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11B-NMR STUDIES OF WEAKLY FERROMAGNETICBaB6�Sh. Mushkolaj, J.L. Gavilano, D. Rau, H.R. OttLaboratorium für Festkörperphysik, ETH-Hönggerberg, 8093 Züri
h, SwitzerlandA. Bian
hi, and Z. FiskNational High Magneti
 Field Laboratory, Florida State UniversityTallahassee, Florida 32306, USA(Re
eived July 10, 2002)BaB6 is a weakly ferromagneti
 material with a Curie temperature TCwell above room temperature. From the results of d.
. magnetizationmeasurements on single 
rystalline BaB6, the saturation magnetization atlow temperatures is 8�10�4(�B/f.u.), in line with other weak ferromagnetsof the hexaboride series. The 11B-NMR spe
tra measured on a 
olle
tionof single 
rystals of BaB6 yield a quadrupolar frequen
y of 472 KHz, ingood agreement with 
al
ulated �eld gradients for this type of materials.The 
entral 11B-NMR transition 
onsists of two partially resolved signals,where the frequen
y displa
ement between them is of the order of 10 KHz.One of the signals exhibits a positive, the other a negative frequen
y shift,both of the order of 50 ppm. Between 7 K and room temperature theseshifts do not vary with temperature. The temperature dependen
e of thespin-latti
e relaxation rate T�11 (T ) at the B sites is similar to that of otheralkaline-earth hexaborides.PACS numbers: 75.50.C
, 76.60.�k, 76.60.CqAlkaline-earth hexaboride 
ompounds XB6 (where X=Ca, Sr and Ba)adopt a simple 
ubi
 CsCl-type 
rystal stru
ture 
ontaining divalent metalions and B6-o
tahedra. In spite of this simple 
rystal stru
ture they showvery puzzling physi
al properties. E.g., La-doped Ca1�xLaxB6 with x=0.005and SrB6 exhibit weak ferromagnetism with very high Curie temperatures[1, 2℄ of the order of 600 K or more.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1537)



1538 Sh. Mushkolaj et al.In �gure 1 we show one example of a hysteresis loop of BaB6, measuredat 200 K, using a 
ommer
ial SQUID magnetometer. From this type ofmeasurements we found that BaB6 orders ferromagneti
ally with a Curietemperature TC well above room temperature. The 
oer
ive �eld H
 at200 K is of the order of 250 Oe and the saturation magnetization at thistemperature is 6.5�10�4(�B/f.u.). In addition to the ferromagneti
 part ofthe magnetization, we also identify paramagneti
 and diamagneti
 
ontri-butions. The temperature dependen
e of the magneti
 sus
eptibility � (T ),measured at 5 T, exhibits a Curie�Weiss behavior with an e�e
tive mag-neti
 moment of 5.6�10�2(�B/f.u.) and a paramagneti
 Curie temperatureof �=-6 K. The diamagneti
 o�set is -2�10�6(emu/mol of f.u.) [3℄. Similarresults were obtained for other weak ferromagnets in the hexaboride series.
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Fig. 1. Hysteresis loop M(H) of BaB6 at 200K.In order to obtain additional mi
ros
opi
 information on the magneti
features of BaB6, we made NMR measurements on 11B nu
lei. For thesemeasurements we have used two types of standard spin-e
ho NMR te
h-niques: sweeping the magneti
 �eld H at a 
onstant frequen
y � and sweep-ing the frequen
y at a 
onstant magneti
 �eld, respe
tively, and by re
ordingthe spin-e
ho intensity as a fun
tion ofH or �. The wide NMR spe
tra whi
hin
lude the 
entral line and quadrupolar wings were measured by magneti
�eld sweeping. High resolution measurements of the 
entral line alone wereperformed at a �xed magneti
 �eld and 
hanging stepwise the frequen
y.From our measurements of the wings of the 11B-NMR (data not shown here[3℄), we extra
t a quadrupolar frequen
y for the 11B nu
lei of 472 KHz,
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 BaB6 1539whi
h implies an ele
tri
 �eld gradient at the B sites of 1.09�1021 V/m2.This value is in good agreement (better than 5 %) with theoreti
al valuespredi
ted for BaB6 [4℄.Figure 2 depi
ts the 
entral transition (�1/2  ! +1/2) for 11B nu
leitaken at 85 K in a �eld of 7.06 T. The 
entral transition 
onsists of two par-tially overlapping signals with frequen
y shifts of +60 ppm and �40 ppm,respe
tively. The frequen
y shifts have been measured by 
omparing theposition of the two peaks of the 11B 
entral line in BaB6 with the resonantfrequen
y of 11B nu
lei in liquid B(OH)3. Between 7 K and room temper-ature the 11B NMR line shifts do not vary with temperature. The widthof ea
h of the two individual 11B NMR-signals is 10 KHz and their inten-sities are approximately equal. One may interpret the results for the 11BNMR 
entral line as an indi
ation that in BaB6 the B sites experien
e twomagneti
ally di�erent environments. The appearan
e of two peaks in the11B 
entral line seems to be independent of the 
on
entration of 
ondu
tionele
trons, be
ause it has also been observed in hexaborides with very dif-ferent transport properties, su
h as CaB6, La-doped CaB6 (Ca1�xLaxB6 forx = 0:005; x = 0:1 and x = 0:2), BaB6, LaB6 and YbB6 [3, 5℄.
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Fig. 2. Central signal of the 11B-NMR Spe
trum of BaB6 at 7.2 T. The solid linerepresents the best �t to the data at 85 K using the sum of two Gaussian fun
tions.



1540 Sh. Mushkolaj et al.The temperature dependen
e of the spin-latti
e relaxation rate T�11 (T )measured in a 
onstant magneti
 �eld of 5.2 T is very di�erent in two dif-ferent T -regions. At temperatures above a 
rossover temperature of ap-proximately 5 K, T�11 is, on the average, temperature independent and attemperatures below 5 K it de
reases very rapidly with de
reasing temper-ature. These results for the spin-latti
e relaxation rate are very similar tothe 
ases of Ca0:995La0:005B6 and SrB6 [6℄.REFERENCES[1℄ D.P. Young, D. Hall, M.E. Torelli, Z. Fisk, J.L. Sarrao, J.D. Thompson,H.-R. Ott, S.B. Ossero�, R.G. Goodri
h, R. Zysler, Nature 397, 412 (1999).[2℄ H.R. Ott, J.L. Gavilano, B. Ambrosini, P. Vonlanthen, E. Felder, L. Degiorgi,D.P. Young, Z. Fisk, R. Zysler, Physi
a B 281-282, 423 (2000).[3℄ Sh. Mushkolaj, J.L. Gavilano, D. Rau, H.R. Ott, A. Bian
hi, Z. Fisk (unpub-lished).[4℄ K. S
hwarz, H. Ripplinger, P. Blaha, Z. Naturfors
h. 51A, 527 (1996).[5℄ J.L. Gavilano, Sh. Mushkolaj, D. Rau, H.R. Ott, A. Bian
hi, Z. Fisk (unpub-lished).[6℄ J.L. Gavilano, Sh. Mushkolaj, D. Rau, H.R. Ott, A. Bian
hi, D.P. Young,Z. Fisk, Phys. Rev. B63, 140410(R) (2001).


