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The spins of the four lowest neutron resonances in Er!® have been determined by measuring
the transmission of polarized neutrons through a sample of polarized erbium nuclei, The de-
termination of the spins depends solely on the transmission effect and is independent of any
assumption about the sign of the nuclear magnetic moment or the direction of the effective
field at the-target nuclei. The spins were found to be J=I+ % =4 for the 0.460-eV resonance
and J=1—% =3 for the resonances at 0.584, 6.10, and 9.6 eV. The nuclear polarization of the
sample, obtained as function of the sample temperature at a fixed energy, was fitted to a
theoretical curve, using the magnetic and electric hyperfine splitting constants as fitting pa-
rameters. The values found for the magnetic and electric hfs constants are, respectively,
A/k=-0.085+0.0005°K and P/k =—0.005+0.001°K. Taking the nuclear magnetic moment of
Er'® to be —0.56y, the corresponding effective magnetic field at the nucleus is 7.26X 10%Oe,

I. INTRODUCTION

Transmission measurements with polarized neu-
trons and targets of polarized nuclei offer a sim-
ple and straightforward way to determine the spins
of low-energy neutron resonances. At low neu-
tron energies, only s-wave-type interactions be-
tween neutrons and target nuclei need to be con-
sidered. Hence, a resonance in the slow-neutron
cross section corresponds to the formation of a
compound nucleus with a definite total angular mo-
mentum J, where J is limited to I+ 3, I being the
spin of the target nucleus.

While, in general, the sign of the nuclear polar-
ization, i.e., the sign of the nuclear magnetic mo-
ment and the direction of the effective field at the
nucleus, must be known in order to make an un-
ambiguous determination of the resonant spin, it
is possible in some cases to make an absolute de-
termination, provided the neutron cross section
contains at least two observable resonances of op-
posite spin states. Preliminary results' on erbium
depended on the assumption of a negative nuclear
magnetic moment and a positive effective magnet-
ic hyperfine field. The present work makes use of
the fact that the two lowest resonances in the neu-
tron cross section of Er’®” have opposite spin and

that, therefore, the spins can be determined di-
rectly from the measurements of the transmission
effect without any additional assumptions.

Since erbium has a very large magnetic hyper-
fine field, large transmission effects could be ob-
tained which allowed the determination of the mag-
nitude and the sign not only of the magnetic hfs
constant but also of the electric hfs constant.

II. THEORY OF TRANSMISSION EXPERIMENTS

A. Absolute Spin Determination

The theory describing the interaction of polar-
ized neutrons and polarized nuclei has been devel-
oped elsewhere in detail.>~* Therefore, it is only
necessary to present some of the pertinent equa-
tions here.

In order to represent the measurements with po-
larized neutrons parallel and antiparallel to the
spin of the target nuclei, it is convenient to define
a quantity (&), the transmission effect,

Tp—Ty _Cp-Cy
Tp+T, Cp+Cy’

(8) = 1)
where Tp, 7, and Cp, C, are, respectively, the
transmissions and counting rates for parallel and
antiparallel combination of neutron and target spin.
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It can be shown? that the transmission for the
parrallel and antiparallel spin interaction, respec-
tively, is given by

T p=e~% [coshkt - (7%~ v) sinhxt ], (2a)
T 4=e" % [coshkt + (Tef %) sinhki ]. (2b)

In these equations f? is the polarization of the
neutron beam; ¢ is the efficiency of neutron spin
reversal; a=No+D, where N is the number of
target nuclei per cm3, o the total neutron cross
section, and D the depolarization factor (D! is
the mean free path for spin reversal); « =(N20?p?
+D?)?2 where p=pfy, where f is the nuclear po-
larization and p is a statistical weighting factor
which has the values ~1 or I/(I+1) for J=I-3 or

J=I+ 3, respectively; 7 =Nop/x; and finally v =D /k.

