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Gr azi ng inci dence nuclear resonan t scattering of sync hrotron radiatio n
(synchrotron M �ossbauer reÛectometry ) has recently been e£ciently applie d

to study the magnetic structure of multilayers . Principl es and recent ex -
p eriments of synchrotron M�ossbauer reÛectometry are brieÛy revie wed. T he
orientation of the layer magnetization in an antif erromagnetical ly coupled

multilayer is determined b oth from time- integral and time- di ˜erential spec-
ular synchrotron M�ossbauer reÛectometry experiments. Spin- Ûop phenom-
ena are studied. O ˜- specular (di˜use) scattering gives inf ormation on the
in- plane antif erromagnetic domain structure.

PACS numb ers: 75.70.{i , 75.25.+ z, 75.30.Gw , 76.80.+ y

1. I n t rod uct io n

T ota l externa l reÛection (T ER ) of X-rays [1] and neutro ns [2] from Ûat sur-
faces are phenomena dati ng back to the Ùrst ha l f of the t wenti eth century . The real
part of the index of refracti on n of m ost materi als for therm al neutro ns and of al l
m ateri als for non-resonant X- rays is by about 1 0 À 5 lesstha n uni ty . At low enough
angles of grazing inci dence È < È c =

p
2 (1 À n ) the waves are to ta l ly reÛected.

The intensi ty of the reÛected specular beam for È < È c rapi dly decreases wi th
increasing wave vecto r tra nsfer Q = 2 k sin È , where k i s the length of the wa ve
vecto r of the incident radiati on. In a stra ti Ùed m edium , reÛected and refracted
beam s appear at each interf ace. The interf erence of the reÛected beam s leads to
patterns of the reÛectivi ty vs. wave vecto r tra nsfer spectrum R ( Q ) tha t bear inf or-
m ati on on the depth pro Ùle of the index of refracti on n ( z ) , the argum ent z being
the co-ordi nate perpendicul ar to the sampl e surface. R ( Q ) can be calcul ated f rom
n ( z ) , e.g. using the m etho d of charac ter ist ic mat r ices [3]. Theref ore, in fram es of a
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given model f or the stra ti Ùed system , n ( z ) can be reconstructe d (the param eters
of the m odel can be Ùtted) from R ( Q ) = j r ( Q ) j

2 , where r ( Q ) i s the reÛecti vi ty
am pl i tude. Thi s latter appro ach is the basic idea of specular X- ray and neutron
reÛectometry, two metho ds tha t can be used for m appi ng the electron density and
the isoto pi c/ m agneti c structure of thi n Ùlms, respectivel y. In fact, the coherent
forwa rd scatteri ng of a scalar wa ve of mom entum much higher tha n tha t of the
scatterer s can be described [4] by the index of ref racti on cl ose to uni ty

n = 1 +
2 ¤ N

k 2
f ; (1)

where N i s the density of scatterer s and f i s the scatteri ng ampli tude. The electron
density f or non-resonant X-rays or nucl ear and magneti c scatteri ng length density
for neutro ns is impli ed in the latter quanti t y.

X- ray reÛectometry may opti onal ly be perform ed wi th nucl ear resonant pho-
to ns. We shal l cal l thi s techni que, henceforth, M �ossbauer reÛectometry (MR ). MR
beneÙts from the fact tha t, close to the nucl ear resonance, the photo n scatteri ng
am pl i tude f i s strongly energy-dependent and conta ins the matri x elements of the
hyp erÙne intera cti ons. MR is theref ore suita bl e to study the m agneti c structure of
thi n Ùlms.

A serious l imi tati on of MR wi th conventio nal sources [5] is the smal l ( ¿ 1 0 À 5 )
sol id angle involv ed. Due to i ts high col l imati on, synchro tro n radiati on (SR) is
m uch better sui ted f or reÛectom etri c exp eriments tha n radioacti ve sources. Syn-
chrot ron M�ossbauer reÛectomet ry (SMR ) is the appl icati on of grazing inci dence
nucl ear resonant scatteri ng of SR [6] to thi n Ùlm and mul til ayer structure analy-
sis. SMR has recentl y been revi ewed in various papers [7{ 10]. SMR and polari sed
neutro n reÛectometry can be m apped onto each other and a com mon opti cal f or-
m al ism exists [11].

