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X-ray diffraction study of lattice strain in Fe/Au(OOl) 
superlattice films 
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Institule for Cbemical Research, Kyoto UnivelJity, Uji 611, Japan 

Received 28 Augusl 1992. in final form 30 November 1992 

Abstract. X-ray diffraction analper of Fe/Au(Oal) superlattice 61ms have revealed a body- 
centred letragonal (Em) s t " u e  with c / a  = 1.1 for Fe layers thinner lhan 1.0 nm when 
Au layer lhicknesses are 3.0 nm. The perfect in-plane lattice matching was mnfirmed 
by off-axial measurements. The observed in-plane lattice palameter, a = 0.2875 nm for 
m Fe, Q close to the lattice dimension of bulk BCC Fe However, profile anal- of 
axial Scans have indicated that the Fe(00Z) lattice spacing along the growth dirstion has 
expanded. Such a telragonal distortion QnnOl be explained by the normal elastic theory. 
The observed BCT slructure of Fe would be a lransienl slate on lhe BCC-FCC deformation 
path stabilized by a size effect or an interface effesl. The telragonal distortion Q almw 
relaxed when Fe layen are thicker lhan 20 nm. 

1. Introduction 

Metallic superlattice films show many novel properties such as perpendicular magnetic 
anisotropy, giant magnetoresistance, or super-modulus effect [I, 21. For the structural 
characterization of superlattice films, x-ray diffraction is one of the most convenient 
non-destructive methods for getting information on an atomic scale [3,4]. Particularly, 
analysis of the lattice strain is very important in discovering the origin of perpendicular 
magnetic anisotropy or the super-modulus effect. In the usual x-ray diffraction studies, 
diffraction profiles are observed with the scattering vector perpendicular to the film 
plane and are analysed to get strain information along the growth direction. For 
strain analysis, it is important to know the precise in-plane lattice periodicity from x- 
ray dilTraction measurements. Only a few measurements of in-plane lattice periodicity 
have been reported [5-9]. In this paper, we present the results of x-ray diffraction 
measurements of lattice strain both in the plane and along the growth direction for 
Fe/Au(001) superlattice films grown on GaAs(001) substrates [lo]. 

2. Structural aspect of Fe/Au(OOl) superlnttices 

The epitaxial growth of the Fe/Au system has long been investigated [U]. Ultra- 
thin Fe films grow on Au(OO1) substrate in a layer by layer mode with the following 
epitaxial orientation relationship 

FCC Au(OO1) // BCC Fe(OO1) FCC Au[llO] // Bcc Fe[lOO]. (4 
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The lattice mismatch, [d(2110)Fe - d(22O),,]/d(220),, is very small, being -0.6%. 
Dislocation-free growth has been reported for 1&20 nm thick Fe films [U]. Other 
BCC M-metal/Fcc noble-metal thin-film systems, such as R/Ag [12,13], and C r / h  
[14, U], show the same epitaxial orientation relationship. Wbrications of superlattice 
films for these systems have been reported by several researchers [12,14,16]. In 
superlattice films, the orientation relationship (A) is retained. 

Because of small in-plane Lattice misfits of these BCC-FCC epitaxial SyStemS, large 
lattice strains in superlattice films are not plausible. However, noteworthy lattice 
strains for Cr/Au and AglFe systems have been reported. For the Cr/Au system, 
an x-ray diffraction analysis for superlattice Nms has revealed a lattice expansion of 
more than 7% in very thin Cr layers along the growth direction [14]. Also for the 
W/Ag system, a lattice expansion of 6% in 4Mt Fe Nms on Ag(100) has been found 
by an ws (x-ray photoelectron spectroscopy) forward scattering measurement [13]. 

In the present study, we have observed large lattice expansion (nearly 10%) along 
the growth direction for very thin Fi: layers in Au/Fe superlattice films. The in-plane 
lattice periodicity was also measured by x-ray diffraction in the off-axial geometry. 
However, they indicated perfect coherence and rather small strain in the Nm plane. 

