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Detailed experimental and theoretical studies of the low-temperature specific heat, magnetic susceptibility,
thermal expansion, and magnetostriction of the orthorhombic compound CeNiSn are presented. All anomalies
observed in the thermodynamic and magnetic properties of CeNiSn are explained in a framework of a model
of a metallic Kondo lattice with well developed spin-fermion-type excitations. The pseudogap behavior of
these excitations appears due to interplay between spinons and soft crystal-field states. The thermodynamic
relations for the spin liquid are derived. Together with the explanation of inelastic neutron scattering spectra
given earlier within the same approach these studies of the low-temperature thermodynamics and magnetic
response give a consistent description of the nature of anomalies in the low-temperature thermodynamics of
perfect and imperfect CeNiSn crystal§0163-182609)06819-9

[. INTRODUCTION the pseudogap used in early phenomenological theories
hardly can be responsible for all loWpeculiarities observed
The orthorhombic compounds CeNiSn and CeRhSbh aren the physical properties of CeNiSn and CeRhSb. It is
known as Kondo lattice systems with peculiar thermody-meaningful, e.g., that the unusual temperature dependence of
namic and magnetic properties. Unusual features are olthe NMR relaxation rate T~ T2 which was explained by
served at low temperaturds<T* in the specific heat, the theV-shape form of the density of electron states around the
thermal expansion coefficient, the magnetic susceptibilitychemical potential at the bottom of the pseuddgipob-
the magnetostriction, and the NMR relaxation retee Refs.  served exactly in the same temperature interval where the
1 and 2 for a review of early dgtaThe characteristic tem- conventional Fermi-liquid-typd? law is seen for the elec-
peratureT* is ~10 K for both systems. It should be empha- trical resistivity® At T<1 K the relaxation rate obeys the
sized that this temperature is much less than the Kondo tentinear-T Korringa law characteristic for fermions with con-
peratureT estimated by standard methods, e.g., extractedtant density of statésOne more striking feature of the low-
from the logarithmic high-temperature dependence of thenergy excitations in CeNiSn is the extremely complicated
electrical resistivity. In the early measurements the electricalQ, w)-dependent structure of the inelastic magnetic scatter-
resistivity showed an upturn at low temperatures in the teming spectra that was observed in the same temperature region
perature regioriT <T*. This upturn was interpreted as the T<T*.”®In gross features these unusual spectra also can be
indication of a nonmetallic ground state of these systemsinterpreted in terms of a pseudogap in the spin-excitation
and the energy gap in the heavy electron spectrum waspectrun®, although this phenomenology seems to be too
claimed to be responsible for the peculiar behavior ofsimplistic to explain numerous details of the highly aniso-
CeNiSn and CeRhSb. These materials together with the curopic neutron scattering cross section.
bic Ce- and U-based compounds,;Sk,Pt; and U;Bi,Pt;, The theoretical approaches to the problem either imple-
were classified as “Kondo insulators.” ment the idea of a Kondo insulator with all its shortcomings,
Later on it turned out that significant differences existor try to offer alternative mechanisms which are based on a
between the real-gap cubic semiconductors and the orthanetallic type of electron spectra and seek the explanation of
rhombic CeNiSn familysee Ref. 4 for a reviewMost strik-  low-temperature thermodynamics and magnetic response in
ing was the observation that the CeNiSn single crystals othe unusual properties of the magnetic excitations. In the first
good quality show metallic character of the resistivigt ~ case the starting point of the theory is the mean-field slave-
very low temperatures, and such behavior seems to be ifboson approximation to the Anderson latti€é! The latest
compatible with the idea of a gap or pseudogap in the elecversion of mean-field hybridization thedryefers to the ac-
tron spectrum. Comparing the metallic behavior of electrortual symmetry off-electron states in the orthorhombic crys-
transport with the anomalous low-temperature thermodytal. Since this procedure implies strong coupling of spin and
namics, one could suspect that the electronic spectrum witbharge degrees of freedom, the g@p pseudogapin the
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excitation spectrum necessarily means a semiconductor dow-temperature specific heat, and thermal expansion of
semimetallic type of electrical resistivity which, apparently, these systems by using the same mttf€idemonstrated the

contradicts the experimental data mentioned above. validity of the spin-liquid description.
An alternative approach was offered in Ref. 12. In this
theory new characteristic features with an energy scale of Il. EXPERIMENT

