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Abstract

Classical Larmor precession (LP) of neutron polarization is considered as a result of the quantum interference
between neutron spin states split in the magnetic field due to the Zeeman effect. The interference takes place if
polarization is not collinear with the direction of the magnetic induction. At grazing incidence onto a magnetized film
LP may occur not only in transmission through but also at reflection from the film. If the magnetic reflection potential
of the film is much lower than that of the substrate then the interference between spin components of neutron wave
results in anomalous LP with doubled LP phase shift. At reflection from a film whose magnetic potential is comparable
with the nuclear one and with that of the substrate both spin components are totally reflected, but with a phase shift
resulting in the Larmor pseudo-precession (LPP) of the neutron polarization vector. The LPP period is proportional, in
contrast to LP, to the neutron wave vector component normal to the film. A Pilot experiment on a >’Fe film deposited
on sapphire substrate shows that one precession can be achieved for the film thickness of ~100 nm.
© 2004 Elsevier B.V. All rights reserved.
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New areas of the neutron spin echo (NSE) [1]
application, e.g. in reflectometry [2,3] and small
angle scattering [4], has revived a considerable
interest in further development of alternative ways
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of realization for the Larmor precession (LP) of
the neutron magnetic moment g. One of them
produces [5,3] LP by radio-frequency field-induced
transitions between neutron spin states split in
steady field due to the Zeeman effect. The other
method proposes [2] to use magnetized films
instead of a homogeneous precession field tradi-
tionally created by solenoids. A physical model of
the NSE spectrometer based on magnetic foils was
built a while ago [6] showing the feasibility of the
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method and also revealing its limitations [2]. The
advantage apparently constitutes in the significant
increase of the LP precession frequency w; =
2|u||B|/h due to the high, up to 2T, magnetic
inductance B = 4nM in ferromagnetic materials
with high magnetization M. A disadvantage,
however, is the amount of materials in the
precession path, which may cause an appreciable
scattering on the way to and from the sample.
Indeed, the classical precession phase @ = wt,
where ¢ = L/v is the time necessary to pass the
length L with the velocity v. With &=
463.7B.Lrad T' A  cm™!, where 2 is the neutron
wavelength, one needs, at normal incidence,
centimeters of material to obtain a few hundreds
of revolutions of the polarization vector P. If,
however, neutrons impinging onto the film surface
at a shallow angle « ~ 10> then L = d/sin o and
the film thickness d can be reduced [6,2] to a few
dozens of micrometers, or even less for long-
wavelength neutrons.

On the other hand, at sufficiently low angles of
incidence classical description of LP fails. This is
due to the fact, that it neglects a variation of the
interaction potential over a scale comparable with
the radiation wavelength 1 [7]. At small o the
normal to the surface component p, = k sina of
the neutron wave vector k becomes small, while
the corresponding projection A, =27n/p, =
//sino of the wavelength becomes larger than
the interfacial region of the film. The limitation for
the classical description becomes obvious after the
quantum mechanical derivation provides a result
comprising the classical result as a limiting case.
Such derivation is based on the fact that spin
interaction with magnetic field is described by the
Zeeman term # = —jB, where ji = u6, and 6 is
the vector of the Pauli matrices. The 2 x 2 matrix
A has eigenvalues +uB and is diagonal in the
representation with the quantization axis along the
field. Then the Zeeman splitting between the
neutron spin states is equal to hw; corresponding
to the LP frequency. Transitions between the
energy levels require an energy exchange between
the neutron and alternating field [5] which induces
those transitions.

