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Jahn-Teller effect on PrO,: A multimode vibronic model
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Recent well resolved neutron spectroscopy measurements of the magnetic excitations iprdi@e
evidence of the dynamical Jahn-Teller effect on this dioxide. We calculate the differential cross section in a
wide range of energy and the magnetic moment of ,Pa®er the analysis of different vibronic models
(one-mode and two-mode phonon coupling modéds electrons interacting with distortions @& and t,
symmetry. The Lanczos-recursion procedure is followed to determine the vibronic states in a nonperturbative
way and with high precision. A very convenient choice of the initial state of the Lanczos chain is suggested
here so allowing easy calculation of the differential cross section. It is founet tihades do not give reliable
results in terms of intensities of the expected transitions, whil@odes in a multimode vibronic model lead
to a quite good agreement with the experimental measurements.
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I. INTRODUCTION leading to matrices in a sparse form, then the Lanczos-
recursion procedufecan be successfully used. In the litera-
Among rare-earth dioxide, praseodymium dioxide has inture this method has been followed in solid-state physics in
terested the researchers for its uncommon properties assogennection with electronic problet¥ or extended to dy-
ated with Pr 4 electrond and for a future possibility to be namical JT problems, allowing a nonperturbative treatment
used to substitute Sidn decanano MOSFET transistorat of the absorption as well as luminescence spectra of local-
low temperature Prgantiferromagnet with Ned point at 14 ized impurity centeré?‘lSAlso in this dioxide the electron
K) has a magnetic moment anomalously sftalvhen com-  orbital states of P ions can be considered reasonably

pared with the value expected for the ground electron-spifpcalized; so cooperative effects can be neglected and the
state in a cube crystal field; Pr ions exist almost com- Lanczos-recursion method can be efficiently used to calcu-

pletely in a 4* configuration, now an ascertained opinfoh, late the differential cross section and the magnetic moment,
and Pf* ground state is orbitally degenerate. So it is naturalProvided that the initial state of the iterative procedure is
to think of the possibility of interaction between the electronchosen in a proper way.
and ion motion or in other words of a dynamical Jahn-Teller In Sec. Il we discuss the model Hamiltonians used; in
(JT) effect. Actually well resolved magnetovibrational spec-Sec. Ill we expose the calculation procedure; in Sec. IV we
tra recently obtained by Boothroyd and co-worRegueovide show the results obtained for the various models considered.
experimental evidence of this theoretical expectation. In facEomments and conclusions are presented in Sec. V.
the experimental spectra exhibit at low energy two peaks
separated by about 130 meV, a broad bgadending from Il. MODEL HAMILTONIAN
10 to 80 meV centered at about 30 meV and a 160 meV
shoulder. These observed behaviors cannot be explained in a PrO; has a fluorite structure type, where'Piion is at the
scheme including only crystal-field and spin-orbit interac-center of a cube whose vertices are occupied by eight @
tions, instead a JT coupling can produce a number of levelBas been showirthat the Pt* ion has one localized electron
having electronic and vibrational characters found also by in the 4f configuration giving rise to a grounéF term 14
Boothroydet al? in a simplified model within a perturbative times degenerate including spin. This term is split by a cubic
scheme. crystalline field into states having the symmetry of the rep-

In this paper we analyze in a more complete way, treatingesentationd’,,, I'4,, andI's, of the groupOy, (notation of
on the same footing crystal-field and spin-orbit interaction Koster), as shown in the left side of Fig. 1. In the next the
different linear vibronic models, single-mode and two-modelabelu, indicating the symmetry to respect the inversion, will
phonon interaction models, consistent with the symmetry obe understood. The spin-orbit interactiafLS) produces
the system under study. Actually a multimode interactionthe following set of levels:
model is suggested by the appearance of the broad interme-
diate scattering band. Then we calculate the differential cross 3 113
section and the magnetic moment. [Bo)i=aoll's;) +agll's), i=—5,75.5.5

The introduction of the electron-phonon interaction, in
particular, the use of two-mode interaction models, requires
handling matrices with a very large number of degrees of IEy) ;=ay|T7;) +alr,)
freedom. However, we consider linear interaction models Vit v wise

