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We report an infrared crystal field study of 1g_,Nd,Sr,CuQ, single crystals for X=0.35, y=0), (x
=0.34,y=0.14), and x=0.42,y=0.19). N&" crystal field excitations from the ground state multiptes;,
to the *l 115, 1352, 4115, and*F g, excited multiplets are observed. A precise set of crystal field parameters,
that reproduces the Nd electronic levels in all the samples as well as the dddd, 3<CuQ, susceptibility
measurements as a function of temperature, is determined. A very strong Ising-like anisotropy of the low-
temperature N&™ magnetic moment is related to a large value of the second rank crystal field par8xeter
In addition to the Nd@* C,, symmetry regular site a second one, of lower symmetry, is detected and related to
possible stripe formation.
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[. INTRODUCTION (Bmab and the low-temperature tetragonallLTT)
(P4,/ncm) phases have been characterized by Raman

Ordered charges and spin domaifsiripes and phase spectroscopy and neutron scatterind;"*while Lampakiset
separationsin layered cupratésand other oxideés® could  al.?’ have observed two broad Raman excitations around 150
play a key role in the mechanism of high temperature superand 380 cm* in La,_,Sr,Cu0, compatible with stripe for-
conductivity (HTSC).* Probing locally these charge and spin mation.
inhomogeneities has recently become an important &ue. I this article, we study the Nd CF excitations in

Rare-earth(RE) crystal field (CF) excitations, to which ~L&-x-yNdSK,CuQ,. The principal objectives arg) to re-
the electronic and magnetic properties are very sensitive?ort the Nd* CF excitations in single crystals as detected by
have been successfully used to study various physical prop?frared transmission spectroscoiy) to determine the CF
erties of the HTSC and their parent compouhdarticu- parameters th_at descnb_e_t_hg_CF |n_teract|0n anql _flt the mea-
larly, Raman scattering and infrared transmission specSured magnetic susceptibilitifii) to discuss the origin of the
troscopies have proven to be valuable techniques in thadditional Nd™ CF excitations.
determination of the rare-earth CF excitations in both
electrof~*and hole doped cupratés!®Since the rare-earth
ions are located in the vicinity of the copper-oxygen planes,
the presence of doped charge carriers in inhomogeneous Infrared transmission spectra of 1g_,Nd,Sr,CuQ, (x
structures such as stripes or clusters affects their CF energy0.35,y=0) sample 1 as grown and reduced at 800°C in
levels. Ar atmosphere, X=0.34,y=0.14) sample 2, and x(

The study of CF excitations in La,_,Nd,Sr,CuQ, com-  =0.42,y=0.19) sample 3 single crystals have been re-
pounds, which are known to exhibit phase separation andorded as a function of temperature. Samples 1 and 3 were
stripe formation; would help to characterize the effect of grown by the travelling solvent floating zone technidire-
charge redistribution on the Rd CF levels. Many phase age furnacg! while sample 2 was obtained by the flux
transitions are observed in these materials involving rotationmethod?> Considering their various phase transitions,
of the CuQ octahedrad?~*®The high-temperature tetragonal samples 1 and 3 have been further characterized by specific
(HTT) (I14/mmm), the low-temperature orthorhomhicTO)  heat measurements, carried out using the relaxation method

II. EXPERIMENTS
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by means of a commercial Quantum Design PPMS magne-
tometer, and by Raman spectroscopy: sample 1 is in the LTO
phase at room temperature and undergoes a-LTOT
phase transition at 80 K, while sample 3 is in the HTT phase
at room temperature and in the LTO phase below 275 K.
Sample 2 is according to the phase diagram of Ref. 23 in the
LTT phase below 60 K. A preliminary Raman study has en-
abled us to orient the samples and to characterize their inho-
mogeneities. For the infrared study, the samples were
mounted on a helium closed cycle cryostat cold finger and
0.5 cm'! resolution transmission spectra were obtained in
the 1800-15000 cit energy range with a Fourier trans-
form interferometer(BOMEM DA3.002 equipped with
InSb and Si detectors, quartz-halogen and globar sources as
well as Cak and quartz beamsplitters. The composition ho-
mogeneity of sample 1 was measured using an electron mi-
croprobe x-ray analyzer JXA 733EOL) equipped with WD
spectrometers. Experimental data were processed by the XPP
correction program(samx). The oxygen concentration was
estimated from stoichiometry.

