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Electron correlations in Sr(Sm)Bg
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We present and discuss electronic correlation effects in slightly dopedSnBg for which the concen-
trations of magnetic centers and itinerant electrons are low and approximately equal, and compare its properties
with those of SrB and SmRB. For x=0.03 the low-temperature conductivityexceedso(x=0, T=0) and
o(x=1, T=0) by more than two orders of magnitude and the electronic specific heat reveals a strong
enhancement of the electronic density of states at the Fermi Eyehot observed in the concentrated
compound SmRB [S0163-182¢08)01817-7

Strong correlation effects among itinerant charge carrierglectrical conductivity was ascribed to impurity or defect in-
are known to occur in a variety of metallic rare-earth andduced itinerant staté$,but the more intriguing possibility of
actinide compounds at low temperatures. This phenomenopbserving the intrinsic feature of an incomplete gap forma-
is usually observed at low temperatures in materials wheréion, akin to similar phenomena in unconventional
the cations with partially filled-electron orbits occupy regu- superconductors, should not completely be excluded.
lar sites of the crystal lattice and where the density of itiner- We therefore have chosen to introduce a few at. % of Sm
ant charge carriers is comparable to that of common simplatoms on Sr sites of SgBIf the Sm ions adopt their trivalent
metals! Correlation effects are also observed in metallic ma-configuration each such ion will add both one magnetic mo-
trices with only a small concentration of magnetic iSrEhe ~ ment based on th&€*J=5/2 Hund’s rule ground state and
screening of the magnetic moments via conduction electronsne additional conduction electron, thereby enhancing the
induces a narrow peak of electronic density of states at theetallic character of the material. The latter conjecture is
Fermi energyEg , which may be verified by various types of confirmed by measurements of the electrical resistivity of
experiments:? In this work we aim at investigating the in- both SrB and Sg o;Smy o8B, the results of which are shown
terplay between magnetic moments and conduction electroris Fig. 1. A Curie-Weiss-type temperature variation of the
for a case where the conditions are substantially altered imagnetic susceptibility of the Sm doped matéfigrovides
the sense that a low concentration of magnetic impurities is
introduced into a compound with a low concentration of con- 6100 ) ]
duction electrons. SrBg

For our purpose a particularly well-suited class of mate- 3
rials is provided by cubic hexaborides with divalent and
trivalent cations. LaBis a good metal with approximately
one conduction electron per unit celind observations of y
correlation effects in La ,CeBg with x of the order of a ‘*\’
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few at. % are well documented in the literatdreSrBg, in 310%}
which the cations adopt a divalent configuration, is known to

be a poor metal at low temperatures, and the concentration of 2104
itinerant charge carriers is very low, of the order of 10

electrons per unit cefl.Band-structure calculations indicate 500  SrygerSMo.03Bs
that for divalent cubic hexaborides the electronic features
depend very critically on details of the band structure in the
vicinity of the X point of the Brillouin zon€. Slight varia-
tions in the interatomic distances between Biatoms are
expected to provoke changes from a tiny band overlap to a
complete gapping of the electronic excitation spectrum at
Er. Another hexaboride that is close to a metal-insulator
transition is SmB, for which there is convincing experimen- 350
tal evidence that with decreasing temperature, a large part of

the electronic states in the vicinity &: is removed® The

corresponding gap formation is not quite complete, however, FIG. 1. Temperature dependences of the electrical resistivities
leaving a residual small number of itinerant electrons at veryf SrB, (upper panéland Sg.o-Sm, 0B (lower panel below room

low temperatures. Previously, the corresponding remainingemperature.
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evidence for the presence of isolated magnetic moments. Be- 100 : '
low we intend to demonstrate the different situations that : . SB
emerge from the interactions between magnetic moments 803 -, . 3,0:7Sm00386 1
and conduction electrons with low and high concentrations ) "'°-,. ‘ '
by comparing low-temperature thermal and transport proper- 2 6of N,
ties of SrB;,SK g7SMy oBs, and SmMA. 2 *e.,
All the data that are presented have been obtained from F 40f .
measurements using single crystalline samples grown from ) Tte,

Al flux.® For each of the three compounds, the measure- 20}
ments have been made using the same single crystal. The
electrical resistivityp was measured using a four probe low-
frequency ac technique and the specific l@atvas obtained
by employing a relaxation-type method. The low-
temperature ac magnetic susceptibility was measured with a FIG. 2. Comparison of the excess specific hsae textin the
common mutual inductance setup and the primary magnetiderm of C®/T vs T for SrBs and S oS, 0B between 0.06 and 6
field amplitude was less than 1 Oe. K.

