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High-pressure phase of CeRu2: A magnetic superconductor with two charge states of Ru ions
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The intermetallic compounds LaRu2 and CeRu2, as well as several quasibinary systems Ce12xLaxRu2, were
synthesized at a pressure of 8 GPa. The x-ray diffraction data showed the pure cubicC15 structure 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 the111In-doped samples have shown~i! 111In substituted for Ru;
~ii ! in LaRu2 a single value of the quadrupole frequencynQ5234 MHz for the daughter111Cd nuclei was
observed;~iii ! in CeRu2 two distinct equally populated sites for111Cd were revealed withnQ5218 andnQ

5153 MHz. The low-temperature magnetic measurements showed that magnetic moments about 0.3mB per
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 ruthenium 4d electrons.

DOI: 10.1103/PhysRevB.65.174513 PACS number~s!: 74.25.Ha, 74.62.Fj, 74.70.Ad, 75.20.Hr
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I. INTRODUCTION

Strong electronic correlations induced by the presencef
electrons in lanthanide and actinide metallic compou
have been of permanent experimental and theoretical inte
during last three decades. Though thef states in such com
pounds are located well below the Fermi level, their hybr
ization with electronic states of neighboring atoms (f -ligand
hybridization1! determines their strong influence on th
conduction-band states. Depending on the type and stre
of the f-ligand hybridization and on the coordination numb
of the ligand atoms, thef electrons are either totally localize
or partially localized and partially itinerant. In the first situ
ation the system represents a nonmagnetic or magn
Kondo lattice,2 and in the latter case it exists in the so-call
mixed-valence state.3 Heavy-fermion behavior accompanie
at low temperatures, by superconductivity and magnetism
often observed in lanthanide and actinide compounds.1,2,4–6

Among cerium intermetallic systems, CeRu2 is character-
ized by a high delocalization of the 4f electrons and by an
intermediate cerium valence of 3.2–3.3.7–10 Photoemission
experiments11–15 gave evidence of a strong hybridization
the Ce 4f and Ru 4d states. Band calculations predict th
existence in CeRu2 of a rather wide 4f band with about a
30% contribution of thef component into the density o
0163-1829/2002/65~17!/174513~11!/$20.00 65 1745
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states at the Fermi level.16–18 The Fermi surface determine
from the de Haas–van Alphen oscillations,19 the electronic
coefficient of the specific heat,18,20,21and the photoemission
data15 are consistent with an itinerant 4f -band model. All
these facts allow us to consider CeRu2 as a typical example
of a mixed-valence system.

CeRu2 belongs to heavy-fermion superconductors w
relatively low values of the temperature-independent m
netic susceptibility,21 x055.931024 cm3/mol, and linear
electronic coefficient of the specific heat,18,20–22 g
523–29 mJ/K2mol ~here and below we use mole assumi
Avogadro number of formula units, i.e., CeRu2). The cited
values testify that no local moments are associated with
4 f electrons. At the same time, the magnetic, transport,
muon-spin-relaxation experiments indicated an antifer
magnetic ordering atT540–50 K.23,24 An estimated mag-
netic momentm*1024mB (mB is the Bohr magneton! is
consistent with a small value of the field-induced mome
m.431024mB observed in experiments with polarized ne
trons and is associated with both cerium and rutheni
ions.25 Below the temperature of the superconducting tran
tion, Tc56.2 K, magnetic order still persists23,24 making
CeRu2 a magnetic superconductor, similar to the heav
fermion superconductors URu2Si2 and UPt3 which exhibit a
magnetic phase transition with a relatively large correlat
©2002 The American Physical Society13-1
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length and small magnetic momentm.(0.02–0.04)mB .26

Because of the intermediate valence state of cerium
alloys with d metals often demonstrate properties differi
from those of the alloys with three-valent rare-earth e
ments. Hence, in the present work we consider CeRu2 in
comparison with LaRu2. The difference in their electronic
structures and corresponding macroscopic properties
mostly due to the absence~La! or presence~Ce! of 4f elec-
trons. For example, the critical temperatureTc53.08 K and
the electronic contribution to the specific heat are lower
LaRu2 as compared to CeRu2.20 Band calculations confirmed
the significant role of ruthenium 4d electrons in the super
conductivity of both compounds.16–18,27

Studying the solid solution Ce12xLaxRu2 might elucidate
the role and mechanism of the 4f -4d hybridization. Starting
from the nonmagnetic metal LaRu2, one passes through th
Kondo-impurity and Kondo-lattice states in the intermedi
compositions of Ce12xLaxRu2 and finishes with the mixed
valence state in CeRu2.28

CeRu2 and LaRu2 belong to the class of Laves phas
with a cubic crystal structure of the MgCu2 type25,29 (C15)
(LaRu2 undergoes a structural transition below 30 K where
is no longer theC15 Laves phase!.29 The La impurity in
CeRu2 decreases the number of the 4f electrons and in-
creases the lattice constanta since the ionic radius of lantha
num is greater than that of cerium. This, in turn, shou
affect the f -d hybridization which is strongly dependent o
the f-ligand separation.1

The electronic properties of Ce12xLaxRu2 are rather sen-
sitive to doping and pressure.28,29,30–32For example, experi-
ments by Hedoet al.32 evidenced an electronic transition at
pressure of 5.5 GPa in CeRu2.

