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Abstract

The abstract goes here. The abstract should be self-contained and:

• clearly state the problem dealt with by the thesis;

• give a synthetic description of the proposed solution;

• highlight the sense in which the proposed solution enhances the

state of the art.
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Chapter 1

Introduction

1.1 Background and Significance

In 2019, 44.9% of the total electric consumption by households was spent on space

heating and cooling. As household consumption accounts for 41% of total elec-

tricity consumption in the US, increasing the energy e�ciency of refrigerators, air

conditioners, and heat pumps is an important challenge towards the development

of a more climate-friendly economy.

Magnetic refrigeration, based on the magnetocaloric e↵ect (MCE) first discov-

ered by Warburg in 1881[1], is a proposed technology for building energy-e�cient,

greenhouse gas-free refrigerators and air conditioners [2, 3]. In a normalized com-

parison of all the current not-in-kind technologies, it is reported [4] that magne-

tocaloric cooling currently has the best coe�cient of e�ciency over conventional

vapor-compression cycle.

The MCE is the property of magnetic materials by which a material’s tem-

perature changes upon the adiabatic application or removal of a magnetic field.

In a typical ferromagnet near its magnetic transition temperature, application of

a magnetic field can cause the individual magnetic moments to align along the

direction of the magnetic field, resulting in a decrease in the magnetic entropy of

the material. If this field application is performed adiabatically—i.e. quickly, so
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1.1 Background and Significance

that there is not time for heat to exchange with the environment—then the total

entropy of the material must stay constant. The decrease in magnetic entropy is

compensated by an increase in lattice entropy via an increase in the macroscopic

temperature of the material. Upon removal of the magnetic field, the reverse

occurs and the material cools down. By alternating adiabatic and isothermal

application and removal of magnetic fields, a heat pump may be constructed in

analogy to the vapor-compression cycle in conventional refrigeration. The graph

representation of the whole process can be seen in figure 1.1.

Magnetic refrigeration has many advantages over the traditional vapor-compression

refrigeration. A prototype working with Gd MC bodies cooling is shown to have

60% of a theoretical e�ciency, compared to about 40% in even the best con-

ventional refrigerators [6]. Moreover, traditional refrigerants are often hazardous

chemicals and can cause significant environmental impacts such as ozone deple-

tion (chlorofluorocarbons) or global warming (hydrofluorocarbons). On the other

hand, the refrigerant in a magnetic refrigerator is a a solid-state material, and no

harmful fluids are required.

With some success in this area [2, 5, 7], several promising active magnetic re-

generator (AMR) have been demonstrated, including gadolinium [2] and its alloys

[8], (Mn,Fe)2(P,Si) [9, 10], La(Fe,Si)13 and its hydrides [11], Heusler alloys [11],

and rare-earth manganites [12]. Meanwhile, the search for new materials continues

[3, 13, 14]. Ideal materials for this application should show large magnetocaloric

e↵ects at temperatures appropriate for the application (i.e. near room temper-

ature for domestic refrigeration and air conditioning), should be inexpensive to

produce, and should be stable under repeated, rapid cycling in and out of a strong

magnetic field.

The frequency of a magnetic refrigerator device is also important, as a higher

frequency implies more heat can be removed. According to a theoretical calcula-

tion [15], the upper limit of operational frequency of a magnet is about 200 Hz,

compared to about 2 to 20 Hz in most devices built today. The frequency cannot

2



1.1 Background and Significance

Figure 1.1 The four stages of magnetic refrigeration cycle: a) applying magnetic
field adiabatically, causing temperature to rise due to decrease in magnetic en-
tropy, b) dissipating heat to the environment and decrease the lattice entropy, c)
removing the magnetic field adiabatically, causing the temperature to fall due to
increase in magnetic entropy, d) put sample near desired object to cool. Figure
adopted from [5].
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1.2 Experimental Approach

go to infinity because of two reasons: first, the energy dissipated would greatly

outpace the additional benefits, second, the refrigerant needs time to transfer heat,

and a high frequency would reduce the rate of heat transfer, thereby reducing the

e�ciency of the whole setup.

An e↵ort in our lab is to characterize AMR materials using computation meth-

ods. The optimized structures of materials are first calculated with Vienna ab

initio simulation package (VASP) Density Function Theory (DFT) calculations.

Magnetic deformation, defined as the degree of lattice deformation between the

DFT-optimized nonmagnetic and magnetic unit cells, is then calculated as an

indicating factor to estimate how likely a materials is going to show large magne-

tocaloric properties.

1.2 Experimental Approach

There are three main ways to measure a material’s magnetocaloric e↵ect: direct

measurement, magnetization measurements, and magnetic heat capacity measure-

ments [7].

The magnetocaloric e↵ect at a given temperature T and applied field H can be

completely characterized by three parameters: the isothermal magnetic entropy

change �SM(T,H), the adiabatic �Tad(T,H), and the zero magnetic field heat

capacity C
0. Obtaining two parameters can allow us to calculate the thrid. There-

fore, there are essentially three ways of measuring and characterizing a magnetic

material.

