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Analysis of the magnetic properties of R,Co;; (R =Pr, Nd, Sm, Gd, Tb, Dy, Ho, and Er)
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High-field isotherms at low and high temperatures and other magnetic properties of R,Co,; (R =Pr,
Nd, Sm, Gd, Tb, Dy, Ho, and Er) measured on single crystals are analyzed on the basis of the single-ion
model. The fitted crystalline electric-field parameter A4,, for the Pr ion is several times smaller in abso-
lute value than those for all the other rare-earth ions. The result is similar to that observed in the RCos
series, and it is suggested that the Pr ion in Pr,Co;, as in PrCos, is valence fluctuated.

I. INTRODUCTION

For most R,Co;; (R =rare earth) compounds, the
high-field isotherms of single crystals along the principal
crystal axes and other magnetic properties have been
studied in a number of papers, and the isotherms at 4.2 K
have been analyzed within a classical two-sublattice mod-
el.! 1% The isotherms and the energy-level scheme, all at
4.2 K, have also been analyzed for Ho,Co;, in terms of
crystal- and molecular-field interaction.!!

It is our experience, however, that in many cases the
low-temperature isotherms, by themselves, do not pro-
vide sufficient information about the crystalline electric-
field (CEF) parameters. The aim of the present work is to
evaluate the values of the exchange and CEF parameters
from the experimental data of the isotherms at low and
high temperatures, as well as some other magnetic prop-

erties for a series of R,Co;; (R =Pr, Nd, Sm, Gd, Tb,
Dy, Ho, and Er), using the single-ion model, and to ana-
lyze the experimental data.

II. METHOD OF ANALYSIS

R,Co;; has Th,Zn;-type rhombohedral structure with
space group R3m for R =Y, Pr, Nd, Sm, and Gd, and
Th,Ni,;-type hexagonal structure with space group
P6;/mmc for R =Tb, Dy, Ho, and Er. There is one
rare-earth crystallographic site in the rhombohedral
structure, and two sites, b and d, in the hexagonal struc-
ture. Each site splits into two magnetically nonequiva-
lent sites 4 and B. In the coordinate system with the z
and x axes along the ¢ and a axes, the Hamiltonian of the
CEF interaction for the rare-earth ions at the 4 and B
sites are closely related, being represented as

TABLE I. The fitted values of 2uzH,,(0), A4,,,, K,c,(0), and M,(0), and the values of My(0), cal-

culated by using the parameters for R,Co,.

2upH(0) Ay Ay Aeo Aes Kico(0)  Mc,(0) Mr(0)
R (K) (K) (K) (K) (K) (K/fu)  (up/fu) (up/R)
Pr 600 —80  —260 10 —300 —8.0 27.7 3.10
Nd 500 —250 —270 30 —350 —8.0 27.6 3.13
Sm 350 —220 0 0 —300 —8.0 26.9 0.40
Gd 260 —8.0 27.7 7.00
Tb 250 —200 —100 50 —130 —9.0 27.9 8.99
Dy 230 —220 —230 50 —120 —9.0 27.4 10.0
Ho 210 —200 —150 50 —110 —9.0 27.7 9.93
Er 210 —260 —130 50 —100 —9.0 29.6 9.00
Tm® 200 —200 —120 50 —100 —9.0 27.6 7.00
Ho(b) 213 —522 —144 167 —112 —17.05 28.01 (Ref. 11)
Ho(d) 213 —180 197 224 —112 —7.05 28.01 (Ref. 11)
Ho(average) 213 —351 26 196 —112 —17.05 28.01 (Ref. 11)

2The values of the A4y, Agy, Ags and K;c,(0) are estimated from the extrapolation of those for the oth-

er rare earths.
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n=2,4,6 n=4,6 J
+ Agg(Ceg+Co_q) Y,.(6;,p;) are the spherical harmonics, and 6, and g;
(1) are the polar and azimuthal angles of the position vector

FHegrB)= ¥ A,Cho— 3 A4,3(C3+C,_3) of the jth 4f electron. The sign of the second term in the
n=2,4,6 n=4,6 right of Eq. (1) is opposite for #gp( 4) and Hcgp(B),

+ Agg(Cye+Co_sg) and the contributions of each of them, to the total energy

of the compound, largely cancel each other.
where Neglecting the second terms, the Hamiltonian of the

Heerl A= 3 ACuot 3 A,3(Cp3+C,_3) Cpn =3 [47/(2n +1)]'Y,,,(6,,9;) . @)

Mr(T)/Mr(0)
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FIG. 1. Temperature dependence of spontaneous magnetizations (a) and the normalized magnetic moments for the rare-earth ions
(b), (c) for the R,Co,; series. The solid lines represent the calculations. The experimental data (O ), (@), and (A) are taken from (a)