In the case of the time-independent field
addressed hereinafter, neutron energy is conserved

and no transitions between the Zeeman levels are
possible. Then LP is a purely elastic phenomenon
related to the interference between spin states split
in the static field [8]. If initially only one spin state
in ambient guide (infinitesimally small) field is
populated, i.e. the beam is perfectly polarized, then
entering the field B non-collinear with the initial
quantization axis both spin states with either
positive and negative spin projections onto the
direction b = B/|B| are populated. This, in parti-
cular, happens at incidence onto the magnetized
film with a relatively sharp and flat interface. Due
to the dependence of B(z) on the coordinate z
normal to the surface the translational invariance
in this direction is violated and the normal
component of the neutron wave vector is not
conserved. Its fraction transferred to the field
depends on the neutron spin state. Correspond-
ingly, inside the range of homogeneous field each
of neutron spin components propagates with its
own phase velocity vy = hky /m, where ki = |ki|
are the wave numbers determined by the eigenva-
lues #hky = +/2m(EF uB) of the stationary
Schrodinger equation, E = h*k> /2m is the neutron
energy, and k = |k| is its wave number in the field
free space. If the film surface is flat over a distance
greater than the lateral projection of the coherence
length of the incident beam, then the wave vector
projection k; onto the surface is also conserved.
The solution of the Schrédinger equation |P(r)) =
exp(ikp)|Y(z)) in this case is factorized into a
product of functions depending either on the
lateral coordinate p, or on the transverse coordi-
nate z. The vector of states |y(z)) = |¥(p,z))
depends on the wave number p. In the field-free
space p = p, = k sin o, while within the field range
the degeneracy over spin states is lifted and

p=py =[P} —p’, where p2, =pi £p3; are

the critical wave numbers for one or the other
spin components, py is the critical wave number of
the total reflection from nuclear, while py; from
magnetic part of the optical potential, and
hp2./2m = hwy /2. Correspondingly, each com-
ponent of the 2D vector [{/(z)) of spin states inside
the homogeneous field range is, in general, a
superposition of the eigenfunctions Y, (z) =
Y(pL,z) of the Schrédinger equation.
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In the next section we show that interference of
those eigenfunctions results in LP in the classical
limit, but is distorted approaching the range of the
total reflection.

In Section 2 we demonstrate that below the total
reflection the polarization precession can be of two
types. One is formed if the film magnetization and
the Zeeman splitting are small, while both spin
components are totally reflected from the non-
magnetic substrate. More interesting is the inter-
ference between one spin component reflected from
the substrate and that is totally reflected from the
front face of the film. This interference results in
pseudo-precession with the frequency matched to
the film thickness and, in contrast to the classical
LP, is proportional to neutron velocity.

In the concluding section we bring experimental
evidence for the pseudo-precession measured at
reflection from single crystalline °’Fe film magne-
tized at 90° with respect to the incident polarization.
It is shown that 100nm thick film is sufficient to
obtain at least one full precession of the polarization
at A = 4.4 A within the total reflection plateau.

1. Larmor precession in transmission

The evolution of the polarization vector P
travelling with a velocity v a distance L through
homogeneous field is described by the equation

P* = QPP
QP = p*bP + (5" — b*bP)cos d — ¢P'B sin @, (1)

where Q* is 3 x 3 matrix of rotation around the
direction determined by the unit vector b = B/|B)|
for the angle @, and «, 5,7 denote the Cartesian
indices x,y or z. The matrix Q in Eq. (1) is
represented as a sum of three orthogonal terms.
The first one transforms the projection of the
vector P; onto the field into the projection of P
onto the same direction. This projection is just
conserved in homogeneous field. The second,
diagonal, and the third, off-diagonal, matrices
describe transformation of the projections within
the plane perpendicular to b accordingly to the
rotation of polarization vector rotation around
vector b.

In the vector form Eq. (1) reads:
P = b(bP;) + [P; — b(bP;)]cos @ + [b x P;]sin @

and is usually considered as a solution of either of
the Bloch equation dP/dt = —y[B x P] or of the
time-dependent Schrédinger equation for the
neutron spin operator. However, if the field does
not vary in time it is more natural to obtain LP
just solving the stationary Schrdédinger equation.
This is easily done by taking into account that at
transmission through the field the initial 2D vector
[Y;) of neutron spin states is transformed into the
final vector of states |y/) = f|lp,.) by the 2 x2
transmittance matrix 7. Then the polarization
vector P is determined by the equation:

2P = (6l /() = Tr(p, T 6Ty Te(p, 17 T},

where

pi = W) (Yl = {1 + (Pio)}/2
is the spin density matrix of incoming neutron
states, and ¢ is the vector of Pauli matrices.

