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Neutron elastic scattering in magnetic media: Refracted-wave scattering approach
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The use of the refracted-wave scattering approach allowed encompassing some aspects of neutron scattering
in magnetic media that are not described in the standard approach to scattering. The corresponding mathemati-
cal formalism has been introduced. The Born approximation and the Larmor precession approximation have
been modified to take into account the refractive properties of magnetic (ig0i63-182899)10009-3

[. INTRODUCTION tive properties of magnetic media. It may also be said that
the present work develops the qualitative consider&tion

The interaction of a neutron with magnetic field is de- (“minimal theory”) by introduction of a mathematical for-
scribed by the Schroedinger equation, the exact solution ahalism, which is a modification of SA.
which, quite often, cannot be found. Therefore, such stan- |t follows from RWSA that, in contrast to SA where all
dard approaches as the Born approximatiBA) and the  representations are equivalent, only the representations with
Larmor precession approximatidhA) are usede.g., Ref.  the quantization axig collinear to the mean fieléB) can be
1). The neutron interaction is treated in the majority of worksyseq to calculate magnetic scattering cross sections for cer-

in the frame of these approaches. tain spin states, in full compliance with the intrinsic anisot-

In both approaches the refraction effect of magnetic me; . introduced by the mean field. Conseguently. the NSF
dium is ignored. Indeed, two velocities should be attribute by y ' d v,

) L . dand SF scattering probabilities, strictly speaking, are defined
to a neutron in magnetic field,, andv_, respectively, for gp ysp g

the neutron states with the spins “up”H) and “down” only for Z|(B).

(—) the field. This difference in velocities is lost in LA, as it

means transition to the coordinate system moving with the

neutron on assumption that =v_. Itis lost also in BA, as Il. SCHEME OF NEUTRON ELASTIC
the neutron state, which is a superposition of the states with MAGNETIC SCATTERING

the spin projectionst 1/2 (1) and —1/2 () onto a quanti- When the refraction properties of a magnetic medium are
zation axis, is described at infinity by an asymptotic based 0y en into account, the wave vectors for the neutron states
a linear combination of the wave functions with one and the it the spin “up” (+) and “down” (—) the field turn out

same wave vectdk: to be different in length and, generally, in direction. There-

1 0 fo_r(;, the neutron sca_ttefr_inlg schgr?e for the inlt(?_re}gtiondr/egion

- ; _ ; with a mean magnetic fielB)+# 0 (an external field and/or

Wy =exq kr)( ) \Ifl—exp(lkr)( 1)' that induced by r?]agnetiza(:iaczn of the samplbould include

o : . two incident wave vectorsk, for neutrons with the spin

s Tinte, another asymptotic behavior at infinty should be, LP" e field (8) andk, for neutrons with the opposte
' spin (in general, the directions of these vectors may depend
generally usedsee Sec. lll for more deta)ls on the neutron path and configuration of magnetic fields be-

_In some polarized neutron experiments, such as neutro]%re the interaction regionThey produce two Ewald spheres
spin echo spectroscopyi is essential to follow exactly the of radii k* andk> in the reciprocal space. Transitions be-
a a :

details of the neutron interaction with magnetic fields. The

same is true for neutron depolarization and SANS techniqueté’veen the Ewald spheres are possible owing to spirelip

when neutron scattering at large-scale inhomogeneities, i. (_alasnc scattering with momentum transfers_ andq-.

with extremely low energy transfers, is essential. In addition,\"’here"’IS non-spin-fligNSF) elastic scattering leaves the re-
ultant wave vectors on a given Ewald sphere, the corre-

even the minutest details of neutron magnetic interactior? . . :
ponding momentum transfers beiag, andq__. The in-

may be essential for ultracold neutrons. We also mention thél . ; .
latest observations® in polarized neutron reflectometry in cident wave vectors in a general scheme of elastic scattering

which subtle neutron optical effects of magnetic fields dogive rise to all possible transitions defined by the two Ewald
play significant roles. Therefore, the detailed analysis ofelas§pr|':ere?‘ h vsis. introd “el tary” elast
tic neutron scattering in magnetic media seems to be of prac- or furthér analysis, introduce an ~elementary lastic
tical interest. scattering scheme with four momentum transtqa;;,b (o,
The use of the refracted-wave scattering approackndoy designate the initial and final neutron spin projections
(RWSA), outlined earlier, allowed encompassing some as- onto the quantization axisdefined for transitions fronk;
pects of neutron scattering in magnetic media that are nandk, to k; andk,, i.e., to the wave vectors for neutrons
described in the standard approach to scatte(®®). LA  scattered, respectively, in the-} and (—) spin stategFig.
and BA have been modified to take into account the refracd). The lengths of the wave vectors in the interaction region
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where « is the angle betweek, (k;) and the plane per-
pendicular tog+— (q—+) (A [nm] andB [T]). Whena«
<1 andé<a, one obtains from Eq.3) that

1.47< 1074 B)\2
5= :
2a

4

Usually the difference betweeky andk, is very small
even for maximum magnetic fields available, so refraction
under the SF scattering may be neglected almost in the
whole range of momentum transfers | i (B)| <E, the re-
fraction under magnetic scattering with spin flip is noticeable

FIG. 1. The “elementary” scheme of scattering in a mean mag-gn|y at very small scattering angles when the momentum
netic field(B)+ 0. For the sake of simplicity, the wave vectdrs transfer is comparable with

andkp are assumed to lie in one plane.

