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The high (fourth) order perturbation formulas based on the dominant spin-orbit coupling mech-
anism for the zero-field splittings Dy; of a ®S-state ion in trigonal symmetry and E,, in rhombic
symmetry are derived from the strong field scheme. Two analytic expressions of the spin-lattice
coupling coefficient G4, obtained from the formulas of D; and E,, are established by using a
simple and uniform method. Based on the two expressions, the coefficients G54 for KMgF;:Mn**
are calculated in two cases. The results show that the lowest (third) order perturbation formulas

of Dg-) and Ef;()) are too simple and too approximate to give reasonable and consistent values of
G 44, whereas when the fourth-order perturbation terms D,(,‘:-) and Eg:, are considered, the calculated
values of G4 (= GS) + G<) in both cases are not only close to each other, but also in agreement

with the observed value. So, the fourth-order perturbation terms cannot be neglected.
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1. Introduction

The interaction of phonons with paramagnetic spin
systems is characterized by the spin-lattice coupling
coefficients G;; which relate the energy change in
the spin system to the strain introduced into the lat-
tice. Studies of these coefficients are of significance
because they give valuable information on the spin-
lattice relaxation time of magnetic center, the angular
variation of EPR linewidths, the internal stress of a
crystal and the microscopic mechanism of zero-field
splittings [1 - 5]. To simplify the calculation of G;;
and give their clear physical meaning, in [6] a unified
and convenient method of calculating the coefficients
G111 and G4 for a 3d™ ion in cubic octahedral sym-
metry from the formulas of zero-field splittings in
low symmetries was established. According to this
method, G44 can be obtained for two cases, one for
the splitting D, in a trigonal symmetry and the other
from the splitting £, in a rhombic symmetry, i. e.
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where the subscript O denotes that the differentitation
is done for the case of cubic symmetry. The angles
[ and @ are, respectively, related to the trigonal and
rhombic distortions and are defined in [6]. Thus, we
can, to a certain degree, check whether the formulas
D and E are consistent and reliable by compar-
ing the coefficients G4 calculated for the two cases.
Since the derivations of the formulas, particularly the
high-order perturbation formulas, of zero-field split-
tings are often very tedious, the above simple method
is profitable and practical. In the previous paper [6] we
successfully checked the formulas of D ; and E, , for
the 6S-state ion, based on some mechanisms and mod-
els by comparing the analytic expressions of G4 ob-
tained from the two cases. However the high (fourth)
order perturbation formulas D; and E,  from the
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strong field scheme based on the dominant spin-orbit
coupling mechanism for the ®S-state ion were not
reported (note: only the lowest (third) order pertur-
bation formulas were given in [7]) and so a check of
these formulas was not made. In this paper, we derive
the fourth-order (and also third-order) perturbation
formulas D; and E  from the strong field scheme.
To check these formulas, the expressions G 44(D) and
G44(E) obtained from the formulas D; and E;  are
established, and they are applied to calculate the co-
efficient G, of KMgF,;:Mn?* crystal. The results and
the importance of the contributions from the fourth-
4)

order terms D and E$) are discussed.

S.-Y. Wu and W.-C. Zheng - Spin-lattice Coupling Coefficient G4 of KMgF,:Mn?*

2. Calculation Formulas

Similar to the strong field scheme as done by Mac-
farlane [8] for the F-state ion, for the S-state ion the
cubic field eigenstates are taken as the zero-order
eigenstates and the Hamiltonian in low symmetry can
be written as

H=Hy+ H’,
Hy = chb(Dq) + H&,ul(B, ), (2)
H' = Hgoy(B, C) + Viow + Hso((),

where V . Viows Haom and HY ; are, respectively,
the cubic and low (trigonal or rhombic) symmetry

parts of the crystal field, the diagonal and off-diagonal parts of Coulomb interaction (with Racah parameters
B and C). Hgg is the spin-orbit interaction with the spin-orbit coupling coefficient ¢. Thus, the third- and
fourth-order perturbation formulas of D; and E;  can be derived. They are

D=DY + DY

tri tri »

3)

DY) = (1110)V¢X(1/E * - /E?) + (3y/2/10)V'¢? (1/E, E, - 1/E, E;),
DY = V{C*C(I/E, = I/E;)/(SE,E,) + 3¢ B(1/E > - /E;})/(5E,)
- C*[(I/E\* + 1/E;D)I(30E,) + 1/(10E, E, E,) - 1/(15E E,E;) — 1/(15E,?E5)
~ 1/(15E,E,E) + 1/(10E,E,E¢) + 2(2/E, - 1/E, + 2/E,)/(15E, E;)| }
+ 2V'{-3¢*[3B/E, + CIE)(10E,E;) - 3B(1/E, + 1/E,)I(5E | E,)]
+ (*[(2/E,| - 1/E,)IQ0E,E;) + 1/(10E2E) + 1/(10E, E, E5) + 1/(20E,*E,)
+1/Q20E,2E¢) - l/(10E, E,E) — 1/(10E,2E;) - (1/E E5 + 1/E,? + 1/E,})/(5Ey)] }
+ V2(2[2/(15E,2E;) + 1/(10E 2 E,) + 1/(15E,?E5) + 1/(10E;*Ey)]
+ V2C2[(1/E\* + 2/E|\E5 + 1/E3)/(5Eg) + 3/(10E 2E5) - 3/(5E, E5 E5) + 3/(10E42Ey)
+ 1/(20E,2E,) + 1/(20E,2E¢) + 2/(5E4)(2/E | E5 - 1/E > — 1/E5?%)]
+ /2VV'CX(1/EE, - 1/E |Eq + 2/E;E5 + 1/E,E()/(10E,),

E=E$ +E{

rho rtho?

