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Antiferromagnetic ordering of divalent Eu in EuCu ,Si, single crystals
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We report the synthesis, from an indium flux, of single crystals of E8GuIn contrast to previous studies
of polycrystalline samples in which intermediate-valent behavior for Eu is reported, we find that in single
crystals of EuCSi, the behavior of Eu is divalent, including the presence of antiferromagnetic order at 10 K.
The origins of these variations in ground-state properties are discussed in terms of effective chemical pressure
and local changes in chemical environment.
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[. INTRODUCTION with fully divalent Eu and antiferromagnetic order at 10 K.
Subsequent synthesis efforts reveal that the magnetic prop-
Europium, because it is near half filling in the lanthanideerties of EuCySi, depend strongly on the preparation tech-
row, can exhibit intermediate-valence character in certaimiques that are employed. In what follows, we discuss the
compounds. In the intermediate-valence regime, the Eu ionproperties of the EuGSi, samples that we have prepared
fluctuates betweenf4 (Ew®") and 47 (EW?") configura- and speculate as to the origin of the variability in Eu valence
tions. The effective valence that results from this interconthat is observed.
figurational fluctuation is a function of temperature, pressure,
applied magnetic field, and local chemical environment. The
response to these perturbations can be abrupt—a first-order
change in effective valence—or gradual—due to an effective Data are presented for single crystals of Ep&lugrown
change in population of the integral valence states. Thérom an indium flux and for polycrystalline samples prepared
ThCr,Si, crystal structure has proven to be a particularlyin a sealed tantalum tube, a technique similar to arc melting,
compliant host for such phenomena, with well-documentedhe synthetic method of choice in previous studies of
examples of both valence transitidné and stable EuCuSi,. The single crystals were prepared by combining
intermediate-valence behaviof being reported. stoichiometric ratios of high-purity>99.99% Eu, Cu, and
EuCuSi, is both one of the first europium-based com-Si in a 1:20 ratio with In. The material was placed in an
pounds in which intermediate-valence behavior was obalumina crucible, sealed in an evacuated quartz ampoule,
served and one of the most well studigtdPrevious Mss-  heated to 1150 °C, and then slow-cooled at a rate of 10 °C/h
bauer and magnetic susceptibility studies find that theo 650 °C, at which point the grown crystals were decanted
effective valence of Eu in EuGSi, evolves from~2.6 at  from the flux using a centrifuge. The resulting crystals pre-
room temperature te-2.8 at lowest temperature. Becausesented a well-faceted rectangular-parallelepiped morphology
Ew*" is a nonmagnetid=0 configuration, the susceptibility with typical dimensions X 2x 1 mnt.
of EuCwSi, is found to be small and temperature indepen- Polycrystalline material was prepared by sealing stoichio-
dent. Consistent with this observation, B&tauer studies metric ratios of the same high-purity starting materials of Eu,
find an absorption spectrum with a majority contribution dueCu, and Si in a tantalum tube. Such tubes were placed in an
to EW’" and a minority contribution due to El, with the inert atmosphere and subjected to a variety of heating and
relative admixture of the two evolving slowly and smoothly annealing cycles. The enclosed environment of the sealed
as a function of temperature. The energetics of this behavidube minimizes evaporative losses of Eu, which is very vola-
have been modeled successfully using the interconfiguraile at high temperature, and allows for more controlled
tional fluctuation mode. sample melting than does direct argon arc melting. The par-
Recently, as part of a broader study of Th®ly-based ticular samples discussed below were prepared as follows.
rare-earth intermetallics, we have synthesized single crystalSample poly#1 was prepared by heating the material to
of EuCuySi, from an In flux. In striking contrast to the 1350 °C for 10 min followed by a fast cooling to room tem-
intermediate-valence behavior previously reported forperature. For poly#2, the sample was heated to 1250 °C, held
EuCuSi,, we observe local-moment susceptibility consistentat this temperature for 12 h, and subsequently annealed at

Il. EXPERIMENTAL AND SAMPLE DETAILS
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FIG. 1. Magnetic susceptibility of single-crystal EuSip. The

