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Effect of Antiferroquadrupolar Interaction on the Magnetic Structure

of H0IIB2C2
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Tetragonal H0B2C2 shows an antiferroquadrupolar order transition at Tq = 4.5 K, which is
below the antiferromagnetic transition temperature Tn = 5.9 K. Between Tq and Tn, there exists
an intermediate phase, phase IV, which is a pure magnetic ordered phase. We have done the
neutron diffraction measurements on a single crystal sample of Ho^'B2C2 in phase IV under zero
magnetic field. In phase IV the system has a magnetic structure with a long periodicity, which
is described by the two propagation vectors fci =[1 0 0] and k =[l-|-(5 5 5']. This configuration
is expressed as a combination of equal magnetic moment component and longitudinal sinusoidal
moment modulation.
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§1. Introduction

The systems showing both of an antiferroquadrupolar
(AFQ) ordering and an antiferromagnetic (AFM) order
ing have been attracting many interests. They are known
to show complicated magnetic behavior because of com
petition and coexistence of AFQ order and AFM order.
Among those systems, the most extensively studied ones
are the cubic compounds CeBg and Cea;Lai_a:B6, espe
cially since a new phase, named phase IV, was discov
ered in CexLai-iBe-^'^^ However, the nature of phase
IV is still mysterious, because Kondo screening competes
with quadrupolar and magnetic interactions in these sys
tems.^'

Recently, it has been reported that DyB2C2 shows
both an AFQ order transition and an AFM order tran
sition.^^ DyB2C2 crystallizes in the tetragonal LaB2C2-
type structure (the space group P4/m6m).®'®^ The struc
ture can be described as that the Dy layers and the B-C
layers are piled up alternately along the c-axis. The most
striking feature of DyB2C2 is the value of transition tem
peratures, besides being the first example of tetragonal
compound showing an AFQ ordering. The AFQ order
transition in DyB2C2 occurs at Tq = 24.7 K, and the
AFM order transition at Tn = 15.3 K. They are almost
ten times as high as those of the other AFQ systems
reported so far.

H0B2C2, which has the same crystalline structure as
DyB2C2, also shows both of an AFQ ordering and an
AFM ordering.^) In H0B2C2, the AFQ order transition
occurs at Tq = 4.5 Amazingly, this transition occurs
below the AFM transition temperature Tn = 5.9 K. Un
like CexLai-xBg mentioned above, phase IV of H0B2C2
is an AFM ordered phase without doubt.
Prom powder neutron diffraction pattern, Ohoyama

et al. deduced the magnetic structure of Ho^^B2C2 at
low temperature in zero magnetic field. Here B was re
placed with enriched ̂ ^B isotope for the neutron diffrac
tion measurements, because natural B is a strong neu

tron absorber. The magnetic structure below 4.5 K in

the coexistent phase of the AFQ order and the AFM
order (phase HI) is described by four propagation vec
tors of fci =[1 0 0], fc2 =[0 1 1/2], fcs =[0 0 0] and
fc4 =[0 0 1/2]. The magnetic moments of 6.4 /xb lie in the
c-planes. Adjacent magnetic moments along the [0 0 1]
direction are placed at an angle of 70° with each other.
In the c-plane, each magnetic moment makes an angle
of about 150° with the nearest magnetic moment. Basi
cally, the magnetic structure is explained by the overlap
of AFQ [0 0 1/2] structure and AFM [1 0 0] structure.
This ground state of H0B2C2 is essentially the same as
that of DyB2C2 in the coexistent phase of AFQ order
and AFM order, except the value of the angles between
adjacent magnetic moments.

On the other hand, for Tg < T < Tn the AFM order
is clearly observed with the powder neutron diffraction
measurements. The magnetic structure is described by

two propagation vectors: one of them is fci=[l 0 0], and
the other is k that indicated phase IV is a magnetic
ordered state with long periodicity.^®^ Possible propaga
tion vector k for a long periodicity is fc =[l-l-<5 5 0] type
or k =[l-l-(5 6 Y] type. The powder neutron diffraction
measurements suggest k =[1-1-5 5 5'], where 6 ~ 0.11
and S' ~ 0.04. However, determination of the precise
magnetic structure remains ambiguous because of broad
ness and weakness of magnetic reflections. To confirm
the suggestion from powder neutron diffraction measure
ments, we show the results of neutron diffraction mea
surements on the single crystal Ho^^B2C2 in phase IV.

§2. Experimental

The polycrystal Ho^^B2C2 were synthesized by the
conventional argon arc technique. The mixture of appro
priate proportions of 99.9 % pure Ho, 99.5 % enriched
^^B and 99.999 % pure C was melted, and the ingot was
turned over and remelted several times. A single crystal
was grown by the Czochralski method using a tri-arc fur
nace. We cut the single crystal with the size of about 6
mmx4 mmxl mm. The mass of the sample is 47.1 mg.
Neutron diffraction experiments were performed using
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the KINKEN Single Crystal Diffractometer (KSD) in
stalled at JRR-3M at the Japan Atomic Energy Research
Institute. Neutron beam with wavelength of 1.527 A was
obtained by the 311 reflection of the Ge monochromator
of vertical bent and 12'-oc-40' collimation. The single
crystal sample was sealed in a standard aluminum cell
with helium gas. The sample cell was mounted at the
cold head of a closed-cycle He-gas refrigerator.

