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SAMPLE

Multiferroics, materials demonstrating ferromagnetism and ferroelectricity
simultaneously, have gained significant attention recently due to their potential technological
significance and the novel physics behind them. We are currently studying the magnetic
and electric properties of multiferroics, with our interest devoted to those with a strong
coupling of magnetic and electric moments. Frustrated systems, those with the inability
to minimize their interaction energies, have the potential for this coupling. However,
frustration in large systems, like extended lattices, makes exact theoretical modeling
very difficult due to the sheer scale of the interactions. Because of this complexity, we
focused on simple isolated triangular systems, such as a chromium trimer, thus allowing
a better opportunity to relate the theoretical modeling and experimental data. To do this,
we are using a variety of techniques including Electron Paramagnetic Resonance (EPR),
Magnetization, and Dielectric Susceptibility. The EPR and Dielectric Susceptibility are
measured using a 17-T superconducting magnet, while a short-pulse 60-T magnet is
utilized for Magnetization measurements. We observed a direct correspondence between
the steps and plateaus of the magnetization and dielectric susceptibility, suggesting a
purely electronic form of multiferroic behavior. By analyzing the temperature and angle
dependence of the EPR, we can determine the splitting of the energy levels and the
coupling of the electrons. Thus, through these measurements we can understand this
multiferroic mechanism. In the future we anticipate being able to apply the knowledge
gained from these triangular systems to more complicated structures.

ELECTRON PARAMAGNETIC RESONANCE
The EPR was measured at various temperatures using a cavity with a
resonance frequency of approximately 70 GHz. By placing the sample in
different orientations, we can observe the effects of the electric and magnetic
fields parallel and perpendicular to the main axis of the chromium triangles.
Because we are working with the TE102 mode, the magnetic field is maximum
at a/2, and the electric field is maximum at a/4. Two opposite circular openings
allow the electomagnetic waves to enter and exit the cavity. After positioning
the sample, the cavity is placed inside a specially-designed wheel, enabling
us to rotate the cavity with respect to the z-axis and thus measure the angle
dependence of the EPR.

Unlike linear trimers, each chromium in the isosceles triangle
is interacting with all the others thus the system experiences
frustration. Because the interaction between the triangles is
negligible, they are considered to be isolated from each other.
200 x 200 x 20 µm3

There are two chromium triangles, slightly tipped relative to
each other, per unit cell. These triangles are oppositely oriented.
Cr3+ (s = 3/2 ) triangles
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By measuring the capacitance of the parallel-plate capacitor, we can determine the dielectric susceptibility of the sample using the
following formula:
ε0εrA
C=
d
where C is the capacitance, ε0 is the permittivity of free space, εr is the dielectric constant, A is the area of the plates, and d is the distance
between the plates. The dielectric susceptibility is thus determined by plotting the change in capacitance divided by the capacitance
(ΔC / C), which reduces to the change in the dielectric constant divided by the dielectric constant (Δεr / εr).

Diagram of the Dielectric Susceptibility
measurement setup

A compensation setup is used in the pulse magnet to measure the magnetization. The sample sits inside a compensated
coil, and an additional single-turn compensated coil is used to eliminate the residual voltage. Two pulsed shots
are needed: one with the sample, one without. The magnetization of the
sample is proportional to the voltage (VM) across the compensated coil
(sample in - sample out).
Short-Pulsed Magnet
VM α dM = dM dH
dt
dH dt
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ST = 3/2 has four states SZ = ±3/2, ±1/2
ST = 1/2 has two states SZ = ±1/2.

The step in the magnetization at 10T corresponds to the interception
of the lowest energy lines of the ST = 3/2 and ST = 1/2.
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Comparing the Magnetization and Dielectric Susceptibility
measurements, we observed a correlation between the steps and
plateaus of the two data. This offers evidence of coupling between the
spin texture and the electrical polarization.
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When Bosc is perpendicular to H, a main resonance is observed at
2.7T. This resonant peak increases with decreasing temperature
and broadens at 0.5K. There are also two smaller peaks which
appear on either side of the main peak at intermediate temperatures.
The dependence of the satellite peak splitting upon the plane of
rotation indicates the tilting of the trimer out of the plane.
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The angle dependence of the EPR was also measured at 2.1K.
Notice that the peak at 10.8T is weakest at 0° and ±80° and
strongest at ±40°. This indicates that the two chromium triangles
are tipped relative to each other.
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When Eosc is perpendicular to H, the sample exhibits four resonance
peaks: 2.7T, 5T, 8.2T, and 10.8T (the peak just below 2T is due to
the waveguide). The amplitude of the peaks at 2.7T, 5T, and 8.2T
decreases at lower temperatures. This direct correlation suggests
a higher energy transition is occurring at those fields since at low
temperatures electrons shift to their ground state. However, the
fourth peak displays the opposite effect. Its amplitude increases at
lower temperatures, implying a ground state transition at 10.8T. This
dipole active “EPR-like” transition occurs when Eosc is perpendicular
to H and the polarization P.

Temperature Dependence of the EPR in max magnetic field

Spin = 1/2
with isotropic exchange
(J12=J23=J31)

ST = 1/2 (4 states, degenerate Kramers doublets)
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Angle Dependence of the modified EPR in max electric field
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are the eigenstates. Taking into account the coupling interaction (J), the
eigenstates become quantum superpositions of these 8 configurations.
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Since the chromium 3/2 spins are coupled antiferromagnetically, the
low energy states behave like S = 1/2.
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Integrating VM gives the magnetization.

0.02

0.3

Magnetization

Capacitor Driven Pulsed Field

80 Deg

40K

Magnetic Field (T)

Magnetization results from the response of a material to an external magnetic field. Thus, the magnetization for this
sample was measured in a pulsed field using a 60-T short-pulse magnet.
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Dielectric susceptibility was measured using a 17-T superconducting magnet and a balance capacitance bridge. The sample is placed
in the parallel-plate capacitor, and magnetic field sweeps are conducted at various temperatures.
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The correlation between the magnetization
and dielectric susceptibility measurements
suggests a purely electronic form of
multiferroic behavior. This notion is added
to by the differences in the microwave data
for when the sample is in the maximum
magnetic field versus the maximum electric
field. The appearance of additional peaks
at higher fields in the oscillating electric
field indicates a response by the sample to
the electric field. The resonance at 10T is
particularly interesting due to its unique
shape and its correspondence to the level
crossing. However, the relationship between
the EPR and dielectric susceptibility is still
unclear. More experiments and theoretical
modeling are needed to resolve this.

