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Traversal Time through Magnetic Thin Film Using Larmor Precession
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Authors have measured traversal times transmitted through magnetic thin films (iron or permalloy) with various
thicknesses using Larmor precession of neutron spin as a clock. By inserting the magnetic film in one of the
Larmor precession fields of a transverse neutron spin echo(NSE) instrument, the extra Larmor precessions were
measured at various incident angles above the critical angle of total reflection. The magnetic induction in these.
magnetic thin films was measured with a SQUID magnetometer. A birefringence of neutron in the magnetic film
produces different path lengths for T and ! spin neutrons. Even in the vicinity of the critical angle, the Larmor
precession was observed and the Larmor precessions were reproduced well by the simulation based on the one-
dimensional Schrédinger equation. When we consider the classical image of Larmor precession, the observed
traversal path length / corresponds well to a traversal path calculated from only the nuclear potential in the magnetic

film above the critical angle.
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§.1. Introduction

Though there have been some neutron experimental
proposals to measure the traversal time of neutron across
a magnetic thin film using Larmor precession as a clock
D they have not been performed up to the present.  This
present paper is the first trial to measure the traversal
time and was performed by using neutron spin
echo(NSE) method .

A magnetic field exerts a torque on the neutron
magnetic moment and the moment precesses about the
direction of the field with Larmor frequency @,. The
resulting equation of motion in a homogeneous magnetic
field B is ¥

as

— = B=S , 1.1
= »S x X, (1.1)
w, =|y|B. (1.2)

Thereby, if the field and the magnetic moment x of the
neutron have different directions, one observes a
precession of x about B. In a homogeneous magnetic
field, the Hamiltonian is
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where J¢  is the free particle term, z and x the neutron
magnetic moment operator and the magnitude of the
magnetic moment respectively, and o, o, o: the Pauli
matrices. The neutron spin 1is represented as
superposition of wave functions between two Stern-

Gerlach states | T ) and | 4 ) along directionz¥. These
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states correspond to two Zeeman energies levels. The

quasi-stationary wave function can be described as

ly(r,0) >=

ik I i i
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where 0 and 1 are the eigenstates of |T) and [{),

respectively. From Eq. (1.6),
Vi
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= hcos(mT#B't) = hcos(w, 1)

(1.7)
can be obtained. This behavior of the observable ( S; )
is called the Larmor precession, and the Larmor
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Therefore, the phase of the Larmor precession ( S; )
corresponds to the time dependent change of phases of
the wave functions of T and ¥ spin neutrons.

frequency is @, From 6= ay t, Eq.(1.6) is

described as

(1.8)
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Fig.1. Schematic view of a Larmor precessing neutron entering into a
magnetic film at an incident angle 6.

Here the problem of refraction and reflection of a
neutron beam at a surface of a medium is considered as a
one-dimensional Schrodinger equation 9 Let us
consider the condition shown in Fig.1 for various
incident angles above the critical angle. From Eq.(1.8),
the wave function of the incident beam for ideal Larmor
precession is given by

e—15/2 .
i‘//> \/"( 15/2J » (1.9)

where & is equal to the Larmor phase for arbitrary
neutron spin direction and this phase increases across
the applied magnetic field H.

In the transmission case, the Hamiltonian is diagonal
using this spinor basis. Thus we can solve the one-
dimensional Schrodinger equation for both 4/2 and -h/2
spin case separately. Then the wave functions in the
three regions are
Region I (x<0):

id
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Region III (x>a):
Wargey = D€, (117)
Viney = D™ (1.18)
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The coefficients D+ multiplying e"™* of the transmitted
g
wave are obtained as ©
. ikyd i
D+ = ]j/ZeIA¢‘e 1Ky (+) e id/2
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Here T. are the transmission probabilities given by
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The phases increase across the barrier A¢ . are
determined by
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The state of the spin of the transmitted neutrons is
determined by

2N
ly)=(D,}+D.} )'“’”[D j (1.22)