The polarization vector P is a rather convenient
object for theoretical consideration, but certainly
not directly accessible experimentally. Instead,
spin—flip and non-spin—flip neutron intensities are
measured at that or another configuration of
polarizer and analyzer. The latter one can easily
be included into description above just by intro-
duction its density matrix

b =W, = (1 + (Pro)) /2,

where the vector Py plays a role of the spin
analyzer efficiency along the direction this vector
points to. Then the transmission is determined as

T = AT W AT = Te(p, T p, 1.

The matrix of the transmission amplitude through
a region of homogeneous field can be generally
represented as

T=MT+ T ]+ ®6)[T+—T_]},

where T4 = |T1 e+ are (complex) eigenvalues of
the matrix 7', and %+ are corresponding phases.
This representation immediately yields the follow-
ing set equations for the projections of the
polarization vector and for the transmission
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coefficient:

P = [QF P+ P11/ T o + 21(BP)), )
T = YT o+ Pob™ (P + P) + Q3 P2P)), 3)
where

Pr =T+ —T-"1/2,
To =0T+ +IT_1]/2.

Eq. (2) is similar to Eq. (1), but contains an extra
term Py = b% 7. It has a clear quantum origin and
is due to the difference 2+ in transmissions for
different spin components through the field range.
It, actually, accounts for the difference in reflec-
tions for those components, i.e. the phenomenon
totally ignored in the classical approach. The sum
T o determines the transmission through the field
range of unpolarized neutrons, while denominator
in Eq. (2) determines the transmission if they are
initially polarized. The “rotation” matrix Q“Tﬁ in
Egs. (2) and (3) is represented similar to Eq. (1)
and contains three orthogonal terms:

QP = (P T + (6" — b*bP)cos b
— &P sin d7)| T, T_ |}, 4)

where @7 = (y, — x_).

This equation reduces to Eq. (1) at |T.| =
|T_| =1 and &7 = @, i.e. only far away from the
total reflection edge, where

Po<ParssDix ~ Po — Pars/ 2P0

and (y, — ) ~ —wr(d/vy). Then I ~ 1, Py ~ 0
and Eq. (2) collapses to Eq. (1). Approaching the
critical edge one should take into account distor-
tions of the LP which are due to optical effects.
One of them is refraction which influences the
phase velocity at transmission through the field
range and distorts the LP phase. The other is
reflection, which reduces the neutron beam flux
transmitted through this range. This reduction
depends on the neutron spin projection onto the
field direction. In the limiting case one spin
component can be totally reflected at |7T_| =1,
while the other component can be totally trans-
mitted at |T,| = 0. Then Q% = p*b*/[1 — (BP))),
and the transmitted beam is totally polarized inthe
direction opposite to the field, P = —b, indepen-

dently of the incident polarization. This trivial
example shows that if the optical effects are
important then the consists of the neutron spin
interaction with the magnetic field consists not
only in LP of polarization.

If the magnetic film is deposited onto a non-
magnetic substrate then transmittances, 7y, for
corresponding spin components are written ex-
plicitly as

T1.Trel?
14 RizRee?0=

with T2 =2py/(py+py) and T =2p, /(p, +
py) having the form of Fresnel transmission
amplitudes through the front or, respectively, back
faces of the film. Similarly, Ri+ = (py — p+)/(po +
py)and Ry = (pL — p,)/(py + p.) are correspond-
ing Fresnel amplitudes of reflection. The phase
shifts ¢, =p,d are determined by the wave

numbers p, = \/ps — pk F pi;, With py and py

being the critical wave numbers of the total
reflection from the nuclear and magnetic optical

potential, and p, = \/p3 — p2, where p. is the

critical wave number for the substrate.

