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The exact expression for the paramagnetic Curie temperature in rare earth crystal
compounds is obtained unnon&um to the molecular field model given by Bowden
et al. [1]. It is shown exactly that only the second order terms of the crystalline
electric field (CEF) Hamiltonian have influence on the paramagnetic Curie tem-
perature and only the first two CEF parameters could be unambiguously deduced
from the magnetic susceptibility measurements.

1. Introduction

Usually the magnetic measurements on single crystals of rare earth compounds have
shown a large anisotropy of paramagnetic susceptibility characterised by paramagnetic
Curie temperatures along the principal crystalline axes, indicating significant CEF ef-
fects.

According to the modified molecular field model given by Bowden et al. [1] the
values of the paramagnetic susceptibility and paramagnetic Curie temperature along
principal crystalline axes can be calculated by the following equations

C wﬂwﬁ,\wmﬁ.ﬁw
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where the C'is the Curie constant, k is the Boltzmann constant, J is the angular mo-
mentum, Hep is the CEF Hamiltonian and ©p is the paramagnetic Curie temperature
due only to the molecular field.

These formulae show that along the three directions z,y,z and for high enough
temperatures the susceptibilities follow the Curie-Weiss law and from one variation to
the other there is a shift which depends on H¢ep. From these formulae it is possible to
determine the CEF parameters.
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Following these considerations Zajac et al. [2] have calculated the expression of @,
for a CEF Hamiltonian corresponding to orthorhombic symmetry

Hep = VPOU + V202 4 VPOL + V202 + V03 + VRO + VEOi + V05 + Ve 05 (2)

They have established that the Stevens operators 03, 03,05 and OF (and implicit}
the CEF parameters V2, V2, V2 and V) have influence on the paramagnetic Curie
temperature (2) but their result is wrong!.

2. Results and discussion

The main purpose of this paper is to calculate ©, using the general CEF Hamiltonian®
obtained according to Hutchings {3]:

Hep =) V7IOT(J) (3)

n,m

where V™ are the CEF parameters, O are the Stevens equivalent operators and n =
2,4,6,m=0,2,3,4,6 (m < n) for the rare earth ions.
The contribution can be calculated for each term of the CEF Hamiltonian (3), thus |

Te{J209} = Tx{s209} =Tx{JZ[377 - J(J+1)]}
= 3Tr {J2J2} - J(J + 1)Tx {J2}
= mm:: D@ +1) (207 +27 +1) - WEQ FOPERI+1)

= |%.§ +1)(2J + 1)(27 — 1)(2J +3)

T {7203} = Te{J2[372-J(J+1)]}=3Dx {2} -J(T+ )T {J}
= WE +1)@2J+1) (372 +3J-1) WEC + )P @I +1)

= mlmut +1)(2J + 1)(2J — 1)(2J +3)

Te{7201/2) [73 + 2]} = T {2} = T {20y}

- mw,:g +1)@27+1) (372 +3J — 1)

waHogC +1)(2J+1) (272 +2J+1)

et
o
o)
<
N
I

_ dw.:,\ +1)(27 + 1)(27 — 1)(2J + 3)

IThe very fresh work by Nowotny and Zajac [8] communicated to us after submission of this paper;
already corrects their earlier results [2]
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T {J0}} = -Tx {J203} = %ut +1)(2J + 1)(2J ~ 1)(2J + 3) (7)
T {705} =T {J2(1/2) [J: + 2]} = T {22} - Te {J} U5} =0 (8)

and

T {Jj07} =0, g==z,y,2, m>2, n>2 (9)

To demonstrate the relation (9) we give below a few examples of calculations.
Example 1.

