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We report the results of'B nuclear magnetic resonan@MR) measurements of SgBand Cg god-ag 0B
below room temperature. Although the electrical resistivities of these two materials differ substantially, their
1B-NMR responses exhibit some strikingly common features. Both materials exhibit ferromagnetic order, but
their *'B-NMR spectra reveal very small hyperfine fields at the boron sites. The spin-lattice relaY@ﬁon
varies considerably with external field but changes with temperature only below a few K. We discuss these
unusual results by considering various different scenarios for the electronic structure of these materials.
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Hexaboride compoundsXBg (X=elements of the have extensively been characterized by measurements of
alkaline-earth and lanthanide sejigsave previously been thermal and transport propertie$°
studied! but they continue to reveal new and unexpected In Fig. 1 we display examples of the record&® NMR
physical propertie$.This is particularly true for the case of spectra for SrB, Ca ged-89 00, and Lak;, measured at a
divalent hexaborides such as EyB® CaB; (Ref. 6 and fixed applied field of 5.195 T and at temperatures of 3.17,
SrBs (Ref. 7) whose physical properties seem to depend or8-12, and 1.53 K, respectively. The shape of {#B-NMR
subtle details of the electronic band structure, and are ver§Pectra is characteristic for nuclear spins3/2 in powder
sensitive to the presence of microscopic imperfectfis. samples_ with randomly orlented grains. From the extension
Recent research efforts involving these systems resulted thezvvmgs of the spectra we infer quadrupolar frequencies,
an unexpected discovery of ferromagnetic ordering of tiny’e =€ dQ/2h, ~of 600, 550, and 530 kHz for
magnetic moments in La-doped CaERef. 10 with Curie ~ C%993-8.006, SrBs, and LaR, respectively. The corre-

temperatures of the order of 600 K. Subsequently, ferromags_pondlng electric field-gradients at the B sites are 1.40, 1.28,

1 2 i i
netic order was also encountered in the nominally binaryand 1.23¢10°" VIm?, respectively, in excellent agreement

o . i
compounds SrB and CaB, as well as La-doped (better than 5 %with theoretical values predicted for §B

B 2,6,11,12 and CaR.%®
aB. . L . The prominent signal near the center of the spectra repre-
In this communication, we present and discuss NMR datg e g thei1/2 to — 1/2 11B-nuclear Zeeman transition, and

obtained on ferromagnetic_ S¢Band C@-995J‘ao-00556' The its position indicates that the NMR lineshift is very small, of
compoundsXBg all crystallize by adopting the CaBype  the order of 80 ppm or less. Below room temperature we

structure with the space groupm3m. The boron ions, di-  found no substantial temperature-induced changes in the po-
rectly probed by our NMR experiments, form a rigid net-

work of interconnected boron octahedra. The point symme-

try of the B sites is 4mm and allows for nonzero axially- — LaBg at 1.53K
symmetric electric-field gradients. Somewhat unexpectedly, | - SrBg at 3.17 K
the 'B-NMR response is largely insensitive to the magni- - C2,605L,005B6
tude of the electrical resistivities of these materials. At 1 K, o L

the value of the electrical resistivity of the two samples ‘§ at3izk
differs by a factor of 30, but there is no appreciable differ- 2

ence in the spin-lattice relaxation ra‘t'q‘l at this tempera- E

ture. TheTl‘l(T) data reflect neither a metallic nor a semi- §

conducting behavior. Furthermore the data do not provide g_ He 5.195T
straightforward evidence for the ferromagnetism that is indi- »

cated byM(H) measurements on the same samfies.
However, the spin-lattice relaxation rate is orders of magni-
tude larger than what may be expected from a relaxation via
itinerant electrons alone. We interpret this as evidence for the
presence of weakly localized electronic states, with unusual
dynamics. These states coexist with extended states respon-
sible for the electrical transport and may be related to the
unusual ferromagnetism observed in these materials.