Ewald
spheres

are (E is the neutron total energyV,) is the mean nuclear

|Mn<B>| _ | qr2n

ke — k= —t_-Zm
potentia) p=ko —ky =K—¢ vk’ ®
e [2my wherew =2|u,(B)|/% andv are, respectively, the Larmor
Ka =kp = \/ 22 [E= (V)= |un(B)D]- @ precession frequency in the fig{@) and the neutron veloc-

ity.

For a given scattering angle the effect of refraction in the A Physically unusual situation, when the vectpr . be-
case of the NSF scattering boils down to a proportionafomes perpendicular tk, and the vectol_, is perpen-
change of the length of the wave vectors of the incident andlicular tok, , arises when the momentum transfer is equal
scattered neutrons and that of the momentum transfer. Ther&
fore, the direction of the NSF momentum transfer is not

changed and the relative change of its length is
= KB 6)
(80/0) = (AKIK)=5.6x 10 7((V,) £ 6XB)A? (2 In="\ 72 2l B =KA(E) (
(here V,, [neV], A [nm] and B [T]). For the nuclear and
magnetic potentials are smaH-(L00 neV or lesk the refrac-
tion effects should be taken into account only in the case o
UCN in sufficiently strong magnetic fields.

Not only a changed length, but also a changed direction
the momentum transfer corresponds to the SF scattering i
magnetic medium for a given scattering angle. It is related t
refraction in the mean fiel¢the refractive indices for a neu-
tron before and after spin flipping are differernthe corre-

sponding angular deviations(Fig. 2) can be found from the
formula

(with K=7.61x10"2, if g, [nm 1] and B [T], e.g., for
§B>=0.001, 0.01, 0.1, 1, 2T], one finds, respectivelyq,
=2.4x1073,7.6x10 2 2.4x10 2, 7.6x10°2, 1.08x10?
olinmfl] and the corresponding characteristic sizag
=2m(qm)  1=2600, 830, 260, 83, 5§nm]). Then the

+ —) scattering originates from the planes parallel to the
velocity of the incident neutrons, whereas the velocity of the
(+ —) scattered neutrons lie within the scatteripgrpendi-
cilar to q_,) planes.

It can be easily seen from formuldé$) and (6) that the
condition |un(B)|<E=7%2%k?/2m,, coincides withq,/k;
sif(a+ 8)=sir(a)+1.47X 10" 4B)A?, (3) =(0,,/k<1, whereas the characteristic scales under elastic
magnetic scattering are related to each otherqgéq,
=q,,/k, so the condition of large neutron energies coincides
with the conditionq,/q,<1. The SF scattering within the
cone q<dq,, i-e., a<arccosk;/k;), possesses unusual
properties.

(@) It is “piercing”: the scattered neutrons turn out to be
“behind” the planes perpendicilar to the momentum transfer
gsk (g+ - orqg-.), but not “in front” of them, as is usually
the case under elastic scattering. Such scattering is possible
owing to the difference in the kinetic energy before and after
scattering that is equal to the Zeeman splittig. 2 B)|.

(b) On reduction of the length of the momentum transfer
Jsr, its direction is changed from perpendicular to parallel to
the incident neutron velocity. In scattering according to the

FIG. 2. The angular deviatioa due to refraction under{—)  conventional scheméA), on the contraryg in the limit g
elastic scattering in a mean magnetic fiéR) # 0. —0 becomes perpendicular to the incident neutron velocity.
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there will be a superposition of many “elementary” scatter-
ing schemes leading to a rather intricate behavior of the po-
larization. Consequently, if the incident beam is perfectly
collimated and polarized, thelR,=1 at each point, but av-
eraging in a cross section of the scattered beam will lead to a
decrease iffor elimination of the perpendicular-t¢B) com-
ponent ofP, (reversible depolarizationOnly point-by-point
polarization analysis could restore the scattered beam polar-
ization pattern. In a real experiment the incident beam is
divergent andP, results from averaging over numerous in-
dependent scattering events. As a rule, the perpendicular-to-
(B) component of, is then averaged to 0 and the SF scat-
tering leads just tdirreversible depolarization.