As was shown earlier, the electronic structure
f -d-metal alloys could be different for samples crystalliz
at an ambient pressure and elevated pressure of several
Due to different filling of thef -d bands, a metastable ele
tronic state could be formed in samples prepared at h
pressure. For example, in GdNi2 synthesized at a pressu
above 4 GPa, the Ni ions exhibited a charge state with thed
population numbernd,10, while for the samples synthe
sized at low pressurend510.33

Thus, depending on the synthesis pressure, alloys of
rare-earth elements and transition metals with almost filled
band could have different electronicd states. It is not yet
clear whether the difference in the states is induced
changes in the density of electronic states caused by the
tice contraction~due to doping or pressure! or originates
from changes in the hybridizedf -d states near the Ferm
level. Furthermore, the sensitivity of the lattice paramete
changes in the electronic structure should also be regard

In order to clarify the above questions we investiga
samples of CeRu2 , LaRu2, and quasibinary compound
Ce12xLaxRu2 prepared at high pressure. We have perform
magnetic measurements and studied electronic states of
and the local crystalline structure. The following metho
and techniques were applied: superconductiong quantum
terference device~SQUID! magnetometry, time-differentia
perturbed angulargg correlations, and x-ray absorption fine
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structure spectroscopy~XAFS!.
The paper is organized as follows. In the next section

discuss the sample preparation method and briefly desc
the experimental techniques used. In Sec. III the experim
tal data are presented. We show that macroscopic prope
and the state of the ruthenium ions are significantly affec
by a high-pressure treatment while the crystal structure
the state of cerium ions are left unchanged. In Sec. IV
discuss the obtained data in the framework of the result
electronic band structure calculations for CeRu2 and
LaRu2.16–18,27

II. EXPERIMENT

A. Sample preparation and analysis

The samples of CeRu2 , LaRu2, and several composition
of the quasibinary system Ce12xLaxRu2 were synthesized a
a pressure of 8 GPa by a method as described
Tsvyashchenko.34 The high pressure was generated in
chamber designed by Khvostantsevet al.35 For the sample
preparation a stoichiometric mixture of cerium rutheniu
and lanthanum metals with chemical purity of 99.9%, 99.9
and 99%, respectively, was melted, cooled down, and c
tallized at high pressure in the NaCl envelope.

The composition of the samples was confirmed the
x-ray microanalysis. The x-ray diffraction measureme
were performed using a 114-mm Debye-Scherrer cham
and a DRON-2 diffractometer with Ni-filtered CuKa radia-
tion. A NaCl inner reference standard was added for accu
determination of the lattice constants. All samples
Ce12xLaxRu2 exhibited a single-phase structure of the cub
(C15) Laves phase type, in agreement with the data p
lished for samples prepared at ambient pressure.29 A sketch
of theC15 crystal structure and lattice constants obtained
given in Fig. 1. In the lattice, both Ce and La occupy cry
tallographic sites with cubic point symmetry while Ru ion
are located at vortices of tetrahedrons with threefold ax
symmetry.

It is seen that the lattice constant dependence on the
tive concentration is linear, indicating the mutual solubili
of both intermetallics. Thus, in quasibinary systems, Ce a
La ions should statistically substitute one another at rand
The lattice constants for otherRRu2 Laves compounds (R
stands for rare earths! are also shown in Fig. 1 for compar
son.

A number of samples were annealed or remelted at n
mal pressure. All these samples showed the same la
structure with the same lattice constant as prior to the th
mal treatment. The appropriate measurements were ca
out before and after the treatment.

Magnetization was studied in the temperature ran
4.2 K,T,300 K and magnetic field up toH59 kOe us-
ing the SQUID magnetometer designed by Trofimov.36

B. X-ray absorption measurements

Measurements of the x-ray absorption coefficientm(E) as
a function of energyE give information on the electronic
structure and local space configuration of the atom speci
3-2
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by the chosen absorption edge.37 The oscillatory extended
structure above the edge contains information about the
vironmental parameters of the specified atom. The featu
of the x-ray absorption near-edge structure~XANES! are de-
termined by the valence state of the absorbing atom and
the empty electronic states near and above the Fermi le
The extended x-ray absorption fine structure~EXAFS! con-
tains the structural information.

The normalized EXAFS functionx(k)5m/m021 is ob-
tained by subtracting the backgroundm0(k) from the mea-
sured absorption coefficient m(k). Here k
5A2me(E2E0)/h is the photoelectron wave number an
E0 is the absorbing-atom edge energy. To obtain informat
on the local structure around the absorbing atom, the EXA
function may be transformed as follows:

x~k!5(
r

Nr

u f ~k!u

kr2
sin~2kr12dc1F!e22s2k2

, ~1!

which can be fitted by varying the structural parameters. T
latter are the interatomic distancesr, the coordination num-
bers Nr , and the temperature-dependent rms fluctuation
bond lengthss ~Debye-Waller factor!, which should also
include effects due to structural disorder. In addition,f (k)
5u f (k)ueiF(k) is the backscattering amplitude anddc is
absorbing-atom partial-wave phase shift of the final state
the present work these latter values were calculated by
programFEFF8.1.38

The local crystal structure was inferred from the EXAF
spectra at theK Ru edge. Since the extended structure of

FIG. 1. Lattice parameter of cubic Laves-phaseRRu2 vs the
number of rare-earth elementsR and composition dependence
the lattice parameter for Ce12xLaxRu2. In the inset theC15 lattice
is shown. The structure of theR-Ru layers and surroundings ofR
and Ru sites are shown at the top of the figure. Circles are data
Ref. 29 for Ce12xLaxRu2 and from Ref. 50 for otherRRu2. Dia-
monds are data obtained for Ce12xLaxRu2 synthesized at 8 GPa
Dashed lines are guides for eyes.
17451
n-
es

by
el.

n
S

e

in

In
he

e

L3 Ce edge is rather short because of the interference of
nearbyL2 Ce edge, onlyL3 XANES was analyzed to deduc
the cerium valence state.

