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ESR experiments on the Kondo insulator CeNiSn
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(Received 6 July 1999

Below a characteristic temperature, due to hybridization effects, Kondo insulators exhibit a gap in the
electronic density of states and behave like semiconductors. By usifig Eldctron spin resonance, the
compound CeNiSn was investigated as a representative of this class. In addition, the metal-to-insulator tran-
sition was studied as a function of doping for CeNiCoSn and CeNi_,PtSn. The linewidth of the Gd
resonance yields direct information about the density of states at the Fermi energy. So the size of the gap can
clearly be estimated for the pure compound, and the closing of the gap by substitution of Ni by Co or Pt can
be followed in detail. These results are compared to measurements of NMR, specific heat, and susceptibility.
[S0163-182699)02448-0

[. INTRODUCTION the hybridization matrix elements vanish at appropriate
places of the Brillonin zone. Therefore the density of states
In recent years Ce-based intermetallic compounds havexhibits a very small but finite value in the hybridization gap
been the topic of many studies because of their large varietgt the Fermi energy. As bulk materials always strongly de-
of ground states, e.g., heavy-fermion behavior, nonfermi ligpend on stoichiometry, defects, and heterogeneities, an ex-
uid behavior near a quantum-critical point, intermediate vaperimental method was required that can measure the gap on
lency and a metal-to-insulator transition in systems calleda microscopic scale in polycrystalline or powdered samples.
Kondo insulators. The low-temperature physics of these sy$9f course we are aware that ground-state properties of many
tems is determined by the hybridization of the localized Ce-heavy-fermion compounds sensitively depend on stoichiom-
4f states with the conduction band via exchange interactionstry and sample-growth conditions. We recall the ground-
(Kondo effecj. In heavy-fermion compounds, where thé 4 states of CeCi8i, (Refs. 5-7 and UP3,2 1 which reveal a
ions constitute a sublattice of the crystal, this gives rise tovariety of magnetic and superconducting states in polycrys-
spin fluctuations of the Cef4moments, which are com- tals and single crystals with marginal differences in the
pletely screened below a characteristic temperaturgrowth conditions. CeNiSn may well be a further candidate
4 K=T*=<50 K. Above this temperature these compoundsof this class. Up to now nuclear magnetic resonaidtR)
reveal Curie-Weiss behavior, characteristic of local-momenand neutron scattering have been used successfully to inves-
paramagnets. BeloW* they behave like nonmagnetic met- tigate the gap in CeNiSH.**Here, we present the electron-
als with strongly enhanced effective electron masses. Witlspin resonance investigations in this compound. To show
increasing hybridizatior(50 K<T*=<500 K) not only the that the opening of a gap is an intrinsic property of CeNiSn,
spin but also the charge of the Ce ions starts to fluctuate, thige provide experimental evidence that the gap can system-
effect is known as intermediate valency. atically be suppresse@losed or shifted away fror&g) by
In all these Kondo-lattice compounds, the coherence o$ubstituting Co or Pt for Ni.
the Kondo screening causes a pseudogap within the elec- As the Ce spin relaxes too fast to yield any measurable
tronic density of states, which evokes beld near the electron spin resonancéESR signal, small amounts of
Fermi energyEr .1 Its width is of the order off*. If this gap Gd®* were doped onto the Ce place as ESR probe. In normal
develops exactly aEr and if the density of states vanishes metals the linewidthAH of the G#* ESR follows a Kor-
for zero temperature in the gap, the ground state is insulatinga relaxationAHxbT, where b directly measures the
ing. These so called Kondo insulators are still in the focus oflectronic density of states at the Fermi energy. It has been
recent research activities. shown, that the temperature dependence of the Gd linewidth
One member of this class is CeNiSn with~20 K. With  obeys typical patterns in Ce compourtfi$n heavy fermions
decreasing temperature the electric resistapceshows a [e.g., CeCuSi,,'” CeNi,Ge, (Ref. 18] the Ce-spin fluctua-
drastic increase below 7 K. This can be explained by thdions yield an additional contribution to the usual Korringa
opening of an energy gap in the electronic density ofrelaxation. In intermediate valent compouriésy., CePg*°
states>® As described in these papers, a serious problem ofeOs (Ref. 20] the Korringa relaxation is strongly reduced
resistance measurements was the strong dependence of tteow T* because of the reduction of the density of states
results on the sample quality, especially on the concentranearEr . It is important to note that even a partial reduction
tions of impurities in the required single crystals, and itof the density of states strongly effects the®*Gdelaxation,
seemed, that the purest single crystals reveal metallic behawhereas the electric resistance still exhibits metallic behavior
ior down to the lowest temperatures. Meanwhile, pureas long adN(Eg)+#0.
CeNiSn has been established as a semimetal with a small In CeNiSn, both spin fluctuations and reduced density of
overlap of valence and conduction baridin this case states influence the Gd—ESR. We will see that the
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ESR results in pure CeNiSn closely agree with those of i

