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Measurements of domain-wall energy density for amorphous rare earth-

transition metal thin films
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The value of domain-wall energy density {o,,) has been most often assumed to be proportional
to A4, K, , where exchange stiffness (4, ) is usually calculated from the mean-field theory. We
report a simple method to derive o, from the difference between the onset of expanding and
collapsing fieids (AFH) for circular domains. A micro-Kerr hysteresis-loop tracer with
submicrometer resolution is used to measure the destabilizing field of domains written

thermomagnetically in TbFeCo and GdTbFeCo films.

L INTRODUCTION

Domain-wali energy density {0, } plays acritical role in
the stability and regularity of the thermomagnetically writ-
ten domains in rare earth—transition metal (RE-TM) thin
films. Based on the classical micromagnetic theory,” o, is

found to be proportional to \/Z(??M , where 4, is the ex-
change stiffness derived from the mean-field theory or other
methods (neutron scattering, for example) and £, is the
uniaxial anisotrophy constant found usually by a torque
magnetometry. However, it was found that non-s-state rare-
earth elements such as Th and Dy in RE-TM materials are
responsible for the occurrence of random axis anisctropy
and could be characterized with more than one uniaxial ani-
sotropy constant.” In the absence of a reliable model of the
complex domain-wall structure, it has been proposed® to
derive the domain-wall energy density from experimental
observations. The method consists of measuring the differ-
ence of expanding and collapsing fields for micrometer-size
domains. In this paper, we report measurements of the do-
main-wall energy density for ThFeCo and GdTbFeCo mag-
neto-optical (MO) recording media.

il. THEORY

In MO materials there are three coniributions o the
energy of formation of the domain®: the external energy, the
domain-wall energy, and the magnetostatic (demagnetiz-
ing) energy. The forces on the domain wall may then be
calculated by differentiating the corresponding energy with
respect to the domain radius.

Consider a uniformly magnetized RE-TM sample of net
magnetization M, with a domain of radius R and thickness
A. Assuming the wall width is much smaller than the film
thickness, the external force per unit area applied on the
domain wall due to an external field H perpendicular to the
sample is given by

F. =2MH (1}

ext
We will adopt a negative sign for an inward force acting on
the domain.
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The demagnetizing energy was found to be proportional
to 2mM ? times a complex function of thickness and domain
radius. For a thin domain wall of large radius compared to
the film thickness a gocd estimate of self-magnetic energy
per unit area of domain wall is given by*

AE . =6mhM . (2)
Consequently F,,,, is cutward with an approximate magni-
tude

Fymag = SThM /R, (3)

The domain-wall energy arises from a combination of the
anisotropy and exchange energy. A simple way to derive
F,_.q is by considering a domain which shrinks from a radius
R to aradius B — A. The net change in energy is

AE . =27(R — Ao, — 2nRho, = F ., 2aRI)A. (4)
The wall force per unit wall area is then
Fwak] = —'(O-w/R) (5)

Note the F,,; is always inward, trying to collapse the do-
main. Finally, the total force acting on & domain is given by

Ftot = iFexl +deag ’“Fwall' (6)

When a threshold field # = H, is applied to expand the do-
main the total outward force becomes equal to the coercivity
force F.. Similarly, at the threshold of collapse (i.e,
H = H, ) the total force will be inward and equal to — F,.

Consequently the total forces in the case of expansion
and collapse are as follows:

EXpanSiOn: ifvz’ = cht( Hy T Fwaﬂ + deag; (7)
COHapse: - ‘P‘(‘ = - ‘FL‘K[(HZ) - Eval] ",'x deag‘ (8)
Summing Egs. (7) and (8) we obtain
Fex - ch 5
*Fwall = il 7 Sh + deag- (9)

Therefore, the domain-wall energy density can be found by
substituting the expressions of the forces derived above:

o, =6mhM? 4+ M R(H, —H,). (10)
It is important to note that the formulation of the domain-

wall energy densitv shown in Eq. (10) holds only for simple
circular walls and does not take into account Bloch lines or
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Bloch points. In that case, the expression for the domain wall
energy density for circular domains becomes’

o, ~4v (K, R4+niA_/R), (i)
where n is the number of Bloch lines and v is given by

v=[nj + (R/JA. /K )], (12)
with the assumption that the domain radius R is much larger
than the domain wall width ./4, /K, . In the limit of 5, = 0,
Eq. {11) reduces to the standard formula for domain-wall
energy density discussed earlier. Equation (11) simply im-
plies that o,, increases as the number of Bloch lines in-
creases. For the sake of comparison assume a i-gm-size do-
main with K, = 10° erg/cm® and 4, = 10~ 7 erg/cm, we
find o, = 1.265 erg/cm?® for n, =10 and o, = 1.267
erg/cm? for ny = 10 Bloch lines.

