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Possible crystal-field excitation in single-crystal CeNiSn
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We present inelastic-neutron-scattering results for single-crystal CeNiSn. Apart from phonon-related struc-
tures appearing mainly below 30 meV, we have observed clear indications of a crystal-field excitation centered
around 40 meV. However, we cannot yet determine whether there is another crystal-field excitation at a lower
energy because of the presence of strong phonon peaks. We have also made measurements to investigate the
quasielastic response of CeNiSn. We discuss the current understanding of CeNiSn with reference to our
findings.[S0163-182¢28)08829-9

I. INTRODUCTION in reciprocal space; one at 2 meV and the other at 4 meV.
That they appear at low temperatures seems to indicate that

CeNiSn is a strongly correlated electron system whickthey originate from a coherent Kondo state. However, de-
shows an interesting low-temperature behavior, namely &pite the interesting features of the low-energy magnetic ex-
low carrier Kondo-like behaviotlts heat capacity is reduced citations in CeNiSn, the question of crystal-field excitations
remarkably below 10 K, thus implying that its density of in CeNiSn is not yet well understood._ Moreover, it was pro-
states is suppressed at low temperatures. On the other haSed by one group that the low-lying gaplike excitations
11957 NMR spectra at low temperatures have been interS€€n in neutron scattering, together with other low-
preted in terms of a V-shaped gap opening at the Fermi¢mperature features of the bulk measurements, are due to
level?2 Hall coefficient measurements also show that thestrond hybridization between crystal-field excitations of very
number of conduction electrons decreases at lowPW energy(less than the Kondo temperature of 80 #nd
temperatured.However, it has been found recently that the & conduction b_anﬁln this respect, it is very interesting to
sharp increase in resistivity at low temperatures which wa&°te that according to recent neutron studies of polycrystal-
originally taken as a signature of the development of a gap iin® C&PLN)SN, two well-defined crystal-field excitations.
in fact very sensitive to small impurities present in samples!ound in CePtSn, a localized Ce system, become weaker with
Surprisingly enough, CeNiSn samples with better qualityN' doping. It is particularly important that these excitations _
have a less pronounced low-temperature upturn and furthef@nged very smoothly and appeared to be present even in
more samples of the best quality become metallic at lowePU"® €eNiSn. If the polycrystal data are indeed correct, then
temperatured. In fact, the early indication of the low- they have very 5|gn!f|c§1nt implications for the understanding
temperature metallic regime was noted by Masbal?® It is of the low-lying excitations at 2 and 4 meV, and also of the
also interesting to note that unlike the sample-dependent rdoW-temperature features of the bulk measurements.
sistivity upturn, the electronic specific heat extrapolated to, " Order to confirm the presence of crystal-field excita-
T=0K; y=60 mJ/mol K, does not depend on sample qua|_t|ons_ seen in polycrystal CeN!Sn, we deudt_ed to investigate
ity. Together with the resistivity behavior, this indicates thatthe inelastic neutron scattering from a single crystal of
despite the small gap opened in the density of charge carriefgeNISn- Here we present results of the crystal-field excita-
there is nevertheless some residual density of states left iflons of CeNiSn using a well characterized single crystal.
side the gap.

As well as the results discussed above, the inelastic-
neutron-scattering data are also particularly interesting. Be-
low the coherence temperature of 20 K, where every hybrid- A single crystal of CeNiSn was grown, at the University
ized f electron is expected to form a Bloch state, thereof Birmingham, by the Czochralski method using a tungsten
appear two magnetic excitations which are strongly localizedrucible under an atmosphere of purified Ar at 2 bars. The

II. EXPERIMENTAL DETAILS
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pulling rate was 28 mm/h. The initial charge of CeNiSn with 2000 T T

a stoichiometric composition was prepared by arc melting a CeNiSn

from high-purity starting materials. Laue x-ray diffraction T=2K

showed that the as-grown boule was a good single crystal. A @ 1500 | (0, 2, 0) +—a—i+

b-axis cylindrical shaped sample of nsaé g was cut out for 5 (0,25, 0) —&—

the neutron-scattering experiments. g BKGD
Inelastic-neutron-scattering measurements were carried % 1000 - (0. 4,0) —e—1

out using the IN8 thermal neutron triple-axis spectrometer at g

the Institut Laue-Langevin, Grenoble. The collimation was & 544 |

50'-40-open-open. With the vertically focusing Qull)

monochromator and the horizontally focusing RIB2) ana-

lyzer crystals, we operated at fixég@d=4.1 A~1. This con- i J i, S

figuration gave us a maximum energy transfer of 64 meV 0 15 30 45 60

with a typical energy resolution of 3 meV for zero energy ENERGY TRANSFER (meV)

transfer and of 4—5 meV at 30 meV energy transfer. The 800 4 r . .