An im porta nt step to wards the real izati on of SMR was the observati on [12]
of the t otal reÛect ion peak [12, 13], i .e. the high numb er of d el a y ed pho tons ap-
peari ng close to the cri ti cal angle of the el e ctr on ic TER . Thi s peak is form all y
identi Ùed wi th the zeroth- order Bra gg peak in nucl ear resonant specular reÛec-
ti on. The last hal f decade saw an increasing numb er of SMR experim ents since
the pioneering work by T oel lner et al . [14], includi ng a recent extensi on of the
techni que to o˜- specular (di ˜use) scatteri ng [15]. In thi s paper, as an update of
a previ ous arti cl e [10] we shal l bri eÛy revi ew the pri nci ples and som e metho d-
ological aspects of the appl icati on of SMR to m agneti c structure analysis of thi n
Ùlms and mul ti lay ers. It wi l l be shown tha t i t is possibl e to study the ori enta ti on
of the layer magneti zati on, spi n-Ûop phenomena and m agneti c domain structure.
Since the general aspects of the appl icati on of nucl ear resonant scatteri ng of SR
are described by a paper of Leup old in the present vo lum e [16], we wi l l refer to
i t whenever possibl e. Thro ughout the present paper the 14.413 keV tra nsiti on of
5 7 Fe is used.
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2. Sp ecu lar an d o˜ -specu l ar SM R

A sketch of the experim enta l arra ngement of an SMR experim ent is shown
in Fi g. 1. The photons from the hi gh-resoluti on monochrom ato r hi t the sampl e
m ounted on a two -ci rcl e goniom eter of adjustabl e height at an angle of grazing
inci dence ! . Further sli ts and opti onal focusing elements (not shown in the Ùgure)
are insta l led both upstrea m and downstrea m the m onochrom ato r (cf . Fi g. 4 of
R ef. [16]). The reÛected (scattered) photo ns are detected by an avalanche photo
di ode (APD ), the aperture of whi ch m ay bel im ited by a sli t in f ront of the detecto r.
The adj ustable detecto r height deÙnesthe scatteri ng angle 2 È .

Fig. 1. Exp erimental setup of an SMR experiment.

An SMR m easurement is perform ed in either ti m einteg ra l or ti m edi ˜erenti al
reg im e. Ti m einteg ra l SMR (TISMR ) records the to ta l numb er of delayed photo ns
from t 1 to t 2 as a functi on of ! and/ or È (f or deta ils see below). Here t 1 i s a few
nanoseconds determ ined by the bunch qual i ty of the radi ati on source and by the
dead ti me of the detecto r and the electroni cs, whi le t 2 is set to a value som ewhat
below the bunch repeti ti on ti m e of the storage ri ng. Ti me di ˜erenti al (TD ) SMR
is a ti m e response m easurement perform ed at vari ous Ùxed values of ! and È . Li ke
in the forwa rd scatteri ng case, hyp erÙne intera cti on results in quantum beats of
the ti m e response [16].

Positi on-sensiti ve detecto rs have recentl y been increasingly appl ied in X- ray
and neutro n reÛectom etry in order to map the scattered intensi ty in a sing le exper-
im ent on the who le (! ; È ) pl ane. Al tho ugh APD arrays are being tested at vari ous
synchro tro n faci l iti es,as yet, TISMR exp eriments have onl y been perform ed in two
di ˜erent sing le-param eter geom etri es, vi z., È À 2 È scan and ! scan. In a È À 2 È

scan the sampl e ori entati on and the detecto r height are simul ta neously changed
ful Ùll ing the constra int of specular reÛection, ! = È . In an ! -scan exp eriment
2 È i s Ùxed and ! i s v aried. As a rul e, a scan of the pr o mpt photo ns (i .e., X- ray
reÛectometry) is recorded along wi th a delayed TISMR scan.