When the effect of Bloch lines on the demagnetizing
energy is taken into account, Eq. (2) should be rewritten as

AE e = 2mhM 1G(Apotg), (13)

where G(A,pph,) is a complicated function of A =4 /A,
Po =R /h, and n,. For the case of n, = 1, it was shown® that
as A approaches zero, the function G(A,pq,R,) approaches a
constant value of 3.

We now investigate the effect of Bloch lines on the de-
magnetizing energy using the fast Fourler transform tech-
nique as described in Refs. 6 and 7. Assume a reverse magne-
tized circular domain of radius R with n, Bloch lines on a
256256 discrete hexagonal lattice of unit spacing d. The
reduction in demagnetizing energy per unit wall area, caused
by the creation of 2 domain, is obtained by subtracting the
shape energy term (273 2) from the magnetostatic energy
term and then normalized by the perimeter of the domain,
namely

AE, g =Q2uhM? — E, .. }(4/27R),

mag /

(14)
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FIG. 1. G(A,ppn,) as functions of g; and n, at A = 0.5. G(A,pe,ny) is 2
function used to calculate demagnetizing energy in perpendicular oriented
magnetic thin films,
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FIG. 2. Schematic diagram of the micro-Kerr hysteresis-loop tracer with
submicrometer spatial resolution.

here A4 is the area of the film. In this case 4 = 256d X 256d.
G(A,pg.n,) is found by comparing Eq. (13) with Eq. (14).
Figure | is a plot of G(A,pgn,) as a function of gy, and n, at
AofQ.5. For R = 1 um, A= 100 nm {p, = 18), G(A,pe,n,)
varies between 2.8-3.2 for n, = 20 to n, = 1. This change
corresponds to o, = 1.44 to 1.5 erg/cm® for M, = 50 emu/
em® and AH = 200 Oe. In most RE-TM thin films, A is
about 0.03. In that case, a variation of G{ A p,#n,) as a func-
tion of n, is even smaller. From these results we conclude
that the effect of Bloch lines can be neglected in the calcula-
tion of o, from Eq. (10) since 2 + 10% error in the mea-
surements is expected.

il EXPERIMENTAL PROCEDURE

In order to measure fine variations of collapsing and
expanding fields for micrometer-size domains, a magneto-
optical hysteresis loop tracer with submicrometer spatial
resolution is used.

The micro-Kerr hysteresis-loop tracer, shown schema-
tically in Fig. 2, is described elsewhere.® A 30-mW laser
diode coupled into the objective of the microscope is used for
writing micrometer-size domains. The MO signal is detected
by a photomultiplier tube (PMT) with a variable measuring
aperture. Figure 2(a) is a photograph of a thermomagneti-
cally written domain (in black contrast) and an image of the
1-gem measuring aperture (in white contrast}. Then position
the magnetic domain within the measuring aperture. The
PMT only senses the light from the demagnified spot on the
sample surrounding the domain [Fig. 3(b)]. Samples are
placed on a heating stage with temperature range of 20—
200 °C and a 4-kOe electromagnet is used to destabilize the
domains. An x-p recorder plots the MO signal from the PMT
versus applied magnetic field.

To determine the critical expanding and collapsing
fields, a micrometer-size domain is written initially onto the
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FIG. 3.(a) A photograph of & thermomagnetically written domain (in
black contrast) and the image of the I-xm measuring aperture. (b} Domain
imaged by a measuring aperture. (c) Plot of MO signal from PMT vs ap-
plied magnetic field. H, and H, are the onset of expansion and collapse
magnetic fields, respectively.

sample. A magnetic field is applied in order to expand the
domain. At the onset of expansion, at an applied field &, the
MO signal starts increasing [Fig. 3{(c}] until it reaches a
steady state which corresponds tc a domain greater than the
size of the measuring aperture. The same applies when mea-
suring the collapsing field except that after rewriting the do-
main, the magnet is switched to the opposite direction. The
critical coliapse field is then H, [Fig. 3(¢)].

