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Abstract: 
 

We studied the relationship between superconductivity and magnetism in the heavy 

fermion CeCoIn5 using a miniature cell in a top loading dilution refrigerator with a 16 T 

magnet (XCF – Xtreme Conditions Fridge). The construction and measurement 

techniques for a miniature cell are discussed. We were able to observe a first order 

superconducting phase transition with an upper critical field Hc2 at roughly 0.2 K. It 

changed position and shape with angle and magnetic field sweep rate because of 

CeCoIn5’s anisotropic crystal structure and small heat exchanges through the wires used 

in the calorimeter. 
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1. Introduction 

The relationship between superconductivity and magnetism has sparked research interest 

since 1911, when Heike Kamerlingh Onnes, who had recently developed a means to 

liquefy helium, cooled Hg down and observed a sudden drop in resistance 

(superconductivity) at the critical temperature, Tc 4.2 K, at zero magnetic field (1). This 

phenomena has been studied and applied to many different areas including satellites, 

energy transmission and storage, and medicine (2). Numerous methods exist to further 

investigate the phenomena. Here, we present a miniature cell to investigate 

magnetocaloric effects in the material CeCoIn5.  

 

CeCoIn5 (Tc = 2.3 K) is a tetragonal anisotropic heavy 

fermion superconductor (3) which means that its 

properties vary with different crystallographic 

orientations (Figure 1). Its’ superconducting properties, 

which do not adhere to the BCS theory (4), are due 

largely to the 5f electrons which lead to an 

unconventional phase space (4).  An unconventional phase 

space refers to the pairwise attractive interaction (magnetic 

correlations) of quasiparticles (5).  

 

Typically, superconductivity is destroyed by magnetism at a certain field, because of 

coupling between the magnetic field and the orbital motion of electrons (3). This limit, 

referred to as the upper critical field or Hc2, separates the metallic state from the 

superconducting state. Specifically, superconductivity can be destroyed by both the 

charge and spin of electrons (6). When the charge of electrons breaks up Cooper pairs, it 

is know as orbital pair breaking of superconducting pairs. For this to occur, the kinetic 

energy of the charges must exceed the condensation energy of the Cooper pairs (6).  

 

Moreover, if the spin of the electrons breaks up Cooper pairs, it is known as Pauli 

paramagnetism (7). When this occurs, it is possible for the superconducting state to 

Figure 1: CeCoIn5 
crystal structure (2). 
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develop a texture known as the Fulde-Ferrell-Larkin-Ovchinnikov state (6). Briefly, this 

is a spatially varying superconducting state and not much is known about it (6). CeCoIn5 

is interesting to study because it is thought that magnetism may enhance 

superconductivity in the FFLO state rather than destroy it.  

 

 

 

The field at which the superconductivity is destroyed is known as the orbital limit or 

Pauli limit respectively. The ratio of the orbital limit and the Pauli limit is known as the 

Maki parameter. It tells us if a material is orbitally or paramagnetically limited (3).  

CeCoIn5 is paramagnetically limited and has a Maki parameter of 13=α  (4). When the 

temperature is greater than 1 K and spin dominates the Cooper pair breaking, the 

transition becomes second order (1) since the condensation energy of the 

superconducting pairs and magnetic energy of the normal electron spins are competing 

(7).  

 

These phase transitions (Figure 2) can be observed by the magnetocaloric effect, 

magnetothermal properties such as specific heat, and thermal expansion measurements. 

The project focuses on the magnetocaloric effect, a temperature response to an adiabatic 

change in magnetic field (7). 

 

 

Figure 2: Tc is at ~2.3 K and 
the second order to first order 
transition is at ~1.2 K.  A 
phase called the FFLO or 
Fulde-Ferrell-Larkin-
Ovchinnikov phase is present 
at 0.35 K and below (3). 
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2. Miniature Cell Construction 

A miniature cell, designed by Dr. Nat Fortune, can be used for calorimetric studies below 

10 K. It has minimal addenda, doesn’t require pumping, can rotate, and works well from 

50 mK to 10 K.  