In a È À 2 È experim ent the wave vecto r tra nsfer Q i s perpendicul ar to
the sam ple surface. For a periodic m ul til ayer, in the Ùrst Born appro xi mati on
(ki nem ati c theory), Bra gg m axi m a app ear at Q =

p
(2 ¤ =d ) 2 + Q 2

c , where d i s the
structura l or hyp erÙne (m agneti c) period length perpendicul ar to the Ùlm plane
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and Q c i s the cri ti cal wa ve vecto r tra nsfer of the TER (typi cal ly about 0.5 nm À 1 ).
Thus a È À 2 È scan reveals the pl ane-perpendi cular structure wi th the pro vi sion
tha t the Ùlm is hom ogeneous in i ts plane. Should thi s not be the case, the intensi ty
of the specular reÛection is reduced. La tera l dim ensions of inhom ogeneiti es such
as structura l and m agneti c roughness, wa vi ness, magneti c domains, etc., however,
cannot be further studi ed in a È À 2 È exp eriment.

In an ! -scan experim ent the condi ti on of specular reÛection is not f ulÙlled
for ! 6= È . O˜- specular scattered intensi ty is only signi Ùcant in case of latera l
inhom ogeneiti es. In fact, for the smal l values of ! and È in thi s exp eriment,
the perpendicul ar- to -plane component of the wa ve vecto r tra nsfer is constant
(Q z = 2 k È ) whi le varyi ng ! , the in-plane para l lel -to -beam (longi tudi nal ) com -
ponent of the wa ve vecto r tra nsfer is scanned: Q x = 2 k È ( ! À È ) . In order to have
signiÙcant intensi ty , the detecto r height is set to m eet the Q z value of a Bra gg
peak. In the Ùrst Born appro xi mati on the wi dth of the ! scan (i .e., Q x scan) is
inv ersely pro porti onal to the longi tudi na l correl ati on length ¿

¿ =
2 ¤

Â Q x

=
¤

k È Â !
; (2)

where Â Q x and Â ! are the peak wi dths of the Q x and ! scans, respect ively. ¿ i s
the correl ati on length of the quanti ty of the perpendicul ar- to -plane peri odicity of
whi ch the Bra gg peak is due to . Theref ore, setti ng 2 È in an ! -scan exp eriment
to an electro nical ly forbi dden pure nucl ear reÛecti on [16] the latera l correla ti on
length of inhom ogeneiti es of the hyp erÙne intera cti on (m agneti c roughness, m ag-
neti c dom ains) can be determ ined.

In contra st to TISMR , TD SMR experim ents have onl y been perform ed in
specular reÛection so far.

3. L ayer m agnet i zat ion di r ect io n in co up led m ult ila y er s

The di recti on of the layer m agneti zati on is an im porta nt issue in thi n Ùlm
m agneti sm. Its dependence on the appl ied magneti c Ùeld and tem perature yi elds
inf orm ati on on interl ayer coupl ing and m agneti c anisotro py. Both TISMR and
TD SMR can be used to determ ine the layer m agneti zati on di recti on in thi n Ùlms
and mul ti lay ers.

The ori gin of pure nucl ear sup erstruc ture reÛections of AF origin in TISMR
has been expl ained in R ef. [16] (Sec. 4 and Fi gs. 5 and 6). For di recti ons of the
layer m agneti zati on between beam-para l lel and beam-perpendicular ori enta ti ons
in an AF- coupl ed mul ti lay er, the relati ve intensi ty of the AF peak is reduced,
givi ng, thereby , an excellent to ol for studyi ng the pro cess of m agneti c satura ti on.
TISMR was appl ied to fol low the satura ti on pro cess in Zerodur/ [57 Fe ( 2:55 nm ) =
n at FeSi( 1:5 nm ) ]10 multi layer [17] and in Mg O(001)/ [57Fe(1 :43 nm ) =Cr ( 3:06 nm )] 16

superla tti ce [10]. However, since the AF peak is suppressed for any beam-perpen-
di cular di recti on of the layer m agneti zati on, a TISMR experim ent canno t disti n-
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gui sh between out- of-plane and in-plane beam -perpendicul ar com ponents of the
layer magneti zati on.