background signal was measured for a typical scan by align- b - CeNiSn

ing the analyzer 3° away from the Bragg reflecting position. T=2K

From these results, we could ensure that the background was @ 900 | (0,2, 0) —a— |

very low over the energy range of interest. This will be pre- 5§ (0, 2.5, 0) —ea—

sented together with the other data for comparison. For § 400 BKGD +—— |

quasielastic measurements we used @82 monochro- = I Las (0,4,0) —e—

mator and elastically bent @il1) analyzer crystals, giving g o . 2Fa

better resolution at low energy transfer. The resolution of the ¢ 549 L * -0 a anpa

low-energy setup is 0.7 meV at elastic energy. We used an . B

ILL standard Orange cryostat for the low-temperature mea-

surements. Most of our measurements were made at 2 K, but 0 e S a

we also measured a scan at 25 K for comparison. The sample 20 30 40 50 60

was mounted with ith* andc* axes in the horizontal scat- ENERGY TRANSFER (meV)

tering plane.

FIG. 1. (a) Inelastic-neutron-scattering spectra f@r=(0k,0),
Il RESULTS AND ANALYSIS with kfz, 2.5, ar?d 4, Th(_a solid !lnes are fits to the e_xper!mental
data with Lorentzian functions using the parameters given in Table
A. (0k,0) scans I. The dashed line is the background@t (0,2.5,0) measured as

The results of energy transfer scans @t (0,2,0), described in the text. The high-energy results are shown enlarged in

(0,2.5,0, and(0,4,0 are shown in Fig. (). As can be seen, (b).
several intense peaks are apparent below 30 meV; altogether
there are four peaks centered at 8, 13, 17, and 24 meV, arfXcitation. We recall that the phonon cross section increases
an additional broad feature appears centered at around 4% Q? while the magnetic cross section decreases with in-
meV. The peak at 8 meV was seen at almost the same energyeasingQ as[f(Q)]%, wheref(Q) is the C&" magnetic
in (0,2,0 and (0,2.5,0 scans, but is completely absent in form factor. This confirms that the excitations centered at 40
(0,4,0 scans. This peak was not seen in any other scans waeV have a magnetic nature, while those below 30 meV are
studied, for example, in the (0lp,and (Ok,k) scans. It is primarily due to phonons. Then we may be able to under-
rather surprising that the center of this peak does not move agand theQ dependence of the intensity of the 24 meV in the
Q changes from zone center to zone boundary, and then {0,2.5,0 scan in terms of a smaller phonon structure factor at
disappears in all the other scans in reciprocal space that wie zone boundary. Within experimental error, we could not
measured. observe any temperature dependence of(th2,0 scan be-
The 40-meV structure is more clearly observable in Figtween 2 and 25 K.
1(b), which shows the high-energy data in detail. The back- Unlike the phonon peaks, the 40-meV structure is very
ground signal for the€0,2.5,0 scan with the analyzer offset broad; for example in th€0,2,0 scan the linewidth is about
is also presented in Fig. 1. Regarding Redependence of 19 meV for the 40-meV excitation and less than 5 meV for
the peaks, it is noticeable that the 40-meV structure becomedbe phonon peaksee Table)l The linewidths in Table | are
weaker with increasing) while the peaks below 30 meV half-width at half-maximum values. The very broad nature of
increase significantly forQ values between(0,2,0 and the 40-meV excitation indicates that the 4lectrons in
(0,4,0 (see Fig. L However, the low-energy part of the CeNiSn are strongly hybridized with the conduction elec-
(0,2.5,0 scan does not follow this pattern: the peak at 24trons. However, this hybridization is not strong enough to
meV remains almost the same in tf@&2.5,0 scan. Except destroy the magnetic excitations completely as in some
for the 24-meV peak in th€0,2.5,0 scan, the peaks below heavy fermion compounds such as Cg@ud in Ce mixed
30 meV grow with increasing wave vector whereas the 40valence systemSWe will discuss this point later when we
meV peak behaves otherwise. This differénidependence examine the ground state of CeNiSn. Table | summarizes the
suggests that the low-energy peaks arise from phonon exciesults of fitting a set of Lorentzian functions to our experi-
tations, but the 40-meV peak is likely to be due to a magnetienental data.
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TABLE I. Summary of curve fitting results.