Combining Egs. (1), (2a), and (2b), one gets

7 sinhkt

coshxt + [v - (1 - @) 7f°] sinhxt
(3)

(8)==3(1+9)f;

If D=0 and ¢ =1, and if f, is small, Eq. (3) re-
duces to

(8) ==3(L+¢)f, tanh(Nopf L) . (4a)

Although only an approximation, Eq. (4a) may
serve to illustrate the main points of the experi-
mental method. For thin targets, Eq. (4a) can be
further reduced to

(8)~=H(1+ ¢)F2 (Nopfyt) - (4D)

Equation (4b) shows that the sign of (&) is deter-
mined by the weighting factor p if the sign of f,,
the nuclear polarization, is known. If the magni-
tude of fj is also known, a measurement of the

J

fR(E - E’)71e” **sinh (kt) dE’

magnitude of (&) will determine the value of p and,
therefore, the spin state J. However, more often
then not there is doubt about the sign of f, as well
as its magnitude.

If there are two closely spaced resonances, a
and b, the spin states can easily be found by mea-
suring the quantity (8),/(8),, where (&), and (§),
are the measured transmission effects at the reso-
nances a and b obtained under identical conditions,
i.e., the same sample temperature and the same
external magnetic field.

In this case

(8)y_ Pg (Not), (5)
<g>b Py (NO’If)b'

The values for (Not),,, can be found easily from
transmission measurements with unpolarized neu-
trons and unpolarized targets. Since the reso-
nances a and b have opposite spin values, and the
possible p values are —1 and I/(I+1), the quantity
(8),/{8), can have only one of the two values —I/
(I+1) or =(I+1)/I if we neglect, for the moment,
the factor arising from the (Not),,, values.

Similar simplified equations were used success-
fully in the case of terbium,® where the measured
transmission effects were relatively small; how-
ever, in the general case, and in particular for
large transmission effects, i.e., whenever the
hyperbolic functions cannot be approximated by
their arguments, the exact equations must be used.
Furthermore, Eq. (3) must be extended to take in-
to account the finite energy resolution of the neu-
tron spectrometer and the Doppler broadening of
the resonant cross section. Equation (3) then be-
comes

@=--(159) 1z

where R(E ~ E’) is the spectrometer resolution
function,® and where the cross section ¢ is calcu-
lated using the Doppler-broadened Breit-Wigner
formula. Equation (5) has to be extended in the
same way, (8),/(8), becoming the ratio of two
expressions calculated using Eq. (6). For large
values of kt in Eq. (6), this ratio becomes a func-
tion of f and, therefore, of the sample tempera-
ture T'. The p ratio also depends on the instrumen-
tal resolution, the more so the further apart the
energies a and b are,

B. Hpyperfine Interactions

Once the p value, i.e., J, is known one can ob-

fR(E ~E" e~ % {cosh(kt)+ [v —é(i - @) 7f2]sinh (kt)} dE’ ’

’tain a plot of f versus T by using the measured
dependence of (&) as function of 7' and the use of
Eq. (6). This information can be used to deter-
mine the hyperfine-splitting constants. If we de-
scribe the nuclear part of the hyperfine interac-
tion by the spin Hamiltonian

J=AS,I,+P[I2-11(1+1)], (M

where A and P are the magnetic and electric split-
ting constant, respectively, the nuclear polariza-
tion is given by

_ 1 Y mexpl-(34m+Pwm?)/kT] ®)
Su= I Y exp[-(3Am+Pm?) /kT]

For P=0, Eq. (8) reduces to the Brillouin function
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fy=By(B)= 212;1 coth <212+1 B> - —217 coth <§>
(9)

with 8 =A/(2kT). Unless single crystals and rela-
tively high external magnetic fields are used, most
samples will be only partially magnetized and Eqgs.
(8) and (9) must include a constant k,, to take ac-
count of this incomplete magnetization., We have
then

fI\’I :km fN; (10)
where f, is given by Eq. (8) or (9).