§3. Experimental Results

Firstly, we examined the neutron scattering intensity
around magnetic Bragg peaks in the reciprocal a*-a*
plane of the single crystal Ho^^B2C2 at 4.9 K, where
Iq < 4.9 K< Tn. In Fig. 1(a), we show the contour
plot of magnetic scattering intensity around reciprocal
lattice position (1 0 0) in the reciprocal a*-a* plane. In
the figure, we make a solid line every 5 contour lines. In
order to make the height of intensity clear, we show two
sets of profiles of h-scan along {h 0 0) and {h -0.1 0) in
Fig. 1(b). The clear peak is observed at (1 0 0) magnetic
Bragg point. Near (1 0 0) Bragg point, four small peaks
are observed at (l-|-<5 6 0), (l-l-<5 -5 0), (l-d -|-5 0) and
(l-(5 -6 0), where d ~ 0.11. These four small peaks have
almost the same peak intensity. The peaks indicate that
the magnetic structure in phase IV has long periodicity
whose propagation vector k is described by [H-d <5 0]
type or [1-l-J 6 (5'] type.

To investigate the direction of the long periodicity
component, we examined the neutron scattering inten
sity at the reciprocal lattice position (2 1 0). We show
the contour plot of magnetic scattering intensity around
reciprocal lattice position (2 1 0) in the reciprocal a'-a*
plane in Fig. 2(a). We can see five peaks in the figure: a
peak at (2 1 0) Bragg point, and four peaks surrounding
it, like those around (1 0 0) Bragg point. However, the
intensity of the peaks at (2±J 1^5 0) is clearly larger
than that of the peaks at (2±(5 1±(5 0). In Fig. 2(b),
we show two sets of profiles of /i-scan along {h 1 0) and
{h 0.9 0) to compare the intensity of the peaks. In con
sideration of the relation between propagation vector k
and scattering vector Q at each reciprocal lattice point,
this difference in intensity of the satellite peaks indicates
that the direction of the magnetic moments of this long
periodicity component is along [1 1 0].
Next we show the correlation around magnetic Bragg

peaks in the a*-c* plane of the single crystal H0B2C2.
In order to catch the satellite peaks, the vertical a-axis
was tilted by 5.1°. In Fig. 3, profiles of Z-scan along
(0.985 0.09 I) and (0.91 0.08 I) at 5.2 K of the single
crystal H0B2C2. For the Z-scan along (0.985 0.09 Z), a
peak at reciprocal lattice position (1 0 0) is observed
as seen in Fig. 3(a). On the other hand, for the Z-scan
along (0.91 0.08 Z), two broad peaks are observed as seen
in Fig. 3(b). If the propagation vector k describing the
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Fig. 1. Magnetic scattering intensity around the reciprocal lattice
point (1 0 0) at 4.9 K of the single crystal HoB2C2. (a) The
contour plot of the magnetic scattering intensity in the reciprocal
a*-a* plane, (b) Profiles of /i-scan along {h 0 0) and {h -0.1 0).

Fig. 2. Magnetic scattering intensity around the reciprocal lattice
point (2 1 0) at 4.9 K of the single crystal H0B2C2. (a) The
contour plot of the magnetic scattering intensity in the reciprocal

a'-a* plane, (b) Profiles of /i-scan along (h 1 0) and (fi 0.9 0).
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Fig. 3. Neutron magnetic scattering profiles of the single crystal
H0B2C2 at 5.2 K. (a) f-scan along (0.985 0.09 /), and (b) f-scan
along (0.91 0.08 I). In order to catch the satellite peaks, the
a-axis was tilted by 5.1°.

Fig.4. Magnetic structure model of H0B2C2 in phase IV in the
c-plane. Actual magnetic moment is the combination of the two
components that is expressed as two arrows on each Ho atom.
One of them indicates equal magnetic moment component, and
the other indicates longitudinal sinusoidal moment modulation.

long periodicity is [!-!-() S 0] type, the profile for the /-scan
along (0.91 0.08 I) shows only one peak around I = 0.
The profiles with two peaks indicate that the propaga
tion vector k is surely [1-1-^ 5 J'] type. Prom the peak
positions, we obtained 5' ~ 0.04.

§4. Discussion and Summary
From these measurements, we summarize the magnetic

structure of H0B2C2 in phase IV as follows. In order to
describe the antiferromagnetic structure of phase IV, two
propagation vectors fe i =[1 0 0] and k =[H-(5 5 (5'] are
needed. Here 6 ~ 0.11 and 6' ~ 0.04. The propaga
tion vector ki corresponds to a simple antiferromagnetic
coupling in the c-plane. The other propagation vector k
corresponds to a long periodicity with the magnetic mo
ment of this conponent being [1 1 0] direction. Because
the magnetic moments are perpendicular to the c-axis,
this long periodical k means longitudinal sinusoidal mo
ment modulation.

In Fig. 4, we show the most probable magnetic struc
ture model of H0B2C2 in phase IV in the c-plane. We
plotted the two arrows describing the magnetic moment
of the each Ho atom. Actual magnetic moments are com
bination of the two components. One of them indicates
the equal magnetic moment component, and the other
indicates longitudinal sinusoidal moment modulation. In
the adjacent c-plane, there exist the same equal moment
configuration and longitudinal sinusoidal moment mod
ulation that periodical modulation is shifted for the one
twenty-fifth considered from the value of 6'. This mag
netic structure is consistent with the results deduced by
neutron powder diffraction measurements in ref. 10, in
which the magnetic moment is roughly estimated to be
3 /tb-

Although no AFQ long-range order is observed in
phase IV of H0B2C2, it is highly probable that the AFQ

interactions affect the configuration of magnet moments.
These AFQ interactions may cause the long periodicity
of the magnetic structure in phase IV. To obtain further
knowledge of the effect of AFQ interactions and its mech
anism, we are planning detailed elastic neutron scatter
ing and inelastic scattering measurements.
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