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ABSTRACT 

In contrast to the extensive study of domain reversal in ferromagnetic materials, 

domain switching process in antiferromagnets is much less studied due to the 

difficulty of probing antiferromagnetic spins. Using a combination of hysteresis loop, 

Kerr microscope, and x-ray magnetic linear dichroism measurements, we investigated 

AFM domain switching process in single crystalline Fe/CoO bilayers on MgO(001). 

We demonstrate that the CoO AFM switching is a Kolmogorov-Avrami process in 

which the thermal activation energy creates AFM domain nucleation centers which 

further expand by domain wall propagation. From the temperature- and 

thickness-dependent measurements, we are able to retrieve quantitatively the 

important parameter of the CoO AFM activation energy, which is shown to increase 

linearly with CoO thickness. 

   



Ⅰ. Introduction 

Dynamics of magnetization reversal is a critical issue to both high performance 

spintronics technology and fundamental understanding of magnetism [1,2,3,4,5]. 

Although ferromagnetic(FM) materials have been the main focus of magnetism 

research, antiferromagnetic(AFM) materials (one of the two basic magnetic materials) 

have also been widely applied to magnetic recording technology [6,7]. Recently, it has 

been found that the AFM spin configuration can significantly influence the transport 

properties of the devices based on AFM materials [8,9,10,11,12,13], thus there is an 

increasing effort to develop modern spintronic devices using AFM materials. Since 

spintronics technology usually involves different spin configurations and their 

switching, AFM spin switching process has become one of the critical issues in 

developing future high performance of AFM based spintronics technology. 

Unfortunately, there has been very limited studies and knowledge on the AFM spin 

switching process. 

Since AFM materials alone respond little to external magnetic field, the AFM 

spin switching and other functionalities usually manifest through interfacial magnetic 

coupling in FM/AFM heterostructures. In polycrystalline FM/AFM systems, the spin 

rotation and evolution of the AFM grains have been observed indirectly in the 

exchange bias during magnetic field cycling and are phenomenologically referred to 

the training effect [14 ,15 ,16,17 ,18 ,19 ,20 ,21 ,22]. However, the random spin 

orientations of AFM polycrystalline grains prohibit it to retrieve a clear physical 

picture on the AFM spin switching process in FM/AFM systems. To understand the 

AFM switching process, single crystalline AFM films have been employed recently. 

Shpyrko et al. [23] pioneered the measurement on an antiferromagnetic Cr single 

crystal using x-ray photon correlation spectroscopy. From the noise spectra, they were 

able to retrieve the information on the Cr spin fluctuations. However, such 

fluctuations are related to the spontaneous thermal and electronic excitations rather 

than to the FM/AFM interaction which is more relevant to spintronics technology. 

Using element-specified X-ray Magnetic Linear Dichroism (XMLD) to directly 

measure the CoO spins in single crystalline CoO/Fe bilayers, Wu et al. identified the 



rotatable and frozen CoO AFM spins in thin- and thick-film limits [24], but could not 

explore the CoO spin switching process due to the limitation of XMLD measurement. 

This remains a mystery of the AFM spin switching process and its thermal activation 

in FM/AFM systems. In this paper, we report our study on the switching process of 

AFM CoO spins in single-crystalline Fe/CoO/MgO(001) system. We find that the 

CoO spin switching proceeds with an initial nucleation center formation followed by 

domain wall propagation. We show that this process is governed by the 

Kolmogorov-Avrami process which depends on the thermal activation energy. By 

temperature- and thickness-dependent studies, we retrieved the important parameter 

of the activation energy which depends linearly on the AFM CoO film thickness. 