Refs. 1, 2, and 3, respectively and (@) etc. from (b), (c) Ref. 2.
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CEF interaction, averaged over the crystallographic and

magnetic nonequivalent sites, therefore, is expressed sim-

ply as
Hepp= 2 ApoCrot Aes(Cos+Cos) - 3)

n=246

The total Hamiltonian of the rare-earth ion consists of
the spin-orbit interaction, the CEF interaction, the R-Co
exchange interaction, and the Zeeman energy, that is,

H g =AL-S+Hcpp+2upS-H, +up[L+2S]-H . 4)

The R-R exchange interaction, which is much weaker
than the R-Co exchange interaction, is neglected.

H,,(T) is assumed to be proportional and antiparallel
to the magnetic moment of the Co sublattice M (7).
The matrix elements of Eq. (4) are calculated by using the
irreducible-tensor-operator technique.'?> For a given ap-
plied field H and a direction of H,,, the eigenvalues E;
and eigenfunctions |n;)[i =1,2,...,3,(2J +1)] are ob-
tained by diagonalizing the 3 ;(2J+1)X 3 ,(2J +1) ma-
trix of Eq. (4). The diagonalization was carried out
within the subspace consisting of the ground and the first
excited J multiplets for the Pr and Nd ions with A=610
and 536 K, respectively,'® within the subspace consisting
of the ground and the two lowest excited J multiplets for
the Sm ion with A=410 K,!* and within the subspace of
the ground J multiplet for the heavy rare-earth ions. The
free energy for R,Co, is given by

F(H,H,,T)=—2k,TInZ
+K 0o (T)sin20c,— M (T)-H ,  (5)

35
° A A g x
AA AAA“‘ As 2
a
s0fa®
o,
5
< 25
5
N Pr,Co,,
= T=4.2K
20 o Hia
A His
15 o H
W
L 1 1
0 10 20 30 40
H (T)
30 At
L]
3 20
=
3 Pr,Coy;
= T= 250K
10 o Hia
s Hiys
- e Hic
(b)
0 1 1 1 1
0 2 8 10
H((T)

FIG. 2. Isotherms at (a) 4.2 K and (b) 250 K for Pr,Coy,.
The solid lines represent the calculations. The experimental
data (O, A,@®) are from Ref. 4.
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where

Z= 3y exp(—E;/kgT), (6)

and K,c, is the magnetocrystalline anisotropy constant
of the Co sublattice. =M (T/Tc)/M,(0) and
K 1co(T/Tc) /K c,(0) are taken as those of Y,Co,;.> The
magnetic moments of the rare-earth ion and of R,Co;
are given by

40

AAAAGLAXE X & X% - 4

Nd,Co,,
T=4.2K

M(I.Ln/f. u )

°© Hlla
A His

e Hic
(a)

30 40

H(T)

ol IR e 8% ¢
Hlla Hilb

N
o
1

NdCo,,
T = 250K

M (pp/f.u.)

—_
o
I

A s
- o Hic
b

H(T

o 00 o
- -]
30 5 © ©

Nd,Co,,
H=1 Tesla
o Hia
A His
o Hic

10:. . s o . -_/

()

o
=}
T

M(/ig/f. u. )

0 1 1 1

1
0 100 200 300
T(K)

FIG. 3. Isotherms at (a) 4.2 K and (b) 250 K, and (c) the tem-
perature dependence of magnetization in the field of 1 T for
Nd,Co,;. The solid lines represent the calculations. The experi-
mental data (O, A,@) are from (a), (b) Ref. 4 and (c) Ref. 3.
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FIG. 4. Isotherms at 4.2 K for Sm,Co;;. The solid lines
represent the calculations. The experimental data (O, A,@) are
from Ref. 5.

M (T)=— 3 pp{n;|L+2S|n; dexp(—E; /kzT)/Z .

@)
M(T)=2My(T)+Mcy(T) . ®)

The values of the parameters of H,, and A4,, are ob-
tained from the best fit of the calculations to the experi-
mental data. The values of M ,(0) and K ,(0) are also
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FIG. 5. Isotherms at (a) 4.2 K and (b) 250 K for Gd,Co,;.
The solid lines represent the calculations. The experimental
data (O, A,@®) are from (a) Ref. 6 and (b) Ref. 3.

adjusted around the values for Y,Co,; for better fit [ex-
perimental values of M, (0): 28.05,> 27.3,° and
28.00up/f.u. (Ref. 8) and of K;c,(0): —8.66,> —9.94,°
and —6.77 K/f.u. (Ref. 8)]. The experimental data pro-
vide temperature dependence of spontaneous magnetiza-
tion M (T), isotherms along the crystal axes at low and
high temperatures M (H,T=const), and temperature
dependence of magnetization in a given field H applied
along the crystallographic axes M (T, H =const).

