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Magnetic properties of Pm as an impurity in NdNi single crystal were investigated by means of low-
temperature nuclear orientation of the144Pm isotope. The angular distribution ofg-ray anisotropy revealed that
the direction of the hyperfine field experienced by the nuclei was in the (a,c) plane and made an angle of
29~10!° and/or 209~10!° with thea axis. The strength of the field was deduced to be 395~48! T with a full-field
site fraction of 76~3!% from the temperature dependence of the anisotropy. Theb decay of144Pm was found
to proceed mainly via theDJb51 matrix element. A brief discussion of crystal electric field effects and
exchange interactions is given.@S0163-1829~96!01722-5#

I. INTRODUCTION

Rare-earth intermetallic compounds have received consid-
erable interest concerning magnetic properties arising from 4
f -electron motion.RNi (R5 light rare-earth elements! is one
of those systems which show a large magnetic anisotropy
due to the crystal electric-field~CEF! effect. A number of
studies have been carried out to investigate the magnetic
structures.1–4 However, very little is known about PmNi be-
cause of the lack of a stable Pm isotope. This work aims to
offer information on the magnetic structure and hyperfine
field ~HF! of the Pm ions in a NdNi host compound by the
technique of low-temperature nuclear orientation~LTNO!.
When the nuclear properties of probe radioactive nuclei are
well known, this technique can determine the strength and
direction of the HF acting at the nuclei under study. These in
turn relate to the magnitude of the electronic magnetic mo-
ments of the oriented ions and their spatial ordering. Particu-
larly for rare-earth ions, in which the main contribution to
the HF arises from orbital motion of the localized 4f elec-
trons, the magnetic structure can be investigated through
such hyperfine interaction studies. The host compound of
NdNi is ferromagnetic, and the magnetic structure has been
determined.3 The present result is briefly discussed together
with that of our previous work for the Pm ions in PrNi.5

II. EXPERIMENT

The crystal structure of NdNi is orthorhombic of CrB type
~space groupCmcm).6 A single crystal of NdNi was pre-
pared by the Czochralski pulling method in an argon-gas
atmosphere. The crystal was cut into a rectangular plate of
dimensions: 330.232 mm along thea, b, andc axes, re-
spectively. A cyclotron irradiated the sample with a 1mA

deuteron beam for 30 min at the Institute for Nuclear Study,
University of Tokyo. By the reactions143Nd(d,n) and
144Nd(d,2n), the activity of 144Pm (T1/25349 d! was pro-
duced in the sample about 9mCi. During the irradiation
some other activities, such as143Pm and148Pm, were also
produced. The total concentration ratio of Pm to Nd is ap-
proximately 1 ppm. The sample was kept in vacuum for half
a year to allow decays of short-life activities before being
soft-soldered to a copper cold finger of a3He/4He dilution
refrigerator. A 60Co in Co~hcp! nuclear thermometer was
also soldered near the sample to monitor the temperature.
NdNi is easily magnetized in the direction of 23.5° with the
a axis in the (a,c) plane.3 We set the easy magnetization
direction and thec axis of Co~hcp! parallel, the (a,c) plane
of NdNi being horizontally or vertically, so that theg-ray
angular distribution of60Co nuclei showed spatial directions
of the crystallographic axes of NdNi. Two pairs of
Helmholtz-type coils, i.e., the four coils being at right angles
to each other, produced an external field of 0.4 T horizon-
tally along the easy magnetization direction. Four Ge detec-
tors were set on a goniometer to measureg-ray energy spec-
tra.

III. RESULT

Theg-ray anisotropyW(Q) was obtained from the cold-
counting rate divided by the warm rate, where 4.2 K is con-
sidered warm enough to ensure isotropic radiation. Interpre-
tation of orientation results has been made using the
expression7

W~Q!511 f(
l

Bl~m,BHF,T!Ul~DJb!Al~Lg!

