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AbslraeL lix magnetic hypefine Gelds of Pr ions 'm PrCos are measured by spin- 
echo NMR al 4.2 K 'he magnetic properties for ihe Pr,Y1-.Cas, Pr,Sml-,Cns and 
Dy.Sml-,Cns+o,2, mmpunds are analysed on the bask of the single-ion model under 
the assumplion that the rare-earlh ions are '"ply ionized. The magnedc moment and 
the hyperdne fields for Pr ions in PrCos are calculaled to be much larger than those 
obsewed in experiments, while good agreement k observed for Sm and Dy ions in SmCoS 
and DyCos.2. respectively. 

1. Intmduction 

It is commonly accepted that, in rare-earth-kl metal compounds, most of the rare- 
earth ions, except Ce, are triply ionized. A number of workers, however, noticed that 
the properties of Pr ions in PrCo, are unusual, and it was assumed that the Pr ion 
i., valence fluctuated [l-51. Nesbitt and Wernick 111 and Yermolenko [Z] found that 
the magnetic moment of Pr ions in PrCo,, obtained as the difference between the 
magnetic moments of PrCo, and YCo,, is much smaller than the theoretical value of 
g J J  = 3.2pB, which is in contrast with the other rare-earth ions. Finkel'shteyn and 
Samsonova [3] obselved an additional peak near the normal peak corresponding to 
the triply ionized state in the L I I I  x-ray absorption spectrum for Pr ions in PrCo,, 
as was also observed for Ce ions in CeCo,. Zhao and co-workers [4] evaluated 
the values of the R-Co exchange field H ,  and the crystalline-electric-field (CEF) 
parameters A,,,,, for rare-earth ions in a series of RCo, (R z rare earth) compounu 
by using the fitting procedure on the assumption that the rare-earth ions are triply 
ionized. It was found that A, for the Pr ion is opposite in sign and one order 
smaller in absolute value than those for all the other rare-earth ions (41. The lattice 
constant n of PrCo, is smaller than that extrapolated from those of heavy rare-earth 
compounds and hCo, [5]. 

In this work, the hyperfine fields at the nuclei of Pr ions in PrCo, were measured. 
The magnetic properties of Pr,R,-,Co, (R I Y and Sm) and Dy,Sm,-,Co,+,,,, 
which have been reported by a number of workers, were calculated using the fitted 
parameters of the rare-earth-Co exchange field H, and CEF parameters A,,,,, for 
Pr, Sm and Dy ions which have been evaluated for the PrCo, [4], SmCo, [4] 
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and Dy,Y,-,Co,+,,, compounds with the same concentration I [6], respectively. 
The calculations reproduce the following experimental data well: the temperature 
dependence of the spontaneous magnetization M( T), the temperature dependence 
of the cone angle e( T) made by the easy direction of magnetization (EDM) and the c 
axb and the magnetization curves along the crystallographic axe$ M (  H) at 4.2 K, all 
measured on single crystals of the compounds, and also the magnetic moments and 
the hyperfine fields of Sm and Dy ions in SmCo, and DyCo,,,, respectively. However, 
the calculated magnetic moment and the hyperfine field for Pr ions in PrCo, are much 
larger than those observed in the experiments. 

2. Drperiments 

The PrCo, sample Was prepared by argon arc melting the appropriate amounts of the 
constituents. The purity of the raw materials is 99.9%. We checked that the powder 
had the CaCu, structure by x-ray diffraction. The spin-echo NMR measurements on 
'"Pr in PrCo, were carried out a t  4.2 K. Figure 1 shows the NMR spectrum for I4lPr. 
'Ik.0 peaks are observed at 294.0 and 3275 MHz. By taking a l4lPr nuclear moment 
of 4.275 nm [7], these peaks correspond to hyperfine fields of 225.5 T and 251.2 T, 
respectively. The averaged hyperfine field is 237 T 

XJ 
F l g u n  1. NMR specrmm for I'IPr in PrcO, SI 4.2 K. 

3. Calculation 

"he Hamiltonian for the rare-earth ion consists of the spin-orbit coupling interaction, 
the CEF interaction, the rare-earrh-Co exchange interaction and the Zeeman energy, 
ie. 