X-ray absorption measurements have been performe
the transmission mode at LURE~Orsay, France! on the D-21
beamline using a double-crystal Si~311! monochromator.
The energy resolution was about 2 eV for XANES measu
ments at 5 keV. Samples crushed into a fine powder w
precipitated onto a microporous substrate in an amount
responding to about two absorption lengths of the pro
absorption edge. The low-temperature measurements w
carried out with a liquid helium circulation cryostat. Th
temperature was regulated by the helium flow and measu
with an accuracy of 1 K.

C. Time-differential perturbed angular gg correlation

The method of time-differential perturbed angular cor
lations ~TDPAC! of g rays is one of the nuclear spectro
scopic methods used to study the magnetic dipole and e
tric quadrupole interactions experienced by atomic nucl
with their electronic and ionic environment in condens
matter. The theory of perturbed angular correlations is
scribed elsewhere~see, for example, Ref. 39!.

The electric quadrupole hyperfine interaction~EQI! repre-
sents the interaction of a nuclear quadrupole momentQ of a
probe atom with an electric field gradient~EFG! created by
surrounding electrons and ions. The EFG is characterized
the main componentVzz and the asymmetry parameterh.
The EQI parameters are sensitive to the local charge di
bution and, in particular, to the symmetry of the probe-at
site.

In this work we performed TDPAC measurements us
the well-known nuclear probe111In/111Cd introduced into
the lattice of Ce12xLaxRu2 compounds synthesized at hig
pressure.

111In decays into111Cd by electron capture with a half
life of 2.7 days. In the experiments, the well-known 172–2
keV g-ray cascade proceeding via the 247 keV isomeric s
in the daughter111Cd ~spin I 55/2, half-life T1/2585 ns,
quadrupole momentQ50.77 b) is measured using a mu
tidetector scintillation coincidence spectrometer.

The 111In activity was produced via the109Ag(a,2n)111In
reaction by irradiating a silver foil by the 32 MeVa beam of
the cyclotron of the Nuclear Physics Institute, Moscow St
University. Small pieces of the irradiated foil~1–2 mg! have
been melted together with stoichiometric amounts of po
dered Ru, Ce, and La~a total mass 500–600 mg! at a pres-
sure of 8 GPa. One sample of CeRu2 was also synthesized a
a pressure of 5 GPa. The ingots were crushed and s
bright fragments from the inner parts of the ingots were u
for the TDPAC experiments.

After the 111In activity practically decayed out, the x-ra
diffraction of the samples was measured. All samples wer
pure cubicC15 Laves phase structure.

TDPAC spectra were measured using a coincidence s
trometer with a time resolution of 1.8 ns. Assemblies
BaF2-XP2020Q and NaI~Tl!-RCA7585 detectors were lo
cated in the horizontal plane, so that several coincide

m

3-3
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spectraN(q,t) for different pairs of detectors, separated
an angle ofq5p/2 or p, were collected simultaneously. Th
anisotropy spectra of the perturbed angular correlation w
obtained for each combination ofN(q,t) spectra using the
equation

R522
N~p,t !2N~p/2,t !

N~p,t !12N~p/2,t !
52A22Q2G2~ t !, ~2!

where Q2'0.80 is the solid-angle correction,G2(t) is the
perturbation factor describing a nuclear spin precession
to a hyperfine interaction, andA22520.17 is the unper-
turbed correlation coefficient for thegg cascade used in
111Cd.

All spectra were measured at room temperature and at
spheric pressure, i.e., in the paramagnetic state of
samples. Therefore, the observed perturbation of the ang
correlation is due to a pure electric quadrupole interact
with a perturbation factor determined by the following equ
tion ~for the spinI 55/2 of the intermediate state of theg-ray
cascade and a polycrystalline sample!:

G2~ t !5(
i

pi(
l 50

3

al~h i !cos@v l~h i !t#exp@2L iv l~h i !t#.

~3!

Herepi are the relative populations ofi inequivalent sites of
probe atoms,al are the amplitude coefficients, andv l are the
frequencies. The latter are functions of the EFG asymm
parameterh and quadrupole frequencynQ5eQVzz/h. Here
L is the relative half-width at half-maximum of thenQ dis-
tribution around the mean value assuming its Lorentz
shape. This distribution takes into account variations in
EFG parameters at different lattice sites caused by imper
tions of the crystal lattice.

The EFG parameters were determined by least-squ
fitting of the TDPAC spectra in accordance with Eq.~3! as-
suming one or several sites of probe atoms.

III. RESULTS

A. Mixed valence of Ce ions

Two samples of CeRu2 synthesized at 8 GPa and on
annealed at 850 °C for 4 h were studied by the XAFS meth
ods. Figure 2 shows the experimental XANES spectra n
theL3 Ce absorption edge measured in the temperature ra
7 K<T<300 K for the as-cast and annealed samples.
pre-edge background was subtracted. As long as the n
edge structure is sensitive to the valence state of the abs
ing atom,40 this structure being practically identical for a
measured spectra, one may conclude that the valence sta
Ce is independent of both temperature and the thermal tr
ment of the samples.

The Ce valence was determined by the quantitative an
sis of the XANES structure using theFEFF8.1 code.38 At the
first stage the absorption spectrum of monovalent Ce31 was
simulated. The self-consistent potential calculations w
performed for a cluster of 17 atoms,41 using the ground-state
exchange correlation potential and the regular Laves-ph
17451
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structure. The calculated signal was then convolved with
Gaussian with a width of 2.1 eV to account for the fini
experimental resolution.

