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Abstract: Single crystal Fe/Ag(001) superlattices with various periodicities were fabricated using ultrahigh vacuum evaporation de-
position. It was found that single crystal bcc Fe layers and single crystal fcc Ag layers can epitaxially grow on a single crystal Ag 
buffer layer alternately, which was deposited on NaCl single crystal chips by ion beam assisted deposition. The magnetic measure-
ments of the superlattices reveal an oscillation coupling between ferromagnetism and antiferromagnetism as a function of the Ag 
layer thickness. The oscillation period, which is 1 nm (5 Ag layers), is in good agreement with the calculated values when the Ag 
thickness is greater than 1.5 nm. While the thickness of the Ag spacer layer decreases to 1 nm, the oscillation coupling varies from 
calculations, which can be attributed to the intermixing of the interlayers according to the annealing results.  
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1. Introduction 

Magnetic multilayers and superlattices have re-
cently received considerable attention because of their 
technological importance in data storage and sensor 
applications as well as in fundamental research on 
magnetism [1-3]. The recent development of thin film 
preparation techniques has made it possible to control 
the individual layer thickness at an atomic level, and 
in some cases phases that do not exist in bulk can be 
stabilized by pseudomorphic growth [4]. It provides 
an opportunity to investigate the influence of the in-
terface and finite size on magnetization, so as to clar-
ify the origin of magnetization. The superlattices with 
alternate layers of magnetic and nonmagnetic layers, 
such as Fe/Mo(001) [5], Fe/V [6] and Fe/noble-metal 
[7-9], have been investigated extensively and it was 
found that the broken symmetry at the interfaces in 
these systems contributes directly to the characteristic 
magnetic properties.  

The lattice constants of bcc Fe and fcc Ag differ by 
about 1.414; therefore, a 45° relative orientation of the 
(001) surfaces results in almost perfect registry (0.8% 

mismatch), which provides a possibility of Fe(001) 
growing epitaxially on Ag(001). At the first stage of 
studies on the Fe/Ag system, the enhancement of 
magnetic moments was predicted by theoretical cal-
culations [10]. It was confirmed by the experimental 
observations [11-12] that the Fe magnetic moment in 
1-2 monolayer (ML) Fe on Ag(001) is enhanced by as 
much as 30% compared to the bulk value. Subse-
quently, great attention was paid on the magnetic ani-
sotropy both theoretically [13] and experimentally 
[14-15] since perpendicular magnetic anisotropy 
(PMA) was observed in this system. In the previous 
study, Fe single crystal ultrathin films (2-5 ML) were 
deposited on single crystal Ag substrates to investigate 
the structural and magnetic properties of Fe layers in 
the special structure [15]. 

Obviously, the formation of epitaxial single crystal 
Fe/Ag multilayers will provide further chances to in-
vestigate the magnetic properties of Fe/Ag films. In this 
article, single crystal Fe/Ag superlattices were fabri-
cated with the aid of single crystal Ag buffer layers at 
room temperature and the structural and magnetic 
characteristics of the superlattices were focused on. 
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2. Experimental details 

A 40-nm single crystal Ag buffer was deposited 
epitaxially on the NaCl single crystal substrate prior to 
the deposition of multilayers. The single crystal Ag 
buffer was prepared by the incident ion beam assisted 
deposition (IBAD). During the deposition, the incident 
angle of the ion beam was kept at 45°. The ion beam 
energy and current density were 500 eV and 6 
μA⋅cm–2, respectively. The detailed experimental con-
ditions of IBAD were reported in our previous study 
[16]. The deposition of Fe/Ag superlattices was per-
formed by ultrahigh vacuum (UHV) evaporation at 
room temperature. The background pressure of the 
vacuum chamber was 1.3×10–8 Pa and the work pres-
sure was 2.7×10–7 Pa. The film thicknesses were con-
trolled using a quartz crystal oscillator and the deposi-
tion rate was maintained at 0.02 nm⋅s−1. The total 
thickness of Fe/Ag superlattices was set to be 40 nm. 
The Fe layer thickness was kept at 1.4 nm while the 
Ag layer thickness was varied from 1.0 to 3.5 nm. The 
films were annealed at 100 and 200°C for 1 h in a va-
cuum of 2.7×10–4 Pa. 

