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NUCLEAR 111Cd PROBES DETECT A HIDDEN SYMMETRYCHANGE UNDER THE 
! � TRANSITION IN CERIUMCONSIDERED ISOSTRUCTURAL FOR 60 YEARSA. V. Tsvyash
henko a;b*, A. V. Nikolaev b;e**, A. I. Veli
hkov 
, A. V. Salamatin 
,L. N. Fomi
heva a, G. K. Ryasny b, A. A. Sorokin b, O. I. Ko
hetov 
, M. Budzynski daVeresh
hagin Institute for High Pressure Physi
s, Russian A
ademy of S
ien
es142190, Troitsk, Mos
ow Region, RussiabSkobeltsyn Institute of Nu
lear Physi
s, Lomonosov Mos
ow State University119991, Mos
ow, Russia
Joint Institute for Nu
lear Resear
h141980, Dubna, Mos
ow Region, RussiadInstitute of Physi
s, Curie-Sklodowska University20-031, Lublin, PolandeInstitute of Physi
al Chemistry and Ele
tro
hemistry, Russian A
ademy of S
ien
es119991, Mos
ow, RussiaRe
eived Mar
h 5, 2010We use the time-di�erential perturbed angular 
orrelation te
hnique to study nu
lear ele
tri
 quadupole hy-per�ne intera
tions of probe 111Cd nu
lei in 
erium latti
e sites at room temperature under pressures up to8 GPa. We have found that the well known 
 ! � phase transition in 
erium is not isostru
tural. In �-Ce,the probe 111Cd nu
lei reveal a quadrupole ele
tron 
harge density 
omponent that is absent in 
-Ce. Thehidden spa
ial stru
ture of ele
troni
 quadrupoles in �-Ce is triple-q antiferroquadrupolar, as was suggested inRef. [14℄. We relate our �ndings to the 
urrent understanding of the 
 ! � phase transition and also reporton nu
lear quadrupole intera
tions in other high-pressure phases of 
erium: �00 (C2=m spa
e symmetry) and�0 (�-U stru
ture).1. INTRODUCTIONMetalli
 
erium has a ri
h phase diagram with sevenallotropi
 forms (�, �, 
, Æ, �0, �00, �); its most puzzlingissue is the isostru
tural 
 ! � phase transition o

ur-ring at the pressure 0.7 GPa at room temperature anda

ompanied by near a 16% volume 
ollapse [1℄. Thetransition was �rst observed in [2℄. The fa
e-
entered
ubi
 (f

) 
hara
ter of both phases was established bypressure [3℄ and temperature [4℄ X-ray di�ra
tion ex-periments in 1949 and 1950. The physi
al properties ofthe two phases are di�erent. In the 
 phase, the mag-neti
 sus
eptibility �(T ) follows the Curie�Weiss law,but in the � phase, the overall temperature dependen
e*E-mail: tsvyash�hppi.troitsk.ru**E-mail: alex�benik�yahoo.
om

of � is very weak and paramagneti
. At a �rst glan
e,the 
 ! � 
hange 
ontradi
ts the Landau theory ofphase transitions [5℄, a

ording to whi
h a phase tran-sition is usually a

ompanied by a 
hange in symmetry,whi
h is 
aused by an e�e
tive attra
tive intera
tion ofthe density�density type. This philosophy fails at theapparently isostru
tural phase transition in 
erium.The 
 ! � 
hange is probably a re
ord-holderfor the number of various models and theories at-tempted to explain it. In the �rst interpretation (a�promotional� model), the lo
alized 4f ele
trons werethought to be
ome a part of the (6s5d) 
ondu
tionband in �-Ce. A