 

Ⅱ. Experiments 

MgO(001) substrates were prepared in an ultrahigh vacuum system by annealing 

at 600 oC followed by a 10 nm MgO seed layer deposition at 500 oC. CoO film was 

then grown by evaporating Co under an oxygen pressure of 1.0×10-6 Torr at room 

temperature. Subsequently, an Fe film was grown on top of the CoO layer. Sharp 

reflection high energy electron diffraction (RHEED) patterns reveal excellent epitaxy 

growth of the Fe and CoO films with the lattice relation of 

Fe[100]//CoO[110]//MgO[110] [25,26]. The Fe/CoO/MgO(001) sample was capped 

with a 3nm MgO protection layer. Magnetic properties of the films were measured by 

longitudinal magneto-optic Kerr effect (MOKE) with a laser diode (wavelength 670 

nm, beam diameter ~ 0.2 mm). The sample temperature can be varied between 82 K 

and 330 K in a small optical Dewar cooled by liquid Nitrogen. Magnetic domain 

images were taken by a commercial Kerr microscopy. XMLD experiments were 

performed at beamline 4.0.2 and 6.3.1 of the Advanced Light Source with the total 

electron yield mode. 

Ⅲ. Results and discussion 

Figure 1(a) shows the representative MOKE hysteresis loops of Fe (23 nm)/CoO (5 

nm)/MgO(001) after field cooling to 82K with the cooling field FCH  parallel and 



perpendicular to the MOKE optical plane, respectively. The FCH  was along the 

CoO<110> direction which is the easy axis (EA) of the in-plane four-fold anisotropy 

of the CoO film grown on MgO(001) [26]. Then the spin-flop Fe/CoO interfacial 

coupling [27,28] aligns the CoO AFM spins CoOS  perpendicularly to the FCH  and 

subsequently induces an in-plane uniaxial magnetic anisotropy in the Fe film with the 

EA parallel to FCH  [25,26]. This is verified by the square EA loop for / / FCH H  

and the zero remanent double-split hard-axis (HA) loop for FCH H⊥  [25]. The 

uniaxial magnetic anisotropy disappears above 200K where the CoO spins become 

rotatable to follow the Fe magnetization directional change [24]. Due to the 

compensated spins on CoO(001) surface, the exchange bias is negligible in 

Fe/CoO/MgO(001) as compared to the much stronger uniaxial anisotropy. The most 

surprising result is that in an intermediate temperature range, the hysteresis loop for 

FCH H⊥  changes gradually from the HA loop to the EA loop with the increase of 

magnetic field cycling [Fig. 1(b)]. This result shows clearly that the cycling of the 

magnetic field gradually switched the Fe uniaxial anisotropy with its easy axis from 

/ / FCEA H  to FCEA H⊥ . 

To understand the MOKE results, we performed magnetic domain imaging 

measurements using a Kerr microscope on a sample of Fe (25 nm)/CoO (4 

nm)/MgO(001) [Fig. 2]. The sample was first cooled down with / /FCH y  to align 

the CoO spins to / /CoOS x , where x  and y  correspond to the CoO[110] and [1 10 ] 

axis, respectively. Then the remanent domain images (Fig. 2) were taken after 

applying a positive field H+  (top row) and a negative field H−  (bottom row) at 

different numbers of field cycles along the Fe hard axis ( / /H x ). Right after the field 

cooling, only single domain with / /FeM y  was observed [Figs. 2(a),(f)]. After the 

field cycling, domains with / /FeM x  gradually appeared and expanded with the 

increase in cycling number. Eventually, the original single domain of / /FeM y  was 



completely switched to the final single domain of / /FeM x  [Figs. 2(e), (j)], 

confirming the hysteresis loop result that the easy-axis of the Fe uniaxial anisotropy 

switched by 90o through the field cycling along the original Fe hard axis. Moreover, 

the Kerr imaging result shows that such switching is a result of microscopic domain 

switching, i.e., the continuous magnetic remanence change in Fig. 1(b) is a result of 

increased magnetic domains with / /FeM x . We also note that within each field cycle 

the domains with //+FeM x  in the 0H Oe+ →  process (light color domains in the 

top row of Fig. 2) are the same as to the domains with //-FeM x  in the 0H Oe− →  

process (dark color domains in the bottom row of Fig. 2), indicating that the Fe 

domains are pinned locally by the underlaying CoO spins, which have only uniaxial 

but no unidirectional order [29]. Since the Fe and CoO spins are strongly locked 

together, we conclude that the observed Fe domain switching is a result of the 

underlaying CoO AFM switching during the field cycles. The scenario is that as the 