3QlPl~cosQ!,
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whereQ specifies an angle between the orientation axis and
the emission direction of radiation. The factorf denotes the
fraction of nuclei which experience the fullfield site, the re-
mainder (12 f ) being taken to experience zero field.8 The
summation indexl is limited to 2 and 4 when a deexcitation
g transition has a pureE2 character. The orientation param-
etersBl describe the degree of orientation, depending on the
nuclear magnetic moment, the strength of the HF and tem-
perature.Ul andAl depend only on the decay mode of the
isotope under study: the nuclear spinI , angular momentum
of the lepton pairDJb , and theg radiation multipolarity
Lg . A simplified decay scheme is shown in Fig. 1.9 The b
decay is first-forbidden ofuDI u51, so that theUl could have
two terms corresponding to the cases where the lepton pair
carries unit angular momentum (DJb51) or two angular
momentum (DJb52). The fractional contribution of each
term will be deduced from temperature dependences ofg
anisotropy as described below. Theg deexcitations are most
likely E2 transitions, i.e.,Lg52. TheQl are the solid-angle
correction factors of the detectors used;Q250.98 and
Q450.95. The Legendre polynomialsPl are evaluated at
the angle each detector subtends at the orientation axis.

Figure 2~a! shows theg anisotropy as a function of angle
u measured from thea axis in the (a,c) plane at the base
temperature of 8.5 mK. It is obvious that the nuclear mag-
netic moment was oriented at an angle of 29~10!° with re-
spect to thea axis. The HF produced by the 4f electrons of
Pm ions are in the same direction. The anisotropy between
the 29° direction and theb axis also showed that the orien-
tation axis was in the 29° direction in the (a,c) plane as
shown in Fig. 2~b!. We cannot rule out the case in which the
nuclei oriented at 29° and/or 209° because theg anisotropy
does not distinguish between ferro- and antiferromagnetic
orders.

As shown in Fig. 3 the temperature dependences of the
anisotropy were measured at angles of 29° and 119°, parallel
and perpendicular to the orientation axis, respectively. The
data were analyzed to extract the hyperfine interaction
strength, ratios ofU4 /U2 in theb decay10 and the full-field
site fraction f . The hyperfine interaction strength was de-
duced to be 3.37~13!310224 J. Taking the nuclear magnetic
moment of144Pm to be 1.69~14!mN ,

9 the hyperfine field was
obtained asBHF5395(48) T.

Concerning theUl parameters, one should consider a
mixing of theb-decay matrix elements forDJb51 and 2.
Lettingd2 be the ratio ofUl(DJb51) andUl(DJb52), the
U4 /U2 ratio can be given as7

U4 /U25
U4~1!1d2U4~2!

U2~1!1d2U2~2!
.

The fit for the 477 keV transition data, takingfU2 and
fU4 as parameters, yielded a valueU4 /U250.915(25)
which results in d250.0(10.02). It means that the
b-decay matrix element ofDJb51 is dominant in
52→61. Assumingd250 for the 477 keV transition data,
we estimated the ratio in the other branch, 52→41, using
the 697 keV transition data. The fit gave a value of
U4 /U250.290(7), which leads tod250.07(10.08

20.07). The 618
keV photon peak accidentally overlapped with another one
from 148Pm, so we could not extract the ratio from this tran-

FIG. 1. Simplified decay scheme of144Pm.

FIG. 2. Angular dependence ofg-ray anisotropy of144Pm in the
(a,c) plane. ~b! Angular dependence ofg-ray anisotropy of
144Pm between theb axis and the orientation axis.
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sition data. The fraction of nuclei in the full-field site was
derived asf50.76(3) from the above analysis.

IV. DISCUSSION

In the previous study of Pm in PrNi, the orientation axis
was found to make an angle of 30~5!° with thea axis in the
(a,c) plane.5 The present work shows that Pm nuclei in
NdNi orients also at 29~10!° with the a axis in the (a,c)
plane. In brief, the Pm ions have almost the same electronic
moment arrangement~magnetic arrangement! in NdNi and
PrNi in spite of the different magnetic structure of the host
compounds.

The known magnetic structures of PrNi, NdNi, and SmNi
are illustrated in Fig. 4.3,4 PrNi is ferromagnetic below 20 K,
the easy magnetization direction being thec axis. The easy
magnetization direction of NdNi is thea axis at 28 K, and
then turns through 23.5° towards thec axis in the (a,c)
plane below 15 K. SmNi has the same crystal structure as
those of NdNi and PrNi, but the easy magnetization direction
is theb axis below 45 K. Each magnetic structure resembles
that of anRGa compound (R5Pr, Nd, or Sm!, respectively,
which also has the orthorhombic CrB-type crystal
structure.11 In CrB-type crystals, theb axis is a peculiar di-
rection because the lattice constant of theb axis is about
twice as large as those of thea andc axes. This asymmetric

crystal property leads to the large magnetic anisotropy ob-
served between theb axis and theb plane due to the CEF
effect.

