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Abstract 

 

 This thesis investigates the relation between structure and magnetism of 

epitaxial bilayers composed of Fe and oxides of the rock salt crystal structure i.e. 

MgO, FeO, CoO and NiO. The bilayers were prepared in ultrahigh vacuum 

conditions using molecular beam epitaxy (MBE) to assure the reproducibility of 

the structures of high crystalline quality. Standard surface science techniques: 

low energy electron diffraction, Auger electron spectroscopy and x-ray 

photoelectron spectroscopy were applied to characterize the samples in- situ. 

The special attention was paid to the chemical structure of the interface between 

Fe and an oxide. The interface structure was examined using 57Fe conversion 

electron Mössbauer spectroscopy. The magnetic properties of the bilayers were 

investigated ex- situ using the magnetooptic Kerr effect. The effects of the 

diverse conditions, which affect the multilayer properties, i.e. the deposition 

order, crystal orientation and the layers thicknesses were studied systematically. 

 The deposition order was studied for the Fe-MgO system, where it was 

found to highly influence the chemical and atomic structure of the interface. The 

interface was found to be partially oxidized for both Fe/MgO (iron deposited on 

MgO) and MgO/Fe (MgO deposited on iron), where 86% and 63% of the 

interfacial Fe atoms, respectively, formed bonds with oxygen. MgO/Fe interface 

was found to be highly defected, in contrast to Fe/MgO.  

 Furthermore, the method to prepare polar oxide films by oxidation of 

single metallic atomic layers was developed and applied to the growth of 

FeO(111) on MgO(111). The stable FeO(111) film as thick as 16ML was obtained. 

The Mössbauer measurements revealed its similarity to the bulk FeO in terms of 

the electronic and magnetic properties. Using the same method for the growth 

of CoO, the influence of the crystal orientation on the exchange bias in the 

Fe/CoO bilayers was studied. It was shown that despite the close similarities 

between the crystalline quality and stoichiometry of the CoO sublayers, as well 

as the similar chemical structures of the interfaces between Fe and CoO, the 
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exchange bias was ten times larger for Fe/CoO(111) as compared to 

Fe/CoO(001). This high exchange bias for Fe/CoO(111) was attributed to the 

combination of the magnetically uncompensated CoO(111) structure and the Fe 

layer of low magnetic anisotropy.   

 Finally, the NiO/Fe bilayers of different thicknesses were studied. The 

exchange bias, which exhibited the training effect was observed for 100ML 

NiO/24ML Fe, while no loop shift was detected for 50ML NiO/50ML Fe. For both 

samples, the magnetization reversal mechanism was studied and was found to 

be related to the occurrence of the exchange bias. The Mössbauer measurements 

allowed identification of the approximately 30 Å – thick, magnetically frustrated 

iron oxide interfacial layer of Fe3+
4Fe2+

1O7 stoichiometry, which was responsible 

for the training effect and complex magnetic anisotropy observed in the NiO/Fe 

bilayers.    
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Streszczenie 

 

 Tematyka niniejszej pracy doktorskiej obejmuje badania struktury oraz 

właściwości magnetycznych epitaksjalnych dwuwarstw złożonych z Fe oraz 

tlenków o strukturze krystalicznej typu NaCl (B1): MgO, FeO, CoO oraz NiO. 

Dwuwarstwy zostały wytworzone w warunkach ultra wysokiej próżni (UHV)  

metodą epitaksji z wiązek molekularnych (MBE), co zapewniło powtarzalność 

próbek o wysokiej jakości struktury krystalicznej. Standardowe techniki 

charakteryzacji powierzchniowej w warunkach UHV, takie jak dyfrakcja 

elektronów niskoenergetycznych, spektroskopia elektronów Augera oraz 

spektroskopia fotoelektronów zostały zastosowane in situ. Szczególną uwagę 

zwrócono na chemiczną strukturę warstwy granicznej pomiędzy Fe i tlenkiem. 

Struktura ta była badana za pomocą spektroskopii mössbauerowskiej 

elektronów konwersji czułej na izotop żelaza 57Fe. Właściwości magnetyczne 

dwuwarstw określono za pomocą magnetooptycznego efektu Kerra, mierzonego 

ex situ. Przeprowadzono systematyczne badania wpływu kolejność depozycji, 

orientacji krystalicznej oraz grubości podwarstw na właściwości układów 

dwuwarstwowych.  

 Kolejność nanoszenia była badana w układzie Fe-MgO, gdzie pokazano jej 

znaczący wpływ na strukturę atomową oraz chemiczną warstwy granicznej.  

W obu konfiguracjach: Fe/MgO (żelazo naniesione na MgO) oraz MgO/Fe (MgO 

naniesione na żelazie) warstwa graniczna okazała się być częściowo utleniona. 

86% oraz 63% atomów Fe, odpowiednio dla Fe/MgO oraz MgO/Fe, wytworzyło 

w warstwie granicznej wiązania z tlenem. Stwierdzono, że warstwa graniczna 

MgO/Fe jest znacząco zdefektowana, w przeciwieństwie do Fe/MgO. 

  Opracowano metodę wytwarzania polarnych warstw tlenkowych poprzez 

utlenianie pojedynczych warstw atomowych metalu, którą zastosowano do 

wzrostu FeO(111) na MgO(111). Otrzymano stabilny film FeO(111) o grubości 16 

ML. Pomiary mössbauerowskie pozwoliły na określenie jego właściwości 

elektronowych oraz magnetycznych, bardzo zbliżonych do litego FeO. Stosując 

podobną metodę preparatyki dla CoO, zbadano wpływ orientacji krystalicznej 
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na sprzężenie wymienne typu ‘exchange bias’ (EB) w dwuwarstwach Fe/CoO. 

Pokazano, że pomimo zbliżonej jakości struktury krystalicznej oraz 

stechiometrii podwarstw CoO, jak również struktury chemicznej warstwy 

granicznej pomiędzy Fe i CoO, wielkość efektu EB była dziesięciokrotnie większa 

dla Fe/CoO(111), niż dla Fe/CoO(001). Tak duża wartość EB dla Fe/CoO(111) 

została wytłumaczona w oparciu o współdziałanie dwóch efektów: 

magnetycznego nieskompensowania warstwy CoO(111) oraz niewielkiej 

anizotropii magnetokrystalicznej warstwy Fe.  

 Ostatnim dyskutowanym tematem jest wpływ grubości podwarstw  

w układzie NiO/Fe na efekt EB. Efekt ten, podlegający zjawisku treningu został 

zaobserwowany dla układu 100ML NiO/24ML Fe, podczas gdy dla 50ML 

NiO/50ML Fe nie wykryto żadnego przesunięcia pętli histerezy. Dla obu próbek, 

badano mechanizm przemagnesowania, który okazał się być zdeterminowany  

efektem EB. Pomiary mössbauerowskie pozwoliły na identyfikację granicznej 

warstwy tlenku żelaza o stechiometrii Fe3+4Fe2+1O7 i grubości około 30 Å, której 

zaburzona struktura magnetyczna odpowiedzialna jest za efekt treningu oraz za 

złożoną anizotropię magnetyczną dwuwarstw NiO/Fe. 
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1. Introduction 

 

The emergence of the ultra high vacuum (UHV) technology in the 1970’ 

opened a new route of the experimental research devoted to surface science, 

which combines chemistry, physics and materials research. The possibility to 

obtain atomically clean surfaces and to analyze them using electron - based 

methods opened new opportunities of fabrication and characterization of the 

nanoobjects having properties unknown in the bulk phases. Nanoparticles of the 

noble metals that show high catalytic activity [1] or metallic multilayer 

structures, where giant magnetoresistance (GMR) occurs [2] are some of the 

most striking examples. The novel properties of the nanostructures are related 

to their size, comparable with the length scales of the phenomena involved, e.g. 

the mean free- path of electrons, spin diffusion length or the magnetic domain 

wall widths [4]. What is more, with the reduction of size, the role of surface, and 

interfaces, becomes more and more important. The chemical and physical 

properties of surfaces are so much different from the bulk phases, that surfaces 

are often called “a different state of matter” [5]. 

Among the ultrathin layered nanostructures, a group of the metal- oxide 

magnetic nanostructures stands out as exhibiting the magnetic phenomena like 

tunneling magnetoresistance (TMR) or exchange bias (EB), which are intriguing 

from the point of view of basic research and are also applied in magnetic tunnel 

junctions (MTJ), which find wide applications in the fields of magnetic sensing 

and data storage. MTJ is a trilayer structure, where an ultrathin (approximately 

1 nm) isolating layer is sandwiched between the two ferromagnetic layers. 

Thanks to the tunneling effect, current can flow through this kind of structure, 

and the resistivity of the structure depends on the relative orientation of the 

magnetizations in two ferromagnetic electrodes, being maximum where the two 

are antiparallel and minimum when they are parallel. This property is called  

TMR. MTJ can be switched between the high- and low- resistance states if the 

magnetization directions in the two electrodes can be independently switched, 

for example when the magnetization of one of the electrodes is pinned. Pinning 

is realized using the EB effect, where the magnetic hysteresis loop of one of the 
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ferromagnetic electrodes becomes wider and shifted relative to the zero field 

thanks to the proximity of an additional antiferromagnetic layer.  

The magnetic properties of the multilayers, like TMR and EB crucially 

depend on the chemical, atomic and spin structure of the interfaces between the 

layers. However, the relations between the structure and magnetism are often 

elusive due to the complexity of the systems or controversial due to the diversity 

of preparation and characterization methods of the nominally similar systems. 

Therefore, there is strong demand for the experimental research on the model 

nanostructures prepared under the precisely controlled conditions, which 

facilitates the interpretation of the experimental results and allows the general 

conclusions to be drawn.  

Monoxides of the rock salt crystal structure: MgO, FeO, CoO and NiO are 

well suited for the model investigations. Besides the simple crystal structure, 

they are stable mechanically and chemically. The late transition metal oxides 

(NiO, FeO, CoO) possess a well- defined (at least in the bulk phase) 

antiferromagnetic structure with the relatively high Néel temperatures. All of 

them are insulators, which rules out the indirect exchange interactions related 

to the conduction electrons and make them applicable in the tunneling devices. 

The ferromagnetic metal with the best crystallographic surface match to the 

rock salt oxides is bcc-Fe. Fe is widely used as a constituent of the bimetallic 

multilayers, with Cr [2] or Au [7], but most important, Fe with MgO forms a 

prototypical epitaxial MTJ [8]. The highly spin- polarized Bloch states from Fe 

effectively couple into the MgO leading to a huge TMR effect [9].  
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2. Aim of the study 
 

This thesis aims at finding and describing the relationship between the 

structure and the magnetic properties of the ultrathin layered metal-oxide 

materials. The importance of this goal lies equally in the field of the basic, 

curiosity-driven science and in the field of the applied science, as the acquired 

knowledge might help to design useful structures of the desired properties. To 

realize this goal, the simplest building blocks of the layered structures, i.e. the 

model bilayers, composed of Fe and an oxide of the rock salt structure (MgO, 

NiO, CoO) were chosen as subjects of the study. The combination of the precise 

characterization of the chemical and crystalline structure of the bilayers, with 

the magnetic measurements aimed at the identifying the structure-function 

interplay. A distinguishing feature of the applied approach is the special 

attention paid to the structure of the metal/oxide interface, examined using the 

conversion electron Mössbauer spectroscopy (CEMS), one of the few 

experimental methods suitable for the analysis of the buried interfaces. 



3. Experimental methods 
 

All the samples were prepared in the ultra high vacuum (UHV) using 

molecular beam epitaxy (MBE). Two UHV systems were used during this study, 

one located in the Jerzy Haber Institute of Catalysis and Surface Chemistry PAS 

in Krakow and the other in the National Center on nanoStructures and 

bioSystems at Surfaces (S3) CNR-INFM in Modena. The photographs that show 

the preparation chambers of both UHV systems are presented in Fig. 1.  

 

Fig. 1 UHV systems in Kraków (a) and in Modena (b) 

All the samples were grown on the polished MgO single crystal 

substrates, which assured good epitaxial match with the bilayers and allowed  

ex- situ magnetic measurements. After introduction to the vacuum systems, the 

substrates were prepared using a standard method, which includes degassing by 

the resistive heating and annealing at the temperature of 600 °C for 30 minutes. 

The thickness of the deposited layers was monitored in-situ using a quartz 

microbalance. The Fe layers were deposited from the crucibles heated 

resistively. The oxide layers preparation method was suited to each oxide to 

assure the best quality of the deposited layers. MgO layers were deposited from 

the MgO piece wrapped in the tantalum foil, which was heated by the electron 

bombardment (electron beam evaporator, EBV). NiO was deposited reactively, 

i.e. metallic nickel was evaporated in the presence of oxygen, which pressure 

was carefully adjusted. CoO and FeO were prepared using post-deposition 

oxidation of the single metallic layers (layer-by-layer method). To apply CEMS 

for the study of the structure of the interfaces, the probe layers of the 
12 

 



Mössbauer-active 57Fe were placed at the interfaces with the oxide layers, while 

the remaining part of the Fe films was completed with the 56Fe isotope, which 

does not exhibit a Mössbauer effect. The schematic representation of the 

samples is presented in Fig. 2. The studied systems were either in the 

metal/oxide (CoO) or oxide/metal (NiO) configuration (Fig. 2 (a) and (b), 

respectively) or both (MgO). Besides the MBE evaporators, the UHV systems 

were equipped with the apparatus for the low energy electron diffraction 

(LEED) and Auger electron spectroscopy (AES). Both methods were used 

during sample preparation to examine the chemical composition (AES) and 

crystalline structure (LEED) of the substrates and the deposited ultrathin films. 

In Modena, X- ray photoelectron spectroscopy (XPS) was applied in- situ for the 

additional chemical characterization of the layers. In Krakow, XPS was 

performed in a separate UHV apparatus, accessible using a vacuum suitcase. 

For the study of the FeO(111) films grown on MgO(111), the entire FeO film was 

composed of 57Fe and in-situ CEMS was applied (Fig. 3 (a)). All the samples 

were capped with the MgO protective layer, approximately 30 Å thick, to allow 

the ex- situ measurements.  

 

Fig. 2 Schematic representation of the samples showing the localization of the 57Fe 
probe layer for a metal/oxide (a) and an oxide/metal interface structure (b) 

 For all the studied systems, ex- situ CEMS was used to reveal the 

chemical and magnetic structure of the metal-oxide interfaces. CEMS is a 

unique tool, which gives information on the hyperfine interactions within the 

probe layers. In course of the numerical analysis, the CEMS spectra were 

decomposed into components, each of which is characteristic for a given group 

of atoms. These groups of atoms are distinguished based on the combination of 

the hyperfine parameters: magnetic hyperfine field (Bhf), which brings 
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information on the local magnetic properties, quadrupole splitting (QS), which 

depend on the electric field gradient at the nucleus and reflects the symmetry of 

the valence charge distribution and the chemically sensitive isomer shift (IS), 

which is related to the density of the s electrons in the nucleus.  

The main components of the in- situ CEMS spectrometer are presented 

in Fig. 3 (a). The source of the gamma quanta is 57Co, which decays to the excited 

state of 57Fe by the electron capture with the half life time of 270 days. More 

than 90% of the excited 57Fe atoms decay to the ground state through the 14.4 

keV state with the mean lifetime of 141 ns. The moving 57Co radioactive source is 

placed outside the vacuum system and illuminate the sample through a 

beryllium window. The most effective way to perform the Mossbauer 

spectroscopy for ultrathin films and surfaces is the detection of the conversion 

electrons [10], which is done by a channeltron. Thus, the experiment is 

performed in the scattering geometry, in contrast to the typical transmission 

Mössbauer measurements, where the gamma quanta are counted. The ex- situ 

CEMS measurements were accomplished using a standard spectrometer and 

He/CH4 flow gas detector. Both experimental setups assured the 57Fe-

monolayer  CEMS detection limit. 

 

Fig. 3 (a) CEMS setup for the in- situ measurements (b) MOKE setup in Modena 

The ex- situ magnetic measurements were performed using magnetooptic 

Kerr effect (MOKE). All the measurements were done in the longitudinal 

geometry. In the study of the NiO samples, a special variation of the MOKE 

technique based on the vector MOKE scheme [11] was applied (Fig. 3 (b)). In 

order to derive all three magnetization components (longitudinal - ML, 

14 

 



15 

 

transversal - MT and polar - MP) it is necessary to perform MOKE using four 

different light polarizations: s, p, sp and ps. The light, s- and p- polarized, have 

the electric field component perpendicular and parallel, respectively, to the 

plane of incidence. The polarizations referred to as sp and ps are intermediate, 

with the electric field oriented +45° and -45° relative to the incidence plane, 

respectively. The hysteresis loops collected using these four light polarizations 

were further used to determine the magnetization components by calculating 

their linear combinations, where the proportionality coefficients had to be 

properly adjusted, i.e. ML(IS+IP), MP(IS-IP), MP(ISP+IPS), and MT(ISP-IPS). 

4. Results 

 

The investigated structures showed diverse levels of complexity, related to 

the oxide type and its preparation method. The proper choice of the oxide 

preparation method was especially important for the oxide/metal structures, for 

which oxygen might easily react with the exposed Fe surface in the first stages of 

oxide growth. On the other hand, the interface structure in the metal/oxide 

configuration was expected to reflect the intrinsic chemical interactions between 

the two constituents. In the case of the Fe-MgO bilayers, which represent the 

prototypical metal-oxide system, the early theoretical study predicted lack of the 

electronic interactions between Fe and MgO [12]. In contrast, for the structures 

composed of the transition metal oxides (CoO, NiO), thermodynamic 

considerations predict that Fe competes with the corresponding metals in terms 

of the oxygen affinity, which may result in the oxidation- reduction reactions 

experimentally observable at the metal/oxide interfaces [13].  

To obtain Fe/MgO and MgO/Fe structures in their purest form, MgO layers 

were deposited from an MgO piece, without oxygen being present in the 

chamber. Such a preparation method assures that the interface between the two 

materials is not additionally modified. After the investigation of the theoretically 

inert Fe-MgO bilayers, the next step towards the increased complexity of the 

system was the study of the bilayers composed of Fe (top layer) and CoO 

(bottom layer). For this configuration the effect of the Fe oxide formation as a 
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result of the reactive deposition could be avoided but, on the other hand, CoO 

was predicted to interact chemically with Fe [13]. Finally, the bilayer in the 

oxide/metal configuration was studied, with NiO as an oxide layer. Due to the 

reactive deposition, the Fe layers were exposed to the oxygen flux at the very 

beginning of the oxide layer deposition resulting in the formation of the 

extended interfacial iron oxide layers.  

In each of the studies reported here, the main objectives were chosen as to 

cover the widest spectrum of the factors that affect the structure and 

consequently, magnetism of the bilayers. Therefore, the effects of the deposition 

order (Fe-MgO), crystal orientation (Fe-CoO) and thickness of the individual 

layers (Fe-NiO) were investigated. 

 

Paper I 

 

 ‘Epitaxial MgO/Fe(001) and Fe/MgO(001): structures of the interfaces’  

E. Młyńczak, K. Freindl, N. Spiridis, J. Korecki, J. Appl. Phys. 113, 024320 

(2013) 

In contrast to the theoretical expectations of the sharp interface between Fe 

and MgO [12], the CEMS study reported here showed that structure of this 

interface is complex, both for Fe grown on MgO and for MgO grown on Fe. 

Despite the lack of additional oxygen in the preparation chamber, both 

interfaces were found to be partially oxidized. The use of the 57Fe probe layer as 

thin as a single monolayer enabled identification of the amount of the interfacial 

Fe atoms that formed bonds with the oxygen, which equaled to 63% and 86%, 

for MgO grown on Fe and Fe grown on MgO, respectively. However, no well-

defined stoichiometric iron oxide phases were detected, which is not surprising, 

taking into account their 2-dimesional character. What is more, for the MgO 

grown on Fe, 14% of the oxidized Fe sites were found to be defective (located at 

steps, corners or kinks). This finding is attributed to the imperfections of the Fe 

probe layer onto which MgO was deposited. In contrast, the reversed interface 

was found to be almost defect-free, which proves the crystalline perfection of 
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the MgO film. The magnetic hyperfine field of the Fe atoms located away from 

the MgO/Fe interface was found to be modulated similarly to the Fe subsurface 

atoms at the vacuum/Fe interface, while no such modulation was observed for 

Fe/MgO.      

Therefore, even the bilayer, which was considered to have the simplest 

structure was found to be complex. The proposed models of both interfaces may 

be applied to perform the more realistic calculations of the TMR effect in the 

Fe/MgO/Fe magnetic tunnel junctions. 