Fe magnetization rotates from its original / /FeM y  easy axis to the / /FeM x  easy 

axis by the external field, the Fe/CoO interface coupling favors the CoO spins to 

switch from its original / /CoOS x  axis to the / /CoOS y  axis. Once the CoO AFM 

spins are thermally excited to switch their spins to the new lower energy state of 

/ /CoOS y  to form a local CoO AFM domain, the Fe/CoO interfacial coupling should 

switch the Fe easy axis from its original y-axis to the x-axis. Therefore the 

90o-switching of Fe domains, appeared as the domain nucleation and wall propagation 

in Fig. 2, should originate from the CoO AFM domain switching, and the remanent 

Kerr signal in Fig. 1(b) should correspond to the fractional area of the switched CoO 

AFM domains. This fractional change [Fig. 1(c)] increases slowly with the cycling 

number at the beginning, faster in the middle, and then slowly again to approach the 

final saturation value of 1. This trend is very different from the training effect in 

exchange bias, which usually exhibits a dramatic decrease in the first few cycles 

[14-17]. 



We then performed XMLD measurements at the Co2+ L3 edge to directly probe the 

CoO AFM spins in a sample of MgO (2 nm)/Fe (3 nm)/CoO (3.5 nm)/ MgO(001). 

After cooling the sample to 180 K with a 1 kOe field along the CoO [110] axis, the 

x-ray adsorption spectrum (XAS) was taken at the normal incidence of the x-rays with 

the polarization E parallel and perpendicular to FCH , respectively [inset of Fig. 3(a)]. 

As the external magnetic field sweeps repeatedly between -700 Oe to +700 Oe in the 

FCH H⊥  direction, the XMLD effect was measured after each cycle of the field 

sweeping. Based on the L3 line shape analysis [30], the opposite line shapes of the 

CoO L3 edge XAS before and after the field cycling [Figs. 3(a) and 3(b)] show that 

the CoO in-plane AFM spins are initially aligned perpendicular to FCH  and 

switched to the FCH  direction after the field cycling. The L3 edge XMLD effects 

(
3L

R ) [30,31] for / /E H  and E H⊥  (defined as the ratio of the XAS intensity at 

776.8 eV and 779.4 eV ) cross each other as a function of the field cycling number 

and eventually saturate at the reversed values, indicating a 90o-switching of CoO 

AFM spins [Fig. 3(c)]. The 
3L

R  difference between / /E H  and E H⊥  cases [e.g., 

3 3 3
( / / ) ( )L L LR R E H R E HΔ = − ⊥ ] should be a quantitative measure of the areal 

difference between the AFM domains with the CoO spins along [110] and [1 10 ] 

directions. Then the evolution of 
3L

RΔ  from negative to positive [Fig. 3(d)] values as 

a function of the field cycling number clearly confirms the CoO domain switching, 

supporting that the evolution of the Kerr remanence in Fig. 1(c) indeed comes from 

CoO AFM domain switching. 

To understand the mechanism of AFM switching process, we investigated the 

temperature dependent properties of CoO AFM spin switching. Figure. 4(a) shows the 

Kerr remanence as a function of field cycle number N at different temperatures. The 

AFM switching time is roughly doubled when decreasing the temperature only by 1 K, 

showing a strong temperature dependence of the AFM spin switching. So far there 

exists only limited knowledge of AFM domain. There was one attempt in explaining 



the exchange bias relaxation in which the growth of AFM domains were assumed 

within a reversed magnetic field [14]. Noticing that any domain formation and growth 

should involve the process of nucleation and growth which is governed by the 

Kolmogorov-Avrami process [14,32,33], we applied this idea to the case of the 

Fe/CoO/MgO(001) system where thermal activations should break the original CoO 

single domain into multi-domains in the form of ~ exp ( / )t στ⎡ ⎤−⎣ ⎦ , where t is time, 

σ  is a power index, and τ  is the relaxation time constant [14]. Since the ratio 

between the remanence signal ( rM ) and the saturation signal ( SM ) along the original 

