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Mossbauer diffractometry on polycrystalline °’Fe;Al
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A Mossbauer powder diffractometer was used to measure diffraction patterns from polycrystalline foils of
SFe,Al. The intensities of Bragg diffractions were measured as a function of the energy of the incident photon.
The bcc fundamental diffractions showed large changes in intensity as the incident energy was tuned through
the nuclear resonances. These variations of diffraction intensity with incident energy were calculated with
reasonable success using a kinematical theory of diffraction that included effects of coherent interference
between x-ray Rayleigh scattering and, more importantly for these samplesp®leer scattering from nuclei
having different hyperfine magnetic fields.
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. INTRODUCTION line samples of a partially ordered alloy 8fFe;Al. This
material is convenient because its hyperfine magnetic fields

Experimental evidence for coherent interference betwee(tHMF) are large, giving a good spread of the different
Mossbauer scattering and x-ray Rayleigh scattering waauclear energy levels, and this HMF distribution is under-
found first in an experiment by Black and Mobim which a  stood well, facilitating the interpretation of the coherent in-
Mossbauer energy spectrum was measured in scattering gerferences between the scattering from different nuclei in
ometry. The coherent interference betweensktmmuer scat- the sample. The intensities of fundamental Bragg diffractions
tering and x-ray Rayleigh scattering undergoes a changfom the sample showed a strong dependence on the Doppler
from constructive in-phase interference above thesshauer velocity of the radiation source. With the HMF distribution
resonance to destructive out-of-phase interference belowneasured by conventional conversion electronssbauer
This gives an asymmetry to the peaks measured in an energpectrometry, the kinematical theory was used to calculate
spectrum. There have been many other studies of coheretite intensities of the diffraction peaks for different energies
interference in Mesbauer scatteririg® In almost all of of incident photons. We found reasonable agreement be-
these studies, a detector was placed at a few angles neaitveeen the experimental and calculated intensities. Although
Bragg peak, and an energy spectrum was measured. This wesherent interference between x-ray Rayleigh scattering and
the method used in experiments by Kovaler&taal® and  Mdssbauer scattering was important, the largest effects of
Nakai et al*'*> who measured interference effects betweercoherent interference for’Fe;Al were shown to originate
Mossbauer nuclei having different hyperfine fields. primarily with the interference between Msbauer scatter-

Measurements of NVesbauer diffraction patterns, as op- ings from >’Fe nuclei in different chemical environments.
posed to Mesbauer energy spectra, are challenging for tech-

nical reasons. Since the first egbauer diffraction experi- Il. THEORY
ments by Black and Duerdoffithere have been a number of R
review articles covering the subject of ‘skbauer The photon wave scattered by an atonm;anhcludes con-

diffraction**~2° and related topic&:~2° Nearly all this work tributions from both Mssbauer(nucleaj and x-ray (elec-

has used high-quality single crystals to maximize diffractedron) scattering. The form factors for these two coherent scat-

intensities, requiring interpretation by dynamical diffraction tering processes are added to produce a coherent scattered

theory*~1626-3jnstead of kinematical theof?*~1°Dif-  wavelety;, with the amplitude and relative phase:

fraction data acquired in dynamical conditioiswultiple o

scattering are impractical to invert to obtain spatial informa- Gi(r; Ak, 8 =e AR (r)+fu(ri,8eD], (D)

tion about the scatterers in the crystals, especially when the

crystals are imperfect. Quantification of diffraction intensi- Where L |

ties with kinematical theory is an advantage in principle of o5 =E—e;. 2

performing Masbauer diffraction experiments on polycrys- Here E is the precise energy of the mudemray The en-

tnaglt'Ei;ﬁ?ggg;e“élﬁﬁﬂgggﬁwdﬁr dlff\;zcnon pf‘ttg]mf have ergy of thelth transition of the nucleus ai; is sl Herel

) . . ) Y, NOWEVEOWING 10 INEIOW  yanotes the transition within the nucleus. FSFe in the

intensities of the diffraction peaks. f : :
erromagnetic samples used here, there are six allowed

In this paper we present a kinematical diffraction theory " "y
for both Mossbauer and x-ray Rayleigh scattering. Thenuclear transitions, so<l<6. Each atom may have a dif

theory also considers coherent interference between tH&'€Nt chemical environment, so the atonratay have a
Mdssbauer scatterings from different nuclear resonances, uznlque&s The diffraction vecto\k is defined in the usual
typical situation when nuclear transitions have similar enerway?
gies. The kinematical diffraction theory is tested with data .
from a Maossbauer powder diffractometer with polycrystal- Ak=k—Kq, (©)]
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where the wave vector of the scattered wavé,isnd the
incident wave vector i&,.

