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Abstract 

Domain structures in CoFeB-MgO thin films with a perpendicular easy 

magnetization axis were observed by magneto-optic Kerr-effect microscopy at various 

temperatures. The domain wall surface energy was obtained by analyzing the spatial 

period of the stripe domains and fitting established domain models to the period. In 

combination with SQUID measurements of magnetization and anisotropy energy, this leads 

to an estimate of the exchange stiffness and domain wall width in these films. These 

parameters are essential for determining whether domain walls will form in patterned 

structures and devices made of such materials. 
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I. Introduction 

The interface between CoFeB and MgO in CoFeB films generates a large magnetic 

anisotropy in the direction perpendicular to the film plane [Endo 2010, Ikeda 2010]. 

Although the presence of perpendicular interface anisotropy has been previously reported 

in CoFeB-MgO [Hosomi 2007, Nistor 2009, Yakata 2009, Shimabukuro 2010], realization of 

magnetic tunnel junctions (MTJs) with a perpendicular easy axis in the CoFeB-MgO system 

is of particular interest since these materials are now commonly used for MTJs with high 

magnetoresistance [Ikeda 2010]. The CoFeB-MgO system with a perpendicular easy axis 

is of advantage to maintain thermal stability in nano-scale devices and has also been 

shown to result in lower threshold currents for spin transfer torque switching in MTJs [Ikeda 

2010]. Moreover, unlike other recently reported multilayers with perpendicular anisotropy 

[Jung 2010], an additional metallic layer adjacent to the CoFeB is not needed to obtain a 

perpendicular easy axis. Such metallic adjacent layers reduce spin torque effects in devices 

utilizing domain wall motion where current flows in the film plane because they shunt the 

current. Indeed, low threshold current to induce domain wall motion has recently been 

reported in CoFeB/MgO nanowires with perpendicular anisotropy [Fukami 2011]. Therefore 

the CoFeB-MgO system with perpendicular anisotropy is very attractive for application to 

nonvolatile high-speed domain wall devices utilizing current-induced domain wall motion, in 

addition to MTJs for magnetoresistive random access memories [Parkin 2004, Numata 

2007, Kawahara 2008, Matsunaga 2008]. 

Here we investigate the properties of CoFeB thin films with a perpendicular 

magnetic anisotropy by observing temperature dependence of magnetic domain structure 

[Saratz 2010a, Saratz 2010b] and comparing the domain structure in demagnetized states 

with that predicted by established domain models [Málek 1958, Kooy 1960, Kaplan 1993]. 

The spatial period of the stripe domains that form in the films provides a measure of the 

domain wall energy, gw. This, in combination with superconducting quantum interference 



 3 

device (SQUID) magnetometry of the magnetization and magnetic anisotropy yields an 

estimate of the exchange stiffness, As, and domain wall width, dw, in the films. These 

parameters determine conditions for domain wall stability in devices utilizing domain wall 

motion or the formation of unwanted domains in MTJs [Kitakami 2009]. 

 

II. Experimental Procedure 

All samples were deposited on thermally oxidized Si (001) substrates using RF 

magnetron sputtering at room temperature. The stack consists of 

substrate/Ta(5)/Ru(10)/Ta(5)/Co20Fe60B20(tCoFeB = 0.9-1.3)/MgO(1)/Ta(2) (numbers are 

nominal film thickness in nanometers determined from the deposition rate). After deposition 

of the multilayers, each wafer was cut into two pieces and one was annealed in a vacuum 

for 1 hour under a perpendicular magnetic field of 0.4 T at 350°C. Both the as-deposited 

and annealed samples were cleaved into 4 mm squares for SQUID measurements and 

smaller pieces, a few mm2, for domain observations. 

