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Compensation walls in gallium and aluminum substituted
gadolinium—bismuth—iron garnet films created by laser annealing:
Measurements and simulations
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Magnetic garnet films of composition (&Bi,) (Fe;3Ga ,Alg5) Oy, are grown by liquid phase
epitaxy on (111) oriented substrates of gadolininium—gallium—garnet close to magnetic
compensation. Local compensation wall3V) are fabricated by laser annealing. Images of parallel

and antiparallel compensation walls and of Bloch walls in annealed regions are obtained by
magnetic force microscopMFM). The MFM signals associated with the CWs turned out to be
smaller in amplitude but broader in space than the signals created by Bloch walls. To simulate the
experimental results a theoretical model is developed taking into account the broadening of the CW
by the preparation technique. Very good agreement between measurements and numerical
simulations is obtained. @003 American Institute of Physic§DOI: 10.1063/1.1544646

I. INTRODUCTION The equilibrium distribution of gallium/aluminum and
iron between octahedral and tetrahedral sites depends on the
Compensation wall§CW) are a special kind of 180° temperature. At low temperatures the tetrahedral sites are
magnetic walls. They were discovered about 30 years ago ihigher populated by gallium/aluminum than the octahedral
gallium substituted yttrium—iron—garnéY1G) films having  sites®>® Therefore, the ion distribution between these lattice
a lateral gradient of the gallium contertThe origin of such  sites and thus the sublattice magnetizations can be controlled
walls is connected with the gallium distribution between theby annealing at different temperatures. If annealing is carried
iron sublattices. The basic sublattice magnetizations at conput at high temperatures, the state of equilibrium is reached
pensation walls is sketched in Fig. 1 and compared to thosgapidly. By quenching the sample to room temperature the
of a Bloch wall (BW). The saturation magnetizatidis is  high temperature equilibrium state is frozen in.
the net magnetization given by the vectorial sum of dodeca- Directly at a CW the net magnetization is zero. As the
hedral M., octahedralM, and tetrahedraMy sublattice  sublattice magnetizations depend on temperature the location
magnetizations. In the case of a Bloch wall all sublatticeof a CW is characterized by a compensation temperakyre
magnetizations conserve their magnitudes but change thejith M((T.)=0. All compensation walls considered in this
direction at the domain boundary, see Fi¢c)1 article are based on a local redistribution of gallium/
At a compensation wall the sublattice magnetizationsaluminum and iron between octahedral and tetrahedral lattice
IM,| and[Mgy| of the octahedral and tetrahedral sublaticesites induced by laser annealing. The total gallium/aluminum
change their magnitude such that on one side of the wathnd iron contents are constant across the CW. Thus, the total
IMg| is larger thanM,|+|M| and vice versa on the other spin quantum number per unit cell is the same on both sides
side. In the case of an antiparallel compensation wall, Figof the compensation wall. However, the magnitudes of the
1(a), the sublattice magnetizations have the same directionset magnetizations need not be equal on both sides of a CW.
on both sides of the wall but the net magnetizations are op-  Figure 1 shows the sublattice magnetizations outside the
positely oriented. In the case of a parallel compensation wallnagnetic walls. The variations of the sublattice magnetiza-
Fig. 1(b), the sublattice magnetizations have opposite directions across compensation walls are sketched in Fig. 2. In
tions on both sides of the wall while the net magnetizationsprinciple, the redistribution of gallium/aluminum and iron
are parallel. The antiparallel compensation wall can easily bean take place within two neighboring unit cells. However,
transformed into a parallel one by applying a bias field perdue to the preparation of the CW by laser annealing the
pendicular to the film plane. In the following, the left hand redistribution takes place gradually over many unit cells and
side of Figs. 1a) and 1b) corresponds to the annealed re- extends over a distance in the range of some micrometers,
gion, the right hand side to the unannealed region. see below. On the other hand, the change of direction of the
sublattice magnetizations of a parallel Cldée Figs. 1 and
3Author to whom correspondence should be addressed; electronic mai?) IS determined by the ratio between the exchange constant
horst.doetsch@uos.de A and the uniaxial anisotropy constdty. This is similar to
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magnetic properties of garnet filfi®kecently compensation
walls attracted attention for new concepts of integrated opti-
cal isolators based on nonreciprocal optical mode interfer-
ence. By CWs a strong spatial gradient of the Faraday rota-
tion in gyrotropic waveguides can be achieved, which
induces a high nonreciprocal phase shift between forward
and backward propagating optical modes. This is the basis of
nonreciprocal Mach—Zehnder interferometers to realize inte-
grated optical isolators.

