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ABSTRACT 

The design, construction, and testing of a highly sensitive magnetometer with a wide 

temperature range for the study of magnetic phase transitions and the effect of thermal 

processing on heterostructured magnetic films is reported.  The magnetometer is based on the 

magneto-optic Kerr effect which produces a change in polarization of light reflected from a 

magnetic surface. A laser with a wavelength of 632 nm is used, and the magnetometer measures 

the magnetic orientation of layers within the skin depth of the incident radiation. For the systems 

studied in this work, the probed magnetization is assumed to follow the magnetic behavior of the 

topmost magnetic layer. The apparatus has a temperature range from 65 K to 760 K, enabling the 

study of a wide range of heterostructured thin films. 

Alloys of Gd with transition metals have a strong temperature dependence since pure Gd 

has a ferromagnetic Curie temperature around 300 K.  Single-layers of Co, Gd and Co-Gd alloy 

were used as prototype magnetic system for commissioning the apparatus. The phase transition 

behaviors as determined by the magnetometer are reported. For testing the thermal processing, 

bilayers incorporating antiferromagnetic NiMn and NiMn-Gd with the above ferromagnetic 

layers were studied.  These bilayers exhibited magnetic behaviors that were dependent on the 

thermal processing history, as annealing at 573K and cooling in a static magnetic field produced 

a change in the exchange bias, coercivity, and shape of the magnetic hysteresis loops. 
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I. INTRODUCTION 

This dissertation has two parts; in the first part Co thin films of different thickness are 

studied and characterization techniques are also presented. The factors for the production of high 

quality thin films such as good vacuum, stable plasma, target surface magnetic flux are 

discussed. The critical angles for total external reflection of Co, Ta and Cr thin films were 

calculated from X-ray reflectivity measurements yields the electron densities of the film. In 

general, thin film’s density of single metal layer is always less than the corresponding bulk 

densities which means there are fewer magnetic atoms per unit volume in the film results in 

magnetization per unit volume of magnetic thin films values less than bulk. Magnetometry 

measurements on Co films were done using a VSM (Vibrating Sample Magnetometer). A 

procedure to for refining magnetization measurements will also be discussed. 

The second half of this dissertation describes the construction of longitudinal Kerr 

Magnetometer system with wide temperature range 70 K -700 K, magnet design, field 

measurements, coercivity calibration, heater design, temperature measurements, and temperature 

control by a closed loop  feedback system. The magnet that was designed has a maximum 

magnetic field (~ 3000 Oe), so films having coercivity less than 3000 Oe can be measured with 

this system. To test the system, phase transition in Gd films is observed near room temperature 

approximately 280 K, and a series of exchange-biased systems Co/CoO, NiMn/Co and NiMn/Gd 

are measured. The bias is set in NiMn by annealing the above samples to 573 K and cooling in 

the static magnetic field. Compensation temperature in Co78Gd22 alloys is studied since Gd Curie 

temperature is close to room temperature. Thermal processing such as annealing effects on 
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magnetic properties of bilayers systems NiMn/Co78Gd2 and (NiMn)78Gd22/Co78Gd2 and variation 

in their magnetic properties with cooling and heating are also studied. 
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 II. EXPERIMENTAL METHODS 

A. MAGNETRON SPUTTERING SYSTEM 

The Key sputtering system is used for fabrication of the films in this section. The system 

is operated with a base pressure of approximately 10-8 Torr. Samples of Co, Ta, Cr and Cu were 

prepared using 2” diameter targets for flux calibration.  The system has a capacity of four 

magnetron guns. While sputtering Ar gas pressure is maintained at 4 mTorr pressure by 

controlling the Ar flow into the chamber with a mass flow controller. The targets are negatively 

biased to produce electrons which ionize the Ar gas to create plasma. The magnetron power 

supply adjusts the target voltage, VTarget to keep the plasma power constant and the positively 

charged Ar ions strike the target with kinetic energy eVTarget. 

1. DC plasma 

Plasma is 4th state of matter; the other 3 are solid, liquid and gas. The circular 

arrangemnet of small magnets mounted below the target to confine the electrons in plasma close 

to the surface of target. These highly energetic electrons ionize Ar gas near the surface of target 

to produce high density plasma. Ionization of Ar gas, due to primary and secondary electrons, 

confined in the magnetic field allows deposition at lower pressure. This high density plasma 

increases the sputter rates. The high density Ar ions bombardment the target atoms to be 

deposited which eventually land on the substrate to make thin films. The target voltage VTarget 

was in the range of 240 V-300 V. The kinetic energy of ions can be written as e.VTarget, e is 

electronic charge. The deposition rate depends on the sputtering yield of material to be deposited
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which is defined as number of target atoms ejected per Ar ion striking the target surface and 

values of sputter yields depend on voltage [1]. 

2. Vacuum system 

 Vacuum plays a crucial role in determining the quality of thin films. A rotary mechanical 

pump is used as roughing pump. Below 0.5 Torr the cryopump maintains a 10-8 Torr base 

pressure. There are three steps needed to achieve this pressure. First, the rough valve is opened 

then the rotary pump is turned on. The pump has an ultimate pressure of a few mTorr but it is 

good practice to “Crossover” to the cryopump below 0.1 Torr. Once the crossover pressure is 

achieved, the rotary valve is closed and the pump is turned off, opening the high vacuum valve 

then uses cryopump to further lower the pressure. When the Adaptor capacitance manometer 

vacuum gauge reads less than 0.1 mTorr, the ionization gauge is turned on and the system is 

baked for 10 hours from room temperature to 100 oC to remove the gases from the walls of the 

chamber ultimately reaching approximately 10-8 Torr .  

 

 Fig.1. Schematic of Key system 
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3. Sample fabrication 

We used 2” high purity sputtering target of elemental Cu, Co, Cr and Ta to make three 

sets of samples. Si (100) which has oxide native layer was used as a substrate. First, we made Cu 

thin films were deposited to study the relation between deposition and power (Fig. 4). Secondly, 

single layer polycrystalline Co(x)/Si (1-4) (Fig.5) thin films were prepared (x = 4, 8, 16, 36 nm) 

to refine magnetic measurements using the DMS Vibrating Sample Magnetometer (VSM). 

Third, trilayer systems of Cr (10 nm)/Co(x)/Cr (10 nm) (Fig. 3-4), Ta (5 nm)/Co (x)/ Ta (5 nm), 

(x = 4, 8, 12, 16.....48 nm) were fabricated to examine the interfacial effect of Cr and Ta on the 

bulk magnetization of Co. Co samples were deposited in the presence of a magnetic field to 

introduce in-plane anisotropy. Co and Cu thin films were deposited at power 108 W whereas Cr 

and Ta were sputtered at 120 W. These polycrystalline thin film samples are deposited at room 

temperature under 4 mTorr Ar pressure with base pressure approximately 10-8 Torr 

B. X-RAY-REFLECTIVITY (XRR) 

The thickness of single layer thin films is characterized with x-ray reflectivity (XRR). 

Cu-Kα x-rays of wavelength 1.54 Å are used for XRR measurements. The reflected x-rays from 

the surface of thin films produce interference to produce intensity maxima known as Kiessig 

fringes, in the reflectometry pattern. The source of x-rays is kept positioned at constant angle 

(θ = ω), and the detector is moved simultaneously from initial two theta angle to final two theta, 

to collect data. The sample is also rotated by angle (θ = ω = 2θ/2). The XRR data was 

collected in two parts, first part with Cu (0.2 mm) filter at smaller angle to avoid large count rate 

(< 500 kcps) in the vicinity of critical angle as the relation between detector voltage and intensity 

is not linear if the count rate is > 500 kcps and then when the count rate reduces to less than 10 

kcps, the filter is removed. The second part is collected without copper filter and finally the two 

set of data were normalized such that the maximum intensity (Imax) is one as total external 
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reflection occurs at angles less than the critical angle of the material. The thickness of these 

samples was determined from the slope within a few percent. θm
2 , squared angle in radian is 

plotted as function of index m, the Kiessig fringes. The intercept on y axis of graph yields the 

square of critical angle θc
2 (radian) and slope gives the total thickness (d) of the film. The flux of 

material during deposition is determined by dividing the total thickness by the deposition time of 

the material.                  

1. Flux calibration  

Before making thin film samples of desired thickness of particular material, it is very 

important to calibrate the flux of that particular material. Precise flux calibration or rate of 

deposition of material plays an important role in determining the thickness of film properly. The 

Keissig fringes give the thickness of film. We calibrated the flux of Co, Ta (Fig.2 (a-f)) and Cr 

(Fig.3) under careful considerations of critical angle of these materials is taken while calibrating 

the flux within few percent (Table I). The flux of material depends on power and Ar gas pressure 

during deposition. The flux is calibrated of Ta and Cr at 120 W, Co and Cu at 108 W at 4 mTorr 

Ar pressure. Cu samples were deposited at different power, and it was determined that the flux of 

material remains constant if the integrated plasma energy (E = Power × Time) is kept constant 

(Fig. 4). A Key system was used to deposit trilayers samples of Ta (5 nm)/Co (x)/ Ta (5 nm), (x 

= 4, 8, 12, 16.....48 nm) with varying Co thickness. 
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Fig.2. XRR and Kiessig plots for Co (200s & 400s) and Ta (200s & 400s) samples to 

calculate their flux are shown in picture (a), (b), (c), (d) and (e) and (f) respectively 
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Fig.3. XRR plot and Kiessig plot for Cr sample deposited for 200s calculate the Cr flux are 

shown in picture (a) and (b) 
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Fig. 5. XRR plot of Co (x) (1-4) and Cr (5 nm)/Co (x)/ Cr (5 nm) (4-8) samples (x = 4, 8, 16, 32 nm) 

shown in Picture (a) and Kiessigs plot of Co (32 nm) sample and thickness from plot found to be 32.5 

instead of 32 nm as shown in picture (b) 
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Fig.6. XRR plot (a) and Kiessig plot (b) of Ta (10 nm)/Co (x)/ Ta (10 nm) (1-12) 

samples (x = 4, 8, 12, 16, 20....192 nm). 
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 Samples Voltage 

(V)  

power 

(Watt)  

Argon 

Pressure 

( mTorr)  

Slope  Critical 

Angle 

 (rad)2  

NIST 

(rad)2  

Thickness 

(Å)  

Rate 

(Å/s)  

1 Co (200 s)  405  108 4  2.3683 E-6  3.63 E-5  4.75 E-5  511 ± 18 2.49 ± 0.09  

2 Co (400 s)  407  108 4  5.9731 E-7  4.27 E-5  4.75 E-5  997 ± 36 2.50 ± 0.09 

3 Cr (200 s)  386  120  4  2.1869 E-6  3.23 E-5  4.36 E-5  521  2.61  

5 Ta (200 s)  314  120 4  2.0436 E-6  5.46 E-5  7.87 E-5  539 ± 12  2.69 ± 0.06 

6 Ta (400 s)  315  120  4  5.649 E-7  7.42 E-5  7.87 E-5  1026 ± 24 2.56 ± 0.06 

Table I. Shows critical angle, thickness and flux calibration calculation from intercept and slope 

for Co, Cr and Ta samples made at specific power, voltage and pressure. 
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2. Critical angle 

Since the assignment of the index m, of the fringe involves some guess work during 

linear fitting analysis of data (Kiessig fringes) to find the slope (thickness), it is taken care of that 

critical angle of these materials must be less than their bulk values. The critical angle of material 

depends on the density of material under consideration The critical angles of these materials such 

as Co, Cr, Ta and Cu deposited as thin films are always less than their bulk critical angles (Table 

I) values as the density of these material in the form of thin films is always less than their bulk 

densities (Table II) due to porosity, roughness or inhomogeneity. 

3. Density 

The mass density of a ferromagnetic material such as cobalt is a crucial parameter in thin 

films which provide useful information for calculation the magnetization of ferromagnetic 

material in thin films. A density of Co that is less than its bulk value indicates that number of Co 

atoms per unit volume of thin film is less than number of atoms per unit volume in bulk form of 

Co. So it can be concluded that volume magnetization value of Co should be within few % its 

bulk magnetization, as the magnetization depends on number of Co atoms per unit volume. 

