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Abstract. Structures of Mn/Sb multilayered films have been investigated by x-ray diffraction. 
MnSb/Sb superlattice films are obtained when the nominal thicknesses are [Mn(l A)/ 
Sb(50 A)], and [Mn(2 A)/Sb(50 A)]w. Ultrathin layers of MnSb are formed by interfacial 
reaction in these samples with keeping an epitaxial orientation of (OO.l)Mnsbl/(OO.l)sb; 
[ll.O]M,sh~~[ll.O]sb. These films have fibre texture structures with an in-plane coherence 
length of about 300 A. The distribution of growth orientation is approximated by a Gaussian 
distribution function with a half-width of about 10". The analyses of diffraction intensities 
indicate that (i) the texture structure causes a monotonic reduction of peak intensity with 
increase of scattering vector including fundamental reflection and (ii) that layer thickness 
fluctuations in the range of one or two monolayers cause peak broadening and intensity 
reduction only for the higher-order satellite reflections. Observed satellite intensities could 
be reproduced by a model calculation which takes into consideration these two effects. 

1. Introduction 

Epitaxial superlattice films have been prepared for various combinations of metals [ 11. 
Most of them are those where the two constituents have the same crystal structure and 
nearly equal lattice parameters. Recently, the authors have investigated multilayered 
filmscomposedof Mn and Sb with different crystalstructures [2-4]. Epitaxial superlattice 
films are obtained when Mn layers one or two monolayers thick are sandwiched by Sb 
layers 50 A thick. The magnetic properties of Mn/Sb superlattice films are interesting. 
They are ferromagnetic, although Mn metal is antiferromagnetic and Sb metal is non- 
magnetic. The ferromagnetism originates from intermetallic compound MnSb [5] 
formed by interfacial reaction. Deposited Mn layers are so thin that all Mn atoms react 
to form epitaxial MnSb/Sb multilayered films. As was already reported, a sample 
containing MnSb one monolayer thick shows a ferromagnetism with perpendicular 
magnetic anisotropy [2]. Also it was found that the magnetic anisotropy is strongly 
dependent on MnSb layer thickness [3]. These magnetic properties should closely relate 
with the structural properties of very thin MnSb layers. 

Structural characterizations are crucial for the investigation of metallic multilayered 
films with artificial superstructures. X-ray diffraction is one of the most basic and non- 
destructive methods to find the average structures and degree of structural perfection 
[6,7]. In this paper, results of x-ray diffraction study for several Mn/Sb multilayered 
films are presented. In particular, structures of MnSb/Sb superlattice films containing 
MnSb one or two monolayers thick have been studied in detail. Modulation wavelength, 
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texture and coherency strain have been investigated following the normal procedures 
[6,8]. Also diffraction intensities have been analysed based on a simple model called 
the step model [6,7]. The effects of the one-dimensional disorder on the x-ray diffraction 
profiles of metallic multilayered films have been investigated by many researchers [7,9- 
111. The present MnSb/Sb multilayered films have also shown experimental results that 
indicate some structural imperfections. In this paper, effects of fibre texture structure 
and fluctuation in the number of atomic planes will be discussed. The former have 
never been taken into consideration in previous diffraction intensity analyses. Electron 
microscopy is also a powerful tool for the structural characterization, especially on the 
local structures, although it is a destructive method. The results of electron microscopy 
on a sample containing monolayer-thick MnSb have been published elsewhere [4]. They 
revealed the formation of a coherent multilayered structure. Magnetic properties of 
ferromagnetic MnSb monolayers and submonolayers will be reported in a forthcoming 
paper [ 121. 

2. Structural aspect of Mn/Sb multilayered films 

Antimony crystallizes into As-type (A7) structure (R3m) and the lattice parameters are 
a = 4.308 A and c = 11.273 A in a hexagonal system [13]. The crystal structure of Sb is 
layered. The unit layer (zigzag net plane) consists of two triangular lattice planes, whose 
separation is 1.51 A. The spacing between unit layers is 3.76 A ( = d(003)). Unit layers 
are stacked along the c axis in a FCC mode. Thin films of Sb grow with [00.1] orientation 
under appropriate deposition conditions [14,15]. Unit layers of Sb are stacked along 
the growth direction in thin films. 