1.2.1 Direct Measurement

Direct measurement is probably the most straightforward method. However, it

does have some serious drawbacks. Because �Tad(T,H) requires isothermal condi-

tions to be measured, this put a very high limitation on the system that performs

the measurement, as the magnetic field applied onto the sample has to change
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1.2 Experimental Approach

rapidly. For example, most designs include vacuum chambers to ensure the pro-

cess is adiabatic [16–20]. There are two common ways to realize this measurement,

either by bringing a sample into and out of a magnetic field, or use electromagnets

to control the applied field.

1.2.1.1 Moving Sample in Fixed Magnetic Field

In most cases, the magnitude of the magnetic fields are not easily changeable,

meaning that it is relatively di�cult to acquire multiple sets of data under di↵erent

magnetic field strengths. The abrupt change in the magnetic field can also cause

significant errors in data. Moreover, the sudden change in temperature of the

sample will quickly change the thermal equilibrium of the environment, making it

not an ideal adiabatic process. Still, this method is relatively easy to realize and

can serve as a good starting point for identifying AMR candidates.

1.2.1.2 Sample in Varying Magnetic Field

Alternatively, electromagnets can be used to change the magnetic field near the

sample [17, 18, 21, 22]. However, due to the often huge inductance of electro-

magnets, inverting the direction of the current would be very hard and therefore

require time. This results in the comparatively long time it takes for the sample

to experience change in strength of the magnetic field.

1.2.2 Magnetization Measurement

�SM(T,H), typically measured in J ·kg�1
K

�1, is a measure of the amount of heat

that can be transferred by the material in one cycle of a magnetic refrigerator.

This quantity is generally the first metric to be measured for a magnetocaloric

material [23], as having a high magnetic entropy means the material can have

the potential to produce a large magnetiocaloric e↵ect. Magnetic entropy can

be conveniently obtained from magnetic measurements obtained on commercial
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1.2 Experimental Approach

magnetometers using the following Maxwell relation:

✓
@M

@T

◆

H

=

✓
@S

@H

◆

T

(1.1)

Therefore, if magnetization, M , is collected at many di↵erent temperatures and

fields, the magnetic entropy change can be calculated using:

�SM(T,H) =

Z
H

0

✓
@M

@T

◆

H0
dH

0 (1.2)

�Tad indicates the temperature change of a material upon application of a

magnetic field, which controls how quickly and e↵ectively heat may extracted by

the heat pump. This may be inferred from heat capacity measurements performed

under zero field and under an applied field [], or may be indirectly estimated from

�SM and the material’s heat capacity cp using:

�Tad(T,H) = � T

cp(T )
�SM(T,H) (1.3)

which is only valid if the cp is approximately constant through the magnetic tran-

sition. There have been some debate [24] as applying the Maxwell relation to

first order phase transition materials can result in unrealistical numbers. Care-

ful analysis of several materials is able to show that these spikes in data are not

created by the Maxwell relation, but from the incorrect probing of the phase tran-

sition[25]. These approaches gives a theoretical temperature change; however,

frequently, these temperature changes cannot actually be achieved in a practical

device due to hysteretic losses [26], irreversibility, and kinetic limitations. In par-

ticular, many of the most promising magnetic materials show first-order magnetic

transitions with magnetic and thermal hysteresis. The thermal hysteresis directly

reduces the amount of Tad that can be reversibly obtained in a cycling refrigerator,

[27].
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1.2 Experimental Approach

1.2.3 Magnetic Heat Capacity Measurements

Magnetic heat capacity measurement directly provides most quantities, including

C
0, C

H , �SM(T, 0), �SM(T,H). �Tad(T,H) can be subsequently calculated.

However, this method is less used due to the many limitations of calorimetry mea-

surements. Calorimeters inevitably makes heat exchange with the environment,

bringing in errors that are hard to estimate. There have been analysis of accuracy

on this subject [7]: ”�SM can be measured with uncertainty of 100-300 mJ/mol

K and �Tad can be measured with uncertainty of 1-1.5K near room temperature”.

Moreover, heat equilibrium would take a long time to achieve, which is less ideal

when measuring more sets of data at various temperatures.
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Chapter 2

Methods

2.1 Device Setup

Our device for the measurement of adiabatic temperature changes upon magneti-

zation and demagnetization is shown in FIG. 2.1. The device consists of a sample

arm which holds a small sample (mass around 100mg) of a magnetocaloric mate-

rial mounted to a small resistive temperature detector (RTD). This arm is rapidly

pushed in an out of a permanent magnet assembly using a computer-controlled

linear actuator, while the temperature is continually monitored using the RTD.

The entire device can be placed in a temperature-controlled chamber to measure

�Tad as a function of temperature.