The expectation values of (S, ), (S, ) and ( S; ) are given
by
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From Eq. (1.20), these expectation values can be
rewritten as follows:
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+
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Fig. 2. The layout of neutron spin interference experiment using
transverse NSE instrument.  The size of both slitl and slit2 are
0.50) x 10® mm2.  The elements of the NSE instrument: (1) CN3
supermirror neutron guide tube, (2) Soller type Double reflection
supermirror polarizer, (3) 7/2 spin flipper coil, (4) First Larmor
precession field, (5) 7 spin flipper coil, (6) Second Larmor precession
field, (7) Soller type supermirror analyzer, (8) 3He neutron detector.
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Fig.3. Magnetic induction in an jron film and a permalloy45 film
with thickness of 790 and 2000 A as a function of applied magnetic

field measured by SQUID magnetometer. The closed circles are
measured values and the line is calculated value by a spline function.

Eqgs. (1.26) ~ (1.28) satisfy the requirement
2 2 1
(S.) + <Sy> +(S,) = th.

When the magnetic film is removed ( B = H, Vo =0)
and 6=0, (S,), (Sy)and (S, )are

(S,)=hcos(Ag, —Ag),
(S,)=~nsin(Ag, - Ag),
(8,)=0. (131

z
This expectation ( S . ) corresponds to the Larmor
precession of the neutron in a homogeneous magnetic
field.

(1.29)

(1.30)
(1.31)

§.2 Experimental

Figure 2 shows the layout of this measurement using
the transverse NSE instrument.””® The polarizer of
double reflection type ® is an assembly of magnetic
supermirrors of Soller slit type, and it provides a
collimated, monochromatic, polarized beam with a
negligible amount of /2 contamination. The magnetic
supermirrors are made of FesoCoso -V multilayers with
varying spacings from 70 to 90 A, The distribution of
wavelengths in the beam from the polarizer and slits
system of the NSE instrument was measured by time-of-
flight (TOF). The mean value of the wavelength
distribution is 5.8 A and the distribution is well fitted by
a Gaussian function with standard deviation os; = 0.287

A The analyzer is an assembly of magnetic
supermirrors of Soller slit type, and the magnetic
supermirrors are made of FesoCoso-V multilayers with
widely varying spacings from 67.5 to 112.5 A

The experiments were carried out with changing
incident angle of the magnetic film which was inserted
in the transverse NSE instrument as shown in Fig. 2.
The wavelength resolution was 5.8+0.67(FWHM) A and
the divergent angle was 0.990x10” rad. The incident
angle was controlled by goniometer and the angle was
calibrated by measuring the position of the direct and
reflected beams by scanning a detector along the y
direction.

The films were deposited on a silicon wafer of size
130x65x0.6mm” in an applied magnetic field of 1400e.
The films can be saturated under lower magnetic field if
the magnetic field is applied to the film during
evaporation '?. A quartz crystal oscillator was used,
and the thickness measured by the monitor was almost
the same as that obtained by the neutron diffraction
method, However, as the thickness is very important for
this study, we reconfirmed the thickness by using a
neutron reflectometer ' at JRR-3M reactor at JAERI.
The magnetic induction in magnetic films were
measured with a SQUID magnetometer at Kyushu
University. The magnetic induction in magnetic films
could also be measured by the shift of NSE signal.
However it is important to estimate the degree of
saturation of the film as a function of applied magnetic
field.

Here the effect of the magnetic field during deposition

was found in the residual magnetization as shown in Fig.
3. The saturated magnetization per atom for iron and
permalloy45 films are 1.25 and 0.98 Bohr magneton
with thicknesses of 790 and ZOOOA, respectively, and
they are smaller than the magnetization of bulk iron and
permalloy45(2.2 and 1.5 Bohr magneton, respectively).
The result also may be due to a reduction of the density
of thin films and the error in the size.
The NSE signals transmitted through a magnetic thin
film were measured at various incident angles. The
incident angles give various potentials. At first, let us
consider that T and ¥ spin neutrons simply pass through
a magnetic thin film, so that the incident angles are
above the critical angle of both T and 4 spin neutrons.
In the vicinity of the critical angle. birefringence of a
neutron in the magnetic thin film produces different path
lengths for T and ! spin neutrons during Larmor
precession as shown in Fig.4.

