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Quantum corrections to the semiclassical temperature scale in the structured emission
of tetrahedral complexes
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Tetrahedral complexes with an excited state consisting of two closely lying triplet states are considered
together with the full interaction Hamiltonian, including ligand field, Jahn-Teller, pseudo-Jahn-Teller, and
spin-orbit interactions. The emission band shape is numerically calculated using Monte Carlo integration. The
numerical calculations are applied to the Pby\&)stem. Previous results using a semiclassical distribution
function gave reasonable line shapes, but a mismatch with physical temperature. Using the correct quantum
distribution function full correspondence with physical temperature is achieved.
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I. INTRODUCTION show the difference in their temperature dependence. The
numerical calculation is again applied to PWO.

In previous work we performed a general theoretical
analysis of tetrahedral complexes of the typéd,)?” (M
=V, Cr, Mo, W, Mn; g=1-3 in which the lowest excited
state consists of two closely lying triplet levels. Such com-  According to molecular orbital calculatiori€,the lowest
plexes have been extensively studiédyoth experimentally excited state of the closed-shell ions1Q,)%" in T4 sym-
and theoretically. Nevertheless, renewed interest in thenetry consists of the’T; and 3T, states separated by an
PbWQ, (PWO) crystal(for a review, see Ref.)4in particu-  energy gap\, which is expected to be small. As discussed in
lar its peculiar experimentally observed triple-peak emissiorRef. 1, the total Hamiltonian of the problem that we consider
spectra&, necessitated a complete numerical analysis of thés
complex adiabatic potential energy surfa¢@PES’S of tet-
rahedral complexes in order to better understand their optical Hror=H e+ Hr+Hpsrt Hso, (1)
characteristics.

The full interaction Hamiltonian includes ligand fleld whereH ¢, Hjr, Hpsr, Hso, are ligand field, JT interac-
(LF), Jahn-Teller(JT), pseudo-Jahn-TellefPJT), and spin-  tion, PJT interaction, and SO coupling, respectively. We
orbit (SO) interactions. We analyzed the resulting APES'schosex, Y, Z, andé, #, ¢ as the orbital basis functions
and numerically calculated the emission spectra of the sygyy the 3T, and 3T, states, respectively, arg}, S,, S,as
tem. The calculation was performed within the semiclassicahe triplet spin functions. The total spin-orbital problem leads

approach of Toyozawa and Inobieising Monte Carlo nu- to an 18< 18 Hamiltonian matrix with the basis functions
merical integration. The calculated spectra were then quali-

tatively compared to the experimental emission band shape
of PWO. Semiquantitative agreement was obtained. Some
disagreements were discussed. The main discrepancy be-
tween calculated and observed spectra was in the tempera- TLulES), [7S), 1ES), i=xy.z 2
ture dependence. Although spectral structure becomes less

sharp with increasing temperature both theoretically and exFor details of the Hamiltonian matrix construction see Ref. 1.
perimentally, the actual temperatures at which this occurrediVe retain the notation of Ref. A is the spin-orbit coupling
were too low theoretically. We pointed duhat the tempera- parametera, b, ¢ (K, ,K.,K,) are the linear JT coupling
ture that enters the calculation within the semiclassical apeoefficients(force constantsto totally symmetric, tetrago-
proximation is not the physical temperature but a sort ofnal, and trigonal moded;, andcy, are the pseudo-JT cou-
effective temperature, which is in fact lower than the realpling to tetragonal and trigonal modes, ang is the vertical
one. energy spacing between the ground and excit€d state.

In the present paper we show that this discrepancy in th&Vithin the semiclassical approach of Ref. 1 and assuming no
temperature dependence of the calculated spectra can be mtange in the force constantabout which we comment
moved by a quantum approach. We calculate the emissiolater), the normalized line-shape function of the optical emis-
bands using both semiclassical and quantum formulas arslon T, ,—A; may be written

Il. THEORY
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where E is the photon energykgT is the thermal energy, Q (= Q Q ) [‘&]

(9jIM|e;) is the dipole matrix element between the compo-
nents of the excnede() and ground ¢;) electronic states,
and @7,Q3. ... Qq) are the coordlnates of the minimum trigonal minima. Parameters used in the calculation Are:0, \
on the excited state APES. The transition energlgsare  _ = _ N _ -
i . - TS =0.07 eV, b=0, c=1.2 eV/A, b;,=0.1, c;,=0.15, K .=2.2
computed by numerically diagonalizing the Hamiltonidn 2w 2
X . ! . ) eVIA?, K,=2.2 eVIAZ,
Equation(3) is essentially a constraingly the § function)
Boltzmann factor, and provides the probability that at a given )
temperature the system is found with coordinates Ki=mjo?. ®)
Q1,Qy, .. ..
In the present paper we introduce the quantum version of
Eq. (3). First consider a simpler case. In one dimension, the

FIG. 1. Cross section along th@, axis (Q;=Qs=Qs; Q.
=Q;=0) of all APES's on the®T; and 3T, level showing the

III. RESULTS AND DISCUSSION

Boltzmann factor for being at a poi@ at temperatureT, The numerical calculation was performed as in Ref. 1
JK27kgT exp(—KQ2kgT), is replaced b¥/° Because comparison to PbVy@as desired, we considered

the case where trigonal JT minima in the lowest excited state
of PWO split into three APES'’s, which occurs far=0. For

1/2)