ording to the model, the 
 and �phases should di�er in the number of 4f ele
trons.The 
on
lusion was 
he
ked by positron annihilation [6℄and Compton s
attering experiments [7℄. Both mea-709
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henko, A. V. Nikolaev, A. I. Veli
hkov et al. ÆÝÒÔ, òîì 138, âûï. 4 (10), 2010surements reported the same number of 4f ele
trons,thereby ruling out the promotional model.In 1974, based on a thermodynami
 analysis, Jo-hansson proposed des
ribing the 
 ! � phase 
hangeas a Mott-like transition for the 4f ele
tron subsys-tem [8℄. The model implies approximately the samenumber of 4f ele
trons in both phases. In �-Ce, the 4fstates parti
ipate in metalli
 bond formation, and dif-ferent degrees of lo
alization were 
onsidered in 
-Ce.Two f

 phases of 
erium were attributed to the two lo-
al free-energy minima that develop for the same 
rys-tal stru
ture (Fm�3m).The 
on
ept of a Mott-like transition 
ompetes withthe Kondo volume 
ollapse theory [9, 10℄. In the Kondomodel, the 4f ele
trons remain lo
alized under the
 ! � phase 
hange. Further, the hybridization of the4f orbitals with the 
ondu
tion band leads to a singletnonmagneti
 state separated from the ex
ited magneti
states by the Kondo energy kBTK . To des
ribe thevolume 
ontra
tion under the 
 ! � phase transition,theoreti
al models use the volume dependen
e of theKondo temperature. Su
h a volume 
ollapse leads to aphase instability without symmetry 
hange and is in-terpreted as an isostru
tural transition.These two 
on
epts � the Kondo volume 
ollap-se [9, 10℄ and Mott-like transition for 4f ele
trons [8℄ �are permanently developing and be
oming more andmore sophisti
ated (see the referen
es in [11℄ for re
entdevelopment). Despite mu
h e�orts, there is still no
onsensus on the issue of the 
 ! � phase transitionin the s
ienti�
 
ommunity [12℄. It is also noteworthythat both these 
on
epts took the isostru
tural natureof the 
 ! � phase 
hange as a well-established fa
t.However, two theoreti
al works questioned the ex-perimental 
on
lusion [13, 14℄. Eliashberg and Capell-mann suggested that �-Ce should have a distorted f

stru
ture [13℄, whi
h was in disagreement with the pre-vious X-ray di�ra
tion experiments. Re
ent high-qua-lity X-ray di�ra
tion experiments have found no distor-tions of the f

 stru
ture [11℄. At the same time, in aseries of papers, Nikolaev and Mi
hel developed a theo-ry of hidden quadrupolar ordering in 
erium [14�16℄under the 
 ! � phase 
hange. The theory does not
ontradi
t X-ray di�ra
tion data, but its main 
on
lu-sion (symmetry lowering) requires experimental veri�-
ation. In this paper, we report our results on pro-bing the hidden quadupolar order in �-Ce (and otherhigh-pressure 
erium phases) with the te
hnique of timedi�erential perturbed angular 
orrelation. We havefound a hidden quadupolar order in �-Ce and for the�rst time have shown that the 
 ! � phase transitionin Ce is not isostru
tural.

Fig. 1. Triple-q antiferroquadrupolar (Pa�3) stru
ture of�-Ce proposed in [14℄. Quadrupoles represent the l = 2valen
e ele
tron (4f + 5d6s2) 
harge density distribu-tion2. QUADRUPOLAR ORDERING ANDTRIGONAL SITE SYMMETRY IN THE �PHASEA

ording to the theory of quadrupolar ordering,the 
 ! � transformation is not isostru
tural. Never-theless, the ele
troni
 order parameter was overlookedbe
ause of a very parti
ular symmetry 
hange, as isshown in Fig. 1. The transition is of the �rst orderand is driven by the minimization of the ele
tron re-pulsion between the neighboring 
erium sites. In the�rst formulation, only the repulsion between lo
alizedf -ele
trons was taken into a

ount [14℄. Later, a 
ou-pling with the 
ondu
tion ele
trons was also in
luded[15, 16℄. The a
tive ele
troni
 mode belongs to theX point of the Brillouin zone of the f

