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Raman study of intermultiplet crystal-field transitions in Sm,CuO,
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Raman measurements were performed on single crystals ¢€68) in the temperature range from 300 to
10 K. We observe several Raman-active crystal-fi€#) transitions between the lowest level of the m
Hg/, multiplet and other levels of théH term. In contrast to CF excitations observed in the isostructural
material Ng,CuQ,, all peaks reported here are considerably broadened and show Lorentzian line shapes. We
calculate the energies of the SmCF levels by using CF parameters obtained fo,®8dO, and find that they
are in good agreement with the observed transitions. A least-squares fit of the CF parameters to the observed
transition energies yields slightly improved parameters, which reproduce excellently the observed transitions.
[S0163-18296)04429-3

[. INTRODUCTION moments align in the-y plane, and that therefore the cou-
pling between the Sm and Cu magnetic moments is com-
Raman spectroscopy provides a powerful experimentapletely frustrated. If this is the case, one would expect the
method to observe rare-earth crystal-fié@F) transitions in  Kramers degeneracy of the doublets in £00, not to be
many solids, including the electron-doped high-temperaturelestroyed by the Sm-Cu interaction.
superconductors(R),_,Ce,CuO, (R=Nd, Pr or Sm Another reason to perform Raman spectroscopy of
and their insulating parent compounds. While this hassm,CuO, CF transitions is the fact that Sm, in its natural
been demonstrated for NGuO,,13 Nd, g-Ce; ;:CUO,,* isotopic abundance, is a very strong neutron absorber. This
Pr,Cu0,,>® and P, gCe, ;£CuQ,,’ there are no reports so makes inelastic neutron-scatterifiNS) spectroscopy only
far on Raman-active CF transitions in $8uQ,. This sys- possible for Sm isotope-enriched samples, and up to now
tem, however, is interesting for several reasons. very few INS studies have been reported f3fSm-based
Like Nd®*, Sm®* is an ion with an odd number of elec- high-T, compounds; ! in contrast to most other rare
trons in its & shell. Placed inside a solid, the electric field of earths:?~® Additionally, usually only CF transitions within
the surrounding ions lifts the degeneracy of the free ién 4 the lowestJ-multiplet are detected in INS studies, while ob-
electronic states and leads to a new set of levels. All levelservations of intermultiplet transitions are scattt. The
are at least twofold degenerate, as a consequence of Krarsmall number of CF transitions detected by INS makes fits to
ers’ theorenf. A further lifting of the Kramers degeneracy is theoretical models difficult: for a rare-earth ion on a crystal
only possible by means of additional interactions, whichsite of tetragonal symmetry there are five nonzero CF param-
break the time-reversal invariance of the rare-earth ioreters of second, fourth, and sixth order, which have to be
Hamiltonian, such as magnetic interactions with other atomsletermined from the experimental data. Frequently, INS does
in the solid. In the case of NdfCuQO,, the Kramers degen- not provide enough data for a sufficient overdetermination of
eracy of the CF doublets is lifted due to magnetic interacthe corresponding least-squares problem. The observation of
tions of the Nd sublattice with the antiferromagnetically or-more CF transitions by other means than INS is therefore
dered Cu sublattice. This has been clearly observed ihighly desirable.
Raman-scattering experimeftsnd the ground-state split- Finally, the study of CF levels in SpECuQ, also serves as
ting induced by magnetic interactions has been determined tan important check for CF parameters obtained from mea-
be 3+1 cm . Similar interactions should also be observ- surements in other materials wiffi’ structure'® such as
able with Raman spectroscopy in $6uQ,. It has been Nd,CuO,. It has been pointed otftthat the variation of CF
pointed out, however, that in Ss8u0, the magnetic mo- parameters across the lanthanide series is in general quite
ments of the SM' ions align along the crystallographic smooth. A good agreement between the two sets of CF pa-
Z axis, perpendicular to the Cu magnetic moments, in conrameters in SpCuO, and Nd,CuO, would thus further
trast to Nd,CuQO,, where both rare-earth and Cu magneticsupport the validity of both sets.

