of tlie 
single 41 I elect ron in eit.her Mott, t ransition [9] or Kondo­
volUlne-col!apse models [:lJ . III the wfott model , the e! .10­
calizatioll of the 4f elcc:trou in t.he (X pha$c provides the 
energy for the trallsit ioll . In contrast., the KOlldo Spill 
fiuc turttions provide the driving force for 1.11< , tn:tllsition 
in th<' Kond(}-volume-colla.psc lIlodel. In these model" , 
h )w ~ver, hettice vibrational ent.ropy and electwLl-lattice 
coupling are !lot considered, despite the larg<' volume col­
lapse which accolIlpanies the valence cha.nge at. t.he tran­
sit ion. 

Regardiug the vibra.tional cntropy cha.n,e;r' at til(' "y. ()' 

pha;.;e t ransition, contradict.ory l'esult.s t'xist. According 
to ll1easUI'etnents OIl the Cco gTho1 alloy by Lawson et 
(£1. , the DC'bye temperature for the 'Y and the a pha~('.) arc 
E- J)= 14;, K and 8 j) = 142 K , rc!;;pect.ivcly [10]. 'fhi::; rc­
sni t implies t.hat there is virtually no vibrational entmpy 
change betweell the " ami the (Y pi1a)-;es. Similarly, JVIan­
ley et al. fOllUci in Cco.gT !to. I that the phonon density of 

s .aks shows little chang;e between the r pha!le at 150 K 
amI the a: phase at 140 K [11] . By COlltra..<;t, Jeotlg et 
al. reported from lICutroll diffra.ct iolJ nteH.<;lll'Cments 011 

elemental CeriulIl that. t he vibrat ional clItropy change is 
almost half of total cntropy change at the 'Y --+ a transi­
tion [fi], and, thus, dain';('d t,hat vibm tional entropy plays 
i1,n important role in stabili:t,ing tl10 i' plw,.;e of eielIlclltal 
Ceo 

To 1l,ttell1pt to l'E~olvc t he discrcpancies betwecn jlre­
vious mca.<;urcments of the vibrational eutropy change 
nt the r +--> (t t.rausitioll iu Ce{J gTho I and pure Ce, we 
have llIldertakell a Hew 8ct of elas tic lleutrou diH·ra.ctiou 
mea!lurenwnt::; to determine he vibrH.t.ioual properties of 
Ceo.fJ Tho.l . Our new lllCCl.'lUfClllen s have the advantage 
of <:t higher ut!utrou fiux and detectiou efficiency than was 
,wailable in previous uH'\(l.SurclUents [10]. 

EXPERlMENTS 

At a.mbient prE'SSlll'e dClllelital Ce u!l(krgocs a ")' -> .B 
phase transition before it. cllters the (~ phase with clecrea..<; ­
ing temperature. The forma tion of /3-Ce phase is compli­
cated, depending on the coolillg history, aud it is difficult 
to remove Ij phase once it is for'lllcd [1]. Oue way to avoid 
t he fonuatioll of the ,t3-Ce and to induce iI direct "Y -> a 
pha,,"c t.ransitiou, i::; by makillg an alloy, for example, with 
T h [12] . We prepared a CC'o.9Tho.l alloy arc melting of 
99.99% metals ill an at.lllotlphel'e of AI'. T he ingot was 
melted several times and then allnealed for .'i (i<ws at 4RO 
°C [4]. To examine the transition temperature and a 
response of lattice during cooling, we mea.-;ured the ther­
mal expansion coefficient Ilsinp; a different.ia.l capacitive 
dilatometry [Ll] a..'O shown ill F ig;. 1. Here we notice that 
the thermal cxpansion coeffi cient becoIlJcs <lllOl1lri.IOLlSly 
huge llear the transition tcrnpemturc, T~120 K . III ,w­



2 
·. 


