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High-pressure phase of CeRyr A magnetic superconductor with two charge states of Ru ions
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The intermetallic compounds LaRand CeRy, as well as several quasibinary systems Gea,Ru,, were
synthesized at a pressure of 8 GPa. The x-ray diffraction data showed the pureCd®bstructure for all
samples. The x-ray absorption measurements gave the value 3.23 for the Ce valence. Time-differential per-
turbed angular correlation measurements with'ftm-doped samples have showin *4in substituted for Ru;

(i) in LaRy, a single value of the quadrupole frequeney=234 MHz for the daughtet*’Cd nuclei was
observed(iii) in CeRy two distinct equally populated sites fdt'Cd were revealed withvg=218 andvq

=153 MHz. The low-temperature magnetic measurements showed that magnetic moments ahope0.3
formula unit are inherent in all samples and indicated at a coexistence of superconductivity and magnetic
ordering. In particular, the magnetic and superconducting correlations are developing, most probably, in the
same system of rutheniund4electrons.
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l. INTRODUCTION states at the Fermi lev&i=*®The Fermi surface determined
from the de Haas—van Alphen oscillatiolisthe electronic
Strong electronic correlations induced by the presende ofcoefficient of the specific hedt?*?*and the photoemission
electrons in lanthanide and actinide metallic compoundsiatd® are consistent with an itinerantf4and model. All
have been of permanent experimental and theoretical intereitese facts allow us to consider CeRas a typical example
during last three decades. Though fh&tates in such com- of a mixed-valence system.
pounds are located well below the Fermi level, their hybrid- CeRy belongs to heavy-fermion superconductors with
ization with electronic states of neighboring atonfidigand ~ relatively low values of the temperature-independent mag-
hybridizatiod) determines their strong influence on the netic susceptibilitf! xo=5.9x10 % cm®/mol, and linear
conduction-band states. Depending on the type and strengetectronic  coefficient of the specific hedf’-??
of thef-ligand hybridization and on the coordination number =23-29 mJ/Kmol (here and below we use mole assuming
of the ligand atoms, thielectrons are either totally localized Avogadro number of formula units, i.e., CeRuThe cited
or partially localized and partially itinerant. In the first situ- values testify that no local moments are associated with the
ation the system represents a nonmagnetic or magneti&f electrons. At the same time, the magnetic, transport, and
Kondo lattice? and in the latter case it exists in the so-calledmuon-spin-relaxation experiments indicated an antiferro-
mixed-valence stattHeavy-fermion behavior accompanied, magnetic ordering al =40-50 K?*?* An estimated mag-
at low temperatures, by superconductivity and magnetism isetic momentu=10 *ug (ug is the Bohr magnetonis
often observed in lanthanide and actinide compodrfds.® consistent with a small value of the field-induced moment
Among cerium intermetallic systems, CeRa character- u=4x10 “ug observed in experiments with polarized neu-
ized by a high delocalization of thef4electrons and by an trons and is associated with both cerium and ruthenium
intermediate cerium valence of 3.2—3:3° Photoemission ions?® Below the temperature of the superconducting transi-
experiments'~1® gave evidence of a strong hybridization of tion, T,=6.2 K, magnetic order still persigfs®* making
the Ce 4 and Ru 4l states. Band calculations predict the CeRy a magnetic superconductor, similar to the heavy-
existence in CeRuof a rather wide 4 band with about a fermion superconductors URSi, and UP{ which exhibit a
30% contribution of thef component into the density of magnetic phase transition with a relatively large correlation
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length and small magnetic momeat=(0.02—0.04)5 .28 structure spectroscofXAFS).

Because of the intermediate valence state of cerium, its The paper is organized as follows. In the next section we
alloys with d metals often demonstrate properties differingdiscuss the sample preparation method and briefly describe
from those of the alloys with three-valent rare-earth elethe experimental techniques used. In Sec. IIl the experimen-
ments. Hence, in the present work we consider GeRu tal data are presented. We_shoyv that macroscopic properties
comparison with LaRy The difference in their electronic and the state of the ruthenium ions are significantly affected

structures and corresponding macroscopic properties iphy a high-pressure treatment while the crystal structure and
t

e state of cerium ions are left unchanged. In Sec. IV we
mostly due to the absendka) or presencéCe) of 4f elec- . X )
- discuss the obtained data in the framework of the results of
trons. For example, the critical temperatdig=3.08 K and

. oo i . electronic band structure calculations for CgRand
the electronic contribution to the specific heat are lower in

aRL12.16‘18’27
LaRu, as compared to CeR&° Band calculations confirmed
the significant role of rutheniumdielectrons in the super-
conductivity of both compound§-1827 II. EXPERIMENT
Studying the solid solution Ge,La,Ru, might elucidate A. Sample preparation and analysis

the role and mechanism of thé-4d hybridization. Starting The samples of CeRy LaRu, and several compositions

Iiom d”‘? nonrtrl agndet:é: mdetall ;@Bw{l ? pa'sstis t.h rtough éhi of the quasibinary system €glLa,Ru, were synthesized at
ondo-impurily and ondo-iattice states in the intermediate, pressure of 8 GPa by a method as described by

compositions of Ce LaRy, and finishes with the mixed- 1\ ashchenkd* The high pressure was generated in a
valence state in CeRif chamber designed by Khvostantseval®® For the sample