Scattering length density can be calculated using NIST website calculator [2]. 

 

 

 

 

 

 

o

 
SLD

SLD

SLD

A is1.54  CuKα of Wavelength =λ

material  ofDensity  =ρ   angle; Critical=
c
θ  ;density length  Scattering =ρ

ρR=ρ   ;     
π

2λ2ρ
=2

c
θ



 

13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 

 

 

Intercept 

Critical angle 

(rad)2 

Scattering Length    

density 

(1/Å)2 

R  

(constant) 

Measured 

Density 

 (gm/cc) 

Bulk Density    

(gm/cc) 

1 Co (200 s) 3.63E-05 4.80E-05 7.07E-06 6.79 ± 0.11 8.89 

2 Co (400 s) 4.27E-05 5.64E-05 7.07E-06 7.98 ± 0.11 8.89 

3 Ta (400 s) 7.42E-05 9.80E-05 6.25E-06 15.68 ± 1.45 16.68 

4 Ta (200 s) 5.46E-05 7.22E-05 6.25E-06 11.55 ± 1.45 16.68 

5 Cr (200 s) 3.23E-05 4.27E-05 7.77E-06 5.49 7.41 

6 Co (128 s) 3.94E-05 5.21E-05 7.77E-06 6.71 ± 0.11 7.41 

Table II. Shows density calculations from critical angle and scattering length density for Co, Cr 

and Ta. The large difference in Cr and Ta densities might be due to forming of oxide layer on the 

surface. 
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III. VSM MEASUREMENTS (MAGNETIC CHARACTEIZATION) 

The Vibrating Sample Magnetometer (VSM) is used to measure the magnetic properties 

of magnetic thin films or multilayer [3]. The operating principle is based on the Faraday’s 

principle. The dipole moment m of the oscillating sample oscillates along z axis, produces 

changing magnetic field (flux) in the pickup coils (four) of VSM, and induces a voltage across 

the pick-up coils. The induced AC voltage is detected with an internal lock-in amplifier. The 

VSM software converts voltage to moment using a user calibrated value of sensitivity. The 

voltage is converted into moment as function of magnetic field. The sensitivity (V/emu) of pick-

up coils depends on the gap between poles of the electromagnet. The sensitivity is expected to 

decrease with the increase of gap as less flux penetrates through coils at larger distances. The 

sensitivity vs. gap between electromagnetic poles is shown in Fig. 8b. The magnetic field outside 

the sphere is mathematically equivalent to a point dipole concentrated at its center. 

A. MAGNETIC MEASUREMENT OF NI SQUARE, DISK AND NIST SPHERE 

A NIST Ni sphere (documented as NIST Magnetic Moment Standard Model 772a) of 

known moment was used as a calibration source for VSM for all the measurements. The 

magnetic moment (3.48 emu) of sphere is calculated using the formulae provided on the 

calibration sheet at 296 K and 10 KOe applied magnetic field. The magnetic moments of Ni thin 

foil (Alpha Aesar 99.9 % purity 0.1 mm thick) samples of different shape cut from a 100 mm x 

100 mm sheet has been measured at nine different gaps between electromagnetic poles to study 

the effect of the variable spacing of the pick-up coils and sample size or shape on the measured 

values (Fig.9). The magnetic moment of each sample measured at each gap plotted as a function 
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of gap. For these measurements the VSM had been calibrated with the Ni sphere and disk 

standard sample at each value of gap - coil spacing.  For each run the position of sample in VSM 

is adjusted by hand & this produce unknown systematic error.  The gap was carefully adjusted 

using a set of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig.8. (c) shows percentage difference in emu of Ni sphere (NIST) at each gap if the 

expected moment is 3.48 emu and sensitivity measurements (d)  

 

 

 

 

Fig. 7A. Picture (a & b) shows magnet moment measurements of Ni sphere (NIST) 

also used as calibrating source and its magnet moment variation with change of gap 

between poles of electromagnet. 
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Fig.9. Shows magnet moment measurements of Ni square (a) and Ni disk (c) samples and 

also their magnet moment variation with gap between the electromagnet poles (b and d). 
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Aluminum cylinders machined to within 0.002” on the nominal value. For the square samples 

(Fig.9 (a-b)), the variation of moment found ranges from minimum 4.67 emu at 0.65 inch gap to 

maximum 5.4 emu at 1.00 inch gap. The difference between minimum and maximum is 

calculated 0.73 emu. The disk sample (Fig.9 (c-d)) exhibits minimum moment at 1.85 emu at 

0.65 inch and maximum moment 2.14 emu at 1.00 inch. The range of variation is 0.29 emu. 

Finally, to check the reliability of measurements, we measured the moment of NIST calibration 

sphere and plotted at different gap as shown in Fig.8 (a-b). Again, the minimum moment 3.51 

emu is measured at 0.65 inch gap and maximum 3.53 emu at 1 inch gap. The fluctuations of 

moments with gap observed to be few %; the maximum change observed is ~ 0.02 emu at one 

inch gap. These variations are may be due to slight differences in the sample position relative to 

the pick-up coils. An aluminum rod made especially for aligning the height of the sample was 

used to set the sample height, the position is then adjusted at a magnetic field of xyz by finding 

the horizontal position that minimizes the measurement to center it in the coils and then 

maximizing the measurement by adjusting the tilt of the sample in the y-z plane.  It was also 

determined that the measured moment of sphere at each gap is within 2%, however the moment 

at 0.65 inch gap is within 1% of calculated moment 3.48 emu. Surprisingly, the minimum 

magnet moment of all Ni samples such as disk, square and sphere takes place at the same 0.65 

inch gap and we have already obtained the precise magnet moment of sphere (within 1%) at 0.65 

inch gap.  

From the magnetic measurements of Ni samples of different shapes, the sphere is the best 

source for calibration of VSM as its moment doesn’t fluctuate much with gap (within 2%), as 

compared to Ni disk and square samples, and also it has been observed that 0.65 inch gap gives 

more reliable results as observed in the case of sphere (within 1%). To inquire, why the 0.65 inch 
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gap gives the most precise measurement of magnet moment, the sensitivity (emu/V) of NIST 

sphere is measured at each gap, and plotted inverse of sensitivity vs. gap (Fig.8 (a-b). We can 

clearly see that the sensitivity is large at 0.65 inch gap then start decreasing as we increase the 

gap between pick-up coils or poles of electromagnet. At 0.65 inch gap, the signal (voltage/emu) 

generated across the pick-up coils are maximum and keep reducing afterword reaching minimum 

at 1 inch gap. So finally, the maximum and stable signal (voltage) are generated across pick-up 

coils might be the reason that 0.65 inch gives more precise results of moment than other gaps 

where the voltage across pick-up coils is not enough or stable to provide reliable results. The 

maximum voltage across pick up coils gap is due to maximum flux from sample passing the coils 

at 0.65” gap. 

B. VSM CALIBRATION AND MAGNETIC MEASUREMENTS: 

It is very important to calibrate the VSM with standard sample of known moment as 

precisely as possible to characterize the magnetic properties precisely of ferromagnetic thin films 

or multilayer’s. We have used two sources to calibrate the VSM, the first is a NIST Ni disk with 

moment 714 ±  20 memu and the second is a Ni sphere (point dipole) with magnet moment 3.48 

emu. We initially assumed that Ni sphere might be the best standard calibrating source as 

compared to Ni disk that can be used to calibrate the VSM, and measuring moment of unknown 

Co samples. The measurement of the moment is stable as it doesn’t change much with gap 

(Fig.8). It is discussed in the following section, how the VSM measurements can be affected if 

the VSM is calibrated without taking care of size and shape of standard calibrating source and 

samples of unknown moment. To further inquire the reliability of magnetic measurements, we 

used a Ni disk and NIST sphere to calibrate the VSM for magnetic measurements of Co samples. 
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1. NIST NI disk as a calibrating source (extended object) 

Shape is a factor in determining the detailed behavior of the field lines for r < 10d, where 

“r” is distance from source to coil and “d” is the source size. The thickness of Co/Si and 

Cr/Co/Cr samples of approximately 1 x 1 cm2 size is determined with XRR measurements and 

area is calculated from the pictures of samples using software. We performed the first set of 

measurements on rectangular shaped Co/Si (Fig.10) and Cr/Co/Cr samples. The VSM was 

calibrated at 0.7” gap with NIST Ni standard disk (714 ± 20 memu). The measured moment of 

Ni disk also changes with the change of gap of electromagnet poles as shown in Fig. 11a. The 

magnetization of Co samples is measured, 1532 ± 144 emu/cm3 (Fig.11 & Fig.12). Standard 

deviation calculations are shown in Table III and Table IV.). Magnetization of Cr/Co/Cr samples 

was also characterized which is found to be 1124 ± 75 emu/cm3 (Fig.13). The magnetization of 

samples containing Cr is found to be less than samples consist of only pure Co due to the 

antiferromagnetic polarization effect of interfacial Cr where the interfacial Cr atoms become 

magnetic and polarize in the opposite direction of the Co [4]. 

2. NIST NI sphere as a calibrating source (point dipole) 

Second set of measurements was performed on Co and Ta/Co/Ta of size approximately 1 

x 1 cm2 and 2 x 2 cm2 respectively, however this time NIST Ni sphere (3.48 emu) was used for 

calibration. The moment of NIST Ni sphere depends on the temperature and the applied field 

during calibration according to the equation [5]. 

m = 3.47 [1 + 0.0026 ln (
H

398
) [1 − 0.00047 (T − 298)] 

For Ta/Co/Ta samples measurements, the VSM is calibrated with Ni sphere at 1.00” gap, 

temperature 296 K and 10000 Oe magnetic field, the average Co magnetization is determined 

and 1560 ± 31  emu/cm3 in Ta/Co/Ta films (Fig. 14) along short and long axis respectively 
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which is more than bulk. Co samples were again measured at 0.7” gap (again calibrated with Ni 

sphere), and the magnetization of Co in these samples are found to be and 1529 ± 92 emu/cm3 

(Fig.12).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10. Magnet moment measurements of Co (x) (1-4) samples (x = 4, 8, 16, 32 nm) of 

area 1 cm2 as shown in picture (a,) (b), (c) and (d). 
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Fig.11. Magnet moment measurements of disk at 0.7” and 0.75 measured using sphere as 

calibrating source (a) and magnetization calculation (along y axis moment is divided by area of 

the samples) of Co (x) (1-4) samples (x = 4, 8, 16, 32 nm) using disk as calibrating source as 

shown in (b) 

 

 

 

 

Fig.12. Magnet moment measurements of NIST Sphere (3.48 emu) at different gap (c) and 

magnetization calculation (along y axis moment is divided by area of the samples) of Co (x) 

(1-4) samples (x = 4, 8, 16, 32 nm) using a sphere as calibrating source as shown in (d). 
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Fig.14. Magnet moment (a) and magnetization calculation (b) of Ta (10 nm)/Co (x)/ Ta (10 nm) 

(1-12) samples (x = 4, 8, 12, 16, 20....192 nm) measured along long axis and NIST Sphere (3.48 

emu) was used as calibrating source. Moment divided by sample area is plotted along y axis 

axis. 

 

 

Fig.13. Magnetization calculation (along y axis moment is divided by area of the samples) of Cr 

(10 nm)/Co (x)/ Co (5 nm) (1-4) samples (x = 4, 8, 16, 35.6 nm), moment measured using NIST 

disk (0.714 emu) as calibrating source. 
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The equations used for standard deviation calculations are the following 

𝜎 = √
∑𝑑𝑖

2

(N − 1)
 

𝜎𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
𝜎

√𝑁
 

N is the number of samples used to calculate standard deviation. 

di is the deviation of each measurement from average value given by following equation 

 di = MAverage – Mi 

Co 

samples, 

N 

Magnetization 

emu/cm3 

Mi
 

Maverage Deviaton, di d2
i 

 

Standard 

Deviation, 𝜎𝑎𝑣𝑒𝑟𝑎𝑔𝑒  

1 1161.26 1532 370.74 137446.29 

145 

2 1287.50 1532 244.50 59780.25 

3 1300.00 1532 232.00 53824.00 

4 1481.25 1532 50.75 2575.56 

Co 

samples, 

N 

Magnetization 

emu/cm3 

Mi 

MAverage Deviaton, di d2
i 

 

Standard 

Deviation, 𝜎𝑎𝑣𝑒𝑟𝑎𝑔𝑒  

emu/cm3 

1 1315.73 1529 213.28 45486.23 

91 

2 1332.65 1529 196.35 38553.32 

3 1643.80 1529 -114.80 13179.04 

4 1490.55 1529 38.45 1478.64 

Table III. Average standard deviation for Co samples is calculated with Ni disk 

as a calibrating source. 

