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We report measurements of the depolarization of epithermal neutrons ~1.7–59 eV! in magnetic
domains of a 2.0-cm-diam cylindrical single crystal of ferromagnetic holmium. The neutrons were
polarized by a dynamically polarized proton target and polarization analyzed using a statically
polarized rare-earth spin filter. Based on thedependenceof thedepolarization on neutron energy and
crystal orientation, we determined the domains to be laminar, or needlelike, with the long axis
slightly deflected from the c crystalline axis and having an average width of 59 mm. © 1997
American Institute of Physics. @S0021-8979~97!04303-X#
INTRODUCTION

The measurement of the depolarization of beams of po-
larized thermal neutrons in materials has been used to deter-
mine statistical measures of magnetic domain sizes and
orientations.1 Such measurements are usually limited to thin
samplesbecause low energy neutronsare rapidly depolarized
in strong magnetic fields in domains. In the present work we
investigate domains in athick single crystal of ferromagnetic
holmium by their depolarizing effects on polarized neutrons
of 1.7–59 eV energies. We have determined the dependence
of the depolarization on the orientation of the crystal and the
energy of theneutrons. Weshow how asimplemodel can be
used to deduce the geometry and average size of the mag-
netic domains.

The helical ferromagnetic phase of holmium exists be-
low 20 K. The c hexagonal crystalline axis is the screw axis
and the electronic moments have a turn angle of 30° per
atomic layer. There is a net magnetic moment of 1.7 Bohr
magnetons per unit cell produced by the canting of the elec-
tronic moments 10° out of the a–b plane. The saturation
internal field in the c direction is 0.664 T and in the a–b
plane 3.87 T.2

The polarization f no of a beam of neutrons traversing a
ferromagnetic material is reduced to a value f n by the pre-
cession of the neutron magnetic moments in the local fields
of the individual domains. The precession DQ of a neutron
of energy E in passing through aholmium domain of length
d is given by

DQ5~gn!B'

d
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wheregn is the neutron gyromagnetic ratio, mn is the mass
of the neutron, and B' is the component of the local field
perpendicular to the neutron polarization axis. For a hol-
mium domain saturated in the c direction a 59 eV neutron
would undergo aprecession of 1 rad in 880mm.

Halpern and Holstein3 showed that for a sample having
large randomly oriented domains such that the precession in
any one domain is large, the polarization transfer f n/ f no is

f n / f no5exp~22D8t !,

where t is the target thickness and D8 is an energy indepen-
dent depolarization parameter. In the limi t where the preces-
sion in any one domain is small the same relation holds
except that D8 is replaced by an energy dependent parameter

D random8 5
gn
2^B'

2d2&avgn

8S En

mn
D , ~1!

where n is the number of domains per unit length. This for-
malism was successfully applied to results of depolarization
measurements in thin foils of polycrystalline holmium.4

The TRIPLE collaboration measured the depolarization
of 0.73 eV neutrons in a 2.29-cm-diam cylindrical single
crystal of ferromagnetic holmium.5 The neutronswere polar-
ized longitudinally, parallel or antiparallel to theneutron mo-
mentum. Themagnetic orientation axis of the holmium crys-
tal was rotated from 0° to 90° relative to the beam direction.
In such a case the magnetization directions of the domains
are spatially correlated—magnetized parallel or antiparallel
to the c crystalline axis. Following earlier work6 it was pro-
posed that the polarization transfer in the holmium crystal
could be described as

f n / f no5@cos2 u1sin2 u exp~22Dbulk8 t !#

3exp~22D random8 t !, ~2!
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whereu is the angle between the neutron spin and thec axis.
The termD random8 describesdepolarization due to random dis-
order in domain magnetization directions as in Eq. ~1!. The
Dbulk8 term is aresult of deviations in the correlations of the
domains in the bulk material:

2Dbulk8 t5S gnBint

2&vn
D 2dt, ~3!

Bint being the total internal field in the domain. The cosine
and sine terms in Eq. ~2! are multiplied by two different
exponentials because of the crystal symmetry: the compo-
nent of the neutron polarization parallel to themagnetic axis
of the domains is preferentially conserved. This model also
assumes that the neutron precession in any one domain is
small. Although the model could not be tested as to the en-
ergy dependenceof thedepolarization constants, thefit to the
data indicated aminimum average domain size of 11 mm.

