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Polarization dependence of phonon and electronic Raman intensities in Prv£and NdVO,
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The polarization behavior of the phonon and electronic Raman intensities in,RIMDNdVQ, has been
measured. These experimental intensities are compared with the intensities predicted by a polarization-
dependent intensity theory. Good agreement was found between theory and experiment. The fitted values of the
ratio F, /F, for PrvO, and NdVQ were found to be 1.0 and 0.48, respectively. The relative values Qfghe
parameters obtained from the fit were compared with theoretical values which were derived using both second-
and third-order theory, where the latter included the spin-orbit interaction. Axe’'s second-order theory was
found to adequately explain the relative intensities of electronic Raman transitions in, RREONdVQ.
[S0163-18207)06037-2

[. INTRODUCTION Smentek-Mielczarek included correlation contributions in
the third-order scheme.

Raman scattering experiments between electronic states Another test of Axe’s theory involves comparison be-
of rare-earthHRE) ions in a crystal were reported by Hougen tween the observed and calculated intensities of the elec-
and Singh in 1963. The quantitative electronic Raman tronic Raman transitions in RE doped crystals. Following
theory incorporating Axe’s two-photon thedrfor RE ions  Koningstein and Mortensen’s observatioff that ERS spec-
in crystalline hosts was subsequently developed by Koningtra display asymmetric featurds.g., | xz# 17y, Where the
stein and Mortensefi? Two-photon absorptioffiTPA) is a  subscripts indicate the respective polarizations of the scat-
process in which two photons are simultaneously absorbedered and incident photons measured in the crystal axis
When an incident photon is instantaneously absorbed by thsysteni’), Beckeret al® showed that the ratiby, /1,y may
atom and the second photon scattered, the process is callpebvide a sensitive test for the second-order theory. This in-
electronic Raman scatterifigRS. Both TPA and ERS have tensity ratio is directly related to the rat®, /F, (defined
been used complementarily to locate and determine the synibelow), which in turn depends on the properties of the par-
metries of crystal-field levels in various materials. While ticular RE ion being considered. Nevertheless, Becker's ex-
TPA has been used to probe energy levels in the uv regionensive study of ERS in RE phosphate crystals yielded poor
ERS has provided information about the low-lying levels. agreement between the observed and predicted asymmetry
With the aid of Axe’s theory, intensity calculations for tran- ratios®’ This inadequacy of the second-order theory moti-
sitions between crystal-field levels of thé™ground con-  vated further theoretical investigations in the third-order re-
figuration of RE materials have been possible and become gime by Smentek-Mielczare®. Even with the extension to
fruitful research area of quantitative two-photon the third-order theory, only moderate agreement with ob-
spectroscop$-® Axe’s theory, however, was inadequate to served data was found.
explain TPA intensities of the Gd ion in Gd*':LaF,, Recently the two-photon theory has been expanded and
GdClk, and GdOH); and of the E&" ion in E¥":CaR, and  expressions derived for the polarization-dependent intensity
EW?":SrR.%"12 One reason why discrepancies exist betweer(PDI) behavior of the TPA transitions:?*° The results can
theory and experiment in the materials reported above is thatlso be applied to phonon scattering and to ERS. A tabula-
the leading matrix element of the two-photon second-ordetion of the two-photon PDI functions for the 32 crystallo-
tensor operating between the initial and findMN4states is  graphic point groups has been given. PDI functions for two-
exceedingly small for a# system, such as Gtland E§*. photon transition intensities had previously been reported by
This lack of agreement with theory prompted several work-Bader and Gold! However, Bader and Gold’s PDI expres-
ers to extend the second-order theory of Axe to includesions contain a number of parameters which cannot be pre-
higher-order terms in the perturbation expansion. For exdicted by their theory. For a particular symmetry, the new
ample, Judd and Poolérdeveloped a third-order perturba- theory gives PDI functions that can be tested. If Axe’s theory
tion theory, which includes the spin-orbit interaction, to ac-is utilized, the two parametefs, andF, can be calculated
count for the®s,,,— 8P, transition intensities of Gt ions.  and compared with the values obtained from the empirical
Downer and Biva¥ later expanded Axe’s theory to the PDI behavior.
fourth order to include both the spin-orbit and crystal-field A more general method to obtain a fitted value for the
interactions to explain the observé®,;,—°P;,°D; transi-  ratio F;/F, is possible. Previously this ratio was extracted
tion intensities of G&" ions in G&*:LaF;. More recently, from only two data points, namely (or Iy for D,q sym-
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metry) and |,y (or 1,y).678 The new method, however, al- The PDI spectra were obtained by the following proce-
lows the extraction of the ratio from an unlimited number of dure. A total of 45 scans were recorded, each corresponding
data points associated with the intensities measured at arldis a polarization stateé,¢q,6,,¢,), where 8 represents
trary polarization angles with respect to the crystal axis systhe polar angle of the polarization vector measured from the
tem. Z axis in the molecular coordinate system,the azimuth

In this paper the PDI behavior of phonon and electronicangle measured from the axis in thexy plane, 1 the inci-
Raman transitions in the ground multiplets of Pions in  dent photon, and 2 the scattered photon. The incident polar-
PrvO, and of N&" ions in NdVQ, is reported and compared ization angled; was initially set to 0°, while the scattered
with that predicted using the formalism developed in Refspolarization anglef, was incremented for each successive
19 and 20. The fitted values for the ratio®f/F, for PP*  scan by 22.5°, from 0 to 180°. Thehy was incremented to
and N&* are given and compared with the values predicted?2.5°, and the process repeated uml reached 90°. For
using Axe’s theory, which takes into account th&415d calibration purposes, a pair of electronic Raman and phonon
orbital configuration. The relative intensities of the electronicscattering spectra with similar PDI curves were taken con-
Raman transitions originating in the ground multiplets ofcurrently for each polarization state of the incident and scat-
Pr¥* and N&* ions are also compared with theory. tered light. To calibrate the ERS intensities, the ratio of the
predicted to the measured phonon intensity for each polar-
ization state was used to scale the ERS intensity correspond-
ing to that state. The detailed calibration procedure can be