 

 

 

Table IV. Average standard deviation for Co samples is calculated with Ni 

sphere as a calibrating source.  
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Co 

samples 

N 

Magnetization 

emu/cm3 

Mi 

Maverage Deviaton, di d2
i 

 

Standard 

Deviation, 𝜎𝑎𝑣𝑒𝑟𝑎𝑔𝑒  

emu/cm3 

1 1394.15 1560 165.85 27506.22 

33 

2 1495.21 1560 64.79 4197.42 

3 1474.10 1560 85.90 7378.81 

4 1452.28 1560 107.72 11603.33 

5 1390.93 1560 169.08 28586.36 

6 1442.98 1560 117.02 13692.90 

7 1439.56 1560 120.44 14506.48 

8 1588.58 1560 -28.58 817.07 

9 1612.42 1560 -52.42 2747.80 

10 1438.19 1560 121.81 14838.29 

11 1506.85 1560 53.15 2824.44 

12 1570.74 1560 -10.74 115.29 

13 1394.15 1560 165.85 27506.22 

Table V. Average standard deviation for Ta/Co/Ta samples is 

calculated with Ni sphere as a calibrating source.  
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C. IS SPHERE OR DISK IS BETTER CALIBRATION SOURCE DEPENDS ON THE SHAPE 

OF THE SAMPLE. 

 

When Ni disk and Ni sphere of known moment were used as calibrating sample to 

measure the magnetic properties of Co/Si samples at 0.7” gap, the magnetization of Co was 

found to be 1532 ± 144 and 1529 ± 92 emu/cm3 respectively. However to check the reliability of 

Ni sphere as good candidate for calibration, Ta/Co/Ta samples were also measured as discussed 

above (the uncertainty 31 emu/cm3 in the measurements is calculated from standard deviation) 

which gives magnetization of Co (1560 ± 31 emu/cm3). The measurements are unreliable 

because the density of Co in these thin films is less than bulk Co density and therefore the Co 

magnetization per unit volume must be less than bulk magnetization (1447 emu/cm3 @ RT) [21]. 

The NIST Ni disk’s (known moment 714 ± 20 memu) moment was also characterized at 0.7” 

and 0.75” gaps (each gap calibrated with NIST Ni sphere). The moment measured at 0.7” gap 

was 791 memu (Fig.11b) instead of 714 memu and this measured moment of NIST Ni disk is not 

in the tolerance limit (714 ± 20 memu). The sphere produce less uncertainty as compared to disk 

but still due to difference in shape of sphere and samples (square or rectangle) using it as 

calibration source gives magnetization of Co more than bulk value. 

D. SHAPE AND SIZE EFFECT ON CALIBRATION AND MAGNETIC MEASUREMENTS 

The moment 3.2 emu of NIST Ni sphere of (known moment 3.48 emu) was measured at 

gap 0.7” after the VSM calibrated with Ni sphere itself at the gap 0.7”, which is less than 2% 

(Fig.9a). It was made sure using stainless steel cylinders that sample or calibrating source was 

placed at the same position between the poles of magnet. The NIST Ni disk’s (known moment 

714 ± 20 memu) moment 791 memu was also characterized, which is more than 10% (Fig. 11a), 

when the VSM was calibrated with Ni sphere at same gap 0.7”. Co magnetization in Ta/Co/Ta 

samples (2 x 2 cm, first approximation of size) was found more than bulk magnetization using Ni 
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sphere as the calibration standard at 1.00” gap (Fig. 14). By carefully analyzing these 

measurements, we might say that if the sample of unknown moment to be measured, it must have 

same shape, size, carefully placed at the same position and measured at the same gap as the 

calibrating sample. It is possible to account for the shape and size effect if it is systematically 

determined with a set of Ni disks with varying size (diameter). Precise measurements can be 

obtained within 1% (as in the case Ni sphere, 1 % might be due to position uncertainty), however 

if the unknown moment samples differ in shape and size than calibrating sample, the 

measurements results can be deviate by more than 10% (as in the case of Ni disk). Finally, if the 

shape and a large difference in size (dimensions) of the samples of unknown moment than 

calibrating sample, there are chances of getting totally unrealistic (magnetization more than bulk) 

for Co samples as shown in Table V.  Shape, size and position uncertainties are shown in Table. 

V. 
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Samples Calibration 

Source  

Calibrat

ion Gap 

(inch)  

Size of 

samples 

Measure

d 

Moment 

(emu)  

Magnetizat

ion 

(emu/cc) 

Comments  %  

Differe

nce  

Co  
 Ni Disk 
(714 ± 20 

memu)  
0.70  1 cm x 1cm 

 
1532 ± 144 

>  bulk 

Shape effect  

Co  
 NIST Ni 

Sphere 
(3.48 emu) 

0.70  
1 cm x 1 

cm  
1529 ± 92  

>  bulk 

Shape effect 

& 

Sphere gives 

less 

uncertainty 

 

Cr/Co/Cr  
 Ni Disk 
(714 ± 20 

memu  
0.70  

1 cm x 1 

cm   
1124 ± 75  

  

Ta/Co/Ta  
 NIST Ni 

Sphere 
(3.48 emu) 

1.00  
2 cm x 2 

cm   
1560 ± 31  

> bulk 

Shape effect  

NIST Ni 

Sphere  

 NIST Ni 

Sphere 
(3.48 emu) 

0.70  
2.383 mm 

diameter 
3.49, 3.45  

 
Position effect   < 1  

NIST Ni 

Disk 

(1.80 

emu)  

 NIST Ni 

Sphere 
(3.48 3mu) 

0.70  
(6, 0.127 

mm) 
(dia, thick)  

1.85, 1.85  
 

Shape effect 

& 

Position effect 
3 

Ni Disk 

(714 ± 20 

memu)  

 NIST Ni 

Sphere 
(3.48 emu) 

0.70  
 

0.791 
 

Ni disk 

not a good  

calibration 

source 

11  

 

 

 

 

 

 

 

Table VI. Shows calibration sources, sample’s size and their magnetization measured at 0.7” gap  
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V. MOKE (MAGNETO-OPTICAL KERR EFFECT) 

In ferromagnetic material, the optical anisotropy due to magnetism gives rises to 

magneto-optical effects. The linear polarization state of light gets rotated or elliptically polarized 

relative to the incident polarization after the reflection from the sample. The optical anisotropy or 

magneto-optical effects accounts for this rotation of polarization which is called Kerr effect. 

Usually, the reflected light shows slight ellipiticity after the reflection from the sample. The 

rotation due to magneto-optical effects can be shown directly proportional to the magnetization 

of surface layer, which is usually for metals in the range 10 - 30 nm depending on the skin depth 

of metals. In our experiment, we used longitudinal Kerr geometry in which magnetization of the 

sample is in the plane of incidence light, and magnetic field is also parallel to plane of incidence 

of polarized light but also other geometries possible depending on the direction of magnetization 

of sample relative to the plane of incidence. The setup is similar as suggested by references [6, 7] 

which utilizes the polarization modulation and phase sensitive detection amplification technique 

together [6]. The matrix representing the sample is 

𝑆 = (
𝑟𝑝̃ 𝑟̃𝑝𝑠(𝑀(𝐵𝑎)) 

𝑟̃𝑠𝑝(𝑀(𝐵𝑎)) 𝑟𝑠̃
)      

𝑟𝑝̃ , 𝑟𝑠̃ are complex reflection Fresnel coefficients and 𝑟̃𝑝𝑠, 𝑟̃𝑠𝑝comes into play due magneto-optical 

effects. On the basis of symmetry  𝑟̃𝑝𝑠  = − 𝑟̃𝑠𝑝, for simplicity, if the coefficients are real and the 

incident light is p- polarized, the reflected light consist of small portion of s-component of light 

𝐸𝑠
𝑟 = 𝑟𝑠𝑝𝐸𝑝

𝑖  due to rotation of polarization plane. The Kerr rotation angle can be expressed in 

terms of ratio of real 𝑟𝑠𝑝to 𝑟𝑝 [8].
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𝑟̃𝑠𝑝 = 𝑟𝑠𝑝 exp(𝑖𝛿𝑠𝑝) 

𝑟̃𝑝𝑠 = 𝑟𝑝𝑠 exp(𝑖𝛿𝑝𝑠) 

𝑟𝑝̃ = 𝑟𝑝 exp(𝑖𝛿𝑝) 

𝑟𝑠̃ = 𝑟𝑠 exp(𝑖𝛿𝑝) 

The Jones matrix for modulator and analyzer are 

  𝑀1 = (
𝑒𝑖𝜑 0
0 𝑒−𝑖𝜑

) 

                           𝐴 = ( 𝑠𝑖𝑛
2𝛼 sin 𝛼 𝑐𝑜𝑠𝛼

sin 𝛼 𝑐𝑜𝑠𝛼 𝑐𝑜𝑠2𝛼
)   ;      

𝜑 = 𝜑𝑜 sin𝜔𝑡 

M is magnetization of the sample, M1 represents modulator’s matrix, A is analyzer matrix which 

is at an angle α relative to the incidence plane of light, 𝜑 is retardation of modulator which is 

periodic function of time and frequency and B is applied field during the measurements.  

The intensity reaching the detector can be determined using Jones’s matrix [9] calculation 

approach  

(
𝐸𝑝
𝐸𝑠
)
𝑟

= ( 𝑠𝑖𝑛
2𝛼 sin 𝛼 𝑐𝑜𝑠𝛼

sin 𝛼 𝑐𝑜𝑠𝛼 𝑐𝑜𝑠2𝛼
)(

𝑟𝑝̃ 𝑟̃𝑝𝑠(𝑀(𝐵𝑎)) 

𝑟̃𝑠𝑝(𝑀(𝐵𝑎)) 𝑟𝑠̃
)(𝑒

𝑖𝜑 0
0 𝑒−𝑖𝜑

) (
𝐸𝑝
𝐸𝑠
)
𝑖

 

The retardation of the modulator can be expanded in terms of Bessel functions ( 𝐽𝑘 ) 

𝑠𝑖𝑛(𝜑) = 2 ∑ 𝐽2𝑚+1(𝜑𝑜)
∞
𝑚=0 𝑠𝑖𝑛[(2𝑚 + 1)𝜔𝑡] 

𝑐𝑜𝑠(𝜑) = 𝐽𝑜(𝜑𝑜) + 2∑ 𝐽2𝑚(𝜑𝑜)
∞
𝑚=0 𝑐𝑜𝑠(2𝑚𝜔𝑡) 
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The intensity at detector which is square of amplitudes can be calculated at two cases; first when 

analyzer transmission axis is parallel, and second when it is perpendicular to plane of incidence 

of light. 