The calculated profile of the Ce31 spectrum was then
shifted upwards in energy by 9.6 eV for simulation of th
Ce41 spectrum since theFEFF8.1 code is unable to calculat
it correctly. The intensities of the two peaks~dotted curves in
the inset of Fig. 2! were varied to obtain the best fit~dashed
curve! of the experimental curve~solid curve!. From this fit
the cerium valence was determined as 3.2360.02 which is
close to the estimation 3.2 obtained by x-ray photoelect
spectroscopy.7

We have also deduced the valence in a traditional w
~see, for example, Ref. 42! used earlier to estimate the ce
rium valence in CeRu2.8,10We have subtracted steplike bac
groundm0(E) from the measured absorption coefficient a
fitted the absorption peaks from the Ce41 and Ce31 ions by
two Gaussians. The ratio of areas of Gaussians is equal to
ratio of the fractions of Ce41 and Ce31 ions.8 We have ob-
tained a cerium valence of;3.3 which in good agreemen
with the data previously estimated in XAFS analysis.8,10

However, as follows from the simulation by theFEFF8.1
code, near the absorption edge the background energy de
dence is more complex than stepwise, and hence the pr
dure described above is incorrect, giving only a rough e
mation of the valence.

For the absorption spectra above theK Ru edge the ex-
tended fine structure was obtained in a standard way.43 Fig-
ure 3 shows the modules of Fourier transform of the EXA
signals atT57 K for the as-cast and annealed samples. T
two spectra and, subsequently, their Fourier transforms
practically identical. Thus, annealing induced only minor,
any, variations in the interatomic distancesr and Debye-
Waller factorss2 obtained by fitting the EXAFS signals. I
should be stressed that the peaks in the Fourier spectra
well separated, evidencing the high quality of the crys
structure of both samples.

FIG. 2. L3-edge Ce x-ray absorption measured atT57, 50, 100,
and 300 K for CeRu2. Eight spectra normalized to unity at max
mum are collected for both high-pressure synthesized and anne
samples. One of the spectra~solid line! and its fitting curve~dashed
line! obtained by summation of the calculated spectra~dotted line!
are shown in the inset.
3-4
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The quantitative analysis of the EXAFS signals was c
ried out taking into account the contribution from the neig
bors nearest to the absorbing ruthenium, i.e., six Ru at
and six Ce atoms~see Ru-centered cluster in Fig. 1!. The
main double peak in the range 1.2–3.4 Å of the Four
transform corresponds to the single-scattering paths wi
this cluster. Applying the standard single-electron EXA
formula ~1! with scattering amplitudes and phases calcula
by the FEFF8.1 code, the experimental spectrum was fit
using five variable parameters: the threshold energy,
tances of the Ru-Ru and Ru-Ce bond lengths, and t
mean-square deviationss2. The coordination numbers of th
nearest Ru and Ce shells were kept equal to 6.

The temperature dependence of bond lengths and De
Waller factors obtained by fitting the EXAFS spectra
shown in Fig. 3. The error bars were calculated taking i
account all possible pair correlations between the fitting
rameters. The uncertainties increased with temperature
to a significant decrease of the EXAFS signal with increas
thermal vibrations. It is seen that thes2(T) dependences ar

FIG. 3. On the analysis of the EXAFSK Ru spectra for CeRu2.
Upper panel: the Fourier transform of the EXAFS function obtain
from the spectra measured atT57 K for high-pressure synthesize
and annealed CeRu2 and the fit for the former. The fit was don
over ther region specified by vertical marks. The Ru-Ru and Ru-
bond lengths~middle panel! and their Debye-Waller factors~lower
panel! are inferred from the proper fits. The Einstein model the
retical curves are represented by solid and dotted lines for h
pressure synthesized and annealed samples, respectively.
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well described by the function deduced from the Einst
model44; hence, the system is characterized as a harmo
one.

It is seen in Fig. 3 that the Ru-Ru bond length is prac
cally independent of temperature, whereas the Ru-Ce b
length exhibits a normal temperature expansion. The lat
constants deduced from the obtained bond lengths are
60.01 Å at 7 K and 7.5360.03 Å at 300 K.

The results of the XAFS studies show that the crystall
structure and the cerium valence do not differ for CeR2
synthesized at high and ambient pressure. In the presen
periments we did not study the influence of doping by la
thanum on the cerium state, but Chaboyet al.10 have not
observed any variations in the cerium valence
Ce12xLaxRu2 in a wide range of compositions 0<x<0.75.
This result seems to be strange since at low cerium con
one expects localization off states and a decrease of th
cerium valence. To clarify this question we plan to contin
XAFS experiments on Ce12xLaxRu2.

From XAFS experiments we conclude that our hig
pressure treatment neither modifies the lattice nor chang
filling of the localizedf states. At the same time, as discuss
in the next sections, it affects the electronic states of
ruthenium ions.

B. Electric field gradient at Ru sites

The TDPAC measurements were performed for six diff
ent samples of CeRu2, three samples of LaRu2, and two
samples in the series LaxCe12xRu2 with x50.6 and 0.2, syn-
thesized at 8 GPa. The TDPAC spectra were reproduc
and practically identical for different samples of each co
pound.

The TDPAC anisotropy spectrum for LaRu2 is shown in
Fig. 4~a!. The spectrum can be fitted assuming a single lat
site occupied by the probe atoms, i.e.,p.1. In whole, the
perturbation pattern is similar to that observed by Dev
et al.45 with a sample prepared at ambient pressure. The
ting parameters obtained using Eq.~3! are presented in Table
I. An approximation of the experimental data by Eq.~3!
showed that the EQI is characterized by an axially symme
EFG (h is close to zero! and a very narrow distribution
about 1%, of the quadrupole frequencies around the ave
value~see Table I!. Thus, it can be assumed that probe ato
substitute the Ru sites with 3m-point symmetry in the LaRu2
lattice. The obtained quadrupole frequency of 234 MHz
about 8% lower than the value 254.4 MHz observed in R
45, which may be attributed to the difference in the sam
preparation procedures.46

The most prominent difference of the present results
those by Devareet al.45 was observed for CeRu2. One of our
TDPAC spectra for CeRu2 is shown in Fig. 4~d!. There were
detected two distinct, approximately equally populated,
sitions of the probe nuclei with different quadrupole freque
cies ~see Table I!. The nQ value for site 1 is close to tha
observed for LaRu2, indicating a similar charge distribution
around the probe nuclei. In the error limits ournQ value for
this site agrees withnQ5220 MHz determined in Ref. 45
for CeRu2 prepared at ambient pressure.

d

e

-
h-
3-5



ine
n

te

al
tri

a
o
o
al
he

gh
lin
he
se

the
ed
tes
Ru
sis

was
w
t
o-

har-

the

e
n-

ter.
ith
tro-

ions
nce
as
the

rmal
ibed

ur
:

ure
d
.