3. Experimental details 

Samples were prepared by electron beam evaporation in an ultrahigh vacuum 
of about lo-' Pa. Films were grown on GaAs(001) wafer treated by the 
normal polishing procedure. Before deposition of the multilayer, a buffer layer 
of 100 nm thick Au singlecrystal film was deposited at 200 OC After the 
substrate was cooled down to room temperature, multilayers were deposited. The 
details of sample preparation including WEED (reflection high-energy electron 
diffraction) characterizations have been reported elsewhere [lo]. In the present 
investigation, we have used five samples with nominally designed structures 
of Au(l0 nm)/[Fe(r nm)/Au(29 nm)],/Au(l00 nm)/GaAs(001). The designed 
thichesses of Au layers in the periodic multilayers are always 29 nm. The designed 
W layer thicknesses (c) were 3.0, 2.0, 1.4, 0.9 and 0.6 nm, respectively. The number 
of repetitions (n) is 10, 10, 40, 20 and 20, respectively. 

X-ray diffraction experiments were performed by a conventional powder 
diffractometer (Rigaku RAD-11) and a four-circle diffractometer (Huber 420/511). 
The powder diffractometer was equipped with a ditfracted beam monochromator 
of graphite 00.2 crystal. It was used for the axial scan measurements with the 
scattering vector perpendicular to the film plane (ordinary 8-28 scans). The four- 
circle dsractometer was used for off-axial measurements. Copper Ka radiation (A 
= 1.541 84 A) from a rotating-anode type generator (Rigaku RU300) was used for 
both measurements. 

In the off-axial measurements, the incident beam from the line source was 
monochromatized by a flat graphite 00.2 aystal and was collimated by two rectangular 
slits with a horizontal dimension of 0.5 mm and a vertical dimension of 4 mm. The 
diffracted beam intensities were measured by a scintillation counter. l k o  rectangular 
slits measuring 0.5 x 10 mm were placed between the sample and detector. The 
samples were mounted so that the (110)' reciprocal lattice plane of the FCC Au 
buffer layer coincides with the equatorial plane of the four circles. After the fine 
adjustment of the sample orientation with x and q5 axes, the angles of these two 
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axes were ked .  The angles of the detector (28) and specimen (U) were computer 
controlled to scan along the arbitrary line on the (110)' reciprocal lattice plane. The 
schematic diagram of the Au(ll0)' reciprocal lattice plane is shown in figure l(a).  
The growth direction [COlrh is denoted by the Q, axk and the in-plane [llOlL 
direction is denoted by the Q, axis. The units of both the Q, and Q, axes are 
momentum transfer Q = 4?r sin 8/A, measured in MI-'. The relationships between 
28, W ,  Q, and Q, are 

QZ = Q$ + Qi 
The schematic scattering geometry for the Au113 reflection is shown in figure l(6). 
The scans were performed along lines parallel to the Q, axis. The measurements 
are restricted within the reflecting geometry because of strong x-ray absorption by 
the GaAs substrate. The arch l i e  in figure l(a) shows the boundary between the 
reflecting and transmitting geometry. The Au113 reflection has the largest d-value 
among those that can be observed in the asymmetrically reflecting geometry. Actual 
scam were performed in the regions (A) and (B) shown in figure l(a). 

28 = 2 sin-'(QA/4~) w = tan-'(QJQ,) + 8. 

- 

4. Results and discussion 

4.1. X-rq  diffraction profilm of an IAu(2.9 nm)lFe(O.9 n~n) ]~, ,  superlattice film 
The samples used in the present investigation have single-crystalline structures. The 
diffraction profiles for a sample with a nominal structure of [Au(2.9 nm)/Fe(0.9  MI)]^^ 
in figures l(c) and l(d) clearly indicate its shglecrystaUine structure. These figures 
show two-dimensional distributions of diffracted intensities around Au002 and h l 1 3  
reflections on the (110)' reciprocal lattice plane of FCC Au. Each intensity contour 
map was obtained from 14 line scans parallel to the Q, axis. 

