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ABSTRACT

Investigation of thermal properties giant magneto-resistance constituted
with an assembly of aternated Mn/Felayersaccording to the Mn thickness
using the Photothermal Deflexion Technique. We show in this work that
thethermal resistance passes by amaximum valuefor aMn critical thickness
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corresponding to the antiparallel ferromagnetic coupling.
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INTRODUCTION

Sincetheyears 1980 many research were carried
out onthemulti-layersmagnetic containing ferromagnetic
and nonmagnetic materials. Indeed, in 1988 Albert
Fert™ and Peter Griinberg!?® have invented Giant
magneto-resistance (GMR) in crystalinemono layers
what enablesthem to receive the Physics Nobel Prize
in October 2007.

The GMR samplesare an assembly of multi-layers
aternated by ferromagnetic-metal and nonmagnetic-
meta (FM/NM) with thicknessesof about 1nm.

Oneof thefirst manifestations of thenew properties
of these structureswasthe observation, in 1986, of an
antiferromagnetic coupling between layersof ironin
threelayers Fe/Cr/Fedeposited by epitaxialy molecular
jetsonAsGa3.

Several theorists such as Camley, Trigui,
Barthélémy!*" and al tried to devel op mathematical
modelsalowing theinterpretation of thesemulti-layers.
Duvail and Al were interested in the dependence

versusthetemperature and thicknessto theresistivity
and the magneto-resi stance of multi-layer Co/Cul.

During these 30 years ago the very fundamental
interest of the GMR samplesisduetoitsvery specific
magnetic properties, which are briefly described as
follow, the ferromagnetic-metal is microscopically
formed of small zones called Weiss-zones. Each zone
ischaracterized by magnetic momentsdirectedinthe
samedirection. Inthecaseof asmdl laterd dimensions
amagneti cinteraction between theferromagneticlayer
giving aglobal magnetizations oriented in the same
direction, onesaysfor thisba ance situation that there
isaparald coupling between the magnetic-layers. By
increasing thins of the nonmagnetic-metal layers, one
cross a value which beyond the coupling becomes
antiparald.

Theresganceishigher for antipardld configuration
and smdler for paralel magnetization configuration.

Inthiswork we study the effect of the Mn layers
thickness variations on the thermal propertiesof the
GMR samples congtituted on an assembly of aternated
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thinlayersrespectively to Manganese Mn (nonmagnetic
metal) of variablethicknessfrom 0.3to 1.7umandto
iron Fe (meta ferromagnetic) thicknessequalizesto
1.5um.

The thermal properties are determined by the
Photo-Thermal Deflection (PTD) technique®® which
will bedevel oped |ater.

Samplepreparation

Theevgporation enclosureisequipped withaturbo-
molecular pump, whichwill be aspired during oneweek
at atemperature of 150°C, which givesavacuum of
about 10-9 mbar. The materialsto evaporate Mn and
Feareplaced in aduminacruciblesand are heated by
radiation until atemperature of 1250°C. Each cell of
overflowing hasamask with el ectro-pneumatic order,
which makesit possibleto deposit dternatively thevari-
ous materia swithout stopping their evgporations.

These layers are deposited with deposit rates of
2.10”m.s*forironand 6.10?m.s*for manganese. The
thickness of each deposited layer isgivenonly after the
deposit end, thanksto aquartz oscillator calibrated at
the deposition temperature. We obtain an assembling
composed of 21 layersdeposited on silicon substrate
respectively placed asfollow: Si, Mn, Fe, Mn,...... Fe,
Mn.

Thelast |layer of Mnisaprotective coating of con-
stant depth equal to 22nm and also the thickness of
ironlayersaredl equal to 1.5nm. For each sampleone
takesthe samethicknessfor al thelayers. Thisthick-
ness variesfrom a sampleto another from 0.3nmto
1.7nm.

Magnetic properties

Theinvestigation of the M agnetizationsversusthe
magnetization givesHysteres scycleswhoseformindi-
catesthat theiron layers, in the obtained multi-layers
arecoupled antipardld for amanganesethicknessequd
to 1.8nm and coupled parallel for amanganesethick-
nesslessthan 1.2nm.

Itisnoticedthat, morethevaue of Mnthicknessis
large, morethecyclesareflat, i.e., moreneed for ap-
plyingalargefidd H toreach the saturation et thisisfor
anantiparalle coupling. Whereasfor athinMn layers
theform of theHysteresiscyclesareidentical and show
that the obtai ning of the saturation magnetizationisfor
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Figurel: Representation M-H loopsfor Fe-M n GM R samples
for 0.8, 1.2and 1.8nmthicknessof theM n layer
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Figure2: Different mediasbrowsed by the heat

low valuesof theapplied fieldH.
The thermal properties are determined with the
Photo-Therma Deflection (PTD) technique.

Thermal properties

Thethermal properties such asthethermal con-
ductivity and thethermal propertiesaredetermined by
the PTD technique.