Tr {J203} = Te {J7 [35J7 — 30J(J + 1)J2 +25J7 — 6J(J + 1) + 3J%(J + 1)?] }
= 35Tr{J7} — (30J(J + 1) — 25]Tx {J}} — [6J(J + 1) — 3J2(J + 1)?] Tx {J2}

= .w.\t +1)@2J+1)@BJ +6J3 -3 +1)
IW,E +1)(2J +1) (6J> +6J = 5) (3J> +3J — 1)
+w.§.+ 1)(2J+1) (34 +6J°~3J2-6J) = 0 (10)
Example 2.
Tr {J203}
- ﬁfmc\e

x (12 = T +1)=8) (77 + 72) + (2 4 2) (102 - J(J + 1) - 5)] }
= {212~ I +1) - 5] (72 - )]}
= TI{JJ2} =TI {J27207} = [J(J + 1) + 5] (Tr {72} - Tr {J2J2})
= (1/30)J(J + 1)(2J + 1) x
x [6J% +12J° + 1477 + 8T — 5 — (J = 1)(J + 2) (2J2 + 2J —5)] -
—(1/30) [J(J + 1) + 5] J(J + 1)(2J + 1) [2(3J2 + 8T — 1) — (2J% 4 2J + 1)]

Obviously we have

T {J;03} =Tc{J20f} =0 (12)

and
Tr{J203} = Te {J7 [(7J7 = J(J + 1) = 5) (JZ - JD)]}

= T {J22} =T {J2U2} — [J(J + 1) + 5] (Tx {22} - Tr{J22})
= 0
(13)
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Example 3.
{708}
= ,#TW [33J2 — (18J(J + 1) +123) J2 + J*(J + 1)* + 10J(J + 1) + 102]
x (42 - J2) }
33 (Tx {J2J24} — e {V2J2J2})
—[18J(J + 1) + 123} (Tx {J2J2} — Tx {J2J2J2})
+[JHI+ 12 +10J(J + 1) +102) (Tx {J2} - Tx {J2J2}) = 0 (14)

because we have:
1

™ {JiJ}} = =T

J(J+1)(27+1) (275 +6J° +14J* + 1872+ J* = TJ +1) (1)

T{ TR} = -Hl,:,\ixﬁtvtuctﬁv (2% +4J3 —19J2 - 21J + 12) (16) }

630

Tr{JiJ2} = MIW:.N +1)(27 +1) (6J + 12J% + 14J% + 8J — 5) (17)
Te {J2J202} = %QQ +1)J+ DI - +2) (277 +27-5)  (18)
Tr{J2} = ngt +1)(2J +1) (372 + 37 —1) (19)
T {J2J2} = ,Q.IHO.E +1)(27+1) (272 +27 +1) (20)

:

The algebraic evaluation in a systematic way in the manner illustrated in the examples :
given above has shown the validity of the relation (9) for alln,m > 2 and ¢ = z,y,2. 2

From equations (1) via relations (4-9) we obtain the following expressions for nrm“.ﬁ,

paramagnetic Curie temperature

2J -1)(2J+3
®HH®w+EA§o+§J
10k
2J - 1)(2J+3
0, = 0p + NI +3) Hvow +3) (yo _v2)
®~H®vlﬁwklﬂw\mﬂm.~+wv§o

1
@wnmﬁ®a+®e+®L
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3. Conclusions

The formulae (21-25) have been frequently used in literature for the calculation of
the CEF parameters when the Hamiltonian (3) is only approximated in the second term
[4], 5], [6], [7]. In this paper we have shown that the contribution of the 4th and 6th
order CEF parameters in formulae (21-24) is zero for the elementary symmetry reasons
involved by the model used in calculation. :

It is obvious that only the first two CEF parameters can be determined in this way
from the experimental values of paramagnetic Curie temperatures using the relations

yo _ 5k(0: + 6y — 20,) 5k (0, - ©,)
27 327 -1)(2J+3) (2J —1)(27 +3)

V= (25)
For a uniaxial crystal V;? = 0 we then have ©, =©) and ©; =0, = 0,..
The above analysis corrects the results obtained by Zajac and Maczak in [2] and
shows that in the given model only the second order terms in the CEF Hamiltonian
will contribute to ©, besides the anisotropic exchange interactions [4].
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