N| =

_1
| E,
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with H, . andH, ,, the vibrational Hamiltonians for interact-

. 1
—El"z ing modes of symmetrg andt,, respectively. They take the
Es3 form
A g - B H, o) =fiwe(a) ag+ala + )Py, @
- _B
: - t t to. S

‘ H, ,(I')=twy, axax+ayay+azaz+§ Pr., 3
HCF HCF+ HSO magn

where I'; is for I'y or I's, Pr, is the projector on the

electron-spin eigenfunctions belonging ko multiplet, and

hwe andﬁwt2 are the phonon energy for the modeandt,,

11 respectively.

|Ey) i=ITe)), i=—2,%, The JT interaction Hamiltonian with a mode @symme-
' 2°2 try can be written as

FIG. 1. Levels splitting produced by crystal fie{eft); crystal
field, spin-orbit interaction, and local magnetic interactidght).

) 3 113
|E3) i=a3|lg;) +ag|lg;), i=-— 5 515150 HJT,e(Fi)zﬁwe\/se(ri)k;(;E [(af+a)Dy(T)], @
11 whereS,(T';) is the Huang-Rhys factor or the JT energy in
|Eq) i=aqT7j) +a4|T7;), iz‘i'i' (1) unit of the phonon energyD4(I';) and D.(I';) are the

Clebsh-Gordon coefficient matrices expressed on the basis of
Ahe electron functions belonging to the multiplgtand tabu-
lated by Kosteret all*

For thet, mode the JT interaction Hamiltonian becomes

Herei labels the rows of each double group representation.
molecular exchange field interactibty, ,g=gugHJ, repre-
senting a local effective magnetic interaction with the or-
dered magnetic moments, removes completely the degen-

eracy, as shown in the right part of Fig. 1. Hyr (T =ho /S (T) > [(af+a)D()],
We assume for the spin-orbit coupling constant the value Ttz KRS e
A=100.5 meV as used in literatdrand we fix at first the ()

crystal-field parametefs, and F equal to 265.8 meV and jere theD matrices and theS constants have the same
134.3 meV, respectively Then the energies of the five mul- meaning as before. All the previous Hamiltonians are under-
tiplets turn out to beEo=0, E,=129 meV,E;=337 meV, g0 as multiplied by the identity in the spin space.
E;=367 meV, andE,=767 meV(the ground electron state |, 5 two-mode vibronic model the vibrational and the in-
energyE, is chosen as reference energyhe energy sepa- (graction Hamiltonians are of course the sum of the vibra-
ration produced by a4, 0N the multiplets is of the order of iona| and interaction Hamiltonians corresponding to each
2—-3 meV choosingugH=0.5 meV andH in the (1,1,)  mode involved in the model considered, having eventually

direction’ Its evident result is that, within this simple inter- gitferent symmetry, frequency, and strength of the coupling.
action scheme, the experimental measurements cannot be

justified, in particular, the experimental cross section in the
range 0—160 meV.

It is well known that in presence of degeneragyr The Hilbert space for the system in study is given by 14
quasidegeneragy of molecular orbitals the Born- electron-spin functions partners of the irreducible represen-
Oppenheimer approximation breaks déwand the electronic tationsT'g, I'y, T'7, T4, T and by the vibrational states
states can be coupled with molecular vibrations of propefn, n ) or|n,,ny,n,) for one-mode interaction model; and
symmetry, called the JT active modes. In this specific SYStn,,n.,n,,ny,n,) or [mg,m,,m,,n,,n,,n,) for a two-
tem, the vibrational modes of interest are those of symmetry,gge interaction model. Herg,, n,, . .. label the occupa-
eandty; the total symmetric mode, or breathing mode, pro-tion numbers for the partners of the phonon modes consid-
duces only a line broade_zmi‘qund is neglected here. ered. So when the electron-phonon interaction model