Ditfraction peaks from the superlattice are as sharp as the AuCO2 peak &om the 
buffer layer as shown in figure l(c). The fundamental reflection at (Q*, Q,) = (0.00, 
33.30) has a full width at half maximum (FWHM) of AQ, = 0.26 MI-' and AQ, = 
0.60 MI-'. The value of AQ, indicates that the crystallographic coherence length 
along the growth direction is longer than U) nm. The origins of peak broadening 
along the Q, axis are the limited in-plane coherence length and the orientation 
distribution (mosaicity) of crystallites [17]. The observed peak widths along the Q, 
axis are nearly the same as or smaller than that of the A u W  reflection. Therefore, 
the cystallinity of the superlattice is almost determined by the crystallinity of the Au 
buffer layer. The satellite peab are all located on the Q, axis and therefore there 
is no terracing effect as reported for some GaAsIAIAs semiconductor superlattices 
[lS]. The superlattice period A determined from the average satellite spacing 6Q, = 
1.71 nm-' is 3.67 nm. It is to be noted that the satellite spacing is not commensurate 
with the fundamental reflection at Qi = 33.3 nm-I; namely Q;/aQ, = 18.4. The 
incommensurability suggests a fluctuation in the layer thicknesses [19,20]. 

Satellite peaks are also observed around the Au113 reflection as shown in 
figure l(d). The fundamental reflection is located at (Q,, Q,) = (21.85, 49.90). 
The Q,-value for the fundamental (113),, reflection satisfies a commensurate relation 
with that of the (002)" fundamental reflection; namely Q,(113) = 1.5 Q,(002). 
The average satellite spacing 6Qv = 1.71 nm-' is the same as that of the (002), 
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Flgure 1. Off-axial x-ray diffraction measurements on the (110); resiprod laltice plane 
for an IAu(2.9 nm)/Fe(OS nm)lpa/Au(lM) nm) superlattice fh. ?he Qu axis and Q= 
ais denole respectively the Au[001]* and Au[llO]' directions with momenlum transfer 
measured on a om-I scale. (U) me schematic (1IO)h recipmcai lattice plane. Several 
line xans in the regions A and B were performed to obtain intensity mntoun in (c )  and 
(4. ?he arch tine shows the boundary between reflecling and transmitting geometries, 
Q: = 4nQ,/X - QI, for measurements using Cu Ka radiation. (b) The schematic 
diagrams of off-axial diffraction geomey. (c) The obselved intensity distribution ol 
(032)" superlattice leflections and AuW2 reflection fmm the buffer layer. (d) The 
observed intensilv distribution of ( I  131, sunerlattice reflections and Au113 reflection 
irom uic uuiier layer. ,ne mncour steps in [CJ ana [a) ale on a ioganrnmic sate me 
number attached to each peak in (c) and (d) is the order of Satellite reflection (n). 
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reflections. Because of a small distribution in the orientation of crystallites, the 
observed intensity distribution shows a broadening along a circle with its centre 
at the origin of the reciprocal lattice [lq. All the observed reflections are on a 
line Q, = 21.85*0.05 nm-', which means that both in-plane Au(ll0) and Fe(100) 
lattice spacings are 0.2875*0.0007 nm. The observed in-plane lattice spacing of the 
superlattice is in between the (110) lattice spacing of bulk FCC Au (0.2883 nm) and 
the (100) lattice spacing of bulk BCC Fe (0.2867 nm). The present &/Fe superlattice 
is single-crystalline and shows perfect lattice matching in the film plane. 

4.2 Satellite peak intensities of an IAu(2.9 nm)lFe(0.9 m)lW superlattice film 
lb investigate atomic structures in the superlattice, we have compared the satellite 
intensities with calculated ones. The diffraction profiles were calculated using a model 
structure shown in figure 2, which was based on a simple step model [3,4]. However, 
we could not obtain good agreement when the lattice spacings along the growth 
direction were the same as those in thc bulk metals. 
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Q.@.OOO - 
A u @ O + O O O O  - 

O.O.O.0 - 
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Figure 2. A siep niodcl for the atomic slructure of an [Au(29 nm)ffe(O.9 nm)] 
superlatlice viewed along the IO101 direction of FCC Au. me unit cell is mrked with 
dotted lines. Circles and squares show Au and Fe atom$ respectively. "e open symbols 
show atoms ai y = 0 and full ones ai y = 0.5. Far values of other crystallographic 
parameten, see the text. 