The samples used were single crystals grown at the Oafeund in Ref. 19.
Ridge National Laboratory. The single crystals have typical The observed linewidths were fitted using the computer
dimensions of 1 mm1 mmx6 mm. The crystal$ VO, (L programGRAMS. The electronic Raman transitions were fit-
=La-Lu) haveD,, space group symmetry, with the trivalent ted to Gaussian functions. For the phonon modes, functions
L ion at aD,q symmetry site. In thec,y,z molecular axis Which were approximately 99.9% Gaussian and 0.1%
system, thez axis of this site is parallel to the crystallo- Lorentzian produced the best fits. The linewidths of phonon
graphicc axis, which is thez axis in theX,Y,Z crystal axis modes varied between 2 ch(Eg) and 20 cni* (A,). The
system. The andy axes, which are the twofol@, axes, are linewidths of the electronic Raman transitions were between
rotated about the axis by 45° relative to th& andY crys- 3 and 6 cml. The maximum uncertainties for the intensity
tallographic axe$>?3 measurements are about 5% for Pr)Mdd 20% for NdVQ.

The excitation beam for the ERS experiment was pro-
duced by a Coherent Innova model 306 cw argon-ion laser.
All the polarization measurements reported for PpM@ere IIl. THEORETICAL ANALYSIS
obtained using the 514 nm laser line, which was the only A. Phonon Raman scattering
nonresonant excitation wavelength. The 488 nm excitation
line was used for intensity measurements in NdV@he

ertically polarized output of the laser was passed through
veriicaly poaiiz Uipu vas p ug e found in Table | of Ref. 20. We denote by ande, the

Spectra Physics model 310-21 polarization rotator, which’> . . o .
Incident and scattered unit polarization vectors, respectively.

could vary the polarization of the beam arbitrarily over 360°. X
An achromatic doublet lens with a focal length of 15 cm was, US the notationr,, (see below refers to the scattered and
incident radiation, respectively, reading from left to right.

used to focus the beam onto the crystal. The power wa¥!

adjusted so that a 50 mW beam was incident on the crysta-lraking into account the 45° rotation of the RE center about

usually with a beam diameter on the order of 200. The the Z axis and the scattering geometry, in which scattered

sample was mounted inside an Oxford Instruments modd|dNt is detected at 90° with respect to the incident beam, the
CF1204 cryostat. The crystal was cooled to 4.2 K in all ErgPolarization-dependent intensities are functions of polariza-

scans to avoid temperature broadening. The sample tempertélQn angles
ture was monitored by an Oxford Instruments model ITCV4
temperature controller. The scattered light was collected at 0y, 05, ¢1=—45°, and ¢,=45°, (1)

an angle 90°. The collection optics used included a Nikon

camera lens with a focal length of 5 cm and an achromatic _ .

doublet with a focal length of 33 cm. A polarization scram-Whereé; and ¢; are the respective polar and azimuth angles
bler and a Dove prism were placed after a polarization ana@f the unit polarization vectag; with respect to the axis in
lyzer. The scattering signal was dispersed by a Spex 140%1€ molecular coordinate system. _
double monochromator and detected by a Hamamatsu R375 Noting that in nonresonant scattering, thgterms vanish
photomultiplier tube. Slit widths were set at 250n in all ~ for all phonon modes, the expression for the intensities in
scans, which allow a spectral bandpass of approximatel{sn Symmetry become

2.5 cm L. The signal was then amplified by a Stanford Re-
search model SR450 Preamplifier and measured by a Sta}r&—
ford Research model SR400 photon counter interfaced to a?
PC computer. Phonon spectra were taken at both room tem-
perature and low temperature to ensure proper alignment of
the crystal. Polarization leakage was negligible for all pho- |a21(Alg)|2=cos’-ﬁlcos’-02(
non symmetries.

Il. EXPERIMENT

The PDI functions corresponding to a phonon mode
hose symmetry belongs to any of the 32 point groups can

mode:

—al+v2a2\?
M) , )
V3
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2 2 2 0\|2 2\2
. . aytaZ |oi( 05, +45°)[*=[(a)?/2],
By mode: |a21(Blg)|2=S|n2015|n202<% , 2ne !
|ap1( 05, +67.59|2=[(a?)?/2](0.85 codf,+0.15 sirf 6,),
B de: B,y)|?=0,
2 Mode: - [az(Bzy)| |z 6, %90°)[2=[ (a2)%/2]co0, .
2\ 2
. 1 ; A particularly interesting case for thE, mode occurs
E, mode: Eig)|?= —) Sin?(6,— 6 P y g cas NEg !
g |cai( 19)' 2 [Sim (6~ 62) when 6, =45° as the scattering intensity is a constant, inde-
+sirf(8,+ 0,)]. pendent of9,, and vice versa. This can be conveniently used

as a guide to check the alignment of the crystal sample at

The polarization dependence of the phonon intensity cor?0th room and low temperatures.
responding to arity phonon mode at fixed values 6f has . .
the following simplified forms: B. Electronic Raman scattering
5 22 The general formula for the polarization dependence of

|ap1(62,0)[°=[(a})?/2]sin’6,, (3 the Raman scattering tensas; (where a,; is now defined
2 -~ ) for ERS and is different from the,, described in Sec. Il A
| aay(6,,+£22.59|>=[()%/2](0.85 sif6,+0.15 c086,),  for phonon scatteringis given by’