FIG. 3. The scheme of{ —) elastic scattering with a momen- Such effects as nonfrontal neutron spin precession and
tum transferg<q,, in a mean magnetic fiel{B)# 0. angular splitting are usually hidden and lost in the bulk of

numerous scattering events. Nevertheless, they may be im-

(c) Extremely small changes in the scattering angl®ay  portant for understanding details of magnetic scattering and
correspond to a significant change in the direction of thedepolarization mechanism and essential in analysis of experi-
momentum transfefthe angleg in Fig. 3). In the approxi- mental data for very low momentum transfers in strong mag-

Ewald
spheres

mationk; =k_ =k: netic fields. Besides, the use of a mirror makes their obser-
_ _ vations possible in specular or even in diffuse scattering.
sinal/sinB=qgse/k (9<qp). (7) Numerous events of scatteririgeflection are then distrib-

Thus, a change in the scattering angle by a fraction of éJted on the surface of the mirror, i.e., spatially correlated in

second may correspond to a change in the direction of thé definite way, the result for the specular reflection being that

momentum transfer by tens of dearees. Approximatin théf:he NSF and SF scattering vectors are parallel to the surface
, . y 9 - £APP '9 NG ormal. As a consequence, if the incident neutrons are polar-
circumferencegFig. 3 by parabolas, one finds for a given

. ) . ized either up or down the guide field, the precession fronts
dsr the relation between an arbitrafyand a smalk: inside a layered structure of the mirror and in the specularly

e reflected and transmitted beams are parallel to the sample
tang= a?® (8) surface, i.e., almost parallel to neutron trajectories in the cor-
Op* k; a?2 responding beams. Angular splitting under specular

_ reflectiot’!! in a strong magnetic field has been recently
[the upper and lower signs correspond to theH) and demonstrated.

(+ —) scattering modes, respectivglys well as the magni-  Opservations of the angular splitting and the nonfrontal
tude of the momentum transfer precession related to that splitting could not be done simul-
o taneously. Indeed, if the scattered beam is perfectly colli-

o + - H -

Qer= a =(qptk§ a?12)Icosg. 9) n_1ated, thgrkb and kb_ are strictly parallel and th_e preces
sing sion front is perpendicular to the neutron velocities. It also

implies that the precession front of the transmitted beam,

(d) The momentum transfer under SF scattedggin the  into which only neutrons transmitted without scattering or
presence of a mean field may not be smaller ianHence,  scattered with extremely small momentum transfers contrib-
it is not correct, say, to go to the limifs.— 0, if the mean ute, remains to be perpendicular to neutron trajectories.
field is not equal to O.

The fact thak,, andk, are generally different notonlyin ;. NEUTRON ELASTIC MAGNETIC SCATTERING:
magnitude but also in direction affects the behavior of polar- REFRACTED WAVE SCATTERING APPROACH
ization of the scattered neutron beam. Assume that the inci-
dent neutrons are polarized either up or down the mean field In order to encompass the new features in magnetic scat-
(B). The “elementary” scattering scheme of Fig. 1 yields tering, the refracted wave scattering appro&RiVSA) out-
then two wave vector§for NSF and SF scatteringConse- lined earlief can be used. The starting point of this approach
quently, precession ¥, the polarization vector of neutrons is the following asymptotic behavior of the wave function
scattered in this scheme, is due to the differekge-k, . ~ Operator ar—oe:
The front of such a precessidie., the beam cross section in
which the polarization vector is constant in direciom per-
pendicular tok, —k, , rather than tc, . Therefore, non-
frontal precessiohis intrinsic to magnetic scattering in .
which NSF and SF processes combine. Generally, the nEly\_/here the phase operators are used instead of scalar phases
tron spin is inclined tdB). The incident neutron spin state is and the quantities defining the amplitude operatoare as-
then a superposition of the spin components “up” andsumed to be known from experiment or theory. Thus, the
“down” (B), both yielding a nonfrontal precession. The be-Mmain distinction of the given approach from the conventional
havior of the polarization can be described then as a supePne(e.g., Refs. 12 and 13s the use of, instead of the wave
position of two nonfrontal precessions ab@B). Moreover,  vectors, their operator equivalents, andk,,, for the inci-

\if(r)=exp(ilzar)+Mf:(Qb), (10)
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dent and scattered waves, respectively. The latter implies

that the potential is an operator, the eigenvalues of which at  F(k,—kp)=—
infinity are generally nonzero constants. This means in the 27h?
case of interaction of a neutron with magnetic field that the (16)
target (scatterersis in a space filled with a homogeneous

field. The physical meaning of such a suggestion is discuss‘%ﬂhere@(*)(ﬁa,r) is the exact solution of the Schiinger

Iat?_rr.]e use of a standard scheid? dealing with scalar equation with a potentia¥/(r) for the incident neutron the
wave vectors, for the solution of tyrf@0) yields the follow- ~ State of which is described tky , (ka—kp) designates tran-
ing scattering operator: sitions between the states described by the eigenvalues of the
corresponding wave vector operators.
o ra It is worth noting that formulg15) implies that the “el-
S=1+2ikF. 11 ementary” elastic scattering scheme includes f@wo NSF
Note that in the conventiona® operator (see, e.g., Refs. and two SF scatteringtransitions from arbitrarily directed

+ - +
12,13 a scalar wave numbdis used instead of the operator Wave vectorsk, andk, to parallel wave vectork, and

k. It follows from the flux conservation théS'=1 and, KXo » Pointing in the directiorfl, . As the spatial dependence
consequently K andF commute of the phase difference between the upper and lower spin

components of the incident neutron spinor is taken into ac-
N count in the mathematical formalism introducéd (andk;
F—F'=2ikFF". (12 are differen}, the angular deviations owing to refraction are

automatically described by Egd.5) and(16) (see the notion

This relation leads to the optic theorem for elastic scatterin%f the pseudograting in Ref. L1In addition, mention that
of spin particles in media. The use of the reversibility of thetwo terms will arise in the numerator that are proportional to

solutions of the Schiinger equation with respect to time kg and kil' They are results of interferencécross
) b

yields interferenc etween the waves scattered without SF and
 xa A with SF into one spin state, respectively+) and (—).
K™'sK=S (13 Thus, RWSA takes precession of the neutron spin in the
N mean field during the scatteririmp the scattering regigrinto
whereK is the time-reversal operator. Substituting Etl)  account. The result of the cross interference depends on neu-