Manganese metal has a complex crystal structure (a-Mn type, I43m, a = 8.892 A) 
at room temperature [ 161. When thin manganese films are deposited on Sb films, Mn 
atoms react with Sb atoms to form the intermetallic compound MnSb at the interfaces. 
The interfacial reaction occurs even when the substrate temperature is kept at room 
temperature. A Mn layer 40 A thick in a Sb(300 A)/Mn(40 A)/Sb(100 A) sandwiched 
film has been found to turn to a MnSb film 143 A thick epitaxially grown between Sb 
layers [4]. The non-stoichiometric intermetallic compound Mnl+,Sb has a NiAs-type 
structure (P6,/mmc) with lattice dimensions of a = 4.128 A and c = 5.787 A for x = 
0.02 [17]. Lattice parameters of the 143 A thick epitaxial MnSb layer are close to those 
of nearly stoichiometric MnSb [4]. The orientational relationship of the epitaxy was 
found to be (Oo.l) ,b11(00.1)M"Sb;  [11.0],,11[11.O],,sb in the previous x-ray diffraction and 
electron microscopy study [4]. Also, in the superlattice films, Sb and MnSb layers are 
stacked keeping the orientational relationships described above. Lattice matching of 
MnSb with Sb is fairly good, because in both Sb and MnSb lattices Sb triangular lattice 
planes are stacked along the c axis, in a HCP mode in MnSb and in a FCC mode in Sb. The 
in-plane lattice misfit (aMnSb - asb)/aSb is -4.5%. 

3. Experimental details 

Samples were prepared by an alternate vapour deposition method in an ultrahigh 
vacuum system. The pressure before the deposition was about Torr. Layer thick- 
nesses and deposition rates were measured during deposition by a quartz oscillator 
thickness monitor; a typical deposition rate was 0.2 A s-'. The substrates were glass 
plates and polyimide films. The substrate temperature was kept at room temperature 
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Table 1. List of samples and their deposition conditions. The thicknesses of each layer are 
nominal ones. A buffer Sb layer was deposited and then multilayered films were deposited. 
Sample E is a 10008, thick Sb film. Superlattice periods A were determined by x-ray 
diffraction. 

~~ 

Dh(n DSb Thickness 
Mn layer Sb layer Number of buffer Substrate Period 
thickness thickness of Sb layer temperature A 

Sample (A) (4 bilayers (A) ("C) (A) 

A 12 120 28 600 22 
B 4 50 70 1000 23 60.7 
C 2 50 90 1000 33 5 5 . 6  
D 1 50 90 700 22 51.2 
E - - 1000 30 - 

during deposition. A thick Sb buffer layer was deposited before the alternate deposition 
of Mn and Sb. Buffer layers of Sb have a [OO.l] texture of hexagonal A7-type structure. 
However, in-plane orientations are at random. Although crystalline substrates (such as 
A1203, NaCl and GaSb) were examined, Sb layers deposited on these substrates had 
poorer crystallinity than those deposited on glass or polyimide films. For magnetic 
measurements, we have used samples deposited on 7.5 pm thick polyimide films. Most 
of the results described in this paper are for samples deposited on polyimide films. 
No distinct difference was found between samples deposited on glass and polyimide. 
Deposition conditions and nominal individual Mn and Sb layer thicknesses (DMn and 
DSb) of prepared samples are listed in table 1. The Sb layer thicknesses in the multilayers 
were always thicker than 50 A, because the thinner Sb layers caused poor crystallinities 
of multilayered films. 

X-ray diffraction patterns were measured by a computer-controlled four-circle dif- 
fractometer (Huber 420/511.1). Cu-Ka radiation (A = 1.54184 A) from a rotating- 
anode-type source (Rigaku RU-300) was used. Incident x-rays were mono- 
chromatized by a flat pyrolytic graphite (PG) 00.2 crystal. Another flat PG 00.2 crystal 
was placed in the diffracted beam path as an analyser. The present multilayered films 
have fibrous texture structures and cylindrical symmetry. Hereafter, the z and x axes in 
real space denote the growth direction (fibre axis, perpendicular to the film) and the 
equatorial direction (parallel to the film), respectively. The corresponding reciprocal 
axes are denoted as the Q, and Qll axes, respectively. The following scanning modes of 
the diffractometer were employed: 

(i) Q, axial scan mode: 8-28 radial scan with the scattering vector Q perpendicular 

(ii) Qll axial scan mode: 6-26 radial scan with Q parallel to the film plane (Q, = 0; 

(iii) Rocking scan mode: w scan, fixing the counter position 28. 
(iv) Q, off-axial scan mode: w ,  28 independent scan along an arbitrary line parallel 

(v) Qll off-axial scan mode: w ,  28 independent scan along an arbitrary line parallel 

to the film plane (Qll = 0; symmetrically reflecting condition). 

transmitting condition). 

to ell= 0 in reciprocal space. 

to Q1 = 0. 
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Figure 1. X-ray diffraction profiles in the Q ,  axial scan mode for samples A to E. The 
ordinate shows intensities in a logarithmic scale. All samples show strong peaks at around 
Sb(00.3m) reflections, indicating [OO. 11 orientations of Sb layers. Sample A shows (00.2) 
and (00.4) reflections of MnSb formed by the interfacial reaction. Satellite peaks are seen in 
the diffraction pattern of samples B, C and D. Substrates of samples A, B, C and D are 
polyimide films and that of sample E is a glass plate. The very broad peaks at around Q = 
1.5-2.0 A-' are those from substrates with amorphous structures. 

