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The magnetic form factor of thulium at 4.2°K has been measured with polarized neu-
trons. With the exception of the two innermost reflections, the form factor is in excel-
lent agreement with the theoretical 4f 1 form factor. At low angles an additional contri-
bution to the form factor is present. We have interpreted this as 5d-like conduction-
electron polarization, although the magnitude is unexpectedly large.

The crystal structure of thulium is hep with a
=3.537 A and c= 5.504 A, At 4.2°K the magnetic
structure'? consists of ferromagnetic layers, in
which the spins are aligned parallel (positive
layers) or antiparallel (negative layers) to the
c axis, stacked such that four positive layers
are followed by three negative layers. The or-
dered moment per atom is 7ug, and the net fer-
romagnetic moment is 1up per atom. In the
present experiment the magnetization density of
this ferromagnetic component has been measured
accurately with polarized neutrons. Recent mag-
netization measurements® on a single crystal of
thulium give the saturated moment per atom as
(1.001+£0.005) . 5 in low fields applied parallel to
the ¢ axis. For fields greater than 28 kOe, ap-
plied in the same direction, thulium becomes fer-
romagnetic, with a saturation moment of (7.14
+0,02)u 5 per atom. The 0.14u in excess of Ty
has been attributed to conduction-electron polar-
ization.? In the paramagnetic state (above 56°K)
the effective moment is 7.61up per atom. The
moments determined by neutron diffraction and
magnetization experiments are consistent with
the 45 configuration (J=6, L=5, S=1, g="7/6).

The form factor of terbium® has been measured
with both polarized and unpolarized neutrons.
Reference 5 contains a detailed discussion of the
form-factor derivation, and of the nature of the
spin distribution in the rare earths. In compari-
son with terbium the present experiment with
thulium has two immediate advantages. Firstly,
the ferromagnetic scattering amplitude in the
forward direction (p,) is less than the nuclear
scattering amplitude (), which is not the case
in terbium with a ferromagnetic moment of 9up
per atom; this is important in considering the
sensitivity of the polarized-beam method at low
scattering angles. Secondly, the asphericity in
the spin distribution for thulium is theoretically
greater than for terbium, and may be readily
observed.

The cross section for polarized neutron scat-
tering has been given by Blume,® and, consider-
ing the coherent elastic scattering only,

(do/a) a«cb® + 2P. T)J.bpferro + nizpferroz

+magnetic terms, (1)

where P is a vector in the direction of the neu-

1295



VoLUME 23, NUMBER 22

PHYSICAL REVIEW LETTERS

1 DECEMBER 1969

tron polarization, in this case parallel or anti-
parallel to the ¢ axis of the crystal. In the deri-
vation of Eq. (1) the magnetic structure is as-
sumed to be uniaxial; b is the nuclear coherent
scattering length, 7, is the projection of a unit
scattering vector on the basal plane, pse ;o iS the
ferromagnetic scattering length defined as

1
N

ve®

Dferro = <2mcz>

The sum is over all atoms in the magnetic unit
cell (N=14), f(K) is the magnetic form factor
with K the momentum transfer (K =sin6/)), and
g:M; (M, the magnetic quantum number is quan-
tized along the ¢ axis) the magnetic moment in

N —
2 M Keg M,

i=1

(2)

. 1/2
) =0

where Y ;7(9, ®) are spherical harmonics with
6 =0 corresponding to the direction of the mo-
ment. The spin (j,) and orbital (g,) terms used
in the calculation are those given by Blume,
Freeman, and Watson.” f(K) is normalized such
that f(0) =1. The apparent spin distribution is
very aspherical, but has cylindrical symmetry
about the moment direction and cannot be ob-
served in the conventional polarized-beam meth-
od in which the scattering vector remains in the
plane perpendicular to the moment direction.
The experiments were performed at the Ames
Laboratory Research Reactor with a two-axis
polarized-beam diffractometer. A feature of
this instrument is that the detector may be ele-
vated to a limited extent out of the plane perpen-
dicular to the field direction (normal-beam
method). Two thulium single crystals with di-
mensions 0.9X1.1X5 mm and 1.2X1,0X11 mm,
with the long axis parallel to the ¢ axis in each
case, have been used, and the measurements
were made at two incident neutron wavelengths
(1.01 and 0.85 A). The neutron-polarization and
spin-flipping efficiency were >98 % for both wave-
lengths. The corrections arising from incom-
plete polarization were small, and the corre-
sponding uncertainties introduced in the observed
Dterro/b values were in all cases much less than
the statistical uncertainties. Two samples and
two neutron wavelengths were used to test for
secondary extinction and multiple-reflection ef-
fects. For the smaller crystal the measured
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up of the 7th atom. Assuming all atoms are in
the °H, state with M,;=16, Eq. (2) reduces to