Je*”zbr\?(r)li/(*)(lza,r)dr,

into Eq. (13), one obtains the equation tron spin precession in the scatering region. The interference
terms usually vanish for divergent beams, because of aver-
R‘IRTER:RIE (14) aging over different scattering events. However, the cross

interference is observable with specular reflection from mag-

that can be used to find the relations between the scatterir@gtically noncollinear layergsee the precession term in the
amplitudes of the direct and reversed scattering schemes reflectivity™). A

RWSA. Note that the scalar wave number is simply can- More generally, in terms of the density opergpgrfor the
celled out in SA. Just to illustrate the difference between twadncident neutron beam,

approaches, mention without proof that in the case of a lay-

ered structure, in which all magnetic induction vectors and A A

the external field(the quantization axis is assumed to be do TR (Qp)kyF(Qp)}

along this field lie in one plane, RWSA yields the relation dQ, T Tr{paka) . 17)
kr,_=k/r_, between nondiagonal elements of the o

specular reflection matrixk({ are the eigenvalues of the
normal-to-the-surface component of the incident neutro

I his expression for the differential cross section differs from

wave vector operatdr whereas SA predicts, =r_,. the conventional orfé by introduction ofk, andky, in ac-
More detailed analysis of formulad1)—(14) will be given  cordance with solutior(10). In the conventional approach
elsewhere. these quantities are scalar, and one obtains the well-known

Following the classical schem@s?further, one finds for ~ factork,/k, which is equal to 1 for the elastic scattering.
the solution of typg(10) the following relation between the It has been concludédhat P, , the polarization of neu-
differential cross section of scattering in the directidpand  trons in a beantrelated to the probability densitieandP,,,

the scattering amplitudeghe quantities defining): the neutron beam polarize}tic(nelated to the current dgnsi—
ties), are generally not equivalent. Another conclusion is that

the intensities of neutrons in states with the spin inclined to
(15) the magnetic field(i.e., measured simultaneously with the

probability of the spin projection onto a quantization axis

inclined to the magnetic fieJdare not defined unambigu-
where|s,) is the spinor specifying the spin state of the inci- ously. This means that, strictly speaking, the absolute quan-
dent neutron at a point far from the target, the subindex tities in magnetic field are only the total differential cross
indicates that the scalar product is defined in the spin subsection defined in Eq17) and the differential cross sections
space, and the scattering amplitude operator for a spin pafer the scattered neutron states with the spin dp (and
ticle of massm is down (—) the mean field direction

do ( (Sl FT(Qp)kpF (Qp)[54)
27 - !
de <Sa| ka|Sa><r
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( do © ) _ Tr{paFTky( (= B)/(B))F} 19 F=F,+0F,. (21)
dey, Tr{paka) ’

In BA (the first-order Born approximatior=,=F, and
(6(+B)/(B), the operator of the spin projection onto F,=F,,, whereF, andoF,,, are the Fourier transforms of
(=B), commutes with bottk, and F). Consequently, one V,(r) and — u,aB(r), the nuclear and magnetic potentials,
may rigorously define SF and NSF scattering differentialcorrespondingly B(r) is the magnetic induction at a position
cross sections only when SF and NSF processes are relatefd Particularly, for a given momentum transfgr(W is the
to the quantization axis collinear {®8) (unlike in BA where  region of interaction in a scattering evgnt

all representations are equivalerthe differential cross sec-
tions (do/dQyp), ., (do/dQp)._, (da/dQy)_,,

(da/dQy) -~ can be obtained from Eq18) for these four m, ) m, -

processes. Fn(a)=— 5 hszvn(r)exq—lqr)dr= 5 hZVn(Q),
As the operator of the current density and the operator of i &

the spin projection onto a direction inclined to the magnetic

field do not commute, no general expression for the neutron Mnfen _ Mo e

beam polarization existémore details in Ref. Pand one Fm(Q)= 2f B(r)exp(—iqr)dr= >B(a),

may speak only about its projection on(B): 2mh=Iw 2mh

(22

(da/dQy)  — (da/dQy) -
Py(B)/(B)= . 19 i -
o(B)/(B) (daldQy) . +(daldQy) (19 ggﬁﬁ?&@?ﬁi ﬁoar:qrg,ntrespectlvely, neutron mass and neu