0163-1829/96/54)/42767)/$10.00 54 4276 © 1996 The American Physical Society



54 RAMAN STUDY OF INTERMULTIPLET CRYSTAL-FIELD ... 4277

Il. EXPERIMENT

Two Sm,CuQ, single crystals from different laboratories \ 1
were used in this study. They will subsequently be called
sample @A) and B) for clarification. Sample4) was grown
from favorable CuO flux compositions in a platinum
crucible?® The crystal was isolated from the flux by tipping
the crucible over while the growth completed at 1110 °C.
The as-grown crystal shows a shiny surface with tetragonal
morphology and has a size of® < 0.5 mm. SampleR) is
a 4x3x0.4 mm piece, which was cut from a larger single
crystal and subsequently cleaved to obtain a mechanically

20K

100 200 300

untreated surface. Details of its preparation are published 300K
elsewheré! While sample A) contains Sm in its natural
isotopic abundancg3% 4‘Sm, 15% 4’Sm, 11% 48Sm, 120 K

Intensity (arb. units)

14% 49%Sm, 7% 15%Sm, 27% 5%Sm, 23% %Sm) with an
average atomic mass of 150.36, samp®) (vas prepared
from isotopically pure*®*Sm (atomic mass 153.92

Raman measurements were performed in a backscattering 40K
configuration using a spectrometer equipped with a charge-
coupled device(CCD) multichannel detector. Various Ar-

and Kr-laser lines were used as excitation sources to verify 20K

resonance effects and to distinguish between Raman and lu- : . » .

minescence signals. The laser power was below 15 mW in 0 200 400 600

all experiments and the beam was focused to avBOspot Raman Shift (cm_1)

on the samples. The polarization of the incoming light was

chosen either along the crystallographior z axis. We did FIG. 1. Raman spectra of SiBuO, at different temperatures in

not use an analyzer for the backscattered light. However, thg(zz)y scattering configuration. The peaks at 125, 225, and 510
polarization-selective response of the spectrometer gratingsn—! correspond to phonons, the one at 200 ¢nis a CF excita-
assured that the recorded light was predominanti$$% at  tion. The laser wavelength for all spectra is 514.5 nm. Inset: spec-
514.5 nm,>80% at 647.1 nmz polarized. trum around 200 cm® at 20 K observed with the 488.0 nm laser
The samples were located in a closed-cycle He refrigeraline.

tor with an attached temperature controller for measurement; . . .

in the temperature range from 10 to 300 K. Several spectre%?c:ﬁc\}vlg\?elceanngalso be observed with a different laser excita-
regions around 300, 1200, 2400, and 3700 ¢rvere stud- A comparison between the Raman spectra of sample

ied in order to observe transitions from the CF ground stat?A) and sampleR) at room temperature is displayed in Fig