 latti
e andinvolves its three arms, qxX , qyX , and qzX . Here, thewave ve
tors are respe
tively given by 2�=a(1; 0; 0),2�=a(0; 1; 0), and 2�=a(0; 0; 1) (a is the 
ubi
 latti
e
onstant). To determine a possible symmetry lowering,the 
ondensation s
hemes [17, 18℄ must be analyzed atthe X point of the Brillouin zone and the s
heme lea-ding to the minimum of the free energy must be 
hosen.For 
erium, the Fm�3m ! Pa�3 
ondensation s
hemewas suggested [14�16℄. It involves three quadrupoledensity 
omponents of the T2g symmetry, whi
h alter-nate sign along x, y, and z axes, and that is why the or-710
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lear 111Cd probes dete
t a hidden symmetry 
hange : : :dered phase is termed the triple-q antiferroquadrupole(3-q-AFQ) stru
ture.In real spa
e, the 3-q-AFQ ordering of the Pa�3 sym-metry is 
hara
terized by four di�erent sublatti
es ofthe simple 
ubi
 stru
ture. We label the sublatti
esthat 
ontain the sites (0,0,0), (a=2)(0,1,1), (a=2)(1,0,1),and (a=2)(1,1,0) by fnpg, p = 1; 2; 3; 4, respe
tively.The most signi�
ant feature of the ordered phase is theexisten
e of only one three-fold C3 symmetry axis atea
h 
erium site, whi
h is also a 
ube diagonal. Thefull site symmetry in this 
ase is S6 = C3 � i (i is aninversion). The only quadrupole fun
tion 
ompatiblewith the symmetry lowering is Y m=0`=2 (
0) in the 
oor-dinate system where the z0 axis 
oin
ides with one ofthe three-fold axes (
ube diagonals [�1; �2; �3℄): [111℄,[�1; �1; 1℄, [1; �1; �1℄, and [�1; 1; �1℄. Consequently, there arefour su
h fun
tions, whi
h are given bySp = 1p3 ��1(p)Y 1s2 + �2(p)Y 1
2 + �3(p)Y 2s2 � ; (1)where Y 1s2 , Y 1
2 , and Y 2s2 (proportional to the Carte-sian 
omponents yz, zx, and xy) are real spheri
al har-moni
s [19℄, and the index p = 1�4 labels the sublat-ti
es. Thus, the quadrupole order is due to the lo
alY m=0`=2 
harge density 
omponent of four valen
e ele
-trons of 
erium (4f +5d6s2) (see Fig. 1). This ele
tron
harge density 
omponent is 
onsiderably smaller thanthe spheri
ally symmetri
 (` = 0) 
omponent built upfrom the 58 
erium ele
trons.The spa
e group symmetry loweringFm�3m(
-Ce)! Pa�3(�-Ce)requires a uniform latti
e 
ontra
tion, and hen
e the f

stru
ture of the atomi
 
enter-of-mass points (
eriumnu
lei) is fully 
onserved [14, 16℄. Thus, the quadrupolemodel not only agrees with previous experimental re-sults and in parti
ular with X-ray s
attering data, butalso re
on
iles the 
 ! � transformation with thewell-established Landau theory of phase transitions.The signi�
an
e of this fa
t should not be underesti-mated. In parti
ular, it implies that apart from thespe
i�
 symmetry 
hange, the 
 ! � phase transi-tion is not mu
h di�erent from other 
erium trans-formations: � ! �00(mono
lini
 C2=m symmetry),�00 ! �0(orthorhombi
 �-U spa
e symmetry), et
.[1, 20℄. It is also 
lear that other theoreti
al modelsfor the 
 ! � phase transition treat it as an ex
lusive
ase, not immediately appli
able to other phase trans-formations. Unlike these other approa
hes, the theoryof quadrupole ordering [14, 16℄ appealed to the experi-mental re�nement of the ele
troni
 stru
ture of �-Ce.