H = AS. L + ' H a p  + 2pBS. H ,  + pB(L + 2s). H .  (1) 
Here, S and L are the total spin and orbital angular moments, and H is the applied 
field. The (XF interaction in the coordinate system with the z and z axes along the  
c and a axes, respectively, is formulated as 

'Ha, = A Z C m  + ANCa + AwCw + A,(C, + C6-6) (2) 
where 
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Yn,,,(Oj,qj) are the spherical harmonics, and 0, and q~, are the polar and 
azimuthal angles of the position vector of the j t h  electron T,  . The rare-earth-rare- 
earth exchange interaction, which is much smaller than the rare-earth43 exchange 
interaction, was neglected. It was assumed that the rare-earth ions are triply ionized. 
Both Hex and the magnetic moment of the Co sublattice are anisotropic and are 
represented as 

H,(O,,T) = H,(T)[l- p'(T)sin2 O,] 

M,(@,,T) = M,(T)[l-p(T)sinz@,] (5) 

(4) 

with p'(0)  = 0.020 and p ( 0 )  = 0.037 [SI. H,(T) was assumed to be proportional 
and antiparallel to M,(T), and the values of M,(T/T,)/M,(O) (T, is the 
Curie temperature) and p(T) were taken from those of YCo, [SI. The relation 
p ' (T) /p ' (O)  = p ( T ) / p ( O )  was assumed. For a given applied field H and a direction 
of H,, the eigenvalues Ei and eigenstates Ini) (i = 1,2, ...,E,( 2 J  + I)) are 
obtained by diagonalizing the C , ( 2 J  + 1) x C , ( 2 J  + 1) matrix of equation (1). 
The mixing of the first excited J multiplet for the Pr ions with X = 610 K [lo], the 
mixing of the lowest two excited multiplets for the Sm ions with X = 410 K [lo], 
and no mixing for the Dy ions were taken into account. The free energy for the 
R,R;-,Co, system is 

F ( H , H e x , T )  =-zkBTIn[Z(R)]-(l-z)kBTIn[Z(R')]+I~,,(T)sinz 0, 

-Ma(@a,T).H (6) 
where 

and K,, is the magnetocrystalline anisotropy constant of the Co sublattice per 
formula unit (Fu). Kl,(T/Tc)/KIG(0) was taken from that of YCo, [9]. The 
values of M,-,(O), K,,--(O) and Tc for YCo,, PrCo,, SmCo, and DyCo,,, are 
as follows: 7 . 7 ~ ~  m-', 7 . 7 ~ ~  FU-~, 8 . 3 3 ~ ~  IT-' and 8 . 9 2 ~ ~  N-', respectively; 
45 K FI-,, 45 K m-l, 45 K FU-' and 42 K FU-', respectively [4]; 910 K, 910 K, 
980 K and 965 K, respectively [Ill. The quantities for the pseudo-binary compounds 
R,R;-,Co, were treated as linear to z. The equilibrium direction of H ,  was 
determined from minimization of the free energy. The magnetic moments of the R 
ion and of R,R',-,Co, are given by 

M ( T )  = zM,(T)+(l-z)M,,(T)+M,(B,,T). (9) 

The hyperfine field of the rare-earth ion at 0 K consists of two parts: the field 
produced by the ion itself, and the transferred field induced by the magnetic moments 
of the Co sublattice, i.e. 

H, = H,(free)N,, + H,(transf) (10) 

N,, = I(nllN.MR(O)/MR(O)I"I)/(J,-JIN. VJ>--J)I (11) 
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where 

1 3(s j  . r , ) r ,  
T; i 

H,(free) is the hyperfine field for the free rare-earth ion the value of which is known 
from experiment, I ,  and si are the angular moments of the j t h  4f electron, J is the 
total angular moment for the ground multiplet, In1) is the ground eigenstate, and k 
is the unit vector along the c axis. The following relations have been used in the 
calculation: 

( L S J M I ? I , , / L S J ' M j  = ( L S J M I L q I L S J ' M ' )  

= (-1)'tS-M [ ( 2 L  + 1)(L + 1)L(2J + 1)(2J' + 1)]1/2 

J' 1 J' 1 J 

( q  = -1,0 and 1) (16) 