T<Tg appear in the spectrum of the spin excitations due to Th tostricti f singl talline CeNiS
the interplay between the nonlocal spin-fermion excitations € magnetostriction ot singie-crystafiné L.eNisn was

characterized by the energy scaleTgf and the single-site measured in magnetic fields up 8 T atselected tempera-
crystal-field (CF) excitations with the energydce<Ty . tures of 0.5, 1.4, and 4.3 K. The magnetostriction is defined

Within this model the semiquantitative description of theby)\z[L(B)—L(O)]/L(O),whereL(O) 's the length of the

. . specimen along a certain crystallographic direction in zero
low-energy specific heat and the thermal expansion Coeﬁ'Fna netic field. The magnetic field was always applied alon
cient was given in Ref. 13. The CF levels are not seen di- g ! g yS app 9

rectly either in CeNiSn or in CeRhShand this result indi- ]Eh?do(;t'horhommaa aX|ds, while )a.w?s mea;urfgtjldalcj?ng t.he
cates that these local excitations are “dissolved” in the'< irection ¢.,) an perpendicutar to the fie Irection
continuum of low-energy excitations of the Kondo lattice. alqng th(?b ()\*?) and thec axis (). The volqme m.agneto—
However, the indirect estimate of the magnitude of crystaFtrICtlon is defined bk, =Aa+hy+ A for a fixed field di-

field created by the Ni ions on the Ce fteonfirmed the rection. The field was applied along thexis because this is
validity of the inequalityA ce<T the easy axis for magnetization: the low-temperature suscep-
CF K-

Basing on the available experimental data related to théIbIIIty Xa IS abﬁybt_ta factor 2 Iarggr th% and )gcl’zalzd’
structure of magnetic excitations in CeNiSn, the quantitativemOreover')(a exnIDILS a pronounced maximum a )

theory of interplay between heavy fermions and CF excita- . The experiments were carried out on a Czochralski grown
tions in CeNiSn was offered in Ref. 15. The theory involvessmgle'CryStaIIIne sample. The sample was shaped by means

the idea of spinon excitations in a spin liquid of resonatingOf spark erosion into a cube with edges along the principal

valence bondRVB) type. These spinons are well defined ix;s r?; t_?_ﬁ orthorhtomtb]cf unit_cell aé<b>;c§2><2
fermions at low temperature, and their dispersion is deter- mnt). The magnetostriction was measured using a sen-

mined by the Ruderman-Kittel-Kasuya-YositRKKY ) ex- sitive parallel-plate capacitance cell machined of oxygen free
change in the Brillouin zon¥. As a result of the interplay high-conductivity copper. The magnetostriction cell was

between these excitations and soft CF states, the spectrumfgfedéo the_cold plate thééHe if_‘se”' whiclr:j ist,)ope;rateg \.Nith
spin fermions in the low-symmetry lattice of CeNiSn trans-2D adsorption pump. ThéHe insert could be placed in a

forms in such a way that a deep minimum appears in the spiPerconducting solenoid witBy,—=8 T. The magneto-
density of state¢DOS) in the vicinity of the spinon Fermi striction was measured by recording the capacitance, while

level. Since the spin excitations are decoupled from theOWly sweeping the field. Temperatures were stabilized by