From Eq. (5) it follows that, as expected, the
classical result is valid far away of the critical edges
of the total reflections. Otherwise LP receives
appreciable amplitude and frequency quantum
distortions. This illustrates Fig. 1, where spin—flip
and non-spin—flip intensities transmitted through
and reflected from the magnetic film are plotted as
functions of the incident wave vector. For the sake
of simplicity no nuclear optical potential contribu-
tion from either film, or substrate is assumed.
Nonetheless, one can see that the signal strongly
deviates from harmonicity not only in the vicinity
of the critical edge p, = pyy = 0.004 A  for the
positive spin component, but is also distorted well
above the py;. On the other hand, oscillations at
the incidence below the critical edge are clearly
visible in the reflection channel.

+ = |Tyler+, ®)

2. Anomalous and pseudo-precession

In the vast majority of experiments on polarized
neutron reflectometry (PNR) the initial neutron
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Fig. 1. Oscillations in spin—flip (solid line) and non-spin—flip(-
dashed line) intensities transmitted through and reflected from
the film magnetized perpendicular to the neutron polarization
vector. Calculations produced for the film thickness d = 0.54,
with magnetic inductance B = =1T corresponding to the critical
wave number p. ~ 0. 004A " . Nuclear optical potentials of the
film and substrate are ignored for clarity. Wave numbers are
indicated in reciprocal scale.

polarization vector P; is directed collinear with the
vector of the film magnetization M. Then due to
the Zeeman splitting in the magnetic field B =
4nM one can observe two critical edges of the total
reflection by flipping of the polarization direction
with respect to M. The effect is easily observed if
the optical potentials for both positive and
negative neutron spin projections are greater than
the optical potential of the substrate, and if the
film is thick enough.

If the vectors P; and M are not collinear then
reflectivity may show more complicated behavior
related, in particular, to the rotation of the
polarization vector P of reflected neutrons around
the vector b. Representing the reflectance matrix as

= 3{[R+ + R_]+ (b6)[R, — R_]}, where Ry are
eigenvalues of R, one obtains the set of equations

for the vector P at reflection and reflectivity £:

P* =[P PP+ b 2R) /(% + Pr(BP))], (6)
= + Prb" (P} + P) + QF PP}, (7)

where Zg = [|[Ry|*> — |R_|?]/2, and 2o = [|R4|* +
|R_|*/12. Equations for the rotation matrix Q%
follow from Egs. (3) by the substitution 7'y for
Ry = |Ryle® and @7 for @p= (xgy — 1r-)-
respectively.

The reflection amplitudes for a single magnetic
film deposited onto a non-magnetic substrate have
the form similar to Eq. (5).

R: + Ryie?o=

Ri=—"—""—.
* 1+ RliRSiezl‘/’i

®)
Note, that for a “transparent” substrate RjL =
—Rs+. Then for the case of totally compensated
nuclear optical potential considered in the pre-
vious section there is a narrow range where
spin—flip and non-spin—flip reflectivities oscillate
in almost anti-phase, as seen in Fig. 1. However,
the amplitude of those oscillations is rather low
due to low reflectivity for negative spin projection,
which has no total reflection region.

If, however, the optical potential of the sub-
strate is high, while magnetization of the film with
zero nuclear reflection potential is low, then
|Ri+|<1 in a broad range below p,, and Ry =
elt=1202) Fig. 2 shows nice oscillations due to the
anomalous precession of the polarization at total
reflection from the substrate. The frequency of this
precession is w = 4 uB/h doubled with respect to
the normal LP. This doubles the precession angle
&g = 2w, L/v gained in reflection which in terms
of classical approach can be explained as a result
of sum of the neutron pathes to and from the
substrate through the range of the field. The
amplitude of the oscillations is close to 100%, but
their line shape becomes distorted at higher field
due to reflection from the magnetic potential.
Therefore, in order to obtain an appreciable
number of oscillations below p., but still above
Pwm» one needs a rather thick film. In Fig. 2 the
thickness is chosen as d = 100u which provides 5
oscillation at B=10mT within the range
0.002<p,<0.005A . Beyond this range the pre-
cession signal becomes appreciably distorted.
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substrate