The processes are repeated for the same sample at differ-
ent temperatures for one to four micrometer-size domains in
TbFeCo and GdTbFeCo samples with various thicknesses
and compositions.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 4(a) shows M, and AH (H, — H,) versus tem-
perature for 2 270-nm Gd; Tb,; Fe,, Co g Ar, sample with a
100-nm SiQ, overcoat. The sampie has a coercivity (H,) of
3 kQOe at room temperature, a compensation temperature
(Toomp } and Curie temperature (7¢) of 85 and 320°C, re-
spectively. The corresponding values of o, derived from Eq.
(10) are plotted versus temperature for 1-pm domains in
Fig. 4(b). Note that o,, decreases linearly as temperature
increases while AH diverges around 85 °C. Linear decreas-
ing of o, with temperature is correlated with the tempera-

ture dependence of \(4 K, .* The shape of AH(T) is very
similar to H_(7T) where both divergeat 7, near which o,
is the dominant force acting on the domain wall. In the same
sample (Fig. 5) and at room temperature, it is found that
AH decreases as the domain spot size increases, while o, is
almost constant. The variations of ¢, are assumed to be due
to experimental errors which have been accounted for by
calculating the standard deviation for every set of measure-
ment, [t is important to note that in the calculations of o, we

haveassumeda + 10Gerrorin AH, a2 + 0.1 pmerrorin R,
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FIG. 4.(a) M, (—) and AH (--) vs temperature. (b} o, vs temperature
for a 270-nm-thick Gd,, Tb,, Fe,, Co,, Ar, sample,
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FIG. 5. ¢,{(—) and AH {--) vs domain radius for a 270-nm-thick
Gd,;; Tb,, Fe,s Co,; Ar, sample at room temperature.
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FIG. 6. o, vs temperature for a {--) Th,; Fe,, Co, and a (—} Th,,Fe;, Co,
sample.

and errors up to 10% in M| which also accounts for the error
in thickness.

Figure 6 shows o, versus temperature for two TbFeCo
samples. The same linear decrease of g, toward T is ob-
served. The first sample, 189-nm-thick Tb,; Fey, Co,, has an
H_ of 2.7 kQOe at room temperature and a 7. of 130 °C. For
this sample A is negative (i.e., the coflapsing field is larger
than the expanding field) implying a large demagnetizing
energy. The second sample, 143-nm-thick Tb,, Fe,, Co,, has
an H, of 2.9 kCe at room temperature and a T of 210 °C. It
is worthwhile to mention that this sample (Tb,Fe,, Cog)
exhibits irregular domain patterns during expansion. Never-
theless, the model is able to predict o, since it only considers
the difference between the expansion and collapse fields.
Therefore, small irregularities in the domain wall will cancel
out.

The torque magnetometer measured K, for
Tb,, Fe,, Co, at room temperature is 1.7 X 10° erg/cm’. As-

suming o,, = 4,/4,K, , and using the obtained o, of 2.43
erg/cmy’, the exchange stiffness 4, for the Th,,Fe,, Co, at
room temperature is derived to be 2.17 X 1077 erg/cm. The
derived 4 is similar to the mean-field calculated 4, for

(Th,, Fe,y )gs Ars.” o, for the TbFeCo samples at room
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temperature is about a factor of 2 larger than that in the
GdTbFeCo, where o, is about 1.4 erg/cm?, although the
Curie temperature of the latter is much higher than that of
the former. This is in agreement with the dependence of o,
on K, which is smaller in the case of GdTbFeCo due to the
dilution of strong single-ion anisotropy by the s-state Gd
atoms.

V. CONCLUSION

Domain-wall energy density was measured as a function
of radius, temperature, and composition using a micro-Kerr
hysteresis-loop tracer with submicrometer spatial resofu-
tion. It hias been found that ¢, is a weak function of domain
size and a linear decreasing function of temperature. Room-
temperature ¢, of Tb,,; Fe,; Co, is 2.66 erg/cm?, whick is
almost a factor of 2 higher than that of GdTbFeCo, indicat-
ing the dilution of single-ion anisotropy by Gd constituent.
As uniaxial anisotropy constant K, can be measured by a
torgue magnetometer, exchange stiffness 4 car then be de-
rived. For the Th,yFe,;, Co, film, the derived 4, at room
temperature is 2.17 X 1077 erg/cm. This simple method is
applicable to derive domain-wall energy density and ex-
change stiffness and their temperature dependences in MO
recording materials.
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