III. RESULTS AND DISCUSSIONS

Table I lists the fitted values of H. (T =0 K), 4,,,
K ,c0(0), and M,(0). The values of the magnetic mo-
ments of the rare-earth ions My (0) are also listed which
were calculated by using the fitted parameters. The ap-
parently smaller than g;J =0.71up value for the Sm ion
is caused mainly by the mixing of the excited multiplet
state of |J =2.5, M =—2.5) into the ground eigenstate,
ie.,

In,)=0.982(2.5,—2.5) —0.185/3.5,—2.5)+ - -+ .

For Ho,Co,;, the values of H_,(T =0 K) and 4, for
the b and d site ions reported by Radwanski et al.!' are
also included for reference. The average values of 4,
reported by them are quite different from our results,
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FIG. 6. Isotherms at (a) 4.2 K, (b) 77 and 300 K for Tb,Co,;.
The solid lines represent the calculations. The experimental
data (O, A,@®) are from (a) Ref. 3 and (b) Ref. 1.
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while the value of the exchange field agrees very well.
Figures 1-9 show the comparison of the calculations
with the experimental data. The solid lines represent cal-
culations, and the circles etc., experimental data. The
calculations, except M (H, 4.2 K) in low fields for Pr,Co,,
[Fig. 2(a)], reproduce the experimental data fairly well.
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FIG. 7. Isotherms at (a) 4.2 K and (b) 250 K, and (c) the tem-
perature dependence of magnetization in a field of 1 T for
Dy,Coy;. The solid lines represent the calculations. The experi-
mental data (O, A,@) are (a) from Ref. 6 and (b), (c) Ref. 3.
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Figure 1(a) shows M (T) for the compounds of Pr, Nd,
Sm, Gd, Tb, Dy, Ho, Er, and Tm. For the ferromagneti-
cally coupled light rare-earth compounds, M (T) de-
creases monotonically with increase of temperature,
while for the antiferromagnetically coupled heavy rare-
earth compounds, M (T) increases with increase of tem-
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FIG. 8. Isotherms at (a) 4.2 K and (b) 77 K, and (c) the tem-
perature dependence of magnetization in a field of 4 T for
Ho,Co,;. The solid lines represent the calculations. The dashed
line in (c) is the calculation arrived at by using the parameters of
Ref. 11. The experimental data (O, A,@®) are from (a) Ref. 7
and (b), (c) Ref. 3.
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TABLE II. M (H,T) of Ho,Co,, along the c axis and the averaged energy gap between the first excited and the ground eigenstates
AE,_, for the two Ho ions at the b and d sites, calculated by using the different sets of A4,,(b), A9(d), A4(b), and A, (d) parame-
ters. The values of all parameters, including the average of A4,, and A, are the same as those listed in Table I.

Ay (b) Ay(d) Ay(b) Agld) M(10 T) M0 T) M(30 T) M40 T) AE,_,
(K) (K) (K) (K) (g /fu) (ug/fu) (up/fu) (up/fu.) (K)
T=42K
—200 —200 —150 —150 7.22 10.84 14.04 17.82 81.54
—300 —100 —150 —150 7.22 10.82 14.02 17.80 81.48
—400 0 —150 —150 7.28 10.82 13.98 17.74 81.28
—500 100 —150 —150 7.34 10.78 13.88 17.74 80.79
—200 —200 —250 —50 7.22 10.84 14.04 17.80 81.50
—200 —200 —350 50 7.24 10.86 13.98 17.76 81.36
A(b) Ay(d) Ay(b) Agld) M@ K) M(100 K) M(200 K) M(300 K)
(K) (K) (K) (K) (g /fu) (up/fu) (np/fu) (up/fu)