The nonreciprocal phase shift for TM modes is induced
by CWs parallel to the film plane. Such walls are easily
obtainable by double layefS8.0n the other hand, vertical
CWs at the center of optical waveguides are needed for the
nonreciprocal phase shift of TE modes. Although such a
phase shift can also be induced by B#42 CWs have the
advantage of having a stable location in the presence of a
magnetic field->*

It is very important to know the magnetic and spatial
structure of the CW to control the magneto-optic properties
of the nonreciprocal waveguides. To measure the spatial
variation of the magnetization across a CW, magnetic force
microscopy(MFM) is a very attractive tool. This technique

FIG. 1. Sublattice magnetizations on both sides of an antiparallel comperbas been applied successfully for imaging magnetic domains
sation wall(a), of a parallel compensation walh) and of a Bloch wallc), and domain walls in garnets and other magnetic

for gallium/aluminum substituted iron garnet films near compensabtn. materialst®17 However, compensation walls have not yet
denotes the net magnetization alid the sublattice magnetizations where . .

the indexi refers to the octahedral, tetrahedral and dodecahedral sublatticep,een mvestlgated by MFM methods.
respectively.

II. EXPERIMENTS

the case of a BW, having a wall width paramet&p Ferrimagnetic ~ garnet  fims  of  composition

= JA/K,. This width is about 0.3um® Thus, the magnetic (Gd, Bi;) (Fey 3Gay,Alg =) O, are grown by liquid phase
width of a parallel CW is about the same as that of a BW andkpitaxy on(111) oriented substrates of gadolinium gallium
therefore much smaller than the width of the transient regiomyarnet. At first the films are globally annealed in vacuum.
where the redistribution occurs. As the Faraday rotation deTemperature and duration of this procedure are chosen such
pends on the direction of the sublattice magnetizations, théhat the global compensation temperature of the film is
parallel CW shows a sharp and strong Faraday contrasghifted to about 350 K, well above room temperature. The
while for an antiparallel CW the contrast is weak. sample used for the investigations has film thickness of 5.0

Compensation wall domains have been proposed fogm.

magneto-optic storage applicatichd.aser annealedBi, For laser annealing a frequency doubled Nd:yttrium—
Ga):YIG films with a periodic pattern of compensation walls aluminium—garnet laser at 532 nm wavelength is used. The
were used to realize integrated magneto-optic isolators basegitput power can be adjusted up to 190 mW. The laser is
on nonreciprocal TE-TM mode conversibAndo, Okoshi,  focused to a spot of aboutsm radius. The laser is moved at
and Koshizuka applied laser annealing to modify locally thea speed of 1.5 cm/s across the sample. Using scanning tech-

nique at a line period of xm, annealed regions of 1Q@m
width and 6 mm length are generated. Several regions of this

Acw kind are produced being separated by unannealed strips of
M+ 100 wm width.
0) tttttttfﬁéT T T T Me+ho The annealing procedure shifts the compenstaion tem-
My L W‘H HI perature below room temperature. Thus, the Faraday rotation
My has an opposite sign in the annealed and unannealed regions

e

FIG. 2. Variation of the sublattice magnetizations and of the net magnetiza-
tion across an antiparallel compensation walland a parallel onéb). This

Mo+M,

figure is not to scale, the width ¢, of the CW is much larger thad,.

when the net magnetization of the film is saturated perpen-
dicular to the film plane by an external magnetic field. This
allows the visualization of the annealed patterns in the film
as shown in Fig. @). However, if unpolarized light is used,
Fig. 3(b), a few patterns are still visible due to scattering. In
this case the film is damaged because the laser power was
too high during annealing.