L?gﬂg%;?;diﬁg;%v;?ﬁ;?fzrgl;g'gﬁg ?Lq(/jz.t?rrtzvreeliolrr(lj— 2hf0r zz and xz polgrilzatircl)n configgragonhs. Whille the line .
ing time per spectrum varied between 15 min and severd] 2pes are essentially the same In both samples, a carefu
hours determination of their position yields clearly observable
' shifts: In sample A) the lines are located at 125:4(0.5
and 223.6(-0.2) cm™ 1, their position in sampleR) is at
IIl. RESULTS 123.0(+0.3) and 220.7¢-0.2 cm™!, as determined by
Lorentzian fits. This results in a shift of 240.8) and
In Fig. 1 Raman spectra taken on sampl @t different  2.9(+0.4) cm™1, respectively. To exclude any errors due to
temperatures in the energy range from 0 to 600 ¢nare  a possible spectrometer drift, the position of the exciting la-
displayed. Clearly visible at all temperatures are three lineser line has been checked immediately before and after each
around 125, 225 and 510 ch. The lines at 225 and 510 of these measurements.
cm~! have been observed at similar frequencies in all Figure 3 shows two Raman-active excitations around
(R),Cu0, materials of theT’ structuré®?® and are com- 1180 and 1380 cm® measured on sampléd] at different
monly attributed to theR) A;4 and(O) E4 phonon vibra-  temperatures. In contrast to the shoulder at 200 tnthese
tions, respectively. The line at 125 cm is observed less excitations remain observable at room temperature, however,
frequently due to its weak Raman response, and its assigmheir intensity is strongest at 20 K. Furthermore, the excita-
ment to the R) E4 phonon vibration is still somewhat tion around 1180 cm? clearly shows linewidth broadening
controversiaf* To our knowledge, it has not been reported and frequency softening with increasing temperature, shift-
in Sm,CuO, before. The observation of excitations with ing its position from 1183 cm? at 20 K to~ 1170 cm ! at
E, symmetry, which are Raman forbidden &z scattering  room temperature. The excitation around 1380 ¢nshows
geometry is due to the missing analyzer as mentioned in tha similar behavior. We have fitted the 1180 cihline with a
previous section. In addition to these lines a broader struckorentzian line shape and plot position and width vs tem-
ture at 200 cm! develops at low temperatures, which is perature in Fig. 4. The frequency shift with increasing tem-
absent at 300 K and only visible as a shoulder of the strongerature seems somewhat more pronounced in samyle (
Aig peak at 40 K. As shown in the inset of Fig. 1, this however, the position at 20 K as well as the widths at all
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FIG. 2. Sm phonons at 300 K observedzimandxz scattering
configuration. Full symbols correspond to samp¥ (average Sm
atomic mass 150.36open symbols to samplé] (average atomic
mass 153.92 The solid lines correspond to Lorentzian profiles ob-
tained from a least-squares fit to the experimental data.
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FIG. 3. J=7/2 CF excitations of SgCu0, at different tem-
peratures. All spectra were taken on sam@¢ in y(z2)y scatter-
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FIG. 4. Temperature evolution of the center frequency and
Lorentzian width Z' (full width at half maximum of the CF tran-
sition observed around 1180 cth Full symbols correspond to
sample @), open symbols to sampleBf. The solid line in the
upper part of the figure serves as a guide to the eye. The solid line
in the lower part of the figure is a fit to the experimental data as
described in the text.

temperatures are identical in both samples. In all cases a
single Lorentzian profile gives an accurate fit to the observed
line shape and no sign for a doublet peak structure or a
strong line asymmetry can be detected.

Finally, Fig. 5 shows further excitations observed at 10 K
in sample B) at 2369, 2567, 3760, and 3896 cth All of
them have been observed with different laser excitation lines,
in order to ensure that they are Raman lines and not lumi-
nescence.

IV. DISCUSSION
A. Rare-earth phonons

While an isotopically puret®*sm,CuQ, single crystal is
not necessary for the observation of Raman-active CF tran-
sitions, it is very helpful to identify Sm-related phonons by
their isotope shift: a crystal phonon mode with frequency
o, which is entirely due to a sublattice vibration of ions of
massm will shift to a new frequency»’ when these ions are
replaced by a different isotope of ma®s. In a simple har-
monic model, the relative frequency shift is given by

where Aw=w—w’ is the absolute frequency shift of the
vibration. Comparing sampled) with an average atomic Sm
mass of 150.36 and samplB) containing pure*®*Sm (iso-
topic mass 153.92one expects a relative frequency shift of
—1.18% for pure Sm vibrations. From the Lorentzian fits to
the lines in Fig. 2 one obtains relative frequency shifts of

ing configuration with the 514.5 nm laser line as excitation source— 1.3(+0.2)% and—1.7(%+ 0.6)%, respectively, for the 223
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(z2) representatioh.At low temperatures, where all rare-
A ] earth ions are in the CF ground-state configuration, one
- | | g therefore expects to see only transitions to CF levels of the

i 1 same symmetry as the CF ground state.
» v For a preliminary calculation of the energies and symme-

I ] tries of the SMi* CF levels we used Nt CF parameters
488.0nm | obtained from Raman measurements on g@ldO, single
S Y crystal® With these CF parameters we diagonalized the CF
3700 3750 3800 3850 3900 3950 Hamiltonian in the subspace of the 12 lowdst; and °F,

multiplets. The resulting doublet symmetries and energies
1 are listed in Table I. By comparing the calculated energies to
C [ the observed Raman excitations one notices that this first

approximation already gives reasonable predictions for all

i detected lines and that indeed all features obse(ledides
the phonons of thel’ structurg¢ can be explained as CF