H=4T
—200 —200 —150 —150 3.99 5.74 12.14 18.77
—300 —100 —150 —150 4.02 5.78 12.18 18.76
—400 0 —150 —150 4.14 5.90 12.22 18.76
—500 100 —150 —150 4.30 6.08 12.30 18.76
—200 —200 —250 —50 4.02 5.96 12.12 18.76
—200 —200 —350 50 4.10 5.78 12.12 18.76

perature since My (T) decreases faster than M, (T). The
small discontinuous change for the Er,Co;; near 400 K is
caused by the spin reorientation between the c¢ axis and
the c-plane. Figures 1(b) and 1(c) show the temperature
dependences of the normalized magnetic moments
Mg (T)/Mg(0) for the rare-earth ions. The experimental
curves of My (T) have been obtained as a difference of
M_(T) of the R,Co,, [Fig. 1(a)] and that of Y,Co,;.2 The
calculation shows that Mg, becomes antiparallel to Mc,
above 330 K, while the experimental curve shows no such
change [Fig. 1(b)]. The experimental result is doubtful
because Mg, (0)=0.4up is only 1.4% of M (0)=27.8ug,
so the experimental error for it should be very large. It
can be easily seen by comparison of the M (T) curves of
Sm,Co,, and Y,Co;;,> that a slight increase of M,(T)
results in the reverse of Mg, direction at higher tempera-
tures. Figures 2(a) and 2(b) are M (H, 4.2 K) and M (H,
250 K), respectively, for Pr,Co;;. The spin-reorientation
temperature was calculated to be 87 K in contrast to
>200 K reported in Ref. 4. Figures 3(a), 3(b), and 3(c)
are M (H, 4.2 K), M(H, 250 K), and M (T, 1 T), respec-
tively, for Nd,Co,;. A remanence is observed for the ex-
perimental M (H, 4.2 K) curves along the c axis, implying
that the field has been applied along the direction of the ¢
axis, but misoriented by a small angle. The calculation,
meanwhile, was carried out along the ¢ axis. Figures 4,
5(a), 5(b), 6(a), and 6(b), are M (H, 4.2 K) for Sm,Co,,
M(H, 4.2 K) and M (H, 250 K) for Gd,Co,,, and M (H,
4.2 K), M(H, 77 K), and M (H, 300 K) for Tb,Co,,, re-
spectively. Figures 7(a), 7(b), and 7(c) shows M (H, 4.2
K), M(H, 250 K), and M(T, 1 T), respectively, for
Dy,Co;;. Figures 8(a), 8(b), and 8(c) are M (H, 4.2 K),
M(H, 77 K), and M (T, 4 T), respectively, for Ho,Co,.
The calculated energy gap between the first excited and
the ground eigenstates at 4.2 K is 81.5 K in good agree-
ment with the experimental value of 82.4 K.'* The calcu-

lations arrived at by using the parameters reported by
Radwanski er al.!! are also compared with the experi-
mental data. Although they simulate the isotherms and
the energy gap at 4.2 K well, they fail to reproduce the
isotherms along the ¢ axis at high temperatures as shown
by the dashed line in Fig. 8(c). At this point, it would be
worthwhile to show that the magnetization curves and
the averaged energy gap for the two rare-earth ions at the
b and d sites in the heavy rare-earth compounds, which
are calculated by taking into account the difference of the
two rare-earth ion sites, are the same as those calculated
by neglecting the difference and using the CEF parame-
ters averaged over the two-ion sites, if the difference of
A,,, at the two sites is not very large. Table II demon-
strates these circumstances for Ho,Co,;. The first-order
moment reorientations observed in Figs. 7(a) and 8(a) are
of the ‘“‘exchange-related” type, the physical picture of
which has been described in Ref. 6. Figures 9(a), 9(b),
and 9(clare M (H, 4.2 K), M (H, 200 K), and M(T, 4 T),
respectively, for Er,Co,,.

From Table I, it can be seen that H_(0) decreases
monotonically across the rare-earth series from Pr to Er.
A,y varies between —200 and —260 except that it is
—80 K for the Pr ion. A similar but more striking anom-
aly has been obtained for the Pr ion in RCos com-
pounds.!®> The anomalies would be closely related to the
anomalous smaller cell volumes of both Pr,Co,; and
PrCos, compared with those extrapolated from the
heavier rare-earth compounds.'®!” It has been shown
that both the magnetic moment and the hyperfine field of
the Pr ion in PrCos, measured in experiments are much
smaller than those calculated by using the fitted CEF pa-
rameters. This is in contrast to the good agreement ob-
served for Sm and Dy ions in SmCos and DyCos ,, and it
has been suggested that the Pr ion is valence fluctuated.'®
It would be reasonable to assume that the Pr ion in
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FIG. 9. Isotherms at (a) 4.2 K and (b) 200 K, and (c) the temperature dependence of magnetization in a field of 4 T for Er,Coy,.
The solid lines represent the calculations. The experimental data (O, A,@®) are from (a)—(c) Ref. 3.

Pr,Co,, is also valence fluctuated. The failure of the cal-
culations in simulating the spin-reorientation tempera-
ture and the M (H, 4.2 K) curves in low fields for Pr,Co,,
[Fig. 2(a)] would be caused by the inappropriate assump-
tion that the Pr ion is triply ionized.
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