charged Fermi-liquid excitations in the conduction band, thd®gulating on a field-insensitive RyQchip resistor which
gap in the spin DOS does not imply a corresponding gap iF€Ved as a thermometer. o _
the electron DOS, and the system possesses metallic conduc- 1 1€ €xperimental results are Shf)l"’” in Fig. 1, while the
tivity whereas the spin excitations are responsible for théOefficients of magnetostrictiog =L ~“dL/dB, obtained by
thermal properties. It was shown in Ref. 15 that the inelasti@ifferentiating the data of Fig. 1 with respect to the field, are
transitions between the spinon states in the Brillouin zone arghown in Fig. 2. At the highest temperaturé=4.3 K,
responsible for the complicated picture of inelastic magnetici (i=a,b,c) is a monotonous function of the field. The
neutron scattering. The successful attempt at the quantitative&ystal expands in tha-b plane and shrinks along tiweaxis
description of the magnetic scattering functi®tQ,zw)  When Blla. The magnetostriction is anomalous in the sense
gives us strong arguments in favor of the existence of spinthat the curves\{(B) deviate from the standard linear be-
liquid correlations in CeNiSn and related materials. More-havior for paramagnetic systems. At lower temperatures this
over, the fitting of the theoretical spectra to the experimentafinomalous behavior becomes stronger dhg/dB change
S(Q,Aw) provided us with the values of the model param-their signs with increasing field. For instance,Tat 0.5 K,
eters. With these data at hand we are able to give a quantihe a-b plane shrinks till~4.5 T and thec axis expands till
tative description of the temperature dependence of various 7 T. The anomalous behavior is also seen in the volume
thermodynamical functions on the assumptfori that the magnetostriction as a negative contribution at low tempera-
spin-liquid-type excitations give the main contribution to thetures, although it is not very pronounced.
low-T thermodynamics. Thus, a unified description of the The magnetostriction data are in good agreement with
low-temperature and low-energy properties of the orthofrevious thermal expansion measurements in zero and ap-
rhombic CeNiSn family becomes possible. plied magnetic fieldsg||a) of 4 and 8 T, taken on the same
The main purpose of the present paper is to give a desingle-crystalline specimeri.Strong anisotropy is observed
tailed experimental and theoretical picture of the low-in the linear expansiopa;=L~*(dL;/dT)]: the dependence
temperature specific heat, magnetic susceptibility, thermak.(T) is anomalous with respect ta, ,(T). In magnetic
expansion, and magnetostriction coefficients in the CeNiSield a sign reversal takes place at low temperaturgés (
family. This description should be consistent with the picture<3 K at 8 T): a,(T) becomes negative, while, and «y,
of magnetic excitations, as given by the inelastic neutrorbecome positive. The;(T) curves show several anomalies,
scattering experiments. Some of the experimental data fdout the coefficient of volume expansioa,= a,+ ap+ a¢,
CeNiSn and CeRhSb were published in Refs. 13 and 17. This monotonous. Our magnetostriction data are also in excel-
first attempts at describing the inelastic magnetic spectrdent agreement with the data reported in Ref. 19 in the tem-
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CeNiSn for a field directed along theaxis. All notations are the
FIG. 1. Magnetostrictionn of single-crystalline CeNiSn for a  same as in Fig. 1.

field directed along the axis (bold lineg and elongatior{or con-
traction along thea, b, andc axis (thin solid, dotted, and dashed deviate from the normal temperature and field-independent
lines, respectivelyat temperatures of 0.5 Ka), 1.4 K (b), and 4.3  behavior at low temperatures and in low magnetic fields.
K (c).
1. HAMILTONIAN

perature range 0.1-4.2 K and field range up to 20 T. AND THE ENERGY OF THE SPIN LIQUID
It is known that the reversible volume magnetostriction is

thermodynamically equivalent to the strain dependence of The orthorhombic compounds CeNiSn and CeRhSb are

the magnetic susceptibility(B,T) (Ref. 20, usually classified as Kondo lattices with moderately heavy
fermion (HF) properties. The basic Hamiltonian which de-
) dx(B,T) scribes the Ce-based HF systems is the Anderson lattice
Av(B-T)=KTB(W)T . (D Hamiltonian for the C& (f) ion hybridized with the con-