Principleof thePTD technique

Thismethod consistsin heating asamplewith a
modulated light beam of intensity | =1 (1+coswt). The
thermal wave generated by the optical absorption of
the sample will propagate in the sample and in the
surrounding fluid (air in our case). Thethermd wavein
the fluid will induce a temperature gradient then a
refractiveindex gradientinthefluidwhichwill causethe
deflection y of a probe Laser beam skimming the
sample surface. Thisdeflection may berelated to the
thermal propertiesof thesample.

The sampleisastack of 21 layers, we write the
heat equationsin these areas and in the two surround-
ingfluidwhicharetheairinby designatingK , D, and |,
respectively the thermal conductivity, the thermal
Diffusivity and thethicknessof thelayer .

Theoretical model
Probebeam deflection
In the case of auniform heating we can usea 1-
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dimensional approximation, andtheamplitude | | and
phase ¢ of the probe beam deflection y isgiven by:
-2k o o
Ny, dT; 4

wherel isthewidth of the pump beaminthedirection
of the probelaser beam, n, u, and T, are respectively
therefractiveindex, thetherma diffusionlengthandthe
temperature of thefluid. | T0| and 6 arerespectively
the amplitude and phase of thetemperature T at the
sample surface which are function of the thermal
properties of the different media. x is the distance
between the probe beam axe and the sample surface.

Before the cal culation of the probe beam deflec-
tion, onemust know the expression of the surfacetem-
peratureT ;that iscal cul ated follow.

Surfacetemperature

_x
[TJe* and <p=—ui+9+
f

The resolution of the heat equation gives the
following temperatureequation:
T.(xt) =T e"* g
ifo<x<I
T, () =(X, e +Y, e  —E e")e"!
if -1, <x<0
Tno1061) = (X €720
+Yno e on-10¢*n) _ En-1
if —l,—lpo <x<—lpg

gna(xty)y ot

Tl(X,t)=(Xlecl(x+|”+|”‘1'"+|2)
+Y1e—cl(x+|n+|n_l...+|2)_Eleocl(x+ln+...+|2))eju)t
if —ln—ln,l...—llsxs—ln—lnfl...—|2
Tb(X,t)=Wecb(x+|”+“'+|2+ll)ejwt
it =l =l g—ly=lp S X< =l =l q..=14
And after, wewritetheflow equation in each medium
o (x,t) =K 0, T, e
if 0<x<I,

o RS oy o X jo
6, (1) ==K, 0, (X, &7 =Y, e~ “E e e

n

if =1, <x<0
¢n—1(xlt) == K n—lGn—l(xn—l eGn—l(X+|n) -

_ (O i
Yn_le on-1(x+ln) _ %n-1 En_le‘ln—l(x+|n)) glet
n-1

< x< -l

if -1 _In—l— = "Tn-1

n
$106,t) ==K 107 (X 1 €71 0Hn o142
Yle—csl(x+ln+ln_1...+lz) _ﬂEleal(x+|n+...+I2))ejwt
. 1

if —|n—|n_l...—llsxs—|n—|n,1...—|2
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¢b (X,t) =K 4O W ecb(x+ln+...+I2+I1)ejm t

if =1, ==l =1, X<l =1, =1,
Thetemperature and heet flow continuity at thein-

terfacex =-1 permitto obtain:

11 X,
1 -1 Y., |=
0 0 E,/E,y\Ens

n

-1

_rn—l

( g °nln gonln —_egn'n X,
ce —ce —c r,e“rn |y,
0 0 1 E,
xn—l Xn
Gn Yn—l =Dn Yn Or‘
En—l En
n-1 Xn Xn
Yn—l =G:1 Dn Yn =Mn Yn
En—l En En
1 1 -1
Where, Gn=|1 —1 ~us
0 0 EIE,,
e*“n'n e“n'n —gn In
D, =|ce" —ce —c r e
0 0 1 ’

and M, =G:'D,
Inthesameway we canwriteintheinterfacexi =-

X1 X
|-l | Ve 2 MY

Ei E,
Then,
Xl Xn mll m12 m13 Xn
Y |=M, M. .M Y, [=[my my, my|lY,
E, E, My my; mg JLE,

Inthiscasewewrite
Xy=my X, +mpY, +myE,
Y1 =My X,+myY, +myE,
The writing of the heat flow and temperature
continuity at theinterfacesx =0andx =-1,-1-1 give

respectively:
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1 E, 1 E,
xn=E(1_g)To+(1+r3)7, Yn=E(1+g)To+(1_r3) 2

And
(1-b) et X, —(1+b) €'Y, ~(r,~b)e“" E, =0 (1)

Ma1 (1-g)To+(14+1,)E,) +

X, = 2

Then

T (U4 9To+ (L-1)E M E,

m;l (A= Q)T+ (1+1,)E,) +

Y, =

and
TR (A4 Q)To+ (1-1,)E, )+ M,

T
Xy =(my(1-g)+m,, (1+ 9))70"'

Or too E,
(m11(1+ rn) +my, (1_ rn)+ 2m13)7

-
Y, =(My (1-g)+my, (1+ g))70+

and E,

(M (T+r,)+ my, (1-r)+ 2m23)7

Thatistosay X,=m,T#n,E andY =nT +nE,

B_y replacing Xl_ and Y, by its expressions in

equation (1) oneobtains:

(1-b) et (n, T, +m, E,)-

(1+Db) e (n,To+n, E,)-(r,~b)e ***E, =0

What gives

((L-b)n, €' —(1+Db) ne™")T, =

((1+Db) n,e™" —(1-b)n,e™1")E, +(r,~b) €™ E,

FHndly

_[(@+b) &~ A-b)n,e M E, + (-b) e E ]
i [(L-b)n, €54t ~(L+b) 1]

To

o

With & =5 (e —o?)
Experimental set-up

The sampleis heated by ahalogen lamp light of
Power 100W modulated thanksamechanica chopper
a avariablefrequency. A (He-Ne) Laser probe beam
skimming thesamplesurfaceat adistancezisdefl ected.
This deflection can be detected by a four quadrant
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photo-detector and converted to an electrical signal
whichismeasured by alock-in amplifier. Through the
intermediary of interfaces, themechanica chopper and
the Look-in amplifier amicrocomputer will set the
desired modulation frequency and read the val ues of
the amplitude and phase of the photo-thermal signal
and then draw their variations accordingto thesquare
root modulation frequency.

Deter mination of thether mal properties

Inorder to determinethethermal propertiesof the
seven samples we have plotted on figure 4 the
experimental variation of phase and normalized
amplitude of the PTD signal versus the square root
modulation frequency. The difference between these
curvesisattributed to the difference of their thermal
conductivity, thermal diffusivity and absorption
coefficient. Using thetheoretical model presentedin
section 2 one can deducethisthermal properties(K,,
D.) and optical absorption o

TheTABLE 1 givesthetherma conductivities, the
thermd diffusivitiesand the absorption coefficients of

Laser probe
beam

Halogen lamp

C —@-

¢ Mechanical
Chopper

Specimen

Position

Detector ! . .
! Look-in amplifier

Figure3: Schematic experimental setup

TABLE 1 : Evolution of the thermal conductivities, thermal
diffusivitiesand absor ption coefficient of the Feand M n layer
inthe GM R samplesfor variousM n thickness

Thickness Thermal Thermal Absor ption
(nm) conductivity diffusivity coefficient
W.m*K?) (10* mis?h (m™)
Fe Mn Fe Mn Fe Mn Fe Mn
15 03 036 005 022 001 10° 2x10°
15 0.7 034 0.032 022 001 10% 2.7x10°
15 1.2 031 0.013 022 0.01 10° 3.3x10°
15 1.4 0.19 0,0076 0.22 0.01 10° 4.7x10°
15 15 0.084 0.0064 0.22 0.01 10° 6.1x10°
15 1.6 0.32 0.0092 0.22 0.01 10° 3.6x10°
15 17 113 0.03 022 001 10° 3x10°
flano Science and flano Technology
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Figure4: Normalized amplitude and phaseof the photother mal signal ver susthe squar er oot modulation frequency for

different M n thickness
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Figure5: Thermal resistivity and M n absor ption coefficient of the GM R samplesevolution with the M n thickness

the Mn and Fe layers in the GMR samples for al
manganese thicknesses. We noticethat only thermal
conductivities of the materials kinds and the Mn
absorption coefficient vary by increasing the Mn
thickness.

We can see from thistable that only the thermal
conductivities of both layers and the absorption
coefficient of Mnlayersvary by varying thethickness
of theMnlayer.

Thethermal resistance of the sampleisgiven by
Rin =é2% .Wheree, Sand K. arerespectively the

thickness, the surface and thethermal conductivity of
thesample and for asurface equal to S=1cm?wecan
tracetheevolution of thethermd resstanceof the GMR
materia sversustheMnthicknessasshowninfigure4.
We noticefromthese curvesthat thethermal resistance
and the M n absorption coefficient are maximum for a
Mn thickness equal to 1.5nm. According to study
proposed in section 1V this thickness correspond to
trangtionferromagnetic pardle-antiparale and more
precisaly correspondsto an antiparalel coupling of the
dipoles. Severd experimental studied®379 showed that
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themagneto-res sance passesa so by amaximumvaue
for acritica thicknessof nonmagnetic material. Then
one can deduce amathematical relation whichrelates
themagnetic and therma res stanceslikethat proposed
by Wiedemann-Franz' K _=cLT givingarelationship
between the electronic conductivity of theheat K _to
thed ectric conductivity o, whereL = 2.4x10%USl and
T isthe sampletemperature, witch showsthat thetwo
parameters havethe sameevol ution.

CONCLUSION

Inthiswork we have studied the evol ution of the
thermal properties of the giant magneto-resistance
sampl e constituted with an assembly of dternated Mn/
Felayerswith photothermal deflection technique by
clarifying the mathematical model which accompanies
it. And after the determination of theMnand Fetherma
conductivities we have determined the thermal
resistance evol ution viaMn thickness, we noticed that
it passes by a maximum value for a Mn critical
thickness corresponding to an antiparallel
ferromagnetic coupling.
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