In order to further characterize samples 1 and 3, micro-
wave conductivity at 16.5 GHz was measured, in the 4.2—
300 K temperature range, using the standard cavity perturba-
tion contactless technique which is well suited for the
measurements of electrical conductivity in anisotropic
materials?*?> The microwave conductivity measurements at
16.5 GHz show that sample 3 displays a superconducting
transition around 20 K and the loesaxis plasma frequency
~150 cm ! (Ref. 26 renders its infrared transmission pos- ) 4
sible. Sample 1 magnetization and magnetic susceptibility Raman shift (cm™)
parallel and perpendicular to the Cu@lanes were measured
using a superconducting quantum interference device ma
netometer Quantum Design MPM-5S in the temperatur
range from 4.5 to 300 K.
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FIG. 1. (a) Temperature evolution of the Raman-active phonons
g)f La; 6Ndg 3:CUO, in the x(z2)x configuration. Inset: A zoom
around 120 cm?®. (b) La; Ndy 3CUO, (1), Lay 5;Ndg 3,51 1LCU0,
(2), and Lg 4JNdg 45S1p.1Cu0, (3) Raman-active phonons in the

y(xx)?configuration at 78 K.
Ill. RESULTS AND DISCUSSION

Sample 1, which is in the LTO phase at room temperaturesions. CF absorption bands are shown in Figs. 3,4,5. In order
undergoes a gradual LFOLTT phase transition around 80 to determine the parameters that describe the CF interactions
K.'* The temperature evolution of the sample 1 five Ramar@t the regular sites, the less affected absorption bands by

active phonons, in the(z2)x configuration, confirms its ori- d0ping are considered.
entation[Fig. 1(a)]; hardening of the 120 cit phonon be-

tween 300 and 100 Kinset of Fig. 1a)] is followed by a 0.800
softening at lower temperature indicating the occurrence of L
the LTO—LTT transition!’ This phase transition appears in o795 LTO-LTT transition
the specific heat measurements around 8Fil§. 2). Raman ¥ i
active excitations that are not predicted by group theory are S 0.790
observed around 150 and 380 ch[Fig. 1(b)]. The C,, £
symmetry crystal field at the Nd site lifts the (2+ 1)-fold S i
degeneracy of thef# stateJ multiplets. Assuming a perfect : 0.785
orientation of the crystal and the absence of depolarization ~Ta I
effects as well as of disordel,s—I'g andI';—1I"; transi- © 0.780 |
tions are observed fdg||z while ['¢—T'; transitions are ob-
served forEL z i
Similarly to as grown cerium doped MN@uO, and 07T e 70 75 8 8 80 o5
Pr,CuQ,,%1% more infrared absorption bands than expected Temperature (K)

from the N&* regular sites, are observed. They are due to
nonregular N&" sites which frequencies are influenced by  FIG. 2. La ¢Ndy3CuO, specific heat measurement as a func-
reduction, Sr doping, local charge fluctuations, and/or distortion of temperature from 65 to 100 K.
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FIG. 3. (@) Temperature evolution of th¥l g,—*I 11, transitions
in Lay ¢Nd, 3:CuQ, for E||z. Inset: Fitting of the 1932 cm' ab-
sorption band at 9 K(b) Low-temperature spectrd & K of the as
grown (1) and reduced (1R Lay ggNdg 3:CU0Oy,

Lay 52Ny 3510.14CUC, (2) and La 4gNdy 4551, 1dCUO; (3). Asterisks
indicate absorptions associated with the regulafNsites.