D ue to the l inear polari zati on of SR, the quantum -beat patterns measured
in a ti m e-di ˜erenti al nucl ear resonant experim ent conta in m ore deta i led (but not
ful l , see below) 3D inf orm ati on on the di recti on of the hyp erÙne m agneti c Ùeld
(i .e., of the m agneti zati on). Thi s has been expl ained in Ref. [16] (Sec. 2 and Fi g. 1).
Out- of-pl ane m agneti zati on wa s found by TD SMR in Fe/ Ag superlatti ces[18] and
in the inner region of 7 m onolayers fcc Fe sandwi ched between ferromagneti c fcc
Co layers stabi l ised by Cu [19].

Fig. 2. Calculated time resp onse curves of an A F- coupled [5 7 Fe( 2: 00 nm ) =

C r ( 2 :62 nm ) ]2 0 multilayer for three di˜erent direction s of the hyp erÙne Ùeld B (the hy-

p erÙne Ùeld of one of the two sublatti ces is not show n). The scattering plane is p erp en-

dicula r to the electric Ùeld vector E of the SR. Integer and half -integer numb ers indicate

the order of the structural and hyp erÙne (magnetic) Bragg reÛections, resp ectively .

Fi gure 2 shows calcul ated TD SMR spectra of an AF- coupl ed [ Fe( 2 00 nm )

Cr ( 2 62 nm )] m ulti layer for three di ˜erent di recti ons of the hyp erÙne Ùeld and
at four di ˜erent values of correspondi ng to the 0-, 1/ 2- , 1- and 3/ 2-order Bra gg
reÛections. The 0-order reÛection is the to ta l reÛection peak, the 1-order reÛec-
ti on is the structura l Bra gg peak, whi le the hal f-order reÛections are pure nucl ear
superstruc ture peaks of AF ori gin. The quantum -beat patterns at the structura l
Bra gg peak belonging to m agneti zati on di recti ons para l lel to the beam or para l lel
to the polari zati on of SR are identi cal . Thi s feature has been mentio ned in Ref. [16]
(Sec. 2 and Fi g. 2) f or the forwa rd scatteri ng case and can be easily understo od by
observi ng the stick diagrams in Fi g. 1 of R ef. [16]. Indeed, for a uniaxi al anti ferro-
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m agnet, i f the hyp erÙne m agneti c Ùeld is para l lel to the beam for one subl atti ce, i t
is anti para l lel for the other. Theref ore, left and right circul ar polari sed tra nsi ti ons
app ear at the same energy for the one and the other subl atti ce, respectively. Con-
sequentl y, al l tra nsiti ons can interf ere wi th each other, whi ch results in the same
quantum -beat pattern as i f the hyp erÙne Ùeld is para l lel to the polari zati on of
the SR. In thi s latter case al l tra nsiti on rem ain ¥ -polarised f or a uni axi al anti f er-
rom agnet so tha t no change is exp ected as com pared to the case of a ferrom agnet
shown in the left- hand side of Fi g. 2 of Ref. [16]. For a uni axi al anti ferromagnet
not onl y the quantum -beat patterns for in-plane magneti zati on para l lel and per-
pendicul ar to the beam but for any in-plane di recti on of the magneti zati on are
identi cal .

In vi ew of thi s, it is surpri sing tha t, as seen in Fi g. 2, the sam e quantum -beat
patterns are m ark edly di ˜erent for the 0-order (to ta l reÛection) peak. The reason
for thi s fact is the l imited penetra ti on depth of SR in the to ta l reÛection re-
gion. Accordi ngly, the upp erm ost Fe layer contri butes m uch more to the TD SMR
quantum -beat pattern tha n the second, etc. Theref ore, the argum ent of the pre-
vi ous paragraph is no longer val id and the ti m e response curves resembl e m ore to
the left colum n of Fi g. 2 of Ref. [16]. In contra st to forwa rd scatteri ng, TD SMR
spectra conta in inf orm atio n on the orienta ti on of layer m agneti zati on of a uni axi al
anti ferromagnet.