In this paper we consider different vibronic models for JT yecomes more complex and a larger number of phonons
interaction both od’s and onl’, multiplets with phonons of st be taken into account, one arrives fastly to matrices of
symmetrye andt,. The total Hamiltonian comprises an elec- 3 too large dimension to be handled with traditional tech-
tronic part, a vibrational patti,, and a coupling pafti;re  nique. In Table | we show the dimension of the matrix
andH;r, for e modes and, modes, respectively. The elec- Hamiltonian at increasing number of phonons for each mode
tronic part includes spin-orbit terms, crystalline field, andconsidered.
molecular exchange field. The vibrational Hamiltonian is Luckily the JT matrices are in a sparse form and the
taken in elastic approximation and written in a second quankanczos-recursion method can be efficiently followed to cal-
tization notation where a displacement is proportional to theculate the vibronic eigenstates. For convenience we resume
sum of creation and annihilation operators. Let us indicatédere the main points of the Lanczos-recursion procedure. For

IIl. CALCULATION PROCEDURE
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TABLE I. Dimension of the total Hamiltonian at different num- d2ec k1 yez 2
ber of phonons fpr egch interaction mogINL;'tz(F.i) inQicates the d0de k_' :E(_ng FZ(Q)E pn|<q,m|\]z|qfn>|2
total number of vibrational quanta taken in the vibrational states for @ K eC m.n
e andt, coupling onI'; multiplet.
2 coupling ont; muttip X 8(Ep—E—ho). (8)

Ne(T's) Ne(T's) Ne(Ta) Ny(Ts) No(T) Ne(Ts) N

Here |V}, |¥,) are the vibronic states involved in the

1 1 0 0 0 0 126 transitions,J, is the component of the total angular momen-
3 3 0 0 0 0 1400 tum perpendicular to the scattering vec®r k; and k; are

5 5 0 0 0 0 6174 initial and final neutron wave vectors(Q) is the magnetic

0 0 1 1 0 0 224 form factor, p, is the Boltzmann population factor of the
0 0 3 3 0 0 5600 state |¥,), o is the neutron energy transfeifw

0 0 5 5 0 0 43004 =h%2m(ki—k?)].

0 0 1 1 1 1 3584 Usually the experiments are performed at sn@aNvhere

0 0 3 3 3 3  ~106 F?Q)=1. So the key ingredient in the differential cross
0 0 5 5 5 5 ~108 section (8) remains the matrix elements modulus squared

(W |3 ¥ )2 which requires the knowledge of the vi-
bronic functions|¥ ) and|¥,) . In principle, they could
more details see, for instance, Refs. 12 and 17. Essentialje evaluated through a two-pass Lanczos worked out for all
the method consists in a progressive building of orthonormalhe states of interest. However, taking advantage of the free-
states for a tridiagonal representation of a given operator, i§om in the choice of the seed state of the recursion, a faster

our case the Hamiltonian of the vibronic system. [#g), ~ and manageable procedure is provided in the following.
|¢1), ..., |¢,) denote the firsv+ 1 normalized functions Let |¥,) be the vibronic starting state for the transitions
of the Lanczos chain; theb,, ;) (unnormalizegifunctionis N Study and already determined by a two-pass Lanczos. To
constructed through the three-term recursion relation obtain the matrix element of interest it is convenient to
choose as initial state of the new Lanczos procedure
|CD1/+1> :H|¢v> _av|¢v> _bv|¢vfl> : (6)

| o) = M 9

The next pair of parametert&;ﬁ+l anda,,, are given, re- 0 \/(\Ifn|\]§|‘lfn>'

spectively, by the normalization d¢fP,.,) and by the ex-

pectation value of the Hamiltonian on it. In the new basiswhich is the projected state through and normalized. The
|$,) the Hamiltonian operator is represented by a tridiago-matrix element becomes

nal matrix Ty, , which is then diagonalized, and whose ele-

mentsa, andb, are known up to the ordév of the iteration (W] 3 ) = (W ] o) <\I’n|~]§|‘1’n>- (10)
performed. One of the major advantages of the Lanczos pro-