Figure 3 shows the observed axial Scan profile (Qyacan with Q, = 0.0) and 
two calculated diffraction profiles. The diffraction profiles were calculated using the 
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following formulae 

I(Q) = IF(Q)I'VQ)Lp 

L(Q) = sin2(NQA/2)/sin2(QA/2) 
LP = (I + ~ s 2 2 8 ,  cosz 28) /sin28 

where dh, dF. are lattice spacings, uh, us are atomic densities in the lattice plane, 
n,,,,, n, are numbers of lattice planes in a unit period, f,,,,, fk are atomic scattering 
factors and 28, 28, are the angles of the detector and monochromator. 

In the calculations, the numbers of lattice planes in a unit period were tixed 
to be nh = 14 and nR = 6, which gives layer thicknesses close to the designed 
ones. The atomic densities were also fixed to be U, = uR = 12.02 atom MI-*, 
which was calculated from the observed in-plane lattice spacing of 0.2875 nm. The 
lattice spacing at the interface was (dFe + d,)L The value of d, vias tixed to 
be 0.2039 nm (the lattice spacing in bulk Au metal) because a subsequent qualitative 
examination indicates large lattice strain only in the Fe layers. The diffraction intensity 
formula for superlattices, equation (2). indicates that the superlattice reflections have 
fairly strong intensities near Q, = 27r/dAu and Q, = 2a/dw. The 002 difiaction 
peaks of bulk Au and Fe metals are located at Q,, = 30.7 nm-' and 43.7 nm-I, 
respectively, as marked in figure 3. The observed profile in figure 3(u) shows mo 
intense peaks around Q, = 31 nm-I close to the bulk A002  peak However, 
the satellite peaks in the Q, range greater than 40 nm-I  are very weak although 
measurements were limited up to 42.5 nm-' because of the very strong GaAs 004 
peak at Q, = 43.8 nm-'. Conversely, satellite peaks at around Q,, = 36 nm-' show 
Eairly large intensities, indicating the large lattice strain in Fe layers. 

Figures 3(b) and 3(c) show WO typical calculated profiles. Dotted lines show the 
structure factors IF(Q)I*. The calculated profile (b) for strained Fe layers (dFc = 
0.158 nm) well reproduces the observed profile. In particular, the satellite peaks at 
around Q = 36 nm-' show fairly large intensities when dR = 0.1580 nm. The intense 
peaks are located at around Q = 40 nm-' when the Fe layers are not strained (dFe 
= 0.1433 nm), as was expected from the above mentioned qualitative argument. The 
above results suggest a nearly 10% expansion of Fe lattice spacing along the growth 
direction. 

Peak intensities of the off-axial Scan profile also suggest the large lattice strain in 
the Fe layer. Figure 4 shows the observed Q,,-scan profile with Q, = 21.85 nn-l 
and two calculated profiles. The lattice spacings of Fe are 0.158 and 0.1433 nm 
for the calculated profiles (b) and (c), respectively. The unit cell shown in figure 2 
was assumed. The values of d,, uh, uRr nh and nFe are the same ones as 
for the calculated profiles in figure 3. The profile (b) for d, = 0.1580 nm shows 
intense higher-order satellites at around Q, = 58 nm-' and the profile (c) for 
d, = 0.1433 nm does not show intense satellites in the &,-range. The observed 
higherader satellites were too weak to be compared with calculated ones. However, 
observed intensity ratios around the Au113 reflection are close to those in profile (b). 
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A" om Fe 002 

Flgure 3 Axial scan profiles for an [Au(29 
nmyFe(O.9 nm)] superlattice (Qv scan pmfiles 
at Q. = 0): (a) the otaaved profile; (b) a 
calculated profile for dp. = 0.158 nm (strained); 
(c) a slculated profile for d k  = 0.143 NU @ulk 
~ a :  Fe). Dotted lino show the stmcture Bctor 
lF(Q)l2. The two line diagrams in each figure 
are the same one to show the weak higherader 
satellites on a linear scale on the right-hand axis. 