The magnetic field is supplied by a custom-built permanent magnet assembly

consisting of two large N52 grade neodymium disk magnets (diameter 3 in. (7.62

cm) and height 0.5 in. (1.27 cm), K&J Magnetics) mounted on a yoke fabricated

from soft magnetic steel [FIG. 2.1(b)]. The magnetic yoke serves to enhance

that magnetic field strength between the two magnets, and truncated cone-shaped

pieces of soft magnetic steel mounted to each of the magnets serve to concentrate

the field to a small air gap between the cones. The cylinder of soft magnetic steel

that upper screw is mounted on is attached to the magnetic yoke via threads,

so that the upper magnet may be moved up or down to change the size of the

8



2.1 Device Setup

Figure 2.1 Photographs of the measurement apparatus. (a) Top view of the
device, showing the mechanically actuated arm (black) with the sample mounted
and the sample mount area wrapped in PTFE tape (white). The circular compo-
nent on the left houses the 1.8 T permanent magnet assembly, and the sample arm
may be swung in to the magnet using the 5V spring-loaded linear actuator on the
lower right. (b) Side view of magnet assembly, consisting of two disk-shaped N52
neodymium magnets (surrounded by black delrin collars) mounted to a magnetic
yoke made of soft ferromagnetic steel. Two cone-shaped field concentrators are
mounted to the magnets, with an air gap (size?) between them into which the
sample arm can be swung. (c) Closeup view of sample arm from the top, with the
PTFE tape removed. A gadolinium sample mounted to the sample stage.

air gap, and therefore the magnetic field. With small air gaps, this magnetic

assembly is capable of produce a strong, uniform field of over 1.8T, oriented in

the vertical direction. In the present study, we used a field of 1.8 T (measured

using an external hall e↵ect magnetometer) at an air gap of XX mm.

On the lower right is a linear actuator controlled by Arduino Uno and DC

relay on the upper right. FIG. 2.1 (c) shows the sample without the Teflon tape

wrapped, and underneath the sample is the Cernox, which is glued to the machine

arm. Its height is aligned so that the sample can enter the gap where the magnetic

field is strongest in FIG. 2.1 (b).

The machine arm is made of Delrin and has axle under the green tape. The

linear actuator will push on it once activated, thereby pushing the sample into

the magnetic field. When the linear actuator is turned o↵, the spring at its end

will pull the sample out from the magnetic field. Data is being recorded during

the whole process. The sample is swung very quickly by the linear actuator.
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2.1 Device Setup

Since Delrin and air have very low thermal conductivity, we can say the process

is e↵ectively adiabatic. Although it is not perfect, we could use fitting later to

process the data and recover the parameter of interest: �Tad.

In initial tests, a flat plate of gadolinium sample (Brand XX Purity XX) was

simply glued to the sample arm and a small RTD (Cernox CX-1080-BC-HT) was

mounted on top of the sample using thermally conductive paste. The leads of

the RTD were connected to a Keithley 6220 Current Source and Keithley 2182A

Nanovoltmeter to measure the resistivity of the RTD while the sample are was

moved in and out of the magnetic field. The Cernox RTD we used consists of a

semiconducting film deposited on a sapphire substrate. The resistance of the film

is inversely dependent on temperature, and serves as a stable, field-independent

temperature sensor. With this setup, we found very large induced current spikes

in the resistivity circuit as the sample was inserted and removed from the magnetic

field, caused by the rapidly changing magnetic flux experienced by the electrical

loop formed by the leads of the RTD.

To rectify this, we designed a printed circuit board (PCB) sample mount, as

shown in Fig. XX. The PCB is designed such that the RTD may be mounted to the

board with the leads oriented in the vertical direction. The positive and negative

current paths on the circuit board are overlaid directly on top of one another so

that no open wire loop is present in the horizontal plane, and therefore induced

currents are minimized. In this manner, the PCB extends the leads of the RTD

outside of the magnetic field, at which point the positive and negative leads split

into two connections each: V+, I+, V–, and I–. The resistance of this circuit is

measured using the four-probe method with Keithley devices’ Delta Mode, with an

oscillating current being passed through the I+ and I– leads by the Keithley 6220

Current Source while the voltage is read across the V+ and V– connections by the

Keithley 2182A Nanovoltmeter. The Delta Mode by default averages resistance

when bu↵er has 50 resistances stored in it and then returns the value. All loose

wires on the machine arm were mechanically secured in place to reduce noise

10



2.2 Data Collection

caused by vibrations when the machine arm is in motion. We automate the data

gathering process by a Matlab application we wrote that controls the machine arm

and simultaneously records the RTD resistance data.

The RTD is mounted with the sapphire side pointing upwards, and a flat plate

of gadolinium was mounted on top with thin layer of thermally-conductive paste

and a small amount of cyanoacrylate glue.

The whole machine is then put into TestEquity model 115A temperature cham-

ber for ambient temperature control so we can gather �Tad data at di↵erent tem-

peratures.