1 1 1 _
- ‘/_§> [n2n1+ m2m1+|2|1]ago)+ - _)[_2n2n1+ m2m1+|2|1]a82)+ E [(n2m1+ m2n1)| —(n2|1+|2n1)]a(12)

1= \/6
1 ; (2) 1 i1 4(2) 1
+ 5 [(nomg+myng)i+(noli+15n0) Jay+ 5 [(Tol1=memy) = (Iomy+myl )i ]ay™ + 2 [(I2]1—mpmy)
T (Iomy+ mol )i e+ = [moly— | w2 -~ i+ (nyly— o
(Iomi+myly)ifas; 2 [mal;—1omqJag 2 [(Mang—nomy)i+(nali—15n1) Jay
1 ; (1)
+ > [(—meng+nomy)i+(Nali—1n)Jasy. 4
In Eq. (4), the o) terms(t=0,1,2 andq=—2,—1, ... ,2 are the irreducible second-rank tensors, and
(I;,m; ,n;) =(sind;cosp; , Sind;sing; ,coY;). 5)

The initial and final crystal-field levels can be written in terms of Russell-Saunders coupled wave functions:

li)= SELJJZa(i;an,uSLJJZ)|an/LSLJJZ>, = >  a'(f;nfNu'S'L'3'3)|nfNu’'S'L'I'3L), (6)
a a'S'L'J’J;

The second-order expression for the ERS amplitude corresponding to the transition betweéi) stath$) is given by*

(ilalIfy=FFF X X a(i;nfNusLida’(f;nfNu/S'L'3 I)(nNuSLIYUP|InfNu'S'L'3'3),  (7)
aSLJJZ a'S'L’J'J;

where

eseLr Jot YL J s
(nfNESLIZUPINNL S'LI 3 )y = (= 1)2 FSTH (207 +1) (23 + 1) ]2 Ny
a 2 =J; q /[ Lt

x(SLuY||SL)&(S,S"), 8
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TABLE |. Crystal-field energy levels and wave functions for the ground multiplet &f Rr PrvO,.

Energy Energy
(cm™h2 (cm™hP Symmetry Wave functior®; ; a(J3,3,)*5" 'L 5(J,)*
0 0 I, 0.713H,4(2)+0.713H,(-2)
35 r, 0.53%H,(4)+0.53%H,(—4)+0.673H,(0)
85 84 I 0.923H,(*+1)+0.373H,(+3)
171 r, 0.713H,4(4)—0.713H,(—4)
195 r, 0.71%H,4(2)—0.713H /(- 2)
343 r, 0.473H 4(4)+0.47%H ,(—4)— 0.75%H,(0)
409 342 Ig —0.92%H,(F3)+0.373H,(*=1)
8 rom Ref. 24.

Observed energy levels for Pryj@rom the ERS spectra.

and
FERS=7(5)Y2 > (2I'+1)(4f|r|n"1")?
4fN—1n/|/
ERS t 3 1 I’ ?
FOS=(-1' > 72'+1)|y o ¢ 3 1 121 3 I'] 2 0
a1’ “lo o o/l3 1 2|E" 0
1 3 I
x(nf|r[n’l >2(2t+1)1/2[3 1 t] We now compare separately the contributions of the
. andg orbital configurations.
« 1 N (1) © For thed orbitals:
E|r_ﬁwi E|r+ha)s )
In Eq. (9) n’'l’ is the orbital quantum number of the ex- FERSZE > (4f|r|5d)? Zh_w
. : : . 1d (4f|r|5d)* —-,
cited state level,, is the difference in energy between con- V7 4815 Ed
figurationsn’l’ andnl, and% w; and# wg are the respective
energies of the incident and scattered photons. Since the irfAnd
tial state is from arfN configuration, only opposite parity
or g configurations can contribute to the ERS scattering ten-
sor. It is instructive to examine the explicit expression§ pf ERS:% 2 <4f|r|5d)2 3 (11)
and F,. Making the approximationsv;~ws=w and w; 2d 35 451 15g Ey
<E,, we have
For theg orbitals:
2V3 2hw
FERS=—7(3)¥2 > (21" +1)(4f[r|n'l")? Fins=—— X (4flr|50)> —,
' 4fN=1ny ety o V14 4115 ES
3 1 I'\31 3 I'] 2w and
“lo o of[3 1 1] E
25 2
FERS=—— > (4f|r|50)? —. (12
and 29 3\/ﬂ4fN—159< Irl59) =

TABLE II. Crystal-field energy levels and wave functions for the ground multiplet of"Nd NdVO,.

Energy Energy
(cm™h2 (cm™hP Symmetry Wave functio®; 5 a(J3,d,) %% 'L5(J,)°
0 0 I, 0.77% g,(1/2)— 0.61% o;)( — 7/2)
108 101 I, —0.77% g;( — 712)— 0.60%1 o,(1/2)
175 169 I's 0.83%¢/x(3/2)— 0.53%1 o;)( — 5/2)
219 178 r, —0.98%4/)(9/2)+ 0.172H24,,(9/2)
437 Is —0.83% g;( —5/2)— 0.52%1 4,(3/2)
3 rom Ref. 25.