The phase transition of the Fm�3m ! Pa�3 type isnot un
ommon in mole
ular 
rystals. It o

urs in ful-lerite C60 [21℄, nitrogen 
rystal (�-N2) [22℄, et
. Theproblem with �-Ce is that the proposed spa
e symme-try does not alter the f

 stru
ture of the 
erium nu-
lei. Nevertheless, a hidden 3-q-AFQ symmetry 
hangewas found experimentally in NpO2 [23℄. The phasetransition in NpO2 �rst dete
ted at T0 = 25:5 K byspe
i�
 heat measurements was for many years 
onsid-ered isostru
tural [24, 25℄ like the 
 ! � transitionin 
erium. In 2002, resonant X-ray s
attering experi-ments at the Np MIV and MV absorption edges foundthe Fm�3m! Pn�3m symmetry lowering [23, 25℄. ThePn�3m symmetry is another triple-q stru
ture, whi
hdi�ers from Pa�3 in the way the threefold axes and ele
-troni
 quadrupoles are distributed over the four sub-latti
es [26℄. Thus, the 
ase of NpO2 
reated a pre
e-dent that should shake the 
lassi
al understanding of�isostru
tural� phase transitions, and of the 
 ! �transformation in 
erium in parti
ular.3. EXPERIMENTCapturing the suggested 3-q-AFQ order in �-Ce[14�16℄ is a formidable task. As in the 
ase of NpO2[23, 25℄, one 
an resort to syn
hrotron radiation s
at-tering experiments. But there are two experimentalproblems that hinder su
h an investigation. First, inaddition to the expe
ted small s
attering intensity fromthe quadrupole 
omponents of ele
tron valen
e density,the nontrivial domain stru
ture of Pa�3 must also betaken into a

ount. Se
ond, upon 
ooling, the tran-sition to �-Ce is hampered by the formation of theparasiti
 �-Ce. Further, if a single 
rystal is used, thevolume 
hange (�
ollapse�) leads to the appearan
e ofnumerous 
ra
ks, whi
h virtually destroy the 
rystal.In this study of 
erium allotropes, we used thesensitive te
hnique of time-di�erential perturbed an-gular 
orrelations (TDPAC), in whi
h the ele
tri
 �eldgradient (EFG) is targeted at impurity probe nu
lei.Through the ele
tri
 quadrupole hyper�ne intera
tion,the ele
tri
 �eld gradient at a latti
e site is dire
tly ex-perien
ed by a probe nu
leus. Su
h nu
lear quadrupoleintera
tions (QI) in solids are used in many te
hniques(for example, nu
lear quadrupole resonan
e and Möss-bauer spe
tros
opy). TDPAC is a less known te
h-nique [27℄ that uses nu
lear probes inserted in the in-vestigated latti
e. It is worth noting that the TDPACmeasurements 
an be performed with very few impuritynu
lei and, in 
ontrast to the Mössbauer spe
tros
opy,it is not restri
ted to low temperatures. In the best711
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ases, the method yields an a

ura
y approa
hing thatof nu
lear quadupole resonan
e.Below, we report our results on the pressure depen-den
e of the EFG and the quadrupole intera
tion fre-quen
y (QF) �Q proportional to it, measured at 111Cdnu
lei introdu
ed in latti
e sites of metalli
 