NMR experiments, and we present a detailed and systematic CeNi, g,Pty 551 : 1%Gd
investigation of the change of the gap in the electronic den- y T=1.6K
sity of states when doping Pt or Co on the Ni sites. We find
a transition to a purely metallic behavior in Co-doped com-
pounds and to a heavy-fermion behavior for the Pt doped
alloys. Hence, in the present paper we could support and
extend the results of former investigations on CeNiSn by
performing ESR measurements at a wide temperature range
from 1.6 to 120 K in high quality polycrystalline samples.

ESR signal
A

Il. SAMPLE PREPARATION AND EXPERIMENTAL . . . . L . . . .
SETUP 0 5000 10000
H (Oe)

Polycrystalline samples of G6{5.oNi;—,CoSn and FIG. 1. Typical Gd* ESR spectrum in Cel Pt 15Sn:1% Gd

Cey odGy oiNi P, Sn were melted together stoichiometri- - . . ) .
cally from %helelyerr%ents with a purity better than 99.9% in anésg:?egr:ier)]é The result of a fit, using equatiofl) is shown as

argon-arc furnace and annealed for 5 days at 1073 K. X-ray
diffraction confirmed the proper G8i structure and did not
reveal any parasitic impurity phases. Because of the aniscae
tropy of the paramagnetic susceptibility, which shows %he spin Hamiltonian for the Gd probe in a metallic
maximum in the crystallographia axis, it was possible to uniaxial environment, given 5§

orient the samples: The polycrystals were powdered to '
nearly single crystalline grains by a mortar, embeded in lig- 1

uefied paraffin, and oriented along thexis within a static H=ugHgS+ §bg[382— S(S+1)]+JggS 0. 2
magnetic field of 17 kOe. The ESR measurements were per-

formed with a Bruker ELEXSYS spectrometen@band fre-  The first term describes the Zeeman interaction of the Gd
quencies ¢~9 GH2. For cooling the sample, a continuous- spin S with the static magnetic fielt (g is the Bohr mag-
flow helium cryostat(ESR900, Oxford Instrumentswas  neton andy the gyromagnetic tensor, which is assumed to be
used for temperatures atmv K and a cold-finger helium- jsotropic, withg~2). The microwave with frequency in-

To understand the origin of the spectra and their depen-
ncies on temperature and orientation, we have to look at

bath cryostat for temperatures below 4 K. duces dipolar transitions between the equidistantly splitted
Zeeman levels yielding a single resonance line hat
IIl. RESULTS =gugH. With respect to the crystal symmetry, the crystal-

electric field at the Gd place is assumed to have uniaxial
A. ESR spectra character(parametetb9), as described by the second term.
Electron spin resonance probes the absorbed p&ygr This leads to an orientation-dependent splitting of the single
of a transversal magnetic microwave field with frequemcy spectrum into seven lines due to the Gd sBin7/2. The
as a function of the static magnetic fidl To improve the third part of the Hamiltonian is the exchange interaction be-
signal-to-noise ratio, a lock-in technique is used by modulattween the G ion and conduction electrons with spin den-
ing the static field, which yields the derivative of the reso-sity o, whereJgy denotes the exchange integral. If the ex-
nance signatl P,,/dH. change interaction is large compared to the crystal-field
All compounds (G=x<0.1 and Gsy=<0.2) show a single splitting, the different dipolar transitions are strongly
resonance line at abow=2. A representative result is coupled to each other, and the spectrum is exchange nar-
shown in Fig. 1 as solid line. The spectra were fitted using aowed into a single ESR line with orientation-dependent