Observed energy levels for Ndyj@rom the ERS spectra.
°From Ref. 25. Only half of the Kramers’ doublet is listed.
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TABLE Ill. Matrix elements of the irreducible ERS tensors cal- TABLE IV. Matrix elements of the irreducible ERS tensors cal-
culated in the second order for tRel,, ground multiplet of P¥" in culated in the second order for thiy,, ground multiplet of Nd* in
PrVO,. NdVO,.

Transitions ah=(ila{’|f) Transitions (cm?) ab=(ila’|f)
0-35 ag a?,=0. 118:2 0-108 @5=0.0395,, ag=—0.25F,
0-84 ai 2-0. 03]F2 al —0.346, af=0.000:2
0-171 ag a?,=0.05F, a1=0.229:1
- 1:

0-195 = 0260, 0-175 =~ 000%,, a}=043F,

0-343 az—a 2:—0 062:2 =_0053: o2 .= 0.045F

0-409 =0.145,, ai=0.12F, ST 2 Mmm e 2
0-219 =0.04F,, a1=0.17F,

Assuming the degeneracy of tigeandd orbital configu- 0-437 i=—0.046,, “1 —0.00F,

ration energy levels, the rati®, /F, is given by the relation =—0.01F;, a?,=—0.02F,
2 2 5 3
Fi_FutFy V3 (ECRE) o c(12= 202 g,
Fo FagtFoy 5 (354t RI3E,)’ V70E,
where (— 8§ f
G2Y)=—F——— ( [r|d)?,
vl df
_ latlr|sg)|? ”
[(4f[r|5d)|*" 322z,

G(2’2)27—0E2_ (flr[d)?,
df

The expression for the ERS amplitude can be expanded in
the third order to include the spin-orbit interaction. The irre-
ducible scattering tensor corresponding to the third-order 3\/—(§f Lq) )
spin-orbit interaction has the forrh G(2.3= Tdf(” rld)®.

The first term on the right-hand side of EG5) is a scalar
product of coupled tensors. Since this term can connect non-
(t)y3rd_ T4y (0Dt 2T 4\ (11)0 Ty (1)t ; AR . .

(ag) " =H()(@'a)g "(a'a) +; G(tAM)(@'a)g ™", identical initial and final states, the matrix elemerf’ no
(15)  longer vanishes. Far=0, af” can be decomposed into two
terms:

wherea, a represent creation and annihilation tensors, and
t.=0, 1, or 2.H(t) and G(t,\) have the following expres- a50)=300+ So1, (17
sions forl=3 andl’' =

where
— 000
H(0)= ggrf (flrld)?, H(1)= —Cﬁ (flrld)?, (26 Soo=H(0)(@'a) " (a'a)
and (18
H(2)= o ﬂf (f|r|d)?,
So1=G(0,1)(a"a)6 ™.
G(0,1)= (641429 (f|r|d)?, Since the eigenvalue ofa{a)®”° is —N(14)~ Y2 when
V14ES coupling stateglNSLJJ| and|INS'L"J’J)), the first term of
af? becomesN(14) Y2H(0)W§P, where W{™* repre-
sents the standard sum of single-particle double-tensor op-
— erators.
G(1,)= Tsz (flr]d)?, The total third-order spin-orbit contribution for the case
df t=0 is given by
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TABLE V. Energies (cm?) and symmetry irreducible representations of the Raman-active phonons in, B\97 and 4.2 K. (-)
indicates not observed.

1 1 2 3 2 1 1 4 3 4 5 2
Temp. Eq Big Eg Eq Big B2g A1q Eq Big Big Eq Alq
297 K 113 122 150 233 261 381 - 470 792 805 869
4.2 K 116 115 152 231 260 377 - 469 797 807 872

(INSLIM|(a9)3INS'L"I'M") = (INSLIM| Spo+ Sy INS'L"I'M ")

N 0 !
= EH(O)—G(O,l)l(—l)J‘M M 0 M,)(|NSLJ|W<11>°|||NS’L'J'). (19
Fort=1 and\=0,1,2,a{" contains three terms:
C“qu) =310+ S11t Spa, (20

where
Si=H(1)(a'a) ™ (a'a) 10— H(1) WO FU
S;=G(1L,1(@a) ™", and S,=G(1,2(a'a)?" (21)
The total third-order spin-orbit contribution for the casel is given by

J 1
(INaSLJM|Slo+Sll+Slz|INa’S’L’J’M’)=(—1)J_M(_M q M,)[\/§H(1)[J']—1’2(|NaSLJ|U<1>|||NaSLJ)

X(INaSLIWEVOING'S' L7 3") = G(1,1) (INaSLIWEVY[INg'S'L" ")
—G(1,2(INaSLIWI2LINg'S' L7 J")] (22

Fort=2 and\=0,1,2,3,a{" contains four terms:
o =St Syt Syt S 23
where
Szo—H(2)(a'a) ?2(a'a) 10— H(2) WO\ FUZ)
Sn=G(2 D@ " Sp=G(22(a'a)|?? and Syu=G(23(a'a);?> (24)
The total third-order spin-orbit contribution for the céase2 is given by
(INeSLIM|Syp+ Sp1+ Spot Spd INa’S'L'I'M )

J 2 J’)

—(_1\J—M
_( 1) _M q Mr

VEH@II TS, (1INaSLIUP|INa"SL73) (INa" LY [WHO| N STL" ")
a"L"
—G(2,)(INaSLIWIV2|[ING'S' L' 3" — G (2,2 (INaSLI W22 INg'S'L" J")

—G(2,3)(INaSLJ|W(13)2||INa’S’L’J’)}. (25)
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80000 ~ : where the left-hand side of E(R6) denotes the squared ERS
A amplitude for the transition, and the; terms denote the
matrix elements of ther) tensors(I's||T's).