TD SMR spectra of Zero dur/ [5 7Fe( 2:55 nm ) = na t FeSi( 1:5 nm )] 10 m easured in
m agneti c Ùeld much below satura ti on were indi cati ve of a 6 2 £ m isal ignm ent of
the subl atti ce magneti zati ons wi th respect to the perpendicul ar- to - the- Ùeld al ign-
m ent. Thi s phenom enon wa s attri buted to a depth- dependent bi linear coupl ing
[17, 20]. Ha vi ng revi sited the probl em i t wa s shown tha t f initene s s of the m ul-
ti layer stacking [21] alone leads to a global twi st of the subl atti ce m agneti zati ons
in smal l externa l Ùelds so tha t an upp er uncom pensated Ùnite AF- coupl ed block
and a single unco upl ed FM lay er on the substra te can even better describe the
m easured ti m e response curves [22].

4. Spi n-Ûop ph enom ena

An interesti ng m odel system in m ul ti layer m agneti sm is a periodic AF- coupl ed
Fe/ Cr superlatti ce wi th even numb er of Fe layers. W hen the externa l m agneti c
Ùeld is al igned along the easy axi s of the Fe layers para l lel/ antipa ral lel to the layer
m agneti zati ons, the ani sotro py- stabi lised conÙgura ti on becom es energeti cal ly un-
favoura ble at a certa in cri ti cal in-pl ane Ùeld strength and a sudden m agneti zati on
reorienta ti on is expected in a Ùnite m ulti layer stack [21{ 23] wi th surface spi n-Ûop
[24, 25] or bulk spin-Ûop (BSF) [26] scenarios, in cases of uni axi al and fourf old
in-plane anisotro py, respecti vely. These processesare associ ated wi th major j um ps
of the di recti on of one or m ore layer m agneti zati on, but, as a rul e, only wi th minute
changes of the net magneti zati on. It is, therefore, not easy to identi fy a spin-Ûop
tra nsiti on wi th m etho ds of classical m agneti sm.
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As shown in the previ ous section, SMR is a sensiti ve to ol to determ ine the
layer magneti zati on di recti ons in thi n Ùlm s and mul til ayers. Theref ore, SMR is
especial ly suita ble for studyi ng spin-Ûop phenomena. W e have recentl y reported
on TISMR of the (bul k) spin-Ûop in an AF- coupl ed Fe/ Cr superlatti ce wi th a
fourf old in-pl ane anisotro py [27, 28].

The experim ent at the nucl ear resonance beam l ine ID 18 of the Euro pean
Synchro tro n Radi ati on Facili ty was perform ed on a Mg O(001)/ [57Fe(26 ¡A ) =

Cr ( 13 ¡A )] 2 0 multi lay er [28]. The epita xi al relati onshi p on Mg O(0 01) substra te
is Mg O(0 01)[ 110]/ Fe(001)[ 100], theref ore the magneti zati on of the indi vi dual Fe
layers points para l lel or anti -para l lel to ei ther of the Fe[010] or Fe[100] axes in
the Ùlm pl ane. The ini ti al m agneti c state of the m ul til ayer was caref ul ly prepa red
by appl yi ng externa l magneti c Ùeld as described below. The scatteri ng pl ane was
verti cal and the wa ve vecto r k of the incom ing resonant beam was perpendi cular
to the in-pl ane magneti c Ùeld, as shown in Fi g. 1. Fi rst the sam ple was satura ted
in-plane in one of the easy di recti ons then the externa l Ùeld wa s decreased to zero.
At thi s stage the sam ple was turned in-pl ane by 90 deg and TISMR scans were
recorded as a f uncti on of increasing externa l magneti c Ùelds. Fi gure 3 shows the

Fig. 3. N ormalised intensity of the A F peak of a MgO (001) /[ 57 Fe( 26 ¡A ) = C r( 13 ¡A )] 20

multilayer during bulk spin Ûop. The continuous line is to guide the eyes.

norm al ised intensi ty of the AF peak as a functi on of the increasing m agneti c Ùeld.
The appearance of the 1/ 2- and 3/ 2-order AF reÛections around 13.2 mT is a
di rect evi dence of the 90-deg rota ti on of the Fe layer m agneti zati ons, i .e. of the
bul k- spin-Ûop pro cess. D ue to the fourf old sym m etry of the ani sotro py, thi s state
is preserved after the m agneti c Ùeld is rem oved. A deta i led analysis of the TISMR
scans and the corresp ondi ng TD SMR spectra wi l l be publ ished elsewhere.