The easy magnetization directions change from the
(a,c) plane~the b plane! to theb axis between the Nd and
Sm compounds. As described in the literature,11,12 such
changes in magnetic structures correspond to the sign change
in the second-order Stevens coefficient13 aJ between Nd31

and Sm31; the aJ values for Pr31, Nd31, and Sm31 are
22.131022, 20.6431022, and14.131022, respectively.
By use of the Stevens operator equivalentsOl

m and the CEF
parametersVl

m , the lowest-order terms of the CEF Hamil-
tonian can be expressed as14

HCEF5aJ~V2
0O2

01V2
2O2

2!

5aJV2
0@3Jz

22J~J11!#1aJV2
2~Jx

22Jy
2!.

Assigningx, y, andz axes to the crystallographicc, a, and
b axes, respectively, a simple point-charge model predicts
the valuesV2

0.2140 K andV2
2.260 K. We assume a

31charge for rare-earth ions and zero charge for Ni in the
calculation. TheseVl

m values were found not to change very
much between PrNi, NdNi, and SmNi. The calculations ex-
plain the change in the easy magnetic directions between
NdNi and SmNi. The off-axis ordering of NdNi is probably
accounted for by including fourth-order terms of the CEF
Hamiltonian. In order to understand thec-axis ordering of
PrNi, a positive value ofV2

2 is necessary, so the present
calculation is not valid for this compound. PositiveV2

2 could
be obtained by varying the crystallographic parameters.3

Following the above argument, the electronic magnetic
moments of Pm31 would order along theb axis owing to the
positiveaJ value of 0.7731022 as far as only the second-
order CEF Hamiltonian is concerned. The observed orienta-
tion axes of Pm nuclei in NdNi and PrNi seem to suggest
that higher-order terms of the CEF Hamiltonian are impor-
tant. Furthermore, there exist exchange interactions between
Pm and Nd or Pr ions, which are responsible for magnetic
ordering. We believe that the magnetic arrangements of Pm
ions are made by a balance of the CEF effect and the ex-
change interactions.

The HF of rare-earth ions can be written as15

BHF5B4 f1Bsp1BNN1Bappl,

whereB4 f depends on the total angular momentum of 4f
electrons of the ion;B4 f5A^Jz&. The factorA is the hyper-
fine coupling constant.15 Bsp is due to the conduction elec-
tron self-polarization by the 4f electrons,BNN is the trans-
ferred field through conduction electrons polarized by
magnetic neighbor ions, andBappl is an applied field. The
experimental and theoretical values ofBHF related to this
discussion are listed in Table I.BHF

expt of Pm ions in NdNi is
close toBHF

theor. BHF
expt of Pm ions in PrNi, however, differs

greatly fromBHF
theor. The reduction ofBHF

expt in PrNi could be
attributed to the CEF effect and the exchange interactions.
The CEF effect often quenches angular momentum. From

FIG. 3. Temperature dependence ofg-ray anisotropy of144Pm
in the (a,c) plane.

FIG. 4. Magnetic structure of PrNi, NdNi, and SmNi.
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the magnetization measurements of NdNi and PrNi,3 the val-
ues^Jz&.3.65 and 2.94 can be deduced, respectively. These
values suggest that the angular momentum of Nd and Pr ions
are quenched to about 81 and 73 % of the free-ion values of
Nd31 and Pr31, respectively. The angular momentum of Pm
ions is probably partially quenched by the CEF effect. This
quenching effect on the Pm ions may be larger in PrNi than
in NdNi, and thusB4 f is perhaps smaller in PrNi.

Bsp andBNN are known to make contact interactions with
the unbalanced spin density at the nuclear site.15 There are

conduction electrons polarized by the magnetic neighbor
ions. Through those electrons, the exchange interactions de-
pends on the angular momentumJ of the 4f electrons and
the conduction electron spins; Hex}Js. Since the spatially
ordered electronic moments of Pm and Nd ions are almost
parallel to each other, the exchange interactions between the
ions work effectively. The directions of ordered moments of
Pm and Pr ions, however, subtend an angle of 60~5!°.
Hence, the exchange interactions in PrNi probably become
complicated. It is plausible that the complicated exchange
interactions lessen not only the contact interaction, but also
the expectation valuêJz& of the 4f electrons. This argument
stimulates further experiments, such as LTNO of Pm in
SmNi.
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