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We present the first application of pulsed high magnetic fields up to 30 T for neutron diffraction
experiments. As the first study, field variations of a couple of magnetic Bragg reflections have successfully
been measured in the frustrated antiferromagnet TbB,. The results show that the conventional models fail,
and a model, which is a mixture of the XY- and the Ising-type moments, matches for the half-
magnetization state. We deduce an interaction that stabilizes an orthogonal moment arrangement as an
origin of the unusual magnetization plateaus. Our results demonstrate the powerfulness of the present

pulsed magnetic fields neutron diffraction system.
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Magnetism of geometrically frustrated systems is
among the hot topics in condensed matter physics. In
such systems, a variety of unconventional phases appear
due to a frustrated spin interaction that couples with lattice,
orbital, and charge degrees of freedom. We can tune the
balance between them using a strong magnetic field
through the Zeeman interaction of spins, and various novel
magnetic phases have been found in magnetic fields ex-
ceeding 20 T. Neutron scattering is a powerful and valuable
technique to directly determine the space and time corre-
lation of magnetic moments and to have a deeper insight
into the origin of the novel phases in high fields. So far,
however, sufficiently high magnetic fields have not been
accessible for neutron scattering studies.

In this Letter, we present the first successful application
of pulsed high magnetic fields for neutron diffraction ex-
periments up to 30 T. This new technique was used to study
the magnetic structure of the frustrated antiferromagnet
TbB,. The results give us a new element to understand
the unusual multistep magnetization in TbBy.

TbB, has a tetragonal structure (P4/mbm), in which the
network of Tb ions in the ab plane is equivalent to the
geometrically frustrated Shastry-Sutherland lattice (SSL)
[1,2]. At B =0T, successive antiferromagnetic (AFM)
transitions occur at Ty; = 44 K and Ty, = 24 K [3]. It
has an XY-type noncollinear magnetic structure (see the
inset in Fig. 1) [4]. The magnetic unit consists of four Tb
moments in the crystal unit cell [i.e., a k = (0, 0, 0)-type
structure]. Between Ty, and Ty,, the moments point to-
ward [110] and other equivalent directions, showing an
orthogonal arrangement. Below T,,, the moments
[8.2up at 3 K (up is the Bohr magneton)] tilt about ¢ ~
23° from the diagonal direction. Remarkably, below Ty,
multiple magnetization plateaus appear above 16 T at 2/9,
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4/9, 1/2, and other fractions of the saturation magnetiza-
tion M, of 8.6u5/Tb, which is close to the free Tb>"
moment of 9up, only when the magnetic field is perpen-
dicular to the magnetic easy plane (Fig. 1) [1].

The dielectric SrCu,(BOs3), is a well studied implemen-
tation of the SSL system because magnetization plateaus
appear in a two-dimensional (2D) spin gap system [5]. The
plateaus in this quantum spin system are interpreted as the
condensation of hopping triplets, which is analogous to
Mott insulating (or charge density wave) phases, due to a
repulsive interaction and limited hopping caused by strong
frustration [6].

TbB,, however, is a metal and a classical spin system.
As found in CeSb [7], a stepwise magnetization in rare-
earth intermetallics is usually expected along the Ising easy
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FIG. 1. Magnetization (M) of TbB, at 42 K (f.u. denotes
formula unit). Dashed line: Magnetic field B is parallel to the
¢ axis. Solid line: Field direction is tilted 5° from the ¢ axis,
which corresponds to this study. The indicated fraction denotes
the ratio M /M. Inset: Magnetic structure at B = 0 T for Ty, <
T < Ty, (solid arrows) and T < Ty, (dashed arrows) [4].
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axis and is attributed to a competition of RKKY interac-
tions with strong Ising anisotropy, as discussed in the axial
next-nearest-neighbor Ising model or the incommensurate
mean field model [8]. On the other hand, in TbB,, it
appears along the hard axis and cannot be explained by a
model for the Ising system. Theoretically, the ground state
of the classical SSL system is a helical antiferromagnet [2],
and no metamagnetic transitions are expected in the direc-
tion perpendicular to the helical plane. In TbB,, the or-
thogonal moment configuration below 7'y reminds us of a
strong anisotropic interaction that competes with or domi-
nates an isotropic AFM interaction. The series of unusual
metamagnetic transitions in TbB, may originate from such
anisotropic interaction. To clarify the interaction mecha-
nism, a determination of magnetic structures at each pla-
teau is essential.