air film
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Fig. 2. Oscillations in spin—flip and non-spin—flip intensities
reflected from the film magnetized perpendicular to the neutron
polarization vector. Calculations produced for the film thick-
ness d = 100y, with magnetic inductance B = 0.01 T. Nuclear
optical potentials of the film is zero, substrate is sapphire.

More attractive is the case [9] when the film is
deposited on the substrate which nuclear optical
potential is close to the potential of the film for the
neutron spin projection onto b, while the reflection
potential for the other spin projection is close to
zero. If p_ ~p,, p, ~p,, then from Eq. (8) it
follows that R_ ~ e%, and R_ =~ ¢2?0t1)  where
@y = pod. This means that the phase difference
(%r+ — Xr—) = 2¢y and the precession angle ®; =
47 sin o(d/2) is in contrast to the conventional
LP, directly proportional to the wave vector, or
the neutron velocity. The period of oscillations of
the polarization projection is just matched to the
film thickness.

Fig. 3 shows the result of calculations carried
out for a >’Fe, film deposited Jonto a sapphire
substrate with p, &~ 8.46 x 107> A . The latter is

close, but not exactly matched to the critical wave
number p, ~9.35x 10° A of the total reflec-
tion from >’Fe of the positive spin component.
Moreover, there is no critical edge for the total
reflection for the negative spin projection and the
correspqnding critical wave number p_ ~i6.13 x
10 A is imaginary. However, Fig. 3 shows that
within the range between 0.003 <p, <0.007 oscilla-
tion in the reflectivity curves are well harmonic.

3. Experiment

A neutron reflection experiment was performed
on an iron film grown with molecular beam
epitaxy on a sapphire substrate and covered with
a thin Cr layer Al,O3/°Fe(966A)/Cr(22A). A

air film

094

08
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044
034

024 !

o1+

i

00 T T =T g T
0003 0004 0005 0.006

Fig. 3. Oscillations in spin—flip and non-spin—flip intensities
reflected from the film magnetized perpendicular to the neutron
polarization vector. Calculations produced for the >’Fe film of
the thickness d = 1 deposited onto the sapphire substrate.
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saturating magnetic field of H = 0.3 T was applied
along an easy axis and then reduced to the
remanent field of H =3G. The sample was
rotated around the surface normal by 90°. So,
the experiment was performed in a guide field of
4 G applied parallel to the surface of the sample
and at an angle of 90° to direction of the
magnetization of the film. The scheme of the
experiment is shown in Fig. 4. Measurements of
non-spin—flip, ;4 and #Z__, and spinflip, Z_,
reflectivities where carried out on the PNR
reflectometer ADAM [10] at ILL, Grenoble. The
experimental data depicted in Fig. 4 are perfectly
described by the theoretical curve with the
remanent magnetization M ~ 2kG of the iron.
Within the reflectivity plateau the ADAM reflect-
ometer allows to well resolve one full oscillation
due to pseudo-precession from the sample. Further
improvements in the reflectivity techniques [11]
would, however, be required to record the effect

1'2 T T T T T T

Reflectivity
o o o
» [o)] [ee)

o
(N

0 0.01 0.02 0.03
momentum transfer Q, 1/A
Fig. 4. Oscillations in spin—flip (triangles) and non-spin—flip

intensities (circles) reflected from the >’Fe film magnetized
perpendicular to the neutron polarization vector.

for either thicker films revealing a number of
revolutions, or submonolayers [12] in which the
precession angle is small.