 

III. Results and Discussion 

Magnetization versus external magnetic field (M−H) curves of sample A 

(as-deposited sample with the thickness of CoFeB, tCoFeB = 1.1 nm) and sample B 

(annealed sample with tCoFeB = 1.3 nm) were measured by SQUID at various temperatures 

(10−300 K). Figure 1(a) shows the M−H curves for sample A at 300 K under in-plane and 

out-of-plane magnetic fields. The nearly linear, non-hysteretic response to in-plane fields is 

characteristic of perpendicular magnetic anisotropy. From the out-of-plane M-H curves, the 

value of coercive field is less than 1 mT. Similar M-H curves are obtained with sample B at 

300 K and the value of coercive field is also less than 1 mT. The saturation magnetization 

Ms and perpendicular magnetic anisotropy energy density K = Keff + m0Ms
2/2 are extracted 

from the M−H curves, where Keff is an effective perpendicular anisotropy energy density. 

The value of Ms is determined by the average of M over a range of magnetic fields, 1 T ≤ 
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|m0H| ≤ 2 T. The value of Keff is obtained from the area of triangular region between Ms and 

the in-plane M−H curves. Thus the value of Keff includes higher order contributions of 

uniaxial anisotropy. Figures 1(b) and 1(c) show the temperature, T, dependence of Ms and 

K for samples A and B, respectively. Assuming that the bulk crystalline anisotropy is 

negligible, the interface magnetic anisotropy energy densities, Ki, for samples A and B at 

300 K are 0.49 mJ/m2 and 1.4 mJ/m2, respectively. These values are comparable to those 

calculated from the values of Ms, Keff, and tCoFeB for similar samples obtained in previous 

work [Ikeda 2010, Yamanouchi 2011]. For both of the samples, Ms and K increase at lower 

temperatures. Since domain structures are determined by the trade-off between 

demagnetization energy and domain wall surface energy, which depend on the magnitude 

of Ms and K, temperature dependent structural changes of domains are anticipated for both 

of the samples. The magnitudes of Ms and K of sample B are larger than those of sample A, 

likely due to the crystallization of CoFeB triggered by a decrease of boron concentration 

during annealing [Hayakawa 2005]. 

For magnetic domain observation, the samples were placed in an optical cryostat 

and the domain structure was observed by polar magneto-optic Kerr-effect (MOKE) 

microscopy using 546 nm illumination and 20× magnification. The maximum size of the 

MOKE image is 192×256 mm2, limited by the capacity of the CCD camera and the 

magnification of the microscope. Before capturing the domain image, at each temperature, 

the samples were ac-demagnetized using an alternating perpendicular magnetic field with 

exponentially decaying amplitude starting from 20 mT. To enhance the image contrast, 

differential images between ac-demagnetized and remanent states after applying a large 

enough field to saturate magnetization were taken. Representative selections of domain 

images for samples A and B at various temperatures (10, 200, and 300 K) are shown in Fig. 

2(a)-(c) and Fig. 2(d)-(f) respectively. The bright and dark regions correspond to 

out-of-plane magnetization pointing up and down respectively. At T ≥ 100 K, the domains 



 5 

were quite mobile, quickly settling into the labyrinthine patterns. However, at T ≤ 50 K, the 

domain walls were strongly pinned and the domain structure may not represent the lowest 

energy configuration. Rather, at low temperatures, the pattern reflects the distribution of 

domain nucleation sites because magnetization reversal of the observed region was 

dominated by nucleation of many domains during the ac-demagnetization procedure. 