A. V. TSVYASHCHENKO et al. PHYSICAL REVIEW B 65 174513
The second site is also characterized by a well-determ
EFG with a quite low value of the asymmetry parameter a
an average value of the quadrupole frequencynQ
5152 MHz.

The same two frequency components, with approxima
the same intensity ratio, were observed in the spectrum
CeRu2 synthesized at 5 GPa, though there was present
an about 30% contribution of a broad low-frequency dis
bution.

The narrowness of the frequency distributions and the
sence of positions with intermediate values of the quadrup
frequency indicate that the nearest environments of the
served two sites occupied by the probe nuclei are electric
uniform, differing in quadrupole charge density at t
111In/111Cd sites.

To find out if the observed second site is due to the hi
pressure effect, we tried to eliminate the latter by annea
one of the CeRu2 samples prepared at 8 GPa. At first, t
CeRu2 sample was annealed in an argon atmosphere for

FIG. 4. 111Cd-TDPAC spectra measured at room temperat
and atmospheric pressure for samples synthesized at 8 GPa~a!
LaRu2, ~b! La0.6Ce0.4Ru2, ~c! La0.2Ce0.8Ru2, and~d! CeRu2.
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eral hours at 400 °C, but no changes were observed in
TDPAC spectrum; its significant modification was achiev
by further treatment at 600°C for 3 h. Figure 5 demonstra
the spectra of the as cast and the annealed samples of Ce2.
It is seen from the spectra and the data of their analy
presented in Table I that the lower-frequency component
transformed into a broad frequency distribution with a lo
average value ofnQ , while the high-frequency componen
was left unchanged. The intensity ratio of the two comp
nents was the same~about unity! as in the initial spectrum;
i.e., annealing induced certain changes only at the sites c
acterized by the low quadrupole frequency.

The TDPAC spectra for the samples Ce0.8La0.2Ru2 and
Ce0.4La0.6Ru2 are shown in Figs. 4~b! and 4~c!, respectively,
and their fitting parameters are presented in Table I. In
first case a two-component pattern, similar to CeRu2 was
observed, with slightly lowered relative contribution of th
152 MHz component. At higher concentration of La it va
ished, and the spectrum reproduced that for pure LaRu2, ex-
cept a markedly higher value of the asymmetry parame
This may be a result of the lattice constant variation w
increasing lanthanum concentration mentioned in the In
duction.

Regular studies of EQI for111Cd in a series Ce12xLaxRu2
are being completed and will be published elsewhere.

The results obtained show that in the CeRu2 samples syn-
thesized at high pressure there exist large enough reg
where the nearest neighbors of the probe nuclei experie
different quadrupole charge density at their sites. As long
the EXAFS results indicate that the Ce valence state is
same, independent of the method of synthesis and the
treatment of the samples, this difference should be ascr

e

FIG. 5. 111Cd-TDPAC spectra measured at room temperat
and atmospheric pressure for~a! CeRu2 synthesized at 8 GPa an
~b! CeRu2 synthesized at 8 GPa and annealed at 600 °C for 4 h
TABLE I. EFG parameters for111Cd in Ce12xLaxRu2 synthesized at 8 GPa.

Site 1 Site 2
Samples nQ ~MHz! h L p nQ~MHz! h L p

LaRu2 234~1! 0.03~2! 0.005~1! 0.95
Ce0.4La0.6Ru2 225~1! 0.13~1! 0.011~1! 0.90
Ce0.8La0.2Ru2 225~1! 0.13~1! 0.013~2! 0.50 152~1! 0.15~1! 0.014~4! 0.30
CeRu2 218~1! 0.06~2! 0.000~3! 0.4 152~1! 0.11~2! 0.006~3! 0.45
CeRu2 annealed (600 °C, 3 h! 217~1! 0.03~3! 0.004~3! 0.5 61~6! 0.0 0.7~2! 0.5
3-6
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HIGH-PRESSURE PHASE OF CeRu2: A MAGNETIC . . . PHYSICAL REVIEW B 65 174513
to certain differences in the electron configurations of
ions. The volumes of these regions should be large enoug
make negligible the probability of populating by In/Cd im
purities the sites in the boundaries between them, as the
tributions ofnQ values are very narrow.

Thus, in the process of CeRu2 crystallization at high
enough pressure certain changes in the 4d-band structure
occur as compared to the compound, prepared at normal
ditions. Annealing influences in turn these changes and, a
shown in the next section, strongly affects the magne
properties of the samples.