The total diffracted Wavep(A_TgE) is the sum of the
i(r; Ak, 5¢!) for atoms at alr; :

W(AK,E)= 2 e T (T, >+E fu(ri. e | (4)
The intensityl (Ak,E) of the diffracted wave is
I(AK,E) = y(Ak,E) y* (AK,E), (5)

I(A_I)<,E)=Z e 1k f

6
(ﬂ)+|21 f(ri, de))

XE elAk r

i F3(r; >+2 f(r; , S| )} (6)

I(AKE)=D, X e Ak (i ”[ (T FR(r) +Fx(r)

I r]

6 6
x| >ty 0e) [+] > fM<Fi,5s!)}f§<F,->
=1 =1

6 6
+|§ 2 fu(ri,seh)f(r ,,58 )] 7)

With the definition
ﬁE ri— rj y (8)

I(AK,E)=, e Sk RIPy (R)+ Pyy(R,E) + Pyx(R,E)
R

+Pum(RE)}, (9)

where we have defined the four Patterson functions

Pux(RI=2 fFx(NF(r+R) =2 fx(NFX(r+R),

(10
Pym(R,E)= E 2 (N5 (r+R, el
_2 2 f (N5 (F+R, 88l (11)
6
Pux(RE)=2 ;1 fu(r,se)fi(r+R)
6 —
= lZlfM(F,as:)f;(Fm), (12)

(2]

M(r Se! DY (r+R 58 )
(13

Pum(RE)=2, 2, 2, f

PHYSICAL REVIEW B65 064419

The overlines in Eqs(10)—(13) denote averaging over all

orientations of the HMF, where the magnetic dipole polariza-
tion factors fory-ray emission depend on these orientations,
photon polarizations, and scattering angles. For x-ray pro-

cesses this involves a simple dependencdknlf | (Ak,E)

originated entirely from x-ray scattering, it would include a
simple Lorentz-polarization factor, for example. The polar-
ization factor for an individual nuclear resonant scattering

can be shown to depend on the orientation reIationEhﬁ)
for both the incident and outgoing photons, whérés the
magnetic polarization of the photon aﬁd is the spherical
unit vector for thelth nuclear transitio’ We write the po-
larization factors in abbreviated form as
Piv nud v ,IZf ,G,vi ,IZi). Here Py, . is the average of the
angular dependence d@f, over directions of the hyperfine
magnetic fields, anL‘Pﬁ,’nuc is the orientational average of

the angular dependence fif}, . TheseP”, nuc and PII nuc
have been calculated for an unpolarized incident photon
beam and isotropté and anisotropi® hyperfine magnetic
field orientation distributions. The results for an anisotropic
case with a bias of HMF’s in the plane of the sample did not
differ substantially from the isotropic case. We therefore
used the results for the isotropic case, which were the same

as reported by Nakait al*? (Their V. are equivalent to our

Pﬁ,’nuc although anisotropicPﬁ,,nuc have only been calcu-
lated forl =1".) A few of the Nakaiet al. polarization factors
were also confirmed by Monte Carlo simulations with indi-
vidual scattering processes, and by numerical averaging of

uniform distribution functions.

Note thatPyx( R) of Eq. (10) is the well-known Patterson
function for x-ray diffractionr® The Patterson functions
Pym(R,E) andPyx(R,E) of Egs.(11) and(12) are the spa-
tial correlation functions for the coherent interference of a
photon that undergoes Msebauer scattering from an atom
and x-ray scattering from an atom. SincByw(R,E)
=P (R,E), the sum Pyy(R,E)+Pux(R.E) is a real
number. This interference between x-ray scattering and
Mossbauer scattering has been the subject of extensive pre-
vious studies with Mesbauer energy spectra. Since x-ray
scattering is independent &, it may be possible to isolate
the Mossbhauer scattering through energy-dependent diffrac-
tion studies. In such studies the diffractietensitywould be
proportional to=gze '*K'Rf, (R). Such diffraction experi-
ments have therefore been proposed as a solution to the
phase problem in diffractiofsee, for example, Ref. 15

The energy dependencies of the scattering factors in Egs.
(10—(13) include the phase and amplitude information nec-
essary to understand the interference terms. Thesklauer

scattering factof y(r;,d¢!) is

fu(ri,8e))=—p(r;,de))—F———— (14)