erium. Ex-periments have been 
arried out at room temperatureand 
overed four phases of elemental 
erium: 
, �, �00,and �0 [1, 20℄. The operator of the quadrupole inter-a
tion of the nu
lear 
harge distribution in an externalEFG is given by [27, 28℄H = 16 3Xi;j=1QijVij ; (2)where Qij is the nu
lear quadrupole moment operatorde�ned by the 
orresponding integrals over the nu
lear
harge density, and Vij = �2V=�i�j (i; j = x; y; z)is the EFG tensor at the 111Cd nu
leus. Being asymmetri
 tra
eless se
ond-rank tensor, Vij 
an be di-agonalized. As a result, it is 
ustomary to 
hara
-terize EFG by the largest prin
ipal 
omponent Vzzand the asymmetry parameter � = (Vxx � Vyy)=Vzz(jVxxj � jVyyj � jVzz j, 0 � � � 1) [27, 28℄.The measurements of the nu
lear quadrupole inter-a
tion of 111Cd in 
erium were performed using the171�245-keV 
-ray 
as
ade in 111Cd populated by theele
tron 
apture de
ay of the 111In isotope with the2.8 day half-life. The 
as
ade pro
eeds via the 245-keVlevel with the half-life T1=2 = 84 ns, spin I = 5=2, andthe nu
lear quadrupole moment Q = 0:83 b. The 111Ina
tivity was produ
ed via the 109Ag (�; 2n) 111In rea
-tion by irradiating a silver foil with a 32-MeV �-beam.After that, the nu
lear 111In/111Cd probes were in-trodu
ed in the 
erium latti
e by melting Ce powder(about 500 mg) with a small pie
e of irradiated sil-ver foil (less than 0.1 mg) in a spe
ial 
hamber underthe pressure 8 GPa [29℄. The TDPAC measurementswere performed on poly
rystalline samples of 
eriummetal at room temperature using a four-dete
tor spe
-trometer equipped with a small-size hydrauli
 four-arm press with a 
apa
ity up to 300 ton [30℄. Thehigh pressure up to 8 GPa was produ
ed in a 
ali-brated �toroid�-type devi
e with NaCl as a pressure-transmitting medium [31℄. Nonhydrostati
ity of thetransmitting medium was 
he
ked by measuring the111Cd-TDPAC spe
tra of silver (f

) under high pres-sure and observed to be negligibly small (Fig. 2).The angular time 
orrelation is 
hara
terized by these
ond-order perturbation fa
tor of the stati
 ele
tri
QI for the nu
lear spin I = 5=2, whi
h des
ribes itspre
ession due to the hyper�ne intera
tion [27℄:
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Fig. 2. Room-temperature TDPAC spe
tra of 111Cd insilver (Fm�3m symmetry) under pressure: a� ambientpressure, �Q = 0:2(1) MHz; b � p = 3:15 GPa, �Q == 0:2(2) MHz; 
 � p = 5:55 GPa, �Q = 0:3(2) MHz;d� p = 8 GPa, �Q = 0:3(2)MHz. The R(t) spe
trumremains very narrow with a small �Q = 0:2�0:3 MHz,� = 0 even upon applying a high pressure of 8 GPaG22(t; �Q; �;�) == s20 + 3Xn=1 s2n 
os(!nt) exp(��n!nt): (3)Here, t is the time delay, s2n are the amplitude 
oef-�
ients, and !n are the angular pre
ession frequen
ies(n = 1; 2; 3 for I = 5=2) related to the energy diffe-ren
es between hyper�ne levels split by the QI. Thefrequen
ies are fun
tions of the EFG Vzz or, alterna-tively, of the QF �Q = eQVzz=h (4)and the asymmetry parameter � (h is the Plan
 
ons-tant). � is the half-width of the QF Lorentzian distri-bution a

ounting for os
illatory damping.Re
ording the delayed 
oin
iden
e spe
tra at angles�=2 and � between dete
tors, N(�=2; t) andN(�; t), weobtain the usual angular anisotropyR(t) = 2 N(�; t)�N(�=2; t)N(�; t) + 2N(�=2; t) ; (5)712
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lear 111Cd probes dete
t a hidden symmetry 
hange : : :whi
h is the TDPAC spe
trum. The pressure evolu-tion of the TDPAC spe
trum of 111Cd in Ce is given inFig. 3. It 
an be shown [27℄ thatR(t) = �A22Q2G22(t); (6)where G22(t) is the perturbation fa
tor, Eq. (3), Q2 �� 0:80 is the solid-angle 
orre
tion, and A22 = �0:17 isthe unperturbed angular 
orrelation 
oe�
ient for the
�
 
as
ade of 111Cd. The EFG parameters are de-termined from the least-square �tting of the TDPACspe
tra in a

