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Evidence for a ferromagnetic transition in Yb,;_,La,Bg (0=x=0.006

PHYSICAL REVIEW B, VOLUME 65, 220406R)

Fumitoshi Igat Yuki Ueda® Toshiro Takabatak& Takashi Suzukt, Wataru Higemotd, Kusuo Nishiyam&,
and Hirofumi Kawanaki
!Department of Quantum Matter, Graduate School of Advanced Sciences of Matter, Hiroshima University,
Higashi-Hiroshima 739-8530, Japan

2Meson Science Laboratory, Institute of Materials Structure Science, High Energy Accelerator Research Organization (KEK-MSL),
Tsukuba 305-0801, Japan

SNational Institute of Advanced Industrial Science and Technology, Nanoelectronics Research Institute, Tsukuba 305-8568, Japan

(Received 8 April 2002; published 19 June 2p02

Magnetization and muon spin relaxatigpSR) in Yb,_,La.Bg have been measured to study whether
ferromagnetic moments appear as in La-doped {CaBagnetization processes of polycrystalline samples for
0=<x=0.006 have revealed ferromagnetic hysteresis with a saturation momentidf . /f.u. On cooling
below 150 K, an increase of the internal field up to 0.6 mT has been observed by zepSiRIcheasurements
on both polycrystals and single crystals. These results indicate a ferromagnetic transition at 150 K in this
system.
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It has been reported that Cala,Bg (x~0.005) is an Polycrystalline samples of ¥b,La,Bg were prepared by
unusual ferromagnet with a small ferromagnetic moment borothermal reduction at about 1700 °C,
(~0.07ug/La) but a very high Curie temperatufe of 600
or 720 K! This report inspired many experimental and the- Yb,03+15B—2YbBg+ 3BOT.
oretical researchers to work on this system and related
hexaboride$:® In fact, similar ferromagnetic behavior has For this reaction, we used a radio-frequency induction fur-
been found in SrB and BaB.%’ However, these observa- nace. Single-crystal samples were grown by a floating-zone
tions have left some doubt about an impurity effect becalus@etholq5 using an image furnace equipped with four xenon
the T.'s are close to those of FeB and JBe respectively. lamps:> The light was focused in a spot less than 8 mm diam
The possibility of such an impurity effect would be left out

by ellipsoidal glass-mirrors coated with aluminum. Two
for ferromagnetic hexaboride systems with differdnfs. polycrystalline sintered rods of 6 mm diam were placed re-
Keeping this in mind, we have searched for another ferro-

spectively from the upper and lower sides. During the crystal
: . rowth at 2300 °C, the composition of Yb was easily de-
magnet among divalent rare-earth hgxabonde systems. It eased from the starting one due to its high vapor pressure,
knov_vn that both EuB and YbB; are divalent semimetal or leading to the formation of an impurity phase of YBWe
semmogguctor,. and the former is a ferromagnet With  paye found that YbB, crystallizes into the ThBytype ortho-
=16 K.*"In spite of additional anomalies far beldly, the  rnombpic structurd® In order to eliminate YbB, from the
ferromagnetism of EuB is likely to originate from the crystals of YbB, a nominal composition of Yj,dBs was
Ruderman-Kittel-Kasuya-YosidaRKKY) interaction be-  chosen for sintered polycrystalline rods for the single-crystal
tween 4 electrons and conduction carriers. In this com-growth.
pound, a divalent Eu ion has a half-filléd shell that has a ~ The high-resolution x-ray diffraction measurements have
large spin magnetic moment éfug. Even if EuB would  been performed using synchrotron radiation at SPring-8. The
exhibit the Ca_,La,Bg-type ferromagnetism at temperatures analysis revealed that both polycrystals and single crystals
higher than 16 K, it should be difficult to separate such ahave no impurities of FeB and B except for a small
small ferromagnetic component from the large paramagnetiamount of paramagnetic YhE<0.001 at. %. In the binary
component due to theelectrons. On the other hand, YpB phase diagram of Yb-B’ the Yb hexaboride has a homoge-
with a completely filledf'* shell is diamagnetic. Band cal- neity range for§<0.08 as the form of Y. sBg, which in-
culations and x-ray photoemission studfed3of YbBg indi-  congruently vaporizes above the melting point of 2300 °C.
cated that the electronic structure at the Fermi energy is veryherefore, one may expect the presence of different amounts
similar to that of CaB. This fact has stimulated us to study of imperfections in the samples, depending on the prepara-
the magnetic properties of La-doped YpBystem. We have tion methods. Nevertheless, the lattice parameter was found
undertaken the complemental experiments by the measuré be almost the same irrespective of the starting composi-
ments of bulk magnetization and internal fields with muon-tions and of the preparation methods. In fact, lattice param-
spin-relaxation(uSR) techniques. Sinc@SR is very sensi- eters of Yh, sBg single crystals are 4.1479 and 4.1481 A for
tive to a small magnetic moment, this technique is powerfuktarting compositiong=0 and 0.08, respectively. For a sin-
as a microscopic probe for the small-moment system withered polycrystal sample of YgBg, slightly smaller value
the internal field of~0.1 mT* In this paper, we report on of 4.1477 A was obtained. Because the difference between
the observation of ferromagnetic behavior in,YhlLa,Bs  these values is comparable to the resolutior-6f0001 A, it
(0=x=<0.006) at temperatures below 150 K. is difficult to estimate the amount of imperfections. On this
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FIG. 2. Magnetization curves of polycrystalline yd1a, goBs
at T=50K (a) and 200 K(b).

netic component. To confirm the ferromagnetic state, we
measured the magnetization curves for samples with differ-

S S—— tx values. A bvi le, isothermal ti
0 100 200 300 entx values. As an obvious example, Isothermal magnetiza-

T(K) tion curves forx=0.003 at different temperaturé50 and
200 K) are shown in Fig. 2. The closed circles represent the
FIG. 1. Temperature dependence of the magnetic susceptibilitferromagnetic component extracted from raw data denoted
on polycrystalline Yh_,LaBs with x=0 and 0.003 in various by open circles. It is assumed that the paramagnetic compo-

magnetic field8=1mT (a), 100 mT(b), and 1 T(c). nent increases linearly with the increase of magnetic field up

account, an electron-probe microanalysis has been erformé% 500 mT in this temperature region. This assumption, how-
. ' P : naly ; perto éver, becomes inappropriate at lower temperatures, where the
in order to check the possible difference in compositions aonetization curve of the paramaanetic component should
between single-crystal and polycrystal samples. Althoug 9 o the p 9 mp

ollow the Brillouin function. The ferromagnetic components

evaluation of the absolute composition of boron is difficult d ith i ing field b
by this analysis, the relative resolution is better than 1%. Byt 20 and 100 K saturate with increasing fields to about 100

two-dimensional scans, inhomogeneous distribution of L#Nd 50 mT, respectively. It is noteworthy t@";‘t the spontane-
was observed in single-crystal samples of,Yfia,Bg for ~ OUS moment per the formula unit is only<A0™°ug at 50 K.
x>0.005. We examined also the sintered polycrystal sample§his small spontaneous moment vanishes on heating up to
for 0=<x=<0.025. The spongelike surface prevented us from?00 K, as shown in Fig.(®). These results indicate the pres-
obtaining reliable values of compositions. Hence, we usé&nce of ferromagnetic component wilg~ 150 K. Since the
hereafter the nominal composition for sintered polycrystals.value ofT¢ is far below that of FeB or F:8, we exclude the
Temperature variations of magnetic susceptibiliy  impurity effect of such iron compounds.

=M/B for polycrystal and single-crystal samples of Figure 3 displays the& dependence of the magnetization
Yb,_,La,Bs were measured in various fields from 1 mT to 1 measured a2 K under 5 T for polycrystalline samples

T by using a commercial magnetomet€uantum Design, Yb;_,LaBg, 0=x=<0.025. Under this condition, both the
model MPMS. Polycrystals forx=0.015 showed Curie-like ferromagnetic component and the paramagnetic component
behavior in the whole temperature range of 2—300 K. Byare almost saturated. The magnetizatiorxwsxhibits a re-
contrast, for samples witk<0.006, weak ferromagnetism is markable peak at around=0.006—-0.008, while in the range
manifested by the thermal hysteresis belew50 K at low  x>0.01 the value of magnetization remains unchanged. On
fields up to 10 mT, as shown in Fig. 1. This hysteresis vanthe other hand, the saturation momeég of the ferromag-
ishes with increasing field above 100 mT, and eventuallynetic component was estimated by the linear extrapolation of
usual Curie-Weiss behavior is seen at 1 T. This means thdlhe M-B curve fromB=0.1-0.2 T toB=0 T. Thex depen-

the applied field higher than 100 mT saturates a ferromagdence ofM g andM in Fig. 3 suggests that the vanishing of
netic component to a value smaller than that for a paramaghe ferromagnetic component &t-0.0065 is followed by
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FIG. 3. Total magnetizatioM and ferromagnetic saturation mo-
ment Mg of polycrystalline Yh_,La,Bg as a function ofx for 0
<x=<0.025. The value oM was obtained al=2 K andB=5T,
where the magnetization was almost saturated. The valud of
was obtained by the linear extrapolation of thieB curve from

B=0.1 to 0 T. The inset shows the temperature dependence of

magnetic susceptibility of a single-crystal YhBg that was heat
treated in a vacuum at 1700 °C for different perigdse text

the development of total magnetization. Therefore, the peaﬁ:
in M vs x is attributed to the enhancement of the paramag-
by a step of 25 or 50 K under both zero-field and a transverse

netic component.

B, . (mT)
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FIG. 4. Temperature dependence of internal fiéfzen circley
and magnetic susceptibilit§solid lineg in single-crystal and poly-
ystal samples of YiyodaygoBs. The internal fields were esti-
ated from time-dependent spectra of muon relaxation in zero field.

We have measured magnetic susceptibility for single-magnetic field of 3 mT. The ZkSR spectra do not show a
crystalline Yh _,La,.Bg under same field conditions as for spontaneous precession pattern as expected for a uniform
polycrystals. Interestingly, diamagnetic behavior was obinternal field in a magnetically ordered state. However, we
served forx=<0.003, as was reported for the nondopedobserved a strong increase in the relaxation in zero-field
YbBs .8 For x=0.005, however, paramagnetic behavior wasspectra on cooling below 150 K. The internal field was
manifested without ferromagnetic hysteresis. As for this disevaluated from the relaxation time by assuming that Kubo-
tinctly different behavior between single crystals and poly-Toyabe function describes the acquired muon relaxation
crystals, we conjecture that some sort of defects in polycrysspectra. This assumption is allowed when the spontaneous
tals play an important role in the formation of ferromagneticfield is weak or the local field is widely distributédi The
component. A similar model was proposed to explain theocal fields thus obtained are shown in Fig. 4 as a function of
ferromagnetism in nondoped CaBampled. It was reported
that Ca-deficient samples were ferromagnetic while stoichiosamples, respectively. For both samples, internal fields are
metric ones were diamagnetic, although the content of the Ca.2 mT at room temperature, and do not change down to 150
defect was not evaluated. To produce Yb defects in a singlek. On cooling further, the internal field increases strongly
crystal Ybh oBs, we have heat treated the crystal in aand reaches a value of 0.6 mT at 10 K. This temperature
vacuum at 1700 °C for a few hours step by step. The treatdependence is very similar to that of the magnetic suscepti-
ment for 1.5 ad 3 h resulted in the weight loss correspond-bility of polycrystalline sample foix=0.005, as shown in
ing to the Yb deficiencys of 0.005 and 0.009, respectively, Fig. 4(a). This coincidence between the magnetic suscepti-
in Yb,_ sBg, if the weight loss is attributed to the loss of Yb bility and the internal field provides an evidence of the in-
solely. The results of magnetic-susceptibility measurementsinsic magnetic order in Yh ,La,Bg at temperatures below
under a field of 10 mT are shown in the inset of Fig. 3. Thel50 K. However, it should be noted that the magnetic sus-
diamagnetic behavior in the as-grown crystal changes to theeptibility of the single crystal witbk=0.005 did not show
Curie-Weiss behavior with the increase of the deficiency ofany ferromagnetic behavior.
Yb. It is noteworthy that the absolute value of the paramag- Here, we suppose that positive muons stop at the(@ife
netic Curie temperature of150 K for 5=0.005 and 0.009 is 0 0) as similar in the iso-structurdlCeB; and then the muon
close to the Curie temperature of the polycrystalline samplespin relaxes in a magnetic dipole field. This field is assumed
of Yb,_,LaBs. However, the magnetization curve of the to originate from ferromagnetically aligned magnetic mo-
Yb-deficient single crystals did not show the ferromagneticments at every boron-octahedron site. Under these hypoth-

hysteresis.

temperature for single-crystal

and sintered polycrystal

eses, the value of the magnetic moment is estimated to be

To further examine the anomalous magnetism in10 3ug/f.u., which is one order of magnitude larger than
Yb;_«LaBg, we have performedquSR measurements on the saturated ferromagnetic moment as shown in Fig. 2. This
both polycrystal and single-crystal samples %o+ 0.005 us-
ing - and u ports at the Meson Science Laboratory Facility, ordered state. Some sort of inhomogeneous state is also in-
High Energy Accelerator Research Organization. The relaxferred from the absence of the spontaneous magnetization in
ation spectra were recorded at temperatures from 300 to 5 ke single crystal withk=0.005. As for the small ferromag-
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netic moment in Ca_,La,Bg, Kunii et al. proposed that the below 150 K in bottferromagnetigolycrystalline ancpara-
ferromagnetism originates from a surface sfafthe pro- magneticsingle-crystalline samples. This temperature depen-
posal is consistent with our observation that ferromagneticlence is very similar to that of the magnetic susceptibility for
moments in Yh_,La,Bg appear only in polycrystal samples polycrystalline samples. The value ©f (150 K) and mag-
with the large surface-to-volume ratio. In any event, The netic moment 10 “ug/f.u.) are one third and one tenth,
of 150 K for Yb, _,La,Bg is much higher than those of triva- respectively, of those reported for CglLaBg. From the
lent rare-earth hexaborides, where the RKKY-type interacsimilar electronic structure between YpBind CaB, we
tion governs the magnetism. speculate that the ferromagnetism should arise from a similar
In summary, we have found that Yb,la,Bs (0<X  mechanism.
=<0.006) has a weak ferromagnetic momeéntLl0™ 4 ug/f.u.
at 2 K) and Curie temperaturé,~150 K. This ferromag- The authors are grateful to Y. Shibata for EPMA and to E.
netism coexists with the paramagnetic component that haslishibori and K. Kato for their help in the SR x-ray mea-
the sharp maximum in the magnetization as a function of thesurements at SPring-8 BL02B2 with the approval of JASRI.
La-doping concentration at=0.007. The development of The uSR experiments were done at KEK. This work was in
paramagnetic component was also found in single-crystallinpart supported by a Grant-in-Aid for COE Research
samples of Yh_ ;B¢ with increasings up to 0.009, whereas (13CE2002 and for the Basic Scientific Researdho.
no spontaneous magnetization was observed. #8R ex- 12640353 by MEXT, Japan, and a grant for NEDO Interna-
periments revealed that internal fields increase on coolingional Joint Research.
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