E® = (<15)¢X(1/E? - 1/E;})D,,

rho

“4)

E$) = ¢3[28D,(1/E? + 1/E;))/(10E,) + 12(D¢ + D,)(1/E|E4 + 1/E;E¢)/(SE,)
+2(3D¢ + D,)1/E| + 1/E, + 1/E)/(5E, E5)]
+ (*[14BD, (1/E\* - 1/E;®)I(5E,) + 14CD,(1/E; - 1/E)/(15E | E;) - (49/6)D,D,,(1/E > + 1/E,*)
+(3/10)(D¢ + D,))(4Dg + 5D)(1/E 3 + 1/E;3) + 23D, - 5D,)(3D¢ — 4D,)I(SE,*)],

where V' and V' are the trigonal field parameters and D, , D,, D, and D,, are the rhombic parameters. The

zero-order energy denominators are

E,=10B+6C - 10D, E,=19B+7C, Ey=10B+6C +10D,, E,=18B +6C - 10D, (5)
E;=13B+5C, Eg=18B+6C + 10D, E,=13B +5C, Ey=14B +5C, Ey=22B +1C.
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From (1), we obtain the expressions of G44(D) and G4 (E) from two cases as follows:

Gu(D)=GSX(D) + GRH(D),
vV

GLD) = (VO [(110)( 55 )o(VE, ~ VE;?) + (3\/2/10)(3‘/

g
v

GE(D) = (v26{(35

©6)

-éF)O(I/EIEz —1/E,E,)]

)0 [CA/E, = UE)ISE, E;) + 3B(1/E 2 - 1/E;2/(5E,)]

¢ (a—V)O[(I/E12 +1/E2)/(30E,) + 1/(10E, E, E,) - 1/(15E, E, E5) — 1/(15E,*Es)

g

~1/(15E,E4Es) + 1/(10E,E;Eg) + 22E, - 1/E, + 2/E;)/(15E, E;)]

o \/2(%—‘;)0(2 [(CIE, - BIE,)I(10E, E,) + 3B(/E, + 1/E,)/(5E, E,)]

v’
B

+\/2(

)043 [1/(10E\2Es) + 1/(10E | E, E5)+ (2/E| - 1/E,)I(20E, E;) + 1/(20E,*E,)

+ 1/Q20E,%Eq) - 1/(10E,E,E5) — 1/(10E42Ey)

—(l/E\E; + 1/E\* + 1/E;})I(5Ey)] },

Gu(E) = GO(E) + GL(E), GS(E) = (110)C3(1/E\2 - 1/E,?) (aa%)o, %)

GO(E)=- c3{14(aa%)0(1/E12 + /E(10E,) +6[ (a&)o + (aﬂ)o] (1/E,E, + 1/E,E)I(5E,)

a0 a6

+ 3(225), 4 (222 J/E, + UE, + VEV(SE,Ey)}.

a6 af

From the superposition model of crystal field parameters [9] we have

1% - = oV’ . x

(55)0 = [(80y/2A44(Ro) - 36 A2(Ro)) /7, (ﬁ)o = [(40A4(Ro) + 24A5(Ro)] /7, (8)
D; . aD,\ _ -

(55)0=-822(RoV7, (552 )o =—40A4(RoN2L,

®

where the intrinsic parameters As(Ry) ~ (3/4)Dq
[7, 9] and A,(Rp) = nA4(Rp) with n in the range
of 9 - 12 obtained from many studies for 3d™ ions in
crystals [10 - 12]. We take n = 9 here.

Noteworthily, since only part of the electrostatic
potential (i.,e., off-diagonal elements) is combined
with the spin-orbit interaction and low symmetry
components of the crystal field as the perturbation,
the analytic expressions of G44(D) and G4(FE) from
the two cases may not be the same, but the numer-
ical results should be close to each other when the
formulas of D; and E; | are consistent and reliable.

3. Results and Discussions

Now we apply the above formulas to calculate the
coefficient G4, which was measured by an acous-
tic paramagnetic resonance experiment [13], for two
cases of the KMgF3:Mn2+ crystal. From the optical
spectra of KMgF,:Mn?* [14], we have

D,~720cm™', B~860cm~!, C~3100cm~".
(10)

The spin-orbit coupling coefficient { in the crystal can

be obtained by the expression ¢ ~ N2(,° [15, 16],
where N2 [~ 1(1/B/Boy++/C/Co)] is related to the
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Table 1. Spin-lattice coefficient Gy = G + G (incm™")
of KMgF;:Mn?*, calculated in two ways.

GY(D) =005 G{(D)=-005 Gas(D)=-0.10
GO(E)=-013 GY)(E)=-003 Gaa(E)=-0.10
Experiment [13]: Gaq =-0.09(2)

covalency reduction effect, and (,° is the spin-orbit
coupling coefficient of the free 3d™ ion. For a free
Mn?* ion, B, ~ 960 cm~!, Cy & 3325 cm ™~ and ¢,°
~ 347 cm~! [17], thus, we have { =~ 332 cm™". Sub-
stituting these parameters into the above expressions,
we have calculated the coefficient G4 for the two
cases. The results (including the contributions from
the third-order and fourth-order perturbation terms)
are compared with the observed value in Table 1.
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