ordan
e with Eq. (3).4. RESULTSThe extensive TDPAC data are presently availablefor the 111Cd impurity, for whi
h the EFG as a fun
-tion of temperature and pressure has been determinedin several rare-earth (RE) metals [32, 33℄. We notethat the majority of RE metals 
rystallize in hexago-nal stru
tures, implying a nonzero EFG at the RE nu-
lei. In parti
ular, the double hexagonal 
lose-pa
ked(dh
p) � phase of 
erium has been thoroughly investi-gated in [34℄.In the 
ubi
 symmetry, the �rst nontrivial ele
tron
harge density 
ontribution at ea
h site is des
ribed bythe 
ubi
 harmoni
K4 (i. e., the multipole index ` = 4),thus leaving no room for an EFG tensor: Vij = 0.(With a very high a

ura
y, Vij = 0 in the f

 lat-ti
e of silver, see Fig. 2.) Therefore, one should �nd�Q � 0 and Vij � 0 if both 
- and �-Ce are as-sumed to be isostru
tural. Instead, from the 111CdTDPAC spe
tra R(t) of 
ubi
 phases (Fig. 3), we �ndthat the 
on
lusion holds only for 
-Ce, while in �-Ce,�Q 6= 0 and Vij 6= 0, signaling the appearan
e of a hid-den quadrupole 
harge density 
omponent at the probe111Cd nu
lei. We �rst des
ribe the TDPAC spe
trumof 
-Ce, Fig. 3a. A slight de
rease of R(t) with time
an be as
ribed to a broad distribution of QF 
entredat �Q = 3:0(5) MHz. Su
h a distribution is found inall 
ubi
 metals and is attributed to latti
e defe
ts andother impurities. We note that our TDPAC spe
trumof 
-Ce is very 
lose to the one observed in [34℄ (theupper panel on Fig. 1 in that paper) with the samevalue of �Q.From the stru
tural data, we know that the TDPACspe
tra at pressures 1.8, 3.1, 3.9, and 4.4 GPa shouldbe identi�ed as belonging to the �-phase (Figs. 3b�e).They are 
onsistent, and we obtain �Q = 11(1) MHz(Vzz = 0:54(4) � 1021 V�m�2) and a uniaxial lo
al sitesymmetry (� = 0) from �tting. The values of �Qand Vzz are 
lose to the TDPAC parameters for �-Ce(�Q = 12:5(7) MHz, Vzz = 0:61(4) � 1021 V�m�2 [34℄),and other non
ubi
 phases of 
erium (see Figs. 3 and
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hFig. 3. Room-temperature TDPAC spe
tra of 111Cdin 
erium under pressure: a � at normal pressure,
-Ce, f

 [Fm�3m℄ stru
ture, no quadrupole order with�Q = 3:0(5) MHz and � = 0; b,
,d and e � �-Ce, 3-q-AFQ stru
ture with �Q = 11(1), 10:9(6),10:9(9), and 9:8(9) MHz and � = 0 at 1:8, 3:1,3:9, and 4:4 GPa, respe
tively; f and g � �00-Ce[C2=m℄ with �Q = 15(1), 15:8(6) MHz and � = 0at 5:3 and 6:2 GPa; h � �0-Ce [�-U stru
ture℄ with�Q = 21:6(5) MHz and � = 0:52(5) at 7:8 GPa713
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hkov et al. ÆÝÒÔ, òîì 138, âûï. 4 (10), 2010Table. The EFG Vzz, the asymmetry parameter �, andthe QF frequen
y �Q for 
erium under pressure pp, GPa �Q, MHz � Vzz , 1021 V�m�20 3.0(5) 0 0.15(3)1.8 11(1) 0 0.55(5)3.1 10.9(6) 0 0.54(3)3.9 10.9(9) 0 0.54(4)4.4 9.8(9) 0 0.49(4)5.3 15(1) 0 0.75(5)6.2 15.8(6) 0 0.79(3)7.8 21.6(5) 0.52(5) 1.08(3)5 and Table). The observed values of QF and EFG for�-Ce unambiguously rule out the 
ubi
 symmetry andindi
ate a hidden quadrupolar order in this phase. Thisexperimental �nding 
an be rationalized only by assum-ing a 3-q-AFQ order in �-Ce (see Fig. 1). The onlytheory predi
ting su
h a symmetry 
hange for 
eriumwas developed in [14, 16℄.The �-phase 
an also be rea
hed by 
ooling belowT = 96 K. Therefore, it is instru
tive to measure theTDPAC spe
trum R(t) of �-Ce at low temperatures.However, this path is hampered by the appearan
e ofthe intermediate � phase, whi
h seriously 
ontaminatesfurther investigations. It is known that the amountof �-Ce 
an be in
reased by thermal 
y
ling a samp-le of 
erium several times between room temperatureand some lower temperature. This pro
edure was fol-lowed in [34℄, but the authors were able to obtain only43% of �-Ce, while the remaining fra
tion belonged to
-Ce. This obsta
le is rather disappointing. The au-thors of [35℄ preferred to alloy a sample of 
erium with7 at.% S
 to avoid the formation of parasiti
 �-Ce. Al-though the S
/Th alloying solves the problem, the sam-ple be
omes 
ontaminated as a result. In this study,we followed a naive way to avoid �-Ce and 
ooled oursamples rapidly (by quen
hing) to 77 K to a
hieve the� phase. Then the measurements of R(t) were being
olle
ted for 12 h. The resulting TDPAC spe
trum isshown in Fig. 4, lower panel. We again observe an in-
rease in EFG (�Q 
hanges from 2.5�3 MHz (
-Ce) to5.5 MHz (�-Ce?)), whi
h supports our 
on
lusion fora substantial EFG in �-Ce. However, we admit thatunlike in our pressure study, the situation here is not
lear and further investigations are needed to 
larifythis issue.The 111Cd TDPAC spe
tra at pressures 5 to 8 GPaare shown in Figs. 3f�h. The spe
trum at 5.3 GPa has

