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A small size and high efficiency refrigerator is important for microdevices such as infrared detectors and
quantum devices. These devices need low temperature to reduce thermal noise. There are a lot of types of micro
refrigeration devices such as a Joule-Thomson refrigerator, a Stirling refrigerator, a Peltier refrigerator and so on.
Both high efficiency and simple structure are preferred for a micro device application. From these points of view,
fluid devices such as the Joule-Thomson refrigerator has difficulty for miniaturization because of their complex
structure. On the other hand, the efficiency of the Peltier refrigerator is not so high. We focused on a solid state
magnetic refrigerator, which has both high efficiency and simple structure. The magnetic refrigerator is based on a
magnetocaloric effect, which controls the thermal state of the magnetic material by applied magnetic field. We
choose La(Fe,Si,..)3sH, as a working material, which has large magnetocaloric effect due to 1st order magnetic
phase change. We use a magnetic Carnot cycle as a refrigeration cycle, which consists of two adiabatic processes
and two isothermal processes. This cycle can be realized by the solid state magnetic refrigerator, which consists of
the magnetic material, thermal switches and a magnetic field switch. Two thermal switches connect the thermally
isolated magnetic material with a hot and a cold heat reservoir. The isothermal process can be done with one of the
thermal switches in ON state and the other in OFF state. The adiabatic process can be done with all thermal
switches in OFF state. In this study, we developed the components of the micro magnetic refrigerator and the
refrigeration system.

In chapter 2, we discuss about the thermal switch. A solid contact type thermal switch is suitable for the micro
magnetic refrigerator, because of its simple structure and high performance. To thermally isolate a thermal
contactor from the other components such as an actuator, the thermal contactor is supported by a thermal isolation
structure, which should be stiff enough to generate contact force in ON state. We designed the thermal isolation
structure using high aspect ratio parylene beams with stiffening silicon sub-structures. The performance of the
thermal switch was confirmed by a numerical simulation using finite element method (FEM). From the numerical
simulation, the stiffness increased by a factor of 2.4 with the stiffening sub-structures. On the other hand, the
thermal loss increased by only ca. 6%.

In ON state, a thermal contact resistance (TCR) limits the performance. We measured the TCR under a small
contact pressure region at which the MEMS structures can survive. The measured TCRs between two mirror
polished silicon surfaces were in the range from 400 to 1000 mm?K/W under the contact pressure region between
8 and 54 kPa. We also investigated the effect of carbon nanotubes as a TCR reduction material. With a CNT carpet
which was generated on the silicon surface, the TCR reduced to be ca. 1/3 of which without CNTs. When the
contact surface was bent, the TCR between two mirror polished silicon surfaces was quite high (ca. 8000
mm’K/W) regardless of the contact pressure. This suggests that the contact area was quite limited and then the
contactors were almost separated. But even when the surface was bent, CNTs could reduce the TCR.

The thermal switch was made using MEMS fabrication technology. The parylene high aspect ratio structure
was made by silicon lost. mold process. The OFF state thermal isolation property was determined by a thermal
response of the thermal contactor. The thermal contactor was heated by a Pt thin film heater fabricated on it. The
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temperature of the contactor was determined by an electrical resistance of the heater. The measured temperature
response was compared with a thermal model, which consists of heat capacities and thermal resistances. Fitting
the measured values with the theoretical response of the thermal model, the thermal resistance between the
contactor and the external body was determined as ca. 2.7x10* K/W, which was as high as FEM predicted value.

Then, the stiffness of the thermal isolation structure was measured. The thermal contactor was loaded by a
piezoelectric actuator with a micro indenter. The applied load and displacement were measured by an electrical
scale and a photonic sensor, respectively. The measured stiffness with and without stiffening sub-structures were
1.7x10° and 2.8x10’ N/m, respectively. From these values, the stiffening factor was 1.6, which was smaller than
the FEM predicted value (2.4). Using another FEM model, it was confirmed that the degradation of stiffness was
caused by seams within the parylene structures.

In chapter 3, we discuss about the heating and cooling of a microstructure by the magnetocaloric effect. The
magnetic material (La(Fe,Si.)i:H, ) was glued on a silicon microstage which was supported by the parylene
thermal isolation structure. The magnetic field was modulated by a magnetic field switch. High magnetic field
could be obtained by concentrating the magnetic flux using a tapered shape yoke. Permanent magnets were used
as a magnetic flux source. By rotating the magnets, the magnetic flux flows through (ON state) or across (OFF
state) the yoke, which results in changing the magnetic flux density of the measurement section (gap of the yoke).
The yoke structure was designed using a 2D FEM numerical simulation. The measured maximum magnetic flux
density was ca. 0.17 T, which was roughly 1/10 of the FEM predicted value. The experimental result showed that
the out-of-plane flux leakage was dominant, which cannot be considered by 2D simulation. Then we developed
the designing tool using 3D edge-element FEM. Validity of the tool was confirmed by comparing the predicted
values with the measured results. The calculated magnetic flux density was well consistent with the measurement.
The structure of the yoke was then modified using this designing tool. The measured maximum magnetic flux
density was ca. 0.95 T, which was as high as the result of the designing tool (0.9 T). In addition, the magnetic field
could be modified by rotating the permanent magnets.