~CeRy and LaRy belong fo the class of Laves phases preparation a stoichiometric mixture of cerium ruthenium
with a cubic crystal structure of the Mggtype®**(C15)  and janthanum metals with chemical purity of 99.9%, 99.9%,
(LaRuw, undergoes a structural transition below 30 K where itgnq 9904 respectively, was melted, cooled down, and crys-
is no longer theC15 Laves phasé® The La impurity in  tallized at high pressure in the NaCl envelope.
CeRy decreases the number of thé &lectrons and in- The composition of the samples was confirmed the by
creases the lattice constansince the ionic radius of lantha- x-ray microanalysis. The x-ray diffraction measurements
num is greater than that of cerium. This, in turn, shouldyere performed using a 114-mm Debye-Scherrer chamber
affect thef-d hybridization which is strongly dependent on and a DRON-2 diffractometer with Ni-filtered Gl radia-
the -igand separation. tion. A NaCl inner reference standard was added for accurate

_ The electronic properties of ge,La,Ru, are rather sen-  getermination of the lattice constants. All samples of
sitive to doping angzpre_ssu?%. 7T For example, experi-  cg 1 a,Ru, exhibited a single-phase structure of the cubic
ments by Hedet al> evidenced an electronic transition at a (C15) Laves phase type, in agreement with the data pub-
pressure of 5.5 GPa in CeRu _ lished for samples prepared at ambient pres&lfesketch

As was shown earlier, the electronic structure ofqof the C15 crystal structure and lattice constants obtained are

f-d-metal alloys could be different for samples crystallized given in Fig. 1. In the lattice, both Ce and La occupy crys-
at an ambient pressure and elevated pressure of several G'?a'ﬂlographic sites with cubic point symmetry while Ru ions
Due to different filling of thef-d bands, a metastable elec- are |ocated at vortices of tetrahedrons with threefold axial
tronic state could be formed in samples prepared at h'9|§ymmetry.

pressure. For example, in GdNsynthesized at a pressure |t js seen that the lattice constant dependence on the rela-
above 4 GPa, the Niions exhibited a charge state with the 3tjve concentration is linear, indicating the mutual solubility

population numbeny<10, while for the samples synthe- of hoth intermetallics. Thus, in quasibinary systems, Ce and
sized at low pressurey= 10> La ions should statistically substitute one another at random.

Thus, depending on the synthesis pressure, alloys of thene Jattice constants for oth@Ru, Laves compoundsR
rare-earth elements and transition metals with almost fdled stands for rare earthare also shown in Fig. 1 for compari-

band could have different electronit states. It is not yet ggn.

clear whether the difference in the states is induced by A number of Samp|es were annealed or remelted at nor-
changes in the density of electronic states caused by the lahal pressure. All these samples showed the same lattice
tice contraction(due to doping or pressureor originates  structure with the same lattice constant as prior to the ther-
from changes in the hybridizettd states near the Fermi ma| treatment. The appropriate measurements were carried
level. Furthermore, the sensitivity of the lattice parameter tqyyt before and after the treatment.

changes in the electronic structure should also be regarded. Magnetization was studied in the temperature range

In order to clarify the above questions we investigated4.2 K<T<300 K and magnetic field up th=9 kOe us-

samples of CeRy LaRw, and quasibinary compounds jng the SQUID magnetometer designed by Trofimdv.
Ce, _,La,Ru, prepared at high pressure. We have performed

magnetic measurements and studied electronic states of ions
and the local crystalline structure. The following methods
and techniques were applied: superconductiong quantum in- Measurements of the x-ray absorption coefficieQE) as
terference devicéSQUID) magnetometry, time-differential a function of energyE give information on the electronic
perturbed angulayy correlations, and x-ray absorption fine- structure and local space configuration of the atom specified

B. X-ray absorption measurements
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R site Ru site R-Ru layer L, Ce edge is rather short because of the interference of the
P—Q vetoeCoety nearbyL, Ce edge, only.; XANES was analyzed to deduce
U (OO e pRes the cerium valence state.
ot FoX SN X-ray absorption measurements have been performed in
v—d o v—d the transmission mode at LURBrsay, Franceon the D-21

beamline using a double-crystal $11) monochromator.

The energy resolution was about 2 eV for XANES measure-
ments at 5 keV. Samples crushed into a fine powder were
precipitated onto a microporous substrate in an amount cor-
responding to about two absorption lengths of the proper

& absorption edge. The low-temperature measurements were
~ carried out with a liquid helium circulation cryostat. The
A S~o temperature was regulated by the helium flow and measured
% O~ with an accuracy of 1 K.
ko) ~Q
&
La Ce Pr Nd = Sm Gd C. Time-differential perturbed angular yvy correlation

W33 59 60 6l o2 63 o The method of time-differential perturbed angular corre-

z lations (TDPAC) of y rays is one of the nuclear spectro-
scopic methods used to study the magnetic dipole and elec-
tric quadrupole interactions experienced by atomic nucleus
the lattice parameter for Ge,La Ru,. In the inset theC15 lattice with their electronic and ionic environment in C_onde_nsed
is shown. The structure of tHe-Ru layers and surroundings &  Matter. The theory of perturbed angular correlations is de-
and Ru sites are shown at the top of the figure. Circles are data frodcribed elsewher¢see, for example, Ref. 39

1.5

FIG. 1. Lattice parameter of cubic Laves-phd&®Ru, vs the
number of rare-earth elemen&and composition dependence of

Ref. 29 for Ce_,LaRRu, and from Ref. 50 for otheRRU,. Dia- The electric quadrupole hyperfine interacti&®l) repre-
monds are data obtained for CgLa,Ru, synthesized at 8 GPa. Sents the interaction of a nuclear quadrupole mongeaf a
Dashed lines are guides for eyes. probe atom with an electric field gradietEFG) created by

surrounding electrons and ions. The EFG is characterized by

by the chosen absorption ed{feThe oscillatory extended the main componenY,, and the asymmetry parameter
structure above the edge contains information about the ed-he EQI parameters are sensitive to the local charge distri-
vironmental parameters of the specified atom. The featurgdution and, in particular, to the symmetry of the probe-atom
of the x-ray absorption near-edge struct(fANES) are de-  SIte.

termined by the valence state of the absorbing atom and by In this work we performed TDPAC measurements using
the empty electronic states near and above the Fermi levéhe well-known nuclear probé*!in/**Cd introduced into
The extended x-ray absorption fine struct(EXAFS) con-  the lattice of Ce_,La,Ru, compounds synthesized at high

tains the structural information. pressure.