T T T T T T ] T T

Intensity (arb. Units)

488.0 nm transitions from thd"; ground-state doublet to othE¥, dou-
T T T N blets. In a next step, the five nonzero CF parameters up to
2350 2400 2450 2500 2550 2600 sixth order allowed in tetragonal symmetry were used as free
Raman Shift (cm'1) variables in a least-squares fit of the CF Hamiltonian to the

experimentally observed transition energies. Intermediate-
FIG. 5. Higher CF excitations observed in sampR) (in  coupling wave functions and multiplet energies for the
y(z2)y scattering configuration. Sm®* free ion were taken from the literatuté?® The mut-
liplet energies were kept constant during the fit. The fitted
and 125 cm* lines. This conclusively proves that both ex- energies are listed in Table I; the agreement between theory
citations are Raman-active phonons which involve mainlyand experiment is now found to be excellent for all transi-
Sm vibrations and that the 125 crh line is indeed the Sm tions. The fitted Sm* as well as the N&" CF parameters
E4 mode. are given in Table Il. We also want to point out that our
calculated CF parameters are in good agreement with ther-
B. Crystal-field excitations mal e>_<pansio?? and specific-heat mea_lsureme??ts. N _
While the strongest Raman-active CF transition in
Sm®* has five electrons in its 4 shell. According to Nd,CuO, at 1995 cmi ! appears as a doublet of Gaussian
Hund’s rules, the resulting free ion electronic ground state igines! with both doublet splitting and linewidths at 10 K of
®Hs),, a sixfold degenerate level with total angular momen-the order of a few cm?, all CF transitions in SmCuO,
tum of J=5/2. Next in energy are the higher multiplets of haye Lorentzian profiles with a residual width 2f approxi-
the °H, term withJ=7/2, J=9/2, and J=11/2,which  mately 20 cmr* at 10 K and no indication of a splitting.
are eight-, ten-, and 12-fold degenerate, respectively. Theoor sample quality can be excluded as a reason for the
energy difference due to spin-orbit coupling between thesgroad linewidth of the CF transitions, since we examined
multiplets is only around 1000 cit (Ref. 29, so that stron-  two crystals from different laboratories, which both showed
ger J mixing is expected than for example in B@uO,,  an excellent Raman response with sharp phonon lines and
where the separation between differéi§ multiplets is al-  only very little background scattering. The apparent absence
most 2000 cm *. Additionally, for the higher SnPH; mul-  of a splitting is consistent with the proposed orthogonal spin
tiplets one also has to consider strong admixture of levels ofrientations of the Cu and Sm sublattidesg that the Kram-
the °F term. ers degeneracy of the St CF levels is not lifted. The
In Sm,Cu0Q,, the Sn?* ions are located on sites with comparatively large residual width of the CF transitions as
C4, symmetry. Group theory predicts that the crystallinewell as their temperature dependence is probably caused by
electric field splits the’Hs, ground-state multiplet into one nonradiative, phonon-assisted decay of the CF excitations
I's and twol'; doublets, whereas the high8H; multiplets  into other CF states within the same multipletFor the
are split into I'g+2C; (°*Hyp), 3T+207 (*Hgp), and  ®H,, multiplet, a decay from the 1181 ¢t I'; level to the
3s+3I'7 (°Hyyyp) doublets, respectively. The symmetry of 1039 cmi ! I'y level and from the 1375 cmt I'; level to
excitations between thesd 4tates, which involves the direct any of the lower levels I{ at 1313 and 1039 cm' and
product of their irreducible representations, corresponds t@, at 1181 cm 1) is possible at zero temperature by emis-

either sion of a phonon of the appropriate energy. Measurements of
the phonon density of states iRY,CuO, (Ref. 32 and
PexTe=17XT'7=A;+A+E YBa,Cus0, (Ref. 33 confirm that a sufficient number of
or phonons is present in these materials in the energy range