Figure 4 Off-axial scan profiles for an [Au(29 
nmyFe(o.9 nm)] superlattice (Qv scan profiles at 
Q. = 21.85 nm-'): (0) the observed profile; (6) 
a calculated pmfile for dp. = a158 nm (strained); 
(c) a skulaled profile for dp. = 0.143 nm (bulk 
Bcc Fe). Dotted lines show the structure factor 
[F(Q)I2. The m line diagrams in each Ggure 
arc the same ones 10 show the wak higherader 
satellites on a linear scale on the right-hand axis 

43. hst-square fitting procedure of observed profiles 

'EJ obtain much more quantitative values of lattice spacing along the growth direction 
in both Au and Fe layers and also to investigate the effect of layer thicbess on 
lattice strain, the observed axial scan profiles of five samples with different Fe layer 
thicknesses have been analysed by a pmfile fitting method. The simple step model 
(equations (1)-(4)) giving the commensurate satellite spacings cannot be used for the 
profile fitting procedure because of the incommensurability of the observed satellite 
spacings. The principal source of the incommensurability is a discrete fluctuation of 
layer thickness as discussed in much of the literature [3,4,17,19,20,21,22]. It seems 
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that the effect of continuous fluctuations is small for single-crystalline superlattices 
like the present samples. 

For the calculation of theoretical profiles including the effect of discrete flu0 
tuation, the HendricbTsller formula [3,17,23,24] without neighbouring correlation 
was used. According to the formulas of Kakinoki and Komura [XI, the theoretical 
diffraction intensity I( 9)  is given by 

I ( Q )  = N D ( Q )  + H ( Q )  (5) 

where 

D ( Q )  = v+ FF/(l- G )  + V w / ( l -  G') 

H(Q)=~~(GN-1)/(1-G)2+~~(G*N-1)/(1-G*)2 (7) 

(6) 

s 

and 

G = xw(s)exp(- iQA,) .  
8 

The thickness, structure factor, and the probability of the sth kind of unit layer are 
denoted by As, F,(Q)  and w(s), respectively. The step model was assumed for the 
structure. of each unit layer, with the structure factor F,(Q) for each being given by 
equation (2). The asterisks in equations (6) and (7) denote complex conjugates. The 
first term in equation (5) (equation (6)) gives the main contribution to the diffracted 
intensity including the first-order diffuse scattering term and is identical to the original 
equation derived by Hendricks and Rller [U). The second term (equation (7)) gives 
the higher-order term of diffuse scattering. 

The number of lattice planes, nk and n,, in the sth kind of unit layer and its 
probability, w ( s )  = ws,(nFernAu), were calculated from the average layer thickness 
D,  and D, and its mean square deviation AD, and AD, assuming the following 
Gaussian distribution functions. 

G(nk) = ( l / d w )  exp{-(nkdk - D,)*/ZADL} 

G(n,) = (I/,/-) exp{-(n,dh - D , ) 2 / 2 A D h }  

ws(nk3nAu) = G(n,)G(n~,)/CG(n,,)G(n,) .  

The layer units in which G( n,) and/or G( n,) are less than 0.02 were discarded. For 
simplicity, the thickness dependences of lattice spacings were ignored and therefore 
d, and d, are the average Fe and Au lattice spacings. The N in equation (5) is 
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a non-integral number of coherent unit layers. The average period A and the actual 
average layer thicknesses & and DAAu are given by 

A = &(nFe, n,) (n*dFe + n,d,) 
s 

and 
- 
DFe = CWs(n,3nAu)n,dFe 

* 
- 
DAu = ws (nFe  f nAu) nAu dAu' 

s 

The contribution of the Au buffer layer (given by equation (12) below) was 
also taken into consideration. The profile function in the form of the modified 
Larentzian (given by equation (13) below) was convoluted with I ( Q )  + bIbnf(Q).  In 
the numerical calculation of convolution, an FFT (fast Fourier transform) routine was 
used. The base line was approximated by a linear function cQ + d. 