Magneto-optic observations show that the annealed re-
gions can easily be demagnetized by the generation of stripe
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FIG. 5. MFM image of an annealed region showing tracks of the scanning
laser annealing procedure.

typical flying heights ofzy=50 nm. The magnetic signal is
measured as the oscillating cantilever phase shift caused by
the long-distance magnetic tip—sample interaction. Magneti-
zation states of the magnetic garnet film are also determined
by magneto-optic observations.

Topographic atomic force measurements in the contact
mode confirm that the film surface in the annealed regions is
not changed significantly if the laser power does not exceed
the threshold value for damaging. Magnetic imaging of an-

(b) nealed patterns in saturated films shows slightly visible par-

allel magnetic traces associated with the laser beam tracks as
E'G- 3. Opticﬁ: t’?gsg“isz:ﬁ’gni]g?gsiﬂjfnat;i’g‘;iziggc?fgg bl;;ﬁ”f'i‘liggrizzertﬂemonstrated in Fig. 5. The periodicity corresponds to the
csar;ezggﬁgn(a?) Polar%ed light(Faraday rotatioy (b) unpogllarized light scanning _peHOd' ThIS- effect me,ans that_the_ laser anngallng
(scattering. The dark strips of width 10@&m are the annealed regions. creates slightly nonuniform spatial redistributions of gallium/
aluminum ions across the laser track.

After the demagnetization of the film and generation of
domains using an external field. This means that the magnestripe domains in the annealed pattern, two different kinds of
tization of the annealed regions is higher than that of theFM signals are observed during MFM scanning perpen-
unannealed regions, which are closer to compensation.  dicular to the laser tracks. One signal of smaller amplitude is

Using magnetic force microscopy, the variation of theshown in Fig. 6. It occurs at the interface between the an-
magnetization across a CW can be derived. For this purposeealed(left) and unanneale@ight) regions of the film and it
the scanning probe microscope SOLVER 47PMT-MDT, has a broad spatial variation. It does not change its position
Russia and the two pass technique with ac or resonant modby applying a magnetic field and it is associated with an
MFM measurement is used. The magnetic probe is a silicoantiparallel CW. The abovementioned weak periodic traces
cantilever tip covered by 50 nm cobalt. The cone shapedreated by the laser beam in the annealed region are slightly
cantilever tip has a typical height of 2—+8mn and the cone Vvisible on the left side of the CW.
angle is 20—-30°, see Fig. 4. The other signal, shown in Fig. 7, is associated with

At first the surface topography is measured in the contacBloch walls, which can clearly be checked by the magneto-
mode using a very low flying height. In this mode van deroptic method. This signal has higher MFM contrast and
Waals tip—sample interaction prevails. In the second step thehanges its space position simultaneously with the observed
cantilever moves at larger constant tip—sample distance fanagneto-optic domain boundary at the action of an external
magnetic field as also demonstrated in Fig. 7. The top of the
figure is different from the bottom because the Bloch walls

0 |7 are shifted by applying an external magnetic field.
B v MFM tip It turns out that the shift of the BWs takes place in dis-
7 crete steps corresponding to the periodicity of the observed
annealing tracks. This stepwise shift of a Bloch wall towards
- Ml t
i (@2-nut 1 M
X1
0 10 20 30 um
FIG. 4. Sketch of the considered MFM tip and the ferrimagnetic garnet film
with Bloch wall and antiparallel CW. FIG. 6. MFM image of an antiparallel compensation wall.
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FIG. 7. MFM image of two Bloch walls formed in the annealed region. The
top of the figure shows the changed magnetic structure in the same region
after application of an external magnetic field during MFM scanning.