(0,2,0 (0,2.5,0 (0,4,0 (0,0,3.2 (0,0,9 (0,0,6 0,2,2 0,4,9
Peak 1 39.7 40.7 41.2 39.1 39.7 385  36.9 36.9
Center(meV)
Linewidth (meV) 19.0 19.0 19.0 19.0 19.6 18.6 204 20.4
Area(a.u) 228 171 104 240 204 129 239 108
Peak 2 24.0 24.5 23.6 24.5 23.9 235 246 24.5
Center(meV)
Linewidth (meV) 4.0 2.9 2.0 2.4 2.4 2.8 2.4 2.2
Area(a.u) 113 88 247 96 76 93 77 67
Peak 3
Center(meV) 17.6 17.8 15.5 15.9 18.1
Linewidth (meV) 3.6 2.5 35 2.5 1.5
Area(a.u) 214 207 471 153 100
Peak 4 13.1 13.6 11.8 12.0 13.0 129 113 13.0
Center(meV)
Linewidth (meV) 2.6 2.6 3.8 6.0 5.2 3.1 5.0 3.8
Area(a.u) 372 357 749 922 1077 1448 872 2046
Peak 5
Center(meV) 82 8.9
Linewidth (meV) 2.2 2.2
Area(a.u) 390 416
B. (0,0)) scans
Figures Za) and 2b) show results for energy transfer 4000 . . .
scans fol =3.2, 4, and 6 together with the fitted curves. The
peak seen around 17 meV in theK®) scans is absent in all . a CeNiSn
the (0,0l) scans(see Fig. 2 and Table).l For the (0k,0) - 3000 F T=2K -
scans, we found that the 17-meV peak moves towards lower &
energy transfer with increasing from (0,2,0 to (0,4,0. On : (0,0,3.2)
the other hand, the 40-meV structure becomes weaker with s 2000 | (0,0, 4) —=—
increasingQ in the (0,0l) scans as in the (K,0) scans. £ (0, 0, 6) —e
However, the center of the peak hardly changes from €
(0,0,3.2 to (0,0,6 (see Table )t it remains at almost the ® 1000
same energy within the instrumental resolution. As noted in
Sec. lll A, the 8 meV is absent in all the (0,0scans. ol 0 TR
0 15 30 45 60
C. (0k.k) scans ENERGY TRANSFER (meV)
Figure 3 shows the data f@=(0,2,2) and0,4,4 scans. 800 ' ' _'
Like the previous spectra for the K)9) and (0,d) scans, CeNisn
the 40-meV peak becomes weaker with increasihgt is —~ 600 T=2K |
rather surprising to see that the intensity of the 24-meV peak g (0,0, 3.2) —a—i
is reduced withQ (see Table )l In the (0k,0) and (0,d) 3 (0, 0, 4) —a—
scans, it always grows with increasirfigg when compared B 400
with all the zone-center data. It may possibly be due to dif- %
ferent phonon structure factors f¢9,2,2 and (0,4,4. The o
middle phonon peak, which was seen at 17.6 meV for « 200 |
(0,2,0, appears at 15.9 meV fd0,2,9, and moves to 18.1
meV for (0,4,4 and at the same time is reduced in intensity.
We note that the intensities of the 13-meV peak more than 0 ' ' .
20 30 40 50 60

double from(0,2,2 to (0,4,4.

D. Quasielastic peak scans

We also made measurements of the quasielastic peak @he solid lines are fits using the parameters of Table I. The high-

ENERGY TRANSFER (meV)

FIG. 2. () Inelastic spectra fo@=(0,0]) with | =3.2, 4, and 6.