IIIl. APPARATUS AND SAMPLE

The equipment used in the experiment consisted
of a crystal spectrometer to obtain monochromatic
polarized neutrons by Bragg reflection off the (111)
and (220) planes of a magnetized Co-Fe crystal,
and a demagnetization cryostat for cooling of the
nuclear sample. For any details, the reader is
referred to previous descriptions.?:*

Two different samples were used, both cut from
the same metal ingot obtained from the Lindsay
Chemical Company. The purity of the metal is
stated to be 99.9%. The samples were cut as rec-
tangular slabs 0.005 and 0.014 in, thick. Special
attention was given to the mounting of the sample
to assure a good thermal connection to the cooling
salt.”

Since the neutron beam contains a certain frac-
tion of second-order neutrons (higher orders can
be neglected) which can greatly alter the transmis-
sion measurements, second-order resonance fil-
ters were used to reduce the second-order frac-
tion of the beam to a negligibly small percentage.
These filters consist of resonance absorbers that
have strong isolated resonances at the second-or-
der energy, while the transmission at the first-or-
der energy is relatively high,

The cooling of the sample was accomplished by
adiabatic demagnetization of an iron ammonium
sulfate salt. The temperature was measured by
measuring the susceptibility of the cooling salt.
The susceptibility is directly proportional to the
inverse of the magnetic temperature. The data of
Cooke, Meyer, and Wolf® were used to convert the
magnetic temperature to the thermodynamic tem-
perature,

IV. EXPERIMENTAL RESULTS

Figure 1 shows the neutron transmission of both
samples used, 0.005 and 0.014 in, thick, over the
energy range of the first two resonances. The
measured points were obtained using In, Dy, Re,
Te, Hf, and Gd as resonance second-order beam
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T T 1 T I I I T
(Re) (Te)(Hf) (Gd)
4 Vi M

TRANSMISSION

| | | I \ | | | |
0.30 0.34 .38 42 46 050 .54 .58 .62 .66 0.70

NEUTRON ENERGY (eV)

FIG. 1. Neutron transmission for 0.014- and 0.005-in.
samples of natural eribium metal. Curves are calculated
using the parameters from Ref. 9. Second-order filters
used are indicated at top.

filters. The solid lines are the calculated trans-
mission for unpolarized neutrons. The agreement
is very good and the measurements serve as a sen-
sitive check of the resonance parameters used,®
the sample thickness, and the effectiveness of the
second-order filters.

Erbium metal exhibits a strong magnetic aniso-
tropy'®'!* which has a depolarizing effect on the
neutron beam. This depolarization varies with en-
ergy and, therefore, does not cancel in Eq. (5).
Figure 2 shows the depolarization factor D as func-
tion of energy. D was measured in a double-scat-
tering experiment, using a second magnetized Co-
Fe crystal as a second Bragg reflector. If f? is
the polarization of the neutron beam and f, the po-
larization of the beam after transmission through
the sample, then®

fo=f2et?Pt, (11)

where D is the depolarization factor and ¢ the sam-
ple thickness.

The factor D is also needed in Eq. (6) in order to
calculate the transmission effect as a function of
energy.

Figure 3 shows the transmission effect measured
at the six different energies for which second-or-
der filters were available. A first inspection of
the data shows that the spin states of the two first
resonances must be opposite, which immediately
eliminates two p-value combinations. The two
solid lines in Fig. 3 are calculated using Eq. (6)
representing the two possible cases of J values,
i.e., I+%, I-%, and I-3, I+3, for the first two
resonances. As we have made no assumption



