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Local symmetry of the crystal-field Hamiltonian of CePtSn by polarized neutron scattering
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We present the results of a polarized neutron scattering study of crysta{@Ejcexcitations in a CePtSn
single crystal and their interpretation, describing the magnetic properties of the metallic Kondo antiferromagnet
CePtSn in its paramagnetic phase. Using neutron polarization analysis, we demonstrate that all terms of the
monoclinic site CF Hamiltonian have to be considered in order to account for all the available experimental
data, including susceptibility and high-field magnetization measurements. The CF eigenstates, as probed by
inelastic polarized neutron scattering, are not affected by cooperative phenomena neither in the vicinity of the
Kondo temperaturely, nor below the Néel temperaturg,;.
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Experimental studies of crystal fiellCF) effects in the model stabilized by the interplay of the CF and an effective
magnetism of #-electron systems often combine neutronfield rotating along the incommensurate wave vector direc-
spectroscopy on polycrystalline samples, used to obtain diion, +=(0,1/2-5,0).*
rect information on the energy level scheme of the CF  The Cé&* ions in the orthorhombic unit cell of CePtSn
Hamiltonian, with single crystal magnetization measure-gccupy sites with the monoclini€ point symmetry. The CF
ments to characterize the anisotropy of the CF eigenstategpjits the2F,,, ground state into 3 Kramers doublets [
Because of the averaging inherent to both methods this COMy mmetry. Indeed, early INS experiments on polycrystalline
bination cannot provide complete information on the localgy m e observed two magnetic dipole transitions at 23 and
CF Hamlltonlan un!gss the magnetic atoms occupy 0”%5 meV?® This study was complemented by measurements of
crystallographic positions that have the full point group SYM-he bulk magnetic propertiés, and two CF studied® In

metry of the host lattice. The purpose of this letter is to oth of them, a single-ion approach was used, with the aim
demonstrate that polarized neutron spectroscopy, if applleE0 interpret the INS spectra, magnetic susceptibility and

to a single crystal sample, permits us to obtain the completg, . o
informagon bz directly Pneaguring the three orthogonal cgm- |gh-f_|eld magnetization data. In order to reduce the numbgr
ponents of the matrix elements corresponding to transitionS' adjustable parameters, the CF Hamiltonian was approxi-
between the eigenstates of the local CF Hamiltonian. Receffated by assuming orthorhombic cerium site symmetry. The
advances in the instrumentation render this task as feasible 84ccess of these calculations was only partial: the first re-
the traditional investigations using unpolarized neutronPorted set of CF parametérgelds the energy level splitting
beams. too large, while the second dhfails to reproduce the avail-
As a case example, we have chosen CePtSn, which b@ble bulk magnetic data adequately.
longs to the family of ternary Ce compounds exhibiting in-  Possible origins of this failure include a simplification in
triguing electronic properties due to the competition betweerthe CF model itself, or the neglect of eventual collective
the RKKY interaction, the Kondo effect, and the CF interac-effects. The aim of the present study is to revisit the problem
tion. CeNiSn and CePtSn are two of the prominent represerby collecting polarized neutron scattering data on a single-
tatives of this class of intermetallic compounds. The formercrystalline sample, and to combine them with new magneti-
one is a valence-fluctuating semimetal with Kondo temperazation and susceptibility data obtained on the same sample,
ture T,=50 K! Its low-temperature metallic behavior has in order to determine the entire monoclinic CF Hamiltonian.
been explained by an opening of a V-shaped anisotropic hy- In the dipole approximation, the scattering cross section
bridization pseudo-gap af,=6 K which is believed to of unpolarized neutron scattering from CF excitations is re-
originate in the interplay of the local CF excitations and alated to the matrix elements of the total momentum operator
coherent Kondo stafe.The Ce single-ion behavior in J (Refs. 9 and 1pby
CeNiSn are rather difficult to study since the CF excitations, o2
. . . g
as probed by inelastic neutron scatter{ilgS), are strongly
broadened due to the mixed valence state of cerium. On the dQdw
other hand, in the isostructural Kondo antiferomagnet
CePtSn, the C& state is well defined and can be studied
more easily. In CePtSn, the determination of the Kondo tem-
peratureT, ~ 10 K, from the resistivity minimum is compli- HereF%(Q) and exg—2W) are the single-ion magnetic form
cated by the onset of magnetic order in the same temperatufactor and the Debye-Waller factor, respectively, andis
range, afTy=7.5 K and a second magnetic phase transitiorthe projection of the angular momentum operator onto the
atT,,=5.0 K3 Both phases are well described by a spin-slipplane perpendicular to the scattering vec@rWhen work-
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ing with a polarized beam, the scattering due to
J-components perpendicular to the incident beam polariza-
tion is accompanied by a neutron spin-flipThis selection
rule permits not only to separate the CF signal from lattice
excitations(inherently non-spin-flip but also to extract the
individual J-components from the intensity differences

