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Magnetic properties of Pm in NdNi
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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 tHéPm isotope. The angular distribution fray anisotropy revealed that
the direction of the hyperfine field experienced by the nuclei was in a@he) (plane and made an angle of
29(10)° and/or 20910)° with thea axis. The strength of the field was deduced to be&(&85T with a full-field
site fraction of 763)% from the temperature dependence of the anisotropy.Artecay of*4Pm was found
to proceed mainly via thedJz=1 matrix element. A brief discussion of crystal electric field effects and
exchange interactions is givef50163-18206)01722-5

[. INTRODUCTION deuteron beam for 30 min at the Institute for Nuclear Study,
University of Tokyo. By the reactionsi*Nd(d,n) and
Rare-earth intermetallic compounds have received considt*Nd(d,2n), the activity of 1*Pm (T,,=349 d was pro-
erable interest concerning magnetic properties arising from duced in the sample about @Ci. During the irradiation
f-electron motionRNi (R=light rare-earth elementss one  some other activities, such d§%Pm and*%m, were also
of those systems which show a large magnetic anisotropproduced. The total concentration ratio of Pm to Nd is ap-
due to the crystal electric-fieldCEF) effect. A number of proximately 1 ppm. The sample was kept in vacuum for half
studies have been carried out to investigate the magneti year to allow decays of short-life activities before being
structures.™* However, very little is known about PmNi be- soft-soldered to a copper cold finger of*ale/*He dilution
cause of the lack of a stable Pm isotope. This work aims taefrigerator. A ®°Co in Cdhcp nuclear thermometer was
offer information on the magnetic structure and hyperfinealso soldered near the sample to monitor the temperature.
field (HF) of the Pm ions in a NdNi host compound by the NdNi is easily magnetized in the direction of 23.5° with the
technique of low-temperature nuclear orientatik™NO).  a axis in the @,c) plane® We set the easy magnetization
When the nuclear properties of probe radioactive nuclei arelirection and thee axis of Cdhcp) parallel, the 4,c) plane
well known, this technique can determine the strength andf NdNi being horizontally or vertically, so that the-ray
direction of the HF acting at the nuclei under study. These irangular distribution of°Co nuclei showed spatial directions
turn relate to the magnitude of the electronic magnetic moof the crystallographic axes of NdNi. Two pairs of
ments of the oriented ions and their spatial ordering. ParticuHelmholtz-type coils, i.e., the four coils being at right angles
larly for rare-earth ions, in which the main contribution to to each other, produced an external field of 0.4 T horizon-
the HF arises from orbital motion of the localizedl élec-  tally along the easy magnetization direction. Four Ge detec-
trons, the magnetic structure can be investigated througtors were set on a goniometer to measyi@y energy spec-
such hyperfine interaction studies. The host compound ofra.
NdNi is ferromagnetic, and the magnetic structure has been
determined The present result is briefly discussed together . RESULT

with that of our previous work for the Pm ions in Prii. . .
The y-ray anisotropyW(®) was obtained from the cold-

counting rate divided by the warm rate, where 4.2 K is con-
Il. EXPERIMENT sidered warm enough to ensure isotropic radiation. Interpre-
tation of orientation results has been made using the

The crystal structure of NdNi is orthorhombic of CrB type expressioh

(space groupgCmcn).® 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 W(®)=1+f§£ Br(,Bre, T)UN(AJR)AN(L,)
dimensions: ¥X0.2x2 mm along thea, b, andc axes, re-

