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Infrared study of the crystal-field excitations in NdMnO 5 in high magnetic fields
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Nd®* ion crystal field excitations in NdMngsingle crystals have been studied by infrared transmission as
a function of temperature and under applied magnetic field. Lifting of the ground state Kramers doublet
degeneracy (~14 cnil) due to the MA*-Nd®* interaction has been observed below the canted-
antiferromagnetic phase transitiofy~ 75 K). Zeeman splittings of the Nid ion excited crystal field levels
have been analyzed and the crystal field Hamiltonian parameters have been calculated.
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I. INTRODUCTION Neutron diffraction measurements perforrlrged on the
Intensive efforts have been devoted to the understandin@/r.thorhomblc NdMn@ perovskite(space groufDs,-Pbnm
of the rare-earth manganite®,_AMnO, (R=lanthanides ith four formula units in the cellsuggest the coexistence of

andA=Ba, Sr, or Camagnetotransport properties. The sub-ferromagnetic and antiferromagnetic interactions resulting in
stitution 0} thé rare-earth ioR3* by a divalent cationA2* canted antiferromagnetic layered structure for the Mn

generates, due to charge compensation*Mhat leads to subsystent® The structure may be viewed as a stacking of

- : - . MnO,-NdO layers along the axis with tilts of the MnQ
double exchange interactions and simultaneous ObserV""t'c;(}qctahedra. The Jahn-Teller distortions are static and coherent
of metallic and ferromagnetic charactet.A colossal nega-

’ . . __in this structure where the three pairs of #%+D?~ bonds are
tive magnetoresistance that reflects strong interconnectio

; . . different lengths. The Mt spins order affy~ 75 K and
between the electrical and magnetic properties has been ofiair moments saturate at20 K8 While no evidence for the

served near the concomitant paramagnetic insulatoryqs+ ordering, down to 1.8 K, was reported in Ref. 8; the Nd
ferromagnetic metallic phase transitibrNd-based com-  gyplattice orders in a ferromagnetic arrangement with the
pounds are interesting since the strength of the doublghoments parallel to the direction below~13 K according
exchange interactions is weaker than in the La-based comp Ref. 9. A recent study of Raman active phonons in
pounds, due to larger lattice distortions provoked by theq\|d|\/|no3 (Ref. 10 has indicated that the phonon frequen-
smaller Nd ion$. Consequently, a closer competition with cies, intensities, and bandwidths are sensitive to the magnetic
new generic instabilities, such as antiferromagnetic superexevolution of the Mi* sublattice as a function of tempera-
change, orbital and charge ordering, would exist between thture with no particular indication for Nid sudden moment
electron—phonon, electron—electron and the double exchangedering. In particular, similarly to orthorhombic LaMgO
interactions in a system like NdCaMnO; as compared to the NdMnG; structure is distorted by a static Jahn-Teller
La,_,CaMn05.6 The undoped RMn@parents, that are char- effect consistent with th&bnmspace group and the most
acterized by an antiferromagnetic low-temperature groundhtense Raman activB,4 phonon(~601 cnt 1) softens be-
state! have been comparatively less studied particularly folow Ty~75 K following the paramagnetic to canted-
other thanR=La. These are insulators and develop staticantiferromagnetic phase transition.

Jahn-Teller distortions. The study of the parent compound A significant anisotropic contribution of the Ritlions to
NdMnO; physical properties represents an interesting startthe low-temperature magnetic and thermodynafsjecific

ing point to the understanding of the more complex interachea) properties of NdMn@ single crystals, reflecting a no-
tions in the doped systems. ticeable crystal-field(CF) splitting of the Nd* electronic
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states, was reported recentht? As a result of the Nd-Mn
exchange interaction, the low-temperature NdMn®ag-
netic behavior is basically determined by the3Nground
state Kramers doublgKD) splitting (~14 cnil) as deter-
mined by the far infrared transmittivity measuremelits.
Infrared transmission technique has been used succes

T=8K
fully for the study of rare-earth CF excitations in high- =~
temperature superconducting cuprates and their pareng 1
compounds$3-18In these materials, and similarly to the man- 5
ganites, the electrons are strongly correlated and magnetisria | sk
plays a major role. For instance RIdCF excitations study in =~ °
La, «yNd,SrO, revealed in addition to th€,, symmetry

regular sites, sites of lower symmetry related to the stripesi=
formation® In spite of the interesting informations, concern-
ing the local inhomogeneities, electronic and magnetic prop-
erties, that provide the rare-earth ion CF excitation studies,
these have been limited in the manganites to the measure
ment in the far infrared rangd@é.