(12) Ibuf( Q )  = fk ( Q )UAu 52 sin ' 2  ( n k  Q d L  /2) /sin2 ( Q d L P )  

P ( Q ) =  [1 / (1+Q21AQ:)]*  (13) 

Iaic(Q) = a { [ I ( Q )  + b l b d Q ) ] b A ( Q ) )  @ P ( Q )  + cQ + d 
A( Q )  = 1 - exp( -2&/ sin 6 )  

(14) 
(15) 

where @ in equation (14) denotes convolution. The absorption factor given 
by equation (15) is also incorporated. A revised Marquardt method was used 
for the non-linear least-square fitting calculations. The initial refinements were 
performed to minimize Ej{log[lh(Qz)] - I O ~ [ I ~ ~ ~ ( Q ~ ) ] } ~ ,  because the structural 
parameters for Fe layers greatly affect the intensity of weak satellites in the Q,- 
range greater than 35 nm-'. The final refinements were performed to minimize 
E i { [ I h ( Q i )  - ZarC(Qj)]'/Zh(Q,)}. The maximum number of fitting parameters 
is 1% ten structural parameters of superlattice ( N ,  D,, DAu, AD,,  AD,, dh, 
dpi, U,, and U&), three structural parameters of the buffer layer ( n L ,  d k  and 
uh), two profile parameters (AQ" and a), and four scaling parameters (a, b, e and 

The several parameters were fured at the final stage of refinement for all the 
samples. The plane densities U, and U, were fixed to be the observed value 
(120 atom n n r z )  for [Au(2.9 nm)/Fe(O.9 nm)lZu and their thickness dependences 
were ignored because the misfit is very small. In fact, an WEED study [IO] of Fe film 
grown on Au(OO1) mm indicates no significant change of the in-plane structure up 
to a thickness of 5.0 nm, within experimental error. The three structural parameters 
for buffer layers, n L ,  d k  and U&, were also fixed to be ux), 0.2038 nm and 
11.5 atom m r 2 ,  respectively. Also, the two profile parameters A Q o  and a were 
ked to be 0.171 nm-I and 20, respectively. 

The number of coherent layers N was also fixed to be the actual number of layer 
pairs for each sample according to the following assumption, The observed peak 
widths of the fundamental reflections are fairly sharp for all the samples and give 

4 .  
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tentative coherence lengths greater than 30 nm if they are calculated by the Scherrer 
formula. They correspond to a value of N nearly equal to 10. Under the present 
Hendricks-Wler formula, variation of N greater than 5 does not greatly change 
the profile shape and intensity ratios in the observed narrow Qg-range. Therefore 
we have assumed that all the layers are coherently dfiracting except a sample with 
nominally 1.5 nm thick Fe and with 40 layer pairs. The nlue of N for this sample was 
fixed to be one half of the actual number of layer pairs. By fixing N, the effects of N 
were incorporated in the root mean square deviation of the layer thicknesses ADFe 
and AD,. The final refinements were performed for the remaining ten parameters, 
DE,  Dm, AD,, ADm, dAu, d,, a, 4 c and d. 

4.4. Thickness dependence of structural parameters 

The results of least-square fitting are shown in figure 5 and the final parameters are 
listed in table 1. The standard deviations for the final parameters are also shown in 
table 1. ?b evaluate the goodness of fit numerically, two R-factors defined by the 
following equations were calculated. 

i 

At least one of these R-factors is less than 20% for all the samples. We could not 
decrease the R-values further using the present structural model. Other structural 
factors should he incorporated in the calculation to obtain much better fits; such 
as the continuous fluctuation, the deviation of lattice spacings at the interface from 
(d, + d,)/2, the thickness dcpcndences of d ,  and d,, or correlations between 
neighbouring layer units. 

Table 1. Alling paramelem lor calculated profiles shown in figure 5. For the meaning 
of the fitling paramelers, see the lexl. The numbem in parentheses show standard 
deviations. 