duction electrons. In the Kondo lattice limit when the va-
[the magnetic susceptibility is defined ag(B,T) lence of the Ce ion is close to integer, one deals with well
=M(B,T)/B, whereM(B,T) is the magnetization There- localized f electrons for which the inequality/LFA< €
fore, one can extract from the experimental result the field_g . js pelieved to be validhere Vi, is the hybridization
and temperature dependence of the magnetic susceplibilipayrix element between tHeelectron localized on a siiein
volume derivative [dx(B,T)/dInV]gr. Introducing the 5 giate|A)=|T'») with the energyEy of the f electron in a
doubly differential magnetostriction coefficient crystal field and the partial component of the Bloch wave
" I |kA), v is the row of the irreducible representatibrof the
A(B.T)=B "(d\y/dB)y,r @) crystal point group.eg is the Fermi energy of conduction
one can express the logarithmic volume derivative of theelectrons. This hybridization integral is taken in the Cornut-

magnetic susceptibility as Coqgblin (CC) approximatioﬁ2 which represents the Bloch
functions by their partial waves; , , and takes into account
ax(B, T A/(B,T) only the diagonal inA hybridization matrix element¥, ,
dlnVv VT: PR 3) =(kA|V|iA). Then the hybridization effects are reduced to

exchange like interaction between the localifeelectrons
It is seen from Fig. 3 that the temperature and field depenand the conduction electrons with an effective coupling con-
dence of the volume derivative of the magnetic susceptibilitystant
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dx/dlog V (10”3 emumol) Here
150
100 ‘}AM}“ Hf:LEA ErliA)(iA] 5
50 describes the Cét) ions on the lattice sites.
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1507 The effective exchange interaction mediated by conduction
; electrons is given by the last two terms in the Hamiltonian
100 4,
- i#i’
S0 ( ) I AA' t
i b H =2 2 i fiTAfiA’fi'A/fi’Av (7
L. HE AA!
O i il I
i / / and the non-CC interaction is represented by the last term
50 / 05T +1T % 15T =27 >aT H&S, which is responsible for the interplay between the HF
: 44T 45T EgT *7T and CF excitations in our model,
-100 ; : | ; : : ; ‘ )
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0 0.5 1 15 2 25 3 35 4 PATAT
TAANATA T
T (K) Hg}(c})(YZZ 2 [Iii/ fiTAfiA’fi/,\ffi'A”"'H-C]-
i’ AATA"

8
FIG. 3. Field and temperature dependence of the logarithmic ®

volume derivative of magnetic susceptibility evaluated from®%.  This is the lowest ind terms among the non-CC indirect
(the isothermal compressibility ie;=1.8< 10~ ** m?/N according  exchange interactions which admix the excited CF states
to Ref. 2_]): (@) field dependence_ foT=0.5 K (squares T |A)=|Ev’) to the ground state doublpt)=|Gv).
=1.4 K (diamonds, andT=4.3 K (triangles; (b) temperature de- The uniform spin-liquid state in the Heisenberg-like
pendence for different magnetic fields. Hamiltonians with antiferromagnetic exchange constant is
. described by the free energy expression
I (KK =VIEV,, o/ (e—Ep).

(87t

F=B &BHAB' — B 1S, (©)

As was shown in Refs. 12 and 15, the non-CC hybridiza-
: NN ’ AN Al [
tion Vi =(IA|V'|kA") is of crucial importance for the in where 3 1=kgT, S.. is the magnetic entropy at—«, and
terplay between the one-site crystal-field excitations and th% is the average value of the Hamiltonian expressed via the

nonlocal spin-liquid excitationéhereV' is the component of . . . .
the crystal field which has a symmetry lower than that diago_two spinon correlator. In the case of the isotropic Heisenberg

nalizing thef electron energy termgr. Respectively, the Hamiltonian this average energy is given by
non-CC effective exchange constant is introduced as T
o o £=2 — (8, (10
IM (KK =VIA * V., /(e—Er). it
where
In the case of completely suppressed charge fluctuations
in thef channel thesf exchange can be taken into account in A=t (11)
the second order approximation, and one comes to the effec- & Hiali'a,
tive RKKY-like Hamiltonian, where thd-electrons are rep-
resented only by their spin degrees of freedom described bgnd « stands for the “flavor” (e.g., spin projection in the
the spin-fermion operatorfs, . When the CF excitations are case of pure spin statesAfter Fourier transformation the
involved, this Hamiltonian acquires the following forfde- ~ average energy of the uniform spin liquid acquires the form
tailed derivation ofH® can be found in Refs. 15 and 23