~ 
"0 10' 

<: -
.~ 10' 

Ii: 
CD 
o 
u 

<: 

o 
'iii 
~ 
a. 
><
CD 

iii 
E 
G; 
J: 
I-

10' 

o 50 100 150 200 250 300 

T(K) 

FIG. 1: Thenna.l exprulSioll coefficient It of Ceo.gTho. 1 from 
300 K to 10 K. T he diverging behavior of 0; iadica.tes 1:1 

dhicontillllollS 'hauge of litt ti(,t' parameter a.t the t rrulsitioIl, 
T~120 K. 

clit iull , the diverging behavior of (~ at the trallsitiuu incli­
cat :s a dit\cullt iuuous cha.nge of Ia.ttice parameter. These 
a.bllorfll(ctl behaviors sup,gcst deep involvement of the lat­
tice in the pha.<;e transitie II. 

For the tillw-of-fiight neutron difffc1ct.ion mea.~ lIfc­

ment.s, the sample was loaded in a vana.dium can in a He­
liUln environment to avoid oxio izat ioll, and then mounted 
ill a closed-cycle helium displex refrigerator. 'eutron 
diffraction clatil were taken frulII 300K -7 20K (cooling) 
and frol1l 20K --; 2f)0 K (warming) on the HIPD inst ru­
ment a the Los Alamos Ncutwll Sciellce Cellt,(~r. 

RESULTS AND DISCUSSION 

Figure 2 shows diffraction patterus (back scatterillg 
Lank at 1!j:J° ) of the , pha~e at 290 K and the Ct 

ph<\.<;e at 20 K, with the COITl'spollding Rietvdd fits for 
a. Fm~7rI struct.ure obtailled using GSAS progn1.111 [14]. 
Lat tice, t.hcnnal, and peak profile paramet ers w(-~re re­
fined, and <l.b~orption and bH.ckgrollncl correctiolls were 
applied. During the cuoliug cycle, the ) ' pbase O()c~ not 
dbuppear completely, f'ven wdl below t.he tra nsition t em­
perature_ Simila rly, mixed , and Q phases were found 
above t he transition temperat ure during the warming 
cycle. Therefore, two-phase modeling was used for t he 
Ricveld refi nements lIear the tfH.llsitiOJl temperat.mE'. Ta­
ble 1 shows the rela.tive vnluUlE' fradion of the Q a.nd , 
phll.ses during cooling. 

Figure :1 shows the lattice paraUletcr a.s a fUllction of 
temperature. As the temperature decreasc:s , the lattice 
parameter drops about 4 . .5% at around T '::=' 117 K, in­

dicating the firs t.-order nature of thE' transit ioll. Ou tilE' 
warming cycle, the t.ransition occurs around T '::=' 172 K 

TABLE I: Relativc volume fract.ion of the '). and a plu):;(!s 
during rool illg. 

~----~---,~~~~--~~~-,,~

Temperat.ure (K) Ilclat iVC' fractioll (0/,: ) 
')'-Ce (l:-CC 

12S 82 18 
120 51 49 
l Ui :l') Gl 
90 18 82 
65 11 89 
40 () 91 
20 9 01 

0.5 1.0 1.5 2.0 2.5 3.0 

d-spacing (A) 

FIG . 2: Time-of-ftight IIcutron POWdl'T diffraction pattcl'lls 
of CI'.Q.gTho.1 (a) ., p hase at T=290 K a.l1(\ (Il) Iv. phase at 
T = 20 K with corresponding; Riet.veld fi t:; (solid liU0). Tick 
marks illC\icut(-, positious of the Bragg reftcct.ioll~. AL~o shown 
are differcllce CUfvns. 