The normalized EXAFS functiony(k) = u/po—1 is ob- Yn decays into!Cd by electron capture with a half-
tained by subtracting the backgroupg(k) from the mea- life of 2.7 days. In the experiments, the well-known 172—-247
sured  absorption  coefficient w(k). Here k  keV y-ray cascade proceeding via the 247 keV isomeric state

= J2m(E—Eg)/h is the photoelectron wave number and in the daughter**Cd (spin 1=5/2, half-life T,,=85 ns,
E, is the absorbing-atom edge energy. To obtain informatiorfiuadrupole momen®@=0.77 b) is measured using a mul-

on the local structure around the absorbing atom, the EXAFgdetector scintillation coincidence spectrometer.
function may be transformed as follows: The **4in activity was produced via th&°Ag(«,2n)*in

reaction by irradiating a silver foil by the 32 Me¥ beam of
the cyclotron of the Nuclear Physics Institute, Moscow State
X(k)=2 N, |f(k2)|sin(2kr+250+q>)e‘2”2k2, (1) University. Small pieces pf the !rra_diated_ fél-2 mg have
T been melted together with stoichiometric amounts of pow-
dered Ru, Ce, and L& total mass 500—600 mat a pres-
which can be fitted by varying the structural parameters. Theure of 8 GPa. One sample of CeRuas also synthesized at
latter are the interatomic distancesthe coordination num- a pressure of 5 GPa. The ingots were crushed and small
bersN,, and the temperature-dependent rms fluctuation irbright fragments from the inner parts of the ingots were used
bond lengthso (Debye-Waller factor, which should also for the TDPAC experiments.
include effects due to structural disorder. In additif(k) After the Min activity practically decayed out, the x-ray
=|f(k)|e®*® is the backscattering amplitude an} is diffraction of the samples was measured. All samples were of
absorbing-atom partial-wave phase shift of the final state. Ipure cubicC15 Laves phase structure.
the present work these latter values were calculated by the TDPAC spectra were measured using a coincidence spec-
programrerr8.138 trometer with a time resolution of 1.8 ns. Assemblies of
The local crystal structure was inferred from the EXAFS BaF,-XP2020Q and N4Tl)-RCA7585 detectors were lo-
spectra at th& Ru edge. Since the extended structure of thecated in the horizontal plane, so that several coincidence
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spectraN(9,t) for different pairs of detectors, separated by 1.0F
an angle of9= /2 or , were collected simultaneously. The
anisotropy spectra of the perturbed angular correlation were
obtained for each combination &f(J,t) spectra using the
equation

N(m,t)— N(m/28) 0

R=- N(ar,t)+2N(7/2t) —AQ,G,(1), )

absorptance (a.u.)

where Q,~0.80 is the solid-angle correctiog,(t) is the .
perturbation factor describing a nuclear spin precession due e 5710 5780
. . . — H _ 0‘0 1 1 1
to a hyperflne_lnteracthn, anf,,=—0.17 is the unper 5750 5740 5760
turbed correlation coefficient for they cascade used in
11104, E (eV)
All spectra were measured at room temperature and atmo- -~ L,-edge Ce x-ray absorption measuredat7, 50, 100,

spheric pressure, i.e., in the paramagne_tlc state of thgnd 300 K for CeRyu Eight spectra normalized to unity at maxi-
samples. Therefore, the observed perturbation of the anguia{,m are collected for both high-pressure synthesized and annealed
correlation is due to a pure electric quadrupole interactionyampies. One of the spectiolid line) and its fitting curvedashed
with a perturbation factor determined by the following equa-jing) obtained by summation of the calculated speétiatted ling

tion (for the spinl =5/2 of the intermediate state of theray  are shown in the inset.

cascade and a polycrystalline sample

3 structure. The calculated signal was then convolved with the
Gz(t)zz piE a(7;)cod o (7)tlexd — Ao (7)t]. Gaussian with a width of 2.1 eV to account for the finite
i 1=0 experimental resolution.
3 The calculated profile of the €& spectrum was then

Herep; are the relative populations bfnequivalent sites of ~Shifted upwards in energy by 9.6 eV for simulation of the
probe atomsg, are the amplitude coefficients, ang are the Cé'* spectrum since theerr8.1 code is unable to calculate
frequencies. The latter are functions of the EFG asymmetrit correctly. The intensities of the two peafdotted curves in
parametery and quadrupole frequenay,=eQV,,/h. Here  the inset of Fig. 2 were varied to obtain the best filashed
A is the relative half-width at half-maximum of the, dis- curve of the experimental curvésolid curve. From this fit
tribution around the mean value assuming its Lorentziarthe cerium valence was determined as 3:P32 which is
shape. This distribution takes into account variations in thelose to the estimation 3.2 obtained by x-ray photoelectron
EFG parameters at different lattice sites caused by imperfespectroscopy.
tions of the crystal lattice. We have also deduced the valence in a traditional way
The EFG parameters were determined by least-squargsee, for example, Ref. 42ised earlier to estimate the ce-
fitting of the TDPAC spectra in accordance with E8) as-  rjum valence in CeRu®'°We have subtracted steplike back-

suming one or several sites of probe atoms. grounduq(E) from the measured absorption coefficient and
fitted the absorption peaks from the®Ceand Cé" ions by
Ill. RESULTS two Gaussians. The ratio of areas of Gaussians is equal to the