Dysonian shapé: given by linewidth and resonance field. For a closer discussion of
these effects refer to Ref. 18. The spectra of all samples
d d [AH+@(H-H,) AH+a(H+H s_how only a weak dependence on the orientation. The analy-
mpabs“ aH 5 5 5 5| sis of the spectra following Ref. 18 results in low values for
(H=Hied®+AH® (H+H9"+AH the uniaxial CEF parameter 0.3 GHbI=<0.7 GHz, com-

) pared to the microwave frequenay=9 GHz. Hence, the

whereH.. denotes the resonance field akH the half line- influence of the crystal field can be neglected for all further
res

width at half of the maximum absorption. In Eql) a discussion.

Lorentzian line @¢=0) is modified by the influence of the

skin effect, which in metals leads to a mixture of real part B. Temperature dependence of ESR linewidth
(=dispersionygy) and imaginary part= absorptionyg,) of The temperature dependency of the linewidth was mea-

the dynamic susceptibility gq= xsq+ 1 x6q- The dispersion-  sured for samples in the concentration range of interest. Fig-
to-absorption ratiav is used as fit parametersOx<1. The ure 2a shows the results for the Pt-doped samples,
resonance at Hshas to be included, becauaéi is inthe  CeNi,_,PtSn:1% Gd for Pt concentrations<(y<0.18,
order ofH,.s. The result of a representative fit is shown in Fig. 2(b) the Co-doped samples with<Ox<0.1. Looking at
Fig. 1 as dashed line. the pattern of pure CeNiSn:ddrig. 2(a): y=0; Fig. 2b):
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FIG. 3. LinewidthAH as a function of temperature for Gd-
concentrations of 1%solid symbol$ and 0.2%(open symbolsfor
pure CeNiSn:Gd[(J) and CeNj gt 1,.5n:Gd ).

times, the longitudinal or spin-lattice relaxation ratel 1/
equals 1T, in metals?® In heavy fermions the spin-lattice
relaxation of the Gd spins is governed by two mechafisth

1
7OCAH:AHK+AHRKKy. (3)

Ty

The Korringa relaxatiodHy , which is usually observed in
metals, is caused by the third term in EB). The conduction
electrons scatter at the Gd spin and transfer the energy to the
lattice. This contribution is proportional to the temperattire

curves in the lower frame are shifted relative to each other by O'J(dash-dotted curve in the upper frame of Fig.ahd the
(x=1%) to 0.5 k=10%). '

x=0], we recognize almost a Korringa behavior with a slope
b of about 18 Oe/K for temperatures above 25K. At lower

temperatures the slope increases yielding a gradien34
Oe/K for 5 K=T=<15 K. At lowest temperature§,<3 K,
the linewidth becomes almost constant.

Focusing on the CeNi,Co,Sn compound$Fig. 2(b)], o
we recognize, that the high-temperature Korringa slope de-<
creases with increasing Co concentration and also the trans
tion region to an enhanced slope shifts to higher tempera:
tures. The sample with 10% Co shows almost a pure
Korringa behavior over the whole temperature range. Substi-
tuting Pt for Ni[Fig. 2(a)] enhances the slope between 5 and
15 K and shifts the transition region to lower temperatures.
At 18% Pt, the slope oAH continuously increases towards
low temperatures, which is typical for heavy-fermion sys-
tems with a rather low characteristic temperattite®®

To determine the influence of Gd upon our results, we
compared samples with 0.2% and 1% Gd substituted at th¢=
Ce places. The temperature dependence of the linewidth fo%
these compounds is shown in Fig. 3 and clearly demonstrate
that Gd does not influence the linewidth. So, we can exclude
effects like Gd-Gd interaction or bottleneck effects, which
are discussed in Ref. 23.

IV. DISCUSSION

Generally, the ESR linewidtAH measures the transver-
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FIG. 4. Simulation of the ESR linewidth of a metal, a heavy-

sal relaxation rate T,. Because of very short correlation fermion system and a Kondo insulator.
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square of the electronic density of states at the Fermi level . o ==
2
NCE(EF)

?