The temperature evolution of tht q;,— 4l 14/, transitions
is presented in Fig. (8. The absorption bands #1932
cm 1) and (1980, 2241 cm?) are associated withIT

—1I'7) and ["¢—1T'g) transitions, respectively. The bands at ;o at 3876 cmt
1910 and 2170 cm' correspond to transitions from the ther- 13
mally populated 70 cm! I'; level toI'g levels. The selection
rules are not rigorously respected due to depolarization ef;
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FIG. 5. () Temperature evolution of thll g;,— I 15, transitions
in Lay ggNdy 3:Cu0, for E|z. (b) Low-temperature spectrd @ K of
LapeNdpaCuQ, (1),  LaysNdpaSnhaiLlud  (2), and
Lay adNdp 4551 1{CUQ, (3). Asterisks indicate absorptions associated
with the regular N@" sites.

4101, 4204 cm?') and (4006 cm'!) are associated with
(T'e—T5) and ["¢—1T'¢) transitions, respectively. The band
at 3813 cm ! corresponds to a transition from the thermally
populated 70 cm® I'; level to al'; level while the absorp-

is associated with a transition from the

0 cm ! I'y level to al'; level. Broadenings and small
shifts of the absorption bands are observed with the increase
of the strontium conteniftFig. 4(b)]. The additional absorp-

fects. The presence of strontium induces a broadening andi@, < 4t 3946. 4065 and 4261 chare associated with the

shift of the absorption bands indicated by dashed lines in Fi
3(b). The additional bands, detected at 1996, 2054, 2113 al

2203 cm !, are associated with nonregular Ndsites.
The temperature evolution of tht q;,— 4l 15, transitions
is presented in Fig. (4). The absorption bands #8883,
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FIG. 4. (a) Temperature evolution of th#l o;,—*1 5, transitions
in Lay ggNdy 3£Cu0Q, for E|z. (b) Low-temperature spectrd & K of
the as grown (1) and reduced (1R) La; gNdg3Cu0y,

Lay 5Ny 3:510.14CUQ, (2), and La 4gNdy 4551 14CUO, (3). Aster-
isks indicate absorptions associated with the regulatNites.

Yronregular Nd* sites.
nd Finally, the temperature evolution of th&lg,— g/
transition is presented in Fig(&. The absorption bands at
(5827, 6003, 6144, 6365 cm) and (5875, 6201 cm?) are
associated withI{g—1I'g) and ["¢—1";) transitions, respec-
tively. The band at 5805 cnt corresponds to a transition
from the thermally populated 70 ¢cm T’ level to al'; level.
Broadenings and small shifts of the absorption bands are also
observed with the increase of strontium contgfig. 5b)].
Additional absorptions at 6073 and 6092 ¢thnare associ-
ated with the nonregular Nd sites.

In the following, we analyze the optical data using the CF
Hamiltonian written as

HCF:% BiCo» (1)

where ('q‘ is theqth component of a spherical tensor operator
of rank k, and By the corresponding CF parameter. In the
C,, symmetry Nd* sites only five CF parameteBs,, B,

B4, Bgo, andBg,, are nonzero. These parameters are deter-
mined by solving numerically the inverse secular problem
where the CF levels deduced from the optical spectra are
taken to be the eigenvalues of the secular equatio gf.
However, as mentioned previously, the large number of ob-
served bands indicates the presence of at least one additional
Nd®* site. Moreover, to our knowledge, no data, which
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TABLE 1. Nd®" ion CF parameters(in cm ') in -
La; gsNdg 3:CUO,. Given in brackets are the mean errors associated -.2
with the fitting parameters. §
Biq Theory Fit %
By 1123 1518(5) <
Buo 675 —863(6) -g
Bus —238 —200(6) o
Beo 381 372(4) g
Bes 866 914(3) =

=

-
-
-
(=3
o

could serve as an initial estimate for the parameBaysin 11200 11300 Pl
the studied compounds, are available. Therefore, our CF Wavenumber (cm™)
analysis was made in several steps.