𝐼 =  𝑃𝑟𝑒𝑐𝑒𝑑𝑖𝑛𝑔 𝑡𝑒𝑟𝑚𝑠 + 𝑠𝑖𝑛(𝜑) [𝑟𝑝𝑟𝑠 sin 𝛼 cos 𝛼 sin(𝛿𝑝 − 𝛿𝑠) −
1

2
𝑟𝑝𝑟𝑝𝑠𝑐𝑜𝑠

2𝛼 sin(𝛿𝑝 − 𝛿𝑝𝑠)

−
1

2
𝑟𝑠𝑟𝑝𝑠𝑠𝑖𝑛

2𝛼 sin(𝛿𝑠 − 𝛿𝑝𝑠)]

+ 𝑐𝑜𝑠(𝜑) [−𝑟𝑝𝑟𝑝𝑠  sin 𝛼 cos 𝛼 cos(𝛿𝑝 − 𝛿𝑝𝑠)

− 𝑟𝑠𝑟𝑝𝑠  sin 𝛼 cos 𝛼 cos(𝛿𝑠 − 𝛿𝑝𝑠) −
1

2
 𝑟𝑝𝑠

2𝑐𝑜𝑠2𝛼] 

 

𝛼 = 0 

𝐼 =
1

2
𝑟𝑝
2 +

1

2
𝑟𝑝𝑠

2+
1

2
𝐽𝑜(𝜑𝑜)(𝑟𝑝

2 − 𝑟𝑝𝑠
2) − 𝑟𝑝𝑟𝑝𝑠𝐽1(𝜑𝑜) 𝑠𝑖𝑛𝜔𝑡 𝑠𝑖𝑛(𝛿𝑝 − 𝛿𝑝𝑠)

+ 𝐽2(𝜑𝑜)(𝑟𝑝
2 − 𝑟𝑝𝑠

2) 𝑠𝑖𝑛 2𝜔𝑡 + ⋯ 

𝛼 =
𝜋

2
 

𝐼 =
1

2
𝑟𝑠
2 +

1

2
𝑟𝑝𝑠

2+
1

2
𝐽𝑜(𝜑𝑜)(𝑟𝑝𝑠

2 − 𝑟𝑠
2) − 𝑟𝑠𝑟𝑝𝑠 𝐽1(𝜑𝑜) 𝑠𝑖𝑛𝜔𝑡 𝑠𝑖𝑛(𝛿𝑠 − 𝛿𝑝𝑠)

+ 𝐽2(𝜑𝑜)(𝑟𝑝𝑠
2 − 𝑟𝑠

2) 𝑠𝑖𝑛 2𝜔𝑡 + ⋯ 

The amplitudes or coefficients of ω and 2ω frequency terms of intensity provides information 

about the surface magnetization of sample area illuminated by laser spot, since the factors 𝑟𝑝𝑠  

and 𝛿𝑝𝑠 are proportional to the magnetization to first approximations [10]. The change in 

intensity as a function of magnetic field corresponds to the variations in 𝑟𝑝𝑠or and 𝛿𝑝𝑠or 𝛿𝑠𝑝. As 

a result hysteresis loop can be recorded with respect to magnetic field. It is easier to tune the 
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amplifier to ω frequency since the large part of amplitude of ω term consist of signals 

proportional to magnetization as compared to small magnetization signals which are buried 

under the large amplitude of 2 ω frequency term. Further, the amplitude of ω frequency term can 

be maximized by obtaining the maximum value of 𝐽1(𝜑𝑜) by setting the retardation to 𝜑 = 

𝜑  ~ 1080 yields the maximum value of 𝐽1(𝜑𝑜) = 0.582. The analyzer angle is set to 900 since, 

in general, 𝑟𝑠 > 𝑟𝑝 which yield higher amplitude of ω frequency term of Intensity. There is also 

suggestion for setting analyzer angle to different values which depends on the orientation of 

components (polarizer and modulator) in the setup [11]. 

A.  PHOTOELASTIC MODULATOR (PEM) 

PEM used in this work is a (PEM-90, Hinds Instruments) which is based on the vibration 

of fused silica bar with resonant frequency of 50 kHZ. The PEM is made up quartz piezoelectric 

transducers and fused silica. Combination of these two blocks called optical head. These blocks 

produce sinusoidal change in strain in one direction (let say x direction) as function of applied 

frequency, which in turn changes the refraction index along x axis) with respect to y axis 

(birefringence) [12]. Change in refraction index makes light component of polarization leaving 

PEM slower along x axis. In other words, the phase of the light component along x axis is 

retarded, and it remains constant along y axis. The optical head is driven at 50 kHZ frequency 

which makes fast measurements possible. This principle can be used to modulate the polarization 

of light and allows one to determine the polarization of light after reflection from the sample. 

The refractive index variation along fast and slow axis can be represented as. 

𝑛𝑦 (𝑡) = 𝑛𝑜 

𝑛𝑥(𝑡) =  𝑛𝑜 + ∆𝑛. sin(𝜔𝑃𝐸𝑀𝑡) 
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The polarization of light leaving the PEM depends on the magnitude of retardation, it 

experiences while crossing the PEM [13]. The retardation can be expressed in terms of 

wavelengths, radians or degrees. The polarization of light along fast and slow axis can be written 

as.  

𝐸𝑥𝑥̂ + 𝐸𝑦𝑦̂   
𝑃𝐸𝑀
→  𝐸𝑦𝑦̂ + 𝐸𝑥. 𝑒

𝑖𝛿 (𝑡)𝑥̂ 

                                                   𝛿 (𝑡) = 𝛽 sin(𝜔𝑃𝐸𝑀𝑡) 

𝛽 =
2𝜋 ∆𝑛

𝜆
 

𝛿 (𝑡) is the retardation which is sinusoidal function of PEM frequency and time, and  𝛽 is the 

amplitude of retardation or peak retardation [14]. 

 

Fig.15. Different components of PEM set up and modulation of light along x – axis. 
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B.  LOCK-IN-AMPLIFER (PHASE SENSITIVE DETECTION) 

The detector signal consists of modulated signal (at reference frequency) and other 

unwanted signals such as noise and signal at frequency less or higher than modulated frequency. 

The polarization of light is modulated at higher frequency 50 kHZ as there is less noise at higher 

frequency. The lock in amplifier (510, Stanford Research) was used to extract the modulated 

signals at frequency 50 kHZ from the overall detector signal and amplify it [15]. The input signal 

to amplifier from detector and reference signal from PEM (square wave with frequency of 50 

kHZ and amplitude of 5 V) are multiplied inside the amplifier as shown below. 

 

𝑉𝑠𝑖𝑔 = 𝑉𝑠 𝑠𝑖𝑛(𝑤𝑡 + ∅𝑠) 

𝑉𝑅𝑒𝑓 = 𝑉𝑅 𝑠𝑖𝑛(𝑤𝑡 + ∅𝑅) 

, the lock-in amplifier detects only the part of signal at reference frequency, and finally the phase 

(∅𝑅) of the remaining signal at reference frequency (see equations below) is adjusted to get the 

maximum output DC voltage from amplifier output. . 

𝑉𝑅𝑒𝑓 × 𝑉𝑠𝑖𝑔 = 𝑉𝑠. 𝑉𝑅 𝑠𝑖𝑛(𝑤𝑡 + ∅𝑠) . 𝑠𝑖𝑛(𝑤𝑡 + ∅𝑅) 

𝑉𝑅𝑒𝑓 × 𝑉𝑠𝑖𝑔 = 
1

2
 𝑉𝑠. 𝑉𝑅 cos(∅𝑠 − ∅𝑅) − 

1

2
 𝑉𝑠. 𝑉𝑅 cos(2𝑤𝑡 + ∅𝑠 + ∅𝑅) 

  𝑉𝑅𝑒𝑓 × 𝑉𝑠𝑖𝑔 = 
1

2
 𝑉𝑠. 𝑉𝑅 cos(∅𝑠 − ∅𝑅) 

 

 

 



 

34 

 

C. EXPERIMENTAL SETUP 

The instrument consists of a cryostat and a longitudinal MOKE system. The sample 

holder, magnetic poles and the heater are inside the top flange of cryostat (Fig.17). The sample 

can be heated to maximum 767 K with our heater design and also it can be cooled down to 65 K 

using liquid helium compressor. The optical access to vacuum environment is achieved by using 

Bomco windows. These windows are strain free, high transmission capability, and can be 

mounted to the cryostat using standard vacuum [16]. This allows the study of magnetic 

properties of samples under vacuum. 

The angle of incidence of light is 450 with respect to the sample normal. The p-polarized 

light from the laser (He-Ne 10 mW, 632.8 nm wavelength) first passes through the polarizer 

(Glan-Thompson prism on a Newport rotation stage) which is at 00 angle with respect to 

incidence plane of light, and then through the ( PEM-90, Hinds Instruments) photoelastic 

modulator which is at 450 relative to plane of incidence. The modulated light at higher frequency 

50 kHz leaves the PEM enters the cryostat through a Bomco window is incident on sample [16]. 

The sample is placed inside the cryostat chamber between the magnetic poles inside a vacuum 

chamber which is at pressure 4.5 x 10-5 Torr. The vacuum is needed to prevent condensation and 

oxidation of the sample during cooling and heating of the system respectively. After the 

interaction of light with the sample, the light exits the cryostat through the second Bomco 

window, crosses the analyzer (Glan-Thompson prism on a Newport rotation stage), at angle 900 

with respect to plane of incidence), and finally is detected by detector (Si Photodiode-70311, 

Newport).  The analyzer and the polarizer are polarizer which is mounted to Newport rotation 

stages. The detector output act as an input to the amplifier. The reference signal to lock-in 

amplifier is given from electronic head of PEM, which is a square wave of amplitude 5 Volt and 
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having the same frequency (50 KHz) as the modulated signal frequency. Finally the output of 

lock-in-amplifier which is a DC voltage is plotted as function magnetic field using DAQ 

LabView interface.  

 

 

.  

 

Kepco bipolar 

power supply 

Fig16. MOKE experimental set up and also x, y and z axes of magnet.  
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Fig17. Picture of MOKE experimental set up. 
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D. MAGNET 

The magnet consists of a c - shaped yoke with water cooled coils as is shown in Fig. 16-

17. The maximum gap between the poles (cylindrical shape is one inch. The yoke is made up of 

soft iron which implies less remanence B = µH. These poles are connected to the inside poles 

that are attached inside the chamber, through the stainless steel top flange of chamber. The poles 

inside the chamber are detachable. The water supply is connected to the magnet coils to prevent 

them from overheating during the application of high current. The field as a function of current 

given in Fig. 18, shows that rate of field change is higher for low current and gets lower and 

levels off as the magnet gets saturated at the value ~ 5 kG corresponding to the saturation of the 

yoke. The field in the gap is expected to be smaller than the saturation field of soft iron of 

approximately 2 Tesla. When the yoke saturates more current will not increase the field in the 

gap. 

 

 

 

 

 

 

 

 

 

 

 

Fig.18. Field measured nearby one pole outside the chamber as a function of current.  
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                     Fig.19. Field measured with respect to distance along x (a) and z axis (b).  
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The magnetic field distribution is mapped along Z and X dimensions shown in Fig. 19. The 

maximum magnetic field measured at center was approximately 3.5 kG at 7 Ampere.  

E. MAGNETIC FIELD MEASUREMENT 

1. Applied voltage and magnetic field: slope method 

Applied voltage (Vapp) is the signal sent to magnet power supply which has an output of 

0.4 Ampere if 1 V is sent to it. The sample was placed between the magnetic poles inside the 

closed chamber which was under the vacuum. It was impossible to put Hall probe inside the 

chamber to measure the real time field or coercivity (Hc) during the hysteresis measurements, but 

the applied voltage corresponding to coercivity can be measured. So the other possibility was to 

find the relation between applied voltage and corresponding magnetic field or rate of change of 

magnetic field with respect to applied voltage (slope), and then calculate the magnetic field (Hc) 

from the applied voltages times the slope. The change in magnetic field with voltage variation 

was not consistent since the rate was different for different ranges of voltage (Fig. 20-21).  This 

occurs due to the large inductance of the magnet. Therefore, the coercivity (Hc) calculated using 

these rates won’t give reliable results as it varies in percentage error from 7 % to 26 % (Fig. 23) 

as a function of sweep rate. 
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Fig.20. Field measured for applied voltage range 2.5 mV – 30 mV (a) and 2.5 V – 3 V (b). 
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                          Fig.21. Slope measured at different applied voltage range. 

Fig.22. Remanence of magnet increases with applied voltage range.   
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So if the sample has very low coercivity, it is suggested that the field step size and range of field 

is kept as small as possible for accurate coercivity calibrations. This is the reason that when Hc 

calculated using slope 745 Oe/V was found within 7 % since the voltage was applied in small 

steps cause slow change in the field. It was realized that still it was not an effective way to 

estimate the coercivity since the slope or magnetic field change with respect to voltage keep 

changing with the change in step size and range of applied voltage. 