k
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Here I;?;Z represent the spin-fligSF scattering intensities
measured with neutron spin parallel to thg/,z coordinate
axes, forming a right-handed system wihQ, y L Q in the
horizontal plane, and vertical. By taking measurements
along two perpendicular scattering vectdgs, L Q,, one can
access all the three componentsJahdividually. This is in
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FIG. 1. The neutron spin-flip difference spectra of CF excita-

tions in CePtSn aQ;=(3.25 0 0 measured at three different tem-
peratureT=6,15, and 50 K

whole range of energy transfers between 0 and 40 meV with

contrast to neutron scattering from a polycrystal, where onlykf=4.1A—1_ At the same time the magnitudes ©f and Q,

the orientational average ovéy, J,, andJ, can be obtained,

are equal, so that no explicit corrections for fQevariation

and the polarization analysis only allows us to separate thg¢ the form-factor and Debye-Waller factor are necessary.

magnetic excitations from the lattice modes.

Although this possibility has been knovim principle for
several decades it has never been exploited in practice for t
study of CF excitations, because of severe neutron flux limiz
tations in the polarization analysis mode. Only the recenF
upgrade of the polarized neutron three-axis spectromet
IN20 at the Institut Laue-LangevifGrenoble, Frange™ re-
sulting in a data collection rate increase by a factor 30-50
opened the way to this kind of experiment on a routine basi 1S

For the measurements presented here we used a single-
crystal sample with volume of only 0.2 éngrown by the
Czochralski method at Tohoku University. The nominal sto-
ichiometry and purity were checked by electron microprobe
analysis. The orthorhombic crystal structure with space
group Pnma and lattice parametersa=7.45893)A,
b=4.62072)A, andc=8.01024)A was confirmed by single
crystal x-ray diffraction'® dc magnetic susceptibility and
magnetization measurements were carried out on a Quantum
Design SQUID magnetometer in fields up to 5 T and on a
PPMS(Ref. 14 in fields up to 14 T.

For the neutron scattering experiments the crystal was
mounted into an Orange cryostat with itsaxis vertical
[b| zin the notation of Eq(1)]. In order to test the eventual
influence of the ordering and Kondo effect on the CF spectra,
we collected theQ;=(3.250 0 and Q,=(0 0 3.5 data at
three different temperatured, = 6, 10, and 50 K, corre-
sponding to the upper ordered phase, to the proposed Kondo
temperature, and to the paramagnetic phase well above the
coherent effects range. For bdfhh andQ,, the energies and
polarization of the CF lines remain independent of the tem-
perature as shown fdD, in Fig. 1. This result confirms that
at low temperatures the CF ground state is not substantially
altered with respect to the paramagnetic state, and that the
magnetic ordering and Kondo effect influences are weak in
the studied energy transfer range, as expected.
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he total angular momentud e.g.
&3,)|? [see Eq.(2)]. The overall beam polarization was
checked by scattering from a non-dispersive phonon branch
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The spin-flip data were collected for neutron spin orienta-
tions along all the three principal axes,y, andz, defined
NMbove. Their differencesshown in Fig. 2 provide a com-
lete information on magnitudes of the three components of