In this article we study the Nd CF excitations in
NdMnO; as a function of temperature and under applied Wavenumber (cm'1)
magnetic field up to 13 T. The objectives afig:to report the
Nd®* CF excitations in NdMn@single crystals as detected
by infrared transmission spectroscogi) to examine the
influence of the antiferromagnetic phase transition around
Ty~ 75 K and the persistent Jahn-Teller effect on the CF _
excitations, (i) to determine the parameters of the CF
Hamiltonian that describe the magnetic data including the
Zeeman splittings of the Kramers doublets.
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II. EXPERIMENTS

Wavenumber {cm™1)
T=50K
The NdMnQ; studied single crystal was grown by the q

floating zone method as described in Ref. 17. For the infra-
red studies, the samp(&, 2 mm,20Qum) was mounted with
the a axis (Pbnmsetting parallel to the incident radiation. U\J
0.5 cnT? resolution transmission spectra at 8 K and at 12 K T=300
in 1-7 T applied magnetic field, were obtained in the . . . .
1800-8000 cm' wave number range with a Fourier trans- 3800 3500 4000 4100 4200 4300
form interferometeBOMEM DA3.002 at the University of Wavenumber ( cm’™)
Sherbrookg equipped with an InSb detector, quartz-halogen
and globar sources and a Gabeamsplitter. For measure- FIG. 1. (a) Temperature evolution of the Ntlg,— 141, CF
ments under higher magnetic fields up to 13Grenoble transitions in NdMn@ as determined by infrared transmissigb)
High Magnetic Field Laboratojy the sample was placed in Temperature evolution of the Rtlg,— 113, CF transitions in
the bore of a superconducting magnet, in a helium bath cryNdMnO; as determined by infrared transmission. In$gt— 115/
ostat at 1.8 K. A composite Si bolometer placed directlyCF transitions afr=8 K.
beneath the sample was used to measure the intensity of the
transmitted light. A Bruker Instruments model 113 Fourier IIl. EXPERIMENTAL RESULTS
Transform Spectrometer, equipped with tungsten and globar
light sources, was used to collect and analyze spectra with a In Figs. 1a and Ib), temperature evolution of the
resolution of 2 cmt. As data collected in the two laborato- lg;,— 1112 and lg,— 143, CF transitions is presented. At
ries in magnetic fields up to 7 T coincide within the experi-low temperatures threéy,— |5, transitions are detected
mental accuracy, only those from Grenoble are shown for th&Fig. 1(b) insefl. Above Ty~ 75 K, the six(l;;,) and seven
measurements under magnetic field. The paramagnetic {b,;3) expected CF levels are observed in the
canted-antiferromagnetic phase transition of the sample wak950—-2250 ¢t (~1967,2021,2079,2147,2205,2227 ¢mn
confirmed by prior Raman measurements with the observaand 3900-4300 cm  (3910,3954,4029,4096,4168,4196,
tion of the 601 cri! By;. Raman active mode softening be- 4260 cm?) ranges, respectively. Their widths are broad typi-
low 75 K; also width of the phononffew cnit at 4.2 K) cally from 20-30 cri® at 300 K down to 80 K. At high
indicated absence of oxygen nonstoichiometry in the studietemperatures, above 100 K, satellites associated with the
samplet? ground state excited levels68 and 181 crit are observed.

Transmission (arb. units
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FIG. 2. (8) Nd®'lg,— 11/, three lowest CF transitions in NdMnCas a function of applied magnetic fiel@lla) at T=1.8 K. (b)
Nd®*1g/,— l11/» three highest CF transitions in NdMg@s a function of applied magnetic fie{Blla) at T=1.8 K. (¢c) Nd®**lg;— |13, CF
transitions in NdMn@ as a function of applied magnetic fiel8lla) at T=1.8 K.