EXPERIMENT

We report measurements of the depolarization of epith-
ermal neutrons in a cylindrical single crystal of ferromag-
netic holmium over a range of neutron energies and in two
geometrical orientations. This extension of the TRIPLE ex-
periment ismadepossibleby theuseof a polarized rare-earth
neutron polarization analyzer assembled at the Frank
Laboratory.7 Neutrons from the IBR-30 pulsed source are
polarized by passage through acryogenic dynamically polar-
ized proton target. The neutron polarization is about 0.6 and
the neutron flux exiting the target is 300 000 E20.9 neutrons/
seV. The neutrons then proceed through an adiabatic spin
flipper and enter a drift tube in which there is aguide field of
0.04 T.

The holmium target is located in a cryostat at 4.2 K in
the neutron guide field. The cylindrical axis of the crystal is
oriented perpendicular to the neutron beam and may be ro-
tated by a shaft inserted into the cryostat. Upon exiting the
holmium target the neutron beam is guided to a cryogenic
statically polarized natural Dy target. The Dy target con-
sisted of a 1.4-mm-thick stack of foils cooled to 40 mK in a
1.5 T polarizing field parallel to the plane of the target plate.
Resonances in Dy at 1.7, 2.7, 14, 16, 18, 36, and 59 eV have
spin dependent neutron transmission8 and act as analyzers
for neutrons with these energies. The neutrons passing
through theDy analyzer are then counted by a 3He ionization
detector 30 m from the neutron source. The neutron energies
are determined by the time-of-flight technique. The distance
from the IBR source to the proton target is 9m, to the hol-
mium target 11 m, and to the Dy analyzer 12 m.

The sign of the neutron polarization was changed by
rotating the polarized proton target every 5 min. Each orien-
tion of the holmium crystal wasmeasured in 6–9 h. Neutron
yields were collected for both parallel ~N1! and antiparallel
~N2! neutron and dysprosium spin orientations. An average
transmission asymmetry ^e&5(N12N2)/(N11N2) propor-
tional to f n was determined by integration over the time-of-
flight channels corresponding to a particular Dy resonance.7

The depolarization was also measured with the holmium tar-
get at room temperature. Because holmium is paramagnetic
J. Appl. Phys., Vol. 81, No. 3, 1 February 1997
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at room temperature, the ratio of the initial polarization f no
to the polarization f n of the transmitted neutron beam was
calculated as f n/ f no5^e&4.2 K/^e&300 K.

The holmium cylinder was produced at the Materials
Preparation Center at the Ames Laboratory, Iowa State Uni-
versity, and measured 2.0 cm in diameter and 2.8 cm in
height. The c axis of the crystal was oriented perpendicular
to the cylinder axis. This orientation was checked by x-ray
and neutron diffraction measurements. Because of the small
guide field and the large demagnetization factor of the cyl-
inder, it is assumed that during the measurements the mag-
netization of the cylinder was negligible.2

EXPERIMENTAL RESULTS

The neutron depolarization was measured in two differ-
ent arrangements ~Fig. 1!. In each case the neutron momen-
tum, the neutron spin, and the c axis of the holmium crystal
were in the same plane. In the transverse geometry the neu-
tron spin was perpendicular to the neutron momentum,
whereas in the longitudinal geometry, the spin was parallel
to the neutron momentum.

The polarization transmission f n/ f no was measured in
the transverse geometry at ten orientationsu5215°–180°.
The energy dependence of f n/ f no is shown in Fig. 2. At high
energies f n/ f no is proportional to exp~2a/En! as expected
and the slope a is dependent upon the orientation of th
crystal. The neutron beam was most strongly depolarized
when the neutron spin was perpendicular to an axis offset by
about 15° from the holmium c crystalline axis.

Thedepolarization wasalsomeasured in the longitudinal
geometry at three orientations of the c axis relative to the
beam momentum:u50°, 45°, and 90°. These data~Fig. 3!

FIG. 1. Experimental geometriesused for this investigation. In each case the
neutron spin, neutron momentum and the c crystalline axis are coplanar.
The cylindrical axis of the crystal is perpendicular to that plane. In the
transverse geometry the neutron polarization axis is perpendicular to the
neutron momentum.
1359Alfimenkov et al.
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were taken for a shorter time than the transverse geometry,
and therefore have larger statistical uncertainties.