25e '/r

Herep(r;,del) is the probability of finding ar’’Fe nucleus
in a chemical environment Witﬁs! at positionﬂ . The de-
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nominator in Eq(14) describes the energy dependence of thevhere t is the thickness of the sample ang.q
phase for resonance scattering and cadges$o be largest = u,csSC(Bin) + 1ouCSC(Bouw) IS the “effective” inverse ab-
when 8e! =0 (at resonande The full natural linewidth ig".  sorption length for the incident and outgoing photons. Here
The G! includes factors affecting the \debauer transition iin and uo, are inverse absorption lengths for incident and
probability such as spin levels, internal conversion coeffi-outgoing photons, ang;, and 8, are the angles between
cient, Clebsch-Gordan coefficients, Lamb-8dbauer fac- incident and outgoing wave vectors and the sample surface.
tors, and polarization factofe:37:39 For samples much thicker thaW,&f)_l, Eqg. (20) becomes
The x-ray scattering factdiy(r) is independent oFE: I/19> 0/ pesr- In the present case where absorption byskto
bauer scattering dominates over electronic absorption
fx(r,AK) = —i[ fed AK)ped 1)+ a(AK) ()], (Knuc! 1l 10°— 10%), the ratio of the Mesbauer scattering
(15)  cross section fory-ray reemissioro to the Massbauer ab-

. . sorption coefficientu.; is approximately independent of
wherefe{Ak) andf,(Ak) contain all of the x-ray scatter- thickness. The effect of thickness distortion on the ratio
ing information®® The factor—i is needed to preserve the |/l <o/ e is therefore relatively small for Msbauer scat-
phase information of the scattered radiation when waves angring, and was ignored in our calculations. On the other
summed over Fresnel zones of the wave front. Hgyér,) hand, owing to the dominance of nuclear absorption over
is the probability of finding a Fe atom at position, and  €lectronic absorption, it is necessary to include the ragio,
pu(T) is the probability for Al atoms. ~10— 30, to account for a thickness distortion of the x-ray—

For the case of incoherent scattering without interference'YlOSSb"’luer interference.

the intensities of x-ray and Msbauer scattering are added:
, _ , ll. EXPERIMENTAL
o= 1R 1, (16) . .
Ingots of °>'Fe;Al were prepared by arc-melting 95%-
1= £ 0/2, (17)  enriched®’Fe with Al (99.999%. The 50 to 100 mg ingots

X = . .
were inverted and remelted to ensure homogeneity. Some

6 I 10l2 ingots were shaped into disks by piston-anvil quenching with
1= S o, ,58:)'\"—‘3', (19  an Edmund Bbler ultrarapid quencher. Samples were then
r, =1 1+(2688}IT)? cold rolled to the desired thickness. All samples were an-

nealed to develoP 05 order by heating in vacuum for 100 h

t 450°C. The crystallite size was estimated to be 23 nm.

-ray powder diffractometry was used to show how cold
rolling left a crystallographic texture in the foil specimens.
The crystallographic texture was used to favor certain dif-
Nfraction peaks over others. We acquired three sets of data
with the specimen rotated by a 1° angle, keeping all other
2 conditions the same, to test if large crystallites within the
:|fM0| (19) sample improperly skewed the intensities. Our diffraction

[fx2 peaks were enhanced by texture, but were without the distor-

, ) ) ) . . tion caused by a few strongly diffracting crystallites.
whereR is a ratio, defined as the intensity of BEbauer The chemical composition of the sample was measured

scattering, averaged over a velocity interval or *bin,” to the ity 4 JEOL Superprobe 733 electron microprobe, and was
maximum intensity of Mesbauer scattering at resonance forfo ,nd to be very close to the desired 25 at.% Al Our

a single-line absorber. For thicker specimens, thessbauer samples were studied by conversion electrorisbbauer
scattering tends to saturate below the surface of the specinecirometrCEMS), performed with a backscatter electron
men. An estimate of the effect of this saturation distortion onyatector with flowing He-7% Ciigas, since the samples
rux for our moderately thick specimens was provided by &yere to0 enriched witi’Fe to allow good measurements by
multislice calculation described in the Appendix. The quan-ansmission Mesbauer spectrometry.
tity \rmx was then used to correct the ratio of dbauer to An overview of the diffractometer is given here. The ra-
x-ray wave interference, compared to the ratio expected fromgjation source was 145 mCi &fCo in Rh at room tempera-
an mﬂmtesmally-thm specimen. O\_Nlng to the deeper penyyre. The source had an active area of 6 mm, but was tilted
etration of x rays in the sample, this correction boosted thq;_)y 60° to foreshorten its effective width to 3 mm. Theray
amount of x-ray wave amplitude and the amount of interferyeam was collimated to 1° in width with a precision-milled
ence between the Msbauer and x-ray scatterings. lead collimator. The collimator was lined with aluminum
The fractionaly-ray intensity emission back from theé;ur— plates to suppress lead fluorescence. A large amount of lead
face of a thick samplé(t)/1, has been formulated by Bafa o, the sides of the collimator shielded the detector from hard

where |fy,0|? is the differential scattering cross section for
Mossbauer scattering when there is no hyperfine splitting o
the resonance line. The incoherent $dbauer scattering in-

tensity is a set of Lorentzian peaks familiar from &ébauer

to work with the ratio of M@sbauer to x-ray scatterimgy :

M mx

for the incoherent case as contamination radiations from the source. We tested a variety
I o of sample holders and chose 1.5 mm Rlexiglas. A thin layer

— o ——(1—e M), (20) of vacuum grease on top of the Plexiglas suppressed the

lo M background and held the foil in place. To suppress further the
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background, the beam transmitted directly through the
sample was blocked from entering the detector. The shape o
the beam stop was found to be important, as scattering from
the block can contribute to the detector background.