0 10 20 30 Hm
a CW at the action of an applied external field is illustrated ing G 9. MFM image of an antiparallel CW and a BW in the lower part of the
Fig. 8. Obviously there occurs some pinning of BWs by thefigure. The parallel CW in the upper part is created by annihilation of the
annealing tracks. Bloch wall and the antiparallel CW using a saturating magnetic field.
It is seen that the MFM signal created by the Bloch wall
has a higher amplitude than that of the CW. This result is
connected to the broadening of the CW and to the increased The CW is assumed slanted by the distaxcacross the
net magnetization by laser annealing. Spatial broadening dfim thickness. The reason for slanting is the temperature
the MFM signal created by antiparallel CWs is related to thedistribution during annealing as discussed in the Appendix.
diffusion origin of the CW formation as will be shown below The saturation magnetization in the film is described by
by theoretical analysis. Msan=7M in the annealed region and b = (2
When the external field is strong enough to annihilate— 7)M in the unannealed part, wheké= (Mg o+ Mg 1)/2
the BW and the antiparallel CW, the magnetic film is satu-iS the mean magnetization value and the parameter
rated magnetically and the antiparallel CW is transformed=Ms a/M characterizes the magnetization asymmetry on
into a CW with parallel net magnetization on both sides. Theéboth sides of the CW. The periodicity observed in Fig. 5 is
MFM signal created by a parallel CW has very small ampli-neglected and the film is assumed homogeneous on both
tude, see Fig. 9. Obviously the noise is much larger than isides of the wall. The magnetic probe is considered as a cone

the case of antiparallel CW or BW, see Figs. 6—8. shaped tip with cone anglé, cone heightz, initial radius
R; and lift heightz,.
IIl. THEORY To simulate the MFM image of magnetic samples, it is

necessary to calculate the shift of the cantilever oscillation
The geometry for the following calculations is SketChedfrecuency AQ. caused by the tip—sample magnetostatic
in Fig. 4. The ferrimagnetic garnet film of thicknesscon-  interaction!® The measured phase shift of oscillations is pro-
tains a slanted antiparallel CW and a vertical Bloch wall. Th%ortional to the shift of the resonance frequency, which is
domain walls are considered parallel to theaxis and the  determined by the second derivative of the interaction energy
magnetizations inside the domains are directed either parallgl ;(z,) with respect to the the distanag between tip and
or antiparallel to thez axis. The finite width of the Bloch film surface, i.e.
wall is about 0.1um and will be neglected. It is close to the 5 5
resolution limit of the MFM measurements which is given by AQ=(Qc/2Ke) - (9B 107p), @)
2R;. For the parameteR; the realistic value of 50 nm is where (), is the resonance frequency of the cantilever in
used in the following. absence of magnetic interactions akg is the cantilever
stiffness. The magnetostatic dipole—dipole interaction can be
calculated by the relation

pm A
4 (r) M (r )

2K 3[M(ro) - (re=rp) JIM¢(r¢) - (re=re)]
- r—ri[° drdrg.
15. t— It
2
10 The integration runs over the tip and film magnetization
configurationsM(r;) andM«(r;), wherer, denotes the lo-

B cation on the tip and; the location on the garnet film, re-
6 | spectively.

0 5 10 15 20 25 30 35 pm First we consider a single perpendicular domain wall of

- . o L and & Bloch wall zero width. The MFM magnetic tip is approximated by a
Fl MFM image of an antiparallel compensation wall and a Bloch wal
The latter is visible by higher contrast and can be shifted by an externa‘nagnetlc dipole localized at the poirg=(x.,0Zo), having

magnetic field. The range of annealing lies in the right hand side of thedipole  moment M(ry)=vMgd(ro—ry), where Mg
figure. =(0,0M,), v denotes the tip volume, angithe Kronnecker
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deltafunction. The integration in Eq2) over the two-
dimensional magnetization configuration of the sample
M;:(r¢)=[0,0M:(X¢,z¢)] leads to the following expression T 05
for the MFM signalA Q yem(X,2o): 8
]
Qv oMy [+ J =)
= _— (7]
AQyrm(X,20) 2k, fﬁx X 92, =
S 05
X fo ( 4(zo—z)®
“nl[(Zo—26) "+ (x—xp)°]°
5.0 2.5 0 25 5.0
_ 3(20_20 ~ 2) M (X ,Zf)de. distance x from wall center [um]
((zo=2z§) "+ (X=X4)%)

3 FIG. 10. Simulated MFM signal created by an isolated infinitely thin do-
( ) main wall for the dipole mode(ll), Eq.(4), and cone tip moddR), Eq. (5).