Q=(0,0,3.5) between 2 and 160 K to investigate the tem-energy results are shown enlarged .
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FIG. 4. Temperature dependence of the quasielastic neutron
scattering aQ=(0,0,3.5) betweeif =2 K and 160 K shown in full
(a) and enlargedb). Dashed lines represent fits of the quasielastic
perature dependence of its linewidth, i.e., the low-lying ex-contribution alone; the solid line shows the results of fitting each
citations. In this temperature range, we observed a weakcan to both quasielastic and nuclear contributions.

quasielastic-type contributioiisee Fig. 4. Although this Th hv d b | i tation |
contribution is indeed very weak, it is nevertheless clear en why do we observe only oneé magneuc excitation in

from the data as the scattering increases with temperatur%.eNisn in_ our ineIastic—neutron—_scattering data? To answer
this question, we need to examine again the data for poly-

This suggests that it is not of nuclear origin. However, the

presence of a small phonon contribution at high temperature%rySta"'ne C€PLN)Sn. The two magnetic excitations seen

cannot be ruled out completely at the moment. We havd? CePtSn become weaker and broader with increasing Ni
. 1goping, which indicates that the hybridization between the

attempted to estimate the linewidth of the quasielastic scaC 4 elect d1th ducti lect b ¢
tering using a Lorentzian line shape convoluted with the~€ ' €!€CIrons and the conduction €lectrons bécomes stron-

Gaussian instrumental resolution function: the intrinsic9e" for Ce(Pi-xNi,)Sn. This interpretation that the behavior
quasielastic linewidthta2 K is 1.6 meV. This value agrees ©°f the Ce 4 crystal-field excitations with increasing Ni con-
well with that observed previously in polycrystal CeNiSn Centration is due to the effects of strengthening hybridization
(1.6—1.9 meV.” Within the experimental accuracy, our re- with the conduction electrons is also in good agreement with

sults are consistent with the square-root temperature beha{f2e Pulk property measuremerit€ePtSn has an antiferro-

ior of heavy-fermion compoundsHowever, this needs to be Magnetic ground state witliy=7.5 K and with Ni doping
confirmed with more detailed studies at higher resolution. C&PLN)Sn becomes paramagnetic. As the previous poly-
crystalline dathand our results show, CeNiSn seems to have

only the higher excitation, and not the lower energy excita-
tion found in CePtSn.

As we have shown, the 40-meV excitation is undoubtedly Regarding the other excitation seen at 24 meV for
due to a crystal-field excitation on the ¥eions. This con- CePtSn, we should note that with increasing Ni concentra-
clusion is supported by the fact that the intensity is reducedions, not only do the peaks become broadened, but also the
with increasing wave vector, while it is present in all the 24-meV excitation is suppressed more rapidly than the 35-
scans, i.e., it is a single-ion response. Since Ce in CeNiSn iseV excitation: we believe that the structure at 35 meV in
at a site of lower than cubic symmetry, it is expected that thehe polycrystalline data is what we observe around 40 meV
Ce 4f! state of CeNiSn will be split into three doublets. In in our single-crystal results. This may indicate a different
fact, CePtSn, which has the sameTiNiSn structure as hybridization effect for the 24- and 35-meV excitations. It is
CeNiSn, shows two clear magnetic excitations at 24 and 3ot easy to determine whether we have lost completely the
meV, respectively. 24-meV excitation in pure CeNiSn, because of the phonon

FIG. 3. (a) and(b) Inelastic spectra foQ=(0,2,2) and(0,4,4
with fitted curves as described previously.

IV. DISCUSSION
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peak at almost the same energy. neutron scattering of CeNiSn cannot be true, since CeNiSn
In any case, whatever happens to the 24-meV magneticannot possibly have such a low-energy crystal-field excita-

excitation with Ni doping in CePtSn, it is clear that it is tion.

preferentially more quenched than the 35-meV structure be- |n order to elucidate further the question of the 24-meV

cause of the stronger hybridization between thiscdystal-  magnetic excitations in CeNiSn, we plan to examine this

field state and the conduction electrons. energy range with polarized neutrons to avoid the difficulties
We now consider the |mp||Cat|0nS of our results on thedue to the phonon structure at nearby energies_

understanding of the CeNiSn ground state. First of all, our
data show one crystal-field excitation beyond doubt, and
with the help of the previous polycrystal &4,Ni)Sn data

we can deduce the rapid quenching of the other one at 24
meV in pure CeNiSn. Therefore it is likely that there is no  This research was supported at Inha University by the
other crystal-field excitations present at an energy lower thaMinistry of Education, Korea(Grant No. KRA-96-04-D-
the Kondo energy of 80 K for interactions with the conduc-0206 and the ICNSRF; at Southampton University, Birk-
tion electrons. This then means that a scenario put forward ibeck College, and the University of Birmingham by the UK
Ref. 6 for the low-temperature and low-energy features irEngineering and Physical Sciences Research Council.
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