As may be seen in Fig. 1, both the magnitude and the

temperature dependence of the electrical resistivity are Sigégain C®is obtained by subtracting the lattice contribution
nificantly different for Sr§ and Sg.e:Smyeds. The low- g0 e measyred specific heat. The correspon@fYT

temperature residual resistivities differ by two orders of mag-_.. . I . _

nitude. As pointed out in Ref. 6, the temperature variation otrat'o increases significantly W'th decreasing temperature be-
o . - . IIow 12 K and reaches a maximum of about 85 mJ mole f.u.

p Of SrB is of ambivalent character. The Sm-doped matenaKz at 1.2 K. The subsequent decrease at lower temperatures

first reveals a positive slop#/JT below room temperature. - q P

At about 20 K,p(T) passes through a shallow minimum and is intercepted at approximately 0.2 K by another steep in-
crease towards temperatures below 0.1 K.

the subsequent negative slope persists below this minimum As mentioned above, we also compare the excess

temperature. Although it is not obvious from our plot in Fig. specific-heat data of the Sm-doped Swgith that obtained
1, the resistivity increases linearly with decreasing temperaf-Or SmB,. This comparison is made in Fig. 3. TIGT

ture belav 5 K with a slope of—0.8 u€) cm/K, without any . . .
tendency to saturation down to 0.35 K. The resistive behav[atlo of Smi below 6 K is about one order of magnitude

. L : . . : smaller than that for doped SgBTaking into account the
ior of this dilute alloy is again quite different from(T), . . :
often observed, of SmB In this latter case, the room- loss of occupied electronic states closeE of SmB;, this

temperature resistivity is about half of that of our Sm-dope ebrieg/rzttlgpeszr::?atsssus‘,)rlasclzz‘?c?\lda;nq(}l;:;tes that i;hf)flggs_low'
SrBs but, as found previous° increases monotonically P P 3 0Be

Cee 0 : x
with decreasing temperature. Below 50 K the negative slop(&)r ]f) tnhlg giﬁlg'[lg.all\lloevearthg:rzséotEZv(gﬁ:;ngirgnna)fm:*::jnu(?: é-l;:oun-
increases dramatically andincreases a few orders of mag- i tfor S yf pp hich it is slightl h'f?)cg i )
nitude but settles at a finite value of the order of @ gm 13 terpart for Smg, for which it is slightly shifted to approxi-

- ) . _mately 1.5 K.
as T—0. Thus the two compounds containing Sm ions in e : .
low and high concentration, respectively, appear to adopt Considering both Figs. 2 and 3, there is no doubt that

rather different ground states. Tp€T) increase of SmBis Etzcl)zng)] dineh:)ns(:s;:tirr]itr? (c):]:erfpeers ig?rs'ltz (:me;e%tézg'fnosr;a;f
not exponential in I/ at low temperatures and therefore the F 9 ying g

. . I r in materials with a very much r ncentra-
removal of electronic states close to the Fermi energy doef S0 occu atenais a very much reduced concentra

not result in the formation of a complete gap, in accordanc ';2 e?;tu:[énfégir;ttivifh?jgz Ogssr:'ers' hggrgggﬂpg f;;;grrn-
with the nonzero conductivity at very low temperatures of P y » 03150056

thesé®4and other samplé®. The linear temperature varia- ©f °C 1S conduction electrons than leBr which, as men-
tion of p(T) of Sm-doped SrB with a negative slope is

obviously unusual and, in spite of the resistivity minimum, is 100~ - *
not compatible with a simple Kondo-type behavior that . o Sl7SMg 03Bg
might appear as the most obvious choice for explaining the 80 ‘ ~, o SmBg
physical properties of slightly doped $B & \/ e,
The results of the specific-heat measurements at low tem- 2 60} \,.
peratures also reveal distinct differences in the behavior of R
these compounds. For Sy small excess specific he@f”, = 40p ..,
in addition to the expected contribution due to lattice excita- 8 g feel. .
tions, develops below 5 K, increasing with decreasing tem- 20+ !
perature. More details concernir@™(T) of SrB; at very % coos0000000
low temperatures may be found in Ref. 6. The replacement 0 - ; *Po®o00 o0 g0 9 0
of 3% Sr atoms by Sm changes this behavior dramatically, as 0 ! 2 TfK) 4 S 6