FIG. 6. Temperature dependences of the magnetic suscepti
measured atH5300 Oe for Ce12xLaxRu2 synthesized at 8 GPa
(s,% ,() CeRu2 , (h) LaRu2, and (L) Ce0.75La0.25Ru2. In the
insetsx(T) curves for CeRu2 are presented on an enlarged sca
Dashed lines in the bottom panel represent fits of the experime
data by Eq.~4! with parametersx0 , m, andu presented in Table II.
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C. Magnetic correlations and superconductivity

Six samples of CeRu2, two samples of LaRu2, and several
samples of intermediate compositions were investigated
magnetic measurements. The magnetic susceptibilityx was
measured in a magnetic field of 300 Oe in the tempera
range 5 K<T<300 K. Curie-Weiss-like behavior was ob
served for all samples, with an irregularity~a bump! at T
;70–80 K. This irregularity became more prominent af
annealing of the samples, as is illustrated for CeRu2 in Fig.
6. Thex(T) curves follow the Curie-Weiss law

x5x01
NA

3k

m2

T2u
. ~4!

Herex0 is the temperature-independent part of the susce
bility, m is the effective magnetic moment per formula un
u is the Curie or Ne´el temperature,NA is the Avogadro num-
ber, andk is the Boltzmann constant.

The values ofx0 , m, andu, obtained via fitting ofx(T)
curves by Eq.~4! are presented in Table II. Note that in th
temperature ranges below and above the irregularity the
ues ofx0 , m, andu are different, which obviously indicate
certain changes in the electronic structure of the sample
T;70–80 K. A significant variation of these paramete
was observed as a result of annealing in vacuum at a pres
of 1026 torr.

It is seen from Table II that at low temperature the inte
action of magnetic moments in LaRu2 is antiferromagnetic
while in CeRu2 it is of ferromagnetic character.

At low temperature the magnetic moments tend to be c
related, and below the Curie or Ne´el temperature one would
expect a setting up of the magnetic ordering. However, as
superconducting transition precedes a possible establis
of the magnetic ordering, we were unable to detect the la
For example, CeRu2 can be ferromagnetic atT&4.6 K
while a superconducting transition occurs atTc55.0 K.

The temperature dependence of the magnetizationM for
the as-cast and annealed samples of CeRu2 is shown in Fig.
7. At first the samples were cooled down in zero field, a
then a magnetic field of 1 Oe was applied. After that t
samples were heated~and the ZFC curve was recorded! and
then cooled again~FC curve!. To minimize the demagnetiza

ity

.
tal
TABLE II. Magnetization parameters for Ce12xLaxRu2 synthesized at 8 GPa.

T.80 K T<65 K
x03104 x03104

Samples (cm3/mol) m (mB) u ~K! (cm3/mol) m (mB) u ~K! Tc ~K!

LaRu2 7.4~2! 0.4~2! 5~20! 9.4~1! 0.20~8! 24(2) ,4.21
LaRu2 annealed (520 °C, 4 h! 8.2~1! 0.3~2! 13~5! 10.3~2! 0.15~9! 21(3) ,4.21
Ce0.75La0.25Ru2 6.1~1! 0.24~4! 0.8~1! ,4.21
Ce0.8La0.2Ru2 5.90~4! 0.22~4! 0.8~2! ,4.21
Ce0.9La0.1Ru2 5.6~1! 0.26~7! 0.6~3! ,4.21
CeRu2 6.0~5! 0.6~1! 243(42) 9.1~2! 0.27~5! 4.58~3! 5.00~5!

CeRu2 annealed (500 °C, 2 h! 6.6~1! 0.5~2! 5~8! 7.9~1! 0.43~6! 20.2(1) 5.7~1!
3-7
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A. V. TSVYASHCHENKO et al. PHYSICAL REVIEW B 65 174513
tion effect, the samples shaped into rods about 3 mm l
and 0.3–0.5 mm thick were aligned along the applied m
netic field.

For the as-cast samples the critical temperatureTc
55.0 K was obtained, which is significantly lower thanTc
56.2 K for ordinarily prepared CeRu2. Annealing at 500 °C
for 2 h resulted in a substantial increase ofTc up to 5.7 K
~see Fig. 7 and Table II!, though it did not reach the above
cited normal value. Further annealing at 900 °C for 4 h has
only slightly changedTc .

All samples are characterized by a strong flux expulsi
The Meissner fraction was of the order of 30% of the as-c
sample volume~see Fig. 7!. Annealing at 500 °C resulted in
a reduction of the superconducting fraction down to ab
75% of the sample volume but further annealing at 900
restored superconductivity in the whole sample. Strength
ing of flux pinning was observed after each annealing st

It should be stressed that the thermal treatment of
samples at 500°C could by no means induce any struct
changes in their crystal structure.47 Thus, the observed
marked sensitivity of their superconductivity to anneali
evidently reflects a certain variation of their electronic stru
ture due to decay of the state formed in the conditions
high-pressure synthesis.

Magnetization curves for the as-cast and annealed
500 °C samples measured in the field rangeH<9 kOe are
shown in Fig. 8. The curve for the as-cast sample is ma
edly nonlinear, and a slight hysteresis is observed at fi
values below 1 kOe. A similar behavior was observed
Ce12xGdxRu2 with a few percent of Ce substituted by ma
netic Gd ions.48 The curve for the annealed sample is pra
tically linear in the field range where the magnetization
reversible, which is also characteristic for monocrystall
CeRu2.49

The sample normal-state magnetization affects the fi
dependence of their reversible magnetization. For illustra
we present in the inset of Fig. 8 sketches of the magnet
tion curves for superconductors with different types of t
normal-state magnetization. It is seen that in samples w
negligibly small normal-state magnetization the high-fie
magnetization is negative and close to zero. For stron

FIG. 7. Temperature dependences of the magnetization m
sured for CeRu2 at H51 Oe. For a detailed explanation see t
text.
17451
g
-

:
st

t

n-
.
e
al

-
f

at

-
ld
r

-

e

ld
n
a-

th

ly

paramagnetic superconducting material the high-field m
netization is positive, asymptotically approximating
straight line starting from zero, with a slope determined
the enhanced paramagnetic susceptibility. In the case of n
linear normal-state magnetization the asymptote of the m
netization curve crosses the magnetization axis at a pos
value.