Here, z j  and z j  are the components of r j  on the EDM on the c plane and c 

axis, respectively, I ; ,  is the qxomponent of the irreducible tensor operator I j ' ) ,  ie. 
((1) I f 1  = ?(1/&)(Ijz il;,) and Ijo = 1 .  I' , ( C ! z ) s ~ l ) ) ~ )  I is the qamponen t  of 
the irreducible tensor operator of rank 1 mnstructed by multiplying the irreducible 
operators C:" and SI'), and a, and n in equation (18) are the second-order Stevens 
coefficient for the ground J multiplet and the number of the 41 electrons for the 
rare-earth ion, respectively. H,(transf) induced by the CO sublattice was estimated 
as follows. It is known that the direction of H,(aansf) is opposite to the magnetic 
moment direction of the Co sublattice and its value is 10.17 T a t  4.2 K for YCo, [13]. 
The values of the hyperfine coupling parameters are roughly 1.7, 3.1 and 4.8 for Y, 
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La and Lu ions, respectively [14]. Linearly extrapolating the results as a function of 
the atomic number of the rare earths, the value of H,(transf) for the rare-earth ion 
could be estimated. The value of H,(transf) is one order smaller than the hyperfine 
field produced hy the rare-earth ion itself, and the part of H,(transf) induced by the 
other rare-earth ions was neglected. 

4. Results and discussion 

a b l e  1 lists the values of the exchange field 2pBH, and CEF parameters used in the 
calculations for Pr, Sm and Jly ions in Pr,Rl-,Co5 and Dy,R,-,Co5+,.,, (R Y 
and Sm). 

lhbk t The MIUS of Z,LBH=(T = 0 K) and A,, for P ~ , R I - ~ C ~ S  and 
D y s R ~ - - r C ~ ~ + ~ , ~ r  mmpounds (R Y and Sm). 

Z,LBHCZ A m  Aa 
Ions z 6) 6) o<) 
Pr 0.0-1.0 1361 25 -75 
Sm 0.0-1.0 440 -330 -50 
Dy 1.0 235 -425 -140 
~y a 5  227 -MO -230 
~y a35 224 -520 -250 
~y a2 222 -54s -280 
Dv 0.1 220 -560 -MO 

. .  . ,  
250 -MO [4] 
0 0 [41 

I80 0 161 

I80 0 [6] 
180 0 161 

180 0 [6] 

I80  0 161 

A comparison of the calculations of M ( T ) ,  B(T) and M ( H )  for RCo, 
compounds with experiments has been reported elsewhere 141. 

Figures 2-9 present the comparison for the R,R',-,Co, compounds. The full 
symbols represent the experimental data and the cuwes the calculations. Figures 2, 
3 and 4 show the temperature dependence of the cone angle, the composition 
dependences of the spin-reorientation temperature and of the cone angle at 4.2 K, and 
the magnetization curves at 4.2 K, respectively, for Pr,Y,-,Co,. Figures 5, 6 and 7 
show the temperature dependence of the spontaneous magnetization, the temperature 
dependence of the cone angle, and the magnetization curves at 4.2 K, respectively, for 
Pr,Sml,,Co5. Figures 8 and 9 show the composition dependence of the cone angle 
and the magnetization curves, respectively, both at 4.2 K for Dy,Sm,-,Co,+,,,,. 

Tabk L The values of the magnetic moment Mn and hypertine field H. for Pr, :m 
and Dy ions in RCor at 4 2  K. 

- 
H n  (T)" H"(free) H.(transf) 

MR(,LB) 

Ion Calculated Bperimental g~ J 0 NEI 0 Calculaled !?xperimental 

Pr 3.07 W I  3.20 335 a 1.W9 -19 319 237(lhis work) 
Sm 0.35 0.38[20] 0.71 335 a 1.075 -22 '338 340[21] 

344[22] 
Dy 9.97 9.9[19] 10.0 560 a 0.996 25 583 618[23] 

8.8[24] 

a The nuclear magnetic moments are taken lo be 4.2754 nm (l4IPr). -0.8148 nm (I4'Sm), -0.6717 nm 
("9Sm), -0.4805 nm ('"Dy) and 0.6726 nm ('"Dy) [7]. 
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F i y m  Z lkmperalure dependence of Ihe mne 
angle lor Pr,Y1-,Cos ( z  = 1.0 and 0.5). I h e  
experimental data (0) are from [2 ] .  

x 

Flgure 3. Composition dependences of the spin- 
reorientation lempernlure and of the mne angle 
at 4.2 K for Pr,Yt-,Cos ( z  = 0.0-1.0). n e  
mperimental data are from [2] (A), [IS] (0 )  and 
(161 W. 
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Figure 4 Mngnetizalion curves along the crystal axes at 4.2 K for Pr.Yt-.Cog (z = 1.0, 
0.5, 0.25 and 0.1). I h e  experimental data are from 121 (0) and 1161 (A). 