X

Mo fiw |2 Mo hw
7 an 2ksT &Xp -~ TQ tan 2ksT/ | the desired intensity relations among the components con-
tributing to the emission band we assume the JT interaction
(3), becomes Ref. 1). The APES’s corresponding to that situation are
shown in Fig. 1. The parameters of the W mplex needed
m,w, hw, m.w, ho,
f(E)= tan tan ) )
h 2kgT h 2kgT lows. For the trigonal mode frequency we used the experi-
mental value corresponding to trigonal vibrations in the
UBFF (Urey-Bradley force fieldl approximatiort’ not al-
lowing mixing between “pure” stretching and “pure” bend-
m
.. . (2 _
dQsl{gjMle] ex;{ h 2kgT was calculated from Eq5).
For simplicity, as in Ref. 1, we started our calculations
vibrational modee, i.e., we did not include the coordinate
Q1. In Fig. 2 is a comparison of the temperature evolution of

Similarly, the quantum emission band-shape function, Edo pe greater than the PJT interacti@tiscussed in detail in

for the emission band calculation were determined as fol-
3/2 6
m,®. ground staté? the elastic constants were calculated using the
dQ:dQ;
har ZkBT

a®a n?‘( ﬁwa) ing modest! The effective mass of the corresponding mode

m.w, hwe . ) K . .
X (Q—Q%)2— tan!‘( o T){(Qz_ Q9)2 without the electron-nuclei coupling to the totally symmetric

hw L2 . .
+ 2y _ tanl—(—r) —_09%2 the emission band calculated semiclassicglty. (3)] and
(Q:-Q3% 2kgT 1(Qe=Qu) quantum mechanicalljEq. (4)]. It is evident that semiclas-
sically the spectral structure is more sensitive to changes of
+(Q5—Qg)2+(Qe—Qg)2}} temperature, and its features tend to be \{vashed out at rela-
tively low temperatures. Quantum mechanically, there is pro-
X S(E—X;(Q1,Qz,+ - Qo)) () nounced structure up to much higher temperatures.

In Ref. 1 we demonstrated that the total width of the
wherem;, o; (i=a,¢,7) are the effective masses and fre- spectrum and its smoothing are also affected by the follow-
guencies of the associated vibrational modes. Note that fdng three factors: the totally symmetric coordin&de, the
high temperature Eq(4) goes over to Eq(3), bearing in  spatial separation of the ground- and excited-state minima in
mind the relation Q; space, and the higher elastic constant of the ground state
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FIG. 2. Normalized emission spectra for th&T{,3T,)—A;
transition. Parameters used in the calculation &re:0, A=0.07 FIG. 3. Normalized emission spectra for th&T(,°T,)—A,
eV, b=0,¢c=1.2 eV/A, b;,=0.1 eV/A, ¢c;,=0.15 eVIA K =2.2 transition. The calculation is performed by taking into account the
eVIA?, K,=22 eVIR, fiw.=0.04 eV;fiw,=0.04 eV;W,=3.8  spatial separation of the ground state from the excited stéje (
eV (Ref. 12; (a) semiclassical calculation: solid line=4 K, dot- stands for the elastic constant of the ground $tatel the totally
ted line T=70 K, dashed lineT=90 K, long-dashed lineT symmetric coordinat®),. Parameters used in the calculation are:
=150 K. (b) Quantum-mechanical calculation: solid lin&  A=0, A\=0.07 eV,a=0.7 eV/A, b=0, c=1.2 eV/A, b;,=0.1
<90 K, dotted lineT=150 K, dashed =200 K, long-dashed line eV/A, ¢;,=0.15 eVIA K,=2.2 eVIA?, K.=2.2 eVIA?, K,=2.2
T=300 K. Spectra for different temperatures are vertically shiftedeV/A?, Kg=25 eVIA?, thw,=0.04 eV, hw,=0.04 eV, iw,
for better visualization. =0.04 eV,W,=4.5 eV (Ref. 12; (a) semiclassical calculation:

solid line T=4 K, dotted line T=10 K, dashed lineT=15 K,

with respect to the excited state. Figure 3 displays the temong-dashed lineT=100 K; (b) quantum-mechanical calculation:
perature evolution of the emission spectra using the sempolid lineT<90 K, dotted lineT=150 K, dashed lind =200 K,
classical and the quantum-mechanical formula with these adong-dashed linér =300 K. Spectra for different temperatures are
ditional considerations. Recalling Fig. 2 of Ref. 1 we noteVertically shifted for better visualization.
that the quantum approa¢hig. 3(b)] considerably improves
agreement with experiment, including our ability to use trueour explanation is offered at the qualitative level; we do not
temperature in our calculations. claim detailed matching of the data. In fact we ourselves

As stated above, we calculated emission spectra using thgould be skeptical of small improvements obtained through
frequencies and force constants of the undistorted configurasetter force constants or frequencies, especially in view of
tion. It is known that in the distorted relaxed excited statethe |atitude(albeit small in the choice of parameters of the
those quantities changsee, e.g., Refs. 13 and)14n fact,  Hamiltonian.
our calculational method provides us with the new force
constants? which we find to be in general agreement with

previous resultd? Our calculation also shows the distorted V. CONCLUSION
force constants to be well separated from zevhich is cer- '
tainly not always the case, cf. Refs. 16 and, lifidicating In this paper we solved the main problem found in our

that this is not a regime where tunneling is important. How-previous work where although the qualitative progression of
ever, we did not feel that additional precision in this part ofstructural features was well fit with increasing temperature,
the calculation would enhance our resdftsOur principle  the actual temperature values at which the changes occurred
achievement is the explanation of the PWO triple peak strucdid not match experiment. We have here shown that the
ture using JT, PJT, and SO interactions. We emphasize thaemiclassical formula is responsible for this discrepancy, and
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using the appropriate quantum-mechanical formula we obtemperature (RzT~52 meV) one may still need a quantum
tain realistic results corresponding to observation. It is intertreatment, depending on the modes of the substance.
esting that the quantum formula must be used even at one

might have considered to be relatively high temperatures. ACKNOWLEDGMENTS
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