 

 

 

A schematic diagram of the cell is shown in Figure 3. There are two thermal links to 

allow more control over the temperature of the sample. The exterior of the cell is exposed 

to temperature bath #1, the liquid helium inside the XCF. Temperature bath #0 serves as 

the base described in the relaxation calorimetry equations. Both the temperature control 

platform and sample require a heater and thermometer, both of which are read out via a 

four-probe arrangement. The cell was designed in Autodesk Inventor and is depicted 

below in Figures 4 and 5. 

Weak thermal link 

Sample  

Temperature control 
platform – Temperature  

Bath # 0  

Weak thermal link 

Temperature Bath 
#1 to XCF 

Heater 

Thermometer 

Heater 

Thermometer 

Figure 3: Cell Scheme 
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Figure 5: Autodesk Inventor drawings of the miniature 
cell with the cap on. Design by Dr. Nat Fortune courtesy 
of Dr. Ju-Hyun Park.  

Temperature 
Control Platform 

Figure 4: Autodesk Inventor drawings of the miniature cell with no cap 
on. Design by Dr. Nat Fortune courtesy of Dr. Ju-Hyun Park. It is 0.7” 
in length (cap on) with a Ø0.450”. 

Feed-through 
base 

Threaded Cap 

Phosphorus 
Bronze Wires 

Sapphire Ring Thermometer 
(top), sample 
(middle), heater 
(bottom) 

Thread 
holes 
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Silver (Ag) was used as the temperature control platform because it is a good thermal 

conductor and does not give a nuclear demagnetization effect upon field sweeping. All of 

the thread holes were checked for smoothness on the temperature control platform and 

threaded cap. To remove residue, the platform was sonicated for 60 min using a 1:1 ratio 

of ethanol to methanol. Sonication, or ultrasonic cleaning, uses a high frequency or 

ultrasound to agitate a chosen liquid solvent. The agitation creates forces on the 

contaminants which cleans the material. Parmax, a transparent high strength non-

reinforced plastic used to make the cell body, was cleaned with water. The 316L stainless 

steel (non-magnetic) thermal link was cleaned using acetone with a subsequent methanol 

rinse. 

 

For durability, the stainless steel thermal link was filled with Emerson & Cummings 

stycast blue 2850FT/24LV epoxy cured at 30°C overnight. The sapphire ring, a good 

thermal conductor and weak electrical conductor, serves to hold the sample in mid-air, 

assuring electrical isolation. The sapphire ring was attached to the Ag-platform using Ag-

epoxy to establish a good thermal connection.  

 

For the thermometers, two RuO Vishay Dale 2.0 k�  resistors were lapped down to a 

thickness of ~150 m� . Lapping is simply grinding the resistors down on sandpaper. RuO 

changes resistance as a function of temperature and is also affected by the magnetic field. 

For the heaters, two temperature and field independent NiCr Speer 1.5 k�  resistors were 

lapped down to ~150 m�  (Figure 6) using a wax binder. 80 and 100 m�  grit sandpaper 

was used to minimize the solder pads, attaching the resistors topside down with superglue 

to the edge of a razorblade.  

 

 

 

 

Figure 6: Ground heater, ~150 m�  thick, with 

unattached wires. The length is 0.04” and the width is 
0.02”. 
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Phosphor bronze (PhBr) wires provide a weak thermal link and electrical connection to 

the sample thermometer and heater which are suspended mid-air using this relatively 

strong material. Bare 44 AWG PhBr wires were attached straight and flat to the sample 

thermometer and heater while insulated 36 AWG PhBr wires were used for the platform 

thermometer and heater in Figure 7.  

 

 

 

 

The thermal link was attached to the Ag platform and threaded cap with 1266 epoxy. For 

the weak thermal link to work effectively, there should be 0.144’’ between the Ag 

platform and feed-through. It is critical that everything be straight. After the epoxy cures 

at room temperature for six hours, ten 12 inch long, twisted, and pre-tinned PhBr wires 

were inserted into a hole through the feed through base. In close proximity to the 

temperature control platform, the wires were unwound and each one was placed in one of 

the 20 temperature control platform holes. 1266 epoxy was used on the holes of the feed-

through base and 2850FT/24LV epoxy was used on the temperature control platform 

holes as a means of anchoring the wires and prevent them from electrically shorting to 

the sides of the temperature control platform. The threaded cap was pushed onto the feed-

through base, the sealing edges of which had been previously cleaned with methanol.  

