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ABSTRACT

A laser Doppler interferometric method using synchronous detectiion to

measure the magnetostriction of soft magnetic films is described. The

instrument has an ultimate deflection resolution of 0.1/~. Saturation

magnetostrictions as low as 10-9 can be measured for 1000 nm films on 100

pm Si substrates. Because of the sensitivity of the instrument and the small

size of the samples, higher harmonics of the magnetostrictive deflection can

be recorded. These harmonics can be used to measure the anisotropy of the

sample. Altering the applied field so that the magnitude of the field when

aligned with the hard axis of the sample is greater than the magnitude when

aligned along the easy axis by the anisotropy field of the sample eliminates

the higher harmonics. Using the Stoner-Wohlfarth single domain particle

model, it is shown that a rotating field will cause the magnetization to rotate

around the sample uniformly only if the difference in magnitude between the

fields along the major and minor axes is equal to the anisotropy field.

Measurements on isotropic and anisotropic samples confirm the theory.
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Introduction

The principle approach to decoupling the magnetic properties of thin

film recording heads from the mechanical stresses induced in the heads is

reducing the magnetostriction of the magnetic film. This lowers head noise

and coercivity [1],[2]. Hence, there is considerable interest in better methods

of measuring magnetostriction in soft magnetic films. Indirect measurement

of magnetostriction by measurement of anisotropy has recently been

extended by techniques that measure magnetoresistance [3] or use a

magneto-optic Kerr sensor[4]. Magnetostriction has also been measured

directly by detecting the deflection of a thin film on a cantilever substrate

using capacitance probes[5], [6] or laser beam deflection[7], [8].

In 1992 Andrew Renema described a new instrument that uses laser

Doppler interferometry and synchronous detection to perform direct

magnetostriction measurements on thin films[9]. The instrument measures

the dynamic phase shift between two optical heterodyne signals. A deflection

resolution of 0.1/~ was achieved.

This report describes a number of changes to the instrument described

by Renema. These changes include a new sample holder, a new ,,~et of

Helmholtz coils, a heater, and a change in carrier frequency. These changes

improve the accuracy, reliability and repeatability of the instrument. The

instrument including these changes except for the change in carrier

frequency was presented by George Bellesis in a paper at Intermag 1993110].

This report also describes two enhancements to the instrument’s

capabilities. The first is the automation of the instrument to make it easier

to use. The second is the use of the harmonics of the magnetostrictive



deflection described by Renema [9] and Bellesis [10] to measure the

anisotropy of the sample.
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Description of the Instrument

The instrument uses laser Doppler interferometry in combix~ation with

synchronous detection to perform direct magnetostriction measurement on

thin films. Using the laser Doppler system has a number of advantages over

other techniques. The sample deflection, not the bending angle is measured.

Improved sensitivity allows the use of smaller sample sizes, and the smaller

samples have much higher resonant frequencies. This allows a higher

frequency rotating field to be used, and avoids many of the lower frequency

noise sources discussed by Tam [7]. A second advantage is that there is no

need for a benchmark sample. The sample deflection is measured as a phase

shift in the laser beam, and the HeNe laser wavelength becomes the absolute

measure.

A HeNe laser beam is passed through two acousto-optic cells operating

at 40.000 MHz and 40.050 MHz, as shown in figure 1. Two bemns are

obtained, each frequency shifted from the 6328/~ wavelength by the acousto-

optic cell frequency [11]. One beam, labeled as (R) in Fig. 1, is used as 

reference while the other, (P), is divided and reflected off both the cantilever

sample and a stationary mirror located approximately 1 inch above the

sample. These two halves of the reflected beam are mixed with the reference

beam on two avalanche photodiodes. Each photodiode measures the intensity

of the coherent light:

’= (El e J[ 2g( f t’ + f l )t+ O1] 2 eJ[2~( f L+f 2 )t+021

(E~ e-J[2Z(f L+ f l)t+O1]+ E~ e-J[2z(f L+ f g)t+02 

= 21El2 + 21El2 cos( 
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Figure 1: Layout of the Laser Doppler Interferometer

where E=EI=E2 are the laser beams’ electric field, fL is the frequency of the

laser beam, fl is the first acousto-optic cell’s frequency, f2 is the second

acousto-optic cell’s frequency, fa/o is the difference of the two acousto-optic cell

frequencies, 01 and 02 are the phases of the two frequency shifted beams (P)

and (R), and A0 is the difference of their phases [12]. Because beam (P) 

divided between the sample and mirror, two 50 kHz heterodyned signals are

produced by the photodiodes, one associated with the stationary mirror and

one associated with the sample. The phase of the signal associated with the

stationary mirror, 0m, is the difference between the phase of beam (R) and

the phase of the part of (P) that is reflected from the mirror. The; phase of the

signal associated with the sample, %, is the difference between the phase of

beam (R) and the phase of the part of (P) that is reflected from the sample.