The considered isolated perpendicular domain wall is asCalculation parameters are=2 um, z,=0.05um, 7=1.
sumed located at the poirt=0 with a stepwise change of
the magnetizationM(x;)=M[ 0(x;) — 8(—Xs)], where @ 2 2m
denotes the Heavyside stepfunction. In this case the two- AQMFM(X,ZO)=A0J dzJ AQuem(X+ (R
dimensional integral in Eq(3) can be reduced by partial o Jo

integration to simple integrals over magnetic charges on the +ztan6;)cose,z+zp) - (R,
top and bottom surfaces yielding the final result
+ztan6,)de. 5
2(zg+h)x 279X

23— 53|, (4) A, is the signal normalizing factor. This factor is consid-
[(Zo+ )™ (zo+x%) ered as one of the adjustment parameters of the calculated
where A=Q . uoMoM/27k. is a normalizing factor. It is MFM signal. The tip parameters are cone angle 20°, the
clear from this relation that fory<h the MFM image will  initial radiusR,;=50 nm and the heigtt,= 3 m. Using this
have two very sharp signal peaks near the domain wall sepanodel, reasonable MFM signals are achieved for an isolated
rated by the distancAx~z,, see curve 1 in Fig. 10. domain wall, at least in the region of the tails as shown in
For example, if we pubh=2 um andz,=0.05m, then  Fig. 10, curve 2.
we get sharp peaks at-+0.025um. This behavior does According to the MFM measurements, the signal of the
not correspond to the experimental MFM measurements ofompensation wall is lower than that of the ordinary Bloch
the wall, where the MFM signal has long tails and peakwall formed in the annealed region and seems to be signifi-
separation in the rangéx~4 um. The simulation leads to cantly broader in characteristic peaks and tails. We consider
broader peaks with smaller signal amplitude, if larger tiptwo possible mechanisms of CW broadening. One originates
distances oz,=0.5—1um are used. However, such values from the CW diffusive broadening in the transitional region
of the tip lifting are not realistic. and another one from the slant of the CW through the film
To improve the agreement with the experimental resultghickness.
we have to improve the simple dipole model of the tip. For  Consider an antiparallel slanted CW as shown in Fig. 4,
this purpose we introduce the cone model, where the MFMvhich has magnetization transition from the valMeg= (2
signal is averaged over the cone shaped magnetic cantilever )M in the unannealed region M= »M in the annealed
tip shown in Fig. 4. For this model the MFM signal can be part. For the spatial variation of the magnetization of such an

AQyem(X,20) =A

calculated by antiparallel CW the following approximation is assumed:
(2=7)M (X=Xm)<—Acw,
Mi(x,2)=1 (1= 7= (X=Xp)/Acw— (Lm)sin(m(X—Xp)/Acw)M  —Acw<(X—Xm)<Acw, (6)
—7M (X=Xm)>Acw,
|
where the parametek,, takes into account the diffusive The simulated MFM signal for such an antiparallel CW

broadening of the CW anxl,(z) with 0<x,,=<X; the slant- is shown by curve 1 in Fig. 12. It illustrates the influence of

ing. In the following a linear slanting is assumed with the slant which causes an asymmetric broadening of the
Xm(2) =Xy*|z|/h. The variation given by Eq6) is depicted MFM signal. There is only one sharp peak due to the step-
in Fig. 11, where the variation for a parallel CW is also wise change of magnetic charges of the CW at the upper film
shown. It is given by the absolute value of the magnetizatiorsurface. The other peak is smoothed out due to the influence
of the antiparallel case. of bulk magnetic charges at the slanted CW. However, a
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scanning coordinate x [um]
distance (x-x_) [um]
04
FIG. 11. Variation of the net magnetization through an antiparédigive 1
and a parallel compensation walturve 2 according to Eq.(6). X, —
=3um, Acy=0.5 um. g 0.2 1
T
C
. . > 0 3
sharp peak is not observed experimentally. Curves 2 and 3 of o
Fig. 12 show the calculated effect of further broadening of Z 02
the MFM signal peaks by increasing the CW widilg,y, . = '
The MFM signal of the antiparallel CW does not depend on b)
the asymmetry facton. This behavior is in contrast to that of -0.4
. . 10 15 20 25 30
a parallel CW, the MFM signal of which strongly depends on
the CW asymmetry factos. scanning coordinate x [um]