Papers II and III 

 

‘Layer-by-layer epitaxial growth of polar FeO(111) thin films on MgO(111)’.  

J. Gurgul, E. Młyńczak, N. Spiridis, J. Korecki, Surf. Sci. 606, 711 (2012) 

‘Fe/CoO(001) and Fe/CoO(111) bilayers: the effect of crystal orientation on the 

exchange bias’, E. Młyńczak, B. Matlak, A. Kozioł-Rachwał, J. Gurgul, N. 

Spiridis and J. Korecki, Phys. Rev. B, submitted. 

The importance of the crystal orientation on the properties of the bilayers 

that show the exchange bias emerges from different, orientation related, 

arrangements of the interfacial magnetic moments. The most interesting cases 

for the oxides of the rock salt structure are the magnetically compensated (001) 

surface and the magnetically uncompensated (111) surface. However, the studies 

dealing with the (111) oriented rocksalt oxides are sparse, due to the instability 

of the (111) rocksalt oxides crystals related to their polarity [14]. In order to deal 

with this problem, a highly controllable method of the layer-by-layer (LBL) 

deposition of the polar oxide thin films was applied to grow FeO(111). FeO was 

chosen as a subject of this introductory study in view of the Mössbauer 

spectroscopy, which allowed precise characterization of the growing films.  

The LBL method resulted in the stabilization of the polar FeO(111) films, as 

thick as 16 monolayers (ML) onto the MgO(111) substrate. Before evaporation of 

the FeO films, MgO was carefully cleaned and covered with the homoepitaxial 

MgO layer to trap some intrinsic MgO contaminants (carbon, calcium). The LBL 

method included evaporation of a single metallic Fe layer, its oxidation by a 
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carefully adjusted dosis of the molecular oxygen, and subsequent UHV 

annealing. This procedure resulted in the formation of a single atomic layer of 

FeO and had to be repeated until the desired thickness was reached. The 

resulting film was unreconstructed, as showed by LEED. CEMS performed in- 

situ proved that the FeO(111) film had the hyperfine pattern of wüstite, which 

showed that its electronic and magnetic structure was similar to the bulk 

structure. The low temperature (80 K) CEMS measurements indicated the 

magnetic order, as expected for FeO below Néel temperature (198 K for the 

bulk). The acquired knowledge of the preparation of the polar ultrathin films 

was subsequently used to grow (111)-oriented CoO layers. To allow the direct 

comparison, CoO(001) was also prepared using the same LBL method. 

CoO(001) and CoO(111) were the base for the growth of the Fe/CoO bilayers, for 

which the effect of crystal orientation on the exchange bias was investigated.  

The resulting CoO bilayers of both orientations were carefully characterized 

in terms of their crystalline structure and stoichiometry. LEED showed that the 

CoO layers were highly ordered and unreconstructed. For both orientations, 

XPS measurements revealed the spectra characteristic for CoO, with the slightly 

reduced surfaces. The surface reduction was deemed to be the sufficient factor 

stabilizing the CoO(111) polar surface. The 57Fe Mössbauer probe layers, 2ML 

thick, were deposited onto CoO films. The structures were completed with 56Fe 

up to 50 Å. The two bilayers were similar also in terms of the chemical structure 

of the Fe/CoO interface, where a fraction of the monolayer of Fe was found to be 

oxidized and approximately 4 Å of Fe was found to be mixed with metallic Co. 

Fe layers grew epitaxially onto CoO, as shown by LEED. While for the CoO(001) 

Fe was (001) oriented, in the case of CoO(111) Fe was exposing the Fe(110) 

plane, which due to the symmetry reasons formed grains of the three equivalent 

directions, rotated by 120°. The intrinsic magnetic anisotropy of the Fe films 

was related to the growth mode. While for Fe/CoO(001) the anisotropy showed 

a four-fold symmetry, with the anisotropy constant very close to bulk Fe, for 

Fe/CoO(111) a weak uniaxial growth-induced magnetic anisotropy was found, 

which points to a weak or even lacking magnetocrystalline anisotropy for that 

case.  
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Field cooling was applied to investigate the exchange bias in the Fe/CoO 

bilayers. Despite the fact that the crystalline structure and stoichiometry of the 

CoO films was comparable for Fe/CoO(001) and Fe/CoO(111), and the two 

systems contained the interfaces very similar in terms of the chemical structure, 

their exchange bias performance was drastically different. For Fe/CoO(111), the 

structure containing the magnetically uncompensated antiferromagnet and the 

ferromagnet of the low magnetocrystalline anisotropy, the loop shift was found 

to be ten times larger (354 Oe) than for the magnetically compensated 

Fe/CoO(001) (37 Oe). Therefore, the decisive role of the crystal orientation on 

the exchange bias phenomenon was proven. 

Paper IV 

 

‘NiO/Fe(001): magnetic anisotropy, exchange bias and interface structure’  

E. Młyńczak, P. Luches, S. Valeri, and J. Korecki, J. Appl. Phys. 113, 234315 

(2013) 

 

The most complex of the structures studied in the framework of this thesis 

was the NiO/Fe system. Similarly to Fe/CoO, NiO/Fe also exhibits the exchange 

bias effect, however as for every exchange bias system, certain structural 

conditions must be fulfilled to observe the loop shift. The antiferromagnetic 

layer must be thick enough to have sufficiently large magnetocrystalline 

anisotropy and on the other hand, the ferromagnetic layer must be thin enough 

to response to the exchange coupling with the antiferromagnet. Therefore, it 

was possible to chose the combinations of the thicknesses of both layers such 

that the exchange bias was (‘EB+’ systems) or was not observed (‘EB-’ systems), 

which were 100ML NiO/24ML Fe and 50ML NiO/50ML Fe, respectively. The 

structural model of the NiO/Fe interface was created based on the CEMS 

measurements. The nominal bilayer structures were found to contain the 

magnetically frustrated interfacial iron oxide layer, at least 30 Å thick, of the 

stoichiometry close to magnetite. The resulting structures could be thus 

described as NiO/Fe3+4Fe2+1O7/Fe. What is more, because the bilayers were 

prepared in the preparation chamber equipped with the evaporators that are 

oriented at 45 ° relative to the sample surface, a growth- induced uniaxial 



20 

 

anisotropy was superimposed on the magnetocrystalline anisotropy of the Fe 

layers. All these factors made the studied system very complex in terms of the 

magnetic properties and a special approach was needed to examine the 

magnetic anisotropies properly. The magnetooptic Kerr effect based on the 

vector- MOKE scheme of Vavassori [11] (Fig. 3) was applied. As a result, all 

three magnetization components were obtained and the mechanisms of the 

magnetization reversal were revealed.  

The magnetic anisotropies were found to be uniaxial, induced by the oblique 

deposition. The magnetization reversal was found to proceed via simple in- 

plane rotation for the ‘EB-’ system. For the field cooled ‘EB+’ system, the 

reversal was incoherent, affected by the strong unidirectional coupling with the 

NiO layer, and the non-zero out-of plane magnetization component. The EB+ 

sample showed the training effect, i.e. a decrease of the loop shift for the 

subsequent field sweeps, which was related to the magnetically disordered 

interfacial iron oxide layer. 

 

5. Concluding remarks 

 

The main findings of the reported study originate from the precise 

characterization of the metal/oxide bilayers, especially in terms of their 

interfacial structure.  

The two interfaces of the Fe/MgO/Fe structure, i.e. Fe/MgO and MgO/Fe 

were found to be non equivalent. The interface formed when MgO was 

deposited onto Fe layer was much more defected in terms of the number of the 

low coordinated Fe atoms (edges of the terraces, kink sites) as compared to the 

reversed, Fe/MgO interface, which point to the structural perfection of the MgO 

layer and the atomic- level imperfections of the Fe film. For both, only a fraction 

of the interface Fe atoms formed bonds with the oxygen atoms, 63% for MgO/Fe 

and 86% for Fe/MgO. All these differences, together with the absence of the 

magnetic hyperfine field modulation near the Fe/MgO interface are growth- 

related and are likely to be observed in other metal/oxide systems. When MgO 

is deposited onto the stable and relaxed Fe layer, formation of the MgO/Fe 
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interface brings only a chemical modification of the Fe surface. Therefore, 

because the electronic interaction between Fe and MgO is weak [12], the near 

surface magnetic hyperfine fields remain unaffected. On the other hand, to form 

the reversed interface, Fe is grown on the MgO film, experiencing misfit- related 

strain and being dependent on the quality of the oxide surface. All these findings 

might help to understand the magnetotransport properties of the Fe/MgO/Fe 

MTJ. They can be also applied in the studies of the multilayer structures where 

due to the large number of the interfaces, their role is decisive.   

As far as the studied exchange- bias systems are concerned, the great 

sensitivity of this phenomena on the structural aspects of the bilayers should be 

stressed. The critical role of the uncompensated spins on the magnitude of 

exchange- bias was proven for the Fe/CoO epitaxial bilayers. This observation 

may be used to prepare the systems for which the magnitude of the exchange 

bias could be altered by the modification of the number of the uncompensated 

spins, for example using the vicinal substrates. Furthermore, the exchange- bias 

magnitude might be also enhanced by the preparation of the multilayer 

structures, with the increased number of the uncompensated interfaces.  

The study of the NiO/Fe bilayers showed that the interfacial region formed 

when an oxide is deposited reactively onto Fe layer have distinct magnetic 

properties, which strongly affects the bilayers characteristics. Therefore, it 

should be possible to modify the composition of the interfacial layer, e.g. by 

changing the oxide preparation conditions or introducing ultrathin layer of a 

given metal (here: nickel) to prevent Fe oxidation, and in this way to alter the 

bilayer magnetic properties, like the magnetization reversal pathways or the 

occurrence of the training effect. The crucial role of the thicknesses of the 

bilayer constituents was also shown, which indicates the need of future 

systematic studies of the thickness- related magnetic properties that might be 

performed on the wedged, or preferably double- wedged, samples.  
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Epitaxial MgO/Fe(001) and Fe/MgO(001): Structures of the interfaces
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The chemical, electronic and magnetic structures of the interfaces between Fe(001) and MgO(001)

thin films were studied using conversion electron M€ossbauer spectroscopy (CEMS). A 1 ML thick
57Fe probe located at either of the interfaces in the MgO/56Fe/MgO epitaxial structure enabled

precise measurements of the interfacial hyperfine interactions. Analysis of the CEMS spectra

showed that both the “MgO/Fe” and “Fe/MgO” interfaces are partially oxidized (63% and 86%,

respectively), although, despite good crystallinity, no well-defined iron oxide phases were detected.

At the “MgO/Fe” interface, 14% of the oxidized Fe sites were found to be defective (located at

steps, corners or kinks). The “Fe/MgO” interface, from which the formation of 57Fe islands of at

least 3 ML in height was inferred, was found to be almost defect-free. No modification of the

hyperfine parameters of Fe atoms located away from the interface was detected for “Fe/MgO,” in

contrast with the “MgO/Fe” interface. Approximately 6% of the probe layer diffused into the MgO

films at both interfaces. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4775707]

I. INTRODUCTION

Epitaxial metal-insulator bilayers and multilayers are

the subject of intensive scientific activity due to the variety

of magnetic phenomena related to their reduced dimension-

ality, which is important from the viewpoint of basic

research and applications.1 Epitaxial Fe/MgO(001) is consid-

ered to be a model system in this class of materials.2 In the

(001) oriented Fe/MgO/Fe epitaxial trilayers, a tunneling

magnetoresistance (TMR) effect occurs that originates from

the coherent tunneling of fully spin-polarized electrons

across the MgO barrier.3 The TMR is theoretically expected

to reach 1000% for junctions having a crystalline barrier

thickness of tMgO� 40 Å.3,4 Quantum tunneling of spin-

polarized electrons is also responsible for interlayer

exchange coupling (IEC), which is observed in the Fe/MgO/

Fe trilayers when tMgO< 15 Å.5,6 The IEC changes from

antiferromagnetic for the thinnest barriers (tMgO< 8 Å) to

ferromagnetic. Both the TMR and IEC depend crucially on

the crystalline and chemical quality of the layers and interfa-

ces that form the trilayer structure. The TMR values meas-

ured for epitaxial Fe/MgO/Fe reach 180% at room

temperature7,8 and approximately 300% at 10 K.8 These low

experimental values of the TMR relative to the theoretical

predictions may be attributed to the nature of the trilayer

growth, which is marked by lattice mismatch, by structural

defects, by intermixing and hybridization effects at the inter-

faces and especially by the formation of Fe-O bonds. First-

principles calculations showed that a single atomic layer of

FeO present at the interface causes a reduction in the tunnel-

ing magnetoconductance of the Fe/MgO/FeO/Fe magnetic

tunnel junction of one order of magnitude.9 Interfacial

oxidation is also known to give rise to perpendicular cou-

pling of Fe magnetizations for barriers with tMgO< 5 Å.10

The occurrence of FeOx at the MgO/Fe interface (MgO

is deposited on Fe, deemed the “bottom” interface in the

Fe/MgO/Fe trilayer) was shown by several groups,11–14 while

others did not find any evidence of this occurrence.15–17

Similarly, there is no consensus concerning the reversed,

Fe/MgO, “top” interface. Some experimental results support

the lack of interactions between Fe and MgO,18,19 as found

theoretically,20 and the formation of Fe-O bonds at that inter-

face.21–23 These differences could be due to different experi-

mental conditions,24 but a clear explanation is still lacking.

The atomic arrangements at both interfaces were studied

experimentally and theoretically, leading to the widely

accepted model of the Fe atoms sitting on top of the O atoms

(Fe/MgO configuration) and the O atoms sitting on top of the

Fe atoms (MgO/Fe configuration).4,11,12,20–22,24,25 Calcula-

tions show that the formation of Fe-O chemical bonds

between the interface iron and the oxygen in MgO is

unlikely,9,20 while the Mg-Fe covalent bond, at the second-

nearest neighbor distance, predominantly determines the

interfacial bond strength.25 These type of interfaces, with no

oxygen incorporated into the Fe atomic layers, will be

referred to as the “metallic top” interface (Fe/MgO) and the

“metallic bottom” interface (MgO/Fe). In contrast, a recent

contribution of Beltr�an et al.26 presents a first-principles anal-

ysis where the most stable configuration of the first MgO

layer grown on Fe without Fe-O layer formation is Mg sitting

on top of Fe, while O on top of Fe is preferred only when an

iron oxide layer is formed. For the MgO/Fe configuration,

where the formation of an FeO layer was shown using surface

x-ray diffraction, the following geometrical model of the oxi-

dized interface was found: oxygen atoms are placed in the

fourfold hollow sites of the Fe interfacial layer with a smalla)Electronic mail: ncmlyncz@cyf-kr.edu.pl.
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(0.2 Å) shift above the Fe surface12, which coincides with the

ab initio calculations.24 This type of interfacial structure will

be referred to as the “oxidized” bottom interface. For the

Fe/MgO interface grown in ultra-high vacuum (UHV) condi-

tions, Tusche et al.22 found that some Fe atoms substitute

for the Mg ones in the interfacial MgO layer, forming a

2-dimensional iron oxide. We term such Fe sites the

“oxidized top” interface.

In the context of the serious discrepancies among

the many experimental and theoretical works on this subject,

we undertook experimental verification of the local atomic

structure at both Fe-MgO interfaces using a unique tool, con-

version electron M€ossbauer spectroscopy (CEMS). The anal-

ysis of the interfaces between thin films of Fe and MgO was

performed for two configurations: with the Fe epitaxial film

(i) as a buffer layer (“MgO/Fe”) and (ii) as a capping layer

(“Fe/MgO”), which simulated the “bottom” and the “top”

interfaces, respectively. Ultrathin 57Fe probe layers were

placed alternatively at one or the other of the interfaces in an

epitaxial MgO(001)/56Fe(001)/MgO(001) structure grown on

a cleaved MgO single crystal by molecular beam epitaxy

(MBE). CEMS is a well-adapted tool for local studies of

structural and magnetic properties at surfaces and interfa-

ces.27 Placing the M€ossbauer isotope ultrathin probes at the

region of interest in a thin film sample enables measurements

with monoatomic layer precision. CEMS directly measures

the nuclear hyperfine parameters: the hyperfine magnetic

field (Bhf) that is a measure of the local magnetization, the

isomer shift (IS) that is determined by the valence state and

the quadrupole interaction (e) that indicates the lowering of

the local charge distribution symmetry from cubic or hexag-

onal. These parameters are the fingerprints of the electronic

and chemical states of the M€ossbauer atoms present in the

bulk samples. However, ultrathin films are complex, and the

bulk M€ossbauer reference data are not representative of

them. The modification of the hyperfine parameters due to

reduced dimensionality does not always allow an unambigu-

ous interpretation of the CEMS spectra. Nevertheless, it is

often possible to distinguish atoms in different oxidation and

magnetic states, which allows us to analyze the interactions

between adjacent layers of Fe and MgO and to reveal the

real atomic arrangements at the interfaces. CEMS is sensi-

tive enough to detect the atomic sites with lowered coordina-

tion (atomic steps, kink sites, vacancies and adatoms), which

gives additional motivation for using this technique to char-

acterize interfaces. In the discussion of the CEMS results,

“defected” interface structures will be introduced to com-

plete the picture of the interfacial sites that are present at the

real interface.

II. EXPERIMENT

The samples were prepared in a multi-chamber ultra-

high vacuum (UHV) system with a base pressure of

1� 10�10 mbar. MgO(001) substrates were cleaved ex-situ
before introducing them into the preparation chamber. The

substrates were then degassed and annealed under UHV at

600 �C for 30 min, leading to a clear, background-free

(1� 1) low energy electron diffraction (LEED) pattern. Thin

films were prepared using MBE. Magnesium oxide was

evaporated from an MgO piece using an electron beam evap-

orator, while Fe was evaporated from a BeO crucible heated

by a wrap-around tungsten coil and embedded in a water-

cooled shroud. Using electron beam evaporation under UHV

conditions drastically reduces the amount of oxygen present

in the preparation chamber compared with reactive evapora-

tion. Due to this effect, we are able to investigate intrinsic

MgO/Fe interfacial properties, which are not affected by

massive Fe oxidation. The thicknesses of the films were

determined with an accuracy of approximately 0.2 ML using

a quartz microbalance previously calibrated with x-ray

reflectivity data.

The sharpness of the studied interfaces is determined

mainly by the flatness of the substrate layer, and, therefore, the

preparation conditions of “MgO/Fe” and “Fe/MgO” were dif-

ferent. The first step in the “MgO/Fe” preparation procedure

was the deposition of 200 Å of 56Fe onto MgO(001) at room

temperature, which was subsequently annealed at 550 �C to

obtain an atomically flat surface. LEED showed sharp diffrac-

tion spots, indicating good crystalline quality (Fig. 1(a)). How-

ever, as observed in a pattern at an energy of 70 eV, additional

spots from the (�2� �2)R45� reconstruction were present.

This reconstruction type for Fe/MgO(001) is not precisely

interpreted, though it is usually assumed to be induced by

carbon, which segregates from the MgO(001) substrate

towards the Fe surface.28 A 1 ML 57Fe probe layer [1 ML

Fe(001)¼ 1.43 Å] was deposited at an elevated temperature

(380 �C) to promote 57Fe surface diffusion. Possible interdiffu-

sion between the atoms of the 57Fe probe and the 56Fe layer

was taken into account in the analysis of the CEMS spectra.

The Fe layer was then covered with 50 Å of MgO, which com-

pleted the bilayer structure and served as a capping layer.

To ensure that the “Fe/MgO” interface simulates the one

present in Fe/MgO/Fe thin film structures accurately, instead

FIG. 1. LEED patterns for Fe layers: Fe as a buffer layer in “MgO/Fe” (a)

and Fe as a capping layer in “Fe/MgO” (b) with the schematic representation

of the samples for M€ossbauer studies of the MgO/Fe (c) and Fe/MgO (d)

interfaces.
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of using a bare MgO substrate we used a homoepitaxial

MgO film as a buffer for Fe deposition. 30 Å of MgO was de-

posited at 600 �C to enhance the surface diffusion. Because

iron on top of MgO shows a strong tendency for cluster

growth, the 1 ML 57Fe probe and the following 50 Å of 56Fe

were deposited at room temperature. The Fe layer was not

annealed to avoid promotion of interfacial oxidation-

reduction reactions. The LEED pattern presented in Fig. 1(b)

was selected to show the diffuse character of the spots,

which is best visualized at an electron energy of 100 eV. The

pattern shows (1� 1) symmetry, proving the absence of sur-

face reconstruction. The blurry diffraction spots indicate an

increased roughness, which is caused by the room tempera-

ture deposition. The sample was capped with a 50 Å MgO

protective layer for ex-situ CEMS measurements. The

obtained “MgO/Fe” and “Fe/MgO” structures are presented

schematically in Figs. 1(c) and 1(d).