The instrumental resolution in the radial 8-20 scan modes measurd using a Ge 111 
perfect crystal was 0.010 k 0.001 A-' in Q (= 4n sin 8/A). 

4. Results and discussion 

4.1. Layer stacking and texture structure 
Figure 1 shows x-ray diffraction patterns observed in the Q, axial scan mode for the 
samples listed in table 1. All diffraction patterns show sharp peaks at around ( 0 0 . 3 ~ ~ )  
(m = integer) reflections of Sb metal. Other peaks of Sb are too weak to be observed 
except for the case of sample A.  Antimony layers in these multilayered structures have 
the [00.1] orientation of hexagonal A7-type structure as well as the Sb buffer layer. 
Sample A (DMn = 12 A) shows broad (00.2) and (00.4) reflections of intermetallic 
compound MnSb. Neither peaks of Mn metal nor other peaks of MnSb were observed. 
Therefore, all the Mn atoms have reacted with Sb to form [OO.l]-oriented MnSb layers. 
However, no superlattice peak was detected. The interfaces in sample A are rather 
rough. 



XRDstudy of MnlSb multilayered f i lms 972 1 

2 .E 2 . 9  3.0 5 .o 5.1 

a,, (A - ' )  

Figure 2. X-ray diffraction profiles observed in the Q,, axial scan mode for samples C, D and 
E. Both Sb (11.0) and (30.0) peaks appear in one scan even in the case of sample E. 

Figure 3. Rocking curves of (00.3)" fun- 
-10 - 5  0 5 10 damental reflections for samples C .  D and 

w Ideg l  E. 

Diffraction patterns of sample B (DMn = 4 A), C (DMn = 2 A) and D (OM, = 1 A) 
show many satellite peaks which indicate coherent stacking of MnSb and Sb layers. Also 
in the small-Q range, the first-order superlattice peaks were detected for samples 
deposited on glass plates. Hereafter, fundamental reflections referring to Sb lattice are 
denoted as ( 0 0 . 3 ~ ~ ) ~  and their satellite peaks as (00.3m),, where positive values of n 
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Figure 4. X-ray diffraction profiles of 
sample C in the Q, off-axial scan modes to 
trace(a) [11.L]* and(b) [lO.L]* reciprocal 
rows of Sb lattice. Several satellites are 
seen and are indicative of good structural 
coherence. 

mean satellite peaks on the high-Q side. From the satellite spacings, superlattice periods 
were determined. They are listed in table 1. The periods determined by x-ray diffraction 
are slightly larger than nominal ones (DMn + DSb) measured by a quartz oscillator 
thickness monitor during deposition. Because both fundamental and satellite peaks are 
as sharp as peaks of Sb thin film of 1000 A thickness (sample E), coherent lengths along 
the growth direction are fairly long in these samples. Also, it is reasonable to assume 
that MnSb layers have the same crystallographic orientations as those in much thicker 
MnSb layers sandwiched by Sb layers. 

Sharp satellite reflections of samples C and D indicate that epitaxial MnSb/Sb 
superlattice films are obtained. The film qualities of these samples have been inves- 
tigated. Figure 2 shows diffraction patterns of samples C, D and E observed in the QII 
axial scan mode. In arbitrary setting of in-plane orientation of the sample, diffraction 
patterns show both Sb(ll.O) and Sb(30.0) reflections. The absence of other reflections 
is evidence of the [00.1] orientation of Sb layers. The appearance of both reflections, 
however, indicates random orientations in the film plane. Thus films have fibre texture 
structures. The fibre texture structures of superlattice films are inevitable because 
Sb buffer layers have fibre texture structures. Peak widths of (11.0) reflection for 
multilayered films are nearly equal to that for Sb buffer layer (sample E). An electron 
microscopy observation has indicated that the in-plane grain size of Sb buffer layer is 
about 2000 A and that each grain gives a single crystalline electron diffraction pattern. 
However, crystallographic coherence lengths in the film plane calculated from the FWHM 
(full width at half maximum) of Sb(l l .0)  peaks are about 300 A for samples C, D and 
E. A smaller coherence length may be due to defects in the films. 