13- 13F corresponds to

—in silicon. At momentum and energy transfers close to those
ed in the present CF study, a polarization of 88% has been
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More extensive neutron scattering data sets were then col- FIG. 2. The neutron spin-flip difference spectra of CF excita-
lected atT=15 K at the above mentioned scattering vectorstions in CePtSn aff=15 K measured aQ;=(3.250 0 (a) and
Q; andQ,, chosen so as to allow f@=const. scans over the Q,=(00 3.5 (b).
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TABLE I. The CF parameter set of CePtSn obtained in thetotal angular momentund [Eq. (1)]. The results are dis-

present work in comparison with the results of DieiSal? played in Table | together with the outcome of a model cal-
culation using the CF wave functions of DiW%Clearly,
Experiment Theoretical calculations there is a qualitative disagreement with the neutron data, in
Monoclinic Heg  OrthorhombicHcg particular for the 35 meV transition. We have therefore re-
(this work) (this work) (Divi§ et ald) peated the model calculations over the whole CF parameter
space as done before by Diidut no satisfactory fit to the
Aq(meV) 23.04) 24.08) 233 polarized neutron intensities could be found. Moreover, the
Ay(meV) 34.47) 34.6-) 35.2 parameter sets providing at least a crude approximation to
I4/1, 1.459) 1.3425) 0.758 the neutron data led to a qualitative disagreement in the in-
[<0]34|1)? 26271) 270(15) 324 verse susceptibilities, in particular along thaxis.
0|3, 1)|2 77754 71512) 385 The absence of an orthorhor_nblc CF parameter sgt whu;h
0l D)2 166(40) 16712) 168 accounts for all the bulk magnetic properties and the inelastic

scattering data, together with the fact that the lack of tem-

(0[2) 47469 51820) 20 perature dependence leaves little scope for eventual influence
(O[5 11356 10112 405 of collective effects, points towards the necessity to extend
0l3J2)F 24532 25916) 730 the model Hamiltonian. In fact, all the previous CF
B(K) 8.8342) 7.4 calculationg® have been performed using the orthorhombic
B3(K) 2.5067) 1.6 symmetry of the Ce site. This was consistent with the experi-
BI(K) -0.21(3) 0.45 mental data originating from the bulk magnetization data,
B2(K) 3.3011) ~3.05 which are sensitive to magnetic moments averaged over the
B3(K) 2.4313) 583 orthorhombic crystallographic unit cell of_CePtSn._ Qn the
5 ' ’ other hand the neutrons are directly probing transitions be-
Cg(K) 0 tween electron states of a single ion, whose crystal field split-
Ca(K) +3.21(14) ting reflects the local symmetry of its site. Although the crys-
Ci(K) +3.3916) tal symmetry of CePtSn is orthorhomhi€iNiSi-type), the

Ce ions sit at points of lower, monoclinic, symmetry inside
slightly distorted hexagonal prisms formed by alternating Pt
found, equal for all the three spin orientations. As a conseand Sn ions. As a consequence one has to employ the full
quence no explicit polarization correction is needed for thenonoclinic Hamiltonian in the CF calculations:
CF signal extracted from the spin-flip intensity differences. — 000, BOA0 L B2A2 L B2A2 4 BAAE L 2002 L 22
To avgid any confusion betweeﬁ tl@Felated atrxlldJ—reIated Hor = B20; + B0+ B0 + BaOy + ByOs + G2 + Cilg
coordinate systems, in the following discussion we will al- +CZ‘Q4, €©)]
ways refer to the crystallographic axesb,c.

The spin-flip difference spectra have been fitted by a Su\_/vhere

aReference 8.

perposition of two Gaussian profiles. The peak widths were oM=1/200;™+0;M, (4a)
found to be resolution limited, and the observed energies of

iti + + i i R
the two transitions, 23.0+0.4 and 34.6+0.7 meV, agree with QM= -i/2(0i™- O™ (4b)

