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Abstract. Detailed theoretical studies of the temperature dependence ofgER&or for the
MgO:Crt crystal have been made by considering both the static contribution due to the thermal
expansion of crystal and the vibrational contributions due to the electron—phonon (including
the acoustic and optical phonons) interaction. The static contribution is calculated from the
macroscopic thermodynamic method and the microscopic crystal-field method. The results from
both methods are close to each other, suggesting that the two methods are applicable to studies
of temperature dependence of thdactor. The vibrational contribution due to acoustic phonons

is obtained by using a Debye model for the lattice vibrations, and that due to optical phonons is
calculated by use of a single-frequency model. The calculated results show that, fq'the
factors at various temperatures, the static contribution is dominant; however, for the temperature
dependence of the-factor, i.e. ¢/dT, the vibrational contributions are large and should be
taken into account.

1. Introduction

The EPRg-factors of paramagnetic ions bound in cubic crystals change with temperature.
The change results from both the implicit or static contribution related to the lattice
thermal expansion and the explicit or vibrational contribution due to the electron—phonon
(including the acoustic and optical phonons) interaction [1-3]. Thus, according to the
general thermodynamic relation, the changg iproduced by a change in temperature may
be written as [1]

(dg/dT)p = [0g/d(IN R)]7[0(IN R)/IT]p + (3g/0T k. (1)

The first and second terms on the right of equation (1) are the implicit and explicit
contributions, respectively.R is the metal-ligand distance and(In R)/9T]r = oo IS
the local thermal expansion coefficient in the vicinity of paramagnetic ion. If the isothermal
pressure dependence gfand the local linear compressibilit§,. and the coefficienty,,.
are known, the static contribution can be evaluated as
(dg/dT) e ~ (98/0P)7[9P/d(N R)7[0(In R)/9T]

~ (—=oc/ Bioc) (38 /9 P)r. (2)
For MgO:Ce*, Walshet al [1] evaluated the static contribution to thefactor from the
experimental pressure dependence of gifactor [4] and from the compressibilitg, and
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thermal expansion coefficient, of the host MgO crystal. They found that the static
contributions are different from the observed values in the high-temperature zone and so
the vibrational contributions should be considered. However, no further detailed theoretical
studies were made; in particular, quantitative calculations of various contributions based on
the theoretical models were not carried out. In this paper, we shall make a detailed theoretical
study of theg(T)-factors at various temperatures and the temperature dependence of the
g-factor, i.e. ¢/dT, of a MgO:CP+ crystal by taking all the contributions into account.

2. Vibrational contributions

The vibrational contributions t@(7) and &;/dT consist of two parts: the contribution

of acoustic phonons and that of optical phonons. As is known, both the vibrational
contributions to theg-factor (or other spin-Hamiltonian parameters) are proportional to
the mean valug Q?) of the square of the amplitudes of vibrations (an average over the
different normal modes) [2, 3, 5-8]. For vibrations related to the acoustic phonons, by using
a Debye model for the lattice vibrations, we have [3, 8]

Tp)T
(0% T4/ x*[3 + (expx — DY dx

Ip/T
A %Tg + T4/ x3(expx — 1)~ 1dx. 3)
Thus, the vibrational contribution from acoustic phonons togHactor can be written as
Tp)T
8ac %Kng + KgT4/ x3(expx — D)~ dx (4)

where the first term is the zero-point vibrational contribution afsl is the Debye
temperature.K, depends on the strength of electron—phonon interaction and also on the
vibrational properties of crystal. Usuallk, is treated as an adjustable parameter.

The vibrational contribution of optical phonons is due to all the optical modes. However,
since the spectrum of optical phonons is confined to a very narrow frequency region, the
single-frequency model may be taken as a good approximation. Thus, similar to the Einstein
model in the study of specific heat, only one mode of vibration with frequengy is
considered here. So, we have [5, 6]

(0% o {3 + [exp(iwess /kT) — 1171} = T coth(iw, sy /2KT). (5)
Thus, the vibrational contribution to thefactor from optical phonons is
gop(T) =8z COtr(]leeff/ZkT) (6)

whereg, is also an adjustable parameter that depends on the strength of the electron—phonon
interaction and also on the vibrational properties of the crystalT At 0 K, g,,(0) = g-.
So, the zero-point vibrational contribution is included in equation (6).

3. Static contributions

The static contributions t@(7) and ¢/dT can be calculated from the macroscopic
thermodynamic method and microscopic crystal-field method. The former is related to
equation (2). So, if the local thermal expansion coefficients(7) and compressibilities
Bioe(T) at various temperatures are known, the temperature depen@ncd )., at these
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temperatures can be calculated from the pressure dependence gfatr. From this,
g(T) at various temperatures can be calculated.