CEMS measurements were carried out ex-situ at room

temperature using a standard M€ossbauer spectrometer

equipped with a CEMS He/CH4 flow proportional detector

and a 100 mCi 57Co/Rh source. The CEMS spectra were col-

lected in the normal incidence geometry. Commercial soft-

ware29 was used to fit the spectra using a Voigt-line-based

method, thus approximating the distribution of the hyperfine

magnetic field Bhf at a given site using a sum of Gaussian

components.

III. CEMS RESULTS AND DISCUSSION

The CEMS spectra obtained for both interfaces, together

with the corresponding fits are presented in Fig. 2. The spec-

tra were fitted with the smallest possible number of compo-

nents giving statistically good fit (v2� 1). Each component

reflects the group of atoms characterized by different set of

the hyperfine parameters, which depend on the coordination

and chemical state of atoms. Relative weights of the compo-

nents are directly related to the fraction of atoms in the given

state. Knowing the thickness of the probe layer used, it is

possible to calculate the amount of atoms corresponding to

each component.

A. “MgO/Fe” interface

The “MgO/Fe” (bottom interface) spectrum was fitted

with eight components, as shown in Fig. 2(a) and listed in

Table I using Arabic numerals. Four of the components

(components “1”–“4”) have an IS value close to zero (rela-

tive to a-Fe), which indicates that the corresponding atoms

form bulk Fe-like metallic bonds. These four “metallic”

components have different values of Bhf and e. Taking into

account the theoretical prediction of a lack of electronic

interactions between Fe and MgO, we compare the values of

the hyperfine fields found in our experiment with theoretical

ones calculated for Fe atoms adjacent to vacuum (a

“vacuum/Fe” interface). We use the calculations of the

hyperfine magnetic field for Fe(001) surface (S) and subsur-

face (S-1) nuclei from Ohnishi et al.30 The theoretical value

of the total Bhf for Fe(001) surface atoms (25.2 T) is signifi-

cantly lower than the experimental value for the bulk (in the

ground state, approximately 34 T31) as a result of the more

atomic-like character of the 4s electrons. Atoms in the S-1

layer sense Bhf fields of 39.5 T, which are higher than the Fe

bulk value. The non-monotonic change in the hyperfine field

with depth is related to Friedel-like oscillations of the

valence electron density. In our “MgO/Fe” spectrum, we eas-

ily identify the metallic components having Bhf values that

follow the theoretical tendency, arising from the first, “SI,”

layer (adjacent to MgO, components “3” and “4”) and the

second, “SI-1,” layer (component “2”), as well as of bulk

character (component “1”). The appearance of these compo-

nents corresponding to at least three interface-close layers,

where a probe layer of 1 ML nominal thickness was used,

could be interpreted as the formation of 3 ML thick 57Fe

islands on top of the 56Fe substrate. However, the preparation

conditions used in our study ensure the flatness of the 57Fe

probe, as the increased temperature promotes two dimen-

sional growth over the nucleation of islands for Fe homoepi-

taxy.32 Our explanation for the existence of “SI-1” and

bulk-like 57Fe atoms is related to the diffusion of 57Fe atoms

FIG. 2. CEMS spectra (dots) measured for (a) “MgO/Fe” (MgO/1

ML57Fe/56Fe) and for (b) “Fe/MgO” (56Fe/1 ML57Fe/MgO) with the results

of the best fits and the deconvolution into spectral components (solid lines).

The components are shifted for clarity. Numbers identifying each compo-

nent correspond to Table I.
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from the probe layer into the 56Fe film. The surface diffusion

coefficient for single Fe atoms on an Fe(001) surface at the
57Fe probe deposition temperature (380 �C) is approximately

2� 10�7 cm2 s�1, which is four orders of magnitude larger

than the coefficient at room temperature.32 Therefore, we

have strong evidence that interdiffusion between 57Fe and
56Fe is significant in our system.

As a consequence of diffusion, the component with a

hyperfine magnetic field of Bhf¼ 32.9 T (component “1”)

could be interpreted as originating from the Fe atoms that

diffused deeper than the “SI-1” layer and attained bulk-like

coordination, while the component with a hyperfine field of

Bhf¼ 36.4 T (component “2”) could be interpreted as origi-

nating from the sub-interface “SI-1” atoms. Based on the rel-

ative weights of these two components, we can estimate the

amount of 57Fe atoms that penetrated into the 56Fe film to be

approximately 0.37 ML. To correctly assess the amount of

interfacial atoms, we have to exclude from the calculation

the 57Fe atoms that diffused into the MgO layer. These atoms

are revealed in the “MgO/Fe” spectrum by a doublet with

IS¼ 0.35 mm/s (component “8”). The non-ferromagnetic

character of this component proves that the corresponding Fe

atoms are magnetically decoupled from the Fe film. The iso-

mer shift value indicates that the Fe atoms are in a defected

MgO matrix where ferric ions exist in complexes with cati-

onic vacancies.33 The amount of these isolated Fe atoms

equals 0.06 ML. Knowing that 0.43 ML of 57Fe atoms are

located away from the interface, we can recalculate the frac-

tion of interfacial atoms in the various chemical and coordi-

nation states as a percentage of the interfacial Fe monolayer

(FML values in Table I). This calculation uses the assumption

that the preference for a given site is not isotope-specific.

The dominant interfacial components are in the group

characterized by distinctly positive values of the IS (compo-

nents “5”–“7,” 63% of the “MgO/Fe” interface in total). The

isomer shift is a measure of the s electron density at the nu-

cleus, which in the simplest case becomes smaller when the

4s electrons are shifted towards oxygen to form a covalent

bond. This notion is valid if the bonds are formed only by 4s
electrons, i.e., for lower oxidation states. For higher iron

oxides, when the oxide formation requires transfer of an

electron from the 3d shell, the indirect change in the 3s elec-

tron density induced by the modification of the Coulomb

interaction with d-electrons must be considered. Within the

reasonable assumption that the oxidation state of iron at the

MgO/Fe interface does not exceed Fe2þ (the 3d electron

does not take part in the bond formation), the increase in the

IS parameter relative to Fe reveals a more oxidic character

for the corresponding Fe atoms understood as the lowering

of 4s electron density. The absence of higher iron oxides at

the MgO/Fe interface is supported by the values of the

hyperfine field measured for the oxidic components “5”–“7,”

which are lower than expected for Fe3O4 or for Fe2O3

(approximately 50 T).31 However, the oxide phase formed at

this interface cannot be identified as FeO because an isomer

shift of approximately 0.9 mm/s is expected for a w€ustite-

type oxide.31 The fact that the hyperfine parameters describ-

ing the oxidic components could not be interpreted as arising

from any of the known stoichiometric oxide phases can be

understood by taking into account the interfacial coordina-

tion of the iron atoms involved. Following the accepted mod-

els of interfacial oxidation, we can conclude that the oxygen

atoms are located in approximately 60% of the fourfold hol-

low sites in the interfacial Fe layer.12,24 It is worth noting

that this result is in perfect agreement with the surface x-ray

diffraction studies conducted by Meyerheim et al.,11 where a

FeO0.6 stoichiometry was found for the iron oxide layer.

Two of the oxidic components (“6” and “7”) have signifi-

cantly positive IS values (0.27 mm/s and 0.50 mm/s, respec-

tively), which imply a strong shift in the Fe valence

electrons towards the oxygen atoms with the possible forma-

tion of in-plane Fe-O bonds. These two components are also

characterized by an increase in the e value (�0.29 mm/s and

0.21 mm/s). The quadrupole interaction is a measure of the

electric field gradient (EFG) at a nucleus that has an electric

quadrupole moment. Generally, there are two sources of the

EFG: (i) the valence (local) electron contribution and (ii) the

lattice (non-local) contribution arising from the charges of

all ions in the lattice.34 Because the long-range interatomic

contribution is usually one or two orders of magnitude

smaller than the local contribution,35 the quadrupole splitting

observed in CEMS should be interpreted as the result of

changes in the local charge symmetry. Possible mechanisms

responsible for the aspherical character of the valence charge

include charge transfer, changes in the directional bonding

and shifts in the near neighbor nuclear positions. As a non-

zero quadrupole interaction was observed for the interfacial

Fe atoms, one could explain the aspherical valence charge

solely as a result of the broken symmetry. However, as will

TABLE I. Hyperfine parameters derived from the numerical fits for “MgO/

Fe” (MgO/1 ML57Fe/56Fe) and “Fe/MgO” (56Fe/1 ML57Fe/MgO) spectra.

Numbers in parentheses indicate the last digit uncertainty resulting from the

least squares fit analysis.

Interface Component

ISa

(mm/s)

e or QSb

(mm/s)

Bhf
c

(T)

RWd

(%)

FML
e

(%)

“MgO/Fe” 1 �0.03(1) �0.02(1) 32.9(1) 25(4) —

2 0.01(3) �0.03(2) 36.4(4) 12(4) —

3 0.06(9) 0.20(9) 21.7(6) 13(3) 23

4 0.08(4) 0.13(4) 26.3(3) 8(3) 14

5 0.18(9) �0.07(7) 31.7(5) 8(3) 14

6 0.27(7) �0.29(8) 23.8(3) 22(3) 39

7 0.50(5) 0.21(4) 36.3(4) 6(2) 10

8 0.35(5) 0.83(9) — 6(0) —

“Fe/MgO” I 0.02(1) 0.01(5) 33.2(7) 57(7) —

II 0.12(6) �0.17(6) 27.5(5) 5(1) 14

III 0.17(3) �0.01(2) 35.2(5) 25(7) 67

IV 0.28(4) 0.06(4) 38.7(4) 7(3) 19

V 0.8(1) 1.5(2) — 6(1) —

aIS is the average isomer shift with respect to a-Fe.
bAverage quadrupole interaction (e) (sextets) or quadrupole splitting (QS)

(doublets).
cBhf is the average hyperfine magnetic field.
dRW is the relative weight of the components.
eFML denotes the corresponding fraction of monolayer interface atoms calcu-

lated excluding the 57Fe probe atoms located away from the interface.
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be shown later, an increase in e is not exhibited in the major

part (86%) of the reversed “Fe/MgO” top interface and also

in some parts (14%) of the discussed “MgO/Fe” bottom

interface. In this context, this property cannot be understood

as an intrinsic feature of all site types in the interfacial

layers. It seems more appropriate to explain this effect as a

result of the local changes in the symmetry of the 3d orbitals.

These changes are associated with asymmetry in bond for-

mation and/or with the expansion of the SI-SI�1 interlayer

distance (relaxation), which can reach 20% of the bulk value

of 1.43 Å for the oxidized MgO/Fe interface.12,24 Thus, the

non-zero e suggests that the corresponding atoms are located

at perfect (not-defected) interfacial sites, where lattice relax-

ation is the most probable mechanism for the energy

minimization.

A special comment is needed to account for the

decreased hyperfine field (Bhf¼ 23.8 T) of component “6,”

which reflects the most abundant interfacial atoms (39%).

Such a low Bhf is atypical not only for higher Fe oxides, as

mentioned above, but also for the FeO-w€ustite phase, where

Bhf¼ 38 T was found for the antiferromagnetic state at low

temperatures.36 This result means that, similarly to the me-

tallic sites (components “1”–“4”), the modification of the Bhf

relative to the bulk is related not only to the formation of Fe-

O bonds but also to the disturbance of the 4s electron density

arising from the broken symmetry at the interface. Using

such an interpretation of the spectral component, we find that

49% of the interfacial atoms (components “6” and “7”) are

located at the “oxidized” MgO/Fe interface (Fig. 3(a)), with

the oxygen atoms at the fourfold hollow sites of the Fe(001)

surface. However, the local stoichiometry of the interfacial

oxide layer does not need to be uniform along the entire

interface, i.e., a planar oxide could be formed by iron atoms

having one to four oxygen nearest neighbors. This non-

uniformity is reflected in the differences in the hyperfine

parameters for components “6” and “7”. A higher oxidation

state should be attributed to component “7” (10% of the

“MgO/Fe” interface), where the formation of Fe-O bonds

enhances the Bhf to 36.6 T. However, the determination of

the actual number of oxygen nearest neighbors for these two

components is not possible based only on the CEMS results.

Calculations of the hyperfine field could elucidate this issue.

The third oxidic component, (component “5,” 14% of the

“MgO/Fe” interface) is characterized by an IS value of

0.18 mm/s and by a hyperfine field of Bhf¼ 31.7 T, a value

between those measured for components “6” and “7.” This

component is interpreted as originating from atoms which

are located at the steps of terraces or at kink sites and experi-

ence a relatively strong chemical interaction with oxygen

(the “defected oxidized” interface, Fig. 3(c)). The basis for

this interpretation is the negligible quadrupole interaction,

e¼�0.07(7), observed for this component. This interpreta-

tion suggests that the e value is averaged out due to the dif-

ferent orientations of the Vzz principal axis with respect to

the hyperfine magnetic field, which is expected to occur at

sites with a low Fe-Fe coordination within the steps that

have a different orientation relative to the main crystallo-

graphic directions. Summarizing, we can conclude that 63%

of Fe at the “MgO/Fe” interface has an oxidic character but

does not form any distinct oxide phases in terms of typical

3-dimensional coordinations.

The remaining two components (components “3” and

“4”) reflect the population of 57Fe atoms that retained their

metallic character even though they are situated at the inter-

face with MgO (location SI, the “metallic” interface in

Fig. 3(b)), which is reflected in the low hyperfine field values

(as discussed above) and in the non-zero e values. The total

amount of these atoms equals 37%. This type of interface

was shown to be formed under the Mg-rich conditions by ab
initio calculations.24 The difference between the atomic sites

contributing to components “3” and “4” is insignificant, as

both are characterized by very similar sets of hyperfine pa-

rameters. The strong quadrupole interaction (e¼ 0.20 mm/s

and e¼ 0.13 mm/s), similar to components “6” and “7,” indi-

cates a lowered charge distribution symmetry. While e was

interpreted in terms of the expansion of the interlayer dis-

tance between the interfacial Fe layer and the “SI-1” layer

(relative to the bulk) for the oxidized part of the interface,

the abrupt “metallic” MgO/Fe interface is characterized by

the interlayer distance compression reaching 6%,12,24 result-

ing in a similar value for e. A slight increase in the isomer

shift for components “3” and “4” (if any, taking into account

experimental uncertainty) correlates well with the properties

of Fe/vacuum and Fe/metal interfaces.37

B. “Fe/MgO” interface

The CEMS spectrum measured for “Fe/MgO” (top inter-

face) (Fig. 2(b)) comprises five components, labeled with

Roman numerals. The dominant one (RW¼ 57%) is a metal-

lic component with a bulk character (component “I”). To

interpret the high intensity of the signal coming from the

bulk coordinated 57Fe atoms for a nominally 1 ML thick
57Fe probe, one has to recall the island growth mode of iron

on MgO(001).38 Due to the differences in the surface free

energies of MgO(001) and Fe(001) (1.1 J/m2 and 2.9 J/m2,

respectively39), formation of Fe islands is thermodynami-

cally favored. Consequently, the 57Fe probe formed three

dimensional islands on MgO(001), and, in the next prepara-

tion step, the 57Fe islands were covered with 50 Å of 56Fe

that completely buried the probe layer. As a result, only a

fraction of the 57Fe atoms were located at the Fe/MgO

FIG. 3. Model of the “MgO/Fe” interface (MgO/1 ML57Fe/56Fe) showing

the percentage of interface atoms located at the specific interfacial sites as

identified using components of the CEMS spectrum: (a) “oxidized” sites

(components “6” and “7”), (b) “metallic” sites (components “3” and “4”)

and (c) “defected oxidized” sites (component “5”). The ellipses encircle the

corresponding Fe atoms. Large (black) balls—Fe, medium (red) balls—O,

small (white) balls—Mg.
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interface, while most of them gained bulk-like coordinations

by being surrounded by other 56Fe and 57Fe atoms. The Fe

layer was deposited at room temperature, so interdiffusion of
56Fe and 57Fe atoms can be neglected.32 Hence, the relative

weight of component “I,” amounting to 57%, indicates that

the 57Fe islands formed on MgO were at least 3 ML high.

The analysis of the “Fe/MgO” spectrum did not allow us to

distinguish the Fe atoms located in the second Fe interfacial

layer (SI�1) from the Fe atoms with bulk coordination. The

absence of hyperfine field modulation near this interface is

surprising and differentiates it both from the “MgO/Fe” bot-

tom interface measured directly in the present study and

from the “vacuum/Fe” interface observed theoretically.30

This difference must have its origin in the atomic structure

of the interface formed by the reverse deposition order of

its constituents. Similar to the “MgO/Fe” case, we could

identify isolated Fe atoms that diffused into MgO and

formed complexes with vacancies (the doublet with an

IS¼ 0.8 mm/s).33 Therefore, in total, only 37% of the 57Fe

probe layer atoms are located at the interface with MgO,

and, analogous to the “MgO/Fe” case, this value will be used

to recalculate the relative amount of given interfacial atoms.

The majority of the “Fe/MgO” top interface atoms

(86%) contribute to components “III” and “IV.” The e values

of these two components are close to zero, which suggests

that the atoms retained the high symmetry of the valence

electrons distribution. The interpretation of e presented for

component “5” of the reverse interface (the averaging out of

the Vzz at differently oriented sites with low Fe-Fe coordina-

tion) is not relevant in this case as it is hardly possible that

86% of interfacial sites are low-coordinated. Therefore, the

absence of the quadrupole interaction could be interpreted in

terms of the bulk-like distance between the SI and SI�1

layers. This conclusion is consistent with the SI–SI�1 inter-

layer spacing of 1.5 Å, measured for 8 ML of Fe deposited

on MgO(001).22 The increased values in the isomer shifts

(0.17 mm/s and 0.28 mm/s) and the hyperfine fields (35.2 T

and 38.7 T) imply that interactions between iron and oxygen

atoms at this interface are not negligible. A strong modifica-

tion of the electronic state of Fe took place due to the incor-

poration of oxygen atoms in the interfacial Fe layer and

the formation of the “oxidized top” interface structure

(Fig. 4(a)). Because components “III” and “IV” are charac-

terized by different IS and Bhf values, they must correspond

to Fe atoms in slightly different chemical environments, possi-

bly having different numbers of oxygen in-plane nearest neigh-

bors. However, similarly to the “MgO/Fe” interface, we cannot

identify any of the known stoichiometric bulk-like oxides.

The hyperfine parameters of component “II” suggest that

it reflects the 57Fe atoms that are located at metallic interfa-

cial sites (the “metallic top” interface, Fig. 4(b)). The hyper-

fine field of this component is lower than that of the bulk

(Bhf¼ 27.5 T), revealing a more atomic-like character for the

valence electrons, similar to components “3,” “4,” and “6” of

the “MgO/Fe” bottom interface spectrum. The isomer shift

value of component “II” is slightly higher relative to a-Fe

(0.12 mm/s) and is equal to, within the uncertainty limits, the

IS values of components “3” and “4” (for the “MgO/Fe”

interface). The value of the e is non-zero (�0.17 mm/s),

which we interpret as the result of interlayer distance relaxa-

tion. The amount of Fe atoms occupying these metallic (not

oxidized) interfacial sites at the “Fe/MgO” interface is rela-

tively low, equal to 14%.

IV. SUMMARY

Both interfaces characteristic for Fe/MgO/Fe structures

were studied. Using CEMS and 57Fe probe atoms, we were

able to identify iron sites directly neighboring the MgO bar-

rier. For “MgO/Fe” bottom interface, 63% of interfacial Fe

atoms were found to have an oxidic character. The interface

was determined to be a mixture of diverse sites, where 14%

of the oxidized Fe atoms were located at defected sites with

lowered coordination (steps, corners, kinks), which refines

the picture of the often-assumed homogenous interfacial

structure.9,12,24 Our measurements also support the find-

ings12,24 of an expanded SI-SI�1 interlayer distance for the

oxidized parts of the interface and a compressed distance for

the unoxidized parts. Only 37% of interfacial atoms were

identified to be located at metallic sites (with four in-plane

Fe nearest neighbors, no Fe-O bonds), which were assumed

to form the entire interface in the pioneer calculations of the

TMR for the epitaxial Fe/MgO/Fe structure.3,4 The hyperfine

magnetic fields near the “MgO/Fe” interface were found to

be similar to those at the “vacuum/Fe” interface, displaying

Friedel-type oscillations. For “Fe/MgO”, where Fe layer was

placed on top of MgO, 86% of the Fe atoms located at the

interface were found to have direct bonds with oxygen, while

14% formed a metallic interface. Our measurements suggest

the absence of relaxation in the oxidized part of the Fe cap-

ping layer deposited on MgO barrier.