ratio of the fractions of CE and C&" ions® We have ob-
tained a cerium valence of 3.3 which in good agreement
Two samples of CeRusynthesized at 8 GPa and one with the data previously estimated in XAFS analysts.
annealed at 850 °C fa} h were studied by the XAFS meth- However, as follows from the simulation by theEFF8.1
ods. Figure 2 shows the experimental XANES spectra neatode, near the absorption edge the background energy depen-
theL; Ce absorption edge measured in the temperature rangkence is more complex than stepwise, and hence the proce-
7 K<T=300 K for the as-cast and annealed samples. Theure described above is incorrect, giving only a rough esti-
pre-edge background was subtracted. As long as the neamation of the valence.
edge structure is sensitive to the valence state of the absorb- For the absorption spectra above tReRu edge the ex-
ing atom?® this structure being practically identical for all tended fine structure was obtained in a standard%&yg-
measured spectra, one may conclude that the valence statewg 3 shows the modules of Fourier transform of the EXAFS
Ce is independent of both temperature and the thermal treasignals aff=7 K for the as-cast and annealed samples. The
ment of the samples. two spectra and, subsequently, their Fourier transforms are
The Ce valence was determined by the quantitative analypractically identical. Thus, annealing induced only minor, if
sis of the XANES structure using theErr3.1 code®® At the  any, variations in the interatomic distancesand Debye-
first stage the absorption spectrum of monovalent'Geas  Waller factorso? obtained by fitting the EXAFS signals. It
simulated. The self-consistent potential calculations werehould be stressed that the peaks in the Fourier spectra are
performed for a cluster of 17 atorfisusing the ground-state well separated, evidencing the high quality of the crystal
exchange correlation potential and the regular Laves-phassgructure of both samples.

A. Mixed valence of Ce ions
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CeRu well described by the function deduced from the Einstein
4l 728(}1,& modef“ hence, the system is characterized as a harmonic
- 500°C 2h| one.
R I fitting It is seen in Fig. 3 that the Ru-Ru bond length is practi-
i:,{ sl cally independent of temperature, whereas the Ru-Ce bond
S length exhibits a normal temperature expansion. The lattice
/\,\ constants deduced from the obtained bond lengths are 7.51
0 Ve AN +0.01 Aa7Kand7.530.03 A at 300 K.

0 2 6 The results of the XAFS studies show that the crystalline
r (@A) structure and the cerium valence do not differ for CeRu

T T ™ synthesized at high and ambient pressure. In the present ex-

periments we did not study the influence of doping by lan-

R Ru-Ce 4
3.15 - (} jL 275 thanum on the cerium state, but Chabetyall® have not
= B &9 2 observed any variations in the cerium valence in
g, 810} J12.70 Ce _,La,Ru, in a wide range of compositions<Ox=<0.75.
“ RuRu ] This result seems to be strange since at low cerium content
305p o0& © 3 & loes one expects Iocallzatlo.n cff_states qnd a decrease of.the
: 1= cerium valence. To clarify this question we plan to continue
0.02f ’ ’ . XAFS experiments on Ge,La,Ru,.

O 8GPa From XAFS experiments we conclude that our high-
A 500°C2h ; o ;

pressure treatment neither modifies the lattice nor changes a
filling of the localizedf states. At the same time, as discussed

Ru-Ce

°N$ 0.01 . in the next sections, it affects the electronic states of the
“% 7 P ruthenium ions.
& Re " Ru-Ru ]
0.00 L L L ) ic fi i i
0 100 200 300 B. Electric field gradient at Ru sites
T (K) The TDPAC measurements were performed for six differ-

ent samples of CeRuthree samples of LaBuand two

FIG. 3. On the analysis of the EXARS Ru spectra for CeRu  samples in the series L@e, _ Ru, with x=0.6 and 0.2, syn-
Upper panel: the Fourier transform of the EXAFS function obtainedthesized at 8 GPa. The TDPAC spectra were reproducible
from the spectra measuredlat 7 K for high-pressure synthesized and practically identical for different samples of each com-
and annealed CeRuand the fit for the former. The fit was done pound.
over ther region specified by vertical marks. The Ru-Ru and Ru-Ce  The TDPAC anisotropy spectrum for LaRis shown in
bond lengthgmiddle pane) and their Debye-Waller factorower  Fig. 4(a). The spectrum can be fitted assuming a single lattice
pane) are inferred from the proper fits. The Einstein model theo-gjte occupied by the probe atoms, i.p=1. In whole, the
retical curves are represented by solid and dotted lines for highperturbation pattern is similar to that observed by Devare
pressure synthesized and annealed samples, respectively. et al®® with a sample prepared at ambient pressure. The fit-

ting parameters obtained using Eg) are presented in Table

The quantitative analysis of the EXAFS signals was card. An approximation of the experimental data by HG)
ried out taking into account the contribution from the neigh-showed that the EQI is characterized by an axially symmetric
bors nearest to the absorbing ruthenium, i.e., six Ru atomgFG (7 is close to zerpand a very narrow distribution,
and six Ce atomgsee Ru-centered cluster in Fig). The about 1%, of the quadrupole frequencies around the average
main double peak in the range 1.2—-3.4 A of the Fourienvalue(see Table)l Thus, it can be assumed that probe atoms
transform corresponds to the single-scattering paths withisubstitute the Ru sites witn3-point symmetry in the LaRu
this cluster. Applying the standard single-electron EXAFSlattice. The obtained quadrupole frequency of 234 MHz is
formula (1) with scattering amplitudes and phases calculatedibout 8% lower than the value 254.4 MHz observed in Ref.
by the FEFF8.1 code, the experimental spectrum was fittedd5, which may be attributed to the difference in the sample
using five variable parameters: the threshold energy, dissreparation proceduré@.
tances of the Ru-Ru and Ru-Ce bond lengths, and their The most prominent difference of the present results and
mean-square deviatiore’. The coordination numbers of the those by Devaret al*® was observed for CeRuOne of our
nearest Ru and Ce shells were kept equal to 6. TDPAC spectra for CeRuis shown in Fig. 4d). There were