5. An t i f err om agnet ic dom ai ns in m ulti la yer s

D om ain structure of AF- coupl ed m ulti layers is an issue of both theoreti cal
and techno log ical im porta nce. Dom ain-size-dependent resistance noise, for exam -
pl e, m ay be as large as to l imi t GMR -sensor appl icati ons [29]. It is extrem ely
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di £ cul t to vi sual isei n-plane AF domai ns in a mul til ayer of a few nm thi ckness. In
fact, Kerr- m icro scopy has been perform ed so far onl y on thi ck tri layers [30, 31].

Theref ore indi rect m etho ds l ike resistance noise [29] and m agneto resistance
[32] m easurements, o˜- specular non-polari sed [33] and polarised neutro n reÛectom-
etry [34, 35] and, recentl y, soft- X-ray resonant m agneti c di ˜use scatteri ng [36] have
been used to estimate the AF- domain-size distri buti on in magneti c m ulti layers.

O˜- specular SMR is, as shown in Sec. 2, also suita ble to investi gate the
in-plane correl ati on length of AF dom ains in coupl ed mul til ay ers. Fi gure 4 shows
o˜- specular SMR scans of a Mg O(0 01)/ [5 7Fe( 26 ¡A ) =Cr ( 13 ¡A )] 20 multi layer at the
AF reÛection of È = 0 : 4 deg in two di ˜erent states, depending on the m agneti c
prehi story [15]. The dom ain size or, m ore preci sely, the correl ati on length can be
evaluated from the wi dth of the o˜- specular ! -scan using Eq. (2). The broad l ine
in scan (a) corresponds to AF micro dom ains of correl ati on length ¿ ¤ 2 : 6 ñ m . In
contra st to thi s, scan (b) is the sum of a broad di ˜use shoul der (22% of the to ta l
area) and a narro w specular l ine (78%). In thi s state 22% of the m ulti lay er consists
of micro dom ains (¿ ¤ 2 : 6 ñ m ) whi le the m ajorit y of the mul til ayer conta ins large
dom ains. D ue to the Ùnite aperture of the detecto r, only a lower l im it of the
correl ati on length (¿ > 1 6 : 5 ñ m ) can be deduced from the wi dth of the specular
peak.

Fig. 4. O˜- specular SMR scans of a MgO (001)/[ 57 Fe( 26 ¡A ) =C r ( 13 ¡A )] 20 multilayer at

the A F reÛection: (a) small domain state, (b) large domain state.

The typi cal data col lection ti m eof an o˜- specular SMR scan is about 30 m in,
i .e., by one order of m agni tude shorter tha n the typi cal ti me necessary for an
o˜- specular polari sed neutro n reÛectom etry or o˜- specular soft- X- ray resonant
m agneti c di ˜use scatteri ng experi ment. Thi s holds true, however, onl y for
5 7 Fe-conta ining AF- coupl ed m ulti layers.

SMR has become an e£ cient to ol in studyi ng m agneti c structure of m ul -
ti layers. AF- coupl ing resul ts in pure nucl ear superstr uctur e reÛections in ti m e
integ ra l SMR exp eriments. The intensi ty of the AF reÛection is a m easure of the
in-plane orienta ti on of the layer m agneti zati on. Ti me-di ˜erenti al specular SMR
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exp eriments can be used to determ ine both in-pl ane and out- of-plane layer m ag-
neti zati on com ponents. Bul k- spin-Ûop tra nsiti on resul ts in a sudden change of the
AF peak intensi ty . O˜- specular (di ˜use) SMR scans show broad shoul ders for AF
m icrodomains and sharp specular l ines for large dom ains (a f ew tens of ñ m or
m ore).
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