with large temperature hysteresis. Th.is behavior is quite 
silllilar to thM, ob;;(-;rved in the CeO. 7'i T hu '2( ; alloy, [15] 
cxcept. that. the discontinuity is larger in Ceo.'lTho.1. Ac­
tually, the resistivity versus temperature mcc\.'lUfp. lllent 
shows that the first-order ;;tep de(T!'>l.SeRwith fmthl'I' ad­
ditioll of thorium, and disappears at. the critical com­
position (.r '::=' 0.264) [16]. In addit ioll, recent studi('s 
OIl Ceo.o_J-L u.cTho.l a.lloys [4] sllOwed that. t.he volume 
change between the ~I and a plw.~(·' decrea>;es exp()Ii(~Il­
tially with the dopillg of lanthauulfl ion, aue! the tran­
sition (;ha.ngcs from bdng first -order to cOlltinuous at a 
critical cOllccnt.ration :r;,_, ~ 0.14. Tlles(-, rc>;ults indicn,t,c 
that t he a.ddit.ioll uf thorium and lallthalluIll ions signifi­
cauUy infiuellces t.h!' , -7 0: phase transitioll behavior of 
Ct'-aJloys. 

We also note that the t.(~mpemtlll'e dependence of the 
lattice parameter in t.he , phCl.'le is not t.hat of typical 
thermal contraction. III consistent. with the thermal ex­
pallsion behavior of thc ,-phase, the Llttice paramet.er 
shows dowll\vard curvaturn betw(~en :lOO K aud 120 K (1<:; 

shown in the inset of Fig. 2. For colllparisoll, we plot the 
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F IG. 3: Lc.t ticc para.ml'ter of Ceo oThol alloy as ;l funct.ion 
of t(,mpf'flt.t nre. T h> nlagllit. ude of error is cOIllpa.rable to tlif' 
syInbol size. T he t ransitiOIl occurs aroullli T ~ 117 K cllld 
T ~ 172 K dming cooling a.nd warming, rcspt!ctively. The 
lat t ice parameter changes about 4.5% at the "'Y -> a transitioll. 
The inset :>hows t. llt~ 1<1t. tice pili'am .ten; of the "'Y phase (closed 
cirdt~) and La BA ( ' lid line) as a function of temperat.me. 

h\ttice pa.ranJeter of cubic LaB(j (solid line in the inset ), 
which is re:"ccLied to match that of the Ceo.9T ho. 1 a lloya.t 
290 K. In this CI1He, the la.ttice parameter exhibits liuear 
kmpcrat.nre dependence with 1-1. thermal contractiou less 
tha u 0.1% [17] . 

The a.llolIla,lous temperature dependence of the lattice 
panuneter in CeO.9Tho. l a.lloy has beCll collsidered as ,1-11 

effect of valence' fiuc:tuatiolJ. Since the ionic rad ius of 
e( 4f' ) + :l is about 9% p;reater than tlmt of Ce( 4f) ) I ~ [1 ], 

,t lo(;alizatioll and delocalizatioll behavior of the 4f' clec­
t rOll can cause a huge challges in the lat tice para.llleter. 
Therefo re, the lat t ice parameter Ims been used to es­
timf\te the VaIClIU'l of Ce and the fractional occupallCY 
of the 4f1 level. Following tlw approach of Shapiro et­
al. [15], we first cal 'ulated the lattice pan-ullet.er of (1.11 

cquiva./cnt f:' s ample usillg the Vegarcl 's law, tha t i,; , 

(1) 

where r.vrJ; =5.074 1 A waH used [19]. No correct.ion for 
t.hcrnml expansion was applied because t.he thermal ef­
fect is negligible compuroo to the contraction due to tbe 
va lence chang, ,)S we discllssen earlier. T heil , the frac­
tional occupancy of 4f1 level a.nd average valence are iu­
tcrpola t.ed llsing the lattice parameters of a(Ce:I 'I ) = 5. 221 
A and a (Cc·1+)= 4.661 A [20]. Figure 4 shows t.he re­
sults . A. . the temperature decreases the valence of Ce 
iner .ases gradually a.nd jumps at the the t nwsitiol1 t CIlJ­

perature. Wi th furt her decrease of temperature the va­
lence increases gradually. Even though the iLpproxillm­
tioll llsed ill this estilIlatioll is crude, it is clear that the 
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FIG. 4: Valcnce of Cc a.lJd t.he frac t ional OCCUpfl.IlCY of the 4fl 
level obt.a.ined from the latticc parameter of Cco.pTho. I a.~ a 
function of t.empera.t ure. 