For our NMR experiments we used standard spin-echo FIG. 1. "B-NMR spectra for SrB, Ca, god-ap00Bs and LaB
techniques. The samples consisted of collections of smatheasured at a fixed applied field of 5.195 T and at temperatures of
single crystals, grown by the Al-flux method. The materials3.17, 3.12, and 1.53 K, respectively.
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FIG. 2. (a) T }(T) for SrB; for various applied magnetic fields.
The dotted lines are guides to the eye. The solid line represents FIG. 3. T;* as a function of I for SrBs and Cg god-a9 goBs
T, }(T) for LaBg. (b) T, for SrB; as a function of the applied field for two different applied magnetic fields. Note the striking coinci-
atT=0.66 K. dence of the relaxation for the different materials.

sition of the NMR line for any of these materials. The width 1/T.14 |n case of ferromagnetic order among small and itin-
of the central line, full width at half maximurs 23 kHz, is  erant magnetic moment&f,Il(T)ocT.ﬁ Neither case agrees

of the order of those of good metallic samples. No appreyith our data, therefore, we have to consider other sources of
ciable differences are found in the position and width of thespin-lattice relaxation.

central transition for LaB with one conductlon.electron per We first consider a relaxation via spurious paramagnetic
unit cell and Srg as well as Clged-a0.godBs, With conduc- — impurities, hereafter referred to as impurity relaxation. In the
tion electron concentrationg,<5x10 "~ electrons per unit  case of impurity relaxatiorT; * usually scales linearly with
cell and exh.|b|t|ng ferromagnetic qrder!ng pelow 600 K. In the impurity concentratiom;,, for a large range of values,
ferromagnetic powders the NMR linewidth is largely deter- 55 gpserved e.g., for Ga impurities in LaARef. 16 where
mined by demagnetization factors, yielding a variation of ther—1 L N

local fielzls of thg order of the ma n)étizatign In our case thieTl *Nimp 10T Nimp bEtween 0.001 and 0.1. Singg *(T) for

imoll X ¢ gé Boh ' %rBa and Ca g9d-39 goBs coincide(see Fig. 3, the assump-
Implies a magnetic moment o 1 Bohr magnetons per yion ot 5 substantial impurity relaxation would imply that
unit cell, an upper limit consistent with our data. The actualboth materials would suffer from, within a few percent, the
ordered moment may be much smaller. same concentration of the same type of paramagnetic impu-
, ) . 21 X . %ities, a rather unlikely situation. Further evidence against
spin-lattice _relaxatlon raEél’l of SrBg for_varlous applied  {is scenario is provided by the results of S. Kihiivho,
magnetic fields. TheT, s were obtained from one- sing electron spin resonance techniques, searched for but
parameter fits to the nuclear magnetization recoveft) of did not find hints for magnetic impurities, such as Fe and Eu,
the central transition after it was completely destroyed by thgn 3 ferromagnetic sample of §ad-ao 0eBs. We conclude

application of a short or a long sequencerbfpulses. The p5t Tl—l in SrBs and Cg god-a 0oBs is NOt dominated by
m(T) data at the wings of the signal also follow the expected,nintended paramagnetic impurities.

theoretical function(different from the one for the central Next we consider the relaxation due to conduction elec-
line) for the case of magnetic relaxation and yield the samg,ons. |t has been found that for LgB above 30 K,

T, values. Two different regimes above and below a ﬁe|d'(T1T)‘1~7>< 104 K15 1.45 This small value is consis-
dependent crossover temperatllig may be identified. At ent with the observed NMR lineshift and indicates a very
low temperaturesT <To, T; ' 1/(H?T%) with « of the or-  \eak coupling between the conduction electrons and the B
der of —2 [see Figs. &) and 2b)], and at high temperatures nyclei in LaB;. From a simple scaling of ;T) ! by con-
T, ', is approximatelyT independent and proportional to sidering the differences in,, a three orders of magnitude
1M for H>1 T. The strong field dependence ©f '(T)  weaker spin-lattice relaxation is expected for Sid La-

also suggests that the relaxation is of magnetic origin, andoped CaB. However, as shown in Fig. 2T¢T) ! of SrBg
therefore invokes electronic degrees of freedom. Note thatelow 30 K is larger than or equal to the values of LaB