Dferro = (782/2”‘02) U-f(_ﬁ),

where  is the ferromagnetic moment per atom
in pug. In a polarized-beam experiment the ratio
of the Bragg-peak intensities for the two neutron
polarization states (P=%1) is measured. This
ratio, the flipping ratio, allows an accurate de-
termination of pse;,/d to be made. The coherent
elastic cross section for the 4%, 3~ structure
also contains purely magnetic terms, resulting
in additional satellite reflections that are polar-
ization independent.

The magnetic form factor for the free Tm?*
ion in the J=6, M =6 state may be written

| 2050 +5(ENY ) #5250 + (Y SR~ 407 + 5 g Y 20

1312

‘m(%(js) + 45(g6))Y60(R):| ’

-

polarization ratios were identical for both wave-
lengths. In the larger crystal the values from
the strong (11.0) and (10.1) reflections were
clearly influenced by extinction, and were there-
fore rejected, but other values were in excellent
agreement with those from the smaller crystal.
Since the purely magnetic satellite reflections
occur in layers corresponding to indices (z%k.1
+T), where 7=1/7, considerable care was nec-
essary in order to avoid contamination from
these reflections. The crystals were maintained
at 4.2°K in an applied field of 10 kOe. The flip-
ping ratio of a strong low-angle reflection was
observed as a function of applied field, and from
this we conclude that the crystals are saturated
in fields of less than 3 kOe, in agreement with
magnetization measurements. A further source
of systematic error arises if the thulium nucle-
us, which is a single isotope Tm®®® with spin 3,
is polarized.® Since this effect has a 1/T depen-
dence we have measured the flipping ratio of the
(11.0) reflection at 1.8°K. No change from the
value at 4.2°K was observed.

The experimental values for uf(K) are given
in Table I. Each value in the table is the aver-
age of a number of equivalent reflections and the
quoted error is the standard deviation of the av-
erage. In all cases the values from equivalent
reflections were in good agreement. The u f(-IZ)
values were derived from the measured pie;o/0
values using b=0.69%X1072 ¢cm, as given by
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Table I. Theoretical and observed magnetic scatter-
ing amplitudes for thulium (b.oh=0.69 X10™ % cm).

(P'f)ealc o
BEL  sinf/A  foc (W) ops 1 =0.885 g
10.0  0.163 0.913 0.860 £10 0.808
10.1  0.187  0.900  0.829 10 0.796
10.2  0.244 0.865 0.771 %8 0.765
11.0  0.283  0.770  0.685 6 0.681
10.3  0.318  0.811  0.740 +40 0.717
20.0  0.327 0.711 0.635+8 0.630
20.2  0.374 0.685 0.596 =8 0.606
21.0  0.432 0.571  0.505=10 0.505
30.0  0.490  0.499  0.444 6 0.441
22.0  0.566 0.412 0.364 =8 0.365
31.0 0.589 0.388 0.353=10 0.343
40.0  0.653 0.324 0.287 =13 0.287
32.0 0.712  0.274  0.225+8 0.242
41.0  0.748 0.245 0.220 10 0.217
33.0 0.848 0.179 0.1518 0.158

Koehler ial.’ The error on this value is re-
ported as +0.02X107*2 cm, i.e., 3%. This un-
certainty, which is not included in the errors
given in Table I, introduces a constant scale
factor to all the measured wf(K) values.