A Ranger Scientific MS-900 velocity transducer provided
Doppler shifts for the®’Co source. The multichannel scalar
(MCS9) internal to the MS-900 drive controller provided
three functions for the Mssbauer diffraction experiment.
First, the scalar gave the reference signal for the velocity
waveform. Second, the scalar signal provided the synchro-
nous router with the timing information that directed diffrac-
tion patterns into the appropriate “velocity bins,” corre-
sponding to the velocity intervals described below. Third, the
MCS memory was used to acquire bsbauer transmission
spectra as needed for tuning the synchronous router. All of
the on-resonance data were acquired in “region of interest”
or “flyback” mode, for which we found the drive response 05 o~ o X AN\
became increasingly nonlinear as the size of the velocity 0 50 100 150 200 250 300 350
window was decreased. The nonlinearity was highly repeat- Hyperfine Magnetic Field (kG)
able, however, so we could correct for it with a careful ve-

Relative Intensity

PENSEE | FEUTISNSTSEVENI SRR RURRR N JURN T
-4 2 [¢] 2
Velocity (mm/sec)

vt S U S

)

—
<]
T

P(H) (1/kG

-
T
N
=3
—

TILELTECT] CTERFIEEY
locity calibration. ) § S 75N

The detector was an InéInstrumentation Ectroniqué A ‘ 7 S
CPS-120 large anglgl20) position sensitive detectdPSD. g : N\
The detector operates in a self-quenching streamer fHode. v /
We varied the detector bias to optimize the signal-to-noise £ E oAl 4l
(SIN) ratio. A bias of 9.3 kV provided the be&/N ratio & psextet \/\ 2l /
with Ar-15% C,Hg gas, giving an ambient background of 3.5 _(,Q S T L
Hz with no radiation source present. Absorption efficiencies 50 30 32 36 40 44 48 52

Velocity (mm/sec)

for some relevant photon energies wétgFeK x rays at 6.4
keV: 80%,(2) Mossbauery ray at 14.41 keV: 15%(3) RhK FIG. 1. (8 Conversion electron Vasbauer spectrum of an-

x rays at 20.2 keV: 6%4) PbK x rays at 85 keV: 0.2% , a_lnd nealed>Fe,Al. Solid line shows reconstruction of data from HMF
(5) °'Co y rays at 122 keV: 0.1%. We used an aluminum gistribution. (b) Hyperfine magnetic field distribution from the
filter in front of the detector to suppress 99% of the 6.4 keVspectrum of Fig. 2, showing Gaussian fits. The numbers at top de-
x rays from the sample. We also tested a gas mix containingote the numbers of 1NN Al atom neighbors about tHEe
10% Kr. Although the efficiency was improved for 14.41 nucleus.(c) Enlargement of reconstruction of data from HMF dis-
keV v rays, the detector became much more sensitive taribution, showing energy bins with respect to the subpeaks from
harder radiations, impairing tH&N ratio. Sensitivity varia-  different nearest neighbor environmeftise OAl and 1Al 1NN en-
tions across the detector caused the background to vary wronments were combingd

and down with a period of about 4°. All data sets were

measured for two different detector positions where the degant to an analog to digitalA{D) converter and memory
tector was rotated by 2.0°, and the background periodicity) ¢

was largely averaged away when the two data sets were In flyback mode, the MS-900 drive was operated with

summed. Comparisons of data acquired at different dEtEth;elocity ranges of about three linewidths, which allowed the

positions also helped identify the few isolated bad points in e . .
the detector. Although the present measurements were e|d_ent|f|cat|on of the velocity range from the spectrum itself.

abled by the Inel CPS-120 detector, this detector suffers fro n electronic means for routlng_ the deteptgr S|gnals was
three serious deficiencies that must be overcome isvio used to select precise energy windows within this velocity

bauer diffractometry is to find further applications. Its inter- range’? A synchronous router used the output from the MCS
cepted solid angle is small, it has poor detection efficiency’f the Ranger MS-900 drive controller to direct the storage
for 14 keV y rays, and it has no energy resoluti@ausing it of dlffract|on patterns |_nto eight memory groups, or “bins,”
to be sensitive to extraneous photons and 14 keV photorgorrespondmg to the different velocity intervals. The compo-
that had undergone Compton scatteyirBetector technolo- nent diffraction patterns and their corresponding memory
gies exist to overcome all these deficiencies, however. ~ groups are identified by the designation of these bins.