between roughly 100 and 250 ¢m to assist the nonradia-
TeXT,=T,XTg=B;+B,+E. tive CF decays. Thia ;ituation is dif_ferent in MouQ,: the
CF level at 1995 cm? is very close in energy to the lowest
The excitations ofA;, B;, B,, andE symmetry are Raman level of the *l,;,, multiplet (1986 cm %),2 so that only a
allowed?® In Nd,CuQ, it has been found that by far the very small number oficousticphonons has the appropriate
strongest Raman-scattering efficiency occurs for fhe energy to assist a transition. Thus the 1995 ¢nECF line in
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TABLE I. Sm®* CF levels in SmCu0, observed experimentally, calculated from NdCF parameters
(Ref. 3 and calculated using best-fit S CF parameters.

Experiment Theory
using Né®* CF parameteréRef. 3 fitted
Energy Energy Symmetry Energy Symmetry
Multiplet (cm™1) (ecm™1) i (') (ecm™1) i (')
3896 3908 7 3895 7
3878 6 3820 6
3837 6 3799 6
5Hy1p 3760 3809 7 3768 7
3674 6 3660 6
3555 7 3560 7
2567 2575 7 2568 7
2555 6 2522 6
SHy), 2494 6 2445 6
2369 2406 7 2365 7
2262 6 2263 6
1375 1383 7 1375 7
1353 6 1313 6
5H,, 1181 1240 7 1180 7
1031 6 1039 6
196 221 7 201 7
5H,,, 108 6 119 6
0 0 7 -1 7

Nd,CuO, becomes much sharper at low temperatures thawherea, anda, represent coupling constants, gud»,T) is
any of the CF levels detected in S@uO,. In the case of the Bose-Einstein statistical factor for a phonon of energy
Sm,Cu0,, CF levels are located within 100 to 250 cth o at temperaturd.?®3* As shown in Fig. 4, the experimen-
below the levels considered. Thus the electrons can easikally observed behavior is excellently described by this
decay with the emission of an optical phonon. model for values ofi;=21.5 cm ! anda, = 8.5 cm 1.

We have fitted the temperature evolution of the linewidth We were not able to detett; to I'g CF transitions at any
of the 1181 cm ! CF excitation to a model which allows for temperature up to 300 K from the doublet at 100 cnto
phonon-assisted, nonradiative decay to other CF levelkigher doublets. This is in contrast to results obtained on
within the ®H,, multiplet. To reduce the number of free Nd,CuO,, where transitions from the thermally populated
parameters in the fit we combine the two CF levels at 1313, doublet at 120 cm? to higherI'; doublets are clearly
and 1375cm? in one level with an average energy of observed at temperatures above 88 Kiso, no directl’; to
1350 cmi L, i.e., 169 cn! above the 1181 cm® CF exci-  I'q transitions could be detected. The reason, why the Raman
tation. Considering processes of phorassorptionto this  activities of these transitions are so weak is not clear.
higher level andemissionprocesses to the one which is lo- A point that deserves to be mentioned is the close prox-
cated 142 cm? below as responsible for the CF excitation imity of the CF transition at~ 200 cm * to the SmA,

linewidth the fitted function becomes phonon at 223 cm?. Since both excitations have the same
symmetry and similar energy, one might expect them to be
2I'(T)=apX[1+p(142 cm 1, T)]+a; X p(169 cm 1, T), coupled by the magnetoelastic interaction to form mixed ex-

citations, each with partial phonon and CF charattérhis
TABLE Il. Sm** CF parameter@\Vybourne notation(Ref. 43 has indeed been observed in NgBai;0,_ 5 (Refs. 35 and
obtained by fitting the observed CF transitions as compared t®6) and PkSr,NdCu;O4 (Ref. 37 where the coupling be-

Nd** CF parameters from Ref. 3. tween theB,, plane-oxygen phonon and a CF transition of
. . the same symmetry leads to the formation of a double-peak
Sm Nd structure at low temperature.