Figure 10 shows MR(0) and A',, as functions of &, calculated for Pr ions h: 
PrCo,. It can be seen that they are approximately proportional to each other. At 
4.2 K, the mne angles for M, Mpr and Ma are 24.6O, 2 7 2  and 23.5', respectively. 
With H,(free) = 335 T [7] and H,(transf) = -19 T therefore, MR(0) and H ,  
in a domain are calculated to be 3 . 0 7 ~ ~  and 319 ?; respectively, both of which are 
larger than the experimental values by 35%, as shown in table 2. In contrast, the 
calculations of MR(0) and H ,  coincide well with experiments on Sm and Dy ions in 
SmCo, and DyCo,,,, respectively (table 2). 

Smaller values of MR(0) and H, are expected for the free P e t  ion than for the 
free P$+ ion. MR(0) is 2 . 1 4 ~ ~  for PP+ compared with 3 . 2 ~ ~  for Pr3+. The ratio 
of the hyperfine fields for the ions is 
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T a l l R  - , l o  m * .. - 5  
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Flsum 5. Tkmperalure dependence of the Figure d lkmpcralure dependence of the mne 
sponlanwus magnetizalion for Pr.Sml-,&s (I = angle for Pr,Sml-,Cos (z = 1.0 and 0.7). The 
1.0, R7, 0.5, 0.2 and 0.0). The experimental data aperimenla1 data are f” [Z] (0) and [17] (A). 
(0) are b m  [17]. 

- 7 6 H  2 : 4  
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Figure 7. Magnetization curves along the nyslal Figure U Composilian dependence of the mne 
axes a1 4.2 K for PrrSml-,COs (z  = 1.0, 0.7. 0.5, The 
0.2 and 0.0). lhe experimental data are from 121 
(OX [I61 (A) and 1181 (m). 

angle a1 4.2 K far Q J , S ~ ~ - , C ~ ~ + ~ . ~ , .  
aperimenlal dala (0) alp f“ 1191. 

:-s---i L jD 

2 0  
z 

1 

0 20 40 MI 80 100 

-0 1 3 0 1  e E“ 306 ::w:- 1 001 s 

3 05 1005 

3 04 1003 
0 20 40 MI 80 100 120 140 160 180 
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Figure 9. Magnelizalion cuwes along the c y t a l  
axes a1 4.1 K for DyzSm,-=&~+~,zs (z  = 1.0 and 
0.5). The experimenlal data (0) are from [19]. 

Figure 10. 
functions of 8,. 

M h ( 0 )  (- - -) and N,, (-) as 

H,(Pr*)/H,(Pr”) = [2/l~(r-3)J(JIINllJ)+41~rl+/[2~~(~-3)J(JIINIIJ) +8Iprl+ 

(19) 

where 4 T and 8 T are the contributions from the core polarization, and 
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(JIINIIJ) = and for the Pfl+ and Pr'+ ions, respectively [12]. By taking 
the hydrogen-like atomic approximation, the 4f radial wavefunction is proportional to 
exp(-Z,r/2a0)r', where Z,, is the number of effective nuclear charges and a" is 
the Bohr radius. It is known that (r-') = 5.0~; '  for Pf'+ from the extrapolation 
of the data in [=I; so we can easily calculate that Z, = 23.8 for Pr3+. For 
Z, = 23.8 + 1, then (T- ' )  is calculated to be 5.66a;'. Since Z, for Pfl+ should 
be between 23.8 and 23.8 + 1, the value of the ratio H,(Pr4+)/Hn(Pr3+) should be.. 
between 0.64 and 0.74. The higher limit should decrease for the ions in intermetallic 
compounds because of the 4f-conduction electron admixture. 

The above results, therefore, support the suggestion that Pr ions in the PrCo, and 
Pr,R,-,Co, compounds are valence fluctuated, as are Nd ions in Nd,Y,-,Co, [26]. 
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