The two signals from the matched preamplifiers were sent A conversion electron Mssbauer spectrum from the
to a pair of analog pulse discriminators, after which one of*’Fe;Al sample is shown in Fig. (&), which also shows the
the signals was delayed through a digital delay line. The tworelocity bins when the Doppler drive was tuned to the OAI
signals were used to start and stop a time-to-amplitude corand 4Al resonance conditions. Diffraction patterns were ac-
verter(TAC). The amplitude of the TAC output pulse, corre- quired simultaneously in the adjacent velocity bins across
sponding to the position where the photon was detected, wadbese two prominent resonances, and again in an
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FIG. 3. Massbauer diffraction patterns froMFe;Al for the 4Al
FIG. 2. Missbauer diffraction patterns frofFe;Al for the OAI velocity bins. Intensity is normalized to background. Diffraction
velocity bins. Intensity is normalized to background. Diffraction patterns are offset vertically for clarity.

patterns are offset vertically for clarity.
texture of the samples. In addition, superlattice diffractions

off-resonance condition. The off-resonance velocity binsconsistent with thé 03 ordered structure are seen in Fig. 2:

were set for velocities greater thanl5 mm/s. the 333),(333) peak at 45.5° and th€800),(221) peak at
53°. The peaks of interest in the diffraction patterns were
IV. RESULTS integrated numerically to obtain their intensities, which var-

ied from about 200 to 500 counts. The statistical error was

The diffraction patterns from each of the useful velocity estimated by summing the total background counts within
bins were normalized by the incident fliigsource strengtk the full width at half maximum(FWHM) of the peak and
collection time(in mCih)] and were corrected by the appro- taking the square root of this number. This uncertaintyas

priate background measurement. The counts in the backtfivided into the area of the peak to obtain the peak area in

ground patterngobtained without sampjevere typically ten  units of . The areas of the Bragg peaks varied from 2 &0 5
times larger than the individual diffraction patterns. Never-

theless, we found it advantageous to filter severely the high
frequency Fourier components of the background before sub- V. CALCULATIONS OF COHERENT INTENSITIES
tracting it from the individual diffraction patterns. This se-

vere filtering suppressed nicely the statistical scatter of the;d ngﬂ\?;;gigseLﬁ?e;?gms?ﬁgtsr: (g?gjlai%ﬁglattﬁ: imggs(?ti]ls of
background, but left some residual “ripples” in the : '

background-corrected data. Bad points in the data were noteté?e diffraction peaks were obtained in the different velocity

and emoved, and the ata were Smolhed wih o S 25 SRS 0 e expermerta nensies, O e
average to eliminate an electronic problem in the MCA P '

where the even and odd channels had slight variations ifgmilies of superlattice peaks; § ;) and(100), had intensi-
sensitivity. ties that were too weak to provide statistically useful infor-

Figures 2 and 3 show diffraction patterns from the on-mation for individual velocity bins. To identify the relative
resonance velocity bins when the Doppler drive was tuned ténportance of the different types of coherent interference,
absorption peaks fron?’Fe nuclei with OAI first nearest three types of model calculations were performéb: no
neighbors(Fig. 2) and 4Al first nearest neighbot&ig. 3.  interference, as in Eql16), (2) interference between indi-
These data were acquired over a time and source intensity §fdual Mossbauer resonant scatterings ofgptained as the
50,000 mCih. The fundamental peak®00), (211), and  Fourier transform of Pyx(R) + Pum(R,E)}], (3) all inter-
(222 are seen clearly, consistent with the crystallographiderence effects, as in E().
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Important information for the calculations are the! and

p(r;,8e)) for the different5’Fe atoms. These energies and
probabilities are understood well for Ad, an important rea-
son for its selection in this experiment. The hyperfine mag-
netic field (HMF) distribution was obtained from the CEMS
spectrum of Fig. (@) by the method of Le Caeand
Dubois*®* The HMF distribution provides the fractions

p(ri,5¢!) [Eq. (14)], of 5Fe nuclei in the various chemical
environments [Eqgs.(2),(14)]. For convenience, we used the
approximation that the HMF corresponds to the numbers o
first-nearest-neighbd@d.NN) Al atoms. This approximation is
good for dilute alloys, and is even more successful for con-
centrated Fe-Al alloy4**°The concentrations of'Fe atoms
with different numbers of 1NN Al atoms were determined by
fitting the HMF distribution of Fig. Ib) to a set of Gaussian  giG_ 4. Points are experimental intensities(@00) diffraction
functions centered at different HMF’s. The normalized inten-peaks from thé”’Fe;Al sample. Lines were calculated as described
sities of the Gaussian functions were the distribution of scatin text.