2. Real time magnetic field measurements 

The slope method didn’t work as slope kept changing with different step size and range 

of voltages, there doesn’t provide reliable coercivity measurements results. The next step was to 

measure the field simultaneously between the poles inside the chamber and at some spot on 

magnet outside the chamber, and finally finding the relation between these two. The field outside 

the chamber was calculated from the output voltage of Gaussmeter during measurements. The 

    Fig.23. Calculated coercivity of Co (32 nm) from slopes at different applied voltage. 

range 
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slope of magnetic field with respect to applied voltage kept changing voltage and it was not 

consistent at all. Therefore it was made sure that the magnetic field that yields has linear 

consistent relation with the Gaussmeter’s output voltage. The voltage from front panel of 

Gaussmeter was adjusted in such way that 3 V correspond to 3 kG field when the range is set to 

3 kG, and the constant factor is 1000 Oe/V that converts voltage into magnetic field. If the field 

range is set to 300 Gauss, then the constant factor is 100 Oe/V and if it is set to 30 Gauss then the 

constant is 10 Oe/V  

The field inside the chamber was measured using Hall probe. The above mentioned constants 

give relationship between the measured field and voltage output at the rear end of Gaussmeter. 

Once it was this relationship is confirmed, and then we found the relation between magnetic 

fields inside and outside the chamber. The measurement were performed 3 - 4 times at different 

voltages range and finally the average was calculated which confirmed that Bi (field inside the 

chamber) was 2.6 times the Bo outside field (Fig. 24). 
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Fig. 24. Relation between fields measured inside a chamber between the poles and 

outside at different voltage ranges (a –d). The magnet has 2 Ohm resistance.  
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 F. HYSTERSIS LOOP SHAPES 

For the following experiment a Helmholtz coil with no yoke was used (field is produced 

only by current), and this set up doesn’t have any remanence (Fig. 25). The hysteresis loops of 

Permalloy (20 nm Ni80Fe20) sample were measured at different time constants of lock-in 

amplifier, with our MOKE system. The shapes of these loops were different at different time 

constants (Fig. 26 - 28). This change in shapes affects the coercivity of sample, as a result the 

coercivity keeps increasing with the increase of time constants. In ideal situation, normally the 

magnetizations from one direction to another instantaneously, say form + x to – x under the 

influence of applied magnetic field. But in case of MOKE, it is the voltage of detector that is 

proportional to the magnetization, was measured as a function of field, and these voltage signals 

were input signals to the lock-in-amplifier. Therefore, the delay in orientation or switching of 

voltage from one axis to another is caused by time constants of amplifier. The voltage trend of 

amplifier is given by the following equation. 

V (t) =  Voe
−(t/τ) 

V is output voltage function of sweep time; τ is the time constant for amplifier; Vois the 

maximum voltage produced by detector. The data acquisition time per data point was 0.032 s 

(delay time + 0.022 s). Therefore, according the above equation, the voltage decay would show 

exponential decay or rise (which otherwise doesn’t show exponential change behavior) from 

positive to negative value if the lock-in time constant is increased and it would be maximum at 

largest time constant and eventually the loops would stop closing or take long time to reach the 

maximum voltage.  The shapes were almost similar and also not much difference in coercivity 

was noticed for time constant of 1 ms, 10 ms and 30 ms (Fig. 29).  The exponentially rise or 

decay effect of voltage due to amplifier is increasing more above 30 ms to 100 ms and onwards 
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(Fig. 27). Finally due to better signal to noise ratio, not too slow measurements, and also having 

negligible contribution to switching voltage, the lock-in-amplifier time constant was set to 30 

ms. 
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Fig. 26. Hysteresis loop (average of 20 loops) of Permalloy measured for lock-in time constant of 

1 ms. 

 Fig. 25. Voltage vs. field plot for Helmholtz coil with no yoke (max field 78 Oe) 

shows almost zero remanece (intercept). 
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Fig.27. Hystersis loop (average of 20 loops) of Permalloy measured for lock-in time constant of 3 

ms (a) & 10 ms (b) time constant. 

3 ms (a) and 30 ms (b) 
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 Fig. 28. Hystersis loop (average of 20 loops) of Permalloy measured for lock-in time constant of 30 ms 

(c) & 100 ms (d) 

30 ms (c) and 100 ms (d) 
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Fig. 29. Hystersis loop (average of 20 loops) of Permalloy measured for lock-in time 

constant of 300 ms 

at 300 ms 

                                                 Fig. 30. Change observed in coercivity of Permalloy with respect to lock-in-amplifier time 

constant  
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G. COERCIVITY COMPARISONS 

The coercivity of 32 nm thick Co thin film was first measured with VSM and found to be 

16 Oe (Fig. 30). Then it was measured two times with Nano MOKE at different range of field, 

and it was observed that coercivity shifts from 17 Oe to 18 Oe or increases 1 Oe with the 

increase of sweep range of magnetic field (Fig. 32 & 33), but the change is still within 6 %.  

Finally the measurement was done with our MOKE system which gave a coercivity 16 Oe close 

to the coercivity measured with two other instruments (VSM & Nano MOKE). It was 2.6 times 

the coercivity that was measured from the plot as the field inside the chamber 2.6 times the 

outside field (Fig. 31). For precise measurements, we selected smallest field step size and sweep 

range as possible during the hysteresis loop measurements. 
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Fig. 30. VSM measurements (single scan) of Co sample.  
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                 Fig. 33. Nano MOKE measurements of Co sample at 60 Oe sweep range. 

Fig. 32. MOKE measurements (average of 10 cycles) of Co sample. 

Lock in parameters; time constant 30 ms and sensitivity 20 mV. 

Photodiode parameter; time constant “medium” and gain 104. 
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        Fig. 34. Nano MOKE measurements (sweep range 100 Oe) of Co 

sample. 
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VI. HEATER DESIGN 

It was constructed using two sapphire rods and a cartridge heater (1/4”x1”, mcMaster-

Carrr model 3614K34 [22]. The design is based on a publication describing a high slew rate 

heater [17]. The cartridge heater is embedded in the hole at the top of copper sample holder 

which is supported by the two sapphire rods (Fig. 34 & 35). The sample stage is supported by 

two sapphire bars. The sapphire rods (SCD2232-02A) are rectangular in shape of 0.158" x 

0.118" x 2.000 dimensions. One end of each sapphire rod is connected to sample stage and other 

end to cold head of cryostat. These rods are clamped with a mating copper block with a 6-32 

screws.  

The sample holder holds the 1 cm x 1 cm sample to the copper block. The screws are 

stainless steel and all the other parts are made out of oxygen-free high-conductivity (OFHC) 

copper. The sample stage is solely supported by the two sapphire bars. In ref. 17, additional 

structure supports are needed. The sample is mounted on the rectangular stainless steel plate, and 

then it is placed vertically on the rectangular copper block. A stainless steel cage around the solid 

rectangular copper block clamps the sample against the copper block to make good thermal 

contact and prevents the sample from falling.  The rectangular stainless steel plate that has a 

sample mounted on it, is pushed enough against the solid rectangular copper block. The cartridge 

heater is inserted in the hole at the top of it to ensure good thermal connection. The cryostat has 

wide range temperature capabilities as it can go from 65 K to 760 K in 1200 seconds. The 

temperature vs. time plot gives a linear heating rate with is slope of 0.6 K/s (Fig. 36). 

T (t) =  Tstart + slope. t 
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The cooling rate follows an exponential curve (Fig.49). 

T(t) =  Tstart. e
−t

τ⁄ + Tend 

T is the temperature at any time; t is time in seconds; 𝜏 is time constant calculated from the 

cooling curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 34: Picture (a) & (b) shows top and side view of thermal conductor (copper rod). 

Heater’s top and bottom part that sits at atop of copper rod as shown in picture (c) & (d). 
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c d 
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Fig. 36. Front view of sample holder and heater holder together (a) and picture (b) shows 

final assembly of sample holder 
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Fig. 37. Sample holder and cold head temperature during heating (a) and cooling of 

cryostat (b). Time constant is calculated from Tstart, Tend and τ three parameter fit. 
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A. THERMAL EXPANSION 

As per of our experimental requirements, we would be going to encounter higher 

temperature and magnetic field regime. Therefore, it is necessary to consider and take care of 

thermal expansion of the material that is going to experience high temperature.  The % change in 

dimension with increase of temperature is shown in Fig. 37. We used copper and stainless steel 

(type 316, it is barely magnetic as compared to 304 type) to build sample stage, since they 

experience similar change in dimension or (almost same coefficient of expansion such as αCu is 

1.66 E-05 K-1 and αSteel is 1.73E-05 K-1) as the temperature increases as show in Fig. 37. The 

change in length as a function of temperature is given by the following equation. 

dL

L
× 100 = α. dT 

dL

L
× 100 = α. (T2 − Troom) 

 

 

 

 

 

 

 

 

 

 

 

             Fig. 38. Percentage % change in length of copper and stainless steel  
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α (K-1) is the thermal expansion coefficient of material 1 “L” (1.0”) is the original length of 

copper block and stainless steel wrapped around copper block; dL denotes the change in length 

upon heating. The change in dimension of copper and titanium (αTi is 8.60E-06) are not close to 

each other as there is difference in their thermal coefficient of expansion (Fig. 41). And, this is 

the reason why we used stainless steel instead of titanium metal in combination with copper 

metal. The % difference in change in length of copper and stainless steel and copper and titanium 

was calculated using following equation (Fig. 39). 

(dLCu − dLstainless steel or Ti) × 100

L
 

 

 

 

 

 

 

 

 

 

 

 

It is clearly evident shown from Fig. 39 that expansion of copper and stainless steel is almost 

zero while thermal expansion for copper and titanium ranges from – 0.2 % to 0.5 % 
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Fig. 39. Percentage change in length of copper and titanium with respect to temperature. 
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Fig. 40. Plot shows % change in length of copper and stainless steel and copper and titanium with 

respect to temperature. 
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B. CONDUCTIVITY OF SAPPHIRE 

The thermal conductivity data of sapphire is obtained corresponding to the temperature 

range for cryostat system [17]. Its conductivity is plotted as function of temperature which falls 

drastically at 760 K (Fig. 44). The thermal conductivity of sapphire occurs due to lattice 

vibrations or phonons. At higher temperature, the mean free path of phonons increases, which 

results in increase of thermal conductivity. The inverse of conductivity is thermal resistance 

which means less conductivity offers higher thermal resistance to the heat flow than lower 

conductivity. So, the purpose behind using sapphire rods is that their conductivity changes 

drastically with the increase of temperature, which effects the thermal power conduction or heat 

flow through the rods from the sample stage to the cold head part of the cryostat with the 

increase of temperature (Fig.41). At maximum temperature 760 K, the sapphire rods have the 

lowest thermal conductivity and maximum thermal resistivity, and they have maximum thermal 

conductivity and lowest thermal resistivity at 67 K (Fig. 44 & Fig. 46) 

Integrated thermal conductivity (contribution from thermal conductivity (K (T) and 

temperature gradient between cold head and sample holder) of sapphire rods is largest 105 (Fig. 

40) at 760 K as compared to value at 67 K which yields highest heat flow power 41 W (Fig. 41), 

which 20 times larger than power of Cu (K (T) for Cu is assumed constant, 4.5 W/m.K). Even 

when the temperature of sample holder is maximum 760 K, the cold head temperature was 120 K 

due to higher heat flow which prevents the cold head part of cryostat becoming damaged. 

Heat generated by the heater at the sample holder, 

E = P. t 
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E is the energy produced in Joules; P is the power of heater in Watts and t is the time in seconds 

for which the heater runs. The maximum heat energy can be produced by heater at different time 

intervals interval is plotted as a function time (Fig. 42)  

1. Thermal power conduction 

The thermal power conduction or heat flow from the heater or sample holder to the cold head is 

calculated using the following equation. 