Fe hard axis measures the area of the switched CoO domains, we establish an 

exponential relation between the CoO domain switching process and the remanence 

ratio in Fig. 1(c) based on the Kolmogorov-Avrami process,  

      ( ) / 1 exp( / )r s DM N M N στ= − .                          (1) 

Here N is the number of field cycles, and Dτ  is the relaxation time constant with the 

identical time unit cost in each loop scan (~10 s for each loop cycle). To test the 

validity, we use Eq. (1) to fit the Kerr remanence in Fig. 1(c) and Fig. 4(a). The result 

shows an excellent agreement of Eq. (1) with the experimental data. Furthermore, 

3L
RΔ  in the XMLD measurement denotes the area difference between the 

un-switched and the switched CoO AFM domains, thus should follow the expression 

of 

3 0 (2exp( / ) 1)L DR R N στΔ = Δ − − .                      (2)  

Here 0RΔ  is the maximum L3 ratio difference at the initial single domain state after 

field cooling. We find that Eq. (2) indeed well describes the experimental curve in Fig. 

3(d). Therefore both MOKE and XMLD measurements prove the validation of the 

Kolmogorov-Avrami process in describing AFM CoO switching process. 

Figs. 4(b) and 4(c) show the Dτ  and σ  values as a function of temperature from 

the data fitting of Fig. 4(a). While the value of σ ~3 shows little temperature 

dependence, Dτ  value decreases exponentially with the Arrhenius law of [3]:   



       0 exp( / )D V BE k Tτ τ= .                       (3) 

Here 0τ  is a characteristic attempt time with the time unit cost in each loop scan, 

VE  is the energy barrier of the CoO AFM domain with the activation volume V, T is 

the temperature used in the measurements, and Bk  is the Boltzmann constant. By 

fitting the results of Fig. 4(b), we obtain the energy barrier of 0.91VE eV=  for 4.5 

nm CoO film. 

The CoO energy barrier VE  was further studied by obtaining the relaxation time 

Dτ  and the power index σ  at different temperatures and CoO thicknesses [Figs. 5(a) 

and 5(b)]. The index σ  is ~3 for CoO thickness less than 5 nm and then decreases 

for thicker CoO films. For the reversal dynamics of FM domains, a value of ~ 3σ  

corresponds to a domain wall motion dominated process [1,5]. Thus we attribute our 

~ 3σ  value at thinner CoO films to the domain wall motion mechanism of the CoO 

domain switching process, which is consistent with the domain images in Fig. 2. For 

thicker CoO film, σ  decreases to 1, indicating that the domain switching is 

dominated by the domain nucleation process [1,5]. The energy barrier VE  [Fig. 5(c)], 

obtained by fitting Dτ  in Fig. 5(a) using Eq. (3), shows a linear dependence on CoO 

thickness. Since the CoO spins rotate uniformly across the CoO thickness [24], the 

energy barrier VE  should be proportional to the CoO crystalline anisotropy energy 

within the activation volume CoO actV d A= , where actA  stands for the activation area 

of the CoO domain and CoOd  is the CoO film thickness. Therefore, the linear 

thickness-dependence of the energy barrier suggests that the activation AFM domain 

area is independent of CoO thickness. 

In addition to the CoO magnetic anisotropy, our CoO 90o domain switching occurs 

with the Fe magnetization aligned in its original hard axis so that the Fe/CoO 

interfacial coupling benefits the CoO switching. Therefore the overall energy barrier 

for the 90o-switching of a CoO domain should be:  



V c CoO act ex actE K d A K A= − .                          (4) 