Noting the fact that the squared amplitude must be the
same for electronic Raman transitions coming from a singlet
60000 | to each state of the doubly degenerate 18%dig. (26) be-
comes
12
E |a21(T3—T's)|?= 3{[ aisin( 6+ 01) + asin 0, — 61)]?
s +[alsin(6,+ 6;) + a?sin( 6,— 6,)1?}.
S 40000 |
= e (27)
c If we define
e
< ~af  a%y F, —0.09
20000 a= oA _O'OgF_l = (28)

the squared amplitude of the scattering tensor for the transi-
tion becomes

2

(a1)

0 A 1 A 1 A ] A 1 (T a—=Te) 2=
100 200 300 400 |a(T's 5)| 2

Energy (cm-1)

{[Sir?(0,+ 6,) +Sirf(6,— 6,)]

X (a%+1)+4a sin(6,+ 6;)

FIG. 1. Low-temperature, unpolarized ERS spectrum of PrVO Xsin(6,— 61)}. (29
with 514 nm excitation. _ )
We now keepy, fixed at values incremented by 22.5° and

Since the ERS amplitude corresponding to the third-ordegetermine the scattered intensity with respedaitoFor each

spin-orbit contribution can be expressed in terms of the/alue of 1,

second-rank irreducible tensof&g. (15)], its polarization-

2/ 132 2ci
dependent form is the same as that of the second order. We |@21(0,67)*=[(a1)*1(a+1)*sir’ 6,

can therefore just adfl|a{|f) calculated in the third order |aps(+22.5° 0,)[2=[ (a})2][0.85a+ 1)%sirR0,
to the second-order values and square the valyg|aby|f)
[Eq. (4)] to obtain the ERS intensity calculated up to the +0.15a—1)%cog6,],
third order involving spin-orbit coupling.

The wave functions for Bf ions in PrvQ, are shown in 5 [(a})z] 5
Table I. These wave functions were obtained from a crystal-  |@21(£45°,0,)[*=——5— (a’+ 1-2a cos?,),
field calculation using the crystal-field parameters given by
Andronenkoet al?* The wave functions for Nt ions in | a2(+67.5° 6,)[*=[(7)?][0.85a— 1)*coS' b,
NdVO, listed in Table Il were given by Tanner and
Edelsteir?® These wave functions were obtained from a +0.15a+1)%sirf6,],
crystal-field fit using the observed energy levels ofNibns
diluted in YVO,:Nd®*". The calculated nonzero values for lap(+90°,0,)[2=[(a1)*](a—1)’cos'd,.  (30)

the matrix elements &) for P ions in PrvQ, and N&*
ions in NdVQ, are shown in Tables IIl and IV, respectively.
A particular electronic Raman transition of interest in
PrvQ, is the first I';-I's transition at 85cm!. The
polarization-dependent ERS intensity corresponding to this

The polarization-dependent ERS intensity for theI';
transition at 101 cm! in NdVO, is proportional to

|ayy(T7—T7)|2=(ag)?sirPo;sirt0,+ 5[ 2( @d) >+ (ad)?]

transition is proportional to X C060,C0 0+ 3(at)?[Sir(6,+ 6;)
+Sir?(6,— 6,)]. 3)
|CV21(F3—’F5)|2 (6= 61)] (
= H[ aZsin(0,+ 6,) + alsin( 6,— 6;)]? IV. PrVO , EXPERIMENTAL RESULTS AND DISCUSSION
+[aisin( 6.+ 61) + a3sin(0,— 61)]%} Table V lists all the phonon modes observed for the
Lo 2 L 5 PrvQ, crystal at room temperature and at 4.2 K. These pho-
+a{laZ sin(0,+01) —a”,Sin(6,—61)] non modes were assigned based on their PDI behavior de-

1 2 _ 2 scribed in Eqs(2). Figure 1 shows the unpolarized spectrum
Tl ez Sin6z+ 61) + a0~ 01) 17, for the phonon and electronic Raman transitions in PyVO
(26) between 30 and 450 cm, which were recorded at 4.2 K
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100 100
80} 80
60| 60
40 40
la, (22.5,6 )12
20 20 x
oX ) A A X 0 . 1 L )
45 90 135 180 O 45 90 135 180
2 100, 100
c
= 8o} lo (45,0 )12 803 la, (67.5,0 )12
o 21 2
s 60 N x X X 60 |
X AT
= 40} 40
72}
<
@ 20} 20}
£ 0 . . . .0 . . . .
0 45 90 135 180 0 45 90 135 180
Polarization 92 (deg.)
100
2
80 2
Ia21(90,92)l
60|
40|
20}
0 L X M )
0 45 90 135 180

Polarization 92 (deg.)