The striking difference between the two interfaces is that

no components were detected for the “Fe/MgO” one, which

could be unambiguously attributed to defected sites. This

result proves the perfection of the MgO layer beneath the

capping Fe. Moreover, no modification of the hyperfine pa-

rameters of Fe atoms located further from the interface was

measured, in contrast with both the “MgO/Fe” bottom inter-

face and “vacuum/Fe” interface. The observed difference

must be related to the growth sequence. For the “MgO/Fe”

case, the 57Fe probe morphology is not affected by the MgO

FIG. 4. Model of the “Fe/MgO” interface (56Fe/1 ML57Fe/MgO) showing

the percentage of interface atoms located at the specific interfacial sites as

identified using components of the CEMS spectrum: (a) “oxidized” sites

(components “III” and “IV”) and (b) “metallic” sites (component “II”). The

ellipses encircle the corresponding Fe atoms. Large (black) balls—Fe, me-

dium (red) balls—O, small (white) balls—Mg.

024320-6 Mły�nczak et al. J. Appl. Phys. 113, 024320 (2013)

Downloaded 15 Feb 2013 to 149.156.194.5. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



layer because it is completely developed before the deposi-

tion of MgO. It is also worth noting that the 57Fe probe layer

at the “MgO/Fe” interface is grown on a thick and relaxed Fe

film and, therefore, is not subjected to significant strains.

MgO acts only as a modifier of the chemical state of the Fe

atoms. In this case, one could expect the characteristics of the
57Fe probe layer to be similar to the properties of the Fe sur-

face, which was shown above. Conversely, for the “Fe/MgO”

top interface, the positions and coordinations of the Fe atoms,

including a Fe lattice expansion of �3.6%, are governed by

the structure of the oxide film beneath them.
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We report on the structural properties of epitaxial FeO layers grown by molecular beam epitaxy on
MgO(111). The successful stabilization of polar FeO films as thick as 16 monolayers (ML), obtained by depo-
sition and subsequent oxidation of single Fe layers, is presented. FeO/MgO(111) thin films were chemically
and structurally characterized using low-energy electron diffraction, Auger electron spectroscopy and con-
version electron Mössbauer spectroscopy (CEMS). Detailed in situ CEMS measurements as a function of the
film thickness demonstrated a size-effect-induced evolution of the hyperfine parameters, with the thickest
film exhibiting the bulk-wüstite hyperfine pattern. Ex situ CEMS investigation confirmed existence of mag-
netic ordering of the wüstite thin film phase at liquid nitrogen temperature.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The latest advances in the description of polar oxide surfaces have
shed light on the physical properties of the surfaces and interfaces of
ionic materials [1]. However, our understanding of low-dimensionality
effects in such materials is still very poor. Theoretical predictions and
experimental results have shown that bulk-terminated polar surfaces
are not stable because alternating layers of oppositely charged ions pro-
duce a large dipole moment perpendicular to the surface, which results
in a diverging electrostatic potential. Twomechanismsprovide solutions
to this infinite energy problem: the surface could facet into neutral
planes or it could reconstruct to balance its surface charge [1,2]. In con-
trast to the surfaces of single crystals, non-reconstructed polar surfaces
can be produced in thinfilms below a critical thickness [1 and references
therein]. From this perspective, the preparation and study of stable non-
reconstructed polar surfaces are of great interest. On the other hand, the
stabilization of orientations, which do not occur naturallywhen cleaving
a bulk material, opens the way to the fabrication of artificial structures
for controlled catalysis or nanostructures for electronic and magnetic
applications.

The simple cubic rock-salt structure is one of the most stable
structures for highly ionic solids, such as metal monoxides (e.g.,
MgO, CoO, FeO, etc.). It consists of two interpenetrating fcc lattices

of anions and cations. While the {001} faces are neutral and can be
easily stabilized by epitaxial growth [3], obtaining the polar plane
orientation of the lowest index {111} is challenging. A crystal cut
along (111) presents alternating layers of metal and oxygen ions.
Because of charge compensation, the surface tends to reconstruct or
facet. The most common stable surface configuration is found to be
the octopolar (2×2) reconstruction [4 and references therein]. This
reconstruction is obtained by removing 75% of the atoms in the outer-
most layer and 25% in the layer beneath, which produces {100} facets.
Polar surface stabilization mechanisms may be altered in ultrathin
polar films and nanostructures because of their reduced dimensionality
[5]. Additionally, in these systems, surface relaxation, diffusion of atoms,
filling of surface states or covalency modifications are possible stabiliz-
ing processes. However, thesemechanisms have not yet been quantita-
tively assessed, and there is a need for experimental work in these
fields.

We have chosen to study FeO because of its importance in basic
research, as well as in technological applications. Iron monoxide
(FeO) adopts the rock salt structure above its Néel temperature
(TN≈198 K). However, it is well known that FeO is nonstoichio-
metric, accommodating a cation deficiency by the formation of octa-
hedral iron vacancies and a small number of tetrahedral iron(III)
interstitials. These defects tend to aggregate and form tetrahedral
units that have been identified by neutron diffraction and Mössbauer
spectroscopy [6,7]. The bulk magnetic properties of wüstite FeyO are
complex; it is an antiferromagnet with an exact Néel temperature
that depends on the value of y [6,8]. Below the magnetic ordering
temperature, it undergoes a rhombohedral distortion, and its iron
spins align along the [111] direction of the unit cell, forming antifer-
romagnetically coupled alternate (111) iron ferromagnetic sheets [9].
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Although iron oxide thin films prepared by different methods, rang-
ing from the direct oxidation of metallic Fe(110) and (001) surfaces to
the deposition and oxidation of Fe layers onmany substrates, arewidely
investigated (for a review, see [10]), the literature on polar FeO(111)
films is scarce. Most studies consider ultrathin FeO(111) films prepared
on Pt(111) [11]. There are several experiments showing that FeO(111)
can be obtained by oxidation of the Fe(110) surface [12 and references
therein], and to our knowledge, there has been only one example of the
growth of FeO(111) monolayers on oxide surfaces [13]. In particular,
there are no published papers related to FeO/MgO(111) systems.

In this paper, we report the successful preparation of polar FeO
thin films on MgO(111). Because of the layer-by-layer technique,
we were able to stabilize an epitaxial FeO film as thick as 16 ML.
Every step of the preparation sequences was accompanied by detailed
structural studies with low electron energy diffraction (LEED), Auger
electron spectroscopy (AES) and conversion electron Mössbauer
spectroscopy (CEMS). Compared to standard surface sensitive charac-
terization methods, CEMS has the advantage of probing deeper layers
(down to 100 nm) with a monolayer resolution, as well as their local
structure and symmetry [3,14].

2. Material and methods

The experiments were performed in a multi-chamber ultrahigh
vacuum (UHV) system (base pressure 2×10−10 mbar) equipped
with facilities for the growth of epitaxial films, along with their struc-
tural and chemical characterizations and in situ CEMS measurements.
The preparation chamber contains a molecular beam epitaxy (MBE)
system, including an evaporator for iron that is 95% enriched with
the 57Fe isotope, a quartz monitor to control the deposition rate, a
LEED/AES spectrometer for fast sample characterization and a MgO
evaporator. A MgO(111) polished single crystal (10×10×1 mm3)
was used as the substrate. The substrate was annealed at 903 K for
3 h at UHV, and a homoepitaxial 30 Å layer of MgO was deposited at
723 K in three steps (10 Å each) and annealed at 823 K (30 min) in
oxygen atmosphere (5×10−9 mbar) to improve the quality of the
surface. Single monolayers of FeO were grown by the deposition of
an 57Fe monolayer at normal incidence at RT and subsequent oxida-
tion in O2 (5×10−8 mbar, 10 L) at 543 K, followed by UHV annealing
at 873 K for 30 min. The FeO monolayer deposition procedure was re-
peated 16 times, which resulted in the 16 ML FeO film. After every
monolayer preparation cycle, the surface structure and composition
of the thin films were monitored by LEED and AES.

The in situ CEMSmeasurementswere performed at selected prepara-
tion stages at room temperature using an UHV spectrometer, similar to
that described previously [15] and a standard 100 mCi Mössbauer
57Co(Rh) γ-ray source. The in situ spectra were taken at a fixed angle
of 36° between the direction of the γ-ray propagation and the sample
normal. For low temperature (LT) ex situ CEMSmeasurements, the sam-
ple was capped with a 50 Å protective MgO film. The LT CEMS experi-
ments were performed at 80 K in a separate UHV system [16]
equipped with a liquid nitrogen stationary cryostat.

The Mössbauer spectra were analyzed numerically by fitting a
hyperfine parameter distribution (HPD) using the Voigt-line-based
method of Rancourt and Ping [17]. In this method, the HPD for a given
crystal site corresponding to similar structural, chemical and magnetic
properties is constructed by a sum of Gaussian components for the
quadrupole splitting (QS) distributions and, if necessary, the magnetic
hyperfine field Bhf distributions. The isomer shift (IS) can be linearly
coupled to the primary hyperfine parameters (QS, Bhf). The isomer
shift values are quoted relative to α-Fe at room temperature.

3. Results and discussion

The Auger spectrum induced by 1.7 keV electrons showed small
amounts of carbon (KE=270 eV) and calcium (KE=291 eV) at the

polished MgO(111) crystal surface (Fig. 1). To obtain a cleaner sur-
face, homoepitaxial MgO buffer layers were deposited. The deposition
of 30 Å of MgO clearly resulted in a calcium-free surface. However,
small traces of carbon were still present at the surface. The oxygen
KLL Auger electron peak at KE=508 eV with respect to the Fermi
level is characteristic for the uncharged surface of MgO [18].

Because of the insulating character of MgO, LEED patterns could be
obtained only for high electron energies. Fig. 2 shows the LEED pat-
terns recorded for a primary electron energy of 190 eV before and
after the deposition of 30 Å of MgO. Both patterns exhibit a (1×1)
hexagonal symmetry, confirming the homoepitaxial growth of MgO.
The spots are less sharp in the case of the surface with an additional
30 Å of MgO, most likely because of stronger charging or slightly
poorer structural long-range order.

The deposition of the thinnest FeO layers drastically changed the
electrical state of the samples, making LEED observation possible
down to the lowest energies, which demonstrates the much lower
energy gap of FeO compared to MgO.

Fig. 3 compares the LEED patterns obtained from the FeO(111)
films of different thicknesses. All patterns exhibit a (1×1) hexagonal
symmetry that confirms epitaxial growth through the entire FeO film.
The orientation of the FeO films is expected to be (111)FeO//(111)MgO

because of the small mismatch of the lattice parameters, and we can
conclude that the FeO follows the orientation of the MgO substrate
with high fidelity.

Remarkably, the metallic Fe monolayers produced very poor dif-
fraction patterns with visible 3-fold symmetry (not shown here),
and only the oxidation process caused meaningful improvement of
the long range order of the surface. The brightness and sharpness of
the spots are comparable for all cases, showing the good crystalline
quality of the films and their uniform growth mode; however, the
broadening of the diffraction spots is an indication of a grainy film
structure. It is well known that the initial growth of iron on MgO is
island-like [19], and this adsorbate morphology is transmitted to the
oxide film. Under the above-mentioned conditions, there is no ap-
pearance of {100} facets, which can be easily understood in view of
the low dimensionality of the oxide structure [5].

For discussion of the Mössbauer results that are presented below
it is useful to recall the spectra for bulk compounds. Under ambient
conditions, in the cubic rock-salt structure of FeO, the cations occupy
octahedral positions, which have nominally perfect cubic symmetry
Oh. In such a case, there are no lattice and valence electron contribu-
tions to the electric field gradient on the Fe2+ nuclei, and therefore
quadrupole interaction should be negligible. Indeed, in stoichiometric
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Fig. 1. The AES spectrum for annealed MgO(111) substrate before and after covering
with homoepitaxial layers of varying thickness.
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FeO [20] or in extremely diluted (Mg, Fe)O [21] quadrupole splitting
is quite small (b0.2 mm/s) coming from the valence d-shell, mainly
due to the small Jahn–Teller distortion of the FeO6 octahedron. In all
other cases Mössbauer spectra are more complex due to some local
distortions of oxygen octahedra and nonequivalent nearest neighbor
coordinations, and typical interpretation involves singlets and
doublets because of the presence of undistorted octahedral Fe2+

sites, octahedral Fe2+ sites associated with vacancies and complex
defect clustering and also Fe3+ in octahedral and tetrahedral posi-
tions [22].

The room temperature in situ CEMS spectra of the FeO(111) films
at different growth stage layers are presented in Fig. 4. The apparent
asymmetric doublets are qualitatively similar to the well-known
bulk-FeyO spectra in the paramagnetic state [6,7], but detailed numeri-
cal analysis reveals quantitative differences that are not surprising
when the possible deviation from oxygen stoichiometry, formation of
FeO–MgO solid solution [23,24] at the substrate-film interface or low
dimensionality of our samples are considered. To accurately and con-
sistently describe our spectra, in analogy to bulk FeO, three doublets
were required. The hyperfine parameters of the fitted components
and their intensities are listed in Table 1. The doublets D1 and D2 are
characterized by a large isomer shift, which is typical for Fe2+. The cen-
tral doublet (D1) with the larger IS (~1.05 mm/s) and smaller QS
(~0.75 mm/s), which is shaded light gray in Fig. 4, is attributed to the
undistorted octahedral Fe2+ sites. This assumption is consistent with
the values of the hyperfine parameters, which are close to those of
the bulk [6]; it is also consistent with the increasing peak intensity
with increasing film thickness. From this trend, we make the obvious
assumption that the inner layers of the films present more bulk-like
behavior than the surface and interface layers. Consequently, the
outer doublet (D2) with lower IS, which is shaded black in Fig. 4 and
decreases in intensity with increasing film thickness, can be attributed
to the octahedral Fe2+ sites at the FeO–MgO interface. The large QS
value of this spectral component (~1.8 mm/s) can be explained by a
specific local symmetry at the interface, where the Fe ions are

coordinated asymmetrically to six Mg and six Fe next-nearest cation
neighbors. By analogy to bulk Fe1−xMgxO mixed compounds [25],
such a configuration results in the highest value of the quadrupole
splitting QS, which can be estimated as 1.65 mm/s using the model
proposed by Kantor et al. [23], in a fair agreementwith the observed ex-
perimental value. It must be noted that also a certain degree of the in-
terdiffusion between the MgO substrate and the FeO film cannot be
excluded. However, considering other factors, which in ultrathin films
can contribute to modification of the hyperfine parameters, such as
the lack of the translational symmetry, lattice distortions, high contribu-
tion of defects, the presence of the surface and interface, an ultimate in-
terpretation of the spectral component is hardly possible. On the other
hand, the LEED and Auger analysis do not indicate that a massive
MgO–FeO intermixing takes place.

The doublet (D3) with a small IS and small QS, shaded dark gray in
Fig. 4, can be attributed to octahedral Fe3+ ions along with charge-
compensating cation vacancies corresponding to the replacement
(Fe3+−□−Fe3+)=3Fe2+ [23,26]. However, some of Fe3+ ions
can occupy interstitial tetrahedral positions of the fcc oxygen

Fig. 3. LEED patterns at the primary electron energy 67 eV of 2, 4, 8 and 16 ML thick FeO, from left to right, respectively.

Fig. 2. The LEED patterns at the primary electron energy 190 eV for the MgO(111) sub-
strate after annealing (left) and for 30 Å of homoepitaxial MgO layer (right).
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Fig. 4. In situ room temperature 57Fe-CEMS spectra for FeO films on MgO(111) as a
function of the FeO thickness.
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sublattice and contribute to this component, too. The observed value
of IS=0.3 mm/s is typical of the 3d5 state [6]. In our fits, we used a
quadrupole doublet rather than a broadened single line, in accor-
dance with high statistic Mössbauer spectra of non-stoichiometric
wüstite and FeO–MgO solid solutions that showed Fe3+ spectral
components with a non-zero quadrupole interaction [25].

The ex situ Mössbauer spectra obtained for 16 ML of FeO(111) at
300 and 80 K are shown in Fig. 5. The spectrum at 300 K is very sim-
ilar to the corresponding spectrum measured in situ, but the im-
proved signal-to-noise ratio allows the detection of a small amount
(approximately 9%) of a magnetically split component which comes
from nano-phase magnetite (Fe3O4) [14,27]. The spectrum measured
at 80 K becomes complex (see inset in Fig. 5), but the spectrum qual-
ity excludes an unambiguous interpretation. However, despite some
peaks belonging to magnetite (visible at high velocities), a change
(broadening) of the central part of the spectrum indicating a magnet-
ic splitting is obvious. We attribute this change to a transition to an
ordered phase, probably to the antiferromagnetic one, in analogy to
bulk wüstite. Additionally to the complex magnetic hyperfine pattern
of wüstite at low temperature [6,28,29], superparamagnetic relaxa-
tion can contribute to the spectrum complexity.

4. Conclusions

It was shown that epitaxial growth of FeO(111) thin layers on
MgO(111) is possible by deposition and subsequent oxidation of single
Fe layers. In this case, special attention must be paid to the preparation
of the MgO(111) substrate, and a special treatment procedure is

necessary during the iron deposition and oxidation. Analysis of the
CEMS spectra showed that a FeO wüstite phase is formed. The low-
temperature CEMS spectrum measured at 80 K indicates transition to
a magnetically ordered state.
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Table 1
Hyperfine parameters derived from the room-temperature CEMS spectra for FeO films on MgO(111) as a function of the film thickness. Isomer shift (IS) is given in mm/s relative to
α-Fe foil. bQS>=e2qQ/2 (in mm/s) and σ (in mm/s) are the average quadrupole splitting and the Gaussian width of the QS distribution of the given spectral component,
respectively.

Iron(II) Iron(III)

Central doublet (D1) Outer doublet (D2) Doublet (D3)

IS bQS> σ % Aa IS bQS> σ % A IS bQS> σ % A χ2

2 ML 1.05 0.65 0.29 35.3 0.87 1.98 0.28 27.5 0.27 0.36 0.25 37.2 0.48
4 ML 1.07 0.72 0.33 44.7 0.85 1.75 0.54 20.9 0.26 0.39 0.33 34.4 0.55
8 ML 1.04 0.75 0.28 62.0 0.80 1.88 0.31 13.6 0.29 0.29 0.20 24.4 0.53
16 ML 1.04 0.75 0.26 73.4 0.79 1.80 0.31 9.6 0.32 0.28 0.20 17.0 0.85

a The percentage area of spectra components.
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ABSTRACT 

A comparative study of the structure and magnetism of Fe/CoO(111) and Fe/CoO(001) 

epitaxial bilayers was performed to investigate the role of uncompensated spins in the exchange 

bias (EB) phenomenon. Low energy electron diffraction (LEED), x-ray photoelectron 

spectroscopy (XPS), conversion electron Mössbauer spectroscopy (CEMS) and the magneto-

optic Kerr effect (MOKE) were used to characterize the structural and magnetic properties of the 

bilayers. Magnetically compensated and uncompensated CoO films were prepared using 

molecular beam epitaxy through the evaporation of single Co atomic layers and their subsequent 

oxidation (layer-by-layer technique) on MgO crystals with (001) and (111) orientations. Two-

monolayer (ML)-thick 
57

Fe probes located on top of the oxide films and covered with 
56

Fe 

allowed for an analysis of the interfacial chemical and magnetic structure using CEMS. For both 

structures, sub-monolayer oxidation of the iron detected at the Fe/CoO interface was found to be 

accompanied by the formation of a mixed FeCo region. The Fe layers showed fourfold 

magnetocrystalline anisotropy when grown on CoO(001) and weak uniaxial anisotropy when 
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grown on CoO(111). Although the structural quality and composition of the two structures were 

comparable, they exhibited distinct EB properties.  A hysteresis loop shift as high as 354 Oe at 

80 K was obtained for the Fe/CoO(111) bilayer, compared to only 37 Oe for the magnetically 

compensated Fe/CoO(001).  