data were obtained using a 1-kOe field applied parédietles and FIG. 2. ESR spectrum for single-crystal EuSy. The inset
perpendicular(squarey to the crystallographic axis. The inset shows the temperature evolution of the fitted linewidth.
shows inverse susceptibility versus temperature for the polycrystal-
line average of these data. using polycrystalline average of these dé&eae inset yield
an effective moment of 7.8(1)s and a paramagnetic Weiss
850°C for 7 days. Although a clear variation in effective temperature of-18(2) K. These data are entirely consistent
valence could be producedee beloy, we were unable to with the magnetic behavior expected for divalent Eu—the
demonstrate a one-to-one correspondence between any péiee-ion effective moment for Bt is 7.94ug . A clear sig-
ticular detail of the preparation cyclenany additional ther- nature of antiferromagnetic order is observed at 10 K. This
mal cycles were attempted in addition to those discussedrdering temperature is comparable to that of Ex@E (13
explicitly herg and the effective valence of the samples. K) in which divalent Eu behavior has been clearly
The resulting samples were characterized by x-rayestablished? and GdCySi, (11.9 K.}
powder diffraction. The flux-grown single crystals were ESR measurements on single crystals of Ei8Gupresent
found to be single phase, crystallizing in the tetragonal single resonance with Landgfactor g~2 and confirm
ThCrSi, structure with lattice constants=4.111 A and  magnetic order at-10 K. Figure 2 shows the observed ESR
c=9.968 A. For the polycrystalline samples, the latticespectrum for an applied field along thec axis at 20 K. A
constants were found to depend on the details of theypical Dysonian line shaged/B~2.2(2)] is observed. This
preparation (poly#1: a=4.08 A, c=9.96 A; poly#2: a line shape is characteristic of localized magnetic moments in
=4.05 A, c=9.96 A). A small, unidentified second phase a metallic host with a skin depth smaller than the size of the
was found in some polycrystalline samples, which also gavgample particle$? The g value and linewidthAH were ob-
rise to a ferromagnetic signal in susceptibility-a00 K. tained by fitting the resonance to the appropriate admixture
Diagnostics of europium valence that we employed weref absorption and dispersidA.The solid line in Fig. 2 is the
the effective magnetic moment obtained from the hIgh- pest fit to the observed resonance and giye.003(2) and
magnetic susceptibility data, the magnetic entropy recovered =360(40) Oe. Theg value is slightly anisotropic, with
at 20 K and electron-spin-resonan®SR measurements. g, =2.003(5) andg, =1.9975). Polycrystalline average of
Magnetic susceptibility was measured using a Quantum Degata for the temperature dependence of the peak-to-peak
sign superconducting quantum interference device magnet@inewidth for EuCySi, single crystals is plotted in the inset
meter. ESR measurements were carried ouX &land in a  of Fig. 2. The hight linear dependencéKorringa-rate**
conventional Bruker ESR spectrometer using aobE00m-  indicates that the spin-relaxation process is mainly given by
temperature cavity. The sample temperature was varied Ughe interaction between the localized #lectron and the
ing a helium gas-flux temperature controller. Additionally, conduction electrons. The broadening of the ESR resonance
heat capacity and electrical resistivity measurememsing |inewidth for T<10K is also a signature of magnetic order
standard thermal relaxation and four-wire ac-excitation techpelow 10 K. The obtainedy,,=2.001(3) and the small
niques, respectivelywere performed on the single-crystal Korringa-rate(1-2 Oe/K for our EuCySi, single crystals
samples. are in good agreement with reported ESR data in G8Gu
in which again a single resonance was obsenjed
. RESULTS =2.001), AH/AT=<0.50e/K.*® This result strongly sug-
gests that the observed resonance in our EBGusingle
crystals arises from the Eu ions, which has the samef 4
In Fig. 1 we show the temperature dependence of théJ=1, L=0—g~2) electronic configuration of Gd.
magnetic susceptibility, for an applied field along thec ~ However, due to the high sensitivity<0.01% of the ESR
axis y; in theab planey, and the polycrystalline average of technique to any paramagnetic impurity in the sample, ESR
the data y, for single-crystal EuCybi,. The high- studies in LaCgSi, prepared in the same way as our
temperature data have a clear Curie-Weiss temperature dEuCu,Si, single crystals would be valuable to confirm this
pendence. Foil>150 K, fits to the inverse susceptibility statement.

A. Single crystals
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T (K) perature dependence of the resistivity is typical of a good

metal [ R(T=300K)/R(T=5 K)=17], and the residual re-
FIG. 3. Magnetic heat capacity divided by temperatieand  sistivity [ p(5 K)=4 Q) cm] is quite small. Taken together,
magnetic entropyb) of single-crystal EuCs5i,. The phonon con- these data argue against gross disorder as the origin of the
tribution for total heat capacity of EuGli, was estimated from the divalent behavior of Eu.
specific-heat data of LaG8i, (Ref. 11.