P =
2 A Pp

L
 

𝑃𝑝 = ∫ K(T)dT
T2

T1

 

K (T) (W/m.K) is the conductivity of sapphire rod; the cross sectional area of each rod is “A” 

(m2); Pp is integrated thermal conductivity obtained from plot [17]; T2 (K) and T1 (K) are the 

temperature of sample holder and cold head of cryostat respectively. L (m) is the length of each 

sapphire rod.  

 

 Fig. 41. Integrated thermal conductivity of sapphire rod [16] for various sink temperatures (in our 

case it was 65 K, a highlighted curve) (T1) with respect to source temperature (T2). 
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The dimensions (area and length) of sapphire rods were chosen close to the one that was used in 

integrated thermal conductivity calculations Fig. 40. The total power conduction is two times the 

power conduction of an individual rod since the sample holder stage is supported by two parallel 

sapphire rods. The thermal power conduction is plotted against the temperature shown in Fig. 41. 

2. Heat lost through radiations 

The sample stage is constructed using rectangular copper block with stainless steel 

wrapped around the block. During the design of sample stage, the area consideration was taken 

into account, since the heat loss through radiation is directly proportional to the surface area of 

copper block. It was required that sample holder must be made from nonmagnetic material since, 

eventually it would be placed between magnetic poles. The sample holder is made from 16 % 

stainless steel as it is less magnetic as compared to 10 % stainless steel. The dimensions of 

copper block; length, width and height are 0.5”, 0.5” and 1.0” respectively. The equation used for 

heat loss through radiation from sample holder is given below. 

P = KB. e. A (T2
4 − Troom

4 ) 

KB (W.m-2.K-4) is Stefan constant; “e” is the emissivity of copper which is depends on the 

temperature T2 (K) of copper block or sample holder and is approximately constant above 250 K; 

“A” (m2) is total the cross sectional area of six sides of copper block and Troom is the room 

temperature in Kelvin. The emissivity data for copper is obtained from reference [18]. The 

emissivity values used for calculations are 0 for temperature range 60 - 200 K, 0.87 for 250 – 

450 K and 0.83 for 350 – 750 K. The heat lost from copper block through radiations is calculated 

of time (Fig.43) 
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Fig. 42. Thermal power conduction through sapphire rods and Cu (same dimension) 

as a function of sample holder temperature. 
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The maximum heat lost through radiations from 65 K to 600 K is approximately 5 Watt (Fig. 43) 

and it increases from 5 Watt to 30 Watt in the temperature 600 K – 800 K.  The heat lost through 

conduction is also ~ 35 Watt (Fig. 40) in the same temperature range. These two factors makes it 

difficult to attain higher temperature >700 K as the heat lost through conduction and radiations 

increases at higher temperatures. 
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            Fig.44. Power lost through radiations by sample holder or heater 
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C. CONDUCTIVITY’S TEMPERATURE DEPENDENCE 

Conductivity of copper and sapphire as function of temperature is shown in Fig. 44. The 

conductivity data is taken from ref 17 & 19 corresponding to temperatures measured in our lab. 

It is clearly evident that sapphire conductivity strongly is influenced by temperature variations, 

and on the other hand, the conductivity of copper did not change much with respect to change in 

temperature or almost constant. The conductivity of sapphire drops from 100 W /m.K to 10 W 

/m.K within temperature range 200 – 778 K (Fig. 44), The copper conductivity decreases from 

4.5 W /m.K to 4 W /m.K in the same temperature range (Fig. 45).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  Fig. 45. Thermal conductivity variation of sapphire with temperature. 
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It can be concluded that the rate of change of conductivity with respect to temperature is higher 

for sapphire than copper which is almost zero for copper. Copper acts as open or short circuit at 

higher and low temperature, since its conductivity is almost constant with the change in 

temperature (Fig. 45) on other hand, the sapphire has higher rate of change of conductivity as 

compare to copper which makes it a good heat conductor. Sapphire has higher conductivity at 

lower than higher temperature. Or in other words, sapphire has less thermal resistance; therefore 

it causes less hindrance to the flow of heat from hot to cold end which makes it better conductor 

with the change in temperature. Thermal resistivity of sapphire and copper rods at different 

sample stage measured temperature plotted as function of sample stage temperature (Fig. 46 & 

Fig. 47). 

       Fig. 46. Thermal conductivity variation of copper with temperature. 
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Fig. 47. Thermal resistivity variation of sapphire with temperature. 

 

 

Fig. 48. Thermal resistivity variation of copper with temperature. 
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Thermal power conduction varies proportionally with two factors, conductivity and temperature 

difference (between hot and cold end) if other parameters such as area and length of conductor 

kept constant and their combined contribution gives integrated thermal conductivity quantity Pp 

for sapphire. Higher heat flow of sapphire provides better cooling rate (Fig. 41) than copper 

whose conductivity is almost constant over entire temperature range though it might need more 

electrical energy to attain particular temperature in case of sapphire since it has higher thermal 

power conduction than copper. 
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D. TEMPERATURE MEASUREMNTS 

Two K type thermocouples were used to measure the temperature of cryostat. One 

thermocouple was connected to measure the hot end temperature, that is sample stage 

temperature, and second thermocouple is connected to the cold head of cryostat that its 

temperature (Fig. 48).  
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   Fig. 49. Schematic of thermocouples and heater connections to sample holder. 
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The cold head temperature measurements are important because it can provide immediate 

information if something went wrong to the proper functioning of cooling cycle of the system. 

The voltage produced across type K thermocouple junction due to temperature variations, are in 

the milli-volt range. Measurements of such a small voltage using DAQ card sometime can be 

noisy. In our case, the voltage measurements were fluctuating between + 2 and – 2 mV. To 
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   Fig. 50. Schematic of connections from sample holder to DAQ interface. 
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prevent measurements from unwanted signal (noise) or fluctuation, a low-pass filter capacitors 

µF were inserted across between thermocouple and DAQ card junction, and to further reduce the 

fluctuations, the mean sub VI module of LabView was implemented. 

When the temperature is below 0 oC, the following polynomial equation can be 

implemented to calculate or convert temperature signal into voltage, where “i” goes from 0 to n 

(total number of coefficients) = 10 

E =∑Ci. T
i

n

i

 

The temperature “T” was measured in oC units  

The coefficients Ci are in mV and oC units. 

 The Emf “E” or voltage signals can be calculated in mV 

The coefficients Ci for polynomial equation have different values corresponding different sub 

range of temperature signals. The coefficients in above equation correspond to from – 270 oC to 

– 0 oC temperature range.  
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Inverse 

Coefficents 

 

Di 

Temperature Range (oC) 

        -200 – 0 

Temperature Range (oC)     0 – 

500 

Temperature Range (oC) 

        500 – 1372 

Volatge  Range (mV) 

-5.891 – 0.00 

 

Volatge  Range (mV) 

0 – 20.644 

Volatge  Range (mV) 

20.644 – 54.886 

 

     Error range (oC) 

-0.02 – 0.04 

Error range (oC) 

-0.05 – 0.04 

 

Error range (oC) 

-0.05 – 0.06 

 

Do 0.0000000E+00 0.0000000E+00 -1.3180580E+02 

D1 2.5173462E+01 2.5083550E+01 4.8302220E+01 

D2 -1.1662878E+00 7.8601060E-02 -1.6460310E+00 

D3 -1.0833638E+00 -2.5031310E-01 5.4647310E-02 

D4 -8.9773540E-01 8.3152700E-02 -9.6507150E-04 

D5 -3.7342377E-01 -1.2280340E-02 8.8021930E-06 

D6 -8.6632643E-02 9.8040360E-04 -3.1108100E-08 

D7 -1.0450598E-02 -4.4130300E-05 0.0000000E+00 

D8 -5.1920577E-04 1.0577340E-06 0.0000000E+00 

D9 0.0000000E+00 -1.0527550E-08 0.0000000E+00 

 

 

 

 

      Table VII. Inverse coefficients to convert voltage into temperature [20]. 
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These coefficients (Table VI) can be looked upon NIST [20]. If the temperature is above 0 oC, 

the equation in the form given below can be used to calculate or convert temperature signal into 

voltage.  

E =∑Ci. T
i

n

i

+ a0. exp(a1. (T − a2)
2) 

Coefficients, Ci corresponds to temperature range between 0 oC – 1372 oC. The following 10th 

order polynomial equation was implemented in LabView code to calculate voltage signal into 

temperature. There are different coefficients Di for different ranges of temperatures. 

T =∑Di. E
i

n

i

 

T is calculated in oC 

Coefficients, Di have units in oC and mV, and can be specified for three temperature sub ranges 
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E. HEATING AND COOLING RATE 

The heating rate of sample holder has been found to be 0.6 K/s (Fig. 36). This was the 

maximum cooling rate of sample stage that was obtained in our system. The cold head 

temperature varies from 60 K to 120 K as the sample temperature was elevated from 67 K to 770 

K by setting variac to 40% to maintain a gradient between two ends. Sapphire rods yield higher 

cooling rate (0.4 K/s in our case) compared to copper due to its higher heat flow power than 

copper at higher temperatures. The conductivity keeps rising with lowering the temperature, but 

the decrease in temperature gradient becomes more prominent with reducing the sample stage 

temperature, which eventually diminish the thermal power conduction and lowers the cooling 

rate which eventually becomes almost zero at 67 K. 

During heating of sample stage, gain in integrated thermal conductivity of sapphire conductivity 

as the temperature rises gives higher thermal conduction through sapphire rods that ensures the 

protection of cooling cycle or cold part of cryostat, since the large amount of heat accumulation 

can interfere with the proper functioning of the system and also slow down the cooling process 

of sample stage. Even when the temperature of sample holder is maximum 760 K, the cold head 

temperature was 122 K (Fig. 50) which prevents the cold head part from damaging. The 

maximum temperature that cold head can withstand is 429 K (melting point of indium). The cold 

head temperature increases to 147 K (Fig. 50) during cooling of sample stage after heater is 

turned off. This temperature is higher than temperature (122 K) that happens during heating of 

the system since the heat flow through sapphire rods declines with decrease in temperature. 

As the temperature start decreasing from maximum to minimum during cooling, in the 

beginning, the integrated thermal conductivity of sapphire is maximum which leads to maximum 

heat conduction form hot end to cold end. Therefore higher heat accumulation during cooling 
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than heating occurs at the junction of high and low conductivity materials for certain amount of 

time which corresponds to higher temperature of cod head during cooling of the system. 
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VII. TEMPERATURE CONTROL 

   Fig. 51. Cold head temperature is higher during cooling than during heating. 
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A closed loop control system (Fig. 52) was implemented in the hysteresis measurement 

LabView code to control the temperature of sample holder during measurements. The voltage 

signals from thermocouple are input to volt to temp subvi which converts these signals into 

corresponding temperature (Fig. 51). This sub VI uses inverse coefficients to convert voltage 

into temperature and then the current temperature of sample holder is given as input to the PID 

subvi which compare it with the set temperature, calculates the difference between these two 

which is called error. This error is seen by PID parameters and finally, it controls the output 

voltage from the VI to heater which is proportional to the error term determined by PID 

parameters of the system. The PID parameters and power in the vi can be set by the user. 

 

   Fig. 52. Sub vi converts voltage into temperature depending on voltage range.  
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A. PID PARAMETERS 

The proportional gain Kc controls the response of the control system. The response of the 

system becomes fast if it is increased (or Ti decreases) and if it is too large, the temperature 

oscillates around the set point temperature value and if increased further, the process variable 

may oscillate out of control. 

The integral component takes care of error and sum up the error over time.  The error is 

the difference between set point and process variable. This component increases continuously 

over time until the error becomes zero or minimized. It controls the oscillations of process 

   Fig. 53. Block diagram of LabView code for controlling the temperature.  
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variable and brings the system under steady state error. Steady state error is the final difference 

between set point and process variable of the system.  

The derivative parameter of the system responds to process variable, higher derivative 

lead to fast response of the control system to process variable. Overall the rate of response of 

system to error term increases with higher derivative. If the process variable is changing rapidly 

due to noisy signal from sensor feedback to the system that can introduce fluctuation in the error 

terms, which in turn will make output unstable and derive the system to instability. The 

derivative term is highly sensitive to the noise, if this condition happens then the derivative term 

kept as small as possible. 