T, }(T) cannot be reconciled with the expectations for a conextrapolated from the results of the high-temperature mea-
ventional ferromagnet. FOF<Tc, i.e., below 50 K and fer- surements at 4.7 7° Thus the direct relaxation rafg * due

romagnetic order among well localized momeﬁtgl(T) is  to conduction electrons is too small to be of relevance for the
expected to vary as a power law inor exponentially-in-  alkaline-earth hexaborides. Naturally, this poses the problem
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of identifying a source, other than the low-energy excitationsstates induced by defects and doping contribute to the elec-
of conduction electrons to account for the spin-lattice relaxtronic transport and are only weakly coupled to the localized
ation data. Below we consider three different scenarios thaglectrons. If localized states cause the experimental observa-
have recently been discussed in connection with the eledions, they should have approximately the same concentra-
tronic structure of these materi&ts®—2° tion for various divalent hexaborides, near the critical con-
First we consider the case of a band overlap attipeint ~ centration for delocalization. Judging from th&T) data
of the Brillouin zone for divalent hexaborides. For this casethese states are of the order of 10 to 20 meV below the
as pointed out by Zhitomirsky and Ri¢ga Bose condensa- delocalization threshol@’ Consider, for example, a single
tion of electron-hole pairs, excitons, is likely to occur, lead-hole bound to a vacancy with an effective charg@e, at a
ing to ferromagnetic order among tiny moments below aSr site in SrB. The effective mass of the hofel|m*|
high Curie temperaturd. upon doping. Little is known =0.24mg, with m, as the free electron mass, and the dielec-
about the dynamic susceptibility of the excitonic condensatetfic constante~6,%% yield for the H-type state an effective
On very general grounds, however, and drawing parallel$adiusr,~9 lattice constants. Delocalizatigne., the IMT)
with the case of superconductivity, at very low temperaturess expected for a concentratioN;~r,3~2x10'° cm 2.
(T<Tc) one may expect a very small, and rapidly decreasThe binding energy of a singld-type stateE,~0.18 eV is
ing relaxation rate upon decreasing temperature, which is na@bout one order of magnitude too large to match gk€)
observed here fofp,<T<T. data, but the energy needed for delocalization rapidly de-
Next we consider the case of a very small gap atXhe creases fronkt, as the IMT is approached from the insulat-
point of the Brillouin zone, i.e., a gap of the order of the ing side. Of course the relatively large value Nf should
excitonic binding energy. The excitonic condensate menhave measurable effects on the thermal and transport prop-
tioned in the previous scenario would not form, but for thiserties. This seems to be the case for &rBand
case a spin-lattice relaxation mechanism has recently beéba, 4od-a, 008, Where anomalies in the temperature depen-
suggested® Under certain conditions the formation of “mul- dence of the specific heat have been found at low tempera-
tiexciton molecules” containing several electron-hole pairstures. For Srg, e.g., the entropy associated with the excess
in SrBg and CaR near impurities seems energetically favor- specific heat belw 7 K saturates at 0.05% &xIn2 at 7 K.
able. The exciton molecules are expected to carry an unconfror spin-1/2 particles this implies a concentration of 0.7
pensated spin 1/2 and their thermally-induced spin flips arex 10'° cm™ 3, a value close tdN;~ 10" estimated above.
very effective in producing nuclear relaxation. The technical Following these arguments tﬁql data forT>T, may
details of this interesting picture, in particular the temperaqualitatively be understood. The NMR relaxation rate caused
ture dependence of the spin-lattice relaxation, still have to by |ocalized electronic states interacting with the nuclei via

worked out. dipolar coupling is given b4
Since a temperature independe‘ﬁf1 is likely to be
caused by localized magnetic moments, we finally consider 1 2 ygyfﬁ2s(s+ 1)
yet another case. With a gap at thepoint of the Brillouin 775 5 Xf@)=Cxf(w), (1)
zone that exceeds the excitonic binding enéfgthe condi- ! o

tions for the two previous cases are not fulfilled. Instead wgqre ys and y,
consider a relaxation due to localized electronic states, a%nd s