A fabricated thermally isolated magnetic material was placed on the magnetic field switch. This equipment was
placed in a vacuum chamber to reduce unnecessary heat loss. Because the magnetic material has optimum
operation temperature, two Peltier devices were used to control the ambient temperature of the test device. The
temperature of the magnetic material was measured by an infrared thermal imager. The magnetic field induced
temperature fluctuation of ca. 1 °C was observed, when the ambient temperature was set to be ca. 11 °C. On the
other hand, when the ambient temperature was higher or lower than this temperature, the measured temperature
change was quite small. These results mean that the material was successfully heated and cooled by the
magnetocaloric effect.

In chapter 4, we discuss about the solid state micro magnetic refrigerator. The magnetic refrigeration device
was constructed by combining the thermally isolated magnetic material with two thermal switches. The thermal
switches were actuated by solenoids. The magnetic field switch was designed for the refrigerator. The maximum
magnetic flux density was measured as high as 1.3 T. The magnetic refrigeration cycle was then operated. The
cycle period was ca. 5 s. A cold plate (the contactor of the cold side thermal switch) could be cooled as high as ca.
0.6 °C.

In chapter 5, we discuss about the improvement method for the micro magnetic refrigerator. We developed a
numerical simulation tool of the refrigerator. The tool deals with a thermal model which consists of heat
capacitors, magnetic materials, thermal resistances and thermal switches. First, a thermal model of the micro
refrigerator, which we used in chap. 4, was examined. The calculated temperature change was ca. 0.9 °C, which
was a bit higher than the measured value. Then, the effect of each parameter was examined. The heat capacity of
the cold plate was too small, then the temperature fluctuation as high as ca. 1 °C was induced by a small heat input
which flows through the insulation structures. The temperature fluctuation could be suppressed as the heat
capacity of the cold plate increased. Then, the periods of each operation phases were examined. The periods of the
adiabatic processes should be as small as possible. But the periods were limited by a response time of the
magnetic material and a switching time of the magnetic field switch. The response time of the magnetic material
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was reported within 1 s, but there is no faithful investigation on the response time of the material. The
measurement of the response time of the magnetic material is helpful for optimization of the operation periods.
The period of isothermal processes had optimum values. The period shorter than the optimum value prevents the
heat transfer between the magnetic material and the thermal contactor. On the other hand, longer period increases
unnecessary heat input which flows through the thermal isolation structures. A small thermal resistance of ON
state thermal switch showed higher performance, which can be done by reducing the TCRs using CNTs discussed
in chap 2. Larger thermal resistance of OFF state thermal switch also increased the performance. From these
results, the parameters of the refrigeration device was optimized.

The adiabatic temperature change of the magnetic material is limited as high as 6 °C under 2 T magnetic flux
density modulation. It means that a practical magnetic refrigerator should have a multistage configuration. A
thermal model of the multistage magnetic refrigerator was created. There were a lot of design parameters of the
multi stage refrigerator, these parameters were optimized by a conjugate gradient method. After optimization, the
n-stage micro magnetic refrigerator could cool the cold plate » times larger than that of the single stage
refrigerator.

The magnetic refrigerator has an optimum operation temperature. The numerical simulation showed that the
performance degrades when the ambient condition changed. The combination with other refrigeration device such
as the Peltier device, which is not affected by the ambient condition, is one of the possible solution for wide
operation range.

We also discussed about a new structure of the micro magnetic refrigerator. Instead of the thermal switches,
thermal diodes, which change the thermal resistance with respect to the heat flow direction, were examined. We
confirmed that the magnetic refrigeration could be done with thermal diodes by numerical simulation. This type of
magnetic refrigerator does not need actuators for thermal switches, it can be more preferable for the micro
magnetic refrigerator.

In this study, we designed the novel solid state micro magnetic refrigerator. First, the components of the
refrigerator were developed. The thermal switch was fabricated and the performance was measured. From the
experimental results, the TCR could be reduced by high contact pressure. In addition, the TCR could be reduced
by using CNTs. Then, we developed the thermally isolated micro magnetic material and the magnetic field switch.
We also developed the tool for designing the magnetic field switch. Using these components, we confirm that the
magnetocalorical temperature change of the micro structure with the magnetic material was as high as 1 °C. Then,
we demonstrated the cooling cycle. The maximum cooling temperature was as high as 0.6 °C. Finally, we
discussed about improvement methods.
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