(4) 

0.6 

3.71(4) 
0.1615f31 
o.m3(1j 

20 
2.99(2) 
0.72(2) 
0.13(Zj 
0.14(2) 

( b )  
0.9 

3.&(6) 
ais6s(i) 
0.203 I(2) 

275(2) 
0.91(4) 
0.17(7) 
0.11(4) 

20 

(4 
1.5 

3.91(12) 
0.1494(17) 
O.Un7(2) 

279( IO) 
1.12(2) 

U) 

O.lz(12) 
0.12(15) 

4.55(2) 5.49(2) 
0.1425(131 0.14420) 

as 29.3 75s 11.3 13.9 
16.6 18.7 17.9 28.1 29.2 
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F@m 5. The thickness dependence of axial Scan Figum 6. The lhicknes dependence of average 
poiiles for [Au(29 nm)/Fe(z nm)J,/Au(lM) nm) Au and Fe lattice spacings d h  and dFe in 
superlauice fhs. Nominal Fe layer thicknesses are [Au(29 nm)/Fe(z nm)lm/Au(lW nm) superlattice 
(a) 0.6 om, (6) 0.9 nm. (c) 1.5 nm, (d) 20 nm. and films The error bars for the ordinate are the 
(e) 3.0 m, mpectively. Ordinates show logarithmic estimated slanda-d deviations for d k  and d h .  The 
mtensitief The line plols show the results of the abseissa shows D F ~  and its error bar shows A D k .  
leastsquare fitting calculations described in the ext. 
The 6nal parameters for the calculated pmfiles are 
listed m table 1. 

However, judging from the estimated standard deviations shown in table 1, the 
present structural refinements give reliable values for the average lattice spacings d, 
and dh. Figure 6 shows the thickness dependences of lattice szcings, dh and d,. 
The abscissa shows the refined values of Fe layer thicknesses (DFe) .  When nominal 
thickness is greater than 1.5 nm, the lattice spacing of Fe is close to the value of bulk 
BCC R. With decrease of nominal thichess the lattice spacing of Fe increases up 
to nearly 0.16 nm. The very thin Fe layers in AulFe(OO1) superlattices are strained. 
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The lattice strain in the Fe layers will be discussed in the next section. The refined 
value of d, decreases with increasing Fe layer thickness. However at the present 
stage it may be concluded that the lattice spacings of the nearly 3 nm thick Au layers 
are independent of the Fe layer thickness and that they are slightly smaller than the 
value for the bulk metal. 

+ E, are always smaller than 
the designed periods, indicating some errors in the layer thickness calibration. A 
systematic deviation from designed values is recognized for Fe layers. When the 
designed Fe layers are thicker than 20 nm, the refined values are about 20% 
smaller than the designed value. With decrease of designed thickness, the difference 
between designed and refined values decreases. This fact correlates with the increase 
of lattice spacing d ,  because the designed thickness was determined from weight 
measurements by a quartz oscillator thickness monitor. 

The estimated layer-thickness fluctuations AD,, and A D ,  are not more than 
0.2 nm. Such one- or two-monolayer deviations are plausible under the present 
sample preparation condition. The values of A D ,  and A D ,  for samples (U), (b) 
and (c) are larger than those for samples ( d )  and (e). It seems that the uncertainty in 
layer thickness increases with the number of layer pairs. Particularly, sample (c) with 
40 layer pairs shows irregular peak broadening for satellites located at Q, smaller 
than 35 nm-'. Although the effect of layer number on the layer thickness fluctuation 
seems important in investigating the growth mode in this system, it is beyond the 
scope of this paper. 

The refined values of average periods A = 

4.5. Louice wain  of very h in  Fe layer 

The results of least-square fitting have revealed lattice expansion along the growth 
direction for Fe layers thinner than 1.5 nm. Namely, Fe layers thinner than 1.5 nm 
have body centred tetragonal (sa) structures. For nominally 0.9 nm thick Fe layers, 
the in-plane lattice spacing estimated from off-axial measurement is 0.2875 nm and 
the average (001) lattice spacing along the growth direction is 0.313 nm. The axial 
ratio c / a  for BCT Fe is nearly equal to 1.1. 