Figure3 showsrockingcurvesof (00.3),,fundamentalreflectionsfor samplesC, D and 
E. T h e i r w ~ ~ s a r e  about 10"ino, whichindicate adistributioningrowthorientation. No 
distinct difference was observed between the Sb buffer layer (sample E) and superlattice 
films (samples D and C). Satellite reflections have nearly equal FWHMS of the rocking 
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Figure 5. A comparison of peak positions 
of Sb(l1.0) reflection for samples A and C. 
Sample A shows both Sb( l l .0 )  and 
MnSb(ll.0) peaks. The (ll.O)sb lattice 
spacing is almost the same as that in bulk 
Sb metal. However, the Sb( l l .0 )  peak of 
sample C has shifted to higher Q ,  which 
indicates the contraction of Sb lattice in the 
film plane. 

curve to those of fundamental reflections. The distribution of growth orientation in the 
superlattice films is nearly the same as that of Sb buffer layers. 

Although the films have fibre texture structures, the crystallographic coherence 
between adjacent 50 A thick Sb layers is fairly good across the MnSb layers in each grain. 
Figure 4 shows diffraction patterns of sample C observed in the Q1 off-axial scan mode 
to trace [11.L]* and [lO.L]* reciprocal rows with respect to the Sb lattice. They show 
fundamental reflections, (lO.l)o, (10.2)", (10.4), and (10.5)oin [lO.L]* row and (ll.O)", 
(11.3)" and (11.6)" in [11.L]* row, accompanied by satellite peaks. The satellite peaks 
give clear evidence of structural coherence along [10.1] or [10.2] etc as well as along 
the growth direction [00.1]. The absence of (lO.O)",  (10.3)" and (10.6)0 fundamental 
reflections in the [lO.L]* row is because of the rhombohedral symmetry of Sb lattice. 
The appearance of both (lO.l)o and (10.2), peaks in a [lO.L]* row is because of the 
texture structure. 

Both Sb and MnSb layers in the MnSb/Sb superlattice films are strained because of 
an in-plane lattice misfit of about -4.5%. Figure 5 shows peak profiles of samples A and 
C at around Sb(ll .0) reflection observed in the Q axial scan mode. The thicknesses of 
individual MnSb layers calculated from the nominal Mn thicknesses DMn are 43 and 7 A 
for samples A and C, respectively. The diffraction pattern of sample A shows both 
Sb(ll .0) and MnSb(ll.0) reflections. Lattice spacings are d(ll.O)sb = 2.15 A and 
d(11,O)M"sb = 2.08 A. The observed d(1l.o)sb is close to that of bulk Sb metal (2.154 A) 
but d(ll.O)Mnsb is larger than bulk d(ll.O)MnSb (2.064 A). Thus 43 A thick MnSb layers 
in sample A are strained. The diffraction pattern of sample C shows only an Sb(ll .0) 
peak. It was shifted to a higher angle although the Sb(ll .0) peak from buffer layer is 
overlapped. The peak position gives an Sb(ll.O) lattice spacing of 2.143 A, which is 
0.5% smaller than lattice spacing (2.154 A) in bulk Sb metal or sample A. The highly 
coherent structure of sample C has caused lattice strains in 50 A thick Sb layers. Because 
43 8, thick MnSb layers in sample A are strained, the absence of MnSb(ll.0) peak in 
the diffraction pattern of sample C indicates that 7 A thick MnSb layers in sample C 
have the same in-plane lattice spacings as those in Sb layers. The diffraction pattern of 
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Figure 6. Model structures of MnSb/Sb superlattice films based on  the step model viewed 
along [10.0] direction of Sb lattice: 0, Sb; 0, Mn. (a) A unit cell with 1 monolayer (ML) thick 
MnSb. ( b )  A unit cell with 2 ML thick MnSb. Both Sb and MnSb layers are stacked keeping 
epitaxial orientations (00. l)MnSbll(OO.l)Sb; [ I1  .O]MnSb~I[ll.O]Sb. In both structures, the number 
of Sb layer units (zigzag net planes) is 13 and their spacings dSh are always equal to 3.76 A 
(=  d(00.3)sb). In the intensity calculation, the lattice spacing in MnSb layers, dMnSh, and the 
lattice spacing at the interface, d,,,, were varied. 

sample D also shows a similar peak shift of Sb(ll .0) reflection to that seen in figure 4. 
Thus, what is called strained layer superlattices [18] are obtained for samples C and D. 

4.2.  Structure model and intensity analysis 

To elucidate atomic arrangements in the epitaxial superlattice films (samples C and a), 
x-ray diffraction profiles have been calculated based on several model structures and 
they have been compared with observed diffraction patterns in the Q, axial scan mode. 