2.2 Data Collection

One instance of the static data is included in FIG.2.4. To measure �Tad under

di↵erent temperatures with static approach, we need to bring the whole environ-

ment to the same temperature, in order for the fitting process to work. However,

it takes a lot of time (roughly 30 minutes for temperature to fluctuate below ±0.1)

for temperature to stabilize at one point, particularly due to our machine acting

as a huge heat sink at the previous stabilized temperature. Moreover, the temper-

ature chamber uses PID control so for static point measurement it is very common

to see temperature fluctuation of over 1�C, which is a sizable e↵ect when we are

assuming constant environment temperature in our fit for �Tad. Therefore, this

approach would be less optimum when it comes to measuring �Tad at a lot of

temperatures.

Instead of using static temperature data gathering, we choose to take the ramp

data, which means we change the environment temperature slowly and continu-

ously measure data during this procedure. We are able to span a larger amount

of temperatures with finer details compared to measuring at static temperatures.

Since we no longer assume constant temperature, we are accounting for environ-

ment temperature by including it in our fit. This saves a lot of time because now

11



2.2 Data Collection

Figure 2.2 Visualisation of fitting model. The total fit line is the addition of the
two exponentials (c1 and c2), minus the vertical o↵set for visualization purposes.
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2.3 Error Analysis

we do not need to wait until temperature stabilization.

Given the ramp method, we would have to calibrate data in advance. We

picked 10 temperatures from 2�C to 47�C with 5�C increments. In order to make

sure the device is really at the desired temperature, we also put an additional

calibrated thermocouple near the sample in the temperature chamber, and only

start to take data when the thermocouple is stabilized at the desired temperature

as well. Then by fitting these data, we can acquire the temperature - resistance

relationship that we can use later on.

2.3 Error Analysis

Since the gathered data is only resistances of the temperature sensor, it is needed to

convert resistances to temperatures. Also, as we are fitting to recover �Tad(T,H),

we would need to estimate the errors in fitting with the errors in temperature

sensor accounted for.

2.3.1 Cernox Calibration

Cernox calibration is done by fitting to datapoints measured from 2 °C to 47 °C at

a 5 °C interval, as can be seen in figure 2.3. Although the resistance-temperature

relationship of Cernox is exponential according to the datasheet, polynomial model

is chosen instead:

T = a1R
2 + a2R + a3 (2.1)

with T being the temperatures and R being the resistances. This is because

ploynomial model allows us to better calculate error using SVD. Also, Cernox

primarily shows exponential behavior at the low temperature regime around 20

K. So near room temperature, polynomial model will su�ce, as can be seen in

figure 2.3.

13



2.3 Error Analysis

At each point the whole setup is given at least half an hour to settle into thermal

equilibrium. The temperature data is also read in through another thermocouple

placed near the Cernox to avoid the situation where the environment temperature

is di↵erent and gets recorded by the temperature chamber.

Figure 2.3 Collected temperature and resistance data and fitted calibration curve
for Cernox.

Based on the provided datasheet of Cernox, rough temperature-resistance re-

lationship is used as the starting point and is adjusted by the data taken. In the

end, the best fitting temperature-resistance relationship is used in next steps.

Singular value decomposition (SVD) was used for the fitting, as it allows for

the determination of standard errors of each of the fit parameters. The fitting

function is chosen to be in this polynomial rather than the typical exponential

14



2.3 Error Analysis

model for ceramic temperature sensors, as polynomials are linear functions and

are more convenient to analyze. We can calculate the covariance matrix C from

SVD for any set of particular data, and the final uncertainty of conversion from

resistance to temperature is thus:

�
2
Ti
(Ri) = [1 Ri R

2
i
]C[1 Ri R

2
i
]T (2.2)

After doing SVD with this linear model, we have the coe�cients and can then

calculate uncertainty in temperature given a specific resistance. Furthermore, it

can be proven that the coe�cients produced by SVD are the same compared to

those generated by maximum likelihood fitting. Therefore, we now have a reliable

conversion between resistance and temperature that we can utilize later.

2.3.2 �Tad Error Analysis

We have made the approximation that for each individual measurement, the en-

vironment temperature is a constant. Therefore, we have three terms that has

coe�cient �Tad and exponentially decay with time. The physically realized model

we are fitting has the following form:

y = �Tad · exp[�c1(t� t0)] + Tad · exp[�c2(t� t0)] + d · t+ y0 (2.3)

Where the first two terms corresponds to heat exchange of the sample with

the delrin support piece, and with the enviornment. The third term corresponds

the temperature ramp in the temperature chamber, and final term is just a o↵set.

The model is a time dependent function that predicts the temperature measued

by cernox.
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2.3 Error Analysis

From this we can write our �2:

�
2 =

X (yi � Ti)2

�
2
Ti

(2.4)

Where yi is the value predicted by our model and Ti is the measurement value.