It should be noted that domains as large as a few hundred mm, which is comparable 

to the maximum size of the MOKE images, were observed for the as-deposited samples 

with tCoFeB = 0.9 nm and 1.0 nm and the annealed samples with tCoFeB = 0.9-1.2 nm at room 

temperature. This is due to the higher domain wall energy resulting from the greater 

influence of the interface anisotropy in the thinner magnetic films and is consistent with the 

domain theory discussed below. However, the limited field of view of the MOKE microscope 

prohibits a quantitative analysis of these large domain patterns. For thicker, as-deposited 

samples with tCoFeB = 1.2 and 1.3 nm, no perpendicular domain structures are detected at 

room temperature. Based on the measured values of Ms and Ki for samples A and B, the 

in-plane shape anisotropy is expected to dominate the perpendicular interface anisotropy 

for films thicker than tCoFeB = 1.23 and 1.39 nm in as-deposited and annealed samples, 

respectively. Thus, only a limited range of thicknesses is amenable to domain analysis, in 

thinner films the domains are too large to measure and in thicker films no domains are 

detected due to lack of perpendicular anisotropy. Moreover, domain structures in samples A 

and B cannot be compared since normalized CoFeB thicknesses of samples A and B with 

the critical thicknesses are different (0.89 and 0.94 for samples A and B). 

To quantify the observed domain structures, domain images are analyzed using 

two-dimensional fast Fourier transforms (FFT). The processed images at 10 K and 300 K 

for sample A are shown in Figs. 3(a) and (b). The color scale is normalized with black 

indicating the largest amplitude and white indicating zero amplitude of the spatial frequency 

components. There are no apparent periodic patterns at 10 K, which suggests that 
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randomly distributed pinning is restricting the formation of regular domain patterns. On the 

other hand, periodic and nearly isotropic patterns are formed at 300 K as predicted by 

domain theories [Málek 1958, Kooy 1960, Kaplan 1993]. These results show that pinning of 

domain wall is unimportant for the formation of demagnetized state in CoFeB/MgO system 

at T ≥ 100 K. Figure 4(a) shows the amplitude of direction-independent Fourier components 

obtained by averaging the FFT over circles of radius 1/wavelength. The peak value is taken 

as the characteristic period Dp of the domain pattern. In the demagnetized state, the up and 

down domains (bright and dark regions) are of equal size. The values of Dp determined 

from the domain images at each temperatures (T ≥ 100 K) in the manner mentioned above 

are shown in Figs. 4(c) and (d) for samples A and B respectively. The value of Dp increases 

with decreasing temperature and peaks at around 150-200 K. This behavior of Dp is in 

agreement with that predicted for stripe domain period in ultrathin magnetic films [Gehring 

1993, Polyakova 2007]. On the other hand, Dp starts to decrease at temperatures below 

150 K, which may be attributed to the appearance of domain wall pinning effects on forming 

the lowest energy domain configuration. 

For the sake of analysis, the observed labyrinthine domain structure is treated as 

an ideal, periodic stripe domain pattern with cross section as indicated in Fig. 4(b). For 

domains much larger than the thickness of the film (i.e. Dp >> t, which, in the nm-thick films 

considered here, applies for any domain structure that can be observed optically), Kaplan 

and Gehring derive an analytical expression relating stripe domain period to the film 

thickness, t: Dp = 1.91 t exp(pD0/t) [Kaplan 1993], where D0 = gw/m0Ms
2 is a characteristic 

length of the material determined by the domain wall surface energy gw and domain 

magnetization, Ms.  

Using Ms measured by SQUID magnetometry and t determined from the deposition 

rate, gw is determined from the domain period by the Kaplan-Gehring equations. The 

temperature dependence of gw for samples A and B are shown in Fig. 4(e). For both 
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samples, gw decreases almost linearly with increasing T, reaching 2.5 mJ/m2 in sample A 

and 5.9 mJ/m2 in sample B at 300 K. Since gw must be zero at the Curie temperature, Tc, 

linear extrapolation of the values of gw at T ≥ 150 K (to avoid domain wall pinning effects) 

yields estimates of 728 K and 1026 K for the Curie temperatures of samples A and B 

respectively. The value of Tc for sample B is comparable to that for Fe (Tc ~ 1000 K) 

[Chikazumi 1964]. The smaller value of Tc for sample A may be related to remaining 

nonmagnetic boron in CoFeB. 