I. INTRODUCTION 

Ferromagnetic (FM)-antiferromagnetic (AFM) layered structures have been extensively 

studied over the last decades
1,2

 due to the effect of the exchange bias (EB), which renders these 

structures technologically important
3,4

 and interesting from the viewpoint of basic research
5
. EB 

occurs as a horizontal shift and broadening of the FM hysteresis loop. One of the most discussed 

and still controversial aspects of EB is the role of the interfacial spin structure. In the pioneering 

work of Meiklejohn and Bean 
6
, the AFM spins at the interface of the FM layer were assumed to 

be magnetically uncompensated. In that case, the net magnetic moment, which exists in the AFM 

component of the interface, pins the magnetization direction of the FM component due to a high 

AFM anisotropy and produces a loop shift. However, the hysteresis loop shifts calculated based 

on the model of Meiklejohn and Bean are a few orders of magnitude larger than those observed 

experimentally
5
. Furthermore, an EB was also observed for nominally compensated AFM 

surfaces, such as CoO(001)
7
 and NiO(001)

8
. To explain this result, a different approach is 

needed. The model of Malozemoff
9
 considered random roughness at the interface, which 

produced uncompensated areas for the nominally compensated AFM surface. Schulthess and 

Butler
10

 also noted that for structures with a perfectly compensated AFM order, additional 

factors, e.g., interfacial defects, are necessary to produce a loop shift. Using element-specific x-

ray magnetic circular dichroism, Ohldag et al. found uncompensated Ni spins at a nominally 

compensated Co/NiO(001) interface, localized in the interfacial CoNiOx layer, which was 
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formed as a result of the oxidation-reduction reactions
11

. The presence of the uncompensated 

spins resulted in increased coercivity; however, these spins were not sufficient to produce an 

EB
11

. For the loop shift to be observed, some of the uncompensated spins must be pinned; 

however, as little as 4% of a monolayer is sufficient
12

.  

Epitaxial FM/AFM bilayers, with CoO as the AFM layer, are well suited for model 

investigations. CoO has an easily accessible Néel temperature (TN=293K for bulk) and a high 

magnetocrystalline anisotropy, which enhances the EB effect
13,14

. Furthermore, CoO has a NaCl-

type crystal structure to which the antiferromagnetic order is closely related, which is crucial for 

the present study. In bulk CoO, the magnetic moments of the Co atoms in a (111) plane are 

aligned parallel while the adjacent planes are coupled antiparallel
15

. As a consequence, it is 

possible to access two different interfacial spin configurations of CoO simply by using 

CoO(001)- or CoO(111)-oriented layers (Fig. 1(a) and (b), respectively). While CoO(001) 

atomic layers are compensated in terms of the net magnetic moment, the CoO(111) surface is 

magnetically uncompensated. In parallel, in contrast to the neutral (001) surface, the (111) 

surface of the rocksalt oxides is polar, due to the alternatively stacked anionic and cationic 

layers, as shown in Fig. 1(e) and (f). The resulting divergence of the electrostatic energy must be 

neutralized in such systems to stabilize the surface. Deviations from the stoichiometry, surface 

reconstructions or the adsorption of foreign species are possible stabilization mechanisms
16

.  
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Fig. 1 CoO(001) (a) and CoO(111) (b) planes of the bulk NaCl crystal structure, marked by 

white balls. The red and black balls mark the oxygen and cobalt atoms, respectively. The 

corresponding arrangement of the magnetic moments (arrows) in the CoO(001) (c) and 

CoO(111) (d) planes. Charge arrangement perpendicular to the CoO(001) (e) and CoO(111) (f) 

planes. Along the [001] direction, each (001) bilayer is charge-compensated (Q=0) and has no 

dipole electric moment (μ=0), while non-zero dipole electric moments along the [111] direction 

lead to a diverging electrostatic potential, which destabilizes the surface.  

 

Direct comparisons between bilayer systems with compensated and uncompensated CoO 

surfaces have been performed; however, contradictory results have been obtained. For CoO/Py 

epitaxial bilayers, Gökemeijer et al. showed that an EB occurred only for the CoO(111) 

orientation, in contrast to CoO(001)
17

. However, Ghadimi et al.
18

 reported a larger EB effect for 

Co/Co1-yO(001) in comparison to Co/Co1-yO (111). For Fe3O4/CoO epitaxial bilayers, van der 

Zaag et al. found no significant differences in the EB between the (001) and (111) orientations
19

. 

Thus, it appears that not only the orientation but also the degree of structural perfection plays a 

role in these systems. To firmly establish the role of the (un)compensation, care must be taken to 
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compare systems that are similar with respect to the crystal quality, stoichiometry and chemical 

structure of the interfaces. 

In the present work, to prepare cobalt oxide layers of both orientations, we utilized a 

layer-by-layer method that was previously shown to result in stable polar thin films of FeO 

grown on MgO(111)
20

. By growing bilayer CoO-Fe structures based on magnetically 

compensated CoO(001) and magnetically uncompensated CoO(111) under precisely controlled 

conditions and by performing a thorough analysis of the chemical structure of the CoO layers 

and the Fe/CoO interfaces, we can investigate the relation between the occurrence and magnitude 

of the EB and the (un)compensation of the antiferromagnetic interface. 

II. EXPERIMENTAL PROCEDURE 

Fe/CoO bilayers were prepared in an ultra high vacuum (UHV) system equipped with a 

molecular beam epitaxy facility, following standard surface characterization techniques. Polished 

MgO(001) and MgO(111) single crystals were used as the substrates. MgO has the same rocksalt 

crystalline structure as CoO, and the mismatch between the two materials is approximately 1%
21

. 

Metals (Co and Fe) were evaporated from thermally heated BeO crucibles, and MgO layers, used 

as buffer and capping layers, were evaporated from an MgO piece using an electron beam 

evaporator. The thickness was controlled by a precisely calibrated quartz crystal monitor. 

The substrates were degassed under UHV conditions and annealed at 600 °C for 30 

minutes. Auger electron spectroscopy (AES) was performed on the annealed substrates and 

showed significant carbon contamination; therefore, a homoepitaxial MgO layer (30 Å thick) 

was deposited onto the substrates at 450 °C to obtain clean surfaces. The homoepitaxial buffer 

layers were subsequently annealed at 600 °C for 30 minutes at an oxygen background pressure of 
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5x10
-9

 mbar. CoO films were prepared via a layer-by-layer oxidation process of metallic Co 

monolayers. Single layers of metallic Co were deposited at room temperature (RT). The 

thicknesses of the Co layers corresponded to the Co amount in a single monolayer (ML) of CoO, 

i.e., 1.19 Å and 1.39 Å for the (001) and (111) orientation, respectively. The single metallic Co 

layers were oxidized by exposure to 20 L of molecular oxygen at a partial pressure of pO2= 5x10
-

8 
mbar at 270 °C, followed by UHV annealing at 550 °C for 30 minutes. This procedure ensured 

a precise control of the oxygen dose for a single metal layer. The crystalline structure of the 

growing CoO layers was monitored using low energy electron diffraction (LEED) after each 

metallic layer deposition and each UHV annealing step. The procedure was repeated ten times 

for the (001) orientation and nine times for the (111) orientation, resulting in 20-Å-thick CoO 

films. 

After preparation, the CoO layers were transferred to another UHV system using a 

vacuum suitcase for x-ray photoelectron spectroscopy (XPS) measurements. The XPS spectra 

were measured using an Al Kα (1486.6 eV) x-ray source and an SES R4000 hemispherical 

analyzer (Gammadata Scienta). The spectra were calibrated using the carbon C 1s line at a 

binding energy of 285 eV. The spectral analysis was conducted with commercial software
22

.  

Next, 50-Å-thick Fe layers were deposited onto the CoO films at RT. To characterize the 

chemical and magnetic structure of the Fe/CoO interface using conversion electron Mössbauer 

spectroscopy (CEMS), first, an ultrathin (2 ML=2.86 Å) 
57

Fe layer was evaporated on the CoO, 

followed by 33 ML (47 Å) of
 56

Fe. The samples were capped with approximately 70 Å of MgO. 

A schematic representation of the samples is shown in Fig. 2.  
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Magnetic characterization of the samples was performed ex situ using the longitudinal 

magneto-optic Kerr effect (MOKE). Measurements as a function of the azimuthal angle φ 

between the magnetic field and the characteristic in-plane crystallographic directions were 

acquired at RT, enabling an identification of the intrinsic magnetic anisotropies in the Fe film. 

The Fe-CoO magnetic exchange coupling was investigated using the field cooling (FC) 

procedure. During FC, the samples were placed in a cryostat, where they were cooled from RT 

passing through the Néel temperature of bulk CoO (291 K) and reaching 80 K in the presence of 

a static magnetic field of 4000 Oe oriented along the easiest magnetization direction. Then, the 

hysteresis loops were measured as a function of temperature, up to 300 K. The exchange 

coupling was described using the EB field HEB=(|HC1|-|HC2|)/2 and the coercive field 

HC=(|HC1|+|HC2|)/2, where HC1 and HC2 are the coercive fields of the ascending and descending 

branches of the hysteresis loop, respectively.  

To examine the chemical structure of the Fe/CoO interfaces, CEMS measurements were 

performed ex situ using a standard Mössbauer spectrometer equipped with a He/CH4 flow 

proportional detector and a 100-mCi 
57

Co/Rh source. The CEMS spectra were collected under a 

normal incidence geometry. Commercial software
23

 was used to fit the spectra using a Voigt-

line-based least-squares method, thus approximating the distribution of the hyperfine magnetic 

field Bhf at a given site with a sum of Gaussian components. 
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Fig. 2 Schematic representation of the samples. 

 

III. RESULTS AND DISCUSSION 

A. Chemical and structural characterization 

The AES results for the MgO(001) and MgO(111) substrates revealed significant 

contamination (Fig. 3), including carbon and calcium. To reduce surface contamination, 

homoepitaxial MgO buffer layers were deposited onto the substrates prior to the preparation of 

the CoO films. The decreased intensity of the AES C KLL (270eV) and Ca KLL (291 eV) lines 

with respect to the O KLL signal (503 eV) indicate that the intrinsic MgO contaminants were 

covered by the buffer layers.  

The LEED patterns observed for the substrates and buffers of both orientations verified 

epitaxial growth of the buffer layers (Fig. 4). As expected, the crystalline symmetry was fourfold 

for MgO(001) and threefold for MgO(111). For MgO(111), the LEED pattern for EP=375 eV is 

shown; for the lower primary beam energies, the spots were faint and the background was high 

due to charging effects. 
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Fig. 3. AES spectra of the MgO(001) (a) and MgO(111) (b) substrates and the homoepitaxial 

buffer layers. The spectra are normalized to the oxygen peak. 

 

Fig. 4. LEED patterns of the MgO(001) and MgO(111) substrates ((a) and (c), respectively) and 

of the corresponding homoepitaxial buffer layers deposited onto the substrates ((b) and (d), 

respectively). 
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Fig. 5. LEED patterns recorded during CoO layer preparation onto MgO(001) and MgO(111) 

((a)-(d) and (e)-(h), respectively). 

LEED was also used to monitor the crystalline quality of the CoO films grown on MgO(001) 

and MgO(111). The LEED patterns were recorded after each preparation step. Selected patterns 

are shown in Fig. 5. For both crystal orientations, LEED observations were difficult due to 

charging effects. The minimum primary beam energy (Emin) for which the diffraction pattern was 

experimentally observable increased with increasing CoO thickness, from 205 eV for 1 ML to 

410 eV for 10 ML for CoO grown on MgO(001) (Fig. 5(a) and (d)) and from 120 eV for 1 ML to 
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approximately 370 eV for 9 ML for CoO grown on MgO(111) (Fig. 5(e) and (h)). The enhanced 

charging might be related to the different band gaps of MgO and CoO, which equal 7.8 eV
24

 and 

approximately 3 eV
25

, respectively. The patterns observed throughout the entire growth of the 

CoO films reflect the symmetry of the MgO substrates, and hence, the CoO films that resulted 

from the layer-by-layer deposition onto the MgO(001) and MgO(111) substrates were 

unambiguously identified as CoO(001) and CoO(111), respectively. 

The diffraction spots observed for CoO(111) were more diffused than those for CoO(001). 

However, in contrast to CoO(001), where the spots were equally sharp for the metallic and 

oxidic layers, the differences between the qualities of the images were significant for the 

CoO(111) case. Due to the enhanced conductivity of the metal surface, the background was 

suppressed and the diffraction spots became sharper and brighter after deposition of the metallic 

Co layer. This finding indicates that the wider and more diffused spots observed for the oxidized 

layers are related to charging effects rather than being caused by a lower structural quality. For 

both cases, after each deposition of metallic Co, a LEED pattern was obtained for an Emin of 

approximately 100 eV.  

Charging of the samples influenced the LEED patterns of the Fe films deposited onto 

CoO(001) and CoO(111). Although the patterns were very weak, with the diffused spots 

appearing only at high primary beam energies (larger than 300 eV) (Fig. 6), the known epitaxial 

relation with CoO(001), i.e., Fe(001)[110]||CoO(001)[100]
26

, is evident (Fig. 6(a)). Fe grown on 

CoO(111) showed a diffused diffraction pattern, in which a sixfold symmetry is clearly visible 

(Fig. 6b), corresponding to the expected epitaxial growth
27

. When Fe is grown on CoO(111), 

(110)-oriented grains are formed, which, due to their twofold symmetry, have different in-plane 
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orientations rotated by 120°(Ref. 27). The incoherent superposition of the diffraction patterns 

from different epitaxial grains leads to the observed pattern of the threefold symmetry, which 

may be further blurred by charging effects. 

 

Fig. 6 LEED patterns recorded at the surfaces of Fe grown on CoO(001) (a) and CoO(111) (b). 

 

XPS was employed to characterize the chemical structure of the CoO films. The spectra 

recorded at the electron exit angle θ=0° (along the surface normal) and at θ=60° are presented in 

Fig. 7. The Co 2p lines showed a distinct satellite structure, characteristic of CoO
28-30

. The 

spectra measured for both CoO(001) and CoO(111) were fitted with two doublets (A and B) and 

two satellite lines (S). The main parameters of the fitted components are presented in Table 1.  
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Fig. 7 Co 2p XPS lines measured for CoO(001) (a) and CoO(111) (b) with θ=0° and θ=60°. 
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Table 1 The main parameters of the XPS components derived from the Co 2p spectra. The 

binding energy of the Co 2p3/2 line and the corresponding FWHM are listed in columns 3 and 

4. Δ represents the spin-orbit splitting. The percent of the spectral area of a given line is listed 

in column 6. 

Sample Cp EB Co 2p3/2 (eV) FWHM (eV) Δ (eV) Area(%) 

CoO(001) 

θ=0°  

A 778.9 1.9 15.5 17 

B 780.5 4.2 16.0 83 

S 785.7 7.0 17.2  

CoO(001) 

θ=60°  

A 779.0 1.9 15.5 31 

B 780.8 4.1 15.8 69 

S 786.1 6.5 16.8  

 

CoO(111) 

θ=0° 

A 779.5 1.9 15.4 15 

B 780.8 4.2 15.8 85 

S 786.3 7.0 16.8  

CoO(111) 

θ=60° 

A 779.2 2.0 15.5 26 

B 780.8 3.9 15.9 74 

S 786.1 6.5 16.9  

 

A deconvolution of the Co 2p spectra showed dominating components at similar binding energies 

of 780.5 eV and 780.8 eV for CoO(001) and CoO(111), respectively. The value of 780.5 eV is 

typical for CoO
29,31,32

. Other parameters, such as spin-orbit splitting, equal to 15.7 eV and 15.8 

eV for CoO(001) and CoO(111), respectively, and the separation between the 2p3/2 main line (B) 

and the satellite (S) (5.2 eV and 5.5 eV for CoO(001) and CoO(111), respectively), agree with 

the values reported for CoO powder and differ significantly from the values reported for 

Co3O4
31

. In addition, the width of component B, which equals 4.2 eV in both cases, is only 

slightly larger than the FWHM reported for CoO powder (3.7 eV). This slight broadening can be 

easily understood by considering that the binding energy of the cobalt core electrons may be 

slightly different at the MgO/CoO interface, the CoO surface and the center of the film. In 

addition to the main doublet B, additional components at the lower binding energy were fitted 

(doublet A). Their binding energies, equal to 778.9 eV and 779.4 eV for CoO(001) and 
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CoO(111), respectively, lie between the values expected for metallic Co (778.2 eV) and Co3O4 

(779.6-779.8 eV)
32,33

. The relative intensity of doublet A increases with the angle θ, suggesting 

that the species responsible for this component are located in the surface region. We identified 

this component as reduced cobalt oxide, based on the result that the best fit was obtained using 

an asymmetric peak shape and without additional satellite lines, both characteristic traits of 

metallic species. In addition, the preparation conditions in our experiment were reducing (each 

oxidation was followed by annealing); thus, an oxygen deficiency in the surface region is not 

surprising. In summary, the two CoO films were found to have very similar chemical structures, 

with the stoichiometry close to Co1O1, and slightly reduced surface regions.  

Having characterized the composition and crystalline structure of the CoO films, possible 

stabilization mechanisms of the polar CoO(111) film should be discussed. One possible 

mechanisms is p(2x2) octopolar reconstruction, which leads to the formation of {100} 

nanofacets
16

. This mechanism cannot be excluded due to the vague LEED patterns. The 

CoO(111) surface might be also stabilized by adsorbed OH
-
 groups; in that case, the surface is 

not reconstructed
34

. However, we propose that the CoO(111) film is sufficiently stable due to the 

metallization of the CoO surface region, and in this case, no additional stabilization mechanisms 

are needed.  

To investigate the chemical structure of the Fe/CoO interfaces, CEMS spectra were recorded 

(Fig. 8). The hyperfine parameters, which characterize each spectral component, are given in 

Table 2. Each of the components corresponds to a different atomic site occupied by the 
57

Fe 

atoms. Hyperfine parameters are used to identify the chemical state and atomic surroundings of 

given groups of atoms. The isomer shift (IS), which changes with the density of s electrons at the 
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nucleus, provides information on the oxidation state of the 
57

Fe atoms, the hyperfine magnetic 

field (Bhf) is related to the magnetic moment of the 
57

Fe probe atoms and its nearest neighbors, 

and the quadrupole interaction (ε) is sensitive to the electric field gradient and reflects the local 

symmetry of the valence electron charge distribution
35

. The spectra measured for Fe/CoO(001) 

and Fe/CoO(111) are characterized by a similar set of the components. Therefore, the interfacial 

model proposed here applies to the bilayers of both orientations, with small differences, which 

are highlighted below.  
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Fig. 8 CEMS spectra (dotted line) measured for 
56

Fe/2ML 
57

Fe/CoO(001) (a) and 
56

Fe/2ML 
57

Fe/CoO(111) (b) together with the best fit (solid line), deconvoluted into components, which 

are shifted along the y axis for clarity.  
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Table 2 Hyperfine parameters derived from numerical fits of the CEMS spectra for the 

Fe/CoO(001) and Fe/CoO(111) interfaces. IS is the average value of the isomer shift with respect 

to α-Fe. Average quadrupole interaction (ε) (sextets) or quadrupole splitting (QS) (doublets) are 

listed in column 4. Bhf is the average hyperfine magnetic field and ΔBhf is the Gaussian width of 

the Bhf distribution for a given component. RW is the relative weight of the component. The 

asterisks mark the parameters fixed during the fitting process. 

Sample Site 
IS 

(mm/s) 

ε/QS
 

(mm/s) 

Bhf
 

(T) 

ΔBhf
 

(T) 

RW 

(%)
 

Fe/CoO(001) M_1 0.04(4) 0.00(2) 34.6(3) 1.2* 55(7) 

 M_2 0.1(2) -0.1(2) 32(2) 3(1) 24(10) 

 O_1 0.3(1) 0.1(1) 37(1) 1.2(9) 15(8) 

 O_2 0.2(2) 0.8(3) - - 6(2) 

       

Fe/CoO(111) M_1 0.02(1) 0.00(1) 34.6(1) 1.2* 61(4) 

 M_2 0.0(4) 0.0(4) 26(3) 5(4) 13(7) 

 O_1 0.4(1) 0.0(1) 36.8(8) 3(1) 19(4) 

 O_2 0.44(7) 1.0(1) - - 7(2) 

 

Knowing the thickness of the 
57

Fe probe, it is possible to calculate the amount of 
57

Fe atoms 

corresponding to each component using its relative weight RW. An easily distinguishable 

component is a doublet (component O_2), which in both spectra comes from a small amount of 

57
Fe atoms (6-7% of the probe) that diffused into the CoO

36
 and which are magnetically 

decoupled from the rest of the Fe film. The most intense component in both spectra (M_1) is 

characterized by an IS, indicating its metallic character (IS≈0). However, the hyperfine magnetic 

field, equal to 34.6 T in both spectra, is larger than the typical value for α-Fe (Bhf=33 T at RT
35

). 