300 400t; ns100 2000�0:05�0:100�0:05�0:10�0:15R; rel. unitsabFig. 4. TDPAC spe
tra of 111Cd in 
-Ce (Fm�3m)at T = 300 K (a, �Q = 2:5(6) MHz) and in a sample(�-Ce?) quen
hed to T = 77 K (b, �Q = 5:5(3) MHz).At T = 77 K the spe
trum has an in
reased value of�Q = 5:5 MHz, � = 0, see text for detailsthe QF value 15 MHz, whi
h is 1.5 times larger than theQF value at 4.4 GPa. Apparently, su
h an in
rease inthe QF without a 
hange of the asymmetry parameter(� = 0) is indu
ed by the modi�
ation of the Ce 
rystalstru
ture from the simple 
ubi
 symmetry (Pa�3) to themono
lini
 �00 phase. A partial �softening� of the EFGand �Q in �-Ce at 4.4 GPa (�Q 
hanges from 10.9(9)to 9.8(9) MHz) is also an indi
ation of the proximity tothe phase boundary. A

ording to the angle-dispersivepowder di�ra
tion te
hnique, the spa
e symmetry of�00-Ce is C2=m [20℄. It follows from Figs. 3 and 5 andTable that the mono
lini
 C2=m stru
ture is preservedup to 7.5 GPa. At the pressure 7.8 GPa, the 111CdTDPAC spe
trum 
hara
teristi
s 
hange again. Now,the QF is 21.6(5) MHz (Vzz = 1:08(3) � 1021 V�m�2)and the asymmetry parameter � = 0:52(5). To elabo-rate the phase symmetry, we �rst note that a

ordingto Ref. [20℄, a sample of 
erium preliminary heated to373 K at 12 GPa (to the mixture of both the C2=m and�-U phases) transforms to the �-U stru
ture at a pres-sure above 7.5 GPa. Be
ause our samples have beenprodu
ed by melting at 8 GPa, they are also expe
tedto undergo the transition to the �-U phase. We there-fore 
on
lude that the 
erium phase at 7.8 GPa shouldbe the orthorhombi
 (�-U) stru
ture. The assignmentis 
orroborated by a large value of �, whi
h is 
hara
-teristi
 of the �-U symmetry. (For elemental uraniumin the �-phase, � = 1 [36℄.)Figure 5 and Table present the overall pressure de-penden
e of the QF and EFG in Ce. At the phase tran-sition boundaries, the QF and EFG 
hange dis
ontinu-ously, indi
ating the �rst-order 
hara
ter of the transi-tions. The dis
ontinuous behavior of QF with 
hangesin the 
rystal stru
ture was previously observed for anumber of rare earths [32, 33℄.714
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lear 111Cd probes dete
t a hidden symmetry 
hange : : :
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p, GPaFig. 5. Pressure dependen
e of the EFG Vzz and the QF frequen
y �Q for 111Cd in 
erium latti
e: � is �-Ce from Ref. [34℄;
 is 
-Ce with the f