The exchange stiffness, As, and domain wall width, dw, may be estimated from 

these measurements using the following relationships, gw = 4(AsKeff)
1/2 and dw = pgw/(4Keff) 

for domain walls in zero thickness limit, uniaxial materials [Schlömann 1973]. By using the 

measured values of Keff and gw, the values of As for samples A and B at 300 K are found to 

be 8.4 pJ/m and 31 pJ/m, respectively. The values of dw at 300 K for samples A and B are 

estimated as 43 nm and 67 nm, respectively. It should be noted that the expressions for gw 

and dw above are lower and upper bounds, respectively, because gw and 1/dw increase with 

increasing film thickness as long as the thickness remains small compared to (As/K)1/2 

[Schlӧmann 1973]. A suitable theory for the energy of domain walls in thin films dominated 

by interface anisotropy has not yet been developed. 

The values of As in the CoFeB samples are in the same orders of magnitude as that 

of Fe (As ~ 20 pJ/m) [Chikazumi 1964]. The value of As of sample B is larger than that of 

sample A, which could be attributed to a smaller exchange integral, which is also suggested 

by the lower estimated value of Tc, and the smaller magnitude of Ms for sample A. Although 

not quantifiable, it is worth mentioning that the strong dependence of Dp on tCoFeB as well as 

the very large domains in the samples with thinner CoFeB are consistent with the analysis. 

Assuming that the values of Ms and Ki are the same as those of samples for the domain 

observation, and negligible bulk anisotropy, the predicted periods of domains, Dp, in the 

as-deposited films with tCoFeB = 0.9-1.0 nm and annealed films tCoFeB = 0.9-1.2 nm are 
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greater than 100 mm at 300 K. 

 

IV. Conclusions 

In conclusion, domain structures in CoFeB-MgO thin films with a perpendicular 

easy axis were observed by MOKE microscopy at various temperatures. At T ≥ 100 K, 

domain walls were quite mobile and domains were quickly settling into labyrinthine patterns 

in demagnetized state. However, at T ≤ 50 K, the domain walls were strongly pinned and 

the domain structure could not be interpreted by standard theories. Temperature 

dependence of domain wall surface energy was obtained by analyzing the spatial period of 

the stripe domains and fitting established domain models to the period. In combination with 

SQUID measurements of magnetization and anisotropy energy, this leads to an estimate of 

the exchange stiffness and domain width in these films. Thus determined domain wall width 

is comparable to the feature size of present day nanoelectronics devices. For further 

miniaturization of domain wall devices made of the CoFeB/MgO system, reduction of dw is 

important by decreasing demagnetization energy or increasing perpendicular anisotropy. 
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Figure captions 

FIG. 1. (a) M−H curves for sample A at 300 K under in-plane and out-of-plane magnetic 

fields. (b) Temperature dependence of saturation magnetization, Ms, for samples A and B 

(circles and triangles, respectively). (c) Temperature dependence of perpendicular 

magnetic anisotropy energy density, K, for samples A and B (circles and triangles, 

respectively). 

 

FIG. 2. MOKE microscope images of domain structures in sample A ((a)-(c)) and sample B 

((d)-(f)) in demagnetized state at different temperatures (10, 200, and 300 K).  

 

FIG. 3. Two-dimensional Fourier transforms of domain images for sample A at (a) 10 K and 

(b) 300 K. 

 

FIG. 4. (a) Amplitude of direction-independent Fourier components obtained by averaging 

of the FFT of Fig. 3(b) over circles of radius 1/wavelength. (b) Schematic drawing of cross 

section of the assumed perpendicular regular stripe domain pattern. Temperature 

dependence of domain period Dp for (c) sample A and (d) sample B obtained from domain 

images in demagnetized state, respectively. (e) Temperature dependence of domain wall 

surface energy gw determined by the fit of the Kaplan and Gehring equations to (c) and (d) 

(circles and triangles correspond to sample A and B, respectively). 
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