1140 G. BRUNHART AND V. L. SAILOR 2
] I I I I I I I I
30 —0.30
£
o
o -
o
~N
20 —0.20 ',
10— —0.10
10
| -1
E (ev™')
FIG. 2. Depolarization factor D as function of energy, as determined from the ratio of neutron beam polarization
fa/fa ="
about the sign of either the nuclear magnetic mo- Reyp=-1.044+0.03. The experimental results,
ment or the direction of the effective magnetic therefore, are consistent only with the spin assign-
field at the nucleus, the reflections of the calcu- ment of curve I, i.e., J=I+3%=4 for the 0.460-eV
lated curves about the (§)=0 axis are equally pos- resonance and J=I -3 =3 for the 0.584-eV reso-
sible. nance. Transmission effects of (§)=-3.5% and
If we now form the ratio R of the calculated (&) (8)=-1.9% were measured at the 6.10- and 9.6-eV
at £ =0.4278 eV and E =0.5838 eV, two points at resonances, respectively, The negative sign of the
which the transmission effect has been measured, measured effect determines immediately the com-
we find R;=-1.099 for curve I and R;; =-2.094 for pound spin of both resonances to be also J=I-3=3.
curve II. The ratio of the experimental points is In order to determine the hyperfine coupling con-
T I ] ] T
0.4— -]
SET 1: (I+%); (I-%)
0.3+ SET2: (I-%); (I+3) -
N\
S 0.2 =
-
(&)
W Ol ~
[Ty
[T
w
=z
o
& -0l -
s
z
Z -0.2 ~
o
-
-0.3+— —
0.4

0.30 0.4 0.50 0.60 0.70
NEUTRON ENERGY (eV)
FIG. 3. Transmission effect as function of energy. The solid curves are calculated using Eq. (6). Sets 1 and 2 refer
to the two possible combinations of p values. The dashed curve is the reflected curve for Set 2. The second-order
filters used are indicated in parenthesis.
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stants, the transmission effect was measured as
function of the sample temperature. The results
are shown in Fig. 4. The upper curve (II) was ob-
tained with the 0.014-in. sample at 0.428 eV, while
the lower curve (I) gives the data obtained with the
0.005-in. sample at 0.584 eV. The ordinate is the
nuclear polarization f, which is obtained from (&)
in the manner described in Sec. II B. The differ-
ence in magnitude of f, for the two samples comes
from the factor %, in Eq. (10). At the external
magnetic fields used here (17 kOe) erbium metal
is only partially magnetized. The magnetization
along the crystalline a and b axis shows a very
abrupt change in this region'’ and we must expect
appreciable differences in magnetization for our
two samples even at constant external field, be-
cause of the geometry-dependent demagnetization
fields as well as differences in the previous mag-
netic history of the sample.

We have fitted the data to Eq. (8) using a least-
squares-fit method” and obtained the values A/k
=-0.085+ 0.0005°K and P/k =-0.005+0.001°K for
the thin sample. The values for the thick sample
lie 5% lower. The thicker sample represents a
greater heat load on the cooling sample, and since
the temperature is measured indirectly through
the susceptibility of the cooling salt, the possible
temperature gradient is likely to be more signifi-
cant. We have, therefore, not included the data

obtained with the thick sample in our final analysis.

If we arbitrarily let P/k =0 and fit our data to Eq.
(9), the A/k value reduces to A/k=-0.075°K as the
best fitting value. However, the fit to the data be-

-50 T T | I B R R E— T

o EN
o o
T T

-
| 1

NUCLEAR POLARIZATION fy
* .
o
T T
| L

o | 1 | | § I I E—
2 4 6 8 10 12 14 16

L1

18 20 22 24 26
L(°K™)
L

FIG. 4. Measured nuclear polarization as function of

the inverse absolute temperature. The curves are cal-
culated using Eq. (8).

TABLE I. Summary of spins determined in this work.

Neutron energy

(eV) J
0.460 4
0.584 3
6.10 3
9.6 3

comes decidedly poorer.

V. DISCUSSION

The spins of four neutron resonances in Er'®”
have been determined absolutely. The determina-
tions are independent of any assumption about the
sign of the nuclear magnetic moment or the inter-
nal effective field. The results are summarized
in Table I.

The hyperfine coupling constants are directly re-
lated to effective magnetic and electric fields at
the site of the nucleus, and in the case of the rare
earths these fields are determined mostly by the
behavior of the 4f electrons. The information that
can be obtained from the magnetic coupling con-
stant is essentially the product pH. ;. We will as-
sume here that we can get an accurate value for
the nuclear magnetic moment (n.m.m.) g from
other measurements and will, therefore, be able
to measure the effective field H¢s.