spectively. A cyclotron irradiated the sample with gui X Q\P,(co®),
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where® specifies an angle between the orientation axis and @ 0 (degree)
the emission direction of radiation. The factodenotes the
fraction of nuclei which experience the fullfield site, the re- T T T T ' '
mainder (1-f) being taken to experience zero fiéldhe 121 qap e i
summation index is limited to 2 and 4 when a deexcitation m )
v transition has a purE2 character. The orientation param-
etersB, describe the degree of orientation, depending on the 10} 4
nuclear magnetic moment, the strength of the HF and tem-
peratureU, andA, depend only on the decay mode of the .
isotope under study: the nuclear spinangular momentum Fos} e .
of the lepton pairAJ;, and they radiation multipolarity = ¢
L,. A simplified decay scheme is shown in Fig® The B
decay is first-forbidden dfA 1| =1, so that theJ, could have 0.6 - .
two terms corresponding to the cases where the lepton pair 477keV 29
carries unit angular momentum{z=1) or two angular 3 5o ¢
momentum (Jz=2). The fractional contribution of each 0.4 (400 oo® i
term will be deduced from temperature dependencey of Tt 697keV
anisotropy as described below. Thedeexcitations are most
likely E2 transitions, i.e.l.,=2. TheQ, are the solid-angle O o s 20
correction factors of the detectors useQ,=0.98 and (b) ¢ (degree)

Q;=0.95. The Legendre polynomiaB, are evaluated at

the angle each detector subtends at the orientation axis. FIG. 2. Angular dependence gfray anisotropy of4Pm in the
Figure Za) shows they'an]sotropy as a function of angle (a,c) plane. (b) Angular dependence ofy-ray anisotropy of

6 measured from tha axis in the @,c) plane at the base 144py, petween the axis and the orientation axis.

temperature of 8.5 mK. It is obvious that the nuclear mag-

netic moment was oriented at an angle of @) with re- Concerning theU, parameters, one should consider a

spect to thea axis. The HF produced by thef lectrons of  mixing of the 8-decay matrix elements fakJz=1 and 2.

Pm ions are in the same direction. The anisotropy betweepetting 52 be the ratio ol (AJz=1) andU, (AJ,z=2), the
the 29° direction and thb axis also showed that the orien- , /U, ratio can be given ds

tation axis was in the 29° direction in the,€) plane as
shown in Fig. 2b). We cannot rule out the case in which the Ua(1)+ 82U 4(2)
nuclei orien_te(_j at 29° and/or 209° because Misotropy _ :m-
does not distinguish between ferro- and antiferromagnetic
orders. The fit for the 477 keV transition data, takingJ, and
As shown in Fig. 3 the temperature dependences of théU, as parameters, yielded a vallg,/U,=0.915(25)
anisotropy were measured at angles of 29° and 119°, parallthich results in §°=0.0(+0.02). It means that the
and perpendicular to the orientation axis, respectively. Thgg-decay matrix element ofAJz=1 is dominant in
data were analyzed to extract the hyperfine interactio® —6". Assumings?=0 for the 477 keV transition data,
strength, ratios ob),/U, in the B decay® and the full-field ~we estimated the ratio in the other branch,-54, using
site fractionf. The hyperfine interaction strength was de-the 697 keV transition data. The fit gave a value of
duced to be 3.313)x 10"2* J. Taking the nuclear magnetic U,/U,=0.29q7), which leads ta5>=0.07(; 308). The 618
moment of*4Pm to be 1.6@L4)x ,° the hyperfine field was keV photon peak accidentally overlapped with another one
obtained af3,-=395(48) T. from #%Pm, so we could not extract the ratio from this tran-

U,/U,
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FIG. 3. Temperature dependencesgsfay anisotropy of**Pm
in the (a,c) plane.

sition data. The fraction of nuclei in the full-field site was
derived asf=0.76(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 &) with thea axis in the
(a,c) plane® The present work shows that Pm nuclei in
NdNi orients also at 240)° with the a axis in the @,c)

plane. In brief, the Pm ions have almost the same electroni

moment arrangemer{tnagnetic arrangemenin 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:* PrNi is ferromagnetic below 20 K,
the easy magnetization direction being thexis. The easy
magnetization direction of NdNi is tha axis at 28 K, and
then turns through 23.5° towards tleeaxis in the @,c)
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crystal property leads to the large magnetic anisotropy ob-
served between the axis and theb plane due to the CEF
effect.

The easy magnetization directions change from the
(a,c) plane(the b plang to theb axis between the Nd and
Sm compounds. As described in the literatth& such
changes in magnetic structures correspond to the sign change
in the second-order Stevens coeffictént; between Nd*
and St the a; values for PP*, Nd®*, and Sni* are
—2.1X10°2, —0.64x10 2, and+4.1X 10 2, respectively.

