






         26           ISSP  Activity Report 2008                                                                                                            ISSP  Activity Report 2008           27                                                                                                           ISSP  Activity Report 2008           27

action J3 (>0). The model Hamiltonian is given by

    = J1  Σ   si · sj + J3  Σ   si · sj                            (1).
           〈i, j〉NN                           〈i, j〉3rd.NN 

If the third-NN interaction is dominant, there are three 
equivalent IC ground-state spin-configurations that can be 
transformed to each other by 120 degree lattice rotations 
(Fig. 1). Presence of this discrete symmetry makes it possible 
to have a finite temperature phase transition without violating 
Mermin and Wagner's theorem.

We perform classical Monte Carlo simulation using the 
standard heat-bath method [3]. In this calculation, the value 
of the interaction ratio J3/J1  is fixed at -3. We find that the 
specific heat as a function of the temperature exhibits a 
single peak indicating a phase transition. We study the proba-
bility distribution of the energy in order to determine the 
order of this transition. The distribution exhibits the bimodal 
structure and the valley in the middle of the distribution 
deepens with increasing lattice size. These evidences clearly 
suggest the first-order phase transition.

From ground state properties of the present model, it is 
natural to expect the spontaneous breaking of the threefold 
lattice-rotational symmetry. Based on this expectation, we 
calculate the direction-specified nearest-neighbor correlation 
along the three axes separately. To be specific,

          
1εμ = ——        Σ            si · sj  (μ = 1, 2, 3)              (2).

          L2    〈i, j〉NN  || axis μ

In the symmetry breaking phase, one of the three εμ is 
negative, while the others are positive. We therefore sort 
the averages of the three quantities in descending order and 
define them as E1, E2, and E3 . As shown in Fig. 2, E1 and E2 
increase but E3 decreases below the first-order phase transi-
tion temperature. The threefold symmetry is spontaneously 
broken and one of the three axes is selected. 

We now consider implications of these results on 
the experimental observations of NiGa2S4. The impor-
tant point there was that the IC phase emerges at low 
temperatures and the specific heat has a broad double-
peak structure. The present results are consistent with the 
incommensurability observed in the neutron scattering 
experiments. On the other hand, however, the specific 

heat of the present model only exhibits a single divergent 
peak. To relate the present results to the experiment, it is 
necessary to construct the whole phase diagram and also 
take into account other types of interactions that have 
been neglected.
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ZnCr2O4 is a geometrically frustrated antiferromagnet. 
Cr ions form a pyrochlore lattice in this material. The Néel 
temperature is 12 K while the Curie-Weiss temperature is 
such high as -390 K. This shows that a strong geometrical 
frustration prevents the Néel ordering. It is known that the 
lattice distortion accompanies the Néel ordering. Spin-lattice 
interactions act under the strong geometrical frustration in 
this material. As the exchange interactions between Cr ions 
are very strong, an ultra-high magnetic field is required to 
investigate the magnetization process of this material. We 
performed the Faraday rotation measurements under ultra-
high magnetic fields up to 190 T by using a single turn coil 
[1]. We observed a first order phase transition at 120 T and 
a linear increase of Faraday rotation angle between 120 
T and 135 T and the plateau with 1/2 of the full moment 
between 135 T and 160 T. These behaviors coincide with the 
theoretical prediction by K. Penc et al[2]. According to their 
theory, the region of the linear increase shows a cant 2:1:1 
phase. In order to observe the full magnetization process of 
this material, a much higher field is required. We conducted 
the Faraday rotation measurements in magnetic fields up 
to 400 T by an electro-magnetic flux compression (EMFC) 

Fig. 1. A schematic illustration of spin configuration for the ground 
state. The spin configuration along axis 1 is characterized by the wave 
number k, and that of axes 2 and 3 by k/2. There is a threefold degen-
eracy corresponding to 120 degree lattice rotations. The spin configura-
tion on each of the four sublattices (divided by color) is close to, but not 
exactly, the 120 degree structure.

Fig. 2. Temperature dependence of the direction-specified bond energy 
E1, E2 and E3. The first-order transition temperature is Tc/J3 ~ 0.42.