. - | - .
tering factorsp(r; , 6e;) in Eq. (14). For the present analysis lengths for diffraction. This information is, unfortunately, not

of fundarpental diffractions of the bcc lattice, it is acc‘fptableavailable. Perhaps the best argument that dynamical effects
to setp(r;,d¢!) as the same for all bec lattice vectdns}.  are small is that the present theory accounts adequately for
Here 5¢| is now considered a function of the number of 1NN the major trends in the data. Dynamical diffraction could be
Al atoms about &'Fe atom[see numbers at the top of Fig. responsible for some of the remaining discrepancies, how-
1(b)]. Since the 0Al and 1Al environments were not resolvedeVver.
experimentally, in further analysis these two environments
were considered to be the same “OAl” nuclear environment.

The precise velocities for thés! were obtained after using The most prominent difference between the diffraction
the HMF distribution analysis to reconstitute the measureq)a»[temS and the energy spectra is a qualitative change in
spectrum, shown as the solid curve in Figa)l Thesedz;  intensities for the OAI and 4Al environments. In the” 8o
provided positions of the Lorentzian functions shown inbauer energy spectrum, the intensities of the peaks from the
Figs. Xc). The OAIl and 4Al sextets are the thin solid lines, Al environment are weaker than those of the 4Al environ-
the 2Al, 3Al, and 5Al sextets are the dashed lines, and theénent[in Fig. 1(a), the 4Al environment is at 3.6 mm/s, and
sum of all sextets is the thick black line. the OAI environment is at 4.6 mni/sThis is as expected in
The phase of the form factor for Nebauer scattering is the D0, structure, for which there are twice as many Fe
highly sensitive tode|, and errors in these quantities con- atoms with 4 Al neighbors than 0 Al neighbors. In contrast,
tribute to errors in the calculations. The positions of isolatecthe diffraction peaks of the OAl environment in Figs. 2, 4, 5
peaks can be determined accurately, but the errors are worggspecially the near-resonant bins 2 and@ stronger than
when there are peak overlaps. It should be noted that thghe diffraction peaks from the 4Al environment of Figs.
Lorentzian functions shown in Fig.(d) are proportional to 3, 4, 5.
the square of the form factors, so the amplitudes of the waves

20T T T T T T T ]
No interference
type (1) T

1.8 / X o
\

Full interference |
type (3)

/
1.6 Experimental /

Intensity

0Al_2 0Al3 O0Al 4 OALS5 4Al 2 4Al3 4Ai_4 4A1 5
Velocity bins

VI. DISCUSSION

have larger overlaps in energy than are suggested by tt

Lorentzian curves in Fig. (¢). Fortunately, the crystallo- 20f] No interference ' '

graphic texture of the sample should not affect our result - type (1) —e¢o _

because comparisons of real and modeled data are limited 18- / >

one diffraction peak at a time. I Experimental Full interference ]
The calculated intensities were compared to the experi £ '6F ! type (3)

mental intensities at eight points—the velocity bins for ab- § 14'_

sorption peak &bins 2—5 for the OAl and 4Al tuning of the s 7

Doppler drive. These intensities are shown in Figs. 4 and & 12

The only scaling was a normalization to set the smallest are |

equal to 1.0. Three curves are shown in each figure—the n 10k

interference calculation of typél), the full calculation of L

type (3), and the experimental data. Figure 4 presents dat
for the (200 diffraction peak. Figure 5 displays data for the
(211) diffraction peak for whichr,x=20.

The present analysis, based on Ekj, neglects effects of

0AL 2 0Al 3 0AlL4 OALS5 4Al2 4Al 3 4Al 4 4Al5

FIG. 5. Points are experimental intensities(8f1) diffraction

Velocity bins

dynamical diffraction. The validity of the present kinematical peaks from the’’Fe;Al sample. Lines were calculated as described
theory could be evaluated with knowledge of the coherencén text.
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nances fron’Fe nuclei with 0 and 2 Al neighbors, and the

Oyt oo T Doppler drive was unfortunately nonlinear at negative ve-
35}~ Mossbauer only 1 |OCiti€‘S]
= type (2) ‘ 04 . : . . :
E \ Fullmfeerfé;egce(m\\ A } 2 = For the diffractions measured in the present work, the
5 —Nomterference\ N L T.o3 ] coherent interference between $&bauer scattering from
S 05 bpe® /}7/ T A {1 different chemical environmentdv(-M) is more prominent
g 5= ,/‘ -, 2 than the coherent interference between x-ray Rayleigh scat-
;ﬁ — 17 N ™ ] tering and Mesbauer scattering<tM). In comparing Figs.
& & 4 and 5, note that the differencerigyx (10R for Fig. 4, 2R
N I B T T A | I A T for Fig. 5 has a relatively small effect on the predicted trend
) 52 48 44 40 44 48 52 56 in intensities, and the experimental data in both figures are
Velocity (mm/sec) similar. The calculations of typ€), which neglectedX-M

interference but includei -M interference, provided nearly
FIG. 6. Calculated energy spectra for fEe,Al sample for the the same results in Figs. 4 and 5 as di(_j_ the calculations with
(200 diffraction. Locations of the velocity bins are indicated. The aI.I effects of Cohere.nt interference. In a Mauer SpectrL.Jm
three curves are results from the three types of calculations davith many overlapping components, theM interference is
scribed in Sec. V. both destructive and constructive. The most prominent ef-
fects of X-M interference are seen across the entire energy