In the first step, in analogy with Ce-doped J@LO,,°
we ascribed the experimental CF levels, which do not de
pend on the Sr doping, to the regular Ndsite. The corre-
sponding levels at 0, 70, 130, 1932, 2241, 4101, 5827, 587%nent of the two next nearest oxygen ligands closer to the
6003, 6201, and 6365 ch were fitted by the least-squares Nd** ion (see, e.g., Refs. 14,28The remaining CF param-
method in which the calculations using a semiphenomenoceters are not influenced significantly by this distortion.
logical superposition moddlSM) and anab initio method The CF levels, calculated using the best-fit set ofBhg
based on the density functional thedifpr details see Ref. parameters, are compared with the experimental ones in
13) provided an initial estimate for the CF parameters. TheTable Il confirming that the crystal field at the regular®Nd
structure parameters available for the ideal tetragonasites can be well described by tl&,, symmetry Hamil-
[4/mmm (HTT) crystallographic structure of L&uQ, (so-  tonian. We note that we have detected several transitions in
called T structuré®’ have been considered in these calcula-the 10000 to 15000 cnt energy range. These lines are
tions. In the following steps we have also included, amongparticularly difficult to assign mainly due to the scarcity of
the input data, the levels that match the calculated onethe data and the overlap of tlemultiplets. The only excep-
(1980, 3883, 4006, 4204, and 6144 ¢thp and obtained the tions are the levels at 11243 and 1144#1374+70

FIG. 6. Temperature evolution of thf#g,— *F 5, transitions in
Lay 6Ndy 3:Cu0, for E|z.

CF parameters given in Table I. =11444 cm ! ascribed to the CF splitting of thtF 5, mul-
The resulting best-fit values are compared with the theotiplet (Fig. 6). The observed splitting201 cm'!) of the
retical ones in Table |, the free-ion energies of the mul-  *F g, multiplet compares favorably with the theoretical value

tiplets, varied along the CF parameters in fitting the data, aref 181 cm ! as obtained by diagonalization of the free-ion
0 (J=9/2), 1872 (0=11/2), 3833 §=13/2), and 5880 Hamiltoniarf® together with the CF HamiltoniafEq. (1)],
=15/2) cm 1. It is to be noted that both sets of the CF using the best-fit parameters of Table I. This agreement pro-
parameters in Table | are rather similar except for Bag  vides an independent test of the reliability of these param-
parameter sign. eters,B,g in particular.

Our SM calculations indicate that thgy, parameter sign The inelastic neutron scattering study, performed by
changes at the transition from the undistorted HTT structurd&kcepkeet al.in La, ,_,Nd,Sr,CuQ, for y#0,%0 shows that
to the low-temperature distorted structures. In the LTO andhe observed quasielastic Lorentzian line above 80 K trans-
LTT phases, this tendency is associated with the tilting of thdorms into a mixed quasielastic Lorentzian-Gaussian line be-
apical oxygen from the axis as well as with the displace- low 80 K, which is considered as a direct indication for

TABLE Il. Energies(in cm 1) and symmetries of Nid 4 term levels in LagdNd,3CuO, associated with the regular and the
nonregular sites, respectively=(L cm 1),

4' 9/2 4' 11/2 4' 13/2 4' 15/2
Fit regular Fit regular nonregular Fit regular nonregular Fit regular nonregular
I'e -2 0 r; 1940 1932 ', 3882 3883 I'e 5824 5827
r, 70 70 T 1972 1980 ¢-5 cm Y 1996 r, 3919 ', 5876 5875
I'e 132 130 T 2035 2054 TI'y 3961 3946 I'; 5965
I, 309 r, 2091 2113 T's 4007 4006 I's 6005 6003 6073
I's 444 r, 2188 2203 I'; 4098 4101 4065 I's 6146 6144 6092
I's 2240 2241 I'; 4208 4204 I, 6200 6201
I'g 4217 4261 I'y 6368 6365
r, 6429
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FIG. 7. xy plane La gNd, 35CuQ, microwave conductivity at ‘E" -0.05 | O .
16.5 GHz as a function of temperature on a log-log scale. @O
spatial inhomogeneities in the Cy@lanes. The detection of 010 L ©é§) T=45K
Raman active excitations at 150 and 380 ¢nfiFig. 1(b)] e 0 H//c
confirms the expected phase separation in the studied OO
sampleg® which translates in Nt nonregular sites. We
tentatively associate the regular sites with hole-free antifer- 0.15 I I !
romagnetic regions and the nonregular sites with hole-rich 030 -0.15 0.00 0.15 0.30
regions in the samples. The atomic scale charge inhomoge-
neities, forming stripes in some cuprates, provoke local HoH (T)

structural deformationésee, e.g., Refs. 17,31-33 he extra . )

charge and the local deformations in the vicinity of the non-_ /G- 8 Magnetic hysteresis curve for 1gNdo s£CUQ;. The
regular R®* sites were considered in several point—chargea;]IrOWS dln(;jlc_ate :]he direction in which the magnetic field was
model CF calculation&3%® Sufficiently detailed structural = o 9¢ uring the experiment.