The temperature dependence of bond lengths and Debyédetected two distinct, approximately equally populated, po-
Waller factors obtained by fitting the EXAFS spectra is sitions of the probe nuclei with different quadrupole frequen-
shown in Fig. 3. The error bars were calculated taking intccies (see Table )l The vq value for site 1 is close to that
account all possible pair correlations between the fitting paebserved for LaRy indicating a similar charge distribution
rameters. The uncertainties increased with temperature dweound the probe nuclei. In the error limits o value for
to a significant decrease of the EXAFS signal with increasinghis site agrees withvg=220 MHz determined in Ref. 45
thermal vibrations. It is seen that theé(T) dependences are for CeRy prepared at ambient pressure.
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R(t)|

CeRu2 8 GPa

0.075
0.000
1 b CeRuZ anneal.
0‘075—‘ A A N A A A '
00004 7 7 %
0 50 100 150 200
t (ns)

FIG. 5. Y1Cd-TDPAC spectra measured at room temperature
and atmospheric pressure f@ CeRy synthesized at 8 GPa and
(b) CeRy synthesized at 8 GPa and annealed at 600 °C for 4 h.

eral hours at 400 °C, but no changes were observed in the
TDPAC spectrum; its significant modification was achieved
by further treatment at 600°C for 3 h. Figure 5 demonstrates
the spectra of the as cast and the annealed samples obCeRu
It is seen from the spectra and the data of their analysis
. _ presented in Table | that the lower-frequency component was
0 50 100 150 200 250 300 transformed into a broad frequency distribution with a low
¢ (ns) average value obg, while_the h_igh-frgquency component
was left unchanged. The intensity ratio of the two compo-
FIG. 4. Y1Cd-TDPAC spectra measured at room temperaturenents was the sam@bout unity as in the initial spectrum;
and atmospheric pressure for samples synthesized at 8 @Pa: i.e., annealing induced certain changes only at the sites char-
LaRw, (b) Lag ¢Cey 4Ry, (€) Lag LLCey Ry, and(d) CeRy. acterized by the low quadrupole frequency.
The TDPAC spectra for the samples @eay ,Ru, and
The second site is also characterized by a well-determine@e, JLa, jRu, are shown in Figs. @) and 4c), respectively,
EFG with a quite low value of the asymmetry parameter andand their fitting parameters are presented in Table I. In the
an average value of the quadrupole frequeney first case a two-component pattern, similar to CeRuas
=152 MHz. observed, with slightly lowered relative contribution of the
The same two frequency components, with approximatelyl52 MHz component. At higher concentration of La it van-
the same intensity ratio, were observed in the spectrum déhed, and the spectrum reproduced that for pure LaBx+
CeRy synthesized at 5 GPa, though there was present alssept a markedly higher value of the asymmetry parameter.
an about 30% contribution of a broad low-frequency distri-This may be a result of the lattice constant variation with
bution. increasing lanthanum concentration mentioned in the Intro-
The narrowness of the frequency distributions and the abduction.
sence of positions with intermediate values of the quadrupole Regular studies of EQI fot*!Cd in a series Ge ,La,Ru,
frequency indicate that the nearest environments of the olare being completed and will be published elsewhere.
served two sites occupied by the probe nuclei are electrically The results obtained show that in the CeRamples syn-
uniform, differing in quadrupole charge density at thethesized at high pressure there exist large enough regions
1n/1cd sites. where the nearest neighbors of the probe nuclei experience
To find out if the observed second site is due to the highdifferent quadrupole charge density at their sites. As long as
pressure effect, we tried to eliminate the latter by annealinghe EXAFS results indicate that the Ce valence state is the
one of the CeRysamples prepared at 8 GPa. At first, thesame, independent of the method of synthesis and thermal
CeRy sample was annealed in an argon atmosphere for seweatment of the samples, this difference should be ascribed

TABLE |. EFG parameters fot''Cd in Cq_,LaRu, synthesized at 8 GPa.

Site 1 Site 2
Samples vq (MH2) 7 A p  vo(MH2) 7 A p
LaRu, 2341) 0.032) 0.0051) 0.95
Cey Ly R, 2251) 0.131) 0.01X1) 0.90
Ceygdlag Rup 2251) 0.131) 0.0132) 0.50 1521) 0.151) 0.0144) 0.30
CeRy 2181) 0.062) 0.00G3) 0.4 1521) 0.1%2) 0.0063) 0.45

CeRy annealed (600°C, 3)h 2171) 0.033) 0.0043) 0.5 616) 0.0 0420 05
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0.02F 0,002 N CoRu C. Magnetic correlations and superconductivity
’ Ci; o §GPa Six samples of CeRLitwo samples of LaRy and several
2 o 4 . samples of intermediate compositions were investigated in
£ o magnetic measurements. The magnetic susceptiklityas
g P00 measured in a magnetic field of 300 Oe in the temperature
= 001p T 0001F O?Oe@ez):wz; range 5 K<T=<300 K. Curie-Weiss-like behavior was ob-
R o h s = served for all samples, with an irregularitgg bump at T
2 ~70-80 K. This irregularity became more prominent after
annealing of the samples, as is illustrated for CeRuFig.
numnnmfné’g‘é&%ggmmwm__, 6. The x(T) curves follow the Curie-Weiss law
0.00 10 100
2000 - —Ts00 B N ,
P X=Xot 3 74 (4)
-.'A i&& 2 o BefD,
1>} 0 30 60 57 i ) )
— LI Here x, is the temperature-independent part of the suscepti-
¥ 1000} e 097 bility, w is the effg:ctive magnetic moment per formula unit,
R Eru'“' 0 0 is the Curie or Nel temperaturel\, is the Avogadro num-
§ AP ad ber, andk is the Boltzmann constant.
s el e The values ofyg, u, and @, obtained via fitting ofy(T)
2 ﬁ"" JURece sl curves by Eq(4) are presented in Table Il. Note that in the
ooﬁ?”“"@ - = = temperature ranges below and above the irregularity the val-