cedure is that the lower eigenstates, usually those of interestnen the differential cross section is immediately given by
are obtained diagonalizing a tridiagonal matrix of rank muchyeans OﬂCm,o|2, that is, the projection modulus squared on

lesser than the original orté. _ the initial state of the Lanczos chain of the vibronic states of
The §|genvectors are of course expressed on the basis f?fterest|‘lfm> and their reconstruction is so avoided.
the chain statefb,) and are in the form Alternatively, it is possiblgand convenient when a large

number of recursion is needetb consider the continued

fraction expansion of the diagonal Green function matrix el-
DY) ZEV Cnol @) (7)  ementGyy(E), whose coefficients are given by the coeffi-
cientsa, and b? of the Lanczos chaiff The poles of the
continued fraction give the eigenvalues of the vibronic sys-
tem and their residua give the projected density of states
which is immediately related to the differential cross section.

As regards the calculation of the magnetic moment let us

chall that

where the coefficients,, , are provided by the diagonaliza-
tion of Ty, . Usually, for memory reason, in the three term
relation (6) one does not store all the vectdws,) , and to
obtain explicitly the eigenvectotd,) the state$e,) have
to be regenerated by a second Lanczos procedure with t
same initial seed statgwo-pass Lanczos® Let us remem-
ber that a crucial point to efficiently use the Lanczos- _
recursion procedure is the choice of the initial state of the (w) gJ; prl¥ oI W) @)
Lanczos chain. In principle whatever linear combination of
the basis functions can be used, but a suitable choice of th&t the temperature of the experimental measurenfehie-
seed state can greatly simplify the calculatidhs. low the Neel temperature, only few lower vibronic levels are
One of the quantities to be calculated here is the partiain practice involved, so the magnetic moment can be directly
differential cross section that can be put in the followingcalculated once the vibronic stateks,) are determined, en-
form in dipole approximation and cubic symmetr/*° tering in the differential cross section calculations.
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IV. RESULTS 04

We have analyzed different vibronic models with elec-
trons interacting with distortions of symmeteandt,. Since
the JT coupling has been considered acting on the multiplets
I', andT" 5 simultaneously, in the next we refer to the systems
(I'y+I's)®e, (I'y+I's)®t, (one-mode modejsand (4
+T's)®(t;+15) (two-mode model

For each model the functions are allowed to span a vi-
bronic space including up to a total numbxiof vibrational
guanta for each vibronic interaction. Stability of the solution —

o
w

Intensity (arb. units)
=
(]

@

was tested with respect td and we required energy differ- 0-00 2 04 06 03 1
ences less than 0.5% going fraxto N+ 1. In practice the ’ S
maximum total number of phonon needed has beerb. 'z

The calculations have been carried out in the framework FiG. 2. Peak intensities in arbitrary units of the lower vibronic
of the Lanczos recursion procedure as illustrated before. Thevels as a function 08, ; fiwy,=30 meV.
numerical instabilities of this technique due to the finite
arithmetic precision of the computers are well known as well
as the remedies propos&tHere we have performed a suit-
able number of overrecursions in such a way to obtain stable The results presented here are obtained considering the JT
eigenstates. When the number of overrecursion to determirigteraction Hamiltoniat ;1 described in Sec. II. As before
the vibronic excited states was too hi@ the order of thou- the energy of thé, phonon mode has been changed in the
sand$, we have constructed the continued fraction expansiomange 10—60 meV, and the behavior of the vibronic energy
of the ground-state Green's functi@yy(E), as specified in  levels are followed as the Huang-Rhys fac8y is growing

preceeding section. from zero untilS;, =1 [S,(T's) =S;,(I's)]. In this case also

we can obtain two main lines separated by about 130 meV,
many intermediate vibronic levels and among them only two
) ) . . ) have significant intensity. We continue to call thé&fy, and