Below 75 K, degeneracy of the KD ground state is lifted due Additional KD splittings due to the external magnetic
to the Nd-Mn exchange interaction following the occurrencefield applied parallel to tha-axis are shown in Fig. 2. At 1.8

of the antiferromagnetic phase transition; typically at 8 K:K the high energy KD component of the ground state is not
(1966-1980,2015-2029,2076—2090,2142—-2156,2194-2208hermally populated and does not contribute to the CF exci-
2223-2237 cmt), (3903-3917,3936-3960,4020-4034,4088tations. Hence the observed splittings are directly related to
—4102,4167-4181,4195-4209,4253-4267%¢mand (5779  the excited multiplets KD. Additional Zeeman components
—5793,5860-5874,5974—-5988 Tinfor the l5/5, 1135 and  with weaker splittings(Fig. 2) is indicative of twinning as

I 15/, multiplets, respectively. This lifting of degeneracy is not previously reported in Ref. 12. Evolution of the KD split-
masked by absorption band broadenings due to distortionings of thel,;,, and I3, multiplet levels as a function of
generated by the Jahn-Teller effect and the Min©tahedra magnetic field are presented in Figga)3and 3b). At 13 T,
rotation in the orthorhombic structure of NdMaQAs tem- KD splittings vary between~14 to 15 cm? for the Iy,
perature is lowered between 75 and 4.2 K the doublet splitlevels and~17 to 63 cm? for the |5, levels.

tings increase from-8 cni! reaching~14 cnt?! at 8 K for If the NdMnO; structure was ideal perovskite, the Nd
the ground-state KD. At-1.8 K the low energy excited mul- ions would have occupied centrosymmetrical sites prevent-
tiplet KD components disappear following the depletion ofing the CF excitations from being infrared active. The Jahn-
the ground state excited level KD. The high energy excitedleller distortions lower the Nd site point group symmetry
multiplet KD components are slightly blue-shifted at 1.8 K rendering the CF excitations magnetic/electric dipole
as compared to 8 K; typically 1982, 2031, 2091, 2159, 2213allowed. Also, the static and coherent character of the
2238 cm?® for the 1,4, state and 3918, 3962, 4035, Jahn-Teller distortions counters excessive broadening of
4105 cm? for the |5, resolved bands. the CF transitions as confirmed by the Raman active
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phonon widthd®18 Lifting of the Nd®* KD degeneracies
below 75 K confirms the antiferromagnetic #nmoment
ordering and the detected ground state splitting
[~11 cnt (50 K), 13 cnt (15 K) and 14 cm! (8 K)] is in
agreement with the submillimeter transmission measure-
ments of Mukhinet all? Compared to the parent of the
electron-doped highl, superconductors N€uQ,, whose
ground state KD splitting is 5.5 cth'® the exchange
molecular field should be at least as important in NdMnO
The exchange interactions and their corresponding KD
splittings exhibit no particular anomaly that would
confirm the Nd* sublattice ferromagnetic ordering around
~13 K as inferred by Mufioet al® With no applied external
magnetic field, the evolution of the energy levels is rather
smooth with temperature as typically observed for the low-
est 1,1, level [1978 cm?* (50 K),1979 cm? (15 K), 1980
cmt (8 K),1982 cm? (1.8 K)] indicating that the exchange
interactions, involving N& moments, evolve with tempera-
ture.
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IV. DISCUSSION 4100

The CF interaction Hamiltonian can be writtertas
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where the functionS:('; transform as tensor operators under 10

simultaneous rotation of the coordinates of all thelec-
trons, B, are the so-called CF parameters. They, andz
axes of the Hamiltonian are parallel to the crystallographic )
a, b, andc axes(Pbnmsetting, respectively. FIG. 3. (a) Evolution atT=1.8 K of thel,,,, Kramers doublet

The splitting 2\; of theith crystal field Kramers doublet Zeeman splittings as a functipn of applied magnetic field. Lines are
in the external magnetic field lla is determined by-12 a guide for the eye(b) Evolution atT=1.8 K of thel,3, Kramers

B
B(T)

' doublet Zeeman splittings as a function of applied magnetic field.
AZ = (A%)% + (g uaH/2)%, )

whereA® is the Nd-Mn exchange splitting for canted anti-
ferromagnetic Mn spin configuratiog, being thex compo-
nent of theg tensor.