4. Discussion and summary

The above derivation shows that LP is indeed a
result of quantum interference of the spin states
split due to the Zeeman effect. This means that LP
occurs only within the coherence volume char-
acterizing neutron radiation. On the other hand,
LP description has a range of validity restricted by
the condition py;, <p,, and it fails at wave vectors
smaller than a threshold value defined by the
magnetic field. It is important to note that the
criterium of the LP validity depends on the field
configuration. In the kinematics under considera-
tion this criterium is much harder than that
followed from just comparison of the neutron
energy and the Zeeman splitting. At sufficiently
low angles of incidence the threshold of LP
applicability can easily be approached and then it
receives substantial quantum distortions. Such
distortions can readily be observed in experiments
on PNR routinely dealing with shallow incidence
onto magnetic film. Then the threshold values py;.
mentioned above are nothing else than the critical
wave vectors of the total reflection for that or the
other spin projection onto the field direction.

Acknowledgements

We thank M. Milyaev for the sample
preparation, M. Wolff for assistance during
experiment, R. Gidhler and E. Kats for stimulat-
ing discussions. The support of BMBF (Project
03DWO03MU), Russian Ministry of Research
(Contract 40.012.1.1.1149) and RFFI Grant (SS-
1671.2003.2) are acknowledged.

References

[1] F. Mezei, Z. Phys. 255 (1972) 146.

[2] R. Pynn, R. Fitzsimmons, M.Th. Rekveldt, J. Major,
H. Fritzsche, D. Weller, E.C. Johns, Rev. Sci. Instrum. 73
(2002) 2948.



B.P. Toperverg et al. /| Physica B 356 (2005) 1-8

[3] J. Major, H. Dosch, G.P. Felcher, K. Habicht, T. Keller,
S.G.E. te Velthuis, A. Vorobiev, M. Wahl, Physica B 336
(2003) 8.

[4] M.Th. Rekveldt, Physica B 234 (1997) 1135;

M.Th. Rekveldt, Nucl. Instrum. Methods B 114 (1996) 366.

[5] R. Golub, R. Gihler, T. Keller, Am. J. Phys. 62 (1994)
779.

[6] L.A. Akselrod, G.P. Gordeev, .M. Lazebnik, V.T. Lebedev,
Physical Model of NSE Spectrometer with Spin Turners
Based on Magnetic Foils, PNPI-883, Leningrad, 1983;
V.T. Lebedev, Gy. Torok, G.P. Gordeev (Eds.), in: Neutron
Spin Echo Spectroscopy, Lecture Notes in Physics, Springer,
Berlin, 2003, p. 56.

[71 L.D. Landau, E.M. Lifshits, Quantum Mechanics, Perga-
mon Press, Oxford, 1977.

[8] B.P. Toperverg, Physica B 279 (2001) 160;
B.P. Toperverg, Physica B 335 (2003) 174
B.P. Toperverg, Polarized Neutron Scattering, For-
schungszentrum Jiilich, Series Matter and Materials, vol.
12, 2002, p. 275.
[9] S.G.E. te Velthuis, G.P. Felcher, P. Blomquist, R.
Wippling, J. Phys.: Condens. Matter 13 (2001) 5577.
[10] ADAM, http://www.ilLfr.
[11] M. Hino, N. Achiwa, S. Tasaki, T. Ebisawa, T. Kawali,
D. Yamazaki, Phys. Rev. A 61 (1999) 013607,
T. Ebisawa, S. Tasaki, T. Kawai, M. Hino, N. Achiwa,
Y. Otake, H. Funahashi, D. Yamazaki, Phys. Rev. A 57
(1998) 4720.
[12] J.A.C. Bland, R. Bateson, G. Hird, J. Phys.: Condens.
Matter 1 (1989) 4399.


http://www.ill.fr

	Larmor pseudo-precession of neutron polarization at reflection
	Larmor precession in transmission
	Anomalous and pseudo-precession
	Experiment
	Discussion and summary
	Acknowledgements
	References