the values of 23.3 and 35.2, respectively, found earlier by
Adroja’ As all data were obtained at sufficiently low tem- are the Stevens operatét$®and the coefficient8" andC"
peratures, the thermal population of the excited CF levelsire the CF parameters representing the strength of the inter-
was negligible so that only the transitions from the groundaction. For the orthorhombic symmet@;"=0, therefore we
state (w,,=0) had to be considered and the Bose factorgrefer to them as to “monoclinic” CF terms and we call the
could be neglected in the intensities. The integrated intensisubsetB" “orthorhombic” CF parameters. The only non-
ties, corrected for the factdg/k;, summed over all the three trivial symmetry operation preserved at the monoclinic site is
components give a ratio for the unpolarized intensity of thethe reflection in theéx,y) plane, which implies that the term
two excitation peaks of 1.45+0.09, consistent with the valuecontaining the operatdd2, proportional toSxy, should van-
of 1.34+0.25 obtained by Adrajdrom the unpolarized pow- ish. Therefore we have fixed thg5 value to zero. For the
der data. calculation of the expectation values of the observables the
The partial spin-flip intensities of Fig. 2 can be comparedCF Hamiltonian was rewritten in a reduced forqef.
directly to the squared moduli of the matrix elements of theWaltef”), and the seven-dimensional parameter space has

TABLE II. The wave functions corresponding to the CF parameters of CePtSn obtained in the present
work (cf. Table ).

[Woy= (0.62+0.42)|+1/2) +(0.15+0.48)|-3/2) -0.48+5/2)
[Wy)= (-0.56+0.18)|+1/2) +(0.75+0.06)|-3/2) -0.32+5/2)
| W)= (-0.30+0.1%)|+1/2) -(0.28-0.39)|-3/2) +0.82+5/2)
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been searched using a Monte Carlo technique. The trial al
events were first tested to match the polarized INS intensi-
ties. In this way some 700 points have been selected among
about 16° events in the reduced CF parameter space. In the
second step, the calculated magnetization and susceptibility
curves have been compared to the experimental ones. Six
points in between 12 and 300 K on tRéT) curves and three
points from theM(B) data at 15 K were used in the proce-
dure as a reference. All sets leading to an unrealjgfi) or 1
wrong easy axis were excluded, leaving only two regions of
possible solutions, both with the same “orthorhombic” terms 0 . . . ‘ .
but with “monoclinic” CF parameters of opposite sign. The 0 50 100 150 200 250 300

two solutions correspond to the two possible Ce atom posi- T (K)

tions in the lattice and they are equivalent due to the sym-

metry conditions. The change of sign of the “monoclinic”  FIG. 3. The inverse magnetic susceptibilities in CePtSn along
terms does not affect the calculated polarized neutron interthe three principal directions measuredBat1 T (symboly; the
sities and bulk magnetic data. These regions have been igurves result from calculations using our final CF parametefcéet
spected in more detail using a least-squares parameter-sear@ble ).

method. The resulting set of CF parameters, is displayed i

Tab(;ell togf;e:]her W'trll the calculjgsd va_lluels of the Squar":Eemperature independence of the energy and polarization of
modulus of the angular momentulmatrix element§res-  yhe ‘CF excitations implies that the magnetic ordering, al-
caled, which agree with the experimental data within their \hq,9h resulting in a complicated spin arrangement, and the
error bars. The uncertainty in the determination of the best,antual Kondo effect are only weak perturbations to the
set of CF parameters depends to some extent on the relatiyg.q| crystal field. These new conclusions are to a large ex-
weight given to the results of polarized INS spectra withien hased on the results obtained by the polarization analysis
respect to the susceptibility and magnetization data in thes he neutrons scattered by the CF excitations in a single
least-squares refinement. In any case, however, the values @lsta| sample, which has provided additional independent
the monoclinic parametesS; and C, are highly significant.  j,5 ¢ data revealing the importance of the local site symme-
The corresponding wave functions are given in Table Il. -y Although the fundamental principles of this technique are
The calculated magnetic susceptibility curves reproducgnown since several decades, it was only the recent dramatic
correctly all the main features of the experimental data rogress in neutron instrumentation, which has opened the

namely their drop at low temperatures, the crossing point ofyay 19 its routine application, of which the present experi-
thea- andc-axis curves and the high-temperature anisotropyment is the first example.

(see Fig. 3

We conclude that by taking into account the local mono- This work is a part of the research program
clinic site symmetry of the cerium atoms, the behavior of theMSM1132000002, financed by the Ministry of Education of
4f electrons, responsible for the magnetic properties offzech Republic with a partial support from the Grant
CePtSn in paramagnetic pha&mbove 8 K, is to a good Agency of Czech RepubligGrant No. 202/02/0739
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Qccuracy described by the lodaingle-ior) crystal field. The
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