The magnetostrictive thin film sample is located in a rotating double

Helmholtz generated magnetic field. The magnetization of the magnetically

soft sample rotates due to the applied magnetic field. The sample, which is a

thin magnetic film deposited on a non-magnetic substrate, deflects due to the

magnetostrictive strain. As the applied magnetic field deflects the sample,
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the optical path length to and from the sample changes by twice the distance

of deflection, producing a phase shift in the sample heterodyne signal.

Comparing the relative phases of the two heterodyned signals eliminates

most common mode noise and yields a phase difference signal of

The first two terms come from the phase of the heterodyned signal associated

with the sample, 0s. The third term comes from the phase of the heterodyned

signal associated with the mirror, 0m. Here ~ 1-~2 is the phase difference for

the heterodyned signals from the sample and the mirror respectively when

the sample is not driven and is the term eliminating the common mode noise

terms. The term d]~, is the ratio of sample peak deflection to laser

wavelength, while fH is the rotating field frequency. The squared sine term

originates from the sine squared dependence of magnetostriction ,on the angle

between magnetization direction and the sample’s anisotropy direction. This

causes a doubling of the applied field frequency.

The sine wave outputs from the photodiodes are converted to square

waves, minimizing laser amplitude fluctuation effects, and then are logically

ANDed together. This produces a pulse, whose width is proportional to the

phase, ¢(t), and so depends on the distance between the stationary mirror and

the sample. This pulse width is modulated at twice the f~equency of the

applied magnetic field. A low pass filter with a corner frequency of 1.6 kHz is

applied to the pulse, removing the 50 kI-Iz carrier frequency. A lock-in

amplifier and a spectrum analyzer are used to extract the signal.

The sample deflection d is related to the magnetostrictive strain ks as:

d = 9)%(tf12e)



where tf and ts are the thickness of the film and substrate, 1 is the distance

between the clamping edge to the location of the laser beam spot on the

sample, and

El(l- vs)
e= Es(l+vf)

where Ef, Es, and vf, Vs are Young’s modulus and Poisson’s ratio of the film

and substrate, respectively [2],[3].

A typical sample is a rectangle, approximately 0.25 in wide by 0.75 in

long. After mounting, the free length of the sample is about 0.5 in. A sample

on a 500 pm thick pieee of (100) silicon would have a mechanical resonanee 

4260 Hz, well above the frequencies of interest.

Anisotropy Measurement

Because the mechanical resonance of the sample is much higher than

the frequency of the applied field, the instrument can measure multiple

harmonics of the magnetostrictive deflection of the sample. These higher

harmonics can be used to measure the anisotropy of the sample.

The sample is assumed to behave as a Stoner-Wohlfarth s~ngle domain

particle, as illustrated in Fig. 2.

Figure 2: Stoner-Wohlfarth Single Domain Particle
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The total energy of this particle when saturated is

Et = Ku sin20- H Ms cos(a- 0),

where 0 is the angle between the magnetization and the easy axis, a is the

angle between the applied magnetic field and the easy axis, Ms is the

saturation magnetization, H is the magnitude of the applied field, and Ku is

the anisotropy constant. An expression for the magnetization direction 0 is

found by minimizing this energy:

OEt = 0 = 2Ku sin 0cos 0- HMs sin(a - 0)
"

Expansion of the sin(a-0) term, and moving all of the terms involving 0 to one

side yields the following equation:

sin(a) cos(0)- cos(a)sin(0) = Hi
sin(0)cos(0) 

where Hk=2 Ku/Ms is the anisotropy field of the sample.

Simplifying this equation yields:

sin(a)
sin(0)

cos(a) 
cos(0) H 

This is the expression for the position of the magnetization in the sample

given Hk and the applied magnetic field amplitude and direction.

The expression for the magnetic field created by the two sets of Helmholtz

coils is

H(t) = x cos(ent)i +hysin(wt)~,

where the first term is generated by the outer Helmholtz coil anti the second

term is generated by the inner Helmholtz coil, and where x is along the easy

axis as shown in Fig. 2. If hx=hy, then the vector H traces out a circle in the

x-y plane. This case is referred to as a "circular" field. If hxChy, then the
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vector H traces out an ellipse in the x-y plane. This case is referred to as an

"elliptical" field.

The angle between the magnetic field and the easy axis of the sample,

a, can be expressed as sin a = h~ sin wt and cos a = hx cos wt
IH(t)l IH(t)l

Substituting these expressions for sin a and cos a into the equation for

the position of magnetization gives the following expression:

hy sin rot hx cosrOt

IH(t)l IH(01 =
sinO cosO [H(t~’

which simplifies to

hy sin rOt hx cosrOt
=Hk.sin 0 cos 0

In order for the magnetization to rotate uniformly in time around the sample,

0 must equal cot, yielding

hy - hx = Hk.