Depending on the system one has, it takes some time to get familiar with the system and 

to tune it by varying PID parameters. Generally, it can be tuned, first by increasing a 

proportional gain depending on how fast or rate of variable process is desired according to 

experimental requirements until the oscillations appears in the process variable. Once the desired 

rate is obtained, then the integral parameter should be increased until the steady state error is 

achieved. Finally, the derivative parameter can be adjusted to prevent overshoot of feedback 

signals. 

The feedback temperature signals from thermocouple sensor variation with respect to 

change in PID parameters shown in Fig. 53. Rate of temperature increases with the increase of 

proportional gain parameter and power to the heater, but it causes oscillations or overshoot to the 

signals (Fig. 54a & Fig. 54b). The derivative parameter was increased to settle down the 

oscillations and also controls the overshooting of temperature signals from thermocouple sensor 

(Fig. 54c &Fig. 54d). Integral parameter can be adjusted to further tune the system and reduce 

the steady state error. 
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   Fig. 54. Higher rate but temperature overshoots 307 K at P =10. 

(a) 
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(b) 

(c) 

   Fig. 55. P decreases & derivate D term increases (c) oscillations becomes stable at D =2 as 

compared to (b). 
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X. MEASUREMENTS 

 

 

 

 

 

 

 

 

 

 

 

(d) 

   Fig. 56. Rate increases with power increase & oscillations are almost gone with D = 3. 
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VIII. MEASUREMENTS 

Gd has a hexagonal close packed structure and is the only rare earth metal shows that 

classical ferromagnetism characteristics, i.e. magnetic phase transition from ferromagnetic phase 

to paramagnetic phase near room temperature. It has seven unpaired 4f electrons which 

contribute large magnet moment to its ferromagnetic phase.  It is easy to determine the magnetic 

phase transition temperature as it is close to room temperature, since at temperature thermal 

noise causes fluctuations in the signal from the sample.  A neutron diffraction study showed that 

ferromagnetic – paramagnetic transformation takes place around 293 K [23]. 

Extensive study on magnetic properties of single crystal Gd have been reported in 

previous work such as magnetization along different crystallographic axes in the temperature 

range, 2 K - 300 K in 2 T field, susceptibility and magnetization near Tc, anisotropy 

of susceptibility near Curie temperature, magnetization variation in temperature range 80 K - 360 

K in pulsed fields with maximum field 30 T [24-27]. A variation in the Tc can also be effected by 

purity of Gd target [28], Different experimental techniques were employed to measure Tc, such 

as photoemission and neutron scattering [29-31]. 

Many reports have been published regarding the paramagnetic to ferromagnetic 

transitions and most of these reports utilized the Magneto-Optical Kerr Effect (MOKE) 

technique to study variation in Tc with film thickness [32 – 34 and 36]. Study of surface 

magnetism of Gd thin films in UHV have can be found in [37, 38-40]. There has been found a 28 

% difference in Tc, of Gd thin films where the saturation magnetization and remnant 
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magnetization curves goes to zero as a function of temperature. In-situ Kerr measurements give a 

range of 250 K – 300 K for Tc [23, 41].   

Exchange bias is defined as shifting of center of hysteresis loop with respect to zero on 

the applied field axis. Exchange anisotropy at interface between antiferromagnetic and 

ferromagnetic bilayered systems produces exchange bias. Exchange bias is introduced in FM 

layer when AF/FM interfaces are cooled in the presence of magnetic field (Curie temperature of 

FM is more than Neel temperature of AF). It was discovered in Co-CoO system by Meiklejohn 

and Bean when Co-CoO cooled in the presence of magnetic field with Co particle embedded in 

the matrix of antiferromagnetic oxide CoO [42]. For thin antiferromagnetic- ferromagnetic layers 

it is desirable to create sharp interfaces for a correspondingly large exchange bias [43, 44]. NiMn 

has been considered an ideal material for studying exchange coupling as it has both higher 

blocking temperature (> 400 oC), resistant to corrosion and large exchange field for 

ferromagnetic material NiFe (20 Å) thickness [45, 46]. NiMn produced largest exchange bias 

(284 Oe) due to its maximum interfacial exchange energy density 0.16 -0.46 erg/cm2 [47, 48].   

Interfacial exchange energy is given by the following equation [47]. 

Jexc = He Ms.t 

 He is the exchange bias field; Ms is the magnetization of the ferromagnetic layer and t is the 

thickness of ferromagnetic film. Different other antiferromagnetic materials such as FeMn, 

CoNiO, TbCo and NiMn have been used for exchange coupling between antiferromagnetic and 

ferromagnetic systems. The first one has a disadvantage of having a lower blocking temperature, 

150 oC and corrodes easily [49]; the second one has lower blocking temperature and doesn’t 

have a corrosion problem [50]. TbCo is a ferromagnetic material which also has a drawback of 

corroding easily but has a large exchange field [51].  The effect of deposition sequence on NiFe 
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(250 Å)/NiMn (500 Å) system, type of underlayer material and underlayer thickness have been 

reported in [52]. Maximum exchange bias (236 Oe) which corresponds to exchange energy Jex 

(0.32 erg/cm2) was observed when NiFe was deposited on top of NiMn and also no relation was 

found between the texture (111) of the film and exchange bias [52].  

 Antiferromagnetic coupling at the interfaces of multilayers or bilayers of rare earth metal 

such as Gd and transition metal Co or Fe give rise to interesting magnetic properties such 

compensation temperature, exchange bias and relation between coercivity and exchange bias and 

their variation with the temperature. In crystalline and amorphous rare earth metal and transition 

metal combinations, antiferromagnetic coupling give rise to ferrimagnetic properties [53, 54-56]. 

Antiferromagnetic coupling between monolayers of rare earth metals on transition metal leads to 

inhomogeneous ferrimagnetic system. In these systems, the magnetization behaves differently 

than individual components with temperature which is defined as a compensation temperature. 

At lower temperature rare earth metal Gd magnetization dominates as its Tc (280 K) is less than 

transition metal (Tc for Co is 1404 K) [57].  It has been reported that coercivity decreases at 

compensation temperature in inhomogeneous Gd (70 Å)/Co (70 Å) ferromagnetic system and it 

diverges at compensation temperature in homogenous ferromagnetic Cox-Gd100-x alloys [58, 59]. 

Compensation temperature depends on the cobalt composition in amorphous ferrimagnet Co-Gd 

alloys [26].  It has been observed that Fe/Co system also consist of eutectic alloy Gd0.63Co0.37 due 

to the interdiffusion of Co throughout the Gd layer which lowers the compensation temperature 

to 180 K [60] . Since the Co and Gd are antiferromagnetic coupled, they can be used to create 

compensated alloy where the net Gd moment is exactly cancelled by the net Co moment. If a 

sample is made with large Gd moment at low temperature, then there will be a temperature 
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where the net moment cancel, as the Gd moment goes to zero at a lower temperature than Co 

moment 

A.  SINGLE LAYER Gd FILM 

 1. Magnetic phase transition  

The hysteresis loops of W(11 nm)/Gd(18 nm) /W(18 nm)thin film of thickness 18 nm and 

size of 10 mm x 10 mm have been measured in the range of 65 K – 300 K with longitudinal 

MOKE system as shown in Fig. (56-57). The lock-in-amplifier was set to 10 mV sensitivity and 

30 ms time constant. The magnetic field is traced with delay time of 100 ms. The magnetic field 

was applied in the plane of the film and each hysteresis loop is an average of 25 loops. The width 

of loops getting narrower as the temperature in increased from 65 K to room temperature which 

is an indication of decrease of coercivity (Fig. 58 (n)).  The height of loops is also kept 

decreasing as the magnetization angle with respect to the plane of film increases (Fig.58 (m)). 

Finally, the height of loops (remanence) becomes zero which corresponds to magnetization 

perpendicular to film plane of Gd film, as the temperature is approaching to Tc (275 K),which is 

the magnetic phase transition temperature for Gd, from ferromagnetic to pararmagnetic transition 

(Fig. 57 (k)).  We also measured hysteresis loops for W(11 nm)/NiMn(30 nm)//Gd(18 nm)/W(11 

nm) (without annealing NiMn) in the same temperature range of 65 K - 300 K (Fig.59-60) to 

determine the NiMn effect on the magnetic properties of Gd film such as coercivity, remanence, 

and Curie temperature. It was concluded that its magnetic properties shows the same trend with 

increase of temperature as pure Gd film. 

B. SINGLE LAYER CO FILM 

Temperature dependent magnetic properties of such as coercivity, remanence and 

exchange bias were also studied with MOKE system. Training effect is observed in Co film at 65 
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K, which is defined as the exchange bias depends on number of cycles (number of hysteresis 

loops). It was maximum 73 Oe which give rise to maximum coercivity 230 Oe during first cycle, 

then keep decreasing and become 5 Oe after third cycle (Fig.64e). Hysteresis loops were 

measured in the temperature range of 65 K – 402 K as is shown in Fig. (61-62) which shows that 

coercivity decreases with the increase of temperature form 65 K to 300 K and then remains 

almost constant (Fig. 63 (a)). There is a difference in shapes of loops measured at 65 K and 75 K 

respectively and due to this the loop at 65 K saturates at 360 Oe as compared to loop at 75 K 

which saturates at 240 Oe (Fig.61 (a & b)). The remanence signals vs temperature plot indicates 

the presence of CoO layer in the sample instead of capping layer of W (11 nm) which causes 

signal to drop 80 % of maximum signal at 273 K which is the blocking temperature (TB) for CoO 

(Fig.63 (b)). The hysteresis loops at 175 K and at 300 K for coercivity comparison before and 

after TB (273 K) are shown in Fig. 63 (c & d). 
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Fig. 57. Hysteresis loops of Gd (18 nm) measured in the temperature range of 75 K 

– 176 K (a-f). 
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Fig. 58. Hysteresis loops of Gd (18 nm)measured in the temperature range of 196 K - 

285 K (g-l). 
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Fig. 59. Remanent Kerr signal (a) and coercivity of Gd (18 nm) vs temperature 

(b). 
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Fig. 60. Hysteresis loops of NimN/Gd measured in the temperature range of 78 K – 

195 K (a-f). 
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Fig. 61. Hysteresis loops of W (11 nm)/ NiMn (30 nm)/ Gd (18 nm)/W (11 nm) measured in the 

temperature range of 235 K – 300 K (g-j). Coercivity & remanence variation with temperature as 

is shown in Fig. k & l. 
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Fig. 62. Hysteresis loops are measured for sample W (11nm) /Co (20 nm)/ W (11) nm in 

the temperature range of 65 K – 155 K (g-l). 
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Fig. 63. Hysteresis loops are measured for sample W (11nm) /Co (20 nm)/ W (11nm in 

the temperature range 175 K – 402 K (g-l). 
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Fig. 64. Coercivity and remanent Kerr signal variation of W(11nm)/Co(20 nm)/W(11 

nm) film with tungsten capping layer of 11 nm with respect to temperature (a,b). 

Hysteresis loops (c) and (d) shows difference in coercivity before and after blocking. 