The microscopic method is based on the perturbation formula forgtfeetor. For
the MgO:CP* crystal, because the spin—orbit coupling coefficighi(~ 150 cn?) of the
free & ion is smaller than that of the &r ion (¢? ~ 240 cm'), the contributions of
the spin—orbit coupling of the ligand (i.e.?0) to the g-factor (and other spin-Hamiltonian
parameters) can be neglected [9] and so the classical crystal-field theory can be used here.
According to the theory, the high-order perturbation formulaegfioand g, for d® ions in
trigonal symmetry based on the strong-field coupling scheme were established by Macfarlane
[10]. By letting the trigonal field parametefs = V' = 0 and correcting a few misprints in
these formulae, we obtain fof dons in cubic symmetry

g =g — 8k¢/3D1 — 2¢2(k + 2g,)/9D% + 4¢?(k — 2g,)/9D3
—2¢%(k + g,)/3D5 + 4kt?[ D1 D3 — s D1D; + 3D, Dy (7

whereg, (= 2.0023 is the spin-only value; is the spin—orbit coupling coefficient of central
metal ion in crystal and is the orbital reduction factor. The zero-order energy separations
are [10]

D; = A =10Dgq D, = 15B + 5C + 20/ D3 = A+ 9B+ 3C + 6a’ 8)

where B and C are the Racah parametess,is the Trees correcth (or Dg) is the cubic
field parameter which is related to the metal-ligand distaRceSo, when the distanc®
is changed by temperature variations, the change in the parameted then in the static
contribution to theg-factor due to thermal expansion can be calculated.

Obviously, the total values of(T) and the temperature dependengg/df” can be
written as

gtot(T) = gstat (T) + &ace(T) + gop(T) (9)
(dg/dT) o = (dg/dT )s1ar + (dg/dT)yc + (dg/dT),p. (10)

4. Calculations and results

Now let us calculate numerically(T) and ¢ /dT for the MgO:CF* crystal by considering

all the above contributions. From the peak of the acoustic phonon branches, the strong
optical branch peak in the phonon density of states for MgO and the vibrational side band
of the optical spectrum of théE — %A, transition of MgO:C# [11,12], we obtain

Tp ~ 390 K andhw, s ~ 4225 cntl. These values are very close to those used in the
theoretical explanation of the thermal shift of the R line of the Mg®:Qrystal [13] and

can be regarded as reasonable. In the calculatiofy,9fT) by the macroscopic method

(i.e. from equation (2)), the pressure dependence ofgtfector is taken as the observed
value [4]

dg/dP ~ (0.26+ 0.01) x 10~ kbar . (11)

The local thermal expansion coefficients. (T) and compressibilitieg;,.(T) for MgO:Cr+

are difficult to determine; however, some workers [14, 15] suggested that the relative change
in coefficienta (i.e. aj,./a;) is the same as that in compressibilggyand thus the ratio of

a/B would be unchanged for the doped crystals. This point can be understood in physics
from the Giineisen law [16x ~ yC,B8/V and the fact that both the thermal expansion
coefficient and the compressibility depend upon the bonding strength [17]. So, we can use
the coefficientsw;, (T) and compressibilitieg, (T) of the host MgO crystal here. These
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coefficients and compressibilities at various temperatures were calculated in [18] using the
thermodynamic formulae. The calculated results are in good agreement with the observed
values [19-21]. The values of,(T) and 8, (T) are shown in table 1. Thg,,, (0)-value

at 0 K istreated as an adjustable parameter. Thus, by fitting the total calculated values of
g(T) to the observed values at all temperatures, we obtain

gstar(0) ~ 1.9801 OrAgsrar (0) & gyrar (0) — gy ~ —222x 1074
K, ~438x 101 K™ g ~—1.1x 1074

The various contributions to thg-factor and the comparison between the calculated and
observedAg;,,(T) are shown in table 2.

(12)

Table 1. Thermal expansion coefficient and compressibilitys of MgO [18].

Temperature « B
(K) (106 K-1) (104 kbar?)
10 0.0013 1.955
50 0.231 1.955
75 0.965 1.955
100 2.198 1.955
150 5.097 1.961
200 7.517 1.961
250 9.23 1.972
300 10.6 2.008
400 12.15 2.026
500 13.0 2.051
600 13.6 2.083
700 14.0 2.110
800 14.44 2.134
900 14.75 2.189

The temperature dependencg/dT changes with temperature in the low-temperature
zone but is close to constant in the high-temperat@re-(500 K) zone. From the above
calculations, we find for MgO:GF in the high-temperature zone

(dg/dT)tot = (dg/dT)stat + (dg/dT)ac + (dg/dT)op
~ (—1.874+0.86—0.33) x 10 K1~ —-1.34x 10° KL (13)

The result shows good agreement with the observed value (6b#040.20) x 1076 K1
[1]).