 

The platform heater and thermometer were attached to the Ag platform with Ag epoxy to 

establish a good thermal connection (Figure 8). There was no electrical connection since 

I- 

V- V+ 

I+ 

I- 
V- 

I+ 
V+ Figure 7: Wire Scheme 

Sample 
Heater/Thermometer 

Platform 
Heater/Thermometer 
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the solder on the sides and bottom was previously removed. After the epoxy cured, the 

platform heater and thermometer were checked for electrical continuity.  

 

 

 

 

The heater was then placed on the sapphire ring face up with the PhBr wires attached to 

the sapphire ring using Ag-epoxy (Figure 9). While the epoxy was curing, a 0.268 mg 

CeCoIn5 crystal with a well defined flat surface was etched in nitric acid and weighed on 

a scale (Figure 10).  

 

The sample was placed on top of the heater flat and attached with clear nail polish  

(Figure 11). After drying, the thermometer was attached perpendicularly to the heater on 

top of the sample with clear nail polish. After the nail polish dried, the wires were pulled 

taut and epoxied to the sapphire ring with Ag-epoxy (Figures 12, 13).  

 

 

 

 

 

 

 

 

Figure 8: Attached heater on 
temperature control platform 

Figure 9: Heater with 
PhBr wires attached to 

sapphire ring 
Figure 10: ~0.264 mg CeCoIn5 

Ce-662 JC-25 1 wk @ 450º 

Figure 11: CeCoIn5 
placed on heater 

Figure 12: Thermometer 
attached on sample with 

clear nail polish 

Figure 13: Top view of 
cell 
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Next, the sample heater and thermometer wires were attached to wires’ coming out of the 

temperature control platform to their respective twisted pair (Figures 13). The platform 

thermometer and heater wires were attached correspondingly and jumper wires were 

added to complete a four-wire measurement (Figures 14, 15). 

 

 

 

 

 

 

 

 

 

 

 

SIP pin socket connectors were attached to the PhBr wires and the wires connections 

were checked. A helium calorimeter can was placed on the miniature cell (Figure 16). It 

had holes so that the temperature on the inside of the cell was the same as the temperature 

on the outside. The cell was then attached to the inside of the end of the dipstick rod 

where the SIP pin socket connectors were attached.  

 

 

 

 

 

 

 

 

Figure 15: Side view of 
the cell 

Figure 14: Finished cell 

Figure 16: He Calorimeter 
Can with Ø0.450” and 

length 0.700” 
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The dipstick was placed in liquid He for 7-10 min and then heated to room temperature 

with a heat dryer at 250ºF twelve times. The wires were each checked several times with 

no issues.  The cell was taken out of the dipstick, ready for the next step.  

 

4. Pre-Measurement  

 

4.1 Calibration Technique 

 

Because the thermometer resistance value changes based on temperature, it is necessary 

to calibrate the temperature vs. resistance for the platform and sample heater. The cell 

was calibrated in a dilution refrigerator used for extreme conditions research (XCF). 

After mounting the cell in a probe (Figure 17), the wires were checked. The XCF probe 

thermometer had already been calibrated.   