AH(I54( ) NEe(Ee) - Te=b- T, (@) % 2l ©
Q 20t = >
Where<J(23d(q)> is the exchange integral averaged over the & Eq402
momentum transfeq from the scattering of the conduction = 14%, :ﬁ
electrons at the Gd spin. 5ol . o
. . = 10 CeNiSn =y~
The second term\Hgyky results from spin fluctuations 2 1 . ESR 1s
of the Ce-4 moments according to the fluctuation- o magnetic susceptibility
dissipation theorem. These are transferred to the Gd spin via o . [ —><<°—NMR o o
Rudermann-Kittel-Kasuya-Yosid&RKKY ) interactions: 0 10 20 30 40 50
T (K)
0 2
AH RKKY“TXCeTEi: ACecd Ri) ©) FIG. 5. Comparison of the results of ESR, magnetic susceptibil-

ity (Ref. 3, and NMR(Ref. 12.
where A cegq IS the RKKY coupling to the Ce atoms at a

diStanceRi . XOCe describes the static Ce Susceptibility, which pseudogap_ As can be seen from E(@_(S) AH/T corre-
in ideal heavy-fermion systems follows a Curie-Weiss lawsponds to the dynamic susceptibility plus a constant effect
0 =1 \asi — * H . . :
X2 (T+O) 1 with ©=2T* (Ref. 24 at high tempera- due to the Korringa slopb. The theoretical expectations are
turesT>T* and saturates as a large Pauli-like susceptibilityshown in the lower frame of Fig. 4. Whereas normal metals
of heavy quasiparticles aT<T*. For T<T* the spin- reveal a constant behavior over the whole temperature range
correlation timer of the Ce spins is determined by the char-and heavy fermions saturate at a high value at low tempera-
acteristic temperature according tor&kgT*/h. At higher  tures, Kondo insulators exhibit a maximum XH/T at a
temperaturesT >T* it shows a behavior like xt\T.?°>So,  temperature .., Which is a rough measure for the width of
for T<T* we expect an additional, strong linear increase ofthe gap.
the linewidthAH with the temperaturédotted curve in the Before we apply this plot on our experimental linewidth
upper frame of Fig. # data, we have to subtract the residual linewidtH ,, which
In contrast to the typical heavy-fermion pattern, foris always present in real samples and which is caused by
CeNiSn the slope oAH(T) again decreases at lowest tem- impurities and grating division errors. To obtakH,, one
peratures and approaches zero. A similar behavior was olftas to extrapolate the linewidth data to zero temperature.
served in the intermediate valent compounds GeERuad Figure 5 shows AH—AH)/T, which nicely resembles
CeOs, where the Korringa slope of the Gd linewidth was the expected pattern for a Kondo insulator. The ESR results
about 10 times smaller at low temperatures than the Korringare compared td°Sn-NMR and static susceptibilit;;{(():e re-
relaxationb in the respective reference compounds YBdd  sults. The!'®Sn-nuclear spin relaxes via Fermi-contact inter-
LaOs.'°?This was explained in terms of a reduced densityaction to the conduction electron system. Therefore, an
of states of the conduction electrons within a regkg&* at  analogous expression to E(B) holds for (17;)yur. The
the Fermi energy. For a quantitative descriptibhly, was ~ NMR data of 1/(T;- T) show a similar behavior as the ESR
calculated with an energy-dependent density of states. Theata. The orientation-dependent measurements are very simi-
contributionAHgkky vanished because of the delocalizationlar to each other, in particular the position of the maximum,
of thef electrons in intermediate valent systems. which is a gauge for the gap, does not change with orienta-
In CeNiSn, however, the contribution of the spin fluctua-tion. These data also characterize CeNiSn as a Kondo insu-
tions cannot be neglected. Therefore, a quantitative descripator.
tion would be much more complicated. Here we confine our- Macroscopic experimental methods like the magnetic sus-
selves to a qualitative argumentation and to comparisoneeptibility y prove the microscopic dat&:The decrease of
with results of other experimental methods. for low temperatures can be explained by a reduction of the
The gradual development of a pseudogap in the density adensity of states at the Fermi level. As the correlation time
states of both the conduction electrons and theslectrons  changes only slightly folf <T*~20 K, (AH—AH)/T be-
below a characteristic temperature is a generic feature, whichaves similar to the susceptibility. At low temperatures mag-
follows from the coherence of a Kondo lattitelf the  netic impurities may influence the magnetic susceptibility
pseudogap develops just at the Fermi level, it should reducsignificantly.
the relaxation rate due tAHy as well asAHgkky , Which To examine the influence of the substitution of Ni by Co
both depend oMN(Eg). Therefore, one expects &shaped or Pt, we use again the\H— AH)/T plot (Fig. 6). First we
temperature dependence, which is shown as solid curve isee a constant value for the compound with 10% Co, which
the upper frame of Fig. 4. The qualitative agreement ofbehaves like a normal metal. The compound with a Pt con-
AH(T) of the measured curve of CeNiSn, shown in Fig. 2,centration of 18% shows a constant high value for low tem-
with the model of a Kondo insulator as shown in Fig. 4 isperatures, typical for a heavy-fermion system. All other
clearly evident. curves exhibit a behavior like a Kondo insulator with a maxi-
For further discussion and comparison with NMR, sus-mum at temperatures between 5 and 15 K. This maximum
ceptibility and specific-heat experiments, we choose thehifts to lower temperatures for increasing Pt concentrations,
AH/T plot, which better pronounces the effect of the and to higher temperatures for Co doping. As described be-
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FIG. 6. (\H—AH,)/T as a function of temperature for differ- 2nd maximum of AH—AH)/T (L, left axi9 of ESR measure-
ent Co and Pt dopings. ments and maximum o ,,/T (A, right axi9 (Ref. 26 for different
concentrations of Céx) and Pt ).