The microstructure of the films was investigated 
using transmission electron microscope selected area 
diffraction (SAD) and X-ray diffraction (XRD). The 
XRD experiments were performed on Rigaku 
D/max-RB using Cu Kα radiation and SAD was car-
ried out on JEOL 200CX. The (110) φ scan was used 
to identify the in-plane structure of Fe/Ag superlat-
tices. Magnetic measurements were conducted using 
an alternating gradient magnetometer (AGM) at 300 K, 
when the field was applied parallel and perpendicular 
to the surface of the films. The films were rotated in 
plane for the measurement of in-plane anisotropy. The 
precision of the measured magnetization of the films 
was estimated to be better than 10%. 

3. Results and discussion 
3.1. Microstructure analysis 

The periodicity of the superlattices was studied by 
low angle X-ray diffraction (LAXRD) measurement. 
The LAXRD result of the [Fe(1.4 nm)/Ag(2.0 nm)]12 
superlattices is plotted in Fig. 1(a). Two sharp Bragg 
peaks are observed at 2.67 and 5.31°, which provide 
the evidence of a good structural quality and smooth-
ness of the films. The LAXRD spectra of the other 
films exhibit similar results. The bilayer periodicity 
deduced from these Bragg peak positions in Fig. 1(a) 
by the following equation is 3.35 nm, which agrees 
well with the nominal value (3.4 nm). 
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where D is the bilayer thickness of the multilayer, n 
the refraction factor of the multilayer, and m the order 
of Bragg peaks. The wavelength λ is 0.15418 nm in 
our experiment. Fig. 1(b) depicts the LAXRD result of 
the [Fe(1.4 nm)/Ag(2.0 nm)]12 superlattices annealed 
at 200°C for 1 h. The finger peaks can be clearly ob-
served, revealing the high quality of the superlattices 
periodicity. 

 
Fig. 1.  Low-angle XRD of the [Fe(1.4nm)/Ag(2.0nm)]12 
superlattice: (a) no post-treatment; (b) annealed at 200°C 
for 1 h. 

The microstructure of the Ag buffer layers was 
studied by SAD to exhibit the single crystal structure, 
as seen in our previous article [16]. The single crystal 
buffer gives the opportunity to epitaxially grow the 
Fe/Ag single crystal superlattices. XRD and φ scan 
were also carried out to characterize the crystal struc-
ture of Fe(1.4 nm)/Ag(1.0 nm), which are displayed in 
Figs. 2(a) and 2(b), respectively. From Fig. 2(a), it can 
be seen that the (111) peak of Ag is absent and only 
the (200) peak of Ag (44.42°) is observed. The strong 
(200) peak of fcc Ag and the narrow full width at half 
maximum (FWHM) of the peaks confirm the (001) 
epitaxial growth in the normal direction of the super-
lattices. In order to investigate the in-plane structure 
of the superlattices, the φ scan obtained from the 
Ag(220) planes of the samples is shown in Fig. 2(b). 
Four sharp peaks separated by 90° are observed, 
which appear at the angles of φ=45°, 135°, 225°, and 
315°. The sharp peaks of the φ scan figure suggest the 
epitaxial growth of the entire Fe/Ag superlattices.  

TEM was performed to investigate the detailed 
structure of single Fe and Ag in the superlattices. Fig. 
3 depicts the typical SAD patterns of the [Fe(1.4 
nm)/Ag(1.0 nm)]16 sample with the Ag(001) under-
layer on the NaCl(001) substrate. Figs. 3(a) and 3(b) 
depict the typical SAD patterns of Ag(001) and 
Fe(013), respectively. Fig. 3(c) exhibits the 
plane-view bright field micrograph of the sample. The 
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spots observed in Fig. 3(a) indicate that the alternately 
deposited Fe and Ag layers are both single crystal. 
However, the crystalline structure of the Fe layers 
cannot be distinguished from the Ag layers according 
to Fig. 3(a). The Fe layer may grow as fcc structure or 
grow as bcc structure with a 45°-rotation from the 
[001] axis to fit the fcc structure of Ag. For more de-
tails, the [Fe(1.4 nm)/Ag(1.0 nm)]16 superlattice was 
investigated by rotating the sample during the TEM 
characterization. From the initial position (Fig. 3(a)), 
the sample was rotated in the Ag[200] direction by 
18.5° to obtain Fig. 3(b), which depicts the Fe(013) 

plane and the Ag(114) plane. It can be seen that the 
Ag and Fe spots are separated in Fig. 3(b), which in-
dicates the coexistence of single crystal fcc Ag and 
bcc Fe in the sample. It is reported that the growth of 
Fe/Ag multilayers in the [001] direction has low-stress 
interfaces [7, 17] because the distance of the fcc (001) 
plane in Ag is ~1.414 times the bcc Fe (001) inter-
plane spacing. In the stacking, the fcc Ag (001) plane 
places itself rotated by 45° around [001] relative to the 
Fe (001) planes. From Fig. 3(b) it can be deduced that 
the orientation relationship is Fe(001)//Ag(001) and 
Fe<110>//Ag<100>. 