FIG. 2. Low-temperature polarization dependence of the intensity oEﬁwphonon of PrvQ with 514 nm excitation. Solid lines
represent the fitted curves using E@®; crosses represent the experimental data.

using the 514 nm excitation line. The capital Roman symboldield parameters given by Ref. 24 showed that the first and
represent the phonon modes, and the capital Greek lettesecond doublet transitions would be located at 70tand
represent the electronic Raman transitions. Only two elec373 cm %, respectively. The difference in energy levels be-
tronic levels at 84 and 344 cm were observed, both of tween theory and observation should not be overemphasized,
which were assigned to the symmetry representdfipnas  as we note that the crystal-field parameters used to calculate
their intensities were strongest ¥XZ andZY scans. ‘XZ" the energy levels come from a crystal-field fit which included
and “ZY" correspond to the polarization statég,=0, #,  only two empirical energy levels. No other electronic lines
=90) and(#,=90, #,=0), respectively. The assignment for were found in either polarized or unpolarized scans using the
the first doublet transition is in good agreement with reportedt88, 496, and 501 nm excitation lines.

fluorescence dat®,in which the first doublet level was as- For calibration purposes, PDI spectra have been recorded
signed at 84 cm*. Our assignment for the second electronicfor the phonon mode at 807 crh It was selected because it
Raman transition, however, disagrees with the predicted asxhibits similar polarization behavior to the electronic Ra-
signment given by Andronenket al?* Based on their as- man transition at 84 cmt and it also has a comparatively
signments, a single transition should have appeared at afarge oscillator strength. PDI ERS spectra were obtained for
proximately 343 cm?, and a second doublet transition the first doublet transition at 84 ch whose intensity is
should have been observed at 409 ¢mOur theoretical as- strong enough for reliable polarization measurements. The
signments using a crystal-field calculation with the crystal-phonon lines in Fig. 1 are located away from the electronic
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FIG. 3. Low-temperature polarization dependence of the intensity of the electronic Raman transition at & Br" in PrvO, with
514 nm excitation. Solid lines represent the fitted curves using BQk. crosses represent the calibrated data.

line at 84 cm* and do not seem to show an electron-phonordata in Figs. 2 and 3 were scaled in such a way that the
coupling effect. maximum values of the predicted data are 100. The observed
The ERS intensities were calibrated and fitted using thedata for the polarization-dependent ERS and phonon spectra
calibration procedure described in Ref. 19. Figure 2 showsgree well with prediction. Good agreement was expected
the polarization-dependent intensities of tEé’ phonon  since the polarization-dependent form of the scattering tensor
mode at 807 cm'® and its predicted intensities described by described in expressio27) has been obtained purely from
Egs.(3). Figure 3 displays the calibrated PDI curves for thegroup theoretical considerations. The Judd-Ofelt-Axe ap-
electronic Raman transition at 84 chmand the correspond- Proximation was not introduced until the evaluation of the
ing fitted curves given in Eqg30). The fitted value ofa  ratio a%/a; in terms of 7=F,/F,, which appears later in
= o?/a} appearing in the PDI functions was obtained fromEq. (29).
the least-squares fit of the ERS data to the corresponding Two fitted values ofa?/a; for the doublet transition at
functions given in Eqs(30). The observed and predicted 84 cni ! were extracted from the least-squares analysis using
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TABLE VI. Comparison between calculated and observed relative line strengths of electronic Raman transitiondHp gneund

multiplet of PF* in PrvQ, for the caser=1.03. Estimated maximum uncertainties for the intensity measurements are less tha)5%.
indicates not observed.

Transitions (cm?) ZZ polarized XY polarized XZ polarized ZY polarized
Cal? Exp. Cal. Obs. Cal. Obs. Cal. Obs. Cal. Obs.
35 - 0 - 0.18 - 0 - 0 -
85 84 0 - 0 - 0.70 0.71 1.0 1.0
171 - 0 - 0 - 0 - 0 -
195 - 0 - 0.23 - 0 - 0 -
343 - 0 - 0.05 - 0 - 0 -
409 344 0 - 0 - 0.47 0.25 0.002 -

%From Ref. 24, see Table I.

a total of 45 data points. These fitted values are the quadratis the electronic Raman transition at 84 chin Prvo,.
solutions of Eq.(29) and were found to be-0.0865 and It remains to consider other possible contributions to the
—11.57. The corresponding valuesoére 1.04 and 0.0078, ERS intensities. These contributions include third- and
respectively. Including only the configuration and assum- foyrth-order interactions such as spin-orbit, crystal-field,
ing that Eq4(Pr**)=50 000 cm * andfiw=20 000 cm*, the  jigand polarization, and electron-correlation interactions. Us-
calculated values foa= ailai andr are —0.175 and 0.52,  ng the spin-orbit parameter for the¥rion in YPO,,2 we
respectively. The fact that one of the fitted valuesrédnd  haye computed the third-order spin-orbit contribution for the
a) only differs by a factor of 2 with the prediction from the g|ecironic Raman transitions in the ground multiplet. These
second-order perturbation theory of Axe demonstrates thggnyinytions turn out to be at most an order of magnitude
dominance of thel configuration in accounting for the two- g ajjer than the second-order contributions and therefore

photon intensities in Prvi) . . would not significantly affect the results obtained above. For
Table VI compares the observed and predicted relatlv%he PPt ion both the small third-order term