The high field neutron diffraction experiment has been
conducted with a combination of a newly developed pulsed
magnet system and the reactor neutron source at the Institut
Laue-Langevin (ILL) [Fig. 2(a)]. By using the continuous
beam from a reactor, we can observe a continuous field
variation of neutron intensity at a selected reflection point.
A small magnet coil is mounted on a cryostat insert that can
be mounted into the standard orange cryostat [9,10]. The
30 T pulsed field is generated by a transportable capacitor
bank [11] every 5 minutes. The system is quite compact
and can be easily installed at any neutron facility.

The experiment was performed on the high-flux, low-
background triple-axis spectrometer IN22 at the ILL, with
a neutron wavelength of 1.53 A. A single crystal of TbB,
enriched with "B (4 X 4 X 3 mm?, 296 mg) was used. It
was oriented with the field direction tilted 5° from the
tetragonal ¢ axis, owing to the asymmetric neutron path
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FIG. 2. (a) Schematic of the experimental setup. (b) (100)
Bragg reflection profile at B = 0 T. During the high field ex-
periment, 6 was fixed at the peak position indicated by the arrow.
(c) Time structures of the magnetic field (rising and falling time
are 1.4 and 7 ms, respectively) and neutron count of a single
magnetic pulse experiment. One vertical solid line corresponds
to one neutron count.

inside the magnet coil. As shown in Fig. 1, this slight tilt
does not destroy the stepwise aspect of the magnetization:
The phase boundaries are mostly identical with those of the
nontilted one. Four Bragg reflections [(100), (200), (110),
and (220)] have been measured within the constraint of the
accessible scattering angle 8 (260 = 30° at the center of the
magnet coil) in the present system. The coil axis was set
horizontally in the scattering plane. The sample was rear-
ranged between the (h0O) and the (hhO) experiments by
rotating the sample holder about the coil axis. The 6 was
fixed at the peak position of each Bragg reflection at B =
0 T [see Fig. 2(b) for (100) reflection]. During the mag-
netic field pulse, the time structures of the field signal and
neutron count were synchronously stored [Fig. 2(c)]. The
time resolution of data taking is 0.8 ws, and the width of
the neutron detector pulse is about 40 us. These are suffi-
cient due to the longer duration of the magnetic field. After
time binning of the neutron count and correction of the
neutron time of flight (=0.6 ms), the data were converted
to a field dependence plot of the neutron count. The results
shown here were taken by accumulating 100-200 magnetic
field pulses for each reflection. The absence of a mechani-
cal misalignment during the field pulse was confirmed by
monitoring diffraction peaks that should not depend on the
field. We also checked magnetostriction effects being
negligible.

The k = (0, 0, 0) AFM structure at B = 0 T causes the
appearance of the otherwise forbidden (100) reflection.
The normalized values of the intensity //], and the mag-
netization M /M, are presented in Fig. 3(a), at 4.1 K.
[Hereafter, we use the normalized magnetic intensities in
discussion. For (100), it is normalized to the zero field
value I,,. For the other three reflections, the normalizations
are made by the intensities /; at the saturated ferromag-
netic state.] As indicated by the dashed lines, stepwise
changes of the intensity can be observed. The field region
of each intensity plateau coincides with that of the mag-
netization plateau. The results show that an AFM com-
ponent among 4 magnetic moments in the unit cell
remains until the magnetization reaches the saturation. In
this study, we mainly focus on the most important half-
plateau phase (21 T < B <24 T) that is most robust. We
have checked the peak profile of the (100) reflection in
fields and confirmed that there is no obvious broadening or
shift of the peak position, which may exclude a possible
coexistence of two phases due to the tilting of the field
direction at least in the 1/2M phase. We also note that the
statistics becomes better at the plateau states in the higher
field, since the time window is getting wider toward the
field peak due to the smaller field variation in time. This
enabled us to obtain reasonable data to discuss the half-
plateau phase.