     
Fig. 2.  XRD results of the [Fe(1.4nm)/Ag(1.0nm)]16 superlattice: (a) θ-2θ XRD spectra; (b) Ag(220) φ scan. 

  

   

3.2. Magnetic properties 
In order to investigate the influence of the Ag spac-

er layer thickness on the magnetic properties of the 
superlattices, magnetic measurements were performed 
for a field applied parallel to Fe[100] in the surface of 
the films. Fig. 4 depicts the in-plane magnetic 
hysteresis loops of Fe(1.4 nm)/Ag(t nm) superlattices. 
The magnetic field varies between –7.96×105 and 
7.96×105 A/m. The inset figures show more details of 
the magnetic hysteresis loops at low magnetic fields 
(between –7.96×104 and 7.96×104 A/m). From Fig.4, 

Fig.4, it can be seen that the magnetization shows 
typical ferromagnetic behavior for t=1.0, 1.5, 2.5, and 
3.5 nm; while for t=2.0 and 3.0 nm, on the other hand, 
no residual magnetization appears, indicating anti-
ferromagnetic (AFM) coupling between Fe layers. 
Thus, 0.5 nm difference in the Ag thickness has sig-
nificant influence on the interlayer coupling, and con-
sequently on the magnetic structure. The magnetic 
hysteresis loops give the oscillation period of about 
0.5 nm (2.5 Ag layers) between ferromagnetism (FM) 
and antiferromagnetism. A similar periodicity of 

Fig. 3.  TEM patterns of the
[Fe(1.4 nm)/Ag(1.0 nm)]16 super-
lattice: (a) SAD pattern of the
Ag(001)[Fe(001)] surface; (b) SAD
pattern of the Fe(013)[Ag(114)]
surface; (c) plane-view bright field
micrograph of the superlattice. 
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0.485±0.014 nm (2.37 Ag layers) in a Fe/Ag/Fe sand- wich structure has also been observed [18].  

     

     

     
Fig. 4.  Magnetic hysteresis loops of [Fe(1.4 nm)/Ag(t nm)] superlattice at 300 K. H was applied parallel to the Fe[100] in the 
film plane. The inset figures depict the details of the loops at low magnetic fields. t is the thickness of Ag layer, and t=1.0 (a), 
1.5 (b), 2.0 (c), 2.5 (d), 3.0 (e), and 3.5 nm (f). 

It is well known that the exchange coupling energy 
J oscillates between FM and AFM as a function of 
spacer thickness [19-21]. For more evidence of oscil-
lation, the exchange coupling J was calculated using a 
tight-binding model with s, p, d orbits and hopping up 
to the second nearest neighbors. The ions on every 
(001) atomic plane of the superlattices under consid-
eration are arranged in a square lattice. For perfectly 
smooth Fe/Ag interfaces, the bilinear exchange cou-
pling term J1 is virtually equal to J/2. The calculation 
results of the Fe/Ag/Fe(001) trilayer structures [7] at 
300 K are shown in Fig. 5 with open circles. The 
FM/AFM behavior of our samples as a function of the 
Ag layer thickness is shown in Fig. 5 with closed cir-
cles. A previous report about the exchange coupling in 
the Fe/Ag/Fe(001) structure is also presented in Fig. 5. 

 
Fig. 5.  Thickness dependence of the total exchange cou-
pling J: (a) experimental results in Ref. [18]; (b) our ex-
perimental results; (c) calculation results in Ref. [7]. 