Most of this trend is caused by the destructMeM inter-  Spectrum, where the intensity tends to be suppressed at nega-
ference between the low energy tail of peaks 6 of the sextdive velocities, and enhanced at positive velocities. This is
from the 3Al environment and the 4Al environment. Coher-seen by comparing the dashed and thick curves on the left
ent interference between the x-ray Rayleigh scattering anénd right halves of Fig. 6. Over small ranges of velocity,
Mossbauer scatteringX(M interference further enhances however, the most prominent effects are frdaM interfer-
the intensity of the OAI diffraction intensity with respect to ence.
the 4Al diffraction intensity.
Other detailed effects of coherent interference are seen in
Figs. 4 and 5. In another trend contrary to that of the energy VIl. CONCLUSION
spectrum, destructive interference betweensbbauer scat-
tering from the OAI environment and the 2Al environment We measured diffraction patterns from polycrystalline
(M-M interferencgis primarily responsible for the intensity foils of ®’Fg,Al for various energies of the incident photon.
in velocity bin OAI_3 being suppressed with respect to theThe bcc fundamental diffractions were strong, and large
intensity in OAI_2. This can be understood by examining thechanges in the intensities of the Bragg diffractions were ob-
high energy tail of the 2Al peak in Fig. 1, which overlaps served as the incident energy was tuned through the nuclear
more strongly with the OAl peak in velocity bin 3 than it resonances. The variation of diffraction intensity with inci-
does in bin 2. dent energy was consistent with a kinematical theory of dif-
Towards the middle of a broad spectrum, interferenceraction that included effects of coherent interference be-
tendS to |eVe| the Variations in diﬁraction intensities. There istween X_ray Ray|e|gh Scattering and"Mauer Scattering
a more gradual change in diffraction intensities for velocities;x-M) and Massbauer scattering from nuclei in different
across peak 6 of the 4Al sextet than is predicted withoughemical environmentsM-M), and isotropic averages of
interference(bins 4Al_2, 4Al_3, 4Al_4, 4Al_%. The diffrac-  polarization factors. For the diffraction peaks measured in
tion intensities from bins 2 and 3 are suppressed owing tgne present work, the effects M-M coherent interference
M-M interference with the low energy tails of the 3Al envi- were stronger than the effects XM interference. Because
ronmer_1t. [Although the tails of the Mes_bauer absorption .M interference changes from destructive to constructive
peaks in Fig. Ic) appear weak in the regions of overlap, the yer small intervals in energy, constructive interference tends
coherent interference depends on the larger amplitude ang pe suppressed in regions where there are many nuclear
phase of the interfering waveThere is also an enhancement resonances separated by half a linewidth or so. The effects
in intensity at the velocities of bins 4Al_4 and 4AI_5 causedgye |arge, and must be understood in order to interpret inten-
by constructiveX-M interference involving the coherent part sjties in Mssbauer diffractometry of materials with complex
of peak 5 of the OAI environment. . . Mossbauer energy spectra. The kinematical theory seems ad-
Bin 7 in Figs. 4 and 5 gave the weakest diffraction peakssquate for explaining diffraction intensities in these samples
of all the velocity bins. Our calculations showed a stronglynaying small effective crystallite sizes and a distribution of
suppressed intensity for velocity bin (8ee Fig. 6. These pyclear resonance energies.
results were consistent with calculations that showed sup-
pressed intensity in velocity bin 7 for both the OAl or 4Al
tunings, caused by a combinationXfM andM-M destruc-
tive interferenced.The M-M destructive interference for the
OAl tuning was particularly susceptible to errors in the ve- This work was supported by the U. S. National Science
locity range, since this velocity range fell between reso-Foundation under Contract No. DMR-9816617.
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TABLE |. Numbers of backscattered photons from the multislice calculation.