f[hey occur |n_(_10ped semiconductors clo_se to the metaly o spectral function describing the thermal fluctuations of
insulator transition. Here the NMR relaxation is caused by |ocalized-electron system. The Larmor frequencys

thermal_ly—induched slﬁinl_flips ofhwgakly bo(;‘mlj holes agolundproportional to the applied magnetic field. Most of the spec-
vacancies on the alkaline-earth sites, and electrons below g, weight of f(w) is assumed to be contained in a finite

lcert?ln ;nolblllty quet' \tNe rse'fer tct)thtE Of. thle”? tas V\{eaklly range of frequencies, from 0 up torlAvherer is the(elec-
ocalized electronic states. since the physical picture Is re fron) spin correlation time. Since it is not possible to calcu-

tively simple, we first check the consistency of such a SC7ate 1 from first principles, except for very simple situations,

nario. . . ;
. . . . one usually assumes the high-temperature approximation
Weakly localized electronic states contribute very little tof(w) _ T/(li 0?7) g p pp

the electronic transport at low temperatures but, contrary to To keep the arguments simple we neglect here complica-

the extended electronic states may, as discussed below, Cayese < due to spin diffusiof Following the ideas of Gan and
a temperature-independent relaxation. Mobile electrons angi'zs the interaction bet\;veen localized electrons near the

holes. formed by condugtion band states of Ca and Sf and bl\(/IT results in the formation of pairs with a broad distribu-
p orbitals of B, respectivel§,are, via the magnetic dipolar tion of singlet-triplet splittings). When J—2uH~ 25, H

:/Cttgl?lculcc))r;élic:!g s\,;/aetzkxitrfoau\?dg\?et?urrsgor?erf}lézlt?\ll.e Ir::(;iuithe random singlet-triplet transitions produce nuclear relax-
y ation very effectively. The localized electron system is then

|rs h?gvi\;ggntgﬁglf)g Ialltrsf'ﬁ ld ;tﬁtnh:;j'tl?: V:gr;;]netgenagg? I characterized by a broad distributiéhof correlation times
prop ' yp ping 7. The model is completed with

increases rapidly as decreases. In doped semiconductors
near the insulator-metal transitiqgMT ), weakly localized

and extended states coexibtand we assume the same to flw)= J Tmaxp(T)_
occur for SrB and Cag g9d-35 0oBs. The extended electronic Tmin 1+ w?r?’

are the gyromagnetic ratios for electrons
1B nuclei, respectivelySis the electron spin ant{ o)

OTmin<1<oTmax. (2)
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Since in our casé®(7)x1/7,%® f(w)x(1/w) X arctano sy In the case of a large band gap at ¥point of the Brillouin
«1/w, which in Eq.(1) yields a temperature-independent re- zone!® our T, data can be explained by postulating the
laxation with T; *«1/H. This behavior, as observed in our coexistence of localized and extended electronic states with a
data above the crossover temperatliggand H>1 T, has  very weak interaction between them. With this scenario we
previously been reported for doped semiconductors not fagtill face the problem concerning the origin of the weak but
from the IMT 2120 stable ferromagnetism in these materials. If the band gap is
The different behavior off ; %(T,H) below To may be  small, T;(T) might be caused by spin-flips of “excitonic
interpreted as evidence for changed () at low tempera-  molecules” pinned to impurity or defect sites. Finally, we

tures. In partiCL-I|6.ll’ our data fo'fsTp hints for a rapid in-  gge no simple way to explain oEI'rIl(T) data if there is a
crease of the minimum correlation timg,;,(T) =T 2 to val- band overlap

ues much larger tham ! and a drastic reduction of the
range of activer’s. This yieldsf(w)>1/(w?7yi,) and T[l This work was financially supported by the Schweiz-
«1/(H?T~?). erische Nationalfonds zur Faerung der Wissenschaftlichen

In summary, we have shown that tHéB-NMR spin-  Forschung. We greatly acknowledge helpful discussions with
lattice relaxation for SrBand Cg god-a9 00Bs IS @anomalous. R. Monnier, L. Degiorgi, and M. Zhitomirsky.
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