 stru
ture; � is �-Ce with a 3-q-AFQ stru
ture shown in the insert, �0 and �00 are �0-Ce (�-U) and�00-Ce (C2=m), respe
tively5. CONCLUSIONSOur TDPAC experiments (see Fig. 5 and Table) de-te
t an appre
iable EFG in �-Ce 
omparable with theEFG for non
ubi
 phases (�, �00), whi
h border �-Ce inthe pressure�temperature phase diagram. This �ndingrules out the 
ubi
 symmetry in �-Ce and eviden
esin support of a 3-q-AFQ order suggested in [14℄, su
hthat the lo
al site symmetry is trigonal (C3) with aquadrupolar ele
tron 
harge density 
omponent Y m=0`=2oriented along one of the main 
ube diagonals (seeFig. 1). For the �rst time, our experiments 
learly in-di
ate that the 
 ! � phase transition is not isostru
-tural, but they 
annot determine the exa
t spa
e sym-metry group for �-Ce. Possible 
andidates are Pa�3 pro-posed in [14℄ and Pn�3m found for NpO2 in [23℄. Pa�3minimizes the ele
tron�ele
tron repulsion on neighbo-ring sites, and Pn�3m 
an win as a result of the f -ele
t-ron parti
ipation in metal bond formation.Upon quen
hing a sample of 
erium to 77 K at nor-mal pressure (where �-Ce is stable), we observe an in-
rease in the EFG and �Q, 
onsistent with our pressuremeasurements in �-Ce, although the in
rease is smallerthan expe
ted. We attribute the in
rease to the partialappearan
e of �-Ce, while an arrested fra
tion of 
-Ceand possibly of �-Ce 
ontaminate the experiment.In the pressure range 5�8 GPa (room temperature),the TDPAC spe
trum follows other phase transitionsin 
erium: � ! �00 (C2=m) and �00 ! �0 (�-U stru
-

ture). This dire
t 
orresponden
e demonstrates thatthe TDPAC method is a very sensitive tool for phasetransformations.Our main 
on
lusion (that the 
 � � phase transi-tion in Ce is not isostru
tural) raises questions aboutother �isostru
tural� phase transitions. For exam-ple, YbInCu4 exhibits a 0.5% volume expansion with-out apparent 
hange of symmetry upon 
ooling belowT = 42 K [37℄. We note that Yb in YbInCu4 is thef -hole analog of Ce.Finally, we remark on the disappearan
e of mag-neti
 moments in �-Ce. Although the Kondo andMott-like s
enario 
annot be ex
luded from further
onsideration, it is understood that the hidden sym-metry 
hange gives the problem a new dimension.In fa
t, the demagnetization of �-Ce 
an be ratio-nalized in a simpler model [38℄. We 
onsider aninstantaneous ele
tron 
on�guration of four 
oupledvalen
e (4f + 5d6s2) ele
trons at a 
erium site. If theground state of the system in 
-Ce is the magneti
triplet T1 [T2℄ (the maximum degenera
y in the 
ubi
site symmetry group Oh) with magneti
 momentsMz = 0;�M , then the trigonal 
rystal symmetryin �-Ce splits it into a magneti
 doublet E (themaximum degenera
y in the trigonal site symmetryC3) with Mz = �M 0 and a nonmagneti
 singlet A1[A2℄. If the A1 [A2℄ nonmagneti
 state be
omes thelowest, then the magneti
 sus
eptibility � at the715
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