The salient features of the data can be accounted for by
an extension of Eq. ~2!, assuming that themagnetic domains
areneedlelike, or laminar, with the thin dimensiond. At each
crystal orientation the average domain length traversed by a
neutron wil l be increased by 1/sine of the angle between the
neutron momentum and the domain dimensiond, as shown
in Fig. 4. The neutron polarization transmission in the longi-
tudinal geometry can then be represented by Eq. ~2!. How-
ever, we do not assume that the domains are magnetized
parallel to the c crystalline axis. Instead, we substitute in Eq.
~2! the factor u1f, wheref is the angle~to be determined!
between the domain magnetization axis and the c crystalline
axis. We assumeD random8 is an orientation independent depo-
larization parameter and Dbulk8 is a function of orientationu
through thed/usin~u1f!u term. In the transverse geometry th
rotation of the neutron polarization produces

FIG. 2. Energy dependence of the polarization transmission f n/ f no in the
transverse geometry, as measured at selected orientation angles. Diamonds,
u50°; squares,u530°; dots,u590°. Error bars indicate statistical error
only. The dotted lines indicate transmissions calculated from the model
using constants obtained from transverse geometry fits.

FIG. 3. Themeasured neutron polarization transmission f n/ f no as afunction
of the crystal orientation at different energies for the transverse geometry.
The 16 eV ~avg! data are the average of data from neutron energies of 14,
16, and 18 eV. The dotted lines indicate f n/ f no calculated from the model.
1360 J. Appl. Phys., Vol. 81, No. 3, 1 February 1997
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f n / f n05@sin2~u1f!1cos2~u1f!exp~22Dbulk8 t !#

3exp~22D random8 t !. ~4!

The transverse f n/ f no at each energy wasfitted to Eq. ~4!
using a nonlinear fitting procedure. To reduce errors the 14,
16, and 18 eV data were averaged together to one set before
fitting. The1.7 and 2.7 eV dataare insensitive to thevalueof
22Dbulk8 t. Therefore this term was not included in those fits.
The results of the fits are shown in Table I and in Fig. 5.

The weighted average value of the offset angle f is
15.5°60.8°. The other two parameters were fit as functions
of 1/En , as expected from Eqs. ~1! and ~3!, to obtain
D random8 5 0.58/En ~eV/cm!andDbulk8 5 2.8/En ~eV/cm!.From
Eq. ~3! and the average cylinder thickness t51.57 cm, we
find the domains have an average width of d55966 mm.
Because the 59 eV neutrons are completely depolarized at
some angles, the domain length in the long dimension is
presumed to be greater than the 880 mm limit discussed
above.

Because the longitudinal polarization transfer data were
more sparse, we did not fit the results shown in Fig. 3, but
compare them instead to the f n/ f no values calculated from
Eq. ~2! using values of the depolarization constants deter-
mined from the transverse data. Although the quantitative
agreement is poor, it is seen that, at sufficiently high neutron
energies, f n/ f no is nonzero for all angles.

In summary we have presented measurements of the po-
larization transfer of epithermal neutrons through a thick
single crystal of ferromagnetic holmium. The dependence of
the polarization transfer on neutron energy and the orienta-
tion of the crystal is qualitatively explained by a model of

FIG. 4. Themeasured neutron polarization transmission f n/ f no as afunction
of the crystal orientation for different energies in the longitudinal geometry.
Dots, En51.7 eV; squares, En516 eV ~averaged!; diamonds, En559 eV.
The dotted lines indicate transmissions calculated from the model using
constants from transverse geometry fits.

TABLE I. Depolarization parameters determined at selected neutron ener-
gies En .

En ~eV! 22D random8 t 22Dbulk8 t f ~deg!

1.7 20.94460.08 Not fit 11.063.4
2.7 20.81660.06 Not fit 14.962.6
16 ~avg! 20.10760.04 20.4960.06 12.561.2
36 20.24260.11 20.1460.06 18.662.2
59 20.04560.05 20.2660.04 19.061.4
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FIG. 5. Geometry of neutron beam through aseries of laminar or needlelike
magnetic domains. The effective domain length sampled by the neutron
beam is the domain width d divided by the sine of the angle between th
width and the neutron momentum vector.
laminar or needlelike magnetic domains having aminimum
dimension slightly offset from the c crystalline axis. The
method can be extended to other magnetic systems having
large domains or large magnetizations.
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