On the other hand, the polarization of neutrons scattered ig Urso')r(]i%]%gﬁ;wgig)é?gOdgﬁgr;TS;Sgﬁ(g??h\évagg”?;m_
the direction(},, is the well-defined quantity pp 9 P

proximation(BA) by the assumption that

Tr{paFT(Qp)oF (Qp)}
= , (20)
Tr{paF " (Qp)F(Qp)} F(Ry—kp)=—

The suggestion introduced above about the whole space
filled with a homogeneous field is a mathematical abstrac-
tion. It implies that in each scattering event it is important(the first-order approximation is meant in this paper, though
only what happens in the scattering region. Indeed, for exhigher orders can be also introduced in the RW.SFhe
ample, it has been experimentally demonstratetithe co-  basic distinction between the RWBA and BA is that the op-
herent illumination region is much smaller than the domainserator exponentgexponential operatorsb, ,=exp(K, pr)
in a demagnetized thin-film mirror, each of the large do-are used, which generally do not commute with the operator
mams'reflects as a single mirror with its own neutron Opt'calpotential V(r) to directly yield a momentum transfey.
potential; on the other hand, if the domains are small, thel’hus, one obtains for a neutron of enefyhat
effective potential is obtained by averaging over numerous
domains in the coherent illumination region. The angular
splitting observed under specular reflecti@an also be ex- m X X
plained only with a similar suggestion. Therefore, if the F(k,—kp)=— — J e o[V (1) — w,oB(r)]e'ka"dr,
mean field in the interaction region is not zero, the scattering mh?Jw
should be described in the refracted wave scattering ap- (24)
proach. For a complete solution of the real physical problem,
it is necessary, as usuallg.g., Ref. 18, to take into account Where the initial(@) and resultantb) states are described by
the change of polarization of the incident and scatteredhe wave vector operatoks, andk, . Their eigenvalues;
beams in transmission, respectively, from the polarizer to thend klf , are the wave vectors for the spin components up
scattering region and from the scattering region to the ang-+) and down () the mean magnetic inductiofB) (the
lyzer. Inside the sample, to speak nothing of the regiongnean nuclear potentigV,) and(B) are defined for the in-
outside the sample, the magnetic fields may differ fi@. teraction region).
The prOblem is solved for each Specific Configuration of If the quantization axiZ is para||e| t0<B>, the represen-

magnetic fields by taking the method of measurement of theative matrices of the exponential operators are diagonal:
projections ofP, into account.

Pn(Qp)

. ﬁzf e o (r)ealdr, (23
T W

IV. REFRACTED WAVE BORN APPROXIMATION exp(i k;br) 0

(RWBA) Dyp= 0 exikzy)] (25

The scattering of neutrons in a magnetic sample is de-
scribed in terms of the spin-dependent scattering amplitud®ne obtains from Eq924) and Eq.(25) in this representa-
operator of typge.g., Ref. 14 tion that
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mp, vn(Q++)+|Mn|§\\(B)(q++) |:U’n|~BJ_(B)(Q—+)eXF[_i‘P(Q—+)]

F(ka—kp)=— - _ - ~
" 2082\ | nlBL my(as exdie(ar )T Va(do )~ |alByey(d )

: (26)

whereq,_,, =ky°—k;* are the momentum transfer vectors ~ For the spin flipping Z[[(B)) the field variations3; (B

corresponding to the four scattering modes, @nd o, des- = (B)* B1) should have a component perpendiculafB).

ignate the initial and final neutron spin projections onto theASSfu(rjn"l% that ?” the Ilen'gt]thE?DNdEBN is the T“”l‘lber of
quantization axis V,, Byg,, and B, g, are the Fourier periods the neutron velocity(B) andB, are mutually per-

. . pendicular,B; being constant in magnitude but directed op-
transforms of, respectively, the nuclear potential, the magt ~ . . T : L
ositely in two semiperiods, one obtains the magnetic field

netic induction components parallel and perpendicular tdgonfiguration used in the Drabkin wiggléDW). The per-

<Bz, ¢=¢(q) is the axial angle ofB(q)=B,E)(d)  formance of DW is described in the frame of the theory of
+By(gy(9) in a reference frameX,Y,Z|(B)). This implies the r.f. flipper, with transition from spatial to time depen-
that the scattering amplitudes in RWBA are calculated as inlence of the magnetic fields. Though such an approach
the standard Born approximati¢dBA), but for the momen- turned out to be justified, it is not formally correct, because it
tum transfers corrected for refraction. suggests inelastic interaction under static spin flipping.

The following expressions are obtained in RWBA from  The scattering scheme considered in the present paper
Egs. (15 and (26) for the differential cross sections of the gives a purely static explanation of the features of the spatial

four scattering modesZ(|(B)): spin resonance. Substitutirgg, from Eq. (5) into Eq. (28),
BA one obtains the known condition on the magnitude of the
do, _d<7++ constant field for the spatial spin resonance. The appearance
dQ, (A44)= dQ, (A++), of the higher orders in DW at larger wavelengths, rather than
at smaller wavelengths as the case is in the ordinary Bragg
do_ . ki doBA scattering at periodic structurésrystals, multilayers, etg.
(g-y)=— (9-4), conforms with formula(5): the momentum transfeq, is
d@d, Ka a9y inversely proportional tk, whereas it is proportional tk
under ordinary elastic scattering. When DW is rotated by
do,_ Ky dgi‘/i several degrees, the momentum transfer related to a given
d—(lb(mf):kj d—Qb(q+’)’ structural feature, rotates by the same angle, but its length
a

remains almost unchangésee Fig. 2 and formuléd]. The
BA latter explains the stability of the work of DW with respect to
dU——( )= i ( ) 27) its rotation by several degrees or the corresponding increase
dQ, q-- dQ, q--) in the beam divergence. The magnitudeBgffor which the