Temperature. 
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Fig.65. Hysteresis loops of W(11nm) /Co (20 nm)/W (11 nm) after first, second and third 

cycles are shown in (a,b and c). Exchange bias behavior with respect to number of cycles is 

shown in (d & e). 
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C. NiMn/Gd AND NiMn/Co SYSTEM 

1. Exchange Bias 

These samples exhibit small exchange bias field, due the presence of antiferromagnetic NiMn in 

these samples. Annealing changes the grain size of NiMn which converts it into anti-

ferromagnetic phase (AF).  NiMn is required to be in AF phase to introduce an exchange bias in 

NiMn/ Co and NiMn/Gd systems. This was achieved by following the recipe; sample was heated 

up to 300 C in 2 hr and soaked for 5 hr and then cool down in a field of 700 Oe. The calculated 

interfacial exchange energies for Gd (Ms = 2000 emu/cm3) and Co (Ms = 1450 emu/cm3) are 

0.018 and 0.001 ergs/cm2 respectively. This small exchange energy produces an exchange field 

of 5 Oe. A small exchange bias is observed after 1
st

 (Fig.65a) and 3
rd

cycle (Fig.65c) and also 

increase in coercivity was found after 1s
 t 

cycle (Fig. 65d). Gd film was also annealed following 

the same recipe, an exchange bias of 5 Oe is observed after first annealing cycle (Fig. 66a) which 

didn’t show any further change after second and third annealing cycles (Fig. 64b and 64c) and 

also no variation in coercivity was observed with an annealing cycles (fig. 66d). 
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Fig. 66. Exchange bias in W (11nm) /NiMn (30 nm)/Co (20 nm)/ W (11nm) after first, second 

and third annealing cycles is shown in (b-d). Exchange biase and coercivity vs. annealing in 

Fig. (f and e). 
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Fig. 67. Exchange bias in W (11nm) /NiMn (30 nm)/Gd (18 nm)/ W (11nm) after first, second and third 

annealing cycles is shown in (a-c). Exchange bias and coercivity remains almost constant with annealing 

cycles in Fig. (d). 
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D. SINGLE LAYERED Co78Gd22 SYSTEM 

 Alloys of Cox-Gd1-x of size approximately 1 cm2 was fabricated which consists of 22 

atomic percent of Gd and 78 atomic percentage of Co. The Gd net magnetic moment at zero 

temperature is higher than Co moment in this alloy as is shown in calculations given below. 

Hysteresis loops are measured in the temperature range of 65 K – 400 K shown in Fig. 66 (a-f) 

and Fig. 67 (g-l). First, the Kerr signal decreases with the increase of temperature, the hysteresis 

loop disappears (Fig. 66 (l)) and the signal becomes zero at 200 K (Fig. 68m) and the coercivity 

also drops to zero at this temperature (Fig. 68n). This is called compensated temperature at 

which net magnetization of the alloy becomes zero or the magnetizations of Gd and Co are 

antiparallel.  At low temperature below the compensation temperature 200 K, the magnetization 

of Gd aligns with magnetic field as its Cure temperature (Tc = 290 K) is less than cobalt ((Tc = 

1404 K) and Co magnetization aligns opposite to the field due to antiferromagnetic coupling. 

Above compensated temperature, the Co magnetization points along the field direction and Gd 

magnetization aligns opposite to the field direction. 

Mass of 78 atomic % of Co (20 nm), mCo  = 7. 63. 10-21 gm 

Magnetization of Co (20 nm), Mco = 3. 26. 10-5 emu/gm 

mCo MCo = 2.49. 10-25 emu 

Similarly for Gd 

Mass of 22 atomic % of Gd (18 nm), mGd  = 5. 74. 10-21 gm 

Magnetization of Gd, MGd = 4. 56. 10-4 emu/gm 

mGd MGd  = 2.62. 10-24 emu 

mGd MGd  > mCo MCo 
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Fig. 68. Hysteresis loops of Co78-Gd22 alloy for temperature range of 65 K-195 K (a-f). 
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Fig. 69. Hysteresis loops of Co78-Gd22 alloy for temperature range of 215 K- 400 K (g-l). 
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Fig. 70. Remanent Kerr signal of Co78-Gd22 alloy shows compensation temperature (a) and 

coercivity drops to zero at compensation temperature (b). 
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E. BILAYERED (NiMn)78Gd22/Co78Gd22 SYSTEM 

The bilayer alloy exhibited maximum coercivity 1525 Oe at 65 K which is 30 times 

greater than coercivity 55 Oe observed in Co78Gd22 alloy at the same temperature. This increase 

of coercivity increase can be attributed to interfacial effects or antiferromagnetic coupling 

between (NiMn)-Gd and Co-Gd alloys (Fig. 68b). Exchange bias varies from positive to negative 

and coercivity decreases with temperature increase (Fig. 71c & 71d).  Annealing is required to 

set the bias field and it was performed by heating the sample up to 573 K in two hours, kept at 

573 K for five hours and then cooling down in the presence of -2300 Oe field. The coercivity and 

exchange bias increase after first annealing and then decreases with subsequent annealing cycles 

(Fig. 71e & Fig 71f).  

Hysteresis loops becomes narrower as the temperature increases (Fig. 69 and Fig. 70) 

which is an indication for the decrease in coercivity until the compensation temperature (Fig. 

71b) as compared to Co78-Gd22 where coercivity remains almost constant until the compensation 

temperature is achieved. Above compensation temperature both samples exhibits increase in 

coercivity (Fig. 68a and Fig. 71b) and Co78-Gd22 shows higher increase (400 Oe) maximum than 

NiMn78-Gd22/Co78-Gd22 (125 Oe) coercivity above the compensation temperature. The maximum 

coercivity observed in NiMn/Gd system was 370 Oe (Fig. 60) without annealing. So by 

comparing the coercivity of Co78-Gd22 and NiMn/Gd with NiMn78-Gd22/Co78-Gd22, it is 

suggested that addition of NiMn78-Gd22 alloy layer to Co78-Gd22 increases its coercivity due to 

the interfacial effects. 
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Fig. 71. Hysteresis loops for (NiMn)78-Gd22/Co78-Gd22 for temperature range of 56 K-154 K (a-f). 
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Fig. 72. Hysteresis loops for (NiMn)78-Gd22/Co78-Gd22 for temperature range of 174 K-300 K (g-l). 
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Fig. 73. Remanent Kerr signal, exchange bias and coercivity change of (NiMn)78Gd22/Co78Gd22 

with temperature (a,b & c). Exchange bias and coercivity (d & e) after first annealing cycle. 

Coercivity and exchange bias as a function of annealing cycles (f). 
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The magnetization alignment of Co and Gd in Co78Gd22 alloy with respect to field below 

compensation temperature, at compensation temperature and beyond compensation temperature 

is as shown given below. The green and black arrows represent Co and Gd magnetization 

respectively. Happ is direction of applied field and Tcp is the compensation temperature. 
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Gd magnetization is aligned along field direction below compensation temperature. Co 

magnetization is opposite to the field. Gd and Co are antiferromagnetically coupled. 

 Co magnetization is aligned along field direction above compensation temperature. Gd 

magnetization is opposite to the field. Gd and Co are antiferromagnetically coupled 

T < Tcp 

T = Tcp 

T > Tcp 

 Net magnetization of the system is zero at compensation temperature. Gd and Co 

magnetization cancel each other. 

Fig.74. Magnetization of Co78Gd22 in the presence of magnetic field at different temperatures. 
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The Hamiltonian for ferromagnetic alloy can be written as sum of Zeeman energy and exchange 

energy 

 

M is the magnetization; H is applied magnetic field; t is the thickness; Jexc is the exchange energy 

between two magnetizations; θ is angle between magnetization of respective element and 

magnetic field and  θCo − θGd  is the angle between two magnetization directions. Minimum 

energy at particular temperature determines the net magnetization of the system. The minimum 

energy stable state determines the alignment of magnetization of Gd and Co in Co78Gd22 system 

either in parallel or antiparallel with respect to the field direction. The energy of the system at 

different temperature is shown below. 
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Gd-aligned state: Zeeman energy is lower for Gd spins aligned parallel to the field and Fe spins 

points opposite to the field  

b.   T = Tcp 

 

 

 

𝑀𝐶𝑜 = 𝑀𝐶𝑜 

MGd MCo 

HA 

θCo = 𝜋 θGd = 0 

MGd 

MCo 

θGd = − 
𝜋

2
 

θCo = 
𝜋

2
 

HA 

E =  − MGdHAtGd cos(θGd) − MCoHAtCo cos(θCo) + Jexc cos(θCo − θGd)  
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θCo =
𝜋

2
 ;  θGd = − 

𝜋

2
 

E =  − Jexc 

Sum of Zeeman energy of Gd and Co becomes zero at compensation temperature and minimum 

exchange energy favors antiparallel alignment of Co and Gd magnetizations 

c.   T > Tcp 

 

 

 

 

𝑀𝐺𝑑 < 𝑀𝐶𝑜 

θCo = 0 ; θGd = 𝜋 

E =   MGdHAtGd −MCoHAtCo + Jexc 

 

Co-aligned state: Zeeman energy of Co is lower than Gd in this case. The Co spins points along 

the field direction and Gd spins points opposite to the field. 

 

 

 

 

 

 

 

 

MGd MCo 

θCo = 0 θGd = 𝜋 

HA 
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Double hysteresis loop is also observed in (NiMn)78Gd22/Co78Gd22 system after heating 

the sample to 500 K and then cooling down to 65 K in zero field. It shows two different regions 

in same sample which response differently depending on the strength of applied field. At 

maximum field -3000 Oe (Zeeman energy is greater than exchange energy), the magnetization of 

both layers aligns along the field direction, as the field decreases to -1500 Oe, the magnetization 

of bottom layer abruptly changes direction opposite to the field since the exchange energy 

overcomes the Zeeman energy. Again the Zeeman energy dominates the exchange energy at 

3000 Oe and exchange energy overcomes the Zeeman energy at 1500 Oe. So the competition 

between these two energies determines the direction of magnetization in both layers which 

causes double hysteresis loop. The picture representation of magnetization orientation in both 

layers (NiMn)Gd and CoGd with respect to magnetic field is show in Fig. 73 

 

 

 

 

 

 

 

 

 

Fig. 75. Hysteresis loop of (NiMn)78Gd22/Co78Gd22 measured after cooling the sample from 500 K 

to 65 K in zero magnetic field 
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The Hamiltonian for (NiMn)78Gd22/Co78Gd22 system is written as sum of Zeeman energies of and 

exchange energy of both layers. M is the magnetization; t is the thickness of each layer; is the 

angle between magnetization and field and is the angle between magnetization of both layers.     

                         E =  − MAHAtA cos(θ𝐴) − MBHAtB cos(θB) + Jexc cos(θA − θB)  

 

         θCoGd  = 0o, θ(NiMn)Gd  = 0o                                    

   

         θCoGd  = 0o, θ(NiMn)Gd  = 180o 

 

 

        θCoGd  =180o, θ(NiMn)Gd  = 0o 

   

       θCoGd  = 180o, θ(NiMn)Gd  = 180o 

  

 

 

 

 

 

 

 

CoGd 

(NiMn)Gd

d 

Fig. 76. Pictorial representation of magnetization in (NiMn)78Gd22/Co78Gd22 system in the 

presence of magnetic field. 
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XI. SUMMARY AND FUTURE WORK 

A wide temperature range longitudinal MOKE system with high sensitivity is 

constructed. The maximum size of the sample that can be measured with this system is 1 cm x 1 

cm. The system has maximum field strength 3000 Oe. The system has the capability of providing 

variable temperature range from 65 K to 760 K. It can achieve 760 K temperature in 20 minutes 

with maximum cold head temperature 120 K. Fast cooling rate 0.6 K/s is obtained using 

Sapphire material. It also provides additional advantage of annealing the sample in the 

temperature range 500 K-700 K and cooling to 65 K in the static field and simultaneously 

measuring the sample. To test the system, thermal processing effects on magnetic properties such 

as phase transition, exchange bias, coercivity of single layer Gd and Co were studied. 

Thermal processing of bilayer systems NiMn/Gd, NiMn/Co, NiMn/Co78Gd22 and 

(NiMn)78Gd22/Co78Gd22  were also studied. These bilayers systems were annealed at 573 K and 

cooled down in static field produced a change in exchange bias, coercivity and shape of magnetic 

hysteresis loops. Addition of Gd in NiMn results in huge increase in coercivity in 

(NiMn)Gd/Co78Gd22 system at 65 K as compared to Co78Gd22 system due to an interfacial 

antiferromagnetic coupling. Coercivity of (NiMn)Gd/Co78Gd22 system decreases and its 

exchange bias varies from negative to positive with temperature increase. Coercivity increases 

after first annealing cycle and then decreases with subsequent annealing cycles.  

In the future, the field strength of magnet would be increased more than 3000 Oe which 

can be achieved by modifying the shape of magnet poles inside the chamber. This will enable 
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study of temperature dependent magnetic properties heterostructures which requires higher field 

to saturate. 
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