Such an increased Bhf is a result of the proximity of Co atoms to Fe atoms at the Fe-CoO 

interface. Because the XPS measurements indicated that the surfaces of the CoO films were 

reduced, we interpret component M_1 as originating from the metallic intermixed Fe-Co 

interfacial region. In iron-rich FeCo alloys, the hyperfine magnetic field at the Fe nucleus 

increases almost linearly with the Co content, reaching 35 T for 10 at. % of Co, i.e., Fe0.9Co0.1
37

. 
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Additional CEMS measurements conducted with a thicker probe layer (not shown) revealed that 

approximately 4 Å of iron is mixed with cobalt at the Fe/CoO interface.  

Among the two remaining components in the spectra, one has a metallic (M_2) and one has 

an (O_1) oxidic character. The O_1 component, with a hyperfine magnetic field of Bhf=37 T, is 

characterized by an isomer shift IS=0.3-0.4 mm/s, which is typical for bulk iron in the Fe
3+

 

oxidation state
35

. The oxidation of Fe atoms is a result of the CoO proximity and often 

accompanies the formation of a metallic alloy at the metal/oxide interface
38

. The hyperfine 

magnetic field of the O_1 component is significantly lower than expected for different Fe2O3 

phases (approximately 50T
35

), but is close to the value of 38.4 T reported for α-FeOOH
39

. 

However, the identification of the O_1 component in terms of stoichiometric bulk phases may 

not be relevant due to the low-dimensional nature of the interfacial iron oxide. Hence, we 

interpret the interfacial oxidation in the Fe/CoO bilayers as the formation of iron-oxygen bonds, 

most likely due to the incorporation of oxygen atoms in the hollow sites of the bcc Fe structure, 

analogous to Fe/MgO
40

. The metallic component M_2, identified by an IS close to zero, 

exhibited a markedly different hyperfine magnetic field for the (001) and (111) orientations: 

Bhf=32 T and Bhf=26 T, respectively. In combination with the large width of the Bhf distribution, 

this finding indicates an interfacial origin of this component. Apparently, at the Fe/CoO(001) 

interface, the coordination of the Fe atoms to their metallic neighbors is different than at the 

more defective Fe/CoO(111) interface. A similar high sensitivity of the hyperfine magnetic field 

to the local atomic coordination was recently demonstrated for the Fe/MgO interface
40

. The 

amount of iron oxide formed at the Fe/CoO interface corresponds to only a fraction of the 

monolayer. 
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If we assume that only components O_1 and M_2 come from the interface, while the FeCo 

mixed region links this interfacial layer with the interior of the Fe film, the quantitative 

considerations lead to the conclusion that the 
57

Fe grown on CoO formed islands, which is in line 

with recent experimental findings
41

. Consequently, the amount of iron oxide was recalculated to 

40% of the interfacial Fe monolayer for Fe/CoO(001) and to 60% for Fe/CoO(111). This result is 

similar to the finding of 0.3 ML of FeO based on x-ray absorption spectroscopy at the interface 

with CoO in an Fe/CoO/Ag(001) structure
42

. The small difference in the amount of the 

interfacial iron oxide for Fe/CoO(001) and Fe/CoO(111) may be related to different terminations 

of the CoO surfaces and thus different oxidation conditions.  

In summary, the Fe/CoO(001) and Fe/CoO(111) bilayers were very similar in terms of the 

crystalline quality and stoichiometry of the CoO films, as well as in the chemical structure of the 

Fe/CoO interface.  

B. Magnetic properties 

The MOKE measured at RT for different azimuthal angles φ revealed the intrinsic magnetic 

anisotropies of the two structures. The angle φ was measured with respect to MgO[100] and 

MgO[-110] for Fe/CoO/MgO(001) and Fe/CoO/MgO(111), respectively. Representative 

hysteresis loops are shown in Fig. 9(a), while Fig. 9(b) presents polar plots of the reduced 

remanence. For both orientations, the coercivity measured along the easiest anisotropy direction 

was equal to 12 Oe. Significant differences appeared in the saturation field (HS) along the hardest 

anisotropy directions, which indicates differences in the effective magnetic anisotropies. For 

Fe/CoO(001), HS equals 500 Oe. Using the bulk magnetization for the Fe layer, this value 

corresponds to an effective anisotropy of 4.2x10
5
 erg/cm

3
, which is very close to the 
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magnetocrystalline anisotropy of bulk Fe (4.8x10
5
 erg/cm

3
 (Ref. 43)). Meanwhile, for 

Fe/CoO(111), HS=100 Oe, which reflects a much smaller value for the effective anisotropy, i.e., 

0.84x10
5
 erg/cm

3
.  

 

Fig. 9 (a) Hysteresis loops measured at RT along the easiest and hardest anisotropy directions, 

corresponding to φ=45° and φ=0° for Fe/CoO(001) and φ=90° and φ=5° for Fe/CoO(111). The 

azimuthal angle is measured relative to the MgO[100] and MgO[-110] directions for 

Fe/CoO(001) and Fe/CoO(111), respectively. (b) Polar plots of the reduced remanence showing 

the fourfold anisotropy of Fe/CoO(001) and the uniaxial anisotropy of Fe/CoO(111). 

 

Fe grown on CoO(001) exhibited two orthogonal in-plane easy axes, along the Fe[100] and 

Fe[010] directions, as expected for Fe(001) films. In contrast, the magnetic anisotropy of the Fe 

film grown on CoO(111) was uniaxial. Indeed, the Fe(110) surface contains only one easy 

magnetocrystalline anisotropy axis (Fe[100]), but the uniaxial magnetic anisotropy (UMA) 
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presently observed for Fe/CoO(111) cannot be of magnetocrystalline origin because the Fe film 

is composed of grains rotated by 120°. The uniaxial anisotropy contributions may have diverse 

origins: interface anisotropy, as in Fe/GaAs(100)
44

, shape anisotropy
45

 or growth-induced 

anisotropy, which originates from the shadowing effect
46,47

. Although the evaporator used in this 

study produced an Fe flux at only 12° from the substrate normal, growth-induced anisotropy
46 

was responsible for the UMA in the Fe/CoO(111) sample. The easy magnetization direction was 

oriented perpendicular to the projection of the Fe flux direction onto the sample surface, which 

was also verified in analogous samples prepared on substrates rotated relative to the evaporator. 

The UMA contribution is not apparent for the Fe/CoO(001) sample; for that case, the total 

magnetic anisotropy is dominated by the magnetocrystalline term.  

To investigate the AFM-FM magnetic exchange couplings that are characteristic of 

Fe/CoO(001) and Fe/CoO(111), the samples were field cooled to 80 K. The cooling magnetic 

field was applied along the easiest magnetization directions because the hysteresis loops before 

FC were very similar in this case. At 80 K, both systems showed a large coercivity, which 

increased by factors of 60 (up to HC=740 Oe) and 100 (up to HC=1280 Oe) relative to RT for 

Fe/CoO(001) and Fe/CoO(111), respectively (Fig. 10). 
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Fig. 10 First and second hysteresis loops measured at 80 K after FC for Fe/CoO(001) (a) and 

Fe/CoO(111) (b). 

 

The coercivity in AFM-FM systems is known to follow the number of uncompensated AFM 

interfacial spins
11

, the majority of which are rotatable
12

. However, Radu et al. argued that the 

spins belonging to the AFM layer might be rotatable only when the interfacial region has a 

lowered AFM anisotropy
48

. An interfacial region supplying AFM spins that can rotate together 

with the FM might exist also for nominally compensated systems as a result of roughness or 

other structural defects
48

. In our samples, the FM/AFM interface contains mixed FeCo regions, 

which, for both orientations, may be a source of magnetic moments that increase the coercivity. 

However, the much larger coercivity enhancement observed for the Fe/CoO(111) system 

suggests a more complex phenomenon, which is also reflected in the differences in the EB fields, 

which are clearly shown in Fig. 10. For both configurations, the first hysteresis loop measured at 

80 K (‘1
st
 loop’) was shifted by HEB=37 Oe and HEB=354 Oe for Fe/CoO(001) and Fe/CoO(111), 
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respectively, in the direction opposite to the magnetic field applied during FC. The value of 

HEB=354 Oe measured at 80 K is much larger than previously reported values for other bilayer 

systems based on CoO(111) and a metallic ferromagnetic layer
17,18,49,50

. The occurrence of the 

training effect was verified through a subsequent measurement of another hysteresis loop (‘2
nd

 

loop’), which was identical to the ‘1
st
 loop’ for Fe/CoO(001) and which indicated a slightly (7%) 

decreased EB field (HEB=328 Oe) for Fe/CoO(111). This weak training effect is related to the 

high structural quality of the bilayers, as this effect is usually observed for polycrystalline 

samples
51,52

.  

The EB effect in the Fe/CoO bilayers was studied as a function of temperature. Hysteresis 

loops were measured for temperatures ranging from 80 K to 300 K after FC to 80 K (procedure 

A). To account for the slight training effect observed for the Fe/CoO(111) system, measurements 

were also performed in which the FC was performed to each temperature separately (procedure 

B). The temperature dependence of HC and HEB is presented in Fig. 11. Measurement procedures 

A and B led to very similar results, as expected based on the very small training effect observed 

for the Fe/CoO(111) sample. For both samples, HEB and HC decreased with temperature. 

However, the temperature dependences of HEB and HC for Fe/CoO(001) and Fe/CoO(111) are 

different. For Fe/CoO(111), both quantities show a linear temperature dependence; however, a 

plateau for intermediate temperatures is observed for Fe/CoO(001). For both samples, the 

coercivity is larger at lower temperatures due to the increased magnetocrystalline anisotropies of 

both Fe and CoO. The coercivity enhancement is observed below T=265 K, which is slightly 

lower than the Néel temperature of bulk CoO, as expected.  
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Fig. 11 Temperature dependence of the coercive field (HC) and EB field (HEB) for Fe/CoO(001) 

and Fe/CoO(111) measured after a single FC procedure (procedure A, full symbols) and 

measured after FC was performed for Fe/CoO(111) separately at each temperature (procedure B, 

empty symbols). The inset presents a rescaled HEB temperature dependence for the Fe/CoO(001) 

sample. For the Fe/CoO(111) sample, both parameters were fitted with a linear temperature 

dependence. For Fe/CoO(001), the solid lines are guides to the eye.  

 

The linear temperature dependence of HEB found for Fe/CoO(111) has been observed in 

many EB systems
53,54,14

. According to the Malozemoff EB model
9
, HEB is proportional to the 

energy stored in the domain wall (σAF), which is formed in the antiferromagnet. Because 

σAF(AAFMKAFM)
1/2

, where AAFM represents the exchange stiffness and KAFM indicates the 

anisotropy constant of the AFM component, the temperature dependence of HEB is governed by 
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changes in KAFM, assuming that AAFM is temperature-independent. For a cubic AFM anisotropy, 

the linear temperature dependence of HEB(T) within the Malozzemoff model follows from the 

temperature dependence of the anisotropy constant: KAFM(T)= KAFM(0)(1-T/TN)
2
 (Ref. 9,53). 

Consequently, the temperature dependence of HEB for Fe/CoO(111) was fitted with HEB(T)(1-

T/TB), where TN was replaced by the blocking temperature TB=227 K. TB is the temperature 

above which the AFM domains become stable against the exchange interactions with the FM 

layer
50

, and HEB vanishes. The blocking temperature found for the Fe/CoO(111) bilayer is lower 

than the Néel temperature of bulk CoO. Such a significant lowering of TB with respect to TN 

could be attributed to the deviation from the Co1O1 stoichiometry towards Co3O4 (TN(Co3O4)=34 

K)
49

. However, because the CoO films prepared in the present study were reduced rather than 

over-oxidized (Section IIIA), we propose that the lowered TB is due to the small thickness of the 

CoO films (20 Å). Similarly reduced values of TB have been observed for diverse systems, such 

as CoNiO/NiFe, NiO/NiFe
55

 and Fe3O4/CoO
54

 bilayers with AFM layers thinner than 

approximately 50 Å. This effect is related to the weakening of exchange interactions with 

decreasing AFM layer thickness rather than a finite size effect of the TN reduction
54,56

.  

The EB field measured for Fe/CoO(001) was much smaller compared to Fe/CoO(111) 

and presented a more complex temperature dependence. Below 210 K, the hysteresis loop was 

shifted in the direction opposite to the magnetic field used for FC, which is a typical negative EB 

effect
5
. After the rapid low temperature decrease, a plateau region occurred between 120 K and 

160 K, followed by a linear decrease to 210 K. A similar temperature dependence was reported 

for the EB in polycrystalline Py/CoO layers, in which the EB followed the thermoremanent 

magnetization of the CoO interfacial uncompensated spins
57

. The measurements between 220 K 

and 240 K exhibited hysteresis loops slightly shifted along the FC direction, indicating a small 



27 

 

positive EB effect. Similar effects near the blocking temperature have been previously reported 

for polycrystalline Co/CoO
58

 and textured CoO/Co(111)
59

 bilayers. However, for our sample, 

this positive HEB equals only 3 Oe, which is on the order of the experimental uncertainty; hence, 

we find this value negligible. Thus, for the Fe/CoO(001) sample, we consider TB=210 K as the 

temperature below which a negative EB occurs. This value is similar to that of Fe/CoO(111), 

which supports the interpretation of its relation to the reduced thickness of the CoO films.  

IV. SUMMARY AND CONCLUSIONS 

In conclusion, we have investigated Fe/CoO(001) and Fe/CoO(111) epitaxial bilayers 

with nominally compensated and uncompensated FM-AFM interfaces through structural and 

magnetic characterization. The layer-by-layer deposition method employed in this work resulted 

in nearly stoichiometric CoO films with reduced surfaces. A fraction of a monolayer of Fe oxide 

was identified at the Fe/CoO interfaces for both orientations. The Fe oxidation was accompanied 

by the formation of a mixed metallic Fe0.9Co0.1 region. The Fe films grown on CoO(001) 

exhibited the expected fourfold magnetic anisotropy, while the Fe films deposited on CoO(111) 

were uniaxial. Field cooling resulted in a strong coercivity enhancement for both samples, while 

the exchange bias was drastically larger for Fe/CoO(111) compared to Fe/CoO(001). The 

temperature dependences of HEB and HC were similar within each system, yet different for the 

two crystal orientations.  

 We attribute the exchange bias and coercivity enhancement in the Fe/CoO bilayers to the 

uncompensated pinned and rotatable spins, respectively, present at the Fe/CoO interface. The 

number of uncompensated spins is much larger for CoO(111) than for nominally compensated 

CoO(001), where their only source is the atomic level roughness. Furthermore, the intrinsic 



28 

 

magnetic anisotropy of the Fe film grown on CoO(111) is much weaker than in the Fe/CoO(001) 

configuration; thus, the total anisotropy of the system is much more sensitive to the 

unidirectional anisotropy introduced during field cooling. The origin of the remarkably strong 

exchange bias observed for Fe/CoO(111) should be attributed to the combination of the 

uncompensated spin structure of CoO(111) and the low intrinsic magnetic anisotropy of the Fe 

film. Therefore, we provide direct evidence of the dominant role of crystalline orientation in the 

magnetic behavior of epitaxial systems. 
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The magnetic and structural properties of NiO/Fe epitaxial bilayers grown on MgO(001) were

studied using magnetooptic Kerr effect (MOKE) and conversion electron M€ossbauer spectroscopy

(CEMS). The bilayers were prepared under ultra high vacuum conditions using molecular beam

epitaxy with oblique deposition. Two systems were compared: one showing the exchange bias

(100ML-NiO/24ML-Fe), ML stands for a monolayer, and another where the exchange bias was not

observed (50ML-NiO/50ML-Fe). For both, the magnetic anisotropy was found to be complex, yet

dominated by the growth-induced uniaxial anisotropy. The training effect was observed for the

100ML-NiO/24ML-Fe system and quantitatively described using the spin glass model. The

composition and magnetic state of the interfacial Fe layers were studied using 57Fe-CEMS. An iron

oxide phase (Fe3þ
4Fe2þ

1O7), as thick as 31 Å, was identified at the NiO/Fe interface in the

as-deposited samples. The ferrimagnetic nature of the interfacial iron oxide film explains the

complex magnetic anisotropy observed in the samples. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4811528]

I. INTRODUCTION

The exchange bias (EB) phenomenon, occurring in the

systems composed of a ferromagnet (FM) and antiferromag-

net (AFM), finds wide technological applications in the read

heads of recording devices1 and in magnetoresistive random

access memories (MRAM).2 Since its discovery in 1956 by

Meiklejohn and Bean3 several theoretical models explaining

EB have been proposed but a satisfactory quantitative expla-

nation of this phenomenon is still lacking.4,5 A lot of experi-

mental effort has already been put to describe and

understand EB using model layered FM/AFM systems com-

posed of well crystallographically and magnetically defined

structures.6 Epitaxial Fe/NiO bilayers have been extensively

studied in the last years, however, most of the attention was

directed towards the systems where iron is grown on top of

nickel oxide.7–11 Much fewer works dealt with the reversed

bilayer, hereafter referred to as NiO/Fe.12,13 The reason for

that is the much more complicated interface structure formed

when oxide is deposited onto a metal surface.14 These inter-

facial properties are not easy to be characterized experimen-

tally, as the methods suited for the analysis of buried

interfaces are scarce. What is more, the geometrical and

chemical structure of the interface between FM and AFM is

known to significantly affect the exchange coupling of the

magnetic layers.6 Hence, the characterization of the interface

structure in correlation with the magnetic behavior of the

layered systems is a prerequisite for the understanding of the

physics involved, and it is necessary to design multilayer

structures with tailored properties. In the present study, we

report on the results of a combined structural and magnetic

characterization of the epitaxial NiO/Fe system grown on

MgO(001). The characterization of the AFM/FM interface

structure was performed using conversion electron

M€ossbauer spectroscopy (CEMS). Based on the CEMS

results, a model of the interface structure is proposed, which

explains the magnetic properties characterized using magne-

tooptic Kerr effect (MOKE) measurements.

The detailed purpose of the reported study is the com-

parison of the magnetic behavior of the NiO/Fe epitaxial sys-

tem in two cases: when the exchange bias could not be

established and when the field cooling procedure led to an

hysteresis loop shift. Generally, the exchange bias can be

introduced in a FM-AFM system under certain circumstan-

ces that emerge already from the simplest intuitive models of

the effect.4 First, the product of the antiferromagnetic anisot-

ropy and the antiferromagnetic layer thickness must be larger

than the interface coupling constant (KAFMtAFM > JINT) in

order to pin the magnetic moment of the ferromagnet and to

produce a loop shift. As a consequence, the EB is observed

only above a certain critical thickness of the AFM layer. For

example, for the Fe/NiO epitaxial system, a critical thickness

of 25 monolayers (ML) was found.15 Next, the loop shift is

inversely proportional to the thickness of the ferromagnetic

layer (HEB�1/tFM),4 indicating that the exchange bias is an

interfacial effect. Therefore, two systems were designed to

differ only in the thicknesses of the layers. Using this

approach, it was possible to get insight into the nature of the

EB by examination of two NiO/Fe bilayers, one showing the

EB and the other where EB could not be established, pre-

pared, and treated identically, where the only differences are
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the thicknesses of the layers. The exchange coupling and the

magnetization reversal pathways were observed to be related

to the systems’ ability to set EB, rather than to result simply

from the given combination of the materials in the bilayer.

The paper is organized as follows: the details of the

preparation and measurements procedures are presented in

Sec. II. Section III contains the experimental results. The

magnetic anisotropies in the as-grown samples and the

results of the field cooling procedure which establishes EB

are described in Sec. III A. Section III B contains a detailed

study of the magnetization reversal for the field cooled sam-

ples. The interface structure revealed in Sec. III C was used

to interpret the magnetic behavior of the NiO/Fe bilayers,

which is discussed in Sec. III D.

II. EXPERIMENTAL

All the studied NiO/Fe samples were prepared in a mul-

tichamber UHV apparatus on MgO(001) substrates using

molecular beam epitaxy (MBE). Prior to the thin films depo-

sition, the MgO(001) polished substrates were annealed up

to 500 �C for 1 h under an oxygen pressure of 1.3 � 10�7

mbar. Two kinds of samples were prepared, differing only in

the thicknesses of the ferromagnetic and antiferromagnetic

layers: the first one, for which the combination of the Fe and

NiO gave no exchange bias (“EB�”) and the other, where

the exchange bias was observed (“EBþ”). The “EB�” sam-

ple was made of 50 monolayers (ML) of natural iron (Fenat)

evaporated onto the MgO(001) substrates at room tempera-

ture (RT). 1ML of Fe is equivalent to the thickness of

1.43 Å. The resulting Fe layer was annealed at 200 �C for

30 min. The NiO film, 50ML thick (1ML of NiO¼ 2.08 Å),

was deposited onto the Fe layer reactively, i.e., by evapora-

tion of metallic Ni in an oxygen pressure of 1.3 � 10�7 mbar

at RT to minimize interfacial reactions. Both iron and nickel

were evaporated from Knudsen cells. The evaporation rate

of each material was determined using a quartz microba-

lance. In addition, x- ray photoelectron spectroscopy (XPS)

was used to assess the thickness of the deposited Fe layers.