For the calculations ofg,.,(T) and (dg/dT),.. by the microscopic method, the
perturbation formulae (i.e. equation (7)) should be used. In the formula, the parameters
B, C, o’ and A can be obtained from optical spectra of the studied crystal. From the
optical spectra of MgO:Cr [22, 23], we have

B ~ 665 cnt C ~ 3084 cm* o ~25cnmt A ~ 16200 cmt, (14)

The orbital reduction factok = 0.7, as shown in [10] for Cr- in many oxides. The spin—

orbit coupling coefficient is treated as an adjustable parameter. By fitting the observed value
of g (= 1.9798+0.0001 [1]) of MgO:CF+ at room temperature and by considering the above
vibrational contributions to the-factor, we obtain; ~ 1936 cnr. The value for Ctt

in MgO is smaller than that (about 240 ch[9]) for a free CF* ion and can be regarded

as reasonable. The parameterchanges with the distancR®. The dependenca o R~
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Table 2. Various contributions to thg-factor (in 104) of the MgO:CPF+ crystal (note that
Ag = g — g here).

Temperature
(K) Ag?mt Ag?tat 8ac 8op Agtam Ag?gt AgExpt [1](:
0 —222.0 -222.4 1.3 —1.1 —-221.8 —224.2 —222.7
50 —222.0 -224.4 1.3 —1.1 —-221.8 —224.2 —222.7
100 —222.3 —-224.6 14 —1.1 —-222.0 —224.3 —222.8
150 —223.0 -2249 1.7 —1.1 —-222.4 —224.3 —223.2
200 —224.0 -225.3 2.0 —-1.2 -223.2 -2245 -223.5
250 —225.0 —225.8 2.4 —1.3 —223.9 —224.7 —223.9
300 —226.1 —-226.4 2.8 —1.4 -224.7 —225.0 —224.9
400 —228.2 —227.8 3.6 —1.7 —226.3 —225.9 —225.8
500 —230.2 —-229.4 45 —2.0 —227.8 —226.9 —226.9
600 —232.2 —-231.0 5.3 —24 —229.2 —228.1 —228.4
700 —234.1 -232.8 6.2 —2.7 —230.6 —229.3 —230.1
800 —236.0 —234.6 7.0 —3.0 —232.0 —230.6 —231.0
900 —237.8 —236.6 7.9 —3.4 -—-233.3 —-232.1 —-232.6

2 Agsar is calculated by the macroscopic thermodynamic method.

b Agyrar is calculated by the microscopic crystal-field method.

¢ The experimental data are taken from figure 2 of [1]. The experimental errasg @) are
estimated to be about1.0 x 104,

based on the effective point-charge model is often used in many studies; however,°the
dependence for MgO:€rt will cause the local compressibility in the vicinity of theCrion

to be larger than that of the host MgO crystal from high-pressure spectroscopy, as pointed
out in [22]. Considering that, when an impurity ion carries extra charge, the interionic force
between the impurity ion and ligands will be larger than that in the pure lattice and hence
the local compressibility decreases [24, 25], the larger local compressibility in MFOLCr

not reasonable from a physics viewpoint. So, as shown in [1], for MgD;Ghe relation

A o R~ based on the effective dipole model should be used. From the relation, we obtain
at room temperature the local compressibility

Bioc ~ 1.9 x 1074 kbar ! (15)

by fitting the observed pressure dependences of the optical spectrum apdattter. The
comparison between calculation and experiment is shown in table 3. Obviously, the local
compressibility is smaller than the host compressibility (aba002x 104 kbar?; see

table 1) and can be regarded as reasonable.

Table 3. Pressure dependences of the optical spectrumgaiagtor of the MgO:C¥t crystal.

Calculation  Experiment

dA/dP (cm! kbar!) 185 19+ 1 [22]
dg/dP (10~* kbar?) 0.26 026+ 0.01 [4]

As has been said before,

ﬁloc//gh ~ aloc/ah- (16)

So, we havey,.(T) ~ 0.946x,(T); thus, according to equation (7), we can calculate the
values ofg,,,,(T) and then ofg,, (T) (both are characterized b&g = g — g,) from the



4544 Zheng Wen-Chen and Wu Shao-Yi

coefficientsw;, (T) of MgO at various temperatures (see table 1). The calculated results are
also compared with the observed values in table 2.
In the high-temperature zone, we find that

(dg/dT ), ~ (—1.874+0.86—0.33) x 108 K1~ —1.34x 10°® K1, (17)

The result is also in good agreement with the observed value (abdud0 + 0.20) x
1078 K1),

5. Discussion

From the above studies, several points should be stressed here.

(i) The static contributions tog(7T) (or dg/dT) obtained from the macroscopic
thermodynamic method and the microscopic crystal-field method are close to each other
(see table 2), suggesting that both methods are applicable to the study of the temperature
dependence of thg-factor.

(i) The vibrational contributions tq(7) (or dg/dT) from the acoustic and optical
phonons cancel partly. The magnitude of the acoustic phonon contribution is larger than
that of the optical phonon contribution.

(iii) For the g(T)-factors at various temperatures, the static contribution is dominant;
however, for the temperature dependence of ghactor, i.e. ¢/dT, the vibrational
contributions are large, in particular, in the high-temperature zone, and cannot be neglected.
So, to explain satisfactorily the temperature dependence of-flaetor for the MgO:Ct"
crystal, all the contributions due to the thermal expansion and the electron—phonon (including
the acoustic and optical phonons) interaction should be taken into account.
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