Since we use scipy minimize to calculate�Tad, we will assume the other param-

eters are close enough to their ’real’ values so we can proceed without dealing with

the full covariance matrix. Let us write out the condition of maximum likelihood

equations for error of �Tad:

@�
2

@Tad

= 0 )
X

i

(yi � Ti) · (exp[�c2(t� t0)]� exp[�c1(t� t0)])

�
2
Ti

= 0 (2.5)

Therefore, we have:

Tad =

 
X

i

(Ti � d · x� y0) · (exp[�c2(t� t0)]� exp[�c1(t� t0)])

�
2
Ti

!

·
 
X

j

(exp[�c2(t� t0)]� exp[�c1(t� t0)])2

�
2
Tj

!�1 (2.6)

From this we arrive at the final expression of the sigma of �Tad:
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2.4 Data Analysis

�
2
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dTi
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Ti

·

 
X

j

(exp[�c2(t� t0)]� exp[�c1(t� t0)])2
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X
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(exp[�c2(t� t0)]� exp[�c1(t� t0)])2
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2
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!�1!2

· 1

�
2
Ti

(2.7)

This expression is used in code for fitting to calculate and output the errors

of the �Tad. The parameters ci are fitted constants in the model, which will be

numbers after fitting, and the parameters �Ti are the errors calculated by the

previous section. Now we are well equipped to analyze the data.

2.4 Data Analysis

As we used the ramp data, and together with individual data analysis for a single

arm in/out process2.4, we can apply this to a series of continuous data and extract

the results for each individual curve, which give us the final data.
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2.4 Data Analysis

Figure 2.4 Visualisation of fitting model for continuous measurements. For a
detailed graph on one individual curve, see 2.4.
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Chapter 3

Results

FIG. 3.1 shows the result of two sweeping scans for our Gadolinium sample: one

performed while increasing temperature, and one while decreasing. Because the

heat sink e↵ect of our instrument still exists, the supposedly linear environment

temperature is dragged by initial temperature. For example, when we are ramping

down, the sample actually spends more time in the high temperature because the

system is initially stabilized at a higher temperature, and vice versa. As a result,

the ramping down curve shows denser data points in higher temperatures, and

ramp up has denser data points in lower temperatures.

The Tad data is filtered according to their error and mean squared error. If

the error is too large, it practically does not tell us any information. If the mean

squared error is too large, that means it is not a great fit and we should discard it

anyways. With the sample going in and out of the magnetic fields the fitted Tad

will have positive and negative values, respectively, and we take absolute value of

the result for final display.

Moreover, although the data is only filtered by their respective error, it is the

case that �Tad fits from entering magnetic field is better during ramping down,

and�Tad fits from exiting magnetic field is better during ramping up. Note that in

these two cases the direction of change of the sample is opposite from the direction

of change of the temperature, and that is probably why�Tad fits have smaller error
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Figure 3.1 Result for the Gadolinium sample showing 1 sigma Tad with both
ramp up and ramp down sets.

20



as it would be relatively easy to di↵erentiate when fitting two opposite behaviors

instead of two similar behaviors. We can see that in the end, both ramp up and

ramp down show very similar behavior after fitting, with a peak at 22C�, which

corresponds to the magnetic transition temperature of Gd.
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Chapter 4

Discussion

4.1 Adiabatic temperature change measurement

influencing factors

It is worthwhile to note that the Tad measured in this method is lower than some

other methods: Peak temperature change is about 2.2C� under magnetic field

change of 1.8 T, while the Tad reports from other experiences are often approx-

imately twice as large as the magnetic field; in this case, Tad should be around

4C�. There are a number of reasons where this significant deviation might have

happened, which we will discuss next.

4.1.1 Influence of Thermal Paste

One of the issues that come into mind is the usage of thermal paste when there

is not a very good contact between sample and Cernox. Some groups do indeed

use thermal paste to enhance connection between sample and temperature sensor

[20]. Contrary to what most might think, thermal paste is actually a fairly poor

conductor, and it is only meant to fill in the gaps between surfaces in contact

for added heat transfer rate. For example, most thermal paste made with silver

has thermal conductivity of around 8.5 W/mK. Therefore, if the sample and
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4.1 Adiabatic temperature change measurement influencing factors

Cernox is not in direct contact, the measured value would be reduced by a large

percentage. It is very hard to hold a piece of magnetic material in place under a

strong magnetic field, and in the earlier stages of the device the Gd sample would

often fly o↵ and stick to the magnets. We have tried multiple solutions, but none

of them is strong enough to hold the sample in place for a repeatable measurement.

Often the first few results would show the highest change in temperature, which

gradually decreases to zero after more and more cycles. In the end, we tried gluing

the sample onto the PCB chip. We start with a non permanent glue silicon, which

also cannot hold the sample in place. Finally we superglue the Gd sample in place,

and got the data reading.

It is very possible that over the cycles, the Gd sample tried to fly o↵ but failed

to. However, the Gd sample may successfully enlarge the already quite wide gap

between itself and Cernox, relying on the thermal paste to transfer most of the

heat, resulting in a much lower reading.