This means that when the magnetization rotates uniformly around the

sample, the deflection of the sample occurs at a single frequency and the

difference between the field along the hard axis and the field along the easy

axis is equal to the anisotropy field of the sample. If the difference in the

applied field does not equal the anisotropy, the magnetization does not rotate

uniformly and the sample deflection will contain higher harmonics. When

these harmonics are eliminated, the anisotropy of the sample has been found.

Automation of the Measurement

Most of the measurements taken with the instrument entail varying

the applied field and recording the measurements on the lock-in amplifier or

spectrum analyzer. To perform a full anisotropy and magnetostr~ction
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measurement, between 50 and 60 field values are needed. This is very time

consuming and repetitive. This makes the instrument a good candidate for

automation. The goal of the automation is to allow the user to specify what

measurements to take, and then let the instrument proceed without any

further user interaction. This decreases the amount of time required to

perform a measurement and removes the operator variability of

measurement.

An Intel 80486 machine with a National Instruments AT-GPIB

controller and a National Instruments lVIIO-16X 16 bit input/output board

using the National Instruments’ Labview Graphical Programming

environment was connected to the instrument. The computer can acquire

data from the spectrum analyzer, the lock-in amplifier, and the oscilloscope

using the GPIB bus. The digital I/O board is used to generate the 100 Hz

sinusoidal signals sent to a Crown amplifier that are needed for generating

the applied field, to measure the applied field, and to measure the output of a

RMS converter that measures the average pulse width which corresponds to

~1-¢2.

The user inserts the sample to be measured into the sample holder and

aligns the sample. Then the coils are placed over the sample holder. The

user enters the physical data for the sample into the computer. This includes

the free length of the sample to the laser beam, the thickness of the film, the

thickness of the substrate, and Young’s modulus and Poisson’s ratio of the

film and substrate. The user then enters the values of the magnitude of

applied field that is to be used. The program is then started.

At each of the specified values of applied field, the program finds the

anisotropy of the sample and records the 200 Hz magnetostrictive deflection.

To find the anisotropy of the sample, the program creates an elliptical field
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that minimizes the 400 Hz deflection of the sample. To accomplish this, the

program creates a field whose axes are aligned along the axes of the coils.

The magnitude of the field applied along the cantilever is held at a user

specified value while the magnitude of the field applied across the cantilever

is varied from 10 Oe below to 10 Oe above the other axis value. The program

sweeps through these fields values and finds the minimum 400 Hz deflection.

This value of field is the rough estimate of anisotropy. Then the program

varies the cross cantilever field 50e centered around the rough estimate and

finds the minimum 400 Hz deflection. This value of field becomes the center

for one more sweep of the cross cantilever field. The field is swept 1 Oe and

the minimum 400 Hz deflection is found. This value of field becomes the

revised estimate of anisotropy.

The elliptical driving field is then rotated 15 degrees to both sides of

the coil axis in order to find the easy axis of the sample. The magnitudes of

the major and minor axes of the field are held constant while the angle is

swept. The program finds the angle that minimizes the 400 Hz deflection of

the sample. Once this angle is determined, the major axis of the field is

swept through 1 Oe centered around its previous value, and the minimum

400 Hz deflection is found again. The difference in magnitude between the

major and minor axis of this ellipse is the anisotropy field. The program then

records the anisotropy value and the angle between the ellipse and the axis of

the coils. Then the program records the 200 Hz magaetostrictive deflection of

the sample.

After all of the requested values have been recorded the program then

calculates the saturation magnetostriction of the sample. The program takes

the average of the deflections that are within 10% of the deflection caused by

the largest applied field. This value of deflection is used in the equation for
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saturation magnetostriction. Once the value of the magnetostriction has

been determined, the data is written to a file. The file consists of the physical

information for the sample, the magnetostriction, and the recorded values of

anisotropy and 200 Hz deflection for each requested value of applied field.
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Improvements in Reliability and Repeatability

Sample Holder

A new sample holder has been built. The advantages of this sample

holder over the previous sample holder are that samples can be changed more

rapidly, the samples can be fastened more consistently, and various sizes of

samples can be used.

In the old instrument the samples were clamped in the sample holder

using a delron jaw. However, the design of the holder made it difficult to

insert the samples. This hampered the repeatability of the instrument,

because it was very difficult to replace a sample and insure that it was being

held as securely as before. It was hoped that a new sample holder would

improve the repeatability of the instrument from measurement to

measurement.

The new sample holder is shown in figure 3. It consists of four main

parts. These are the base, the sample mount, the stationary mirror mount,

and a triangular mirror. The base of the sample holder is made of quarter

inch plexiglass. There are slots drilled into the bottom so that it can be

positioned at any location on the optical table. One side and the front of the

base are also made of quarter inch plexiglass. These provide support for the

other three parts as well as allowing access to the sample.

The sample mount holder is a Newport MM-1 mirror mount. It is

attached to the side of the base with one nylon bolt. The 1/4"-80 turn steel

screws have been replaced with ceramic screws. All magnetic components

were removed from the sample holder as they caused the holder to deflect in

the presence of an applied field. The sample is glued to a disposable plastic
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