fore, the maximum characterizes the width of the gap in th

density of states. However, the right extrapolationte, is eheavy-fermion behavior. Figure 7 also shows data of charac-

’ : coe - teristic temperatures for the gap, got by measurement of spe-
sometimes quite difficult. To avoid a dependenceldty, cific heat?GpThese data cor?es%o%d v)éry well to our ESIF?)

we therefore introduced a characteristic temperaflige data
which describes the temperature, at which the bending of =
second differential on temperature changes from positive to

negative sign for increasing temperature. This turning point V. CONCLUSION

is characteristic for the size of the gap, too. _ ~ We have shown that Gd-ESR nicely probes the coherence
To determine the behavior of the gap with an increasingyap in Kondo insulators. The S-shaped temperature depen-
volume of the elementary lattice cell, we substitute Ni by Pt.gence of the linewidth in CeNiSn:Gd is comparable to the
We clearly see in Fig. 7, that this leads to a decrease of thigpin-|attice relaxation rate T/ of 1%Sn-NMR, which both
characteristic temperature fro9 K atpure CeNiSn to 4 K measure the conduction-electron density of states at the
leads to an increase of the characteristic temperature, indicainto the Ni site agrees with specific-heat experiments. Pt
ing an increase of the gap. On the other hand, the behavior ¢foping increases the cell volume, hence decreases the hy-
the linewidth gets more linearly. This points to the fact, thatpigization and therefore narrows the gap, whereas Co

the density of states at Fermi level is not zero, but becomegnhanges the electron configuration, disturbs the coherence,
higher and higher for increasing Co concentration. At aboung the gap is gradually filled and smeared out.

10% Co the gap is completely filled, and the sample behaves
like a metal.

Co substitution does not change the size of the elementary
cell volume. X-ray measurements revealed, that the lattice We are grateful to A. Brand, B. Mayer, S. Saladie, and D.
parameters remain almost constant for doping up to 10% CWieweg for the preparation of the samples and the x-ray mea-
on the Ni sites. The most important effect of the Co seems teurements. This work was supported by the Bundesministe-
be the reduction of the number of electrons. This leads to @um fur Bildung und ForschungBMBF) under Contract
destruction of the Abrikosov-Suhl resonance and so of thélo. 13N6917/0.
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