line strengths for the case=1.03. It is clear that a value 3 A f(11)013 .
=1 accounts for the relative line strengths observed and e>&3H4”UE2;V¥( W°Hy) compar_ed with the se.cond-.order term
plains the absence of most of the other electronic Ramah 4lU"”II"H4) and the relatively small spin-orbit constant
transitions originating in the electronic ground state. are the reasons for the small magmtudg of. the third-order
From the analysis above we conclude that the valueisf term relative to the second—order c.ontrlbut.|on.. Table VII
most likely near unity. The other value efcoming from the ~compares the third-order spin-orbit contribution to the
fit does not account for the observed intensities and is thugecond-order contribution for the doublets at 84 and
considered nonphysical. This result is not in agreement wit44 cn ™.
the earlier results of Beckest al.®’ for TmPQ,, who re- Although we were not able to compute the third- and
ported thatr=F, /F,~0. From the deduced small value for fourth-order contributions of other interactions, we do not
7, Beckeret al. suggested that the excitayl configuration —expect significant changes in our analysis given thus far.
may make an important contribution to two-photon First, the PDI behavior will look exactly the same when
intensities’” As can be seen from Eql3), if only the higher-order terms are added into the second-order term.
d-orbital configuration is taken into account, and using theThis is because the PDI function for the transition at 84 tm
values ofR andE, given by the Hartree-Fock calculation for depends on only one variable, namely af/ai, which is
the free ion, the ratid-,/F, is approximately 0.25 for the related to r=F,/F,. Adding higher-order terms only
Tm®" ion, which is an order of magnitude larger than their changes the computed valuesaofnd 7, but the general PDI
empirical values. Beckest al. asserted that a value of mag- expression for this transition will be the same. Secondly, as
nitude —0.03 for this ratio can only be obtained when the noted above, unless the second-order term is negligibly
second term in the numerator of E@.3) is comparable to small, which is not the case for the®Prion, in general the
the first term, which suggests that theorbital configuration contributions to the ERS intensities would decrease rapidly
might play an important role in two-photon processes. In outbeyond the second order, therefore the values @nd
analysis for PrvQ the contribution from thel-orbital con-  should not be very different from the second-order values
figuration alone is sufficient to account for most transitionwhen higher-order terms have been added. This is not the
intensities in the ground multiplet and for the PDI behaviorcase for the G ion, whose leading contribution to two-

TABLE VII. Relative magnitude of third-order spin-orbit to second-order contributions for electronic Raman transitions in PrvO

Transitions ) )
(Cmfl) (ai)Srd/(ai)an (ai)3rd/(ai)2nd (ai/a%)an (a%/ai)mt (ai/ai)fmed Tan Tfltted
84 —0.036 —0.072 —-0.175 —0.181 —0.089 0.52 1.04

344 —0.036 —0.072 2.32 2.40 1.00 0.52 1.20
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TABLE VIIl. Energies (cmY) and symmetry irreducible representations of the Raman-active phonons in Nd\297 and 4.2 K. (-)
indicates not observed.

1 1 2 3 2 1 1 4 3 4 5 2
Temp. El B, E2 E B, B3, Al E} B3, B, ES Al
297 K 113 123 148 237 260 375 381 - 472 795 808 871
4.2 K 111 121 151 242 259 378 380 - 473 797 810 873

photon intensities is zero in the second order. In this casespectra using other laser excitation lines and therefore is as-

adding the third- or higher-order contributions drasticallysigned as an extraneous feature.

changes the result as demonstrated by Dovenex >1° Three electronic Raman transitions were observed and la-
beled by their symmetry irreducible representations in Fig. 4.

V. NdVO, EXPERIMENTAL RESULTS AND DISCUSSION These lines were assigned according to their PDI behavior
determined by Eq4) and Table IV. For example, the inten-

The observed phonon modes in Ndy&e listed in Table  sity of the first transition at 101 cht is strongest wher,

VIIl. All the phonon modes except thB%g mode were =¢,=90° and weakest, but not zero, wheh=6,=0°.

clearly identified from their polarization behavior. According This is consistent with the firdf,—I'; transition predicted

to Egs.(2), a phonon mode oB,4 character cannot be ob- to be at 107 cm’. Similarly, we assigned the second and

served for the scattering geometry used in these experimentgird electronic lines to th&,—I"g andI';—TI'; transitions,

At room temperature, however, a weak line was observed gredicted to be at 175 cm and 219 cm?, respectively.
3751:nT1inthe)(Y scan, while no feature appears between PDI SpeCtﬂi have been recorded for ﬂ“%; mode at
375 and 385 cm' in the XZ and ZY scans. At 4.2 K the 875 ¢t and for the observed electronic Raman transition
observed linewidth of thé\}; mode at 380 cm' is unusually  at 101 cmiL. In this case phonon intensities were not used to
large in an unpolarized scan, which is attributed to two sucalibrate the ERS intensities because the polarization curves
perimposed phonon modes separated by approximatebf all the phonon modes were considerably different from
2 cm. From these observations we assign the Raman linghose of the electronic Raman transition. Figures 5 and 6
at 378 cm'* to B3, whose observed intensity may arise from display the respective experimental PDI behavior of g
imperfect crystal orientation. ThEZJ1 mode has never been mode and the electronic Raman transition at 10ItrThe
observed. Polarized Raman spectra of NgdW@re recorded predicted curves from Eq$2) and(31) are also shown.
at room temperature and at 4.2 K using the 488 nm excita- A least-squares fit of the intensity data of the electronic
tion line. Figure 4 shows the unpolarized spectrum for theRaman transition at 101 cmh was performed. Sincaizo
Raman transitions between 90 and 490 ¢nn NdVO,,  for this transition, we could only obtain the fitted values for
taken at 4.2 K using laser excitation at 476 nm. The Iinea}/a(l), a}/a%, and aé/ag. Using the second-order expres-
appearing at 358 cnt in Fig. 4 is absent in unpolarized gjons of a; in terms of F, (Table IV), two values ofr
=F,/F, could be extracted from the fitted values @/ a3
16000 andag/a3. These values of were in turn compared with the
B, 2 predicted values, which were obtained from the second-order
theory of Axe including only thel configuration. The fitted
value of|] is found to be approximately 0.48, compared to a
predicted value ofr=0.43, assuming =60 000 cm* and