Unfortunately, it is very difficult to obtain values
for the rare-earth n.m.m.’s by direct measure-
ments. The procedure has usually been to mea-
sure the hyperfine coupling by magnetic-resonance
methods and use more or less accurate theoretical
estimates of the hyperfine fields. These estimates,
of course, depend largely on the assumptions

TABLE II. Summary of nuclear magnetic moments of
Er!%". Values are in units of nuclear magnetons. p.r.
means paramagnetic resonance and a.b.r. means atomic-
beam resonance.

I Method Reference
0.11 p.r. a
0.48 p.r. b
0.50 p.r. c
0.50 Hartree-Fock (r™% d
0.58 p.r. e
-0.564 a.b.r. f

0.563 p.r. f
—0.5647 a.b.r. g
2See Ref. 12. ®See Ref. 16.
bSee Ref. 13. fSee Ref. 17.
€See Ref. 14. gSee Ref. 18.
dSee Ref. 15.
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TABLE III. Comparison of the hfs results of the present work with previously published values.

|

All values of H, ¢¢

for which o’ is also given have been calculated using p=—0.56uy.

a’ =A/2k Hef f
°K) (10° Oe) Method Reference
7.60 Mossbauer effect a
7.71 Mossbauer effect b
0.0473 8.10 specific heat c
0.0547 9.34 specific heat d
—0.0451 7.72 calc. from o
0.0452 7.70 electron-spin res.
0.0456 7.79 calc. from electron-spin res. f
8.4 cale. (r=se¢¢ g
~0.0425 7.26 polarized neutron tramission present work
2See Ref. 19. ®See Ref. 23.
bSee Ref. 20. fSee Ref. 24.
¢See Ref. 21. 8See Ref. 25.
dSee Ref. 22.

about the 4f electron wave functions, and calcula-
tions by different authors differ by as much as 25%.

Table II summarizes some available data for the
n.m.m. of Er'®”, All of the older data'?~!° are ob-
tained from paramagnetic-resonance measure-
ments, using various assumptions to calculate
{(r~3%). The results of Bleaney,® Elliot and Ste-
vens,* and those of Freeman and Watson'® agree
very well, although the courses of their calcula-
tions are quite different. There is no agreement
with the value of Hutchison and Wong,'? although
their calculations reproduce their experimental
results. In an effort to arrive at more realistic
(r~%) values, Lindgren'® has used 4f electron wave
functions that were adjusted to fit results on Pr3*
and Tm3®*. His (»~%)'s are about 20% smaller, and
consequently the value for the n.m.m. is larger.
Bleaney'” has recently recalculated his earlier re-
sults'® based on (r~%) values obtained by interpo-
lating between some direct n.m.m. measurements.
The new values are, not too surprisingly, in very
good agreement with the most recent direct deter-
mination of the n.m.m. of Er!®? obtained by atomic-
beam triple magnetic resonance.'® For our pur-
poses, we will use the value of pu=-0.56u .

There are several previous determinations of
the hyperfine constant in erbium by the specific-
heat method, as well as field determinations by
the M@ssbauer method, and calculations based on
magnetic-resonance measurements. In order to
compare the different results we have calculated

H.;, and a’ where applicable, in all cases using
the value p=-0.56u, except in the M&ssbauer de-
terminations. Table III gives a summary of pre-
vious and present measurements. The M&ssbauer
measurements'®'?° were done by observing the
splitting of the 80.6-keV transition in Er'®; both
measurements do observe a quadrupole interac-
tion. The specific-heat measurements®!+?? were
made down to 0.4 and 0.5°K, respectively. These
temperatures were not low enough to allow an ex-
traction of information on the quadrupole interac-
tion from the data. Bleaney?® estimated hyperfine
interactions based on data from electron-spin res-
onance and electron-nuclear double-resonance
measurements on salts and atomic beam measure-
ments on free ions. He also included a quadrupole
interaction of P/k=-0.003°K. Kondo?* calculated
effective magnetic fields, using available electron-
spin-resonance data. Cohen and Wernick?®® calcu-
lated an effective field using an effective (»~3) val-
ue obtained by extrapolation from Tm?'®° in order
to interpret their M&ssbauer data on Er'®s,

While the specific-heat measurements lie some-
what higher, the agreement is, in general, good
for all measurements listed.