The periodicity obtained from the experimental re-
sults agrees well with the calculations reports for the 
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Ag thickness larger than 1.5 nm. A difference between 
the experiments and calculations was observed in the 
superlattice of ultrathin Ag spacer. It is found that the 
sample should reveal AFM behavior as the Ag thick-
ness is 1.0 nm (~5 Ag layers) according to the calcula-
tion values [7]. In the experiments, the [Fe(1.4 
nm)/Ag(1.0 nm)]16 sample obviously shows FM be-
havior. The abnormal results were also reported in 
some other articles [17, 21]. It is evident that the 
magnetic behavior of [Fe(1.4 nm)/Ag(1.0 nm)]16 is 
different from the calculations. As already known, the 
oscillation periods of J are related to the geometry of 
the spacer Fermi surface (FS). For Ag spacer, J has 
two oscillatory components: one with a long period 
coming from the “belly”, and the other with a short 
period associated with the “necks” of the spacer FS. It 
is reported that the exchange coupling through Ag(001) 
exhibits long wavelength oscillations (λ=5.6 ML) [21]. 
The Fe/Ag superlattice with 5 ML Ag spacer should 
show AFM behavior. However, the interfaces between 
Fe and Ag layers are treated as perfectly smooth in-
terfaces in calculations, which is impossible in fact. 
Though Fe and Ag are known to be immiscible in the 
bulk, a previous research [22] shows that various de-
grees of interface intermixing can occur at the inter-
layers as the Ag layers are ultrathin in Fe/Ag superlat-
tices. When the thickness of Ag layers decreases to 
0.7 nm, the continuity of the Ag layers is broken [15]. 
In the experiment, the periodicity of [Fe(1.4 
nm)/Ag(1.0 nm)]16 observed in low-angle XRD sug-
gests the continuity of the Ag layers. The actual con-
dition is different from the perfect interface and the 
discontinuity of the spacers. A condition with a weak 
interfacial interdiffusion is also considered. The inter-
facial atomic planes are treated as disordered alloys 
compatible with a given concentration profile. The 
Fe/Ag/Fe structure was supposed to be 
Fe/Ag/Ag1–pFep/Ag1–qFeq/Fe1–qAgq/Fe1–pAgp/Fe(001) 
(p=0-0.05, q=0-0.1) [7]. The results present that the 
interdiffusion has little effect on the coupling ampli-
tude in Fe/Ag/Fe and has no effect on the exchange 
coupling period. The supposition of disordered alloys 
at the interfaces is not suitable for explaining the ex-
perimental results. Considering the previous report [15] 
and our observation, a configuration is proposed in 
this study that Fe atoms are placed at Ag interface 
sites. It was observed that the concentration of inter-
mixing can reach up to 50% at the first interface and 
25% at the second interface. The fact that the superlat-
tice peaks fall off so quickly also implies a substaintial 
roughness at the interface. The invading of Fe atoms 
to Ag interface sites occurring at the interfaces de-
creases the actual thickness of Ag spacer layers from 5 

to 3 ML or even thinner. According to the experimen-
tal results [18], the first AFM magnetic coupling oc-
curs at the Ag thickness of about 4 ML, while the cal-
culation values show that the film exhibits FM behav-
ior at the Ag thickness thinner than 3 ML, which 
agrees well with our experimental results. Owing to 
the intermixing at the interface, [Fe(1.4 nm)/Ag(1.0 
nm)]16 superlattice exhibits FM behavior instead of 
AFM behavior.  

For more information about the supposition, the 
magnetic measurement of the films annealed at 100 
and 200°C for 1 h was performed. Fig. 6 presents the 
hysteresis loops of the [Fe(1.4 nm)/Ag(1.0 nm)]16 su-
perlattice in different post-treatments. In the film an-
nealed at 200°C, the remanence is small (~0.45MS); 
however, the films with no post-treatment show the 
remanence of about 0.8MS. This result reveals that the 
ferromagnetism becomes weak with the smoothing of 
the interlayers in these films. Optiz et al. [23] and 
Unguris et al. [18] suggest that the extremely low lev-
els of interfacial roughness and interdiffusion are re-
sponsible for this modest damping of the coupling 
constant. Similar results were also observed in 
Fe/Au(001) multilayers. Overall, the interdiffusion at 
the interfaces of superlattices presents a trend from 
ferromagnetic to anti-ferromagnetic behavior. Our 
supposition fits the experimental [18] and calculation 
results [7]. 

 
Fig. 6.  Magnetization of the [Fe(1.4 nm)/Ag(1.0 nm)]16 
superlattice with different post-treatments. 

4. Conclusion 

Single crystal [Fe(1.4 nm)/Ag(t nm)] (t=1.0-3.5 nm) 
superlattices were fabricated using UHV evaporation 
at room temperature. The Fe layers and Ag layers 
were found to be bcc and fcc single crystal, respec-
tively. The coupling in Fe/Ag superlattices oscillates 
with a period of 1 nm (5 Ag layers). The observed pe-
riod is consistent with the coupling theories when the 
Ag spacer thickness is greater than 1.5 nm. For the 
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Fe/Ag superlattice with ultrathin Ag spacer (1.0 nm), 
the superlattice presents FM behavior instead of AFM 
behavior. The abnormal phenomenon is attributed to 
the intermixing at the interface. 
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