In the field range used in our experiments we were una
to separate superconducting and magnetic contributions
the magnetization. However, analysis of theM (H) curve for
the as-cast sample of CeRu2 testifies to a nonlinear field
dependence of the normal-state magnetization. It should
stressed that in our case the interaction energy of magn
moments with applied field is low,mH!kT, and insufficient
for the moment ordering. Thus the nonlinear normal-st
magnetization should be attributed to the interaction of
correlated moments with a molecular field induced by
moments themselves.

The results of the magnetic measurements allow us
state that in Ce12xLaxRu2 synthesized at high pressure si
nificant magnetic moments are formed which tend to be c
related at low temperature. In addition, the coexistence
magnetic ordering and superconductivity can also be p
posed. These features radically differ from those of CeR2
prepared at an ambient pressure where the magnetic
ments are about three orders of magnitude lower.24,25

If the estimated moments were related to thef states of Ce
ions, their valent state should be different in samples p
pared at high and low pressure. However, no difference
observed in our XAFS measurements and thus these m
netic moments should be associated with Ru sites. This
sumption is corroborated by the existence of the moment
LaRu2 where thef band is nearly empty.16

We have to discuss the probable influence of magn
impurities on the magnetic properties of the samples stud

a- FIG. 8. Magnetization vs magnetic field measured for CeRu2 at
T54.25 K. Dotted lines are the asymptotes of high-field magn
zation. Low-field magnetization is presented in the top inset. M
netization curves~solid line! for a superconductor withHc1!Hc2

are shown in the bottom inset for different types of normal-st
magnetization ~dashed line!. Bottom curve: ordinary dia/para
magnetism. Middle curves: enhanced paramagnetism. Top
ves: spin glass, ferromagnetism, or strong paramagnetism
Brillouin-like m(h).
3-8
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HIGH-PRESSURE PHASE OF CeRu2: A MAGNETIC . . . PHYSICAL REVIEW B 65 174513
The purity of the latter is determined by the purity of th
ingredients~La, Ce, and Ru! claimed by the manufacture
and cited above. Assigning the measured magnetic mom
m*0.2mB ~see Table II! to a possible contamination we ob
tain m*20mB andm*200mB per an impurity atom in LaRu2
and CeRu2, respectively. The latter value is quite unrealist
and the above assumption may be ruled out for the Ce-
compounds Ce12xLaxRu2, though it should be considered fo
the La-rich samples. The estimated value ofm positively
excludes from consideration 3d and 4d impurities, and only
heavy rare earths, which may possess magnetic momen
high as 10mB , should be taken into account.

To give rise to the observed magnetically correlated s
in the LaRu2 samples these impurity atoms have to creat
segregatedRRu2 phase, which seems rather unlikely becau
of complete mutual solubility of theRRu2 Laves com-
pounds. At a comparatively low concentration the impur
rare-earth atoms would most probably prefer to substitute
La at random, as isolated paramagnetic ions forming, in tu
nonmagnetic Kondo impurity states. Thus, no magnetic c
relations can be set up, and we may conclude that on
minor part, if any, of the magnetic moment observed
LaRu2 may be attributed to rare-earth impurities and the m
jor contribution is inherent in the high-pressure phase
LaRu2 itself. Nevertheless, the magnetic data obtained
La-rich samples of Ce12xLaxRu2 should be considered a
preliminary, and measurements for higher-purity samples
necessary.

IV. DISCUSSION

The experimental data outlined above indicate that s
thesis at high pressure of the Laves compounds LaRu2 and,
especially, CeRu2 results in a significant modification of the
electronic structure, whereas their crystal structure is left
changed. Magnetic moments which tend to correlate at
temperature are formed in both compounds.

In LaRu2 an about threefold increase of the temperatu
independent susceptibilityx0 and a notable decrease of th
EFG at the111In/111Cd impurity are observed as compared
samples prepared at ambient pressure. Sincex0 is propor-
tional to the density of states at the Fermi levelg(«F), the
former means an increase ofg(«F).

In CeRu2 the magnetic moments are three orders of m
nitude higher than in the ‘‘normal’’ phase, the critical tem
perature is significantly lowered~5 K vs 6.2 K!, two well-
separated regions are observed where the impurity111Cd
nuclei experience different and EFG’s. It should be no
that lowering ofTc to 5 K was also observed at about 6 G
in the in situ experiment.32 Our data show that the pressur
induced variation ofTc is preserved at normal conditions an
that the corresponding changes of the electronic structure
metastable: annealing at a moderately elevated temper
increasedTc , though did not restore it completely. The r
gions characterized by the low-frequency EFG compon
for 111Cd are also metastable, and their destruction beg
above 400 °C.

Here we shall try to qualitatively interpret these results
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terms of the band structure for LaRu2 and CeRu2 calculated
in Refs. 16–18 and 27.

In both compounds, the main contribution into the dens
of states on the Fermi level is formed by the rutheniumd
states. The Fermi level«F is situated approximately at th
half-maximum of the narrow peak of the density of 4d
states, but in LaRu2 it is above its maximum~i.e., higher in
energy! and in CeRu2 it is below it. In CeRu2 the 4f -electron
density forms a broad peak above«F , andf electrons deter-
mine about 30% contribution intog(«F). In LaRu2 the 4f
band is empty, and above the Fermi level lies the La band
the p-like states.27

Under pressure the energy of electron states increases
energy shift forf and d states being larger than fors and p
states. This may induce a redistribution of partial contrib
tions intog(«F) due to states with different orbital momen
and variations of the states population.