12000 | B, =20 000 cm*® [Eq. (13)]. The fitted and calculated val-
A ues forai/ ey differ by less than 10%. All these values are
ﬂ compared in Table IX for the transition at 101 ¢hn
The other two observed electronic Raman transitions had

8000 | weaker intensities and were spectrally close to each other
ES and to the stron@é phonon mode at 151 cm, which made
it very difficult to perform accurate intensity measurements.
As a result their recorded intensities were not used in the PDI
analysis of NdVQ.
We can now use the fitted value ofrom the transition at
101 cmi'? to predict the intensities of the other transitions in
B @ the 1, ground multiplet. Table X compares the predicted
and observed relative intensities for different transitions for
the caser=0.48. The agreement between theory and experi-
oL . L . L . L : ment is good for all transitions in th8 o, ground multiplet
100 200 Ener 30(%m_1) 400 of NdVO,. As was the case of PrVQthis agreement shows
9y the second-order theory of Axe is sufficient. Since more non-
vanishinga; parameters are associated with a transition be-
FIG. 4. Low temperature unpolarized ERS spectrum of NgVO tween two Kramers' states than with a transition between
with 476 nm excitation. two non-Kramers’ states, ERS measurements on Kramers’
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FIG. 5. Low-temperature polarization dependence of the intensity oﬁgehonon mode of NdV@with 488 nm excitation. Solid lines
represent the fitted curves using E(®, crosses represent the experimental data.

ions (such as N&") provide a stronger test of Axe’s theory.

tribution was found to be relatively small compared to the

Table XI shows the relative magnitude of the third-ordersecond-order contribution, and the calculated valuemtpr
spin-orbit contribution relative to the second-order contribu-only changed slightly when the third-order term was in-

tion. As in the case of Prvg) the third-order spin-orbit con-

cluded. For Kramers’ ions, it might be expected that all

TABLE IX. Comparison of the fitted and calculated values for the relative magnitude%’sffor the

electronic Raman transition in Nd\4Cat 101 cn™.

measurements are about 20%.

Estimated maximum uncertainties for the intensity

Transition

(101 cm' Y ad a? (agla)? (adlad)?, 7 (ailad)?, 7
Fitted values 0 0 0.73 10.2;0.49 7.4,+-0.47
Calculated values 0 0 0.78 8.0, 0.43 6.2, 0.43
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FIG. 6. Low-temperature polarization dependence of the intensity of the electronic Raman transition at 1&drdxd®" in NdvVO,
with 488 nm excitation. Solid lines represent the fitted curves using g, crosses represent the experimental data.

I';—T'; transitions would have different PDI curves when of the ground multiplet and the PDI curves will be un-
higher-order terms are taken into account, because of thehanged when higher-order terms are included. The relative
presence of thezg term. For Nd" ions in NdVQ, however, magnitude of third-order spin-orbit to second-order contribu-
a8 vanishes due to the negligibly smdlmixing in the states tions is numerically

TABLE X. Comparison between calculated and observed relative electronic Raman transition intensitied §p gieund multiplet of
Nd®* in NdVO, for the caser=0.48. Estimated maximum uncertainties for the intensity measurements are about (20ftdicates not
observed.

Transitions (cm?) ZZ polarized XY polarized XZ polarized ZY polarized

Cal? Exp. Cal. Obs. Cal. Obs. Cal. Obs. Cal. Obs.
107 101 1.0 1.0 7.6 7.5 3.0 25 3.0 2.6
175 169 0 0 0.015 0 10 7.5 11.2 7.9
219 178 0 0 0 0 3.8 4.5 1.9 2.2
427 - 0 - 0.48 - 0.60 - 0.50 -

8 rom Ref. 25, see Table II.
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TABLE XI. Relative magnitudes of they, parameters for the to be approximately an order of magnitude less than the
electronic Raman transition in NdV;@t 101 cm'*. The calculated  second-order contributions in both cases and therefore did
values include both the third-order spin-orbit and second-order comot affect the results obtained from second-order calcula-

tributions. tions. The best fitted values effor PrvO, and NdVQ, were
— 1.0 and 0.48, respectively. These values were in contrast
Trans't'f’l” R ) ons N with the considerably smaller fitted values for in
101cm (ag)/(a1))”  ((@)/(@g))”  ((eg)/(a)) ErT:YPO, and Tn?":YPO, reported by Beckeet al®’ The
Fitted 0.73 7.4 10.2 near unity values of in the case of P and N&* ions in
Calculatedi(total) 0.78 6.28 8.05 vanadate crystals have confirmed the validity of Axe’s

theory when only the& configuration is included in calculat-
ing the ERS intensities.

The use of the PDI technique has proved to be important
in determining the symmetries and origins of the ERS spec-
tral lines. The PDI theof predicted the intensities of one of

(ag)*"=0.0,

_ <9|9/ﬂ|(a2)3rd||9|9/2>

2 2 2
(a2)3rd (a1)3rd ~ (a0)3rd

= = = =0.036, the electronic Raman transitions in PryOwhose line
(@)% (aD?™ () Clod ()19, strength was sufficiently strong for accurate intensity mea-
and surements. The factor of 2 difference between the observed
. . value of 7 and the value of predicted by theory may be due
(@)® (ag)®  (Ulg(a)> %) 10,0395 to a lack of accurate wave functions for the ground multiplet

of PrvQ,. There was excellent agreement between theory

)2nd_
and experiment for NdVQ

(a7)®™" (ag Clodl(ah)?™%41)
for all transitions in the*l 4, ground multiplet of the N&"
ion in NdVO,.
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