Photon SFeyAl OAI SFe,Al 4A bce SFeAl

category condition condition x-ray only

starting photons 100% 100% 100%

coherent x-ray 0.1463% 0.1391% 0.2246%

incoherent x-ray 0.0285% 0.0275% 0.0364%

recoilless Mssbauer 1.8500% 1.9743%

nonrecoilless Mesbauer 0.6153% 0.6785%

APPENDIX A: MULTISLICE CALCULATIONS The recoilless source photons may undergo either x-ray or
AND RESULTS Mossbauer processes. Bibauer-absorbe@esonant pho-

Thi ion d ibes “multislice” lculati tons were further categorized by the method of subsequent
Is section describes “multislice” computer calculations y ,clear decay: recoilless reemission, nonrecoilless reemis-

of the numbers of different photons that were transmittedsjon and internal conversion. The backscattered recoilless
through, and scattered from, a sequence of thin layergsemitted photons were attenuated through botrsséauer
(“S”CGS") of material. These multislice calculations were and X-ray absorption; the nonrecoi”eSS, by X-ray processes
used to determine a value fof;x for Eq. (19). Our multi-  only. The nonrecoillessly reemitted photons were treated as
slice calculations were performed without considering theincoherently scattered Kdsbauer photong§A more thorough
effects of coherent interference. Fortunatelyy was large, calculation could include the thermal scattering of these pho-
and trends in the interference effect calculations with@y. tons that contribute to a varying background under the dif-
were not sensitive to the particular valuergfy whenry,x  fraction pattern).If the reemitted photons were not absorbed,
was large. The multislice calculations also determined whictihey were counted as scattered $dbauer photons of the
photon interactions are significant enough to warrant trackappropriate type. We did not consider further the products of
ing, indicating if a kinematical scattering theory is adequatethe other decay channels of tité=e nucleus, i.e., internal
Only the 14.41 keV source photons were tracked thougtg¢onversion decays such as Auger electrons and Fe x rays.
the various slices of sample and back to the surface. Both the The multislice calculation foD0; >’Fe;Al samples con-
recoilless and nonrecoilless 14.41 keV photons from theists of two separate calculations, one each for the OAl and
source were considered, as diffraction peaks include botAAl environments. The following data were usedt)
x-ray and M@sbauer components. The different 14.41 keV°'Fe;Al composition, (2) 95% °’Fe enrichment(3) 5 to 7
photons are scattered by these proces&Bsnonrecoilless micron sample thicknesgd) 7.02 g/cni density, (5) 5.72
from source, coherent x-ray Rayleigh scatterif®); nonre- X 108 cm layer thicknes$3 Fe and 1 Al atoms and(6) a
coilless from source, incoherent x-ray scatteri(®);recoil-  recoil free fraction of 0.80. The inverse lengths for scattering
less from source, coherent x-ray Rayleigh scatteridgre-  and absorption for thé’Fe;Al are (1) coherent x-ray scat-
coilless from source, incoherent x-ray scatteringf)  tering 4.77 cm?, (2) incoherent x-ray scattering 0.77 ¢
recoilless from source, Misbauer absorption, recoillessly re- (3) total x-ray absorption 365 cnt, (4) total Mossbauer
emitted (coherent, and (6) recoilless from source, Ms-  absorption 122,400 cit, (5) OAl Mdssbauer absorption
bauer absorption, nonrecoillessly reemittéhcoherenkt 1,432 cm'!, and(6) 4Al MGssbauer absorption 1,665 ¢
While only the coherently scattered photons contribute toThe x-ray scattering data are from Ref. 46. The calculation
diffraction peaks, the incoherent scattering adds to the backwvas found to provide consistent nesults with as few as 25
ground of the diffraction pattern, so we tracked the incoherslices of 400 layers ead{®.23 microns.
ent scattering too. Double scattering processes, sudB)as Absorption of backscattered photons was significant, re-
from above leading td5) or vice versa, were found to be sulting in a ~30% decrease in the scattering intensity.
secondary effects that can be ignored. Double scattering processes were determined to be negli-
In the multislice calculation, photons that do not interactgible. Double scattered Msbauer photons amount to only
in a slice were propagated to the next. The non-recoilles8% of the single scattered photons and similarly for the x-ray
source photons interact with the material through x-ray prophotons.
cesses only. X-ray absorption is primarily due to photoelec- Table | presents the results for the calculated percentages
tric absorption. These absorbed photons were not considerddr the coherent x-ray, incoherent x-ray, recoillessly reemit-
further. On the other hand, photons scattered coherently artéd Massbauer, and nonrecoillessly reemitted Setoauer
incoherently by x-ray processes were tracked back to surfacscattering. X-ray scattering is suppressed by about 35%
of the sample. Absorption of these backscattered photonshen both Mssbauer and x-ray events were allowed to oc-
was allowed, but additional scatterings were found to be uneur. The Mmsbauer absorption removes photons that would
important. If the backscattered x-ray scattered photons werieave otherwise undergone x-ray scattering. Thesshauer
not absorbed, they were counted as scattered photons of the x-ray scattering ratio,,x can be estimated from the co-
appropriate type. herent scattering results reported in Table I.
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