4.2.1. Step model. At first, observed intensities are compared with calculated ones for 
ideal model structures based on the ‘step model’ [ 6 , 7 ] ,  often used in the intensity 
analyses for metallic multilayered films. The step model assumes that the lattice spacings 
in the individual layers are constant. Model structures for samples D and C viewed along 
[10.0] direction of the Sb layer are shown in figure 6(a )  and ( b ) ,  respectively. According 
to the orientational relationship of epitaxy between MnSb and Sb layers, 
(OO. l )sb l l (OO. l )MnSb;  [11o]sb11[11o]M,sb, Sb unit layers (zigzag net plane) and MnSb unit 
layers are stacked along their c axes. The thickness of a Sb layer unit dsb is equal to 
~ f ( 0 0 . 3 ) ~ ~ .  One MnSb layer unit means a lattice slab with the thickness dMnSb equal to a 
half of the unit dimension c of NiAs-type structure. It contains one Mn lattice plane and 
is to be denoted as MnSb iML (monolayer). If the numbers of unit layers are NSb and 
NMnSb in a unit period A, positions of lattice planes along the stacking direction are given 
by the following equation: 
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A = NSbdSb + NMnSbdMnSb t -2d in t .  

In the above equations, ZSb denotes a positional parameter of Sb lattice planes in a Sb 
unit layer and d,,, denotes the 'interface spreading'. The Sb-Sb lattice spacing at the 
interface is given by dint + zSbdSb. 

In the intensity calculations, the structures of Sb layers are assumed to be the same 
as for bulk Sb metal, namely dsb = 3.76 A and ZSb = 0.301. The numbers of unit layers 
were fixed to be NSb = 13 for both samples D and C, NMnSb = 1 for sample D and NMnSb = 
2 for sample C, so that unit periods and individual layer thicknesses nearly agree with 
the observed periods and nominal thicknesses D,, and DSb. Diffraction profiles were 
calculated by varying only two parameters, dMnSb and dint. The in-plane lattice dimensions 
of the MnSb and Sb layers are equal. The calculation takes the Lorentz polarization 
factor into account but not absorption or thermal factors. A Gaussian profile function 
with a width of 0,010 A-' (instrumental resolution) was convoluted with the calculated 
profiles. 

Figure 7(a) shows a calculated diffraction profile of the model structure for sample 
D (OM, = 1 A) in figure 6(a). Values of parameters are dint = 0.35 A and dMnSb = 2.80 A. 
For comparison, the observed profile is also shown in the figure. The calculation could 
reproduce qualitative features of observed profile; the (00.3m)-, peaks are much more 
intense than (00.3m)+' peaks and (00.3)+, satellite peaks near the bulk MnSb(00.2) 
reflection are fairly intense. The interference of x-rays diffracted by Sb lattice planes in 
the adjacent Sb layers mainly contributes to satellite reflections with small Inl. In other 
words, the thickness of MnSb layers or dMnSb + 2 4 ,  determines the satellite intensities 
with small lnl. A variation of about 0.1 A in dM,sb + 2di,, causes a distinct deviation from 
observed intensity ratios, particularly for (00.9)+1 satellite reflections. Therefore, the 
probable errors of parameters are less than 1 0 . 1  A. The ratio of dMnSb/dint, namely the 
structure of the MnSb layer, determines the relative intensities of satellite peaks at 
around the bulk MnSb(O0.2) reflection. 

Figure 7(b) shows a calculated diffraction profile of a model structure for sample C 
(DMn = 2 A) shown in figure 6(b). Values of parameters used in the calculation are 
dint = 0.73 A and dMnSb = 2.86 A. The observed profile is also supplemented for com- 
parison. The qualitative features of satellite intensities are reproduced as well as the case 
of sample D. The values of dM,Sb for samples C and D are nearly equal to d(O0.2)MnSb = 
2.864A of bulk MnSb. The values of dint and dMnSb for sample D are smaller than 
those for sample C. They may be indicative of the lattice strain in MnSb monolayers 
along the c axis. Further quantitative arguments, however, are not possible, because 
values are average ones for superlattices with layer thickness fluctuation, as will be 
mentioned in section 4.2.3. 



9726 I Moritani et a1 

ta lc 

I I I I 
1 2 3 4 5 

0, ( A - ' )  

Figure 7. Calculated diffraction profiles in 
Q _  axial scan mode for the two model 
structuresin figure 6(a) and ( b ) .  Ordinates 
show intensities in linear scale. For com- 
parison, observed profiles of samples D 
and C are also shown. The values of par- 
ameters in the model structures are (a)  
dWnSb = 2.08 A, dSb = 3.76 A and d,,, = 
0.35 A. ( b )  dh,,,Sh = 2.86 A. d,, = 3.76 A 
and d,,, = 0.73 A.  The two plots in each 
figure show the same data with different 
magnifications. 

The calculated diffraction profiles in figure 7 ( a )  and (b )  based on the step model 
reproduce typical features of the observed diffraction patterns. However, between 
calculated and observed diffraction patterns there are two outstanding discrepancies. 