4.1.2 Purity of Gadolinium Sample

Purity naturally has a very large e↵ect on Tad measured on di↵erent Gadolinium

samples as we would expect. Under the same 1T change in magnetic field, a

pure Gadolinium is measured to have a Tad of 3.5K, but the same amount of Tad

for a 98% Gadolinium sample requires 1.3T of magnetic field [28]. In another

experiment, a 93% Gd sample shows Tad of 3.25K under change of 2T magnetic

field, while another 99% Gd sample shows Tad of 5.75K under the same conditions

[29]. Therefore, the purity of Gd sample has a giant e↵ect on the measured

outcome, and it is best to get pure Gadolinium for measurements.

4.1.3 Cold Rolling of Gadolinium Sample

Even using the same piece of material and same measuring device under same

conditions, the result can vary due to di↵erence in thickness [30]. In the figure
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4.1 Adiabatic temperature change measurement influencing factors

Figure 4.1 A comparison of Tad measured on sample of di↵erent thicknesses under
1.9T of magnetic field. Figure adopted from [30].

adopted from this paper 4.1, a comparision of the di↵erent samples is laid out.

Sample 1, 2 and 3 are made from the same piece of 99.9% gadolinium from Grirem

Advanced Materials, Beijing. After some pre-processing, the sample is rolled under

room temperature into 1.59mm, 0.057mm, 0.036mm for sample 1,2,3, respectively.

We can see from the graph that cold rolling has a very large e↵ect on the measured

Tad, reducing by as much as one third for sample 3 compared to polycrystalline

Gadolinium.

4.1.4 Frequency of the Magnetic Field

Although the frequency of our setup is low enough to be irrelevant to be a in-

fluencing factor, Tad can change depending on the modulation frequency of the

electromagnet as shown by this paper [31].

The only di↵erence in the three samples is that they have di↵erent thicknesses;

Gd01, Gd05, and Gd20 has 0.1mm, 0.5mm, 2.0mm of thickness, respectively. All
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4.1 Adiabatic temperature change measurement influencing factors

Figure 4.2 A comparison of Tad measured on sample of di↵erent thicknesses under
33.5mT of magnetic field. The sample names are from their thickness: Gd01,
Gd05, and Gd20 has 0.1mm, 0.5mm, 2.0mm of thickness, respectively. Figure
adopted from [31].
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4.2 Aggregation of direct measurement Tad data of Gadolinium

of these samples have 5 ⇥ 5 mm
2 area, and it is important to note that the

magnetic field was applied parallel to one of the long sample edges, rather than

perpendicular to the two edges. This explains what might seem as a contradiction

to the last influencing factor: Gd01 is having the most Tad compared to the other

samples. It does not violate the last point discussed because 1) it is not cold

rolled and 2) the direction of magnetic field is di↵erent, resulting in a di↵erent

demagnetization factor.

From primarily part (c) of 4.2, the higher frequency resulted in a smaller Tad.

This is due to the sample not having adequate time to heat transfer with the

sensor, as this e↵ect mainly happens for the larger samples but not to Gd01. This

is also mentioned in [32] and is therefore limiting the optimize frequency for a

magnetic refrigerator.

4.2 Aggregation of direct measurement Tad data

of Gadolinium

At the very early stages I thought there is significant discrepancies between data

measured by groups, but as I have collected enough data I have found this is not

the case. Here I present the data that I gathered from other papers that directly

measure Tad of Gadolinium. Most of the values are integers because I do not have

the original data and could only estimate them.

From the table we can also see that single crystal samples often performs better

than polycrystalline samples. This is expected as single crystals will have a larger

magnetization and therefore can have a larger entropy change in and out of a

magnetic field.
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4.2 Aggregation of direct measurement Tad data of Gadolinium

Data

Source

Tad Field

Strength

Sample

Purity

Sample

Granularity

[2] 14 7

[20] 3.75 1.75 99.00%

[33] 4.7 1.9 polycrystalline

[34] 4.5 2 99.90% polycrystalline

[35] 13 7

[36] 5 2

[37] 4 1.65

[12]

20 10 single crystal

16 7.5 single crystal

11 5 single crystal

6.3 2 single crystal

[28]

3.5 1 single crystal

2.8 1 polycrystalline

3.5 1.3 98.00% polycrystalline

[29]

16 7.5 99.00% polycrystalline

5.75 2 99.00% polycrystalline

3.25 2 93.10% polycrystalline

[38]

14 7 polycrystalline

11 5 polycrystalline

8 3 polycrystalline

3 1 polycrystalline

[39]
12.5 7

8 3.5 polycrystalline

[40]

3.9 1

6.4 2

8.8 3

10.5 4

12.2 5
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4.2 Aggregation of direct measurement Tad data of Gadolinium

[!ht]

Figure 4.3 Data collected from the table above. Orange line is fitted line from
all the data.

It is interesting to see that the general trend is that the marginal Tad is de-

creasing with the magnetic field, indicating that the sample is more saturated in

high enough magnetic fields.
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Chapter 5

Conclusion

We have built a machine to perform direct magnetocaloric e↵ect measurement.