ACKNOWLEDGMENTS

The authors would like to express their thanks to
W. Kristiansen, who prepared the erbium samples,
and to E, Caruso, who rendered valuable assis-
tance during the course of the experiment.



2 ABSOLUTE DETERMINATION OF SPINS OF... 1143

TWork supported by the U. S. Atomic Energy Com-
mission.

!G. Brunhart, H. Marshak, C. A. Reynolds, V. L. Sai-
lor, R.I. Schermer, and F. J. Shore, Bull. Am. Phys.
Soc. 7, 305 (1962).

: Postma, H. Marshak, V. L. Sailor, F. J. Shore,
and C. A. Reynolds, Phys. Rev. 126, 979 (1962).

%y. L. Sailor, R. L. Schermer, F.J. Shore, C. A.
Reynolds, H. Marshak, and H. Postma, Phys. Rev.

127, 1124 (1962).

‘H. Marshak, H. Postma, V. L. Sailor, F. J. Shore,
and C. A. Reynolds, Phys. Rev. 128, 1287 (1962).

5H. Postma, F. J. Shore, and C. A. Reynolds, Physica
30, 713 (1964).

%v. L. Sailor, H. L. Foote, and R. E. Wood, Rev. Sci.
Instr. 27, 26 (1956).

'G. Brunhart, H. Postma, and V. L. Sailor, Phys. Rev.

137, B1484 (1965).

8A. H. Cooke, H. Meyer, and W. P. Wolf, Proc. Roy.
Soc. (London) A233, 536 (1956).

°H. B. Méller, F.J. Shore, and V. L. Sailor, Nucl.
Sci. Eng. 8, 183 (1960).

105, w, Cable, E. O. Wollan, W. C. Koehler, and M. K.
Wilkinson, Phys. Rev. 140, A1896 (1965).

Uy, g, Rhyne, S. Foner, E.J. McNiff, and R. Doclo,
J. Appl. Phys. 39, 892 (1968).

'2C. A. Hutchison and E. Wong, J. Chem. Phys. 29,

754 (1958).

13p, Bleaney, Proc. Phys. Soc. (London) A68, 937 (1955).

YR, J. Elliott and K. W. H. Stevens, Proc. Roy. Soc.
(London) A219, 387 (1953).

5A. J. Freeman and R. E. Watson, Phys. Rev. 127,
2058 (1962).

'I. Lindgren, Nucl. Phys. 32, 151 (1962).

Ty, Bleaney, in Proceedings of the Thivd Intevnational
Congress on Quantum Electvonics, Paris, 1963, edited
by P. Grivet and N. Bloembergen (Columbia University
Press, New York, 1964), p. 595.

1%, F. Smith and P. J. Unsworth, Proc. Phys. Soc.
(London) 86, 1249 (1965).

13g, Hiifner, P. Kienle, W. Wiedemann, and H. Eicher,
Z. Physik 182, 499 (1965).

2'R. A. Reese and R. G. Barnes, Phys. Rev. 163, 465
1967).

AR, D. Parks, in Proceedings of the Second Conference
on Rave Eavth Reseavch, 1961, edited by J. F. Nachman
and C. E. Lundin (Gordon and Breach Science Publishers,
Inc., New York, 1962), p. 225.

2B, Dreyfus, B. B. Goodman, A. Lacaze, and G. Trol-
liet, Compt. Rend. 253, 1764 (1961).

?*B. Bleaney, J. Appl. Phys. 34, 1024 (1963).

3. Kondo, J. Phys. Soc. Japan 16, 1690 (1961).

%R. L. Cohen and J. H. Wernick, Phys. Rev. 134,

B503 (1964).