In an elementary unit cell, the Rt ions occupy the
Wyckoff 4c positions with the point symmetr@g that al-
lows 15 parametersB,,, ReB,,, £Im Byy, By, ReB,,,
+Im By, ReBys, £Im By, Bgg, ReBgy, IM Bg,, ReBg,,
+1m Bgs, ReBgg, £Im Bgg, determined in this work from

Lines are a guide for the eye.

ordination polyhedron can be divided into two coordination
spheres composed of eight and four oxygens. The Nd-O dis-
tances in the first coordination sphere fall into the 2.36-2.62
A interval while the Nd-O distances in the second coordina-
tion sphere correspond to the 3.166—3.581 A intetvdlhe
Hamiltonian orthorhombic parameters were thus predicted
using theab initio methods and the superposition model
calculation$? considering the available structural data for

the experimental data. Given the number of these paranNdMnO;.%!

eters, the success of the numerical search for reliable CF In our best-fit search for the CF parameters the free ion
parameters strongly depends on the initial estimate. The tasknergies of thél; multiplets were also allowed to vary and
is complicated by the lack of CF data in similar structures,the diagonalization procedure considededixing within the

usually serving well for this purpose.

entire set of multiplets. In the first step we used as an input

We have also considered the technique of descending9 CF levels(first column of Table } deduced from the IR

symmetries?-2° Within this approach the observez} sym-
metry site spectra are extrapolated to @esymmetry spec-

transmission specti@igs. 1 and 2 Energies of the Kramers
doublet exchange splittings were approximated by their av-

tra. The symmetry was then reduced by a series of perturbarage value. No minimum in the sum of the squares of de-
tions consisting of distortions from the ideal perovskiteviations was found. In the second step we extended the input
structure?® However, in contrast to Ref. 20 where this with x components of thg tensord® deduced for 11 of these
method is applied to YAIQthe structure of NdMn@(Ref. 19 levels by fitting the Zeeman splittings of excited doublets
21) appears to be less suitable for this method since the emsing Eq.(2) and by the availablg andz components of the
vironments of Nd and Mn are much more distorted thanground stateg tensort® In our calculations small contribu-
those of Y and Al, respectively. In particular, the Nd-O co-tions of the van Vleck shifts of the excited KD were taken
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TABLE I. The experimental CF energy levels within tfleterm TABLE II. Crystal field parameters determined for Ndin
and the absolute values of the Kramers douglnsors of N&" in NdMnO; (in cm™) by numerical treatment of the experimental data
NdMnO; as compared to the calculated values based on the phder the orthorhombic an€s symmetry Hamiltoniar{see text The
nomenological CF parameters given in the fourth column of Tablevalue in parentheses indicates the mean error associated with the

Il. parameter.
E(Expt.) E(Calc.) lgy |9 Best-fit (orthorhombig Best-fit (Cy)
CF level (cm™}) (cm™) (Expt.) (Calc.)
Bao 256 (79) 310(61)
Nos 0 -1 3.6/2.4/3.8 2.7/2.3/2.9 ReB,, 59 (54) 47 (44)
68 57 — 0.5 Bao -1665138) -166467)
181 191 — 4.6 ReB,, 357(85) 525(63)
— 415 — 4.6 ReBy, 779(92) 640 (54)
— 459 — 14 Bso -255107) -337(61)
a2 1973 1998 5.2 5.2 ReBsgy 658 (59) 603 (47)
2022 2029 5.8 4.8 ReBg, -109559) -97850)
2084 2060 8.4 7.2 ReBgg 502 (78) 401 (52)
2149 2164 2.0 2.7 Im By, -67(43
2201 2207 5.2 4.6 Im By, ~6(52)
2230 2208 2.4 3.1 Im Buy ~39(66)
N o) 3910 3945 6.4 6.1 Im Bey 57 (67)
3948 3956 6.2 6.1 Im Bgy -224(59)
4027 4014 10.2 10.6 Im Bgg 90 (56)
4095 4071 2.6 2.8
4174 4166 — 8.0
4202 4211 - 0.05 V. CONCLUSIONS
4260 4266 — 8.1 We have reported a CF study of &dion 4f3 electron
Y15/ 5786 5787 — 8.9 excited states in NdMng In addition to the detection of the
5867 5855 — 6.4 ground state Kramers doublet splittingTat~ 75 K, analysis
5981 5991 _ 13.4 of the observed infrared active excitationdg,
. 6031 . 6.0 —111/2,113/2,111/2 under applied magnetic field has allowed
the determination of the CF Hamiltonian parameters. Exten-
— 6144 — 4.5 \ R
sion of such a study to other rare-earth manganites, in differ-
- 6324 - 7.8 ent doping regimes characterized by highly correlated elec-
— 6439 — 15 trons and various magnetic ground states, should add to the
6528 — 13.7 understanding of these complex system microscopic proper-
aThe experimentat and calculated values ¢dy|/|gy|/|g,. ties.
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