To minimize the system energy, electrons abandon st
with high orbital momenta and populate those with low
momenta, provided the latter are present in the system.
dently, this situation is realized in LaRu2 whose Fermi level
is shifted under pressure into the band of the Lap-like states,
and electrons partly abandon Rud states and populatep
states. Simultaneously, the peak of density ofd states over-
laps the Fermi level. As a result, the temperatu
independent susceptibilityx0, which is proportional to
g(«F), increases, as is observed in the experiment. T
variation of thed-state population may be the cause of t
about 8% difference observed in the EFG at111Cd measured
in this work and by Devareet al.45

This situation seems to be similar to that observed ear
in the cubic Laves compound GdNi2.33 The EFG at the im-
purity nuclei 181Ta at the substitutional sites in the Ni su
lattice was found to be about 25% higher in samples syn
sized at a pressure above 5 GPa than in ‘‘normal’’ samp
In a definite range of the synthesis pressure the coexiste
of regions with two different values of the EFG was o
served. This result was interpreted as being due to a decr
of the Ni 3d-band filling in samples prepared at high pre
sure as compared to ‘‘normal’’ ones in which the 3d band is
completely filled.

If the density ofs andp states in the vicinity of«F is low,
electrons cannot abandonf andd states, and the Fermi leve
is shifted to higher energy together with these states.
overall electron energy increases significantly, and the s
tem will tend to decrease its energy by means of a cer
electron or structural transition. Probably, such a proces
developed in CeRu2 where the partial density ofsp states
near the Fermi level is negligible.16,17 In particular, the elec-
tronic structure rearrangement results in a sharp decreas
Tc mentioned in the Introduction and a jump of resistivi
temperature coefficient observed by Hedoet al.32 for CeRu2
in the in situ measurements. High-pressure-induced variat
of the critical temperature of the superconducting transit
occurs as being irreversible; i.e., the metastable state for
in our samples is characterized by the same decreased v
of Tc .

The most intriguing problem is that brought forward b
3-9
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A. V. TSVYASHCHENKO et al. PHYSICAL REVIEW B 65 174513
the observation of two distinct EFG’s at111In/111Cd sites in
CeRu2. The simplest explanation may be offered by the
sumption of an admixture of an unknown crystal pha
formed in the process of CeRu2 solidification at high pres-
sure. The abundance of this hypothetical phase should be
to be undistinguishable in x-ray experiments. On the ot
hand, the affinity of the indium impurity atoms to this pha
should be so high that about a half of them is absorbed th
It should be also kept in mind that the111In/111Cd concen-
tration is far too low~about 1028 at. %! to allow the forma-
tion of any separate intermetallic compounds with cerium
ruthenium. If a certain amount of indium was left in undi
solved fraction of silver~see Sec. II C! or substituted for
cerium, the EFG should be close to zero since in both ca
it would reside at sites with cubic symmetry. A relative
small ~5%–10%! constant background observed in the T
PAC spectra of Ce12xLaxRu2 may be ascribed to these site

It should be stressed also that the low EFG compon
transformation by annealing is undoubtedly correlated w
changes in the superconducting and magnetic proper
which could not be sensitive to the small admixture of
alien phase.

These considerations, as well as the observed depend
of the lower EFG component on La concentration in t
quasibinary systems Ce12xLaxRu2, make us to believe tha
attribution of this component to an alien crystal phase
unlikely.

Hence, we are to infer that the observed two values
quadrupole frequencies correspond to111In/111Cd impurities
substituting for Ru in a uniqueC15 crystal phase. As long a
the XANES measurements have shown that the Ce valen
independent of the method of synthesis and thermal tr
ment of the samples, the positions with different elect
quadrupole charge densities at the impurity sites should
fer in the electronic configurations of the nearest Ru ions

A rather small width of the frequency distributions mea
that regions characterized by a certain value ofnQ are suffi-
ciently large and well segregated to make negligible
probability for probe atoms to find the nearest Ru ions w
different electronic configurations.

To understand the formation of regions with differe
electronic configurations of the Ru ions in CeRu2 synthe-
sized at high pressure, additional experimental and theo
17451
-
e

w
r

re.

r

es

nt
h
s,

nce

s

f

is
t-

c
if-

e

ti-

cal data are necessary. Qualitatively, it may be the result
high density of states at the Fermi level which is higher th
that in isostructural compounds LaRu2 and CeRh2.16 The lat-
ter has one extra 4d electron per each rhodium ion as com
pared to CeRu2. In CeRh2 the completely filled 4d band lies
below the Fermi level, and the main contribution tog(«F)
stems from the Ce 4f electrons.16 As was mentioned above
in LaRu2 the 4f band is empty and the Fermi level is situat
at the peak of the density of the 4d states.16 To gain energy
stability and to decreaseg(«F) at high pressure, an electro
transition may occur in CeRu2 proceeding in two ways and
leading to the formation of LaRu2-like and CeRh2-like re-
gions where the Ru ions find themselves in different el
tronic configurations or, in other words, in different effectiv
charge states.

In conclusion we state that in the studied quasibinary s
tems Ce12xLaxRu2 synthesized at high pressure magne
moments are formed on the Ru ions, which are involved
an exchange interaction. On the other hand, the rutheniud
states significantly contribute to the sample superconduc
ity. Thus, Ce12xLaxRu2 represents a system where magne
and superconducting correlations develop in a common e
tron system, which represents a special interest from the
damental point of view.

For the creation of a more reliable and detailed mode
the electron structure of the high-pressure phase
Ce12xLaxRu2 additional studies of the low-temperature sp
cific heat, magnetic structure, and temperature dependen
the superconducting gap are necessary, as well as re
band structure calculations taking into account pressure
fects. The latter are especially important for the explanat
of two different electronic configurations of Ru ions
CeRu2.
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