The first is that (O0.6)0 fundamental reflections are much stronger than (00.3)0 
fundamental reflection in the calculated diffraction patterns, although in the observed 
diffraction patterns (006)0 peaks are weaker than (003), peaks. The intensity ratio, 
Z(003)sb/Z(O06),,, is very similar to that in the diffraction pattern of 1000 A thick Sb film 
(sample E). The Debye-Waller factor, which was not taken into consideration in the 
above calculations, may be one of the reasons. However, it could not explain the 
observed intensity ratios. Values of the Debye-Waller factor, exp{-2B[(sin O ) / A ] * > ,  
were calculated using a thermal factor B = 0.69 A* at room temperature for Sb metal 
reported in the literature [13]. They are 0.97 at (00.3) reflection and 0.91 at (00.6) 
reflection. To reproduce the observed intensity ratio, B should be a large value of about 
13 A2. 

The second discrepancy is that in the calculated diffraction patterns, the satellite 
peaks between (00.6)0 and (00.9)0 fundamental reflections have fairly large intensities, 
especially near the MnSb(00.4) reflection. However, observed diffraction patterns show 
no peaks near MnSb(00.4) reflections. 
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Figure 8. Contour maps of x-ray diffraction intensities of (00.6)" and (11.0)" fundamental 
reflections for sample D derived from several measurements in the Q L  and QiI off-axial scan 
modes. Contour intervals are one-tenth of peak values. Note that the intensity distribution 
for (00.6)"reflectioniselongatedalong the Qlaxisbut that intensitydistributionforsb (11.0) 
reflection is elongated along the Q- axis. The mosaic spread is a main contribution of peak 
broadening. 

The first discrepancy is caused by the texture structure and the second is caused by 
the fluctuation of superlattice period, as will be discussed below. 

4.2.2.  Effect of fibre texture on the diffraction pattern. As mentioned in section 4.1, 
samples C and D have fibre texture structures. The films consist of small crystallites in 
which the c axes of both Sb and MnSb layers are aligned nearly along the growth direction 
2. Azimuthal orientations of crystallites in the film plane are at random. A typical feature 
of x-ray diffraction patterns for fibre texture structure is the broadening of diffraction 
peaks caused by both small particle size and the distribution of particle orientations. For 
example, contour maps of intensity near (00.6)opeak on the fibre axis and (ll.O)opeaks 
on the equatorial axis for sample D are shown in figure 8. Observed intensity distribution 
of the (00.6)opeak shows an elongation along the Qllaxis whereas that of (ll.O)o is along 
the Q, axis. This means that the distribution of particle orientations has a dominant role 
in the peak broadening. 

The effects of grain orientation distribution (mosaic spread) on diffraction profiles 
have been studied for the crystalline polymers which also have fibre texture structures 
[19]. In the light of a recent review by Fraser and co-workers [20], the effects of the 
texture structure on the diffraction patterns of samples C and D will be discussed in this 
section. 

We have assumed an orientational distribution function of crystallites G(a) with a 
Gaussian shape: 

where a and a. are a departure angle of the c axis of a particle from the fibre axis and 
its standard deviation, respectively. No distribution of particle sizes was assumed. In the 



9728 I Moritani et a1 

following, P, and P, denote average particle dimensions along the z axis (fibre axis or 
growth direction) and x axis (in the film plane), respectively. The total diffraction 
intensities from an assembly of crystallites, Z,(Q,, ell), are given by the integration of 
intensities from individual particles, Ip(Ql,  Ql,). In a spherical polar coordinate system, 
Is( Ql, e l l )  is expressed by 

where I , (x)  is the modified Bessel function of the second kind of order zero. 

as follows: for reflections on the fibre axis ( e l l=  0): 

width along Q I axis 

width of rocking curve 

and for those on the equatorial axis ( Q -  = 0): 

width along QI, axis 

width of rocking curve 

Observed peak widths are A Q -  = 0.013 k', Awl = lo" for (00.3)" reflection and 
AQll = 0.026 A-', Awl ,  = 10" for Sb(ll .0) reflection, respectively. From these values 
and the above equations, average particle dimensions and standard deviations of particle 
orientation were determined to be P, = 300 A, P, = 500 A and a. = 5". It is to be noted 
that values of P, and P, are crystallographic coherence lengths. They are strongly 
affected by lattice distortions and lattice defects. 

This equation gives the approximate peak widths of reflections at specific positions 

A Q ,  = 2d(log 2/n)/P, 
Aw,  = 2d[log 2/n(2nay20 + 4n2/Q:P;)] 

A Q  1 = 2d(log 2/;2)/P, 

Awl1 = 2d[log 2/n(2nai + 4;2'/QiP;)]. 