data based on the atomic pair distribution functiBDF are

available only for Nd_,Ce,CuQ,.>3 Using this data, a SM- free charges in the Cu(lane as confirmed by a microprobe
based modeling of the CF interaction at the nonregula¥'Nd analysis which revealed an overall nonstoichiometric
sites has shown that the charge-transfer induced structurabmposition described by the chemical formula
deformation, rather than the transferred charge itself, prota, gdNdg33&CUy o504  (equivalent to 6~0.007 in
vokes the observeg50 cmi ! shifts of the Nd* CF levels  La,CuQ,, ). Actually, many recent studies have reported
with respect to the regular sité%® Similarly to the that LaCuQ,, s exhibits phase separation f@ down to
Nd,_,Ce,CuQ, study, the observed=40 cm ! Sr-doping 0.003%8

induced shifts of CF transitionéigs. 3,4,5, Table )l are The magnetization measurements in fields applied along
ascribed partially to local structural deformations. Whilethe c axis show that sample 1 is a weak ferromagnet at low
PDF®? EXAFS? and Ramal  studies of temperature$Fig. 8. The temperature variation of the rem-
La,_y_yNd,Sr,CuQ, indicate such a deformation, they do anent magnetization indicates that the weak ferromagnetism
not provide the crucial precise information, about the relativeénduced by the antisymmetric Dzyaloshinskii-Moriy@aM)
positions of oxygen ions with respect to the Ndions, for  interaction between the Cu spiipersists aH=0 T upto a

the theoretical modeling. Moreover, the dependance of thesemperature of about 15 K, in good agreement with available
nonregular sites CF excitations on reduction and Sr dopinglata’* We note that a metamagnetic transition, revealed in
proves that they are also sensitive to charge density sindéelds from 0.03 to 0.3 T by magnetization measurements,
their shift to higher energies increases with hole dopingindicates a finite ferromagnetic moment vanishing at 20—-25
Sample 1, if stoichiometric, is expected to exhibit an insulat-K. The temperature dependence of the ferromagnetic compo-
ing behavior as in BEuQ, (Ref. 8 and NgCuQ,.?° How-  nent follows roughly the Curie-Weiss law, which is indica-
ever, the sample gy plane conductivity is quite high at low tive of the essential contribution of the Ridsublattice, mag-
temperature as shown in Fig. 7. As observed in other comnetically polarized by the Nd-Cu coupling. The lifting of the
pounds, the microwave conductivity decreases with temperajegeneracy of the Nd Kramers doublets due to this cou-
ture in a semiconducting fashion, and the structure appearingling is illustrated by the~3.2 cni'! splitting of the 1932
around 150 K, whose origin is still unknown, appears also icm™ ! absorption band at 9 K, shown in the inset of Fitp)3
Nd,CuQ, microwave conductivity dat®. Despite the fact To obtain the paramagnetic susceptibility anisotropy of
that the temperature profile is very similar to what is found insample 1 in an applied field of 0.15 T, displayed in Fig. 9, we
other compounds, the high microwave conductivity is con-have corrected the experimental susceptibiljy @ata in the
sistent with the presence of some impurity band. This implieperpendicular orientation for the ferromagnetic contribution.
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0.35 | | | 380 cm ! (Ref. 12 in NdBa,Cu;Og. The difference between
the theoreticaB,, values in these two compounds is con-
200 - nected with a difference in the occupation of the p,, and

p, orbitals in the % and  valence states as well as of the
dp2, dy2_y2, dyy, dy,, anddy, orbitals in the valence &
states of Nd" ion. Significant contribution toB,, from
charges within the atomic sphere is proportional to the quan-
= tities AN, and ANy which are functions of the orbital occu-
pation numberé? We have obtained N, equal to—0.021