_ ) Zeeman splitting is equal to the energy uncertaigy re-
where BA designates the standard Born cross sections. Thgiao to the uncertainty in momentutk=27/L in a region

S,'f:f Cross s?ctio_ns ifn Eg27) alnd thosehob]tcia\ined from BA ot jengthL, yields the second condition for the spatial spin
differ by refraction factors related to the flux Conservat'onresonance. Indeed, for the giveXk, one obtainsAE/E

law. BJ} is worth  noting  that _‘ﬂa%ldﬂb)(_Q) =2\/L and, substitutingA\E=2x,B;, A=h/(m.p) andE
=(do2/dQp(—q), hence the reciprocity theorem is not —y, ,2/2 one finds the condition fdB,
violated both in BA and RWBA.

Unlike in BA where all representations are equivalent,
only the representations with the quantization aXisollin- 2pnB1 _v (29)
ear to the mean fieldB) can be used in RWBA to calculate h L’
magnetic scattering cross sections for certain spin states: the
refraction corrections are defined only in such a representasbtained from purely static considerations. The relation be-
tion. On the other hand, any representation can be used tweenB; andAE is not too evident, yet it is not likely to be
calculate the full differential cross section as defined in Eqfortuitous.

(15) or Eq.(17). If the inhomogeneities significantly exceed the neutron
spatial coherency region and scattering at large angles can be
V. NEUTRON TRANSMISSION IN MAGNETIC MEDIA neglected, one may pass from a three-dimensi(3ia) de-

scription of the neutron interactiaiscattering of the waves
In accordance with the scheme of Fig. 1, wh@)#0,  to a one-dimensional description in which the interaction po-
the SF scattering “straight forwardlinto zero anglewith  tential is a function of one coordinat@long the neutron
momentum transferg, - =q_ . =, becomes possible. The trajectory. The solution of the one-dimensional problem
characteristic size of the structural features along the neutromay be found by one of the approaches known in specular
trajectory is equal to the period of precession in the fieldpolarized neutron reflectometry. If the energy of neutrons
(B): much exceeds their potential energy, they pass the interac-
. tion region without being reflected and one obtains from the
D=2wq,". (28)  generalized Airy’s fromalisAf the value of the wave func-
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tion (spinop at an arbitrary poing along the neutron trajec- vice (DW). Only the use of a purely static consideration, as

tory from a known value of the spinor at a poin: given in the present paper, provides a more reasonable ex-
R R i planation.
|s(z))=ek@zman-il. . . gik(@)[z2- 21l gik(20)[21-20) | g 7)), The quantum-mechanical description of behavior of a

(30) neutr_on spin along a neutron trajectory in a static magnetic
field is often believed to be exactly equivalent with the de-
where the magnetic medium between the pomtsindzis  scription of behavior of a classical magnetic dipole subjected
represented by a sequence Mfhomogeneous layers, the to a magnetic inductiol(t), in the sense that the time de-
condition of scattering “straight forward” implying that the pendence of the polarization vector of a neutron beam is
flat boundaries between these layers are infinite and perpedescribed by the Bloch equation. Usually the following proof
dicular to the incident neutron velocitput in other words, of this statement is adducéd.The interaction between a
the neutron traverses the magnetic medium without beingeutron and a magnetic inductidd is described by the
gefleqt(atd and exlpetrrllenf(':elfj thel f|eldtalong Its ttrajfetchtor%/ POINtyamiltonian H = — u,aB. By definition, P,=(c) and sub-
y-point, i.e., only the field value at one point of the trajec- .. . ~ PR . ~ B

tory is effective at any instantlt is to be emphasized that S_t'tu“nq Hinto _dP”/dt_<aU/at>+('/ﬁ),<[H’(_T]>f
the solution obtained is the coherent sum of the “transmit{i/7){[H,o’]) one obtains Eq32). However, this derivation
ted” (NSP and the “scattered straight forward’(SP of the Bloch equation is not invulnerable. Indeed, the I-lam|l-
waves. The coincidence of the directions of these waves lea@nian for a neutron of energ¥ in static fields isH
to their interference and requires that they should be consid=p?/2m,— u,cB=E. Since the total neutron enerdyis a

ered as a single beam. o . constant of motion, one obtaingH,s])=0 and dP,/dt
The succession of the exponentials in form88) is im-  _q |t corresponds to the experimental fact that in static

portant, because they generally d(.) not commute. [t IS easy elds the polarization vectd?, inclined toB precesses along

show that each component describes a neutron spin preCégy e tron trajectory about the field direction with a Larmor

sion about the field in the corresponding layer. Therefore, th?requency, but remains fixed at any point of the trajectory
change of the spinor along the neutron trajectory is describe&t{mC precession

by the equations(z+dz))=e*?99s(z)), or The Bloch equation can be derived from E&1) by ap-
proximating the operator
d -
d—z|s(z))=|k(z)|s(z)>, (3D ) om, -
k@)= \| 75 [E- VoD% 2:B(2)]
which is a stationary analog of the classical Bloch equation
4P =k{1—[Vn(2)* 1B(2)J/E}, (33
n
¢ = Y[PaXB], (B2 where k=(2m,E/A)Y2 and by the substitutiondz
dt

= (fk/m,)dt=vdt. This derivation of the Bloch equation

describing the motion of the neutron polarization vector in aon the basis of the exact solution for magnetic layered
time-dependent field. EquatidB1) cannot be obtained from structure® is rid of the abovementioned contradictions. Be-
Eq. (32. sides, it reveals more details about the approximations used.