To enable CEMS investigations of the chemical state of the

as- grown NiO/Fe interface two additional samples were pre-

pared: one with a thick 57Fe probe layer (actual thickness of

11.2ML) located on top of a 43 ML Fenat film (“1_EB�”)

and the other one, with a thin 57Fe probe of 3.2 ML on top of

a 48 ML Fenat (“2_EB�”), both covered with 50 ML of NiO.

For the “EBþ” samples, the Fe thickness was set to a lower

value, equal to 24 ML, while the NiO thickness was

increased to 100 ML. The entire 24ML Fe film was com-

posed of the 57Fe isotope to avoid interpretation ambiguity

related to Fenat-
57Fe intermixing, which may take place at

the temperatures of around 200 �C16 used to establish the

exchange bias. For all the samples, the LEED patterns of the

NiO surface proved the epitaxial growth of the bilayers as

exemplarily shown in Fig. 1(a) for a typical 50ML NiO film

deposited onto Fe(001). Finally, the samples were capped

with a 50 Å MgO protective layer. The epitaxial relations

are: MgO(001)[100]jjFe(001)[110]jjNiO(001)[100]. The

schematic representation of the prepared samples is shown in

Fig. 1(b).

In the MBE system used in this study, the evaporator

cells make an angle of 45� with the sample surface. Such an

oblique deposition is known to introduce the uniaxial mag-

netic anisotropy (UA) into the Fe films, (Fig. 1(c)), along the

direction perpendicular to the projection of the flux onto the

sample surface.17,18 The discussed samples were fabricated

with the projection of the Fe flux oriented along Fe[100]

(hereafter called the growth direction).

The magnetic properties of the “EB�” and “EBþ”

bilayers were studied using MOKE. The measurements were

conducted ex-situ in the longitudinal geometry based on the

vector-MOKE scheme by Vavassori.19 On the as-grown

samples, MOKE was measured using the s polarized light,

which gives information on the longitudinal component of

the magnetization vector.19 Variation of the azimuthal angle

(u) with respect to the magnetic field direction enabled iden-

tification of the easy magnetization direction. The field cool-

ing (FC) procedure was applied to introduce the biased state

that was characterized by the exchange bias field HEB and

the coercive field HC (HEB¼ (jHC1j�jHC2j)/2, while

HC¼ (jHC1j þ jHC2j)/2, where HC1 and HC2 are the coercive

fields of the ascending and descending branches of the hys-

teresis loop, respectively). The FC procedure was performed

on both “EB�” and “EBþ” systems, with the field applied

along the easiest magnetization directions. The procedure

included heating the sample up in a low-vacuum (6.5� 10�3

mbar) resistive heating furnace and cooling to RT in an

external static magnetic field of 3000 Oe. The details of the

FC procedure used for each system are described in

Sec. III A.

The detailed study of the magnetization reversal was

performed for the field cooled samples. Linear combinations

of signals measured for different polarizations of the incident

light were used to derive the hysteresis loops of three mag-

netization components: longitudinal (ML), transverse (MT),

FIG. 1. (a) A typical LEED pattern for the 50ML NiO/Fe(001). Primary

beam energy is equal to 90 eV. (b) Schematic representation of the samples.

(c) Direction of the uniaxial magnetic anisotropy (UA) induced by the

oblique deposition is marked by a double-sided arrow.
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and polar (MP), as a function of the azimuthal angle (u).

Specifically, the following relations hold: ML/(ISþIP),

MP/(IS-IP), MP/(ISPþIPS), and MT/(ISP-IPS), where IS, IP,

ISP, and IPS correspond to the signals measured for the polar-

ization of the incident light oriented perpendicular, parallel,

at þ45� and at �45� relative to the incidence plane, respec-

tively.15,19 The magnetic anisotropies of the field cooled

samples were analyzed using the polar plots of the reduced

remanence of the longitudinal magnetization components.

The M€ossbauer measurements were carried out ex situ
at RT in the backscattering geometry with the detection of

the conversion electrons. A standard M€ossbauer spectrome-

ter equipped with a CEMS He/CH4 flow proportional detec-

tor and a 100 mCi 57Co/Rh source was used. The CEMS

spectra were collected in the normal incidence geometry. A

commercial software20 was used for fitting the spectra using

a Voigt- line based method, thus approximating the distribu-

tion of the hyperfine magnetic field Bhf at a given site with a

sum of Gaussians.

III. RESULTS

A. Exchange bias

As a starting point, the MOKE measurements were per-

formed on the as-grown “EB�” and “EBþ” samples, using s

polarized light. The magnetic hysteresis loops measured with

the magnetic field oriented along the main in-plane crystallo-

graphic directions of Fe are presented in Fig. 2. The

azimuthal angle u¼ 0� corresponds to the Fe[110] crystallo-

graphic direction for both samples.

Both systems exhibited single easy anisotropy direction,

along u¼ 135�, i.e., perpendicular to the growth direction,

which coincided with the Fe[100] direction. However, the

loop shapes were markedly different for the “EB�” and

“EBþ”. For the “EB�,” hysteresis loops observed for u¼ 0�

and u¼ 90� point to the reversal proceeding by coherent

rotation. The magnetization reversal of “EBþ” shows the

elongated hysteresis loops, characteristic for more complex

reversals (e.g., combination of rotation and domain wall

motion). The magnetization reversal mechanism will be ana-

lyzed in detail in Sec. III B. For both systems, coercivities

larger than 100 Oe were observed, which is much more than

the coercivities of single Fe epitaxial films grown on

MgO(001) (around 10 Oe).21 Some of the loops have an

asymmetrical shape, especially evident for u¼ 45� of the

‘EB�’ and for u¼ 135� of the “EBþ” sample. Related with

the asymmetry is the difference between the coercive fields

of the ascending and descending branches of the hysteresis

loop. This intrinsic shift of the hysteresis loop will be

referred to as Hshift (Hshift¼ (jHC1j-jHC1j)/2) to differentiate

from the FC-induced exchange bias shift (HEB). Hshift and

HC are presented in Fig. 3. as a function of the azimuthal

angle for both systems. For “EB�” a sizable loop shift was

FIG. 2. Hysteresis loops measured for the main crystallographic directions

for the as- deposited samples using s polarized light (a) “EB�” system, (b)

“EBþ” system.

FIG. 3. Azimuthal dependence of the coercive field and the hysteresis loop

shift measured before (open circles and open squares, respectively) and after

field cooling (filled circles and filled squares, respectively). The error bars

reflect the noise level during the measurements. The error bars for the

“EB�” case are smaller than the data points. The direction of the magnetic

field applied during FC is marked by an arrow.
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The interface structure both for the as-deposited “EB�”

samples and for the “EBþ” sample after thermal treatment

will be analyzed in detail in Sec. III C.

B. Magnetization reversal

The magnetization components derived from the meas-

urements performed on the “EB�” sample at different azi-

muthal angles are presented in Fig. 6. The measurements

were performed after the sample was field cooled along the

u¼ 135� azimuth, after which no loop shift was detected

(Sec. III A). Comparison of the longitudinal magnetization

components (ML) with the ones measured for the as-

deposited sample (Fig. 2(a)) suggest that the reversal mecha-

nism did not change after field cooling. Based on the loops

measured as a function of the angle u, the polar plot of the

remanence normalized to the saturation magnetization (MR/

MS) was constructed, as shown in Fig. 7. The plot shows a

uniaxial anisotropy that dominates the four-fold magneto-

crystalline anisotropy that is expected for the epitaxial

Fe(001).

The magnetization reversal for the “EB�” system pro-

ceeds within the sample plane, which is reflected in the neg-

ligible polar magnetization components (not shown). The

rectangular hysteresis loop in the longitudinal direction (ML)

and the absence of the transversal component observed for

u¼ 140� (and correspondingly for u0 ¼uþ 180�, i.e., for

320�) indicates the uniaxial anisotropy direction. When the

saturating magnetic field applied at the angles u¼ 90�or

u¼ 0� is reduced to zero, the magnetization rotates towards

the easy axis direction (u¼ 140� or u¼ 320�, respectively),

which is reflected in the rounded shapes of the ML loops and

the MT loops showing the opposite reversal sense (counter-

clockwise and clockwise, respectively). The longitudinal

hysteresis loops with a near-zero remanence, characteristic

for the hard magnetization direction, is observed for u¼ 50�,
i.e., perpendicularly to the easy direction. It was accompa-

nied by an atypical unidirectional behavior of the transversal

component. A slight deviation of the angle u (65�) from the

hard direction results in slightly asymmetric longitudinal

loops and oval transversal ones. After saturation along

u¼ 45� or u¼ 55� and reducing the field to zero the magnet-

ization rotates to an easy direction in the opposite sense,

because for both cases the magnetization rotates towards the

closest easy direction, which is u¼ 320� or u¼ 135�. A sim-

ilar behavior around the hardest magnetization direction for

a system with uniaxial anisotropy was reported before for

Fe/GaAs(110).26 However, the shape of the transversal mag-

netization component for the hardest anisotropy direction

reported in Ref. 26 was oval, indicating a 360� rotation when

the field was swept from the positive saturation to the nega-

tive saturation and vice versa. Such a behavior is consistent

with the expectations of the Stoner–Wohlfarth model of the

coherent magnetization rotation for the case of the uniaxial

anisotropy.5 For the NiO/Fe system reported here, when the

magnetic field is swept along the hard axis, the magnetiza-

tion firstly rotates towards the easy direction (e.g., clock-

wise) and when the magnetic field is increased, it rotates

back (counterclockwise). This indicates that the anisotropy

in our system is not a simple uniaxial one. The anisotropy

that would prevent the 360� reversal for the magnetic field

applied at u¼ 50� must be of the unidirectional character.

Furthermore, the longitudinal loops for all the directions

FIG. 5. Hysteresis loops for the sample “EB�” measured with the s polar-

ized light along the easiest anisotropy direction before (dotted line) and after

field cooling performed at 200 �C, 240 �C, and 255 �C showing the absence

of exchange bias and gradual decrease of the coercivity.

FIG. 6. The longitudinal (ML) and transversal (MT) components of the mag-

netization measured for different azimuthal angles (u) for the “EB�” system

after FC.
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except for the easy one (u¼ 140�) and the hard one

(u¼ 50�) are asymmetric. The asymmetrical magnetization

reversal is theoretically expected to occur in the exchange-

biased systems27 and was experimentally observed28 depend-

ing on the relative orientation of the external magnetic field

and the unidirectional anisotropy axis. However, the dis-

cussed system did not exhibit any exchange bias after field

cooling, which suggests that the unidirectional anisotropy of

EB origin is negligible for this system. The strong asymme-

try of the hysteresis loops with no field cooling applied was

observed before in the similar system, i.e., in Fe/NiO/

Ag(001),15 and explained by some morphological effects.

The polar plot of the remanent magnetization could be

fitted with a linear combination of the cosine functions (Fig.

7), a method used before to determine the direction of the

easy anisotropy axes in single- and multi-layer systems.29

For the case of pure uniaxial anisotropy, the theoretical azi-

muthal dependence of the remanence, (MR/MS(u)¼MR/

MSjcos(u-uUA)j, where uUA is the direction of the uniaxial

anisotropy with respect to the Fe[110]), is shown in Fig. 7 as

a dotted line. The curve was calculated using uUA¼ 135�,
the direction expected for the growth induced uniaxial ani-

sotropy. Although the agreement between the fit and the ex-

perimental data is good for the quarter between u¼ 90� and

u¼ 180�, the data points between u¼ 270� and u¼ 0�

slightly deviate from the theoretical prediction in line with

the asymmetric hysteresis loops atypical for the simple

uniaxial anisotropy. A satisfactory fit was obtained by the

introduction of a small unidirectional term, proportional to

cos(u-uUD), where uUD¼ 50� is the unidirectional anisot-

ropy direction, presented separately in Fig. 7 as the green

(light grey) solid circle and by using uUA¼ 140�. The

obtained fit is presented in Fig. 7 as solid red (dark grey)

line. This approach explains also the small loop shift

observed with the magnetic field applied along u¼ 45�

before field cooling (Fig. 3).

The magnetic behavior observed for the “EBþ” sample

is markedly different from the “EB�” case. Even for the as-

grown sample, before FC, the magnetization reversal was

not consistent with coherent rotation, in contrast to the

‘EB�’ system, as discussed in Sec. III A. The magnetic hys-

teresis loops measured for the as grown sample were elon-

gated, suggesting a more complex behavior, which is also

reflected in the polar plot of the reduced remanence (Fig. 8,

black squares). For this case, it was not possible to fit the po-

lar plot with a simple cosine angular dependence, thus the

solid lines in Fig. 8 are only guides to the eye. The magnet-

ization reversal was investigated after the sample was field

cooled along u¼ 135� azimuth, which introduced the loop

shift. The azimuthal dependence of the reduced remanence

derived from the hysteresis loops measured in the biased

state is also presented in Fig. 8 with the red circles. During

these measurements, the sample was in the trained state

(HEB¼ 100 Oe), as multiple hysteresis loops were already

measured after FC. The unidirectional anisotropy introduced

along the field cooling direction (marked in Fig. 8 by a red

arrow) is evident. The magnetization reversal for the “EBþ”

sample is not confined to the surface plane, as illustrated in

Fig. 9, where all three magnetization components measured

for different azimuthal angles are plotted. The magnetization

for all the u angles, except for the uUD one, rotates through

the uUD direction for both branches of the hysteresis loop

(i.e., the 360� rotation is prevented), as shown by the shape

and sign of the transversal components. The MP loops, which

are identical for all the azimuthal angles, indicate that the

magnetization points in two opposite polar directions for the

reversal from the negative saturation to the positive satura-

tion and back. Consequently, in a tentative picture, the mag-

netization reversal is not uniform for the entire Fe film but is

a combination of the rotation through the unidirectional ani-

sotropy axis for some parts of the film and the magnetization

FIG. 7. The reduced remanence (MR/MS) as a function of the azimuthal

angle (u) derived from both branches of the hysteresis loops (squares). The

dotted line presents the cosine dependence of the remanence for the simple

uniaxial anisotropy while the red (dark grey) solid line for the uniaxial ani-

sotropy accompanied by a small unidirectional term presented separately as

the green (light grey) solid circle.

FIG. 8. The reduced remanence (MR/MS) as a function of the azimuthal

angle (u) derived from both branches of the hysteresis loops measured

before (black squares) and after (red circles) FC. The lines are guides to the

eye.
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The metallic site of the “EBþ” spectrum has the relative

weight of 40%, which corresponds to 13.7 Å of 57Fe atoms.

It shows that the interfacial layer, chemically modified with

respect to the metallic Fe atoms is composed of 20.6 Å of Fe

atoms. The comparison with the result obtained for the

“1_EB�” sample shows the significantly thicker interfacial

region, as a consequence of the thermal treatment applied

during the FC procedure.

The main groups of the components in all the spectra

(O1, O2, and O3) correspond to the oxidized Fe atoms as

identified by distinctly positive IS values ranging from

0.3 mm/s to 0.75 mm/s. The hyperfine pattern of the oxide

components does not directly fit to any of the typical bulk

iron oxide phases, such as w€ustite, FeO, magnetite, Fe3O4 or

hematite and maghemite, a- and c-Fe2O3, respectively. This

situation was already observed when M€ossbauer spectros-

copy was used for the identification of chemical composition

of Fe/oxide interfaces,14,24,30 where Fe atoms may have dif-

ferent oxidation and/or coordination state than the bulk. In

such a situation, a model of the interfacial iron oxide atomic

structure can be proposed by exploiting the local sensitivity

of the hyperfine interactions and the similarity of the local

coordination among different iron oxides. The base for most

of the iron oxide crystalline structures is a close-packed lat-

tice of oxygen ions. The octahedral and tetrahedral holes in

the oxygen lattice are partially filled with the smaller iron

cations, either Fe2þ, which favors octahedral coordination or

Fe3þ, with no preference for the octahedral or tetrahedral

coordination.31 Depending on the oxidation state and the

crystal structure, the hyperfine interaction parameters differ

significantly, especially the magnetic hyperfine field, which

is the key of phase analysis using M€ossbauer spectroscopy.

In the complex situation of a low dimensional oxide phase at

the NiO/Fe interface, some general correlations between the

oxidation/coordination state and hyperfine parameters apply,

collected from dozens of iron compounds.32 Especially, the

isomer shift, that is sensitive to the valence electron density,

and the quadrupole interaction, which reflects the symmetry

of the charge distribution both of valence and lattice charges,

are useful as fingerprints of the Fe atoms state.

FIG. 11. CEMS spectra of the ‘EBþ’ sample with the result of the best fit.

The spectral components: M, O1, O2, and O3 are offset in the y-axis for

clarity.

TABLE I. Hyperfine parameters derived from the numerical fits of CEMS spectra for “1_EB�,” “2_EB�,” and “EBþ” samples. Numbers in parentheses indi-

cate the last digit uncertainty resulting from the least squares fit analysis.

Sample Site ISa (mm/s) eb (mm/s) I2/I3
c Cp Bhf

d (T) DBhf
e (T) RWf (%) FO

g (%)

“1_EB2” M 0.00(2) 0.00(2) 4.0(5) MA 32.6(3) 0.0(7) 5(2) —

MB 34(1) 1.5(8) 9(2) —

O1 0.33(4) 0.00(3) 2.9(3) OA
1 36(1) 6.2(9) 43(5) 50

OB
1 44.8(3) 2.5(5) 16(5) 19

O2 0.39(6) 0.00(5) 0.5(6) O2 12(1) 3.5(1) 9(1) 10

O3 0.71(7) 0.01(5) 2.5(5) O3 39.5(7) 3.9(7) 18(5) 21

“2_EB2” M 0.01(0) 0.02(0) 4.0(2) M 33.0(0) 0.72(6) 20(1) —

O1 0.36(1) �0.01(1) 2.1(1) OA
1 36(1) 6.8(9) 33(2) 41

OB
1 45.2(1) 2.5(2) 20(2) 25

O2 0.42(7) �0.03(5) 0.1(3) O2 15(1) 7.2(6) 11(1) 14

O3 0.74(2) �0.18(2) 2.2(3) O3
A 21.6(2) 0.0(6) 3(1) 4

O3
B 39.8(4) 3.8(4) 13(1) 16

“EB1” M 0.00(1) 0.00(1) 3.8(1) MA 32.7(1) 0.6(1) 27(1) —

MB 34.5(9) 1.3(6) 13(1) —

O1 0.29(5) 0.00(4) 3.9(5) OA
1 34.6(8) 7.8(9) 33(2) 55

OB
1 45.7(6) 1(1) 2(5) 3

O2 0.35(6) �0.13(5) 1.8(6) O2 14(1) 5.2(8) 13(2) 22

O3 0.75(8) 0.05(5) 2.7(5) O3 38.2(6) 4.4(8) 12(1) 20

aIS is the average isomer shift with respect to a-Fe.
be is the average quadrupole interaction.
cI2/I3 is the ratio of the spectral areas of line 2 to the line 3 in the sextet.
dBhf is the average hyperfine magnetic field.
eDBhf is the Gaussian width of the Bhf distribution for the given component.
fRW is the relative weight of the component.
gFO denotes the fraction of the corresponding atoms in the oxidic FexOy interfacial layer.
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The isomer shifts of around 0.3–0.4 mm/s (sites O1 and

O2) and 0.7 mm/s (site O3) are characteristic for the Fe3þ and

Fe2þ ions, respectively.33 The total amount of Fe3þ atoms is

equivalent to 11.8 Å for the “1_EB” sample and 16.5 Å for

the “EBþ” sample. In both samples, the amount of Fe2þ ions

is smaller (3.1 Å and 4.1 Å for “1_EB�” and “EBþ” sam-

ples, respectively). In order to better depict the composition

of the iron oxide interfacial layers, the amount of atoms cor-

responding to each site was expressed in Table I as a per-

centage of the oxidic layer thickness FO. The comparison of

FO parameters clearly shows that the relative amount of Fe2þ

and Fe3þ ions are very similar in all the samples: Fe3þ ions

constitute 79%, 80%, and 80% of the iron oxide layer in

“1_EB�,” “2_EB�,” and “1_EBþ” samples, respectively.