 

 

 

 

 

 

 

 

 

 

The three temperature resistors (platform thermometer, sample thermometer, and probe 

thermometer) were each connected from the breakout box (splits electric multicable into 

compound connectors) to an LS370 AC resistance bridge and then to the PC with GPIB 

(general purpose interface bus) connectors. To make sure the cell would survive the 

environment, the field was ramped from 0 T to 13 T at 0.3 T/min and back down 13 T to 

0 T at 0.3 T/min once.  

 

Figure 17: Cell mounted in the XCF probe rotator 
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The temperature control platform was heated using the following sequence (Figure 18): 

 

Current (mA) Time (s) 

0.300 7200.00 

0.600 3600.00 

1.000 3600.00 

1.800 3600.00 

-wait- 7200.00 

1.000 3600.00 

0.600 1800.00 

0.000 3600.00 

-wait- 21600.00 

 

 

Approximately 99 points were extracted and interpolated in Igor Pro (a technical 

graphing and data analysis program (1)) using the log spaced function and cubic spline 

approximation because it fit the data nicely. Points for the sample and platform 

thermometers were put into a separate table and sent to the Lakeshore temperature 

controllers for calibration. Below are graphs for the probe thermometer (Figure 19) and 

calibrated sample and platform thermometers (Figures 20 and 21). 

  

Figure 19:  Temperature and 
resistance relationship of the 
XCF probe thermometer. The 
probe thermometer is already 
calibrated but is depicted here to 
show what the relationship 
between the resistance and 
temperature is expected to look 
like.  

Figure 18: Sequence for Calibration 
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Figure 20: Sample thermometer calibration curve. The interpolated curve, 
depicted by blue markers, uses the cubic spline function.  

Figure 21: Platform thermometer calibration curve. The interpolated data, 
depicted by the blue markers, uses the cubic spline function. 

Sample Platform Resistance vs. Sample Temp 
Interpolated Sample Platform Resistance vs. Sample Temp  

 

Platform Resistance vs. Platform Temperature 
Interpolated Platform Resistance vs. Platform Temperature 
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Based on the temperature readings, resistance readings, and cubic spline fit, calibration 

data were sent to the corresponding Lakeshore 370 Temperature Controllers. The 

calibration consisted of getting the temperature response when heat was applied and 

measuring the resistance of the sample and platform thermometers. 

 

4.2 Indium Ring and Set-Up 

 

After the cell was taken out of the XCF, it was made leak tight using an indium ring seal 

so that the sample temperature could be controlled. Usually, indium rings are cut out of 

sheets of metal or made with wire. In order to decrease cutting errors, an indium ring 

mold was designed using Autodesk Inventor (Figure 22) after calculating the amount of 

indium needed based on the compression of material and space in the cell.  

 

 

 

 

To remove debris, the mold was sonicated for 60 minutes in acetone before use. 

Afterwards, the mold was sprayed with a PTFE Teflon spray coating so that the indium 

ring would release from the mold without warping. The indium ring wire was cleaned 

with acetone and placed on the mold gently with the ends folded over each other. A 

second layer of wire was placed on top of the first layer. This was pressed down in a 

clamp with an extra stainless steel piece. Indium melts at 156.6 ºC so the mold was 

placed on the hot plate at 155 ºC for five minutes and 160 ºC for another five minutes. 

While still hot, it was pressed in the clamp again with an extra stainless steel piece. Then, 

Figure 22: Indium ring mold designed in Autodesk 
Inventor with 316L stainless steel. 
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it was placed back on the hot plate at 160 ºC for five minutes to ensure that the indium 

was all one piece.  

 

Afterwards, the mold was cooled to room temperature and the extra indium was removed 

using a featherblade that had been Teflon sprayed before removal. The indium ring 

popped up and gently slid out (Figure 23). The indium ring was placed on the cell 

without warping it (Figures 24 and 25).  

 

 

 

 

 

 

 

The cap was first tightened by hand and then torqued using a wrench so as not to damage 

the threads. The cell was placed in the probe rotator and the wires were checked (Figures 

26, 27, 28, 29). The set-up for the experiment was the same as used for calibration. Each 

thermometer had its own LS370 Temperature Controller and the heaters were 

hooked up as well.  

 

 

Figure 23: Indium Ring Figure 24: Indium Ring on the cell Figure 25: Indium Ring on the cell. The 
picture is not a straight shot from above.  

Figure 26: Cell in XCF rotator Figure 27: SIP connectors attached 
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4.3 Leak Testing 

 

After the probe was loaded in the XCF, the cell was checked for leaks by supplying heat 

to the platform heater and measuring the response of the sample thermometer. These 

points were extrapolated and then plotted. This plot was compared to Dr. Nat Fortune’s 

leak testing data, confirming that the cell was leak tight (Figure 30).  