Statistical tools such as SVD and maximum likelihood are used in calibration and

data fitting to ensure consistency of results. The measured data has deviations

compared with data from measurements in other groups. Possible influence factors

for the deviation in the measured results are discussed. However, with the issues

fixed, I believe this machine can still be used as an e↵ective tool for finding and

characterizing magnetocaloric compounds for magnetic refrigeration.
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Appendix A

Synthesis of Oxyfluoride
Perovskites

A.1 Introduction

Nb2–xF1+x belongs to the rich family of oxyfluoride perovskites. On the base

case where x = 0, Nb5+ have no electrons in the d-band and therefore have wide

band gaps around 3-5eV [41], working as electrical insulators. For instance, the

energy gap of NbO2F is 3.2 eV, while the energy gap of Nb2O5 is more complicated,

ranging from semiconducting (3.1 eV) to insulating (5.3 eV) [42]. With the tuning

of di↵erent O/F ratio in Nb2–xF1+x , the O/F ordering will vary continuously along

the major crustal directions a, b and c [43], leading to a wide range of tunable

physical properties.

A.2 Synthesis

Compounds that contain fluorine generally reacts with water present in the at-

mosphere. Therefore, to ensure the safety of others and the precision of the final

product, avoiding air contact is necessary.

NbO is first made by mixing stoichiometric amounts of Nb and Nb2O5 and

then arc melting. NbO is magnetic, and has a shiny appearance like a metal A.1.

Furthermore, thermogravimetric analysis is conducted to arrive at a more precise

stoichiometric ratio of NbO1.05. It is grounded and sifted to ensure little particle
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A.2 Synthesis

Figure A.1 Photo of the arc melted NbO1.05. The sample takes the shape of a
semisphere because it was melted by the current.

size to prepare for the next step of the synthesis.

The synthesis is done in a Nitrogen protected glovebox. The glovebox’s inert

atmosphere is ensured by constant flow of Nitrogen gas into the glovebox, which

creats a higher pressure inside and therefore makes the air much less likely to

flow in. Furthermore, the glovebox also cycles the air in it through a column that

gets rid of all the moisture and oxygen. Items can be transferred in and out of

the glovebox through a vacuum chamber. Each time an item is brought in, the

chamber has to be vacuumed and flushed with Argon three times before opening

the seal to the glovebox. There are still some amount of exygen present in the

glovebox, however. A sensor will monitor the oxygen ppm, which usually ranges

from 0.1 to 10, so we can quickly react if oxygen levels seem too high. On top

of that, all the made samples and flouride starting materials are stored inside

airtight containers inside the glovebox, in case the inert atmosphere would be

compromised. The gloves are made of flurine-resistant neoprene, but to prevent a

catastrophic puncture on the glove, additional gloves have to be worn whenever
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A.3 Synthesized Samples

using the glovebox.

The synthesis of Nb2–xF1+x is done by mixing stoichiometric amounts of Nb,

NbO1.05, and 10% more NbF5 powder as detailed by [43]. Many other groups make

NbF5 by dissolving Nb2O5 in hydriofluoric acid, but we are able to buy premade

NbF5 sealed in a air tight container. After being pelletized by a hand press, the

mixture of starting materials is placed into a pre-made silver foil crucible and put

into a 10mm inner diameter quartz tube. The tube is wrapped with parafilm

before transferring out of the glovebox. Then the tube is flushed by Argon three

times before sealing under vacuum to ensure an inert enviornment. The mixture is

heated at 450 °C for 48 hours with 1 °C ramp up and 3 °C ramp down for heating

and cooling, respectively. The quartz tube appears cloudy white after reacting

with fluoride, which may be the result of of the HF generated from remaining

moisture left in the beginning materials of the sample. This does not a↵ect the

structure integrity, however, as the tube is still fully airtight. Then the tube is

brought back into the glovebox and stored for future use.

A.3 Synthesized Samples

Unfortunately, I do not have pictures in hand to show the colors of the samples.

NbO2F is a white power, and with the increased x, the output materials change

from light blue to a somewhat darker blue. The light blue is a result from mixing

white NbO2F with Nb2–xF1+x with a higher x. This change in color implies that

band gaps is lower with increasing x, as the material is now able to absorb the

purple end of spectrum. We would expect this, because the added F– ions has

one more electron than O2– , e↵ectively acting as a doping element that introduces

more electrons into the material.
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A.4 XRD Characterization

A.4 XRD Characterization

Oxyfluorides are relatively hard to analyze as xrd and neutron di↵raction cannot

distinguish O2– and F– very well. More complicated techniques have been em-

ployed by other groups [43], such as transmission electron microscopy (TEM) and

electron probe micro-analysis (EPMA). That said, it is usually good to begin with

XRD, as it serves as a decent starting point.