In the analysis, we have assumed that the only
contribution to the form factor at high angles is
from the highly localized 4f moment. Thus, in
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FIG. 1. Observed (closed circles) and theoretical 4f
free-ion form factor for the (2%.0) reflections (i.e.,
scattering vector perpendicular to the moment) in thu-
lium metal. The theoretical form factor (smooth
curve) has been scaled by 0.885, this value being ob-
tained from a least-squares fit with all experimental
points except the two innermost reflections. The in-
sert illustrates the same smooth curve together with
the theoretical (open circles) and observed (filled cir-
cles) values of the form factor for certain reflections
out of the basal plane.

Table I, by using u=0.885u5 the (4f). may be
brought into excellent agreement with all the ex-
perimental observations, except for the two in-
nermost reflections. Figure 1, which also uses
u=0.885up, illustrates this agreement. The off-
basal-plane reflections (I#0) are included in the
insert of Fig. 1, and confirm the asphericity in
the magnetization density. From a suitably
weighted least-squares analysis the error on u
=0.885up in Table I is +0.005u3. However, if
the error on b is included, the magnitude of the
localized 4f ferromagnetic moment is 0.885
+0,025 up per atom.

So far the two innermost reflections have not
been included in the analysis. By using the 4f
moment contribution deduced from the higher
angle reflections, (1f)obs—(bS)carc® has been
plotted on an expanded scale versus sinf/x in
Fig. 2. An additional contribution is clearly
present for the two innermost reflections. The
solid and dashed lines in Fig. 2 are the spherical
part of the form factors for the densities of 5d
and 6s electrons, respectively. For these cal-
culations the free-atom wave functions given by
Herman and Skillman® have been used. The 5d
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FIG. 2. A plot of (uf) ops —(if) ca1c? vs sin 6/A for
the innermost reflections. The smooth curves are
form factors for the 5d and 6s states using free-atom
wave functions. The arrows on the ordinate axis indi-
cate the uncertainty introduced in the normalization at
sin 6 /A =0 by the error of 0,02 in b,y for thulium.
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and 6s form factors have been normalized to
0.116up in the forward direction. The value of
0.116up is obtained by subtracting the localized
4f moment (0.885u5) from the magnetization val-
ue of 1.001ug per atom. By subtracting (if )’
from (uf)sps We have assumed that the magne-
tization density consists of two parts, a localized
4f contribution plus a contribution from conduc-
tion-electron polarization. The conduction elec-
trons in the rare-earth metals are generally as-
sumed to be polarized via exchange coupling with
the 4f moment. Augmented plane wave calcula-
tions'® show that the conduction electrons for
heavy rare-earth metals are mostly 5d like, and
our observations would seem to confirm this be-
havior.

The magnitude of the 5d effect is, however,
very large. In the ferromagnetic state the con-
duction-electron polarization is 0.14/7=2% of
the free-ion moment. If this polarization follows
the four-plus, three-minus configuration of the
4f moments, its magnitude would be 2% of 1up.
The effect reported here is ~13%.

The reduction of 11% from the expected value
of 1up in the localized ferromagnetic 4/ moment
may possibly be explained by a small deviation
from the ideal four-plus, three-minus structure.
Such a change can readily lead to the necessary
reduction in the ferromagnetic component, while
introducing only very small variations in the in-
tensities of the satellite reflections. One may
also argue that the value of the nuclear coherent
scattering length used to derive u f(ﬁ) is too low.
However, if the form factor at low angles repre-
sents a 5d-type distribution, as suggested in
Fig. 2, then the experimental value of uf(K) ex-
trapolates to 1ug at K =0, in agreement with
magnetization measurements.

The effects observed here may be a property
of the four-plus, three-minus structure of thuli-
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um. On the other hand, if the 11% reduction of
the localized 4f moment is present also in the
ferromagnetic state, then a reinterpretation of
the data is required. We may, indeed, have to
consider whether the 4f wave functions are them-
selves modified, especially in the outer regions
of the unit cell, by the exchange coupling. In this
case, the division of the form factor into contri-
butions from a localized 4f moment nd a con-
duction-electron moment would be in orrect.

The thulium crystals were provided by F. H.
Spedding, S. Legvold, and R. Edwards, to whom
we express our thanks. It is a pleasure to thank
S. H. Liu, A, J. Freeman, M. Blume, S. K, Sin-
ha, and R. A. Reese for stimulating discussions.
We are grateful to L. Heaton and R. L. Hitterman
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