As a first approach, we consider two conventional mag-
netic structure models, an XY-type spin-flop structure
(model A) and an Ising-type collinear one (model B), as
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FIG. 3. (a) Field dependence of (100) reflection at 4.1 K for an
ascending (open circles) and a descending (closed circles) field.
The dashed lines represent the I/1, value at the center field of
each plateau that is determined from the magnetization shown in
Fig. 1. (b) Magnetic structure models for M/M, = 1/2.
Calculated /1, of (100) reflection are presented. @, «;, and
a, are tilt angles toward the ¢ axis from the ab plane.

shown in Fig. 3(b). (In our calculation, the magnitude of
the Tb moment is assumed to be 9up for all of the
considered structures.) Calculations of the magnetic struc-
ture factors clearly conclude that the XY model can explain
none of the plateau states, and neither can a simple u-u-u-d
collinear structure explain the 1/2M, state: For example,
the observed 1/, of about 0.4 for M/M; = 1/2 is much
smaller than the calculated values of 0.75 (XY model) and
0.6 (Ising model). Thus, the present experiment clearly
confirms that the AFM correlation at high fields is weak
as compared to what is expected for a conventional anti-
ferromagnet. In contrast, model C in Fig. 3(b), which is a
mixture of the planar-type and the Ising-type moments, is
capable to explain the (100) intensity of the 1/2M, state.
Such an orthogonal arrangement again reminds us of a
predominant anisotropic interaction in this system.

Magnetlc reflection (200) orlglnates from a total mag-
netization M = Ml + M2 + M3 + M4 and is related to a
ferromagnetic (FM) component. Both FM (M p t M3 or/
and A712 + ]\7[4) and AFM (M = 1\%) components, which
come from a pair interaction along the [110] direction,
produce magnetic scattering at (110) and (220). From
magnetic structure factor consideration, reflection (110)
is expected to be more sensitive to the appearance of a
FM component than the (220) reflection. At B = 0 T, these
three reflections contain only a nuclear scattering above
Ty,- Below Ty,, a magnetic contribution superimposes in
(110) and (220) reflections due to a nonzero ¢, where the
tilt induces an AFM (1\71 1~ M 3) component that is perpen-
dicular to the scattering vector (see Fig. ).

The field variations of (200), (110), and (220) reflections
for T <4 K are shown in Fig. 4(a). Remarkable is the
absence of an enhancement of the (110) reflection in the
1/2M phase: In model C, the large FM (]\712 + AZ4) com-
ponent induces magnetic scattering, causing an enhance-
ment of (110) reflection at the 1/2M, phase, as shown in
Fig. 4(c). This fact tells us that the 4 moments in the unit
cell do not have a large c-axis component so that they
produce less than one-half of the saturation magnetization.
This means that the dominant FM component in the 1/2M
phase is not described by the wave vector k = (0, 0, 0) and
the magnetic unit cell is larger than the crystal unit cell.

As a preferable model for the 1/2M; state, we propose a
checkerboard structure formed by two types of square units
[model D in Fig. 4(b)]. One unit consists of four planar-
type moments, where the moments are almost confined in
the ab plane but slightly tilted towards the ¢ axis. In
another unit, the moments stand up from the basal plane
and are nearly parallel to the ¢ axis. The calculated 1/I, of
the (200), (110), and (220) reflections for model D are
compared with those for model C in Fig. 4(c). Indeed,
model D not only explains the (100) intensity quantita-
tively [1/Iy(calc.) ~ 0.38] but also qualitatively agrees
with the other three reflections. In model D, the increases
of the (200) and (220) intensities are attributed to a small
c-axis component with k = (0, 0, 0) originating from the
small canting of the 4 moments toward the ¢ axis.

The SSL consists of square bonds (next-nearest-
neighbor) and partial diagonal bonds (nearest-neighbor)
[2]. The square system exhibits the orthogonal arrange-
ment of moments in zero field as mentioned before. It is
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FIG. 4. (a) Field variations of (200), (110), and (220) reflec-
tions for 7' < 4 K. The dashed lines represent the intensities at
B = 0 T for each reflection. The field region for M/M; = 1/2
state is shaded. (b) Magnetic structure model for M/M; = 1/2
with a large magnetic unit cell. a3 and a4 are tilt angles toward
the ¢ axis from the ab plane. (c) Calculated magnetic intensity
I/, for models C and D.