By use of the Stevens operator equivale@fs and the CEF
parameters/", the lowest-order terms of the CEF Hamil-
tonian can be expressed'as

Heerm aJ(V(z)Og“‘V%O%)
= a,VI[332-3(I+1) ]+ ayV5(I5—J7).

Assigningx, y, andz axes to the crystallographi; a, and
b axes, respectively, a simple point-charge model predicts
the valuesV9=—140 K andV2=-60 K. We assume a
3+charge for rare-earth ions and zero charge for Ni in the
calculation. Thes&/" 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 tleaxis ordering of
PrNi, a positive value ot\/g is necessary, so the present
galculation is not valid for this compound. Positivé could
be obtained by varying the crystallographic parameters.
Following the above argument, the electronic magnetic
moments of PM" would order along thé axis owing to the
positive a; value of 0.7% 102 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

plane below 15 K. SmNi has the same crystal structure a§M and Nd or Pr ions, which are responsible for magnetic
those of NdNi and PrNi, but the easy magnetization directiorPrdering. We believe that the magnetic arrangements of Pm
is theb axis below 45 K. Each magnetic structure resembledons are made by a balance of the CEF effect and the ex-

that of anRGa compound R=Pr, Nd, or Sm, respectively,
which also has the orthorhombic CrB-type crystal
structuret! In CrB-type crystals, thé axis is a peculiar di-
rection because the lattice constant of theaxis is about
twice as large as those of tleandc axes. This asymmetric

b(z)-axis

SmNi

(NdNi, T=28K)
— afy)-axis

PrNi o
~ NdNi (T<15K)

c(x)-axis

FIG. 4. Magnetic structure of PrNi, NdNi, and SmNi.

change interactions.
The HF of rare-earth ions can be writtertas

Brr=Bat+ Bspt Bunt Bapps

where B,s depends on the total angular momentum of 4
electrons of the ionB 4= A(J,). The factorA is the hyper-
fine coupling constant Bgp is due to the conduction elec-
tron self-polarization by the fielectrons,Byy is the trans-
ferred field through conduction electrons polarized by
magnetic neighbor ions, anf,,, is an applied field. The
experimental and theoretical values Bf: related to this
discussion are listed in Table BS®' of Pm ions in NdNi is
close toB[}f®. BEP of Pm ions in PrNi, however, differs
greatly fromB{ ", The reduction oBE®' in PrNi could be
attributed to the CEF effect and the exchange interactions.

The CEF effect often quenches angular momentum. From
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TABLE I. Experimental and theoretical hyperfine fields. conduction electrons polarized by the magnetic neighbor
ions. Through those electrons, the exchange interactions de-
BHE'(T) ot pends on the angular momentuhof the 4 electrons and
Host Probe  (Ref. 15 B () Referenceé  {he conduction electron sps Ho,Js. Since the spatially
PrNi 142p, 337 29010) 16 ordered electronic moments of Pm and Nd ions are almost
NdNi 147\g 430 41812) 17 parallel to each other, the exchange interactions between the
PrNi 144p 426 18822 5 ions work effectively. The directions of ordered moments of
NdNi 144pm 426 39848) This work Pm and Pr ions, however, subtend an angle of580

Hence, the exchange interactions in PrNi probably become
complicated. It is plausible that the complicated exchange

the magnetization measurements of NdNi and Brikie val- interactions !essen not only the contact interaction, but also
ues(J,)=3.65 and 2.94 can be deduced, respectively. Thesk'€ expectation valugl,) of the & electrons. This argument
values suggest that the angular momentum of Nd and Pr jorifimulates further experiments, such as LTNO of Pm in
are quenched to about 81 and 73 % of the free-ion values o?MNi.
Nd3* and PP*, respectively. The angular momentum of Pm
ions is probably partially quenched by the CEF effect. This
guenching effect on the Pm ions may be larger in PrNi than ACKNOWLEDGMENT
in NdNi, and thusB,; is perhaps smaller in PrNi.

BspandByy are known to make contact interactions with ~ The authors wish to thank Dr. D. Doran for his critical
the unbalanced spin density at the nuclear ‘Sitéhere are reading of the manuscript.
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