Such a large lattice expansion along the growth direction cannot be. ascribed to 
the in-plane coherency strain because the lattice misfit is very small (0.6%) for the 
orientation relationship (A). Furthermore, the larger Au lattice spacing causes tensile 
stress for the Fe layers. Therefore, elastic theory predicts not lattice expansion but 
lattice contraction along the growth direction. 

The effect of intermixing at the interface seems to be negligible. The bulk-phase 
diagram of &-Fe alloy shows very limited solubility of Au in Bcc Fe and the reported 
lattice parameter of a quenched %,Au, BCC solid solution is 0.2897 nm [Z]. Also, 
the magnetization of the present superlattice films are not much different from that 
of bulk Bcc Fe even when the Fe layers are 0.6 nm thick [lo]. 

The formation of metastable face centred tetragonal (Fcr) Fe is also not plausible. 
The observed c / a  value, 1.1, for 0.9 nm thick BCT Fe layers corresponds to a c / a  
ratio of 0.78 for FCT Fe. The lattice strain is very large if FCC Fe is assumed. 
Recently, the structures of very thin epitaxial FCC Fe films deposited on Cu(00l) 
substrates have been investigated extensively [26-28]. The reported lattice dimension 
of Fcc Fe is about 0.36 nm and small tetragonal distortions due to the coherency 
strain were revealed by LEED (low-energy electron diffraction) experiments [27]. The 
lattice misfit of the FCC Fe/Cu(001) system is very small and is -0.6%. In the case 
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of pseudomorphic growth of (001)-oriented FCC Fe on Au(OOl), the misfit is about 
-13%. It is expected that such a large lattice misfit would cause a large lattice strain 
not only in the Fe layer but also in the Au layers, even when superlattices were 
deposited on a 100 MI thick Au buffer layer. Also it is to be noted that the FCT 
lattice ir, not a Bravais lattice and that it can be reduced to a B(JT lattice which is one 

Anyway, it may be concluded at the present stage that a transient BCT Fe structure 
on the so-called Bain deformation path from a BCC to an Fcc lattice is stabilized by 
a size effect or interface effect in Au/Fe(OOl) superlattices. The observed relaxation 
of the BCT structure to the BCC structure along with an increase in Fe layer thickness 
strongly suggest an interface electronic-structure effect Recently, many studies on 
the metastable BCT structure of very thin metal films have been reported in addition 
to the examples mentioned in section 2. The overgrowth of m ( B C T )  Cu films on 
Pt(OO1) and Pd(001) substrates with a large misfit of about 0% has been investigated 
by detailed LEED analyses [29,30]. The axial ratio c/a for BCT Cu on Pt(001) is 
nearly 1.15. Also, the BCT structure of Cu in the Ag/Cu system has been studied 
by u(AFs measurements [31]. As lor superlattice systems, the BCT structure of Mn 
in Ag/Mn(001) superlattices has been revealed by a detailed x-ray diffraction profile 
analysis [22,32]. It has been reported that the BCT structure of Mn relaxes with 
increase of layer thickness similarly to the behaviour of the AuFe system [22]. 

- of the Bravais lattices. 

5. Conclusion 

We have observed an anomalous lattice strain of very thin Fe layers in FdAu(001) 
superlattice films as well as the reported one for very thin Cr layers in Cr/Au(OOl) 
superlattices. The in-plane lattice spacing observed by OR-axial x-ray diffraction 
measurements indicates that there exists only a small in-plane coherency strain. The 
in-plane coherency strain is not the origin of large lattice strain along the growth 
direction. The observed anomalous lattice strain indicates that a BCT phase on the 
Bain deformation path between FCC and BCC structures is stabilized by an interface 
effect. The BCT structure relaxes to form a BCC structure with the increase of thichess 
up to 2 0  MI. Similar BCT-BCC transformations with increase of thickness are expected 
for very thin Cr Iayers in Cr/Au(001) superlattices and also for Fe layers in Fe/Ag(001) 
superlattices. More quantitative x-ray diffraction investigations of three-dimensional 
structures are desirable for these superlattice systems having ultra-thin layers with 
B c r  structures. Also, the correlation of tetragonality with magnetic properties is an 
interesting theme for a future investigation. 
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