T
E=Z2 D op_glApAy). (12)
HS=H;+Hp+HEy + HEXy - (4) 246 &7 a(Apha)
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Here ¢, =2, exp(—ik-R,) is the structure factor for the ex- As a result, the average energy becomes the functional of

change interaction. the “occupation numbers”
Usually, in three-dimension&BD) Heisenberg lattices the +
spin-liquid state has higher energy than the antiferromagnetic (Feofierv) = Ny Ok 8,01 (16)

(AFM) state?* and the standard mean-field approach predictgng the final equation for energy per Ce i6(T,{n,}) has
magnetic order at low temperatures. However, the mechahe form

nism stabilizing the spin-liquid state in Kondo lattices was
proposed in Refs. 16 and 25. It was shown within the mean- A
N

me

(0
field approximation that the AFM phase can be suppressed AT {n})= —CL % N, @i, ({Ni}) 17
by Kondo-type screening, providef~kgTx, and that the

spin-liquid state which is not that sensitive to Kondo scatter{see Appendix B HereA{Y is the energy of the lowest CF
ing can be realized instead. Recently it was pointed®abat ~ excitation which is introduced for the sake of convenience
the influence of low-lying relaxation modes in the spin sys-(to make all matrices dimensionlgsand{n,,} is the set of
tem can transform the phase transition to the spin-liquid stataverage occupation numberg, which obeys the mean-field
into a crossover. The low-lying excitation mo@a particu-  global constraint condition

lar, the soft CF excitationscan play a similar role in stabi-

lization of the spin-liquid stat&’ and the thermodynamics in NS n =1, (19

this case should be described by the equation generalizing R

Eq. (12) for the case of CF excitat.ions admixed to.the groundThe occupation numbers

Kramers state of the rare-earth ion. The dynamical correla-

tion function(A,A),, determines the frequency dependence AQd,, —u) ]t

of inelastic magnetic neutron scatteritigso the possibility N =| 1+exp — = (19
opens for a unified description of the low-temperature ther- . _ B

modynamics and the low-energy spin excitations. are defined in terms of form factofs,,,,

To realize this possibility we first should derive the ex-
pression for the free energy of the Kondo lattice described by ® V:z 2 ®A(§,k)ZAA,’(k) @A’(gr,k) * (20
the HamiltonianH®, Eq. (4). This means that we should find v e (1O ]

the energy¢ or, eventually, diagonalize the matrix (u is the chemical potential Then the matrixZ represented

by its matrix elements
M=H®-1-E (13 L
AN’ ' ikeua AN/
in terms of the variabled. Zgp (W=F"" gt 5 % e (W) (2Y)
Having in mind the low symmetry of the CeNiSn lattice,
we consider the general case of the elementarylaghich ~ should be diagonalized to find the eigenvecters(é k).
contains several sublatticés=1, . . . L possessing the same Hereu=I-I". The matrixF*A" has the form
point symmetry group as the &eion with the total mag-
netic momentl=5/2. When diagonalizingH®) given by Eq. ,
(4) in terms of spin-fermion variables, v?e ir>1troduce asingle F' =dx ENFBAAJFZ/ '?gr“_")A(cOF)) / A
anomalous correlatoAG=(fr,§,Gf|§G>, which corresponds v
to the ground state doublét=G. In the course of the di- +BAA'/A§;°F). (22)
agonalization procedure it turns out that this parameter de- _ ) ) _
termines the dispersion of both the lower and the highef!s (I—1") is the dimensionless exchange integral, see Ap-
branches of the excitation speptrgm which arise'due to intefpendix A] Finally, the variablesAAg}l(u) describing the
play between CF and HF excitatiofsee Appendix A RVB state[cf. Eq. (11)] are to be obtained self-consistently
We introduce the Fourier transformation from the system of equatior(#\6).
Thus, to calculate the thermodynamic coefficients of
CeNiSn we use the following procedure.
(i) We find the eigenstates,,, of the matrix®,, which
depend on the parameters of the Hamiltortiéh
to the basiglk»} which diagonalizes the translationally in- (i) These eigenstates are used to calculate the imaginary