We remind the reader that the Bloch equat{88) is ob- Equation(31) describes the behavior of the neutron spin
tained by transition to the neutron rest frame. However, sucin magnetic medidstatic magnetic fieldsmore exactly than
a transition is always approximate and, moreover, contradicEq. (32). According to the exact QM approach, the origin of
tory. In the first place, if the neutron velocity is vanishing, its the spin precessions is a change in the phase difference be-
wavelength grows infinite. Consequently, the neutron is eviween the states with opposite spifs the relative phase
erywhere and the neutron trajectory makes no sense. In adhis phase difference is related to the difference in the ve-
dition, even the minutest interaction would drastically locities of neutrons in the states with the spin “up” and
change the neutron wave function everywhere. In the seconttown” the field. However, when the Bloch equation is
place, the neutron velocity changes along the trajectory ag4sed, the difference in velocities is transformed into the dif-
cording to the change in the potential. Therefore, differenference in total neutron energié .. = +|u,B| of the re-
rest frames should correspond not only to different pointsspective spin states. As the kinetic energy in the reference
along the neutron trajectory, but also to different spin comframe moving with the neutron is equal to O, the use of the
ponents in a spin-dependent magnetic potential. NeverthdBloch equation suggests that the total ener@iEs change
less, one reference frame is used to describe the neutr@s a function of the field magnitudmelastic interaction A
behavior and derive the Bloch equation. In such a referencdifference in the total energies of the neutron in the states
frame a change in the potential is transformed into the corwith the spin “up” (+) and “down” (—) the field is
responding change in the neutron total energy, rather than tknown to produce not statical, but dynamic precession with a
its kinetic energy(as it should be This energy transfer con- Larmor frequency|SE, — 6E |/ =2|u,B|/%. In contrast
tradicts to the static nature of interaction and is not observetb the Bloch equation, Eq31) takes into account such a
experimentally. Particularly, to explain the spatial spin resosubtle phenomenon as deviation of the precession frequency
nance on the analogy with the “rotating field approxima-from the Larmor frequency due to nonlinearity of the depen-
tion” in the theory of the r.f. flipper, one is inevitably led to dence of the neutron wave phase on the magnitude of the
introduction of two worlds turning oppositely around the de-potential(see the paper on “optical precessidf):
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The effect of a r.f. flipper may be efficiently described by reciprocal space may be expected to coincide with that for
introduction of the time-dependent phadest/#, different  integration on the Ewald sphere, one may use LA which is
for the states with the opposite spins, into the respectivéisually more simple and sraightforward for calculations. As
eigenvalues of the phase operathr.(=E+ §E are the total usually, the use of LA implies that all neutrons enter the
energies for the corresponding spin states of the neuien, “‘analyzer+detector,” and the model of the structure is sup-
is the Zeeman splitting in the static field of the r.f. flippers ~ POosed to be adequate. Of particular interest is the conclusion
well as into the respective eigenvalues of the opeﬂh(«ror- that both .SA and LA_ste_m from one approaqh,l RWSA. A
responding tcE, #E_). Then Eq.(31) may be used to de- more detailed depolanzguon theory may be built in the frame
scribe not only precession, but also such phenonteiea of RWSA; however, it is beyond the scope of the present

scribed in Ref. ® as the spin nutation related to the work.

superposition of the static and dynamic precessions and the

spin multiprecessiofsuperposition of numerous spin preces- VI. CONCLUSIONS

sions about several mutually noncollinear gx&$he eigen-

values of the wavevector operators may contain the imagi- The use of the refracted-wave scattering approach
nary part, so another advantage of E2{) is that it enables (RWSA) allowed us to encompass some aspects of neutron
taking into account the beam attenuati@rcluding the spin- ~ scattering in magnetic media that are not described in the
dependent attenuation related, say, to the accompanyirffandard approaches. The presence of a nonzero mean field
magnetic scattering at large anglésy means of the optical Plays a fundamental role under neutron scattering. Even the
theorem, i.e., in a most natural way. magnetic dipole scatters neutrons differently in the presence