. and —0.009 electrons and\Ny4 equal to —0.097 and
—0.021 electrons for the Nd ion in sample 1 and
NdBaCu;Og compounds, respectively. Therefore, the ex-
100 200 300 traordinary anisotropy of the Nd magnetic moment in
sample 1 is directly related to the anisotropy of the i(Ndnd
Nd-5d occupied states in the close proximity of the maxi-
o perpendicular mum of the radial charge density distribution of the localized
o parallel Nd-4f states.

parallel

\ — — perpendicular IV. CONCLUSIONS
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We have reported on an Rid CF infrared absorption
study in Lg_,_,Nd,Sr,CuQ,. 16 CF levels of the four first
excited multiplets have been observed. The determination of
the CF parameters for the,, symmetry site, using botab
initio and SM calculations, indicates a good agreement be-
= tween the observed and calculated CF levels. A comparison
300 between the theoretical modétalculated for the ideal

La,CuQ, 14/mmmstructurg and the fit shows a fairly good

agreement, excepted for tlBg, CF parameter which is very

sensitive to the apical oxygen position. As previously
of reported:* the magnetic susceptibility measurements display
a weak ferromagnetic component below 15 K induced by an
antisymmetric DM interaction. The measured paramagnetic
susceptibility, which anisotropy is more pronounced than in
any other Nd compound, compares well with the predictions
In comparison to other Nd cuprates: J&UO, (Ref. 40 and  of the CF parameters. Many additional absorption bands are
NdBa,Cu; 06, *" the anisotropy, imprinted by the CF interac- associated with the presence of at least one nonregufsf Nd

tion at the Nd* sites, is much more pronounced and persistssite due to possible charge fluctuations and stripes.
until room temperature. The theoreticalvs T curve calcu-

lated using the best-fit CF parametéfable |) is shown to
compare well with the experimental dataig. 9. At 20 K,
the susceptibility in parallel orientation is more than 20 times  We thank J. Rousseau and M. Castonguay for technical
smaller than in the perpendicular orientation. The differenceassistance and P. Richard for fitting the data. G.R., S.J., and
between these two directions further increases with decreasd.P acknowledge support from the National Science and En-
ing temperature. We ascribe the nonobservation of the minigineering Research Council of Cana®SERQ and from le
mum in x(T) [or the maximum iny~1(T)] to an admixture  Fonds de Formation de Chercheurs et I'aida &echerche

of the perpendicular component into the parallel data due tdu Gouvernement du Qbec. Also gratefully acknowledged
the imperfect orientation of the applied magnetic field withare the Grant Agency of the Czech Republic for its Grants
respect to the crystal-b plane. The calculated ground-state No. 202/00/1602V.N., M.M., and M.D) and 203/02/0436
g-tensor values of N& in sample 1.9,=0.373,9.=5.796  (J.F) and the Grant Agency of Charles University for its
indicate a very large Ising-lik€Ref. 42 anisotropy of the Grant No. 145/2000/B-FYZM.D.). The work in Prague was
low-temperature magnetic moment, much stronger than imlso supported by institutional projects Av0Z1-010-914 and
any known Nd*-compound. This remarkably strong anisot- MSM113200002. Single crystal growth by means of the
ropy is related to the high value of thé®rank CF param- TSFZ method have been supported by the FOM-ALMOS.
eterB,y: e.g., its respective theoretical and best-fit values ofThe work in Minsk was supported in part by NATO linkage
1123 and 1518 cm' (Table |) are three to four times larger Grant No. PST.CLG. 977766 and by INTAS in frame of
than the corresponding values of 412 cm(Ref. 43 and  Grant Nos. 96-0410 and 01-0278.

005 %

FIG. 9. Magnetic susceptibility measurements
La; gNdy 3:CuQ, (dotg and calculationglines) parallel and per-
pendicular to the CuPplanes. Inset: inverse magnetic susceptibil-

ity.
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