Here cK  denotes the cubic anisotropy energy density of CoO film, exK  is the 

in-plane uniaxial anisotropy energy density induced by the Fe/CoO exchange 

coupling. Eq. (4) yields a vanishing of the energy barrier VE  at the critical thickness 

of /c ex cd K K= . Indeed we found that there exists a critical CoO thickness of 

dc~2.7nm below which the double-split HA loop becomes square EA loops for both 

FCH H⊥  and / / FCH H  directions [Fig. 5(d)]. Taking dc~2.7nm, Ms=1714 emu/cm3 

for Fe magnetization, and 2~ 1.34 /ex s s FeK H M d erg cm=  [25] where the shift field 

sH ~340 Oe is the offset of the minor loop of the HA double-split loop [Fig. 1(a)], 

cK  is estimated to be 6 35.0 10 /erg cm×  which is much smaller than the volume 

cubic anisotropy of 8 32.7 10 /erg cm×  in bulk AFM CoO crystal [6]. The smaller 

anisotropy could be attributed to the strain effect or the finite size effect in thin AFM 

film. Moreover, Eq. (4) also shows that the linear slope of the activation energy versus 

the CoO thickness corresponds to c actK A . Then from the linear slope of 

~ 0.54 /eV nm  in Fig. 5(c) and cK , we further obtained the activation area actA  of 

the AFM domain nucleation to be ~173 nm2, which corresponds to a circle of radius rc 

~7.4 nm. This radius determines the minimum size of the AFM domain creation, in 

which the CoO AFM spins switch coherently.  

 

Ⅳ. Summary  

In summary, we investigated the AFM domain 90o-switching process in epitaxial 

grown Fe/CoO/MgO(001). Magnetic domain images show that AFM domain 

switching occurs through domain nucleation plus domain wall propagation. The AFM 

domain relaxation can be well described by the Kolmogorov-Avrami process with the 

temperature-dependent relaxation time being well described by the Arrhenius law. The 

energy barrier of the CoO domain switching was retrieved experimentally, which was 



found to increase linearly with CoO thickness above a critical thickness. This linear 

dependence is a result of competition between the CoO cubic anisotropy and the 

Fe/CoO interface exchange coupling. 
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FIGURES 

 

 
 

Fig. 1. (a) Hysteresis loops for FCH H⊥  and / / FCH H  from Fe (23 nm)/CoO (5 

nm)/MgO(001) at 82K. (b) Representative hysteresis loops for FCH H⊥  at 143K 

during magnetic field cycling (N denotes the cycling number). (c) Remanent Kerr 

signal in (b) increases with the cycling number. The red line in (c) is the fitting result 

using Eq. (1).  

 

 

 
  



 

 
 

Fig. 2. Time-dependent domain evolution of Fe (25 nm)/CoO (4 nm)/MgO(001) at 

remanent state after different numbers of field cyclings at 144 K with (a-e) H 

decreased from a positive field (+500 Oe) and (f-j) H decreased from a negative field 

(−500 Oe). The cycling number N is listed in each frame. Domain boundaries are 

plotted using black lines as a visual guide.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Fig. 3. CoO x-ray absorption spectrum at L3 edge with the x-ray beam polarization 

/ /E H  and E H⊥  (a) before and (b) after field cycling at 180 K from Fe (3 

nm)/CoO (3.5 nm)/MgO(001). The insert in (a) indicates the XMLD measurement 

geometry. (c) CoO 
3L

R  ratio versus field cycling number for both beam polarization 

/ /E H  and E H⊥  at 180 K. (d) The 
3L

R  difference 
3L

RΔ  between / /E H  and 

E H⊥  as a function of cycling number. The red line in (d) is the fitted result using 

Eq. (2). 

 

 

 

 

 

 

 

 



 

 

 

 

 

Fig. 4. (a) Remanent Kerr signal versus field cycling number N at different 

temperatures from the sample of Fe (23 nm)/CoO (4.5 nm)/MgO(001). The black 

lines are the fitted results using Eq. (1). (b) and (c) Temperature dependent relaxation 

time constant Dτ  and the fitted exponent σ , respectively. Red line in (b) is the 

fitted result using Eq. (3) based on the Arrhenius law. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Fig. 5. (a) and (b) Temperature dependent relaxation time constant Dτ  and the fitted 

exponent σ  for Fe (23 nm)/CoO step/MgO(001) with various CoO thicknesses.  

Lines are fitted results using Eq. (3). (c) The energy barrier from the fitting as a 

function of the CoO thickness. (d) and (e) Typical loops measured at 82 K with the 

applied field of FCH H⊥  for the samples with CoO thickness of 3.2 nm and 2.4 nm, 

respectively. 
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