variant matrix M [Eq. (13] and the averages Part of the correlation functioi’(Q,w)=(JgJ_q), Which
<f|Tf§fAfl§A> [v=1,...,(D+1)L]. The eigenvectorgd’  determines the dynamic magnetic response of the system,

!

fF§A=N‘1’2kE ek1eN(E k)T, (14)

are orthonormal, .
ImCP(Qu0) = 2 2 M= Miegu)(kv|J; [k+Q.v")

A A er * _ , , R
2;‘ 0, (&0, (&0 =xn e, X(k+Q,v'|J4lkv)8(hw+Ey,—Exto.,)
(23)
2 0M¢ k)[A,(g K]*=6,, . (15) and, therefore, the scattering function of magnetic neutron
YA v " scattering®
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(i) The average energy is determined by the Fourier | :
component of this correlation function taken at zero moment, - @ . N

K= f dkdwk “A(k,Q,w) (24) — ."6? 7; .ﬁ)
> @) : !
[see Eq(12) and Appendix B. Being diagonalized in terms b i ~ < |
of the eigenstatefkv), this energy is given by Eq17). 0. GQ ".@
(iv) Then, using experimental results of neutron scattering ‘ o B N
and thermodynamic measurements we fit the model param- @ @
eters to describe the neutron scattering function in absolute ‘
units and the heat capacity. Since the heat capacity, unlike ‘ o= o=
the neutron scattering spectra, is sample dependent we ob- - e i o e e s s s

tained two set of parameters. The first set describes the data
for high-quality sa_mp!es and t_he second one corresponds to FIG. 4. Orthorhombic CeNiSn lattice, the structure ob&
the sample used in dilatometric measurements. plane. Two Ce sublattices are denoted by black and gray circles,

The uniform static susceptibility(T) characterizes the yegpectively. The orthorhombic distortiall (solid arrows trans-
thermodynamic response to an external magnetic field and ifgms the simple hexagonal lattice into a two-sublattice orthorhom-
volume dependencithe magnetostriction is determined by pic one. The in-sublattice interactidq is denoted by a solid double
the limiting value of/C(0,0)]. We calculate it from the rela- arrow. The intersublattice interactidfy and G, is denoted by the
tion x(T)=M/B whereB is the magnetic field, antll is the  dashed double arrow.
magnetization of the spin liquid. Only the Zeeman mecha-
nism of this magnetization is taken into account in the casgeveral Kramers doublets involved can be presented in the
of weak fields ugB less than the characteristic coupling form
parameters which determine the spin-fermion spectrum ©

A2 1

IV. THERMODYNAMIC RELATIONS ED=}r 2 K(T)% Micse (10}, (25

We suppose that the low-temperature thermodynamics d¥here A?:F:_EE_EG’ and the factor; «(T) reflects the
CeNiSn is determined mainly by the spin-fermion excita-2P0ve-mentioned fundamental difference between the spin-
tions. Since the spin liquid is an unconventional Fermi lig-férmion state and the conventional Fermi liquid.
uid, and since our treatment of the spin-liquid state inherits 11iS factor is essentially nonuniversal: it depends both on
some of the shortcomings of the mean-field approximationth® degeneracy of the low-energy branches of the excitation
we start the discussion of the thermodynamic relations with &P&ctrum and on the lattice geometry. We simplify our con-
more detailed analysis of spin entropy. It is well kndn s[deratlon by adopting a ;lngle valge of this parameter f0( a
that one should take special precautions to eliminate the urfivén geometry of the lattice and given set of model Hamil-
physical states when introducing the fermionic representalonian parameters. As is shown in Appendix B, the main
tion for the spin operatorée.g., the states doubly occupied duantity which predetoerm_lnes the effective valuecadt low
by fermions with opposite spin projections which are absenteémperaturesk,T<A{&), is the degeneracy lifted by spin-
in original spin representation should be excludatlithout liquid correlations. According to 'ghe resqlts of des_cription of
such exclusion the wrong temperature behavior of entropyh€ neutron scattering spectra in CeNi‘érthe “hidden”
S(T) will result in incorrect description of the specific heat degeneracy of the spectrum equals 4 becaisall Ce ions
and other coefficients which are connected with the specifi@re in equivalent crystallographic positioris) the mixing
heat by strict thermodynamical relations. interactions comparable in magnitude WAQOF) connect only