Characterizing fluoride is more complicated than normal substances as we still

assume that fluorides can potentially react with oxygen and moisture in air. There-

fore, we attempt to isolate our samples from air as much as possible. To achieve

this, an airtight sample holder for XRD is used. Sample is grounded and put into

the sample holder, which is then sealed by a larger airtight container. All of these

steps are performed in the glovebox, so that when we take the container outside,

the sample is still protected from two seals. The XRD patters are taken as soon

as the sample is taken out of the larger container.

As the airtight holder has its base pattern as well, one null scan is taken to

determine the pattern, which is subtracted from all other scans that contains

sample. As the intensity of the base pattern can vary when there are samples,

the subtracted pattern is often not perfect and will have hints of the base pattern

A.2. This, however, does not a↵ect Rietveld fitting as the peaks of the sample are

prominent enough.

It is found afterwards, however, that Nb2–xF1+x does not experience much

structural change when being exposed to air, as can be seen from the x-ray di↵rac-

tion scans before and after 24 hours of air exposure A.3.
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A.4 XRD Characterization

Figure A.2 Raw, base, and subtracted XRD scans of NbO2F.
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A.4 XRD Characterization

Figure A.3 Comparison of XRD scans of NbO2F before and after being left in
the atmosphere for 24 hours.

Finally, we have the aggregation of all the XRD plots of synthesized samples

A.4.

Although not clearly visible from this graph, there is a general trend of of

the peaks to move left as the x gets larger. After performing Rietveld fitting,

the actual composition of the synthesized samples can be fitted out. Most of the

samples contain only one impurity, NbO. This is probably due to the fact that

we started the synthesis using NbO. However, at larger x there are samples with

patterns such as very adjacent peaks that shows more impurity is present, with

those impurities often being Nb2–xF1+x with a di↵erent x composition. In the
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A.4 XRD Characterization

Figure A.4 Comparison of XRD scans of all synthesized compositions of
Nb2–xF1+x . All of the scans are done under Argon protection to prevent the
samples from reacting with the moisture and oxygen in the air.
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A.4 XRD Characterization

end, the total ratio of O and F is calculated from the fitted lattice parameters,

and here is a comparison of the targeted x and the actual x of the synthesized

samples, as well as the amount of impurities in the samples A.5.

Figure A.5 The upper graph shows the di↵erence between targeted and actual
compositions of synthesized Nb2–xF1+x . Targeted x is the x value we are aiming
for when synthesizing, and actual x is the x value calculated from fitted lattice pa-
rameters. The lower graph shows the NbO percentages compared with calculated
x. NbO percentage is obtained from Topas fitting.

From A.5 we can see that x value cannot go up at a certain point around

0.6. Taking into account the lower part of the graph, the lower x values is mostly
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A.5 Conclusions and Future Work

because of the amount of unreacted NbO left in the sample. Since more Nb needs

to be in lower oxidation states for larger x, more unreacted NbO will lead to a

final x smaller than expectation.

A.5 Conclusions and Future Work

A lot of analysis can be done with the synthesized sample in the future. For

starters, EPMA and scanning electron microscope (SEM) can be used to deter-

mine the composition more accurately than only using Topas fitting. Physical

measurements of the materials’ properties also need to be performed, such as elec-

tric resistance and magnetic measurements, hinted by the change in color with

respect to x composition. These measurements also need to be done with proper

air isolation to prevent potential property changes. To understand the structural

change with di↵erent x better, single crystal XRD may be attempted for a better

crystal structure of the materials, although making single crystal of fluorides can

be very hard. Lastly, the fact that x cannot go past a certain value because of the

unreacted NbO is an intriguing matter worth investigating in the future.
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Appendix B

Methods for reducing error in
sensitive electronic circuits

Sometimes it is the case that we would need to minimize perturbations of the

circuit to reduce errors in sensitive measurements. For some setups, even a tap

on the table would induce a spike in the data. In the process of attempting to

reduce error for the temperature measurement of Gadolinium, I have found some

generally e↵ective precautions against potential perturbations:

1. Whenever a through hole in PCB is larger than the wire soldered onto it,

soldering is not enough by itself. It is often ideal to use epoxy to seal

the connections. Furthermore, tape loose wires onto firm surfaces will also

reduce vibrations.

2. Sealing connection is usually not enough to protect against strong mechanical

collisions in the system. Damping the system by adding some bu↵er will

significantly reduce error.

3. When working with magnets, induced currents can be very important, as

they can a↵ect both the circuit and the sensors. Therefore, null tests are

required to ensure the circuit behaves normally under magnetic fields, and

can additionally be used as background to acquire the data without pertur-

bations.
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4. Normal solder generally does not work well in smaller scales and can lead to a

poorly connected circuit. Instead, conductive epoxy or conductive adhesives

will serve better and form a more secure and stable connection.

5. If environment is subject to strong electric or magnetic fields, it would be

helpful to shield the cables, use twisted pair cables, or use di↵erential mea-

surements if noise still persists. Personally, di↵erential measurement is usu-

ally not a very good idea as the op amp will bring additional noise to the

system and can a↵ect the original data.
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