As for the peak intensities on the fibre axis, equation (2) is approximated by 

This equation means that the fibre texture structure reduces the peak intensities of 
higher-order reflections by a factor of 1/(1 + Q'P:ai) with a Lorentzian form. 
Hereafter, this factor is denoted as 'texture factor'. For sample D, the observed peak 
intensity ratio, 1(00.3),/1(00.6),, is 2.9 whereas the calculated one shown in figure 7(a)  
is 0.62. The values of 'texture factor' derived from the observed value of P, and a, are 
1.9 x at (00.6)o peak, respectively. Multiplying 
these values on the calculated profile in figure 7(a), intensity ratio 1(00.3),/I(OO. 6), 
becomes 2.5 which agrees with the observed one. Thus the relative intensities of fun- 
damental reflections could be reproduced by taking the effect of texture structure into 
account. 

at the (00.3),, peak and 4.7 x 

4.2.3.  Layer thicknessJEuctuation. The 'texture factor' in equation (3) is one of the origins 
of the observed weak intensities of satellite reflections at around the (00.4) reflection of 
bulk MnSb. However, it is not enough to explain the observed intensities. Another 
factor to be taken into account is the layer thickness fluctuation. In the present sample 
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Figure 9. Observed peak width of satellite 
reflection (00.3m),, plotted as functions of 
n for ( a )  sample D and ( b )  sample C. Sat- 
ellite peaks increase their width with 
increasing lnl. Such a peak broadening is 
indicative of the random mixture of dif- 
ferent supercell periodicities. 

preparation conditions, it is difficult to control the individual layer thicknesses with an 
accuracy less than 1 A; some fluctuation in layer thickness may exist. 

An effect of layer thickness fluctuation clearly appears in the observed line widths 
of the satellite reflections. Figure 9 shows observed peak widths for samples C and D. 
The peak width of satellite reflection (00.3m), increases with increasing lnl, although 
fundamental reflections (00.3m),, do not show such large line broadening with increasing 
m. The increase for fundamental reflections is ascribable partly to lattice strain or defects 
in Sb layers, because a similar line broadening was also observed for a 1000 A thick Sb 
film (sample E). The line broadening of higher-order peaks for metallic superlattice 
films is evidence of fluctuation in the layer thickness or modulation wavelength. Similar 
results have been reported for Gd/Y superlattice films [7]. 

The problem of one-dimensional disorder in the multilayered structure has been 
discussed by many researchers. Fujii and co-workers [9] and more recently Locquet 
and co-workers [lo] have described the effect of disorder, mainly concentrated at the 
interfaces, for crystalline/crystalline superlattices. They have assumed a continuous 
Gaussian fluctuation of superlattice period. In this case, the peak width increases 
monotonically with Q or reflection order. This is not the case for the present Mn/Sb 
superlattice films. On the other hand, Clemens and Gay [ l l ]  have discussed the case 
with discrete fluctuation in the number of atomic planes. They have pointed out that 
fluctuations in the range of 1 or 2 A does not cause the line broadening of high-angle 
peaks and only causes a reduction of peak intensity for satellite reflections. This also is 
not the case. Besides multilayered films, the peak broadening of superlattice reflections 
has been studied for one-dimensionally disordered crystals like layered minerals [21] or 
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graphite intercalation compounds [22]. It has been shown that a random and homo- 
geneous mixture of different superlattice periods, namely a discrete disorder, is the 
origin of peak broadening. Using a formula of Kakinoki and Komura [23], the effect of 
layer thickness fluctuation was simulated. 

In the case of sample D, the average thickness of MnSb strictly calculated from the 
nominal thickness of Mn (OM,) is 1.2 MLS (monolayers). For simplicity, we have assumed 
that the number of Sb lattice planes in each Sb layer is constant (NSb = 13) and that the 
number of Mn lattice planes in MnSb layer is one or two. In other words, a random 
stacking of only two superlattice units. shown in figure 6(a) and ( b ) ,  was assumed. The 
crystallographic parameters of these two units are the same as those used for calculating 
diffraction patterns in figure 7(a) and (b) .  For a random stacking of several layer units 
differing in their structure factors and thicknesses, the scattering intensity is given by 
the following equations when the kth kind of layer has a structure factor of Fk, a 
probability of being found (frequency) of Pk and a unit period of 12, [23]: 