TO fit the experimental MFM data, the values of the.‘ nor-FIG. 13. Measuredl) and simulated2) MFM signals created by an anti-
malizing factorAq, CW half-width Acy, slope extension parallel CW and a BW during scannin@) At line 1 and(b) at line 2 of Fig.
distancex, and asymmetry parameterare varied. For the 8. calculations are made fop=1.4, Aqy=0.5 um, z,=0.1um, X,
other parameters the following fixed values are chosen: tip-3 um.
lifting z;=0.1 um, tip cone heightz;=3 um, cone angle
0,=20° and initial tip radiusR;=50 nm. A comparison of
the calculated MFM Signals with measured MFM data forxl:3lum_ Agood agreement between the experimenta| data
the antiparallel CW and a Bloch wall is presented in Fig. 13.and the developed cone model is observed.

Calculations and measurements are taken along the lines 1 \ertical CWs at the center of optical rib waveguides
and 2 of Fig. 8, which illustrate the shift of the BW by have been used to induce a nonreciprocal phase shift of TE
applying an external magnetic field. modes, aiming at the realization of integrated optical

Furthermore, the effect of Bloch wall annihilation and jsplators®® It turned out that the measured phase shift was
the simultaneous transformation of an antiparallel CW into asmaller than the calculated one. Probably, this discrepancy is
parallel one by applying a saturating magnetic field, which iscaused by the slanting of the CW through the film thickness
shown in Fig. 9, is also simulated. Measured and calculategpserved by the investigations presented in this article. A
MFM signals along lines 1 and 2 of Fig. 9 are presented imossible reduction of the slanting effect is discussed in the
Fig. 14. Calculations are made far=1.4, Acy=0.5 um, Appendix.

0.15 IV. CONCLUSIONS
== Agy=0-75um L . .
El X=3pm —— Agy=0-2pm The samples studied in this article are close to compen-
% h=2um, i | — Aow=2Hm sation at room temperature. In the laser annealed regions the
5 net magnetization is higher so that magnetic domains nucle-
uz"_’ ate. It is observed that the domain walls are pinned at mag-
= netic traces caused by the annealing procedure. These traces
% have the same periodicity as the laser scanning.
E‘ The MFM signals of BWs are stronger than those of the
? antiparallel CWs due to the higher net magnetization in an-
! nealed regions. The BWs are shifted by external magnetic
-10 -5 0 5 10 , . . ;
fields at discrete steps corresponding to the laser track peri-
distance x from wall center [im] odicity. Parallel CWs show only low MFM signals due to the
FIG. 12. Simulated MFM signal of slanted antiparallel CW for different SMall change of magnetization between both sides of the
widths. Calculation parameters ane=2 um, z,=0.1 um, =1. CW.

Downloaded 10 Mar 2003 to 131.155.80.9. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 93, No. 5, 1 March 2003 Wilkens et al. 2845

0.2 — 2000 9000
2 ‘E
- 0.1 o —
3 - 1 £ 1500} 5
=~ ) E 17000 ‘s
g e 5
=] = 1000 =
@ -0.1 z 2
£ 2
£ B } 15000 =
= -02 S 500f =
a) 8 3
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0.10 FIG. 15. Measured heat conductivity of YIGee Ref. 18and measured
_ optical absorption for a film of GdBi,Fe, :Ga, ; at A =532 nm vs tempera-
= ture. The solid curves are fitted to the measurements, see(&4p.and
> 0.05
S (AS).
gz
2 0
w
= A half infinite solid space<0 is considered. It is illu-
= -0.05 . . .
minated by a laser beam of total powep with Gaussian
power distribution

-0.10

5 10 15 20 25 30 Po r2
P(r)= exp — 5=3/, Al
scanning coordinate x [um] (") 27Rg F{ ZRS) (AL)