Therefore, the formal composition of the iron oxide layer

formed at the NiO/Fe interface may be expressed as

Fe3þ
4Fe2þ

1O7, where the number of oxygen atoms is

adjusted based on the charge neutrality condition. The stud-

ied interfaces, being homogenous with respect to the chemi-

cal state, show a significant variation of the hyperfine

magnetic field within the group of the Fe3þ components. The

most abundant Fe3þ site (OA
1 ) is characterized by the Bhf

only slightly increased relative to the metallic Fe value

(34–36 T). The second of the Fe3þ sites, the less abundant

OB
1 component, is characterized by Bhf� 45 T, closer to val-

ues typical for the Fe3þ ions in oxides.33 It is worth noting

that the Gaussian width of the Bhf distribution for the OA
1

component is large (6–8 T) as compared to the well-defined

OB
1 component (DBhf � 2 T), which suggest a significant het-

erogeneity of the local atomic environments represented by

the component OA
1 . The considerable distribution of the

hyperfine field around the central value is also observed for

the O2 component, characterized by the smallest hyperfine

fields (12-15 T). In iron compounds, the hyperfine field at the

Fe nucleus originates mainly from the imbalance of the s
core electron spin density at the nucleus, mediated by the

3 d-polarization effects (core contribution) and polarization

of the 4 s conduction electrons (conduction electron contri-

bution), both known as the Fermi contact term.33 The core

contribution scales with the magnetic moment of a given

atom (roughly-11 T per Bohr magneton33), while the conduc-

tion electron contribution depends on the magnetic moment

of the neighboring atoms and, although smaller in magni-

tude, is difficult to predict.34 The orbital and dipolar mag-

netic hyperfine fields are negligible for Fe3þ, resulting in the

rough proportionality between the magnetic moment of the

given atom and its total hyperfine magnetic field.33 The di-

versity of the hyperfine parameters of the Fe3þ sites can thus

be attributed to the differences in the magnetic moments of

the corresponding atoms. The Fe3þ sites observed in our

samples are similar to the ones found in nanomaterials,

where a polymorph, intermediate between c-Fe2O3 and

a-Fe2O3, called e-Fe2O3, has been identified.35 A typical

M€ossbauer spectrum of e-Fe2O3 consists of three sextets

characterized by Bhf¼ 44 T, 38 T, and 25 T, corresponding to

the magnetic moments of 3.9lB, 3.7lB, and 2.4lB.35 The dif-

ference in the isomer shift between O1 and O2 components

should be attributed to local coordinations of Fe atoms,

variations of which is understandable in such a

non-stoichiometric, low-dimensional iron oxide. The Fe3þ

atoms described by the O2 component are probably located

in the atomic sites adjacent to anionic vacancies. This

assumption is supported by the smaller hyperfine field values

with wide distributions. Additionally, in the “EBþ” sample,

the O2 site has a non-zero quadrupole splitting parameter (e),
which reflects the lower symmetry of the local anionic envi-

ronment. The coordination of Fe3þ ions (octahedral or tetra-

hedral) is not easy to identify based on the M€ossbauer

spectra, however, there is a distinct tendency for the IS to be

close to 0.2 mm/s for the tetrahedral sites and above

0.35 mm/s for the octahedral Fe3þ sites. Moreover, taking

into account that the Fe-oxide is formed at the interface with

the NiO fcc phase, the observed IS values point rather to the

octahedral coordinations.

The hyperfine field experienced by the Fe2þ atoms (O3

component) equals to 38–39T, which is similar to the value

found for the octahedral sites in the FeO-w€ustite phase below

its N�eel temperature.36 The observation of the Fe2þ octahe-

dral sites magnetically ordered at room temperature is not

surprising when we consider the proximity of the Fe3þ sites

of high magnetic moment. This observation points to the pic-

ture where Fe2þ and Fe3þ sites are intermixed, as it is, for

example, in magnetite, rather than being separated in the

form of distinct phases or layers. Such a picture is further

confirmed by the identical results of the quantitative compo-

sition analysis from the CEMS results for the samples with

the thick (“1_EB�”) and thin (“2_EB�”) probe layers.

A comment is needed to the “1_EB�” and “EBþ” spec-

tra that contain two metallic components. The component

MA, which is present in all the spectra (Bhf¼ 32.6 T-33.0 T)

is typical for the a-Fe and originates from the Fe atoms away

from the interface. The additional metallic component (MB)

is distinguished by its slightly higher hyperfine field, reach-

ing 34.5 T. Its hyperfine parameters resemble the NiFe char-

acteristics, an alloy which is often formed at the NiO-Fe

interface as a result of the oxidation- reduction reactions.37,38

In the M€ossbauer spectra, a hyperfine field variation with the

amount of Ni in the FeNi alloy is observed, from around

34 T for 10% of Ni down to 28 T for high Ni concentrations,

except for the concentration around 30% of Ni, where the

specimens are paramagnetic at room temperature.39,40

However, in our NiO/Fe3þ
4Fe2þ

1O7/Fe system, NiO is sepa-

rated from metallic Fe by at least 20 Å of iron oxide. Taking

into account that a MgO-oxide layer as thin as 10 Å prevents

the NiO reduction in the Fe/MgO/NiO trilayer,9 we find it

improbable that the FeNi alloy was formed in our sample.

Thus, we conclude that the increased hyperfine field of com-

ponent MB is related to a metallic Fe layer polarized by the

high- magnetic moment interfacial iron oxide. The thickness

of this layer can be approximated from the “EBþ” spectra

and equals to 4.4 Å.

Due to the proximity of iron and nickel oxides, the for-

mation of a mixed iron- nickel oxide at the NiO/Fe interface

should be considered. Unfortunately, we are not able to

unambiguously distinguish such oxides from the pure iron

oxide, because the substitution of Fe atoms by Ni does not

change the Mossbauer spectrum significantly, as it is the

case for the magnetite (Fe3O4) and nickel ferrite
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(NiFe2O4),41 that could be formed at the iron oxide/NiO inter-

face.42,43 On the other hand, a possible diffusion of the Fe

atoms into the NiO lattice would be detected as Fe2þ ions

with a small hyperfine field (around 22 T) or Fe3þ ions with

Bhf� 47T44 and indeed, the component O3
A detected in the

“2_EB�” sample can be identified as Fe2þ ions inside the

NiO lattice. The relative intensity of this component corre-

sponds to only 0.2 Å of Fe and this small intensity explains

why it was detected only for the “2_EB�” sample, for which

the small probe thickness gives the best interfacial sensitivity.

In total, the oxidic phase at the NiO/Fe interface was

found to be formed by an equivalent of 14.9 Å and 20.6 Å of

Fe, for the “1-EB�” and “EBþ” samples, respectively.

However, it is necessary to point out that almost the entire

probe in the “1-EB�” sample was oxidized, so the assess-

ment of the oxide thickness is based on the assumption that

the Fe3þ
4Fe2þ

1O7/Fe interface is sharp. This assumption is

motivated by the similarity of the chemical composition of

the thick (“1_EB�”) and thin (“2_EB�”) probe, i.e., ab-

sence of any distinct intermediate iron oxide phase. To cal-

culate the resulting thickness of the iron oxide layer, we take

into account a typical interlayer distance for the iron oxide

of the given stoichiometry (2.1 Å of Fe3O4 is formed from

1 Å of Fe), which makes 31 Å of Fe3þ
4Fe2þ

1O7 for the

“EB�” sample and 43 Å for the “EBþ” sample. The increase

of the amount of the oxidic phase as a result of the thermal

treatment is related to the oxidation-reduction reactions char-

acteristic for many metal/oxide systems,37 enhanced by the

increased temperature. Thermodynamically, the formation of

iron oxide is more favorable than the formation of nickel ox-

ide,37 thus spreading of the iron oxide layer as a result of the

temperature treatment is expected to be accompanied by a

reduction of nickel oxide and/or formation of the mixed

iron-nickel oxide. As discussed above, the existence of a

mixed iron- nickel oxide phase cannot be excluded in our

system. Although it was not directly confirmed, based on the

significant expansion of the iron oxide layer we suggest that

the NiO was partially reduced as a result of the thermal treat-

ment. The suggested structure of the interfacial layers for the

as-deposited sample (“EB�”) and thermally treated sample

(“EBþ”) is presented in Fig. 12.

Beside the structural characterization, the M€ossbauer

spectra carry some information on the magnetic order in the

probe layer, which is encrypted in the relative intensities of

the second (I2) and third (I3) line of a Zeeman sextet. The ra-

tio R¼ I2/I3 is related to an average angle between the

magnetization direction and the direction of the c quanta,

h¼ arcos[(4-R)/(4þR)]1/2. In the geometry of our CEMS

experiment, where the c quanta travel along the sample nor-

mal, R¼ 4 yields h¼ 90�, which means that the magnetiza-

tion related to the metallic components M in ‘1_EB�’ and

‘2_EB�’ lies in plane. For the O1 sites R equals to 2.9, 2.1

and 3.9 for “1_EB�,” “2_EB�,” and “EBþ” samples,

respectively, which reflects a canted magnetization and

yields the average canting angle b measured from the surface

equal to 24�, 34�, and 7�, respectively. For the O2 sites, the

R values are significantly lower, equal to 0.5 and 0.1 for the

“1-EB�” and “2-EB�” samples and 1.8 for the “EBþ” sam-

ple, which means that the corresponding magnetization

points 62�, 77�, and 38� out of the sample plane, respec-

tively. For the Fe2þ sites of the “EB�” samples, the magnet-

ization canting is similar to the O1 sites: 29� for “1_EB�”

and 33� for “2_EB�.” In contrast, for the biased “EBþ”

sample, the O3 sites canting is 26�, which is significantly

more than 7� observed for the O1 site. The small canting is

also observed for the metallic site in the ‘EBþ’ system,

reaching 9� out of the sample plane. Such canting of the

magnetic moments in the thin films, where the shape anisot-

ropy forces them to lie in the film plane must be related to

some other dominating anisotropy contributions. In our NiO/

Fe bilayers, we relate the observed canting of the Fe spins to

the exchange coupling with the NiO film. As a result of the

exchange interactions, the Fe magnetic moments are forced

to align along the magnetic anisotropy axis of NiO. The ani-

sotropy in NiO films depends on the in-plane epitaxial

strain.45 The domains with the spin axis along the [þ/�1

þ/�2 þ/�1] and [2þ/�1þ/�1] directions pointing 24� out

of plane are preferentially stabilized when NiO is subjected

to the compressive strain (e.g., NiO grown on Ag(001)46).

When the NiO film is stretched (e.g., NiO grown on

MgO(001)), the [þ/�1 þ/�1 þ/�2] domains are preferen-

tially stabilized, which point 54� out of plane.45 It is not

obvious to determine the size and sign of the strain of the

NiO film on top of the Fe3þ
4Fe2þ

1O7 phase here investi-

gated. For NiO epitaxially grown on Fe(001), the lattice mis-

match of þ2.8% points to an in-plane contraction that would

stabilize the 24� out-of-plane domains in NiO. However,

NiO grown on FeO(001) should experience a �3.9% expan-

sion, which in turn would stabilize the NiO domains pointing

54� out of plane. The imperfect crystalline structure of our

Fe3þ
4Fe2þ

1O7 layer probably influenced the atomic arrange-

ment of the NiO film grown on it; in this way, a mixed do-

main structure was stabilized, which in turn magnetically

frustrated the Fe3þ
4Fe2þ

1O7 film. Consequently, it is not sur-

prising that the iron magnetization directions do not perfectly

match the anisotropy axis of an ideal NiO layer. The

observed frustration might be also related to the competing

effects of the exchange coupling and growth- induced anisot-

ropy. The canting observed also for the metallic sites in the

“EBþ” system might be related to the stronger coupling

with NiO thanks to its larger magnetocrystalline anisotropy

related to NiO thickness. This effect is also involved in the

establishing of the exchange bias.

The Fe3þ
4Fe2þ

1O7 oxide phase, 31 Å and 43 Å thick in

“EB�” and “EBþ,” respectively, was found at the interface
FIG. 12. The schematic representation of the “EB�” and “EBþ” samples,

based on the results of the M€ossbauer measurements.
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of our NiO/Fe bilayer. This contrasts with the iron oxide struc-

ture formed at the Fe(001) that is exposed to molecular oxy-

gen,47,48 where the iron oxide mostly includes the Fe2þ

cations. Leibbrandt et al. reported the stoichiometry of the

iron oxide prepared at room temperature to be Fe0.95þ/�0.7O.47

What is more, at RT the thickness of the iron oxide layer satu-

rates around 10 Å.47 In a similar study,48 a 104 Langmuir (L)

exposure to molecular oxygen (60 min at 2 � 10�6 mbar) was

necessary to form a 20 Å oxide layer with a Fe3þ concentra-

tion of around 43%. Lower oxygen exposures led to the iron

oxide layer composed of Fe2þ ions only, corresponding to

FeO. For intermediate oxygen exposures, Fe3þ cations were

found but only near the film surface. Annealing at 200 �C,

reduced the iron oxide back to the FeO form.48 The recent

molecular dynamics study of the Fe oxidation process also

showed a gradation of the iron oxide stoichiometry across the

FexOy oxide thickness not exceeding 20 Å, where y/x

�1.3–1.5 was observed near the Fe surface and y/x � 0.7–0.8

in the iron oxide interior.48 Analyzing the preparation proce-

dure used in our study, we find that the Fe(001) surface was

exposed to the molecular oxygen at 1.3 � 10�7 mbar for

around 30 s before the Ni evaporation started, which corre-

sponds to 3 L. Finazzi et al.,12 in their study of the chemical

effects at the buried NiO/Fe interface explained the forma-

tion of a Fe3þ rich interfacial oxide phase by assuming

that Ni dissociates oxygen molecules and lowers the system

work function.49 The reason why the thickness of the

iron oxide layer found in our study is larger than the one

reported by Finazzi et al.12 should be attributed to the pre-

adsorbed oxygen used in their study, which forms the stable

Fe(001)-p(1x1)O structure protecting the Fe surface against

further oxidation.

D. Magnetic properties of the NiO/Fe bilayers in view
of their interface structure

Characterization of the interface structure in our NiO/Fe

system led to the structural model presented in Fig. 12,

which helps to understand the observed magnetic behavior

described in Secs. III A and III B. The nominal NiO/Fe

bilayers must be treated as NiO/Fe3þ
4Fe2þ

1O7/Fe trilayers.

The consequences are twofold. Firstly, not the NiO/Fe

interface, which is absent, but rather two other:

NiO/Fe3þ
4Fe2þ

1O7 and Fe3þ
4Fe2þ

1O7/Fe are responsible for

the exchange bias. Second, the magnetic structure at the

interface formed by the described mixed iron oxide is not

obvious. An antiferromagnetic order, similar to FeO or

a-Fe2O3 cannot be excluded, however, more probably its

nature is ferrimagnetic, like Fe3O4 or c-Fe2O3, as it is com-

posed of unequal magnetic sites. The ferrimagnets can be

parts of the exchange bias systems, equally with either ferro-

magnets or antiferromagnets.4 Hysteresis loops shifted after

field cooling were observed for Fe-Fe3O4 bilayers,50 nano-

particles,51 and even for the magnetite alone52,53 but at the

temperatures below 200 K. Since for our system the field-

cooling induced loop shift is observed at room temperature

we infer that the bias is introduced by the exchange coupling

with the NiO layer. Nevertheless, as the exchange bias is an

interfacial effect,1,5 the ferromagnetic spins that are coupled

to NiO must be located in the Fe3þ
4Fe2þ

1O7 layer. The hys-

teresis loops shifts observed in our system even before the

field cooling (both for “EB�” and “EBþ”) suggest that the

magnetic moments of Fe are coupled to some population of

the rigid spins that break the reversal symmetry in the sys-

tem. We attribute these rigid spins to the frustrated magnetic

structure of the Fe3þ
4Fe2þ

1O7 layer having large anisotropy,

similarly to Fe3O4
53 or e-Fe2O3.

35 During the field cooling, if

the NiO anisotropy is high enough (the “EBþ” case), the

uncompensated Ni spins present at the NiO/Fe3þ
4Fe2þ

1O7

interface pin some fraction of the Fe spins in the field cool-

ing direction. Due to strong exchange coupling within the

Fe3þ
4Fe2þ

1O7 film, the unidirectional anisotropy is trans-

ferred through the iron oxide film to the Fe metallic layer,

which exhibits a hysteresis loop shift. The observed training

is related to the evolution of the disordered Fe spins in the

Fe3þ
4Fe2þ

1O7 layer towards equilibrium. The coercivity

increase, as compared to the single Fe films, may be also

explained by the coupling of Fe film to the Fe3þ
4Fe2þ

1O7

layer of a higher anisotropy. The frustrated magnetic struc-

ture of Fe3þ
4Fe2þ

1O7 may also pin the propagating domain

walls in the Fe layer increasing its coercivity.54 On the other

hand, in both “EB�” and “EBþ” the coercivity decreased

after field cooling. In view of the interface structure this

effect should be attributed to changes in the composition of

the iron oxide layer upon thermal treatment, especially

marked by the lowered amount of the Fe3þ cations with a

high magnetic moment (component OB
1 , Table I).

IV. CONCLUSIONS

A combined study of the magnetism and structure in the

epitaxial NiO/Fe(001) system was performed. The iron oxide

phase with a formal stoichiometry Fe3þ
4Fe2þ

1O7, as thick as

31 Å, was identified at the NiO/Fe interface in the as-

deposited samples. The composition of the interfacial iron

oxide layer was similar to magnetite (whose stoichiometry

might be expressed as: Fe3þ
3.5Fe2þ

1.75O7), with a deficit of

the Fe2þ cations and an abundance of the Fe3þ cations, for

each oxygen atom. The iron oxide layer was found to have

canted magnetic structure, as a result of the exchange cou-

pling with the NiO film. The two systems were compared:

one giving the exchange bias (“EBþ” 100ML NiO/24ML

Fe) and the other one, where the exchange bias was not

observed (“EB�” 50ML NiO/50MLFe). The ‘EBþ’ system

exhibited training of the exchange bias, related to the interfa-

cial disorder introduced by the Fe3þ
4Fe2þ

1O7 phase. For

both, the magnetic anisotropy was a combination of the

growth- induced uniaxial anisotropy (dominating) and the

unidirectional anisotropy introduced by the iron oxide inter-

facial layer. The magnetization reversal was found to pro-

ceed via simple in- plane rotation for the “EB�” system. For

the “EBþ” case, the reversal was incoherent, affected by the

strong coupling with the NiO layer.
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Condens. Matter 20, 485204 (2008).
41M. De Marco, X. W. Wang, R. L. Snyder, J. Simmins, S. Bayya, M.

White, and M. J. Naughton, J. Appl. Phys. 73, 6287 (1993).
42N. Keller, M. Guyot, A. Das, M. Porte, and R. Krishnan, Solid State

Commun. 105, 333 (1998).
43R. F. C. Farrow, M. J. Carey, R. F. Marks, P. M. Rice, and D. J. Smith,

Appl. Phys. Lett. 77, 1191 (2000).
44V. G. Bhide and G. K. Shenoy, Phys. Rev. 143, 309 (1966).
45J. Li, E. Arenholz, Y. Meng, A. Tan, J. Park, E. Jin, H. Son, J. Wu, C. A.

Jenkins, A. Scholl, H. W. Zhao, C. Hwang, and Z. Q. Qiu, Phys. Rev. B

84, 012406 (2011).
46S. Altieri, M. Finazzi, H. H. Hsieh, H.-J. Lin, C. T. Chen, T. Hibma, S.

Valeri, and G. A. Sawatzky, Phys. Rev. Lett. 91, 137201 (2003).
47G. W. R. Leibbrandt, G. Hoogers, and F. H. P. M. Habraken, Phys. Rev.

Lett. 68, 1947 (1992).
48R. Subbaraman, S. A. Deshmukh, and S. K. R. S. Sankaranarayanan,

J. Phys. Chem. C 117, 5195 (2013).
49M. Sambi, R. Sensolo, G. A. Rizzi, M. Petukhov, and G. Granozzi, Surf.

Sci. 537, 36 (2003).
50D. V. Dimitrov, A. S. Murthy, G. C. Hadjipanayis, and C. P. Swann,

J. Appl. Phys. 79, 5106 (1996).
51Q. K. Ong, A. Wei, and X.-M. Lin, Phys. Rev. B 80, 134418 (2009).
52D. T. Margulies, F. T. Parker, F. E. Spada, R. S. Goldman, J. Li, R.

Sinclair, and A. E. Berkowitz, Phys. Rev. B 53, 9175 (1996).
53C. Gatel, E. Snoeck, V. Serin, and A. R. Fert, Eur. Phys. J. B 45, 157

(2005).
54C. Leighton, J. Nogu�es, B. J. J€onsson-Åkerman, and I. K. Schuller, Phys.
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