N- I 

Z,(Q) = Nm + 2 Re ( N  - m)AT"-lB (4) 
- I F / *  = 2 P k / F k I 2  A = P k F k  eXp(iAkQ) 

k k 

T =  Pk eXp(iAkQ) B = ~ F F , *  
k k 

where Re and * indicate the real part and the complex conjugate, respectively. The 
parameter N represents a coherence length in the number of unit layers. In the present 
case, suffixes k = 1 and 2 denote layer units containing one and two monolayers. For 
example, a calculated profile for P1 = 0.85, P, = 0.15 and N = 8 is shown in figure 10(a). 
The Lorentz polarization factor and the 'texture factor' (3) were multiplied with Z,(Q). 
The values of PI and P2 correspond to an average layer thickness of 1.15 ML of MnSb. 
In the calculated profile, satellite reflections near the MnSb (00.4) reflection have been 
greatly reduced in intensity compared with that calculated by the step model (figure 
7(a)), although fundamental reflections have not. Also the peak widths of satellite 
reflections ( 0 0 . 3 ~ ~ ) ~  increase with increasing In1 as shown in figure l l (a) .  

For the case of sample C with a nominal Mn layer thickness of 2 A, diffraction profiles 
were simulated assuming random stackings of two kinds of layer unit containing 2 or 3 
MLS of MnSb. The crystallographic parameters for the layer unit containing 2 MLS of 
MnSb (k = 2) are the same as those used in the above calculations. Those for the layer 
unit containing 3 MLS of MnSb (k = 3) are dint = 1.17 A, dMnSb = 2.88 A and Nsb = 13. 
The calculated profile with P2 = 0.6, P, = 0.4 and N = 8 is shown in figure 10(b). The 
values of P2 and P3 correspond to an average MnSb layer thickness of 2 . 4 ~ ~ s .  The 
satellite peaks near MnSb(00.4) reflection are much smaller in their intensity than those 
calculated by the step model. Also satellite peaks show a line broadening with reflection 
order similar to the observed one (figure l l (b)) .  

As mentioned above, layer thickness fluctuation is an origin of weak satellite inten- 
sities at around MnSb(00.4) reflection. However, fully quantitative agreements were not 
obtained between observed and calculated profiles at the present stage. The frequency 
parameters P k  in the above calculations bear probable errors of more than kO.1. The 
layer thickness fluctuation of MnSb, however, seems to be in the thickness range between 
1 and 2 ML. The layer thickness fluctuation in Sb layers was not taken into account in the 
above calculations. Also there may appear layer units with MnSb 3 MLS thick locally in 
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Figure 10. Calculated diffraction profilesin 
which the effects of both texture structure 
and mixed periodicity are taken into 
account. (a )  A random mixture of two unit 
cells containing one and two MnSb mono- 
layers. ( b )  A random mixture of two unit 
cells containing two and three MnSb 
monolayers. Note the differences from the 
profiles shown in figure 7 in the intensity of 
(00.6),, fundamental reflection and sat- 
ellite reflections inbetween (00.6)" and 
(00.9),, fundamental reflections. See text 
for the details of calculation. The two plots 
for each figure show the same data with 
different magnifications. 

sample D. In both cases, however, satellite peak intensities inbetween (00.3)" and 
(00.6)0 fundamental reflections are greatly reduced, which does not agree with obser- 
vations. It seems to be necessary for more quantitative agreements to take other factors 
into account, such as atomic steps in MnSb layers revealed by electron microscopy [4]. 

5. Conclusion 

The results of the present x-ray diffraction investigation for Mn/Sb multilayered films 
are summarized as follows. 

(1) MnSb/Sb superlattice films are obtained when nominal Mn layer thicknesses are 

(2) Superlattice films have fibre texture structures with in-plane grain size greater 
1 or 2 8, and Sb layer thicknesses are 50 A. 

than 300 A. 
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(3) Satellite intensities of superlattice films could be qualitatively reproduced by 
step model calculations assuming epitaxial orientations of (00. l )M, , sb~~(OO.  1 ) S b  and 

(4) Texture structure reduces the diffraction intensities of high-Q reflections by a 
factor given by equation (3). 

(5) An effect of layer thickness fluctuation was detected as peak broadening of 
satellite reflections. The higher-order reflection has a broader peak width although 
fundamental reflections do not show a large broadening with increase in the reflection 
order. Also, the layer thickness fluctuation causes a larger reduction of intensities for 
higher-order satellites, especially near the MnSb(00.4) reflection. 

The degree of layer thickness fluctuation is very important to interpret magnetic 
properties of MnSb/Sb superlattice films, because the ferromagnetic transition tem- 
peratures and magnetic anisotropy of MnSb layers strongly depend on the thickness [3]. 
The present x-ray investigation and also magnetic measurements [ 121 suggest a layer 
thickness fluctuation in the range 1 or 2 monolayers of MnSb. Studies on the effect of 
layer thickness fluctuation of magnetic properties for samples including the present ones 
are in progress. 

[ l.o]MnSbll [ .OISb. 
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