ues ofyxq, u, and@ are different, which obviously indicates

T (K) certain changes in the electronic structure of the samples at
T~70-80 K. A significant variation of these parameters
Enoeasugs)d gHR: SO?DC))eLfORr Cefxlaagil)lz éynthesized at|8 (?]Pa: Vo/faisocitésgr\:ed as a result of annealing in vacuum at a pressure

D, eRy, aRW, an . In the . ) .
insetsy(T) cur\l;tes for CeRyuzare presenteo?b oﬁ_ Zoh2§1l:;rged scale. I.t IS seen from'TabIe . that' at low 'temp(.arature the ”?ter'
Dashed lines in the bottom panel represent fits of the experimentzﬂCt,'on, of magn_et,'c moments in L?B“B antiferromagnetic
data by Eq/(4) with parameters,, «, and@ presented in Table 1l While in CeRy it is of ferromagnetic character.

At low temperature the magnetic moments tend to be cor-
o ] . i related, and below the Curie or Bleemperature one would
to certain differences in the electron configurations of Ruexpect a setting up of the magnetic ordering. However, as the
ions. The volumes of these regions should be large enough & perconducting transition precedes a possible establishing
make negligible the probability of populating by In/Cd im- of the magnetic ordering, we were unable to detect the latter.
purities the sites in the boundaries between them, as the disor example, CeRucan be ferromagnetic af<4.6 K
tributions of v values are very narrow. while a superconducting transition occursTat=5.0 K.

Thus, in the process of CeRuicrystallization at high The temperature dependence of the magnetiza#dior
enough pressure certain changes in tltkbénd structure the as-cast and annealed samples of GaRshown in Fig.
occur as compared to the compound, prepared at normal coid- At first the samples were cooled down in zero field, and
ditions. Annealing influences in turn these changes and, as then a magnetic field of 1 Oe was applied. After that the
shown in the next section, strongly affects the magneticamples were heatddnd the ZFC curve was recordeshd
properties of the samples. then cooled agai(FC curvg. To minimize the demagnetiza-

FIG. 6. Temperature dependences of the magnetic susceptibili

TABLE Il. Magnetization parameters for ¢e,La,Ru, synthesized at 8 GPa.

T>80 K T=65 K
XOX 104 Xox 104
Samples (cimol) w (ug) 6 (K) (cm¥/mol) w (ug) 6 (K) T (K)
LaRw, 742 042 5200 941 0208 -4(2) <4.21
LaRy, annealed (520°C, 49h 8.21) 0.32) 13(5) 10.32) 0.159) —-1(3) <4.21
Cep 7430 2R 6.11) 0244 081 <421
Cey 520 R 5904) 0224) 082 <421
Ceyolao RU, 561 0267 063 <421
CeRy 6.05) 0.61) —43(42) 9120 0275 4583) 5.005)
CeRy annealed (500°C, 2h 6.61) 052  5(8) 791  0436) -02(1) 5.71)
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FIG. 7. Temperature dependences qf the magne_tization mea- F|G. 8. Magnetization vs magnetic field measured for Ge&u
sured for CeRpatH=1 Oe. For a detailed explanation see the 1_4 75 K. Dotted lines are the asymptotes of high-field magneti-
text. zation. Low-field magnetization is presented in the top inset. Mag-

netization curvegsolid line) for a superconductor withl.;<H,
tion effect, the samples shaped into rods about 3 mm longre shown in the bottom inset for different types of normal-state
and 0.3-0.5 mm thick were aligned along the applied magmagnetization(dashed ling Bottom curve: ordinary dia/para
netic field. magnetism. Middle curves: enhanced paramagnetism. Top cur-

For the as-cast samples the critical temperatlite Ves: spin glass, ferromagnetism, or strong paramagnetism with
=5.0 K was obtained, which is significantly lower th@p  Brillouin-like m(h).
=6.2 K for ordinarily prepared CeRBuAnnealing at 500 °C
for 2 h resulted in a substantial increaseT@fup to 5.7 K paramagnetic superconducting material the high-field mag-
(see Fig. 7 and Table)llthough it did not reach the above- netization is positive, asymptotically approximating a
cited normal value. Further annealing at 900 °€ 4oh has straight line starting from zero, with a slope determined by
only slightly changedr... the enhanced paramagnetic susceptibility. In the case of non-

All samples are characterized by a strong flux expulsionlinear normal-state magnetization the asymptote of the mag-
The Meissner fraction was of the order of 30% of the as-cashetization curve crosses the magnetization axis at a positive
sample volumdsee Fig. 7. Annealing at 500 °C resulted in value.

a reduction of the superconducting fraction down to about In the field range used in our experiments we were unable
75% of the sample volume but further annealing at 900 °Co separate superconducting and magnetic contributions into
restored superconductivity in the whole sample. Strengtherthe magnetization. However, analysis of tii¢H) curve for

ing of flux pinning was observed after each annealing stepthe as-cast sample of CeRtestifies to a nonlinear field

It should be stressed that the thermal treatment of thelependence of the normal-state magnetization. It should be
samples at 500°C could by no means induce any structuraitressed that in our case the interaction energy of magnetic
changes in their crystal structute.Thus, the observed moments with applied field is lowyH<kT, and insufficient
marked sensitivity of their superconductivity to annealingfor the moment ordering. Thus the nonlinear normal-state
evidently reflects a certain variation of their electronic struc-magnetization should be attributed to the interaction of the
ture due to decay of the state formed in the conditions otorrelated moments with a molecular field induced by the
high-pressure synthesis. moments themselves.