may be seen in Fig. 2, where the specific-heat data for both
compounds, obtained at temperatures between 0.06 and 18 FIG. 3. Comparison of the excess specific heae textin the
K, are plotted in the form oC®T vs T for T<6 K. For  form of C®/T vs T for SmB; and Sg ¢;Sm, B¢ between 0.06 and
Sry.975My 0Be the excess specific heat sets in at 15 K. Heres K.
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150l ' T, ] bility. We further note thafy,. is constant below 1 K, con-
s *, firming the compensation of the magnetic moments carried
by the Sm impurities.
04 : : | The appearance of @, contribution varying aff 2 at
= very low temperatures is usually associated with excitations
§ .- between nuclear energy levels split by internal magnetic or
o° 202} an " 1 . . . .
* v | electric fields at the sites of the nuclei. In our case the cause
) for this contribution is not entirely clear, because we have no
: T R independent indication of static internal magnetic fields due
. (K9 to moment ordering or freezing. The only possibility might
1 10 be the existence of substantial electric-field gradients at the
TK) Sm sites that would, by interaction with the nuclear electric
FIG. 4. Excess specific he@tee text of S, 5:Sm, 0B between qualcljlgupole moment, I_ift the degeneracy of the nyclear levels
0.5 and 10 K on a logarithmic temperature scale. The inset emphgf ~"'Sm nuclei. In view of the low concentration of Sm
sizesC®(T) at very low temperatures in a plot 6y T2vs T3 (see atoms, the natural abundance8fSm of 14% and the mod-
texq). erate value of its nuclear quadrupole moment, this interpre-
tation should only be regarded as a remote possibility which,
tioned, many-body effects due to Ce impurities have previwith the present status of information, cannot entirely be
ously been reportet® The total excess entrof* observed discarded. In this sense we have to accept that the additional
for Sry 975y 0Bs is adequately accounted for by considering excess specific heat of §rSm, (Be at very low tempera-
a contribution ofkgln4 per Sm impurity, supporting the in- tures, which to a lesser extent is also present in StisBe
terpretation that the Sm ions adopt a trivalent configuratiorfig. 3), remains unexplained.
and that the crystal electric-field splitting leaveF @aquartet Apart from this uncertainty we conclude that the screen-
state of thel=5/2 multiplet as the ground state. ing of magnetic moments also prevails in metals with low
At very low temperatures the specific heat of conduction-electron concentrations. It appears that the com-
Sip o:SMy 0B is very well describedsee inset of Fig. via  pensation of magnetic moments is also achieved, if the con-
centration of moments and itinerant charge carriers are ap-
CoT?=a+yT?, (1) proximately equal. This observation may offer a new way of
looking at intermediate valence-type phenomé&has they
have previously been discussed for Sfdr example. Ac-
cording to the results presented here, the crossover from an
enhancement of the electronic density of stateE@ato the
formation of partial gaps in the electronic excitation spec-
trum atEg may be studied in the series of;SESmBg com-

T*=S%y=(R In4/1.5=7.7K (2)  pounds with varying.

should be compared with 5= 3.2 K, the temperature of The work at ETH Zuich profited from financial support
the maximumC®* displayed in Fig. 4, which is approxi- of the Schweizerische Nationalfonds zuir&erung der wis-
mately half of the value of*, a relation that is a common senschaftlichen Forschung. Work at Los Alamos was done
result of models describing correlation effects induced byunder the auspices of the U.S. Department of Energy. Z.F.
magnetic impurities in good metd&'° The same models and J.L.S. acknowledge financial support of the Japanese
also account for the general shape of @&(T) curve, plot- New Energy and Industrial Technology Development Orga-
ted on a logarithmic temperature scale, which is shown imization(NEDO). One of ugH.R.O) would like to thank the
Fig. 4. In the temperature range of the maximumC6f we  Center for Materials Sciences of Los Alamos National Labo-
have also observed a shallow maximum of the ac susceptiatory for its support and hospitality during part of this work.
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wherea and y are the prefactors df, contributions propor-
tional to T~2 and T, respectively. If we interpret the linear-
in-T term as revealing the density of electronic stateS@at
the y value is compatible with 1.5 J/mole Sn?KThe cor-
responding characteristic temperature
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