§.3. Results and Discussion

After transmission through the magnetic film, T and
spin neutrons have different phases in the spatial wave
function. Fig. 5 shows the shifts of NSE signals (echo
points) at various incident angles of an iron film with a
thickness of 790 A, and Fig. 6 shows those of a
permalloy45 film with a thickness of 2000 A, Here the
nuclear and magnetic potentials of the iron film are
assumed to be 209neV and 90.4neV, and those of the
Permalloy 45 film are assumed to be 220neV and
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Figd. Schematic view of classical neutron paths due to refractions.
(a) passing without refraction, (b) refraction path of ¥ spin, (c)
refraction path due to only nuclear potential and (d) refraction path
of T spin neutrons.
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Fig. 5. The shift of NSE signals transmitted through magnetic iron
thin film with thickness of 790 A as a function of incident angle.
The closed circles were measured and the solid line for (1) was
calculated from matrix analysis of neutron spin rotation and of
one-dimensional square potential for Schrédinger equation, and for
(2) was calculated from the Larmor frequency @ ; and classical
paths of neutron.
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Fig. 6. The shift of NSE signals transmitted through magnetic
permalloy45 thin film with thickness of 2000 A as a function of
incident angle.  The closed circles were measured and the solid lines
for (1) and calculated from matrix analysis of neutron spin rotation
and of one-dimensional square potential for Schrodinger equation,
and for (2) was calculated from the Larmor frequency @ 1 and

classical paths of neutron.
96.5neV, respectively.

As shown in Figs. 5 (1) and 6 (1), the closed circles
measured values were well reproduced by the simulated
line which is derived from the shift of NSE signal
calculated by Egs. (1.26) ~ (1.28) and matrix analysis of
the neutron spin rotation. The lines include the effect
of the distribution of wavelengths 5.08 ~ 6.52 A The
peaks of both lines indicate the wavelength resolution
and almost correspond to the closed circles measured, so
that we confirm that the wavelength resolution for
numerical simulation was adjusted to the experiments.
As shown in Figs. 5(1), (2) and 6(1), (2), the Larmor

M. HiNo ef al.

precession is well interpreted as the traversal time
through path (c) which is due only to the nuclear
potential.  The lines are the shift of NSE signal
calculated from the classical Larmor frequency @, and
four paths (a) ~ (d) as shown in Fig. 4 . The shift is
given by
ywBliv, —yHl /v, ~yBl/v,
=w,(l/v)=wt
B=~16x10* » 10°> H (Oe)
where B is the magnetic induction in the magnetic film,
H the applied field at the sample position (guide field), v,
the neutron velocity and / is one of the paths of (a) ~ (d)
as shown in Fig. 4 in the magnetic film.

Here the ratio of neutron velocity in a vacuum (air) and
the sample is of order 107, so we can consider the shift
of NSE signal (echo point) as a function of the path
length /. For iron with thickness of 790 A and
permalloy45 film with thickness of 2000 A, the traversal
time 7 was estimated to be 2.1x10® sec at the incident
angle of 0.58° and 4.4x10® sec at the incident angle of
0.65°, respectively.

We clearly confirmed the following points in the case
of incident angles above the critical angle for total

3.1
(3.2)

-reflection:

1. The observed shifts of the NSE signals conform
well to classical Larmor precession passing through a
refracted path due only to the nuclear potential in a
magnetic film.

2. The results of a numerical simulation based on Egs.
(1.26) ~ (1.28) and on a matrix analysis of neutron
spin rotation reproduced well the observed shifts of
the NSE signals. They correspond to the shift given
by the product @, 7 of Larmor frequency @, and the
traversal time 7.

3. Even in the vicinity of the critical angle, the extra
classical Larmor precession is conserved.
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