Magnetization curves for the as-cast and annealed at The results of the magnetic measurements allow us to
500 °C samples measured in the field rahtye 9 kOe are state that in Ce ,La,Ru, synthesized at high pressure sig-
shown in Fig. 8. The curve for the as-cast sample is marknificant magnetic moments are formed which tend to be cor-
edly nonlinear, and a slight hysteresis is observed at fieldelated at low temperature. In addition, the coexistence of
values below 1 kOe. A similar behavior was observed formagnetic ordering and superconductivity can also be pro-
Ce _,Gd.Ru, with a few percent of Ce substituted by mag- posed. These features radically differ from those of GeRu
netic Gd ions*® The curve for the annealed sample is prac-prepared at an ambient pressure where the magnetic mo-
tically linear in the field range where the magnetization isments are about three orders of magnitude Iit&t.
reversible, which is also characteristic for monocrystalline If the estimated moments were related to fiséates of Ce
CeRy.*° ions, their valent state should be different in samples pre-

The sample normal-state magnetization affects the fielghared at high and low pressure. However, no difference was
dependence of their reversible magnetization. For illustratiombserved in our XAFS measurements and thus these mag-
we present in the inset of Fig. 8 sketches of the magnetizanetic moments should be associated with Ru sites. This as-
tion curves for superconductors with different types of thesumption is corroborated by the existence of the moments in
normal-state magnetization. It is seen that in samples withaRu, where thef band is nearly empt}f
negligibly small normal-state magnetization the high-field We have to discuss the probable influence of magnetic
magnetization is negative and close to zero. For stronglympurities on the magnetic properties of the samples studied.
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The purity of the latter is determined by the purity of the terms of the band structure for LaRand CeRuy calculated
ingredients(La, Ce, and Ryuclaimed by the manufacturer jn Refs. 16—18 and 27.

and cited above. Assigning the measured magnetic moments In both compounds, the main contribution into the density
©=0.2ug (see Table )i to a possible contamination we ob- of states on the Fermi level is formed by the rutheniudh 4
tain u=20ug andu=200ug per an impurity atom in LaRU  states. The Fermi levelr is situated approximately at the
and CeRy, respectively. The latter value is quite unrealistic, haif-maximum of the narrow peak of the density ofl 4
and the above assumption may be ruled out for_the Ce'”cgtates, but in LaRuit is above its maximunti.e., higher in
compounds Ce,La,Ru,, though it should be considered for gnergy and in CeRyit is below it. In CeRy the 4f-electron

the La-rich samples. The estimated value ;ofpositively  yonsity forms a broad peak abovg, andf electrons deter-
excludes from consideratiord3and 4d impurities, and only mine about 30% contribution intg(z). In LaRy, the 4f

h_eavy rare earths, which may POSSESS magnetic moments B3nd is empty, and above the Fermi level lies the La band of
high as 1@, should be taken into account. the p-like state<’

To give rise to the observed magnetically correlated state Under pressure the eneray of electron states increases. the
in the LaRy samples these impurity atoms have to create a b gy '

segregate®Ru, phase, which seems rather unlikely because™ 'Y shift forf andd states being larger than ferandp