B. Polycrystalline samples

Heat-capacity measurements confirm the long-range-
ordered magnetic ground state of EySiy. Figure 3 shows

the magnetic heat capacity divided by temperature and th
corresponding magnetic entroplfigs. 3a) and (b), respec-

Given the striking difference in behavior that we observe
iél single crystals compared to previously reported arc-melted
samples, we were prompted to prepare polycrystalline

. . samples of our own. We should point out, however, quite
tively] plotted versus temperature for EUS). Although at gxplicitly that it is not our belief that previous samples were

first glance the magnetic transition may not be obvious, thesSomehOW “low quality.” Rather, we believe that intrinsic

data are entirely analogous to heat capacity for similar Gd'r stal-chemical subtleties exist that produce the diverse
based antiferromagnets and magnetic Eu-based compoun&sy . pr

. . rahge of behaviors that are observed. It is clear that a range
for which the broad character of the heat-capacity anomaly)f offective valences exist amond our samples at room tem-
has been attributed to peculiarities in the exchange interac-erature Because the ionic radiSs of divalgnt Eu is substan-
tion in the ordered staté and to the presence of small '?iall lar .er than trivalent Eu, the observed decrease in unit-
crystal-field splittingt® respectively. Divalent Eu is expected y larg !

to present similar magnetic properties of Gd-based ma’terialé;._,ellI gg Iimg (ViCWSta': }?Sn? vﬁt’h\/’i)r(;lytl: 1ig5|‘8 ¢ r’?\\/ ’ YP'?]'IY#E
again because both ions are in & 4J=2%) configuration. ) ) is consiste creasingly aie u-

The recovered magnetic entropy at 20 K is closed to 3 In 2'I'hls observation is confirmed by the magnetic susceptibility

which is the value expected far=%. Electrical resistivity (jata of Fig. 5. In addition to data from our two polycrystal-
; L line samples, we show the data of Sales and Viswanathan for
measurements for EuGsi, are shown in Fig. 4. The tem-

arc-melted EuCs8i,,® as well as repeat the single-crystal

data of Fig. 1. Again, because trivalent Eu is in a nonmag-

75 netic configuration, decreasing low-temperature susceptibil-
J ity is consistent with increasingly trivalent Eu.

50 dej:poo IV. DISCUSSION

Given the substantial evidence both for divalent Eu in our
single crystals and for nearly trivalent Eu in previous reports,
the question of interest is not which report is correct, but
rather how EuCyBi, can display such diverse properties as a
T function of preparation method. In fact, hints that Ey€iy
might exist in a divalent configuration already exist in the
literature. Previous Mssbauer studies of Eug3i, consis-
tently report the existence of an “impurity” contribution due

FIG. 4. Electrical resistivity versus temperature for single-to purely divalent Eu in addition to the primary intermediate
crystal EuCYSi. valence spectrum?’ This impurity signal has been ascribed
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not to a secondary phase within the sample but rather to kent Eul® Additionally, the fact thafly, appears to be pres-
particular defect structure in Eug3i,.°> On the other hand, sure independent at low pressure might suggest the proxim-
doping studies performed on EuSi, (e.g., EuCySi, ,Gg, ity of a pressure-induced first-order valence transition;
and EuCy,,Si,_,) clearly reveal the stabilization of a diva- however, measurements to higher pressure are clearly re-
lent, magnetically ordered phaseAlthough local chemical quired to test this speculation.
effects have also been suggested ldtee, for example, to a
multiplicity of locally inequivalent Eu sitdd), a negative V. CONCLUSIONS
effective chemical pressure appears to be the simplest origin
of this behavior.

To test this simple hypothesis we have performed mag

netic susceptibility measurements on single-crystal E8Gu rve broperties that ar nsistent with a divalent configu-
as a function of pressure. The pressure cell that we employe%e. € properties that are co ent a divaient contig
ration for Eu, including the observation of antiferromagnetic

for these experiments is limited to 5 kbars. At these pres- S .
sures, no shift in the Ne temperature is observed, and only order at 10 K. Our preliminary pressure experiments suggest

a weak(~5%) decrease in 5-K susceptibility is found. To fthat the divalent configuration of Eu found Iin single crystals

put this result in context, EuG8i; sGe, 5 is reported to have s not .soIer an effect of negative c_hemlcal pressure b.Ut

a unit-cell volume of 172.3 AandTy=12 K. Our single rather is a consequence of yarlatlons in I(_)cal crystal chem!s-

crystals have a unit céll volumg of 16é 53 fand T try that result from the particular synthetic approach that is
. ) N

=10K. Thus if chemical pressure were the only effect Ofemployed. In .thls regard,zoEu@lz Is reminiscent of its
doping and assuming a linear relationship between cell Volg,tructural relative CeGSi,
ume andTy, at 5 kbars we should obserig,=9.5K [the
bulk modulus of EuCBi, is 1 Mbar (Ref. 18], which is
inconsistent with our dataA(Ty<<0.1K). A comparison of We thank B. C. Sales for useful discussions. Work at Los
the local crystallographic structure of our single-crystal andAlamos is performed under the auspices of the United States
polycrystalline samples of EuG8i, would be valuable in Dept. of Energy. P.G.P. acknowledges support from

identifying the typés) of local distortion that stabilize diva- FAPESP-SRBrazil).

We have reported the growth of Eus3i, single crystals
from an In flux. Rather than the expected intermediate-
valence behavior previously reported for EySy, we ob-
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