 

 

Figure 28: Probe rotator and SIP connectors 

Figure 29: Ready to go into XCF 

Figure 30: Heat was applied to 
the platform heater and the 
temperature response of the 
sample was graphed. A heat rate 
was applied to the platform 
heater. The slope of these points 
is approximated with a linear line. 
This was compared to Dr. 
Fortune’s data and the cell was 
confirmed to be leak tight. If the 
cell was not leak tight, the slope 
of the graph would be shifted up 
and to the left based on Dr. 
Fortune’s observations. 
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5. Results 

 

5.1 Determining the Parallel Direction 

 

Even if the sample is placed in a parallel direction to the magnetic field before loading 

the probe, material’s dimensions change when the temperature changes during the 

loading process. Therefore, it is important to know the orientation of the sample. To see if 

we could find a phase transition, the field was swept and one was observed (Figure 31). 

 

 

 

 

 

After the first order phase transition around 0.2 K was found by sweeping the field, the 

sample was rotated to different angles and the transitions were plotted vs. angle (Figure 

32). Points were extrapolated from the minimum of the transition, plotted, and connected 

Figure 31: During a field sweep from 0 T to 10 T, a first 
order superconducting phase transition was found at about 
7.9 T. The sweep rate was 0.3 T/min. The temperature 
fluctuation due to noise was about 0.0003 K. 
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with a line (Figure 33). The maximum was estimated to be around the parallel direction. 

A more detailed look at the transition dependence on angle will be discussed later. 

 

 

 

 

 

Figure 32: As the sample was rotated at different angles and the field was swept, the transition 
changed position. The parallel direction corresponds to the highest field transition. The 
temperature fluctuation due to noise was about 0.0003 K.  

Hc Angular Dependence 
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5.2 Field Sweeps at Different Sweep Rates and Angles 

 

A constant supply of heat of 8105 −
⋅  W was applied to the platform thermometer and the 

angle was set at the parallel direction to the magnetic field. Consequently, the platform 

and sample were at the same temperature. Since the cell is leak tight and we can control 

the temperature environment in the cell, minimal heat exchanges take place. The field 

was swept from 8 T to 13 T at several sweep rates in Figure 34. 

Figure 33: Minimums from the transitions were plotted versus the angle 
(deg). The points were connected with a line. The max value was 
estimated to be the parallel direction.  
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As the sweep rate increases, the temperature spike is larger. The temperature drops as it 

crosses a phase boundary. A similar response from a field sweep down, 13 T to 8 T, 

occurs except that the sample temperature is spiking in the opposite directions, upwards 

(Figure 35). As the field sweeps up, the system is going from low entropy to high 

entropy. Based on knowing what direction the magnetic field is sweeping, we know 

whether the temperature spike is up or down. The change in heat should be fairly constant 

since a constant power is supplied to the cell and minimal heat exchanges are taking 

place between the cell and its environment. This is described in the equation below where 

Q� is the change in heat and T is the temperature. 

 

(5) 
T

Q
Entropy

�
=  

 

Figure 34:  A field sweep from 8 T to 13 T at 
different sweep rates. There is a temperature 
fluctuation of about 0.0003 K. 

Sample Temperature (K) vs. Field (T) 
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However, as the field sweeps down, the system goes from high entropy to low entropy 

and therefore, the temperature must go up. This temperature spike is related to the 

material crossing from an ordered phase of superconductivity to a disordered phase (no 

superconductivity) as seen in Figure 2.  The temperature spikes show how energy is 

being absorbed or released (latent heat) by the material during a phase transition. The 

FFLO state was not observed. 

 

 

 

 

 

Field sweeps from 0 T to 12.5 T were done at various angles from -20º to 110º in 10º 

increments. A constant supply of heat of W
8105 −

⋅ was supplied to the platform 

thermometer. As the angle moves farther from the parallel direction, the transition 

becomes less prominent and requires less field due to the anisotropic crystal structure of 

the material. 