We have obtained the vibronic levels of*Prion consid- Eir:. These intermediate vibronic levels are always weak,

ering the_JT interaction Hamiltoniafyr. descnbe(_j in Sec. but the relative peak intensity is larger by one order of mag-
[l and using the same phonon energy and coupling constant

for the JT interaction both ohi, andI's multiplets. We have fitude to _respec_t_ the previous r,nodel. In”F|g. 2 we show how
first followed the behavior of vibronic energy levels at dif- (N€ Peak intensities do, Ey, Ejy, andE;,, are influenced -
ferent JT energies (@S,<1) and at different values dfw, b_y the strength of the phonon coupling. To construct this
in the range 10-60 meV. To our knowledge, there are ndigure we have takenfiw;,=30 meV and S (I')
phonon dispersion curves available for Rr®owever, the =$2(F5).

experimental specttasuggest energies of effective phonon  Then we have tried different values f (I'y) and

modes within that range. . . . . :
Looking at the energies and at the peak intensities of thg"z(FS)’ looking particularly to the intensities of the inter-

vibronic levels obtained we have noticed two main transi-mediate levels. The best agreement with the experimental
tions shifted by about 130 meV and identified, 8s—0, differential cross section is obtained wﬂgz(l“4)=0.42 and
with the E, and E; levels (see Sec. )l In the middle we &2(F5)=0.22.
have found a lot of vibronic levels, but only two having anot  The differential cross section calculated taking the mag-
negligible peak intensity. They are shifted by about 10 meVnetic form factor equal to one, is reported in Figs. 3 and 4. In
and 25 meV from the first line, and in the next we will call Fig. 3 we report the energies and the peak intensities of the
these intermediate vibronic leveB;,, and E{;, respec- transitions; in Fig. 4 we show a superposition of intensities
tively. using Lorentzian line shapes with half-width taken from the
We have seen that the energy of the phonon mode influexperimental spectra as indicated in the figure caption. No-
ences the energy separationkff, andEj;,; levels from the tice the presence of a shoulder at about 160 meV, in agree-
first transition, while the JT energy influences, particularly,ment with the experimental results. Of course a phonon fre-
the peak intensity of the transitions. However, whatever phoguency only cannot give results covering completely the
non energies and coupling strengths are considered in thabserved scattering band.
calculations, the relative peak intensiti¢és respect the main Then, without any other adjustment of the parameters, we
transition of the intermediate vibronic states are of the orderhave calculated the magnetic moment considering, here and
of 102, too weak to be compared with the experimentalin the next, u directed along(1,1,). We have found u|

B. (I';+1I'5)®t, interaction model

A. (I';+T'5)®e interaction model

spectra. =0.83ug, a value smaller than that calculated without vi-
We must then discard the modes as the only or main bronic coupling (Mllzl.O?MB), but always larger than the
responsible mode for JT coupling in this system. experimental one$:
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g 0201 o1 = 0.002 = 0.020
£ 3 ' 2 £
E o.10F o0 % 0.001 it:0.010
< _‘5 20 “ & "> 00008755 340 350 360 350 380 = "M TT0 7307 730 740 730
~ 000 —d—dupeatdp ey — Energy (meV) Energy (meV)
> 040 O 40 80 120 160
g - FIG. 5. Calculated spectra around 340 mgaft side and 730
% 0.30F 0.03 meV (right side for a two-modet, model. The peak intensities are
~2 . 002 given in arbitrary units. Half-widths for the Lorentzian line shapes
0.20F oo are 4 meV and 10 meV, respectively.
0.10F 0.00
i ‘5 » 40 60 =60 meV, St;(l“4)=0.01, andS[g(F5)=0.15. The crystal-
0.00— -t —————————— — i i ;
0 40 o 160 field parameters have been adjusted to fix at 130 meV the

80
Energy (meV) energy separation between the two main transitions, but this
t bet the tw t t but th
] o ) . ] is not the main concern here. As it can be seen, the agree-
FIG. 3. Peak intensitie@in arbitrary unit3 and energies of the  ent with the experimental speétn'a more satisfactory here
calculated spectra for a one-motie model (bottom and a tWo-  han i the previous interaction model, even if the coupling
modet, model (top). In the insets the details due to transitions to strength for the second phonon mode is weak. Looking at
the excited vibronic levels in thg energy range 5-60 meV argoqe results we think that a dynamical JT effect with many
shown. The parameters used are indicated in the text. frequencies is really responsible of the broad structure found
. . in the measured spectra. Within this model we have calcu-
C. (I';+TI'5)®(ty+13) interaction model lated also the differential cross section in a wider range of