077203-3



REVIEW LETTERS

week ending
14 AUGUST 2009

PRL 103, 077203 (2009) PHYSICAL
(a) M=0 () /\“ (i) (iii)
(B=0T) \-—-',1'/---~.$\J1,b1 e 4 Koee
, \if\/"f”'i'\-dz,bz g R
2"1'8‘]2{2([71"'4[72)/1”02 -2J,+2(by +4b,) My? - 2,426, My?
¢ 8 (Model D)
(b)M=1/2M, . (Model B) (Model C) @~~.Q—¥--y;
(Ez=-2BMp) | P Fee. ® @ﬁ_\},
i i T
& & i £ K9
~‘@ A &- ﬂ_—m.é
2(by+4by) Mo2+4K 26, M2+2K 20,425, M2+2K

FIG. 5. Calculated energy E per unit cell for (a) M = 0 and
(b) M = 1/2M structures. The solid and dashed lines represent
the nearest- and the next-nearest-neighbor interactions, respec-
tively. Model C’ and model D’ are idealized versions of, respec-
tively, model C and model D, in which ¢ = 0°, a; = a3 = 0°,
and ay = a4 = 90°.

worth noting that, in model D, all of the nearest-neighbor
moments are nearly orthogonal. This encourages the idea
that the diagonal interaction also prefers an orthogonal
arrangement of moments in the field. From these, we
may assume the presence of an interaction with a biqua-
dratic form b,(M ;e M)?, which stabilizes moments being
perpendicular to each other for b; > 0. Here we briefly
discuss the magnetic structure based on the SSL model
including this biquadratic interaction. The free energy is
given by E = Egy + Epg + E, + Ez The E..., repre-
sents the bilinear interaction J; M M k- The Eyq is the
biquadratic interaction. (J;, b;) and (Jo, by) correspond to
the interactions on the diagonal and square bonds, respec-
tively. The last two terms are an anisotropy energy E, =
M3Y ;Ksin?B; (K > 0) and the Zeeman term E, where 3;
is the angle from the ab plane and M is the magnitude of
moment M The calculated energies E per unit cell are
compared for several structures with M = 0 [Fig. 5(a)] and

= 1/2M, [Fig. 5(b)]. In the ground state, the antipar-
allel moments on the diagonal bonds become stable for
J1 >2J, [see Figs. 5(a)(i) and 5(a)(ii)]. Then the perpen-
dicular structure [Fig. 5(a)(iii)] gains energy with respect
to the collinear one [Fig. 5(a)(ii)], if b, > 0. Regarding the
1/2M; structure, model C’ has the same E, as that of
Fig. 5(a)(iii). When the b, interaction is dominant and
satisfies the relation J, + szg < blMS, model D’ be-
comes stable against model C'.

These considerations stimulate a qualitative scenario for
the appearance of magnetization plateaus in TbB,. In the
SSL, magnetic frustration occurs when the AFM interac-
tions J; and J, are comparable. In the same sense, the
biquadratic interaction is frustrated for a special ratio of b,
and b,, and the E, of several structures must be close to

each other. At zero field, the magnetic moments lie in the
ab plane due to the easy-plane anisotropy. As an excited
state, several states are degenerate in energy Ep,, where
some of the moments have an orthogonal arrangement due
to the large b, interaction. When a gain of the £, com-
pensates the cost in the E,, one of the degenerate states
must be stabilized in a certain field region, which produces
a stepwise change of magnetization. Such a process may
occur step by step with increasing field, owing to a delicate
balance among bilinear interactions, biquadratic interac-
tions, and easy-plane anisotropy. As for the origin of b, a
quadrupole interaction may be possible, as commonly
discussed for rare-earth compounds [12]. A theoretical
study, taking these interactions into account, is desired to
fully understand the complex magnetization process,
which is beyond the scope of this work.

In summary, our results confirm that the conventional
model fails in TbB, and indicate the predominant aniso-
tropic interaction. We propose a checkerboard model for
the 1/2M, state that matches with the experiment. We
suggest the biquadratic interaction b as a possible mecha-
nism for the magnetization plateaus, where the b stabilizes
an orthogonal moment arrangement.

As demonstrated, our new technique is a powerful tool
to investigate field-induced phases under high magnetic
fields. This will open the door for new investigations in a
wide variety of systems, such as the frustrated magnets,
strongly correlated electron systems, and so on.
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