4f ion is not. either fully locali7.cd nor fully ddocr1li z( ~d at 
all tempemtur ' [7] . 

Now we discuss lattice vi bratiolls in t.he ~I a lld 0: phases 
of Ceo.!JT bo.1 . F igure 5 shows the isot.ropic t.hermal dis­
placements (ufsJ of c as a function of t.emperature. 
Closed circles represent Hleasnrements performed with 
decreasillg temperature and open squares with increas­
ing temperature. T he magnitude of (nT.) can be affected 
by background , absorptioll corrections, and uncert ainties 
ill the incident neutron spectra. Thus, t lw D bye tem­
perature." are dntennined from the slopes of the t herllla l 
di~placemclIt ,m a fuuctioIl of tempCfrLture, assllmilJg H. 

tempera ture-independent offset, itS ill Eq. (2) below. The 
solid lines ,1I'e fits using Eq. (2), with Debye k rllperatur ~ 
81= 1:33(1) K and 8</~ =140(1) K, 

where <Pr = .f~-')J)/T :£; ( .r - 1)-1 rlx, 0 1) (= hwulkB) is 

the Debye ternperctture, and (n2 )o lf, .. l is a temperatllr (·~­
independent otf,;et. 

Here we point out the Debye t.clllpemtuw change 
(81=1:33 K -> 80= 140 K) in Ceo. <) T h01 is lllllCh 

smaller t.han the corresponding change (8;)= 104 1< -> 

E-Yb = 13:3 K ) in clerneutnl Ceo Thlls, the vibm t.iouru en­

t ropy change , 6. v i~(t ~ 3k13 lu ( 8'h /8b ) [21], is not sig­

niticaut for the CCO.9Tho.1 alloy. ote t h,tt this result is 
consistent wit h t he iuela"t.ic meas uremeut on Ceo.gTho l 
by Manley et al.. T herefore, our result sllggests that 
the diRcrepa.ncy in tl18 vibmtiollal entropy change from 
diffra.ct ion me<1.~urements on elClllclItal C(' a.nd from in­
elas tic IIlea.:mrClllent.s on Ceo.C)T ho.1 is nut d ue tu tlw dif­
fc l'ClICe in measurements meth()ds. Inst.ead, we suggest 
that the alloying of Cc by Til sigpificalltly affl'dR t il(' 
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FIG. 5: Isot.ropic t.hermal displacemcJltti of CeoqTho.1 vs tem­
perature dllring cooling (circle) and warmillg (squa.re) cy­
cles. The size of error bar is comparable to the size of sym­
bols. Solid lin arc fits to Eq. (2) with Debyc t.emperat.ure~ 
8;>= 1:3:3(1) K and 8 0= 140(1) K. 

' l(l..<;tic properties of the Ce-Th alloy, as a few percent of 
Mg influences the Young's modulus of Ce-Mg alloy [22]. 

SUMMARY 

In summary, we performed neutron diffraction mea­
surements Oil CeU.H Tho.J. a lloy, aud studied the temper­
ature dependellce of the lattice a.nd therlllal pa mrnctcrs 
across tile , +-> IX phase trallsitions. For the Ceo.!JTho.l 
alloy the difference in Debye temperatures between thr. 
,- and o:-ph< e is milch smaller t.han the corrcsponding 
change in elemental Ce, consistent. with the inelas tic neu­
tron scattering IIlca;;\lreweIlts on Ceo.H Tho \ alloy. This 
r(',mIt implies that. the addition of thorium iOIl to Ce 
signifi eR-ntly influences the d<1stie properties beside;; it.s 
pha>lf: transit.ioll h" \lUvior. 
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