Figure 35:  A field sweep from 13 T to 8 T at different sweep rates.  This 
temperature spike difference could be due to the heat exchange through the 
PhBr wires. When the sweep rate is lower, there is a longer period of time 
for the heat exchange to take place. This heat exchange is minimal. 
Temperature fluctuations were about 0.0003 K 

Sample Temperature (K) vs. Field (T) 
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Field sweeps from 12.5 T to 0 T were also done at various angles from -20º to 110º in 10º 

increments (Figure 36). Again, a constant supply of heat of W
8105 −

⋅ was applied. The 

results were similar except for the direction of the temperature spikes. The field sweep 

down at various angles is depicted below.  The raw data in Figure 36 was smoothed and 

offset to better showed the transitions at each angle (Figure 37).  

 

 

Sample Temperature (K) vs.  Field (T) 
 

Figure 36: Field sweep 12.5 T to 0 T for various angles. This is the raw 
data. The temperature fluctuation contribution was about 0.0002 K. In the 
angles closer to the parallel direction, the 1K pot needle valve adjusting 
system in XCF (uses a stepper motor which broadcasts a radio frequency) 
was coupling to the experiment which added a sample temperature error of 
about 0.00125 K 
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The first order superconducting transitions were observed. The parallel angle has the 

magnetic field lined up with its conducting planes. The lowest Landau energy level 

corresponds to 0° or the parallel angle (6). As the angle shifts from the parallel angle, the 

Landau level’s orbital quantum number increases (6). The FFLO phase has been 

observed 10º from the parallel direction in other measurements (3). This is because as 

Figure 37: Field sweep 12.5 T to 0 T for various angles. The sample 
temperature is offset. When the sample crystal structure is parallel to the 
direction of the magnetic field, the material remains in the superconducting 
phase until a higher field is reached. The temperature fluctuation 
contribution was about 0.00125 K. In the angles closer to the parallel 
direction, the 1K pot needle valve adjusting system in XCF (uses a stepper 
motor which broadcasts a radio frequency) was coupling to the experiment. 
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orbital effects increase, the FFLO transition goes away (3). However, no FFLO phase 

was observed in Figure 37. Specific heat measurements can be done with this cell so 

small thermodynamic details, like the FFLO phase, can possibly be observed in the 

future. 

 

7. Conclusion 

 

In conclusion, a miniature cell was constructed to study the magnetocaloric effect (and in 

the future magneto thermal properties) of different materials. The behavior of CeCoIn5 at 

low temperatures was studied. Measurements were done close to 200 mK in a top loading 

dilution refrigerator with a 16 T magnet (XCF). Field sweeps from 8 T to 12.5 T were 

performed at different sweep rates: 0.05 T/min, 0.10 T/min, 0.20 T/min, and 0.30 T/min. 

Field sweeps were also done at various angles, 20º to 110º, at 10º increments from 0 T to 

12.5 T at 0.03 T/min. The first order phase transitions were observed at the upper critical 

field Hc2. These transitions changed position and sharpness due to the angle because of 

the crystal structure of CeCoIn5 and minimal heat exchanges in the PhBr wires. the 

entropy increases as the field increases, the sample temperature spikes were downward 

with a field sweep up and upward with a field sweep down. Also, as the sweep rate 

decreased, the change in sample temperature decreased possibly due to minimal heat 

exchanges in the PhBr wires. The longer the sweep rate, the longer heat exchanges can 

take place in the wires. When the sweep rate is faster, there is less time for heat 

exchanges to take place. As the angle changed and was farther from the parallel direction, 

the transitions became less prominent and happened at a lower magnetic field based on 

the anisotropic crystal structure of CeCoIn5. This behavior was expected due to previous 

studies and helped confirm the miniature cell was functioning accurately. The FFLO 

phase was not observed. Based on the results, the measurement and the calorimeter ran 

successfully and correctly showed the magnetocaloric effect in CeCoIn5. Further studies 

can be done using this miniature cell.  
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