As it follows from the consideration given above, the useof an external field. The corresponding SF scattering cross
of either Eq.(31) or Eq. (32 implies that the structure is sections should be corrected for refraction. The NSF and SF
represented by a sequence of homogeneous layers with f|§q:attering amplitudes are easily obtained in the refracted-
boundaries perpendicular to a given neutron trajectory. It cowave Born approximatiotRWBA), because they are calcu-
incides with the assumptions that neutron trajectories in théated as in the standard Born approximati@A) (see Ref.
real structure are straight and only the field value at one point4), but for the corrected-for-refraction momentum transfers.
of the trajectory is effective at any instant. Neither the Bloch ~ The latter implies that the selection rujeroved in BA),
equation nor Eq(31) takes refaction during passage of nu- according to which only the magnetic induction variations
merous boundaries along neutron trajectories into accour€rpendicular to the scattering vector are efficient for mag-
(one-dimensional consideration is no longer valid, if thenetic scattering, is valid also in RWBA. However, owing to
angles between the neutron trajectories and the gradients tgfraction correctiongfor momentum transfers and SF scat-
the nuclear and magnetic potentials in the sample are takdfring cross sectiopsthe magnetic scattering in RWBA is
into accounk sensitive to the component of the mean fiéB} parallel to

Neither the Bloch equation nor E(B1) leads directly to  the scattering vector. We mention also that the anglaar
depolarization. The events for different neutron trajectoriedng to refraction deviations under SF scattering depend on
are considered to be incohererent, and depolarization resut8), i.e., on all components dB). Moreover, the selection
from averaging over different neutron paths inside therule for magnetic scattering is not valid in that classical sense
sample. As it follows from the consideration given above,that the cross section for the elastic scattering of monochro-
the classical Larmor approaci.A) to the depolarization Matic neutrons into a given direction depends only on a mag-
theory is equivalent to the refracted-wave scattering aphetization component lying in one plariperpendicular to
proach(RWSA) in the limit when neutron interaction with d). Such a plane is absent in the case of RWBA, since from
the structure may be described by the model that the nedhe four scattering vector&ig. 1) related to the elastic scat-
trons experience the field point-by-point along each trajectering into a given direction onlg, , andq__ are parallel
tory and traverse the magnetic medium without being de{for the sake of simplicity, the wave vectokg andk, are
flected. RWSA and the conventional scattering approlach assumed to be paraljelConsequently, the full cross section
(SA) are identical for zero mean fields. On the other handfor the elastic scattering into a given direction is sensitive to
the conclusiof? about the identity of LA and SA for zero all components oB. Of course, it plays an essential role
mean field(provided that all neutrons enter the “analyzer only at (usually very smajl scattering angles for which the
+detector”), strictly speaking, can be taken only with reser- SF momentum transfers are comparable wjth In this case
vation. Indeed, calculation of depolarization in LA is re- the very origin of the NSF and SF scattering into a given
duced to the integration carried out on they() plane in the direction is different: not only the directions but also the
reciprocal space, even though in the real space the scatterimgagnitudes of the respective NSF and SF momentum trans-
is assumed to be straightforwa(ttie model of a sequence of fers essentially differ. This is due to the change of the kinetic
homogeneous layers perpendicular to neutron trajecjoriesenergy under SF scattering. The kinetic energy is changed by
On the other hand, in SA the integration is carried out on thea quantity equal to the Zeeman splitting. Such a quantity is
Ewald sphere. Of course, if the main contribution into depo-+ransferred to or from the kinetic energy related to the mo-
larization is from scattering at small angles, the regions ofmentum component parallel to the respective SF momentum
integration in the reciprocal space practically coincide, andransfer. It is worth emphasizing that the exchange between
LA is equivalent to SA. When the mean field is nonzero, thethe potential and kinetic energies of the neutron in the field
relation between LA and SA is more complicated. In a cer<{B) does not change its total energy, and the corresponding
tain sense the two approaches are complimeriffiyYet,  SF scattering is elastic.
whenever the result of integration on they) plane in the Angular beam splitting and nonfrontal spin precession are
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shown to be inherent to combined NSF and SF neutron scagjion (see also Ref. 24 The same is true for numerous ex-
tering in magnetic media. The angular beam splitting in aperiments on polarized neutron reflection from layered mag-
uniform mean fieldit can be an external fielc&considered in  netic structures. The combined effect of small angle
the present work is not a Stern-Gerlach splitting observed iif“straight forward™) spin-flip scattering within a demagne-
magnetic field gradients, when no spin flipping is requiredtized layer and refraction at its boundaries is another spec-
Nor the magnetic field variations solely yield the splitting tacular observatiof® Therefore, generally(B) is not con-
(the same field variations witiBY=0 produce no beam stant in the scattering region. This problem may be
splitting). The effect is a manifestation of the refraction law considered within RWSA, too. However, it is out of the
related to the difference in the refractive indices before andgcope of the present paper. We mention only that, when the
after neutron spin flipping. This is a generalization of thegradient of the mean potential is constant in direction, the
effect of the angular splitting of a specularly reflectedcorresponding theory will resemble that of specular and dif-
bean®!that was observed in a recent publication. fuse scattering at layered structures.

The evolution of the initial plane wave states is envisaged
in the qualitative “minimal theory® as splitting-up into a
multitude of waves due to refraction at a sequence of bound-
aries between homogeneous regions. The author remains “in The work was supported by RFB&rant No. RFBR-96-
the realm of the Stern-Gerlach effect.The refraction here 02-188767 and INTAS(Grant No. INTAS-97-11320foun-
is due to neutron transmission into an optically different re-dations.
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