To verify the applicability of our approach we compared Ce ions belonging to the santec planes(see Fig. 4 al-
the number of states in our model with that in the usualthough the CeNiSn lattice formally has four sublattices, and
Fermi liquid. The model situations considered in Appendix Bfiii) only one excited statge = ) =| + 3/2) interplays with the
demonstrate nonuniversality of t/T) law and its crucial ground state|G+)=a|+ 1/2)+b|+5/2) which is respon-
dependence on the parameters of the Hamiltonian, and, igible for the formation of the spin-fermion branch of the
particular, on the character of admixing the magnetic CFspectrum. As a result we come to the situation with two
excitations to the lowest Kramers doublet in the course oKramers doublets and two sublattices which is treated in de-
forming the spin-fermion branch of the excitation spectrum tail in the last example of Appendix B. Therefore we adopt
The diagonalization procedure described above gives thiéhe value ofk=1/4 atka<A(C°F).
equation for the average energy which is sensitive both to the At high temperatures the admixing of higher stattrse
degeneracies of the bare states of the Hamiltohiamvhich ~ magnetic CF excitons and the branches split due to inter-
are lifted by the spin-liquid correlations, and to the temperasublattice exchangdecomes essential. As a result, the esti-
ture compared with the degeneracies lifted alreadytifCF  mations of the coefficients in EqB10) together with the
level splitting. According to the calculations for the third normalization condition(15) give the value ofk~1/2 for
model of Appendix B which is close enough to the real situ-these temperatures. Eventually, at high enough temperatures
ation in CeNiSn(see belowthe average energy of the spin exceeding all energy splittings in our Kondo lattice the nor-
liquid (17) in the Kondo lattice with several sublattices and mal behaviorS(T) is restored, but the apparéhientropy
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deficit at low and intermediate temperatures is an intrinsic It was shown in Ref. 15 that the interactions which form
property of the model. This deficit is an observable effectthe dispersion of the spin-fermion excitations are confined
and its existence was noticed in many measuremégs  mainly within theb-c plane of the CeNiSn lattice. The struc-
below). ture of this plane is determined by the orthorhombic 2D el-
The spinon contribution to the heat capacity(T) per ementary cells which contain two Ce ions in the sites&
mole of Ce ion for fixed volumé& was calculated using the where£=1,2 is the sublattice indefsee Fig. 4 This net-

standard expression work is defined by the Bravais vectoB=(b,0) andC
=(0,c) and the basis vectal=(0,— b/2,c/2— O). HereQO is
Cu(T)=Na[d&(T)/dT]y, (260 the orthorhombic distortion which transforms the one-ion

where&(T) is the spinon energy per magnetic i626) and hexagonal Igttice into the ;wo—ion orthorhombic one.
N, is the Avogadro number. The molar spinon entropy for To describe the 2D spinon spectrum at low temperature

fixed volumeS,, and the free energy of the mai,(T) are T—0 one has to introduce the coupling constants which de-

found from the equations scribe the matri%??,'(k), Eq.(21). We confine ourselves to
Tey(7) the simplest nearest neighbgidN) approximation and in-
C T . . . _ .
Sm(T):f VT dr 27) troduce the parametefd, which describe the in-sublattice,
0

nd T,=AQATENN)2=AGATE(NN)2, (31
and intersublattice,
F(M=NