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Polarized-neutron diffraction study on Yb4As3 revealed that one-dimensional (ID) chains of
magnetic Yb®"'" ions are formed by the charge ordering. The field-induced magnetic moments of
this ID chains under the field parallel to the chains behave as that of the spin-1/2 ID Heisenberg
antiferromagnet with = 3.0. In the case of the field perpendicular to the chain, we observed
not only the same behavior of induced moments with g± = 1.2 at high temperatures but also
a pronounced enhancement below about 10 K. The observed enhancement of ID magnetization
can be reproduced well by the theory which takes into account the staggered-field effect due to
the Dzyaloshinsky-Moriya interaction.
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§1. Introduction

Low-temperature electronic state of Yb4As3 has been
studied extensively.^' Specific-heat data at low temper
atures shows a large coefficient 7 = 205 mJ/mol/K^
for a linear term of temperature. Electrical resistivity
shows temperature dependence of T^. However, carrier
density was estimated to be about per chemical
formula. Thus, the above heavy-electron-like phenom
ena cannot be attributed only to the dense Kondo ef
fect. It is remarkable that Yb4 Ass undergoes a transition
to charge-ordered phase below Tc — 290 K with struc
tural transformation from a cubic lattice to a trigonal
one with shrinking along the (111) direction. The pre
vious polarized-neutron diffraction study revealed that
Yb ions aligning along the (111) direction (Ybi) become
nearly trivalent and the rest Yb ions (Ybn) nearly di
valent.^'®' Thus, one-dimensional (ID) magnetic chains
appear along the Ybj-ion sites. Spin-wave-like magnetic
excitations in the ID Ybi chains were also observed by
inelastic neutron scattering.'''®' The data are well ex
plained by the model for a spin-1/2 ID Heisenberg an
tiferromagnet (5 = 1/2 ID-HAF). The determined ex
change coupling constant gives a large value of 7 which
is very close to that obtained by the bulk specific-heat
measurement. Thus, the ID isotropic magnetic coupling
plays a dominant role in the heavy-electron-like anoma
lies at low temperatures.
Remarkable properties under applied field have also

been found. Under magnetic fields applied perpendic-
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ular to the ID chain, magnetic susceptibility shows a
large enhancement below about 10 K^'®' and specific
heat is strongly suppressed at lower temperatures.^' The
latter fact suggests opening of an energy gap in the
spin-wave-like magnetic excitation, which was clearly
detected by the inelastic neutron measurement under
magnetic field.®' The problem is that these properties
under magnetic field cannot be explained only by the
model of isotropic HAP. Recently, it is proposed that
the Dzyaloshinsky-Moriya (DM) interaction due to no
inversion symmetry between two neighboring Ybi-ion
sites plays an important role in the unusual ID magnetic
properties.®' The DM coupling originates an effective
staggered field induced by applying a uniform magnetic
field perpendicular to the ID chain. The staggered field
causes the magnetic-susceptibility enhancement and the
formation of an energy gap in the magnetic excitation.

In this paper, we report the direct observation of the

enhancement of magnetic moment of the ID chain in
duced by applied field perpendicular to the chain be
low about 10 K. This phenomenon is explained quan

titatively by the staggered-field model. A part of this
study is seen in other publications.®''L12)

§2. Experimental Procedures

Polarized-neutron experiments were carried out at the

5C1 diffractometer installed in Orphee reactor of LLB,
Saclay. Field-induced moments of Yb ions in the charge-
ordered state of Yb4As3 were determined from flipping
ratios measured at various Bragg reflections of a single-
domain trigonal sample under two conditions of the ap
plied fields oriented parallel {H || (111)) and perpendic
ular {H X (111)) to the ID chain.
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Fig. 1. Flipping ratios of polarized neutrons measured at (a) 1.7
K and 7 T {H || (111)) and at (b) 1.5 K and 7 T (// ± (HI)).
Indices on the horizontal axes represent Bragg reflections. Solid

circles are the measured data and crosses the fitted results.

§3. Experimental Results

Solid circles in Fig. 1 represent observed flipping ratios
at r = 1.5 K under the two conditions of magnetic-fleld
directions. The data were analyzed by least-squares fit
ting procedures with two free parameters for two kinds of
field-induced magnetic moments on the Ybi and Ybn-ion
sites, Pi and pn, respectively. The fitted results shown
by crosses in Fig. 1 agree well with the experimental
data. The resultant parameters are pi = 0.35pB and
pij = 0.022pB for H || (111) at 1.7 K, pi = O.SSpB and

pii = O.OOfipB for ff ± (111) at 1.5 K. The observation
of dominant field-induced magnetic moment at Ybj-ion
sites indicates the formation of ID magnetic chain.
The flipping-ratio measurements were also performed

at various conditions of temperatures and magnetic
fields. The temperature dependence of pi under H ||
(111) of 7 T shown in Fig. 2(a) exhibits a broad maxi
mum around 20 K which is consistent with the behav

ior of 5 = 1/2 ID-HAF system, although it increases
slightly at the lowest temperature. Figure 2(b) shows
the data of pi under H J. (111). In contrast to the data
under H || (111), there is a larger enhancement of pi
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Fig. 2. Circles and squares represent induced moments, pi mea
sured with H II (111) ((a) and (c)) and H ± (111) ((b) and (d)).
Thick solid lines in (a) and (b) are results of fitting sum of a
component due to isotropic HAF interaction (thin solid lines)
and that due to Van Vleck-type contribution (dotted lines) to
the data above 10 K. Those in (c) and (d) are estimated re
sult of magnetic-field dependencies based on the obtained fitting
parameters for the temperature dependencies.

below about 10 K, and no pronounced maximum is seen

at around 20 K. For the magnetic-field dependence, pj
shows monotonic increase with increasing fields for both
directions as in Fig. 2(c) and (d).

§4. Analysis and Discussions

First, the temperature dependence of pi under H ||
(111) above 10 K is analyzed by considering magneti
zation due to 5 = 1/2 ID-HAF and Van Vleck-type
one. The former is evaluated as proportional to the

magnetic susceptibility expressed as g?,x, where gy is
3"value for H || (111) and x is the calculated suscep
tibility of the 5=1/2 ID-HAF model based on the
Bethe ansatz.^^i The Van Vleck-type magnetization
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comes from excitations between crystal-field levels for
4f electrons. The crystal-field levels are at 160, 245 and
335 K, as determined by the inelastic neutron measure
ment. Since the excitation energies between the crystal-
field levels are quite larger than the temperature region

where the characteristic behavior of the ID magnetic sys
tem appears, only the excitation between the lower two
levels are taken into account in the evaluation of the

Van Vleck-type magnetization. Thus, it is expressed as
Xjf = >1||(1 - e-^/''^'^)/Z{T), where £: = 160 K and
j4|| corresponds to a squared matrix element of angular
momentum for the transition from the ground state to
the first excited state. The term Z{T) is the partition
function. Taking gy and as free parameters, we per
formed a least-squares fitting of gjjx -I- Xy' to the data.
The result with = 3.0 reproduces the data well, as
shown in Fig. 2(a) by lines. Using the resultant param
eters and the numerical result of magnetization of the
ID-HAF,^"*) we estimated the magnetic-field dependence
of fxi for H II (111) at 1.7 K, as shown in Fig. 2(c). It re
produces well the character of the measured data whose
slope becomes steeper with increasing field.
The next step is to analyze the data of m under
H ± (111). As in the analysis for H || (111), the
data above 10 K can be estimated by =

glx + ̂x(l - e-^/'=B^)/Z(T), since the unusual en
hancement of m appeared only below 10 K. From the
scattering-vector dependence of the measured inelastic
neutron-scattering intensity due to the ID magnetic ex
citation at zero field, the ratio gy : g± = 2.5 ; 1 was
obtained.®' Thus, g± becomes 1.2 from the above anal
ysis of fjLi under H jj (111). The equation g^x + Xx
fitted to the data of /ii above 10 K with a free parameter
A±, cis indicated in Fig. 2(b). The estimated magnetiza
tion as a function of H T (111) at 1.5 K is also shown
in Fig. 2(d). In contrast to the case of H jj (111), we
see a large deviation between the calculated magnetiza
tion shown by a thick solid line and the measured data
points. This difference corresponds to the anomalous en
hancement below 10 K. The experimentally determined
magnetization under H T (HI) except the Van Vleck-
type contribution is shown in Fig. 3 by solid circles.
The theoretical work on the effective magnetic Hamil-

tonian for the ground state doublet of Yb4As3 revealed
that the magnitude of the effective staggered field is ex
pressed as HsinO, where H is value of applied magnetic
field H ± (111) and 0 is a factor for the magnitude of
DM interaction.^®' The uniform magnetic susceptibility
for H ± (111) was derived as

X = 9±{ (cos^ ̂ )X(O) + (sin^ 0)x{Tr)} ,

where x{q) means the generalized susceptibility of 5 =
1/2 ID-HAF system at the ID wave vector of q. It
is interesting that, because the DM interaction gives
the effective staggered field, the susceptibility for the
antiferromagnetic spin correlation, x{q), superimposes
to the uniform part. Based on this theoretical argu
ment, temperature- and field-dependent magnetizations
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Fig.3. Solid circles represent the experimentally determined
temperature- and magnetic-field-dependent magnetization ex
cept the Van Vleck-type contribution. Theoretically calculated
magnetizations with tan 6 = 0.2 based on the DMRG method
are solid lines. The calculated temperature-dependent magne
tization is composed of that due to the HAF interaction shown

by a dotted line and that due to the staggered-field effect by a
dashed line.

of the ID chain with the HAF and DM interactions

were calculated by the density matrix renormalization
group method.^®' The calculated magnetizations with
tan0 = 0.2 indicated by solid lines in Fig. 3 repro
duces well the experimental data within the accuracy

of the measurement. The calculated components due
to the ID-HAF interaction and the staggered-field effect
are also shown in the figure. In conclusion, the present
study gives clear evidence for the staggered-field effect on
the ID magnetic property in the charge-ordered phase of
Yb4As3 under external magnetic fields.

Acknowledgements

Prof. K. Ueda is acknowledged for his valuable discus
sion. The present study is partially supported by Min
istry of education, science, sports and culture of Japan
and Inoue Foundation for Science.

1) A. Ochiai et al.: J. Phys. Soc. Jpn. 59 (1990) 4129.
2) M. Kohgi et al.: Physica B 230-232 (1997) 638.
3) K. Iwasa et al.: Physica B 281&:282 (2000) 460.
4) M. Kohgi et al.: Phys. Rev. B 56 (1997) R11388.
5) M. Kohgi et al.: Physica B 259-261 (1999) 269.
6) H. Aoki et al.: Physica B 281&:282 (2000) 465.
7) M. Koppen et al.: Phys. Rev. Lett. 82 (1999) 4548.
8) M. Kohgi et al.: to be published.
9) M. Oshikawa et al.: J. Phys. Soc. Jpn. 68 (1999) 3181.
10) H. Shiba et al.: J. Phys. Soc. Jpn. 69 (2000) 1493.
11) K. Iwasa et al.: to be published in J. Magn. Magn. Mater,

(proceedings of ICM2000).
12) K. Iwasa et al.: to be published.
13) S. Eggert et al.: Phys. Rev. Lett. 73 (1994) 332.
14) J. C. Bonner and M. E. Fisher: Phys. Rev. 135 (1964) A640.
15) N. Shibata and K. Ueda: to be published.