of complete mutual solubility of theRRu, Laves com- s.tates.. This may induce a redistripution of pa_lrtial contribu-
pounds. At a comparatively low concentration the impurityt'ons mt_og_(sF) due to states with dnfferent orbital momenta
rare-earth atoms would most probably prefer to substitute foRNd variations of the states population.
La at random, as isolated paramagnetic ions forming, in turn, 10 Minimize the system energy, electrons abandon states
nonmagnetic Kondo impurity states. Thus, no magnetic corWith high orbital momenta and populate those with lower
relations can be set up, and we may conclude that on|y momenta, prOVided the latter are present in the SyStem. Evi-
minor part, if any, of the magnetic moment observed fordently, this situation is realized in LaRwhose Fermi level
LaRu, may be attributed to rare-earth impurities and the mais shifted under pressure into the band of theptlie states,
jor contribution is inherent in the high-pressure phase ofind electrons partly abandon Rlstates and populatp
LaRu, itself. Nevertheless, the magnetic data obtained fostates. Simultaneously, the peak of densityaftates over-
La-rich samples of Ge,La,Ru, should be considered as laps the Fermi level. As a result, the temperature-
preliminary, and measurements for higher-purity samples ar#dependent susceptibilityyo, which is proportional to
necessary. d(eg), increases, as is observed in the experiment. The
variation of thed-state population may be the cause of the
about 8% difference observed in the EFG'&Cd measured
V. DISCUSSION in this work and by Devaret al*®
This situation seems to be similar to that observed earlier
The experimental data outlined above indicate that synin the cubic Laves compound GdN The EFG at the im-
thesis at high pressure of the Laves compounds baRad,  purity nuclei *¥'Ta at the substitutional sites in the Ni sub-
especially, CeRuresults in a significant modification of their lattice was found to be about 25% higher in samples synthe-
electronic structure, whereas their crystal structure is left unsized at a pressure above 5 GPa than in “normal” samples.
changed. Magnetic moments which tend to correlate at lown a definite range of the synthesis pressure the coexistence
temperature are formed in both compounds. of regions with two different values of the EFG was ob-
In LaRw, an about threefold increase of the temperatureserved. This result was interpreted as being due to a decrease
independent susceptibility, and a notable decrease of the of the Ni 3d-band filling in samples prepared at high pres-
EFG at the'!in/***Cd impurity are observed as compared tosure as compared to “normal” ones in which the Band is
samples prepared at ambient pressure. Sipcés propor-  completely filled.
tional to the density of states at the Fermi legékg), the If the density ofs andp states in the vicinity ok is low,
former means an increase ofcg). electrons cannot abandémandd states, and the Fermi level
In CeRy the magnetic moments are three orders of magis shifted to higher energy together with these states. The
nitude higher than in the “normal” phase, the critical tem- overall electron energy increases significantly, and the sys-
perature is significantly loweretb K vs 6.2 K), two well-  tem will tend to decrease its energy by means of a certain
separated regions are observed where the impdfitgd  electron or structural transition. Probably, such a process is
nuclei experience different and EFG's. It should be noteddeveloped in CeRuwhere the partial density afp states
that lowering ofT, to 5 K was also observed at about 6 GPanear the Fermi level is negligibf&!’ In particular, the elec-
in thein situ experiment? Our data show that the pressure- tronic structure rearrangement results in a sharp decrease of
induced variation off . is preserved at normal conditions and T, mentioned in the Introduction and a jump of resistivity
that the corresponding changes of the electronic structure atemperature coefficient observed by Hestaal 22 for CeRuy,
metastable: annealing at a moderately elevated temperatuirethe in situ measurements. High-pressure-induced variation
increasedT., though did not restore it completely. The re- of the critical temperature of the superconducting transition
gions characterized by the low-frequency EFG componenbccurs as being irreversible; i.e., the metastable state formed
for 1Cd are also metastable, and their destruction beging our samples is characterized by the same decreased value
above 400°C. of T,.
Here we shall try to qualitatively interpret these results in  The most intriguing problem is that brought forward by
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the observation of two distinct EFG’s atlin/*'!Cd sites in ~ cal data are necessary. Qualitatively, it may be the result of a
CeRy. The simplest explanation may be offered by the ashigh density of states at the Fermi level which is higher than
sumption of an admixture of an unknown crystal phasethat in isostructural compounds LaRand CeRh.*® The lat-
formed in the process of CeRsolidification at high pres- ter has one extradielectron per each rhodium ion as com-
sure. The abundance of this hypothetical phase should be lopared to CeRu In CeRb the completely filled 4 band lies
to be undistinguishable in x-ray experiments. On the othebelow the Fermi level, and the main contributionge)
hand, the affinity of the indium impurity atoms to this phasestems from the Ce #electrons'® As was mentioned above,
should be so high that about a half of them is absorbed ther# LaRu, the 4f band is empty and the Fermi level is situated
It should be also kept in mind that théin/*'Cd concen- at the peak of the density of thed4states™® To gain energy
tration is far too low(about 108 at. % to allow the forma-  stability and to decreasg(eg) at high pressure, an electron
tion of any separate intermetallic compounds with cerium ottransition may occur in CeRuproceeding in two ways and
ruthenium. If a certain amount of indium was left in undis- leading to the formation of LaRtlike and CeRklike re-
solved fraction of silver(see Sec. Il € or substituted for gions where the Ru ions find themselves in different elec-
cerium, the EFG should be close to zero since in both casdgonic configurations or, in other words, in different effective
it would reside at sites with cubic symmetry. A relatively charge states.
small (5%—-10% constant background observed in the TD- In conclusion we state that in the studied quasibinary sys-
PAC spectra of Ce ,La,Ru, may be ascribed to these sites. tems Ce_,La,Ru, synthesized at high pressure magnetic
It should be stressed also that the low EFG componenmoments are formed on the Ru ions, which are involved in
transformation by annealing is undoubtedly correlated withan exchange interaction. On the other hand, the ruthedium
changes in the superconducting and magnetic propertiestates significantly contribute to the sample superconductiv-
which could not be sensitive to the small admixture of anity. Thus, Ce_,La,Ru, represents a system where magnetic
alien phase. and superconducting correlations develop in a common elec-
These considerations, as well as the observed dependeriten system, which represents a special interest from the fun-
of the lower EFG component on La concentration in thedamental point of view.
quasibinary systems ¢e,La,Ru,, make us to believe that For the creation of a more reliable and detailed model of
attribution of this component to an alien crystal phase ighe electron structure of the high-pressure phase of
unlikely. Ce _,La,Ru, additional studies of the low-temperature spe-
Hence, we are to infer that the observed two values ofific heat, magnetic structure, and temperature dependence of
quadrupole frequencies correspond‘tdin/**’Cd impurities  the superconducting gap are necessary, as well as refined
substituting for Ru in a uniqu€15 crystal phase. As long as band structure calculations taking into account pressure ef-
the XANES measurements have shown that the Ce valencefgcts. The latter are especially important for the explanation
independent of the method of synthesis and thermal treatf two different electronic configurations of Ru ions in
ment of the samples, the positions with different electricCeRy.
guadrupole charge densities at the impurity sites should dif-
fer in the electronic configurations of the nearest Ru ions.
A rather small width of the frequency distributions means
that regions characterized by a certain valuergfare suffi- The authors acknowledge Professor E. Maksimov and Dr.
ciently large and well segregated to make negligible theA. Sinchenko for helpful discussions of the results. We are
probability for probe atoms to find the nearest Ru ions withalso indebted to Dr. D. Eremenko and Dr. P. Konarev for
different electronic configurations. assistance in the experiments. The work was supported by
To understand the formation of regions with different Grant No. 01-02-97010, 99-02-17897, and 02-02-16942 of
electronic configurations of the Ru ions in CeRsynthe- RFBR, and the program “Superconductivity” of the Russian
sized at high pressure, additional experimental and theoretMinistry of Science and Federal program “Integration.”
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