method. For a precise Faraday rotation measurement in the 
EMFC system, we have developed a hand-made optical 
cryostat fully made of a “stycast” resin (a picture above the 
figure), which enables us to achieve low temperatures with 
a fairly good vacuum tight. A curve in the figure shows the 
result. The left vertical axis shows the Faraday rotation angle 
(θF). The right vertical axis in the figure shows the magne-
tization which corresponds to the Faraday rotation angle. 
We successfully observed the full magnetization process of 
this material at 6 K. The data below 190 T coincides well 
with those measured by using the single turn coil. We found 
some anomalies which show new phase transitions (240 T, 
290 T, 350 T, and 390 T) above 190 T. We considered that 
the anomaly at 390 T corresponds to the phase transition to 
the Ferro phase which is already explained in the theory by 
Penc et al. However, other phase transitions are beyond the 
prediction of the theory. The values of the magnetization 
at the fields of 240 T, 290 T and 350 T are 2/3, 3/4 and 5/6 
of the full moment, respectively. The details of those phase 
transitions are still not clear. However, a possible explana-
tion for these transitions is as follows. We assume that the 
1/2 plateau phase has a rhombohedral spin structure (the 
inset of the figure). This structure shows that Kagome lattices 
with up-spins and triangular lattices with down-spins are 
alternately layered. If the spins in the triangular lattice layers 
form 1 up-2 down spin structures or 2 up-1 down structures 
in the high field region, new transitions can occur at 2/3 
or 5/6 of the full moment. If such a structure is realized, it 
means that dimensional reduction of “magnetic ordering” 
takes place from three to two induced by an external strong 
magnetic field. 
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The coupling between spin and lattice degrees of freedom 
realizes a variety of magnetic field-induced structural transi-
tions. Recent development of diffraction measurements 
in pulsed-fields enabled us to obtain direct evidence of 
these phenomena for some materials in high-fields [1,2]. 
The accuracy, however, remains insufficient to detect faint 
changes caused by superstructures. Here, we developed an 
alternative technique to study these transitions: high-speed 
polarizing microscope imaging in pulsed-magnetic fields. 
Some kinds of structural transitions can be identified through 
observation of creation or annihilation of twin boundaries in 
crystals. With using a high-speed camera, we can perform 
this imaging in high magnetic fields achieved by pulse 
magnets. To this end, we introduced a high-speed camera 
(6000 frames/s for VGA resolution) on a commercial polar-
izing microscope. Using this microscope system and an 
objective lens with long working distance, we obtain real 

Fig. 1. Magnetization of ZnCr2O4 measured by the Faraday rotation 
method under ultra-high magnetic fields generated by the electro-
magnetic flux compression method. Arrows show the phase transitions 
above the plateau phase. The upper left picture shows a primary coil for 
the electro-magnetic flux compression. The upper right picture shows a 
handmade optical cryostat made of a “stycast” resin.

Fig. 1. Schematic drawing of the high-speed imaging system combined 
with a pulse magnet. The magnet and sample are cooled by the first 
and second stage of a cryocooler, respectively. The sample stage was 
mechanically isolated from the vibration of the compressor of the 
cryocooler and of the magnet. A high-speed camera is mounted on 
a commercial polarizing microscope to trace fast changes in images 
induced by pulsed-magnetic fields.

Fig. 2. Polarizing microscope images in the ab-plane of La1/2Sr3/2MnO4 
at 200 K at (a) zero field and (b) 28 T. The bright areas represent the 
domains of the COO, which disappear by application of a magnetic 
field of 28 T along the c-axis.
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images of samples located on the center of a small pulse 
magnet, which can generate magnetic fields up to 37 T 
in a duration time of about 5 ms. Using a low-vibration 
cryocooler system, the sample and the magnet can be cooled 
down to 8 K and 80 K, respectively.

As the first target of the present imaging system, we 
chose a crystal of La1/2Sr3/2MnO4. This layered manganite 
exhibits charge/orbital ordering (COO) below about 220 K. 
Since the orbital ordering restricts the direction for hopping 
of mobile eg electrons in the Mn3+ ions, optical anisotropy 
emerges within the ab-plane in this state. Consequently, 
the COO state shows up brightly in polarizing microscope 
images at the crossed-Nicols configuration [3]. Figures 2 
show polarizing microscope images on the cleaved ab-plane 
of La1/2Sr3/2MnO4 at 200 K. Corresponding to the field-
induced melting of the COO, bright domains in zero field 
(Fig. 2(a)) become dark in 28 T (Fig. 2(b)).

The utilized camera has 12-bit resolution for intensity in 
each pixel, so that we can quantitatively analyze the obtained 
images in pulsed-fields. In Fig. 3, we show the intensity in 
a part of the images as a function of applied field at several 
temperatures. These clear changes in the optical intensity 
manifest the field-induced melting of the COO in contrast 
to rather moderate changes in magnetization and magneto-
resistance in this temperature region [4]. The present result 
provides a novel opportunity for investigation of some kinds 
of field-induced transitions even in tiny crystals.
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Fig. 3. Averaged intensity in a part of the polarizing microscope images 
as a function of the applied field. The data at each temperature is offset 
for clarity. The observed decrease in intensity corresponds the reduction 
in optical anisotropy caused by the COO.