In this case the Hamiltonian includes the contribution ofénergies, around 340 meV and 730 meV, where there is ex-

two phonon modes df, symmetry, but having different en- perimental informatiort. The experimental spectra exhibit
ergies and different coupling strengths. Fixed at the best vafransitions not well resolved around 340 meV and 360 meV,
ues found in the preceeding section the phonon energy arfgen a broad peak centered at about 730 meV. The calcula-
the coupling strength for the first mode, we have studied thd&ions agree satisfactorily with the experimental results, as can
effect of the second mode, taking the phonon energy alwayde seen from Fig. 5, where we show the energies and the
in the range 10—60 meV. As expected a more rich structure jBeak intensities of the main transitions with superposed
found between th&, andE, levels, particularly in the range Lorentzian line shapes having half-width roughly corre-
10-20 meV and near to 40 meV. In Fig(®®p) and in Fig. 4 sponding to the experimental ones. However,_ some com-
(solid line) the calculated differential cross section for anments are needed. The spectrum calculated in the energy
interaction model with two distortions df, symmetry is ~fange 330-370 meV corresponds to the transitions from the
shown. The phonon energies and the coupling strength hay@ound vibronic level ofl’s symmetry to excited vibronic

beenfiw, =30 meV, S;(I';)=0.42, S;(I's)=0.22, fiw,»  €Vels of symmetry’s andI's and the contribution of many
2 2 2 2 excited vibronic levels is evident looking at Fig. 5, left side.

Instead a less rich structure is found in the energy range

~oosok _700—75Q meV(right side of Fig.. 3, because the correspond-
£" " - one mode ing transitions are towards excited levelslgf symmetry, on
2 — two modes which the JT effect is much less important.
E 0.060 In the end we have calculated the magnetic moment using
< the same set of parameters given above. We have obtained
. || =0.73ug, in very good agreement with recent measure-
g 0040 ments on single crystafs.
g
()
> 0,020 V. CONCLUSIONS
We have exploited the adaptability of the Lanczos recur-
0.000 sion procedure to calculate with high precision the vibronic

20 40 60 80 100 120 140 160

levels of Pf* ions on PrQ dioxides. The choice suggested

Fnergy (meV) here for the initial state of the Lanczos procedure has al-

FIG. 4. Calculated spectra in arbitrary units for a one-mbde lowed us to easily calculate the differential cross section to
model(dashed lingand two-mode, model(solid line). Half-width ~ be compared with neutron spectroscopy measurements. Then
for Lorentzian line shapes is 2 meV for the first few lines and 4the magnetic moment has been directly evaluated. Different
meV for lines after 100 meV. The other parameters are the same agbronic models have been analyzed here, one-mode model
in Fig. 3. and two-mode model, with phonons efandt, symmetry.

155208-5



G. BEVILACQUA, D. IPPOLITO, AND L. MARTINELLI PHYSICAL REVIEW B 69, 155208 (2004

The results obtained indicate thatdistortions are more im- the nature of the ground vibronic state at low temperature. In
portant thane distortions and a two-mode vibronic model the literature there are examples of vibronic systems having
better agrees with the experimental results. The knowledgthe ground state with symmetry and degeneracy different
of PrO, phonon dispersion curves should be greatly advanfrom the starting orbital state for a certain range of
tageous to more strictly define the vibronic model, as well aparameteré?~>*Work is in progress to explore this possibil-
the knowledge of the coupling constants calculated by firstty in our models too. Moreover the results presented in the
principles and their behavior at different temperature. Verysame papét suggest the presence of cooperative JT effects.
recently Gardineet al?! have found interesting temperature In our paper the interaction among different JT centers at
effects in the measured lattice parameters that should also lokifferent sites is not taken into account, but it should be a
reflected in the calculation of the coupling constants and imatural evolution of our models and calculation procedure.
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