Parameter (em™) (em™) We have estimated the magnetoelastic interaction poten-
By 329 32724) tial following the method described by Ret al3® The po-
Buo 1524 -226445) tential can be calculated by
Bas 1662 164924)
Beo 239 21517) m

B
Bos 1345 147721) Vor= 2 5o X (Vo O ¥2),

m,n
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whereWV, andW¥, are the wave functions of the CF ground  As previously mentioned, the magneto-elastic coupling
state and thd’; state at 200 cm?, respectively,Of are  can cause the formatiE)[] of a double peak. For the CF tran-
Stevens-operator equivalerifsB™ are the crystal-field pa- Sition at about 200 cm”, using our spectra at 10 K, we
rametergin Stevens notatiop andQ represents the phonon deétérmine exact center frequencies of 196 and 223%cand
normal coordinate of the Sm,, phonon at 223 cm’ an intensity ratio of roughly 1:10 for the two peaks. If one
g . - TR
Since this model is based on the Stevens-operator techniqu@SSUmes that the Raman activity of the lower excitation is
it does not include) mixing, and it is therefore sufficient to ' 'irely due to the phlpnon ;?dm'xt“f.e onefobtams from these
consider only the levels of théH ., multiplet in the calcu- numbers unrenormalized frequencies of 198.4 and 220.5

_1 - . _1 . .
. _ . : cm™ - as well as a coupling potential 6f 7.8 cm™ *. This is
lation. For aJ=>5/2 multiplet the sixth-order CF parameters ;, 04 agreement with the result of our theoretical estima-

Bg are zero in the Stevens model. Furthermore, since thgyp

A4 vibration of the Sm atoms does not reduce the tetragonal

symmetry of the crystal, the partial derivatives of the ortho- V. CONCLUSION
rhombic CF parameteiB3 and B with respect to the pho- . .
non normal coordinate must also vanish. Thus one only ha§ We have performed Raman-scattering experiments on two

. S o m,CuQ, single crystals differing in Sm isotopic composi-
to consider t(r;e t%rms on%lna_tlng from the_var|at|on of the CFtion in the temperature range from 300 to 10 K. The weak
parameters,, B,, andB, with phonon displacement. QU paman fine around 125 cif was assigned to the S,
fitted Sn?* CF parameters converted to Stevens notéfion nhonon on the basis of its isotope shift. At low temperatures,

areB; = —6.789 cmt, By = —0.4765 cm*%, and Bff{ = we were able to detect seven crystal-fi¢@F) transitions
4.347 cm *. With these parameters we diagonalized thebetween the CF ground-state doublet and higher CF levels of
Stevens CF Hamiltonian in the subspace of fiw, mul-  the ®Hegpn, ®Hop, CHgp, and ®Hyy, multiplets. All transi-

tiplet, which yields energy levels at 0, 145, and 318 Cm  tions have Lorentzian line shapes and similar widths of the
somewhat larger than the results of the more sophisticated fifrder of 20cm* at 10 K. A splitting of the Kramers-
mentioned above. The wave functions of the two energy levdegenerate doublets, as seen for,8dO,, was not de-
els at 0 and 318cm' are W¥,=0.9175/2,+5/2)  tected. We obtained very accurate CF parameters by fitting
—0.4005/2,+3/2) and ¥,=0.4005/2,£5/2)+0.9175/2,  the CF Hamiltonian to the observed CF level energies. The
+3/2), respectively, close to the results from the fit, thefitted parameters are similar in magnitude to the>Nd
main differences being due to additional admixturesCF parameters obtained from the isostructural compound
of higher multiplets. For these wave functions the matrixNd,CuO,. We find a strong increase of the width of the
elements of the Stevens operators becoffig)|O3|V,) 1180 cmi ! CF transition with increasing temperature which
= 5.499 (V| 0§|¥,) = 87.98 and¥,|O}|¥,) = 18.25.  we attribute to phonon-assisted intramultiplet decay between
For the determination of theB]/9Q we calculated the CF levels.
relative changes of thB;' with phonon displacement using a
point-charge modét Multiplying the result of this calcula- ACKNOWLEDGMENTS
tion with the Stevens CF parameters obtained from the fit \ve thank H. Hirt and M. Siemers for technical assistance
yields values fordBg/dQ of —1.1596, —0.0049, and and T. Strohm for a careful reading of the manuscript. S.J.
—0.0735cm %, for B, B}, andBj, respectively. Together ~gratefully acknowledges the exchange program between the
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