FIG. 14. Measuredl) and simulated2) MFM signals created by a Cw and Where Ry is the beam spot radius. The basic equation for
a BW during scanninga) at line 1 and(b) at line 2 of Fig. 9. Calculations  calculating the temperature distribution induced by the ab-

are made for=1.4, Acy=0.5 um, 2o=0.1 um, x,=3 um. sorbed laser power is the thermal diffusion equation
VU(T)VT)=—F(T,r,z), (A2)

The theoretical analysis of the MFM signals obtainedwhereU is the heat conductivity anB denotes the thermal
from CWs shows that, despite the adjustment of some pasource which is given in cylindrical coordinates by
rameters, it is necessary to take into account not only the
diffusive mechanism of CW broadening, but also a slanting [ (T:7+2)=a(T) (1=R¢) P(r) exp(— a(T) 2. (A3)
of the CW. This effect becomes plausible by the numerical ~R,=[(1—n)/(1+n)]? is the reflection coefficient and
calculation of the temperature distribution. is the absorbtion coefficient. For the refractive index a con-

The results achieved in this article are important for thestant value oh=2.2 is used. The measured temperature de-
development of optical isolators using vertical GWThe  pendencies of the heat conductivity and of the absorption
slant of the CW decreases the nonreciprocal effect and thereoefficient are taken into account. These data are shown in
fore must be kept as small as possible. Fig. 15. The optical absorption is determined at a wavelength
of 532 nm for the sample G8i,Fe, :Ga, Al 0,5, used in
this article. The heat conductivity of YIG is measured by
Slack and Oliver?® It will be used for the investigated garnet
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APPENDIX with k=2.28 mW/um andT,=17.5 K and by
0.0054 3.21 1614
The redistribution of Ga/Al and Fe between octahedral o (T)= > T2+ T+ . (A5)
cmK cmK cm

and tetrahedral lattice sites is temperature dependent as dis-
cussed by Rechmanr?. Thus, the temperature distribution The boundary conditions are
obtained in the garnet film by the absorped laser beam is

essential for the formation of CWs. The laser moves with the dT/0z=0
steady velocityw =15 mm/s along a straight line at the film at the surface4=0, O<r<x) and
surface. The laser heating creates a steady solitary wave of
temperature distribution in the film. This steady state tem-
perature variation will be calculated in the following. whereT,=300 K.

T—Ty, for R=\r?+z°—x,
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FIG. 16. Contour plot of the calculated temperature distribution for laser,
power of 120 mW and beam radius ofun. The temperature dependence of
the heat conductivity and of the optical absorption is taken into account.

FIG. 17. Contour plot of the calculated temperature distribution for laser
power of 120 mW and beam radius of @an for annealing through the
substrate, which extends from= —4 um to —«. The temperature depen-
dence of the heat conductivity and of the optical absorption is taken into
account.

The left hand side of EA2) is reduced to the Laplace
form by introducing a new variable

T(r,z2)—T, flection of the laser light at the free surface of the filmzat

?) : (A6)  =0. The reflection at the substrate-film interface is neglected
o Tk because of the small difference of refractive indices. For this

The characteristic velocity, of the heat flux as defined geometry the thermal source given by EA3) is replaced

Y(r,z)zln(

by Yong-Feng L&° is by
. .D(Mm u(T) F(T,r,z)=a(T) P(r) [exp( + a(T)|z|) + R,
v.=2V2 Ry =2vV2 R,C(T)’ (A7)

xexp—a(T)|z])] exp —a(T)h). (A8)

The maximum temperature now occurs inside the

. . film. This behavior is caused by the heat flow into the sub-
20
et al.for YIG,” "it tums out thab ; varies between 1200 and trate. It is obvious that the new temperature distribution

400 mm/s in the temperature range between 300 and 900 jill cause much less slanting of the compensation wall
lﬂ:jjl’ 22;52?23'?5 Vaerllzcggnogtehi;als:étsgam of 15 mm/s I?—|owever, this effect has not yet been demonstrated
mp c 9 S experimentally.

Stationary solutions are looked for in infinite space
—oo<z<+o symmetric with respect to the plarze=0 to
fulfill the first boundary conditiordT/9z=0. The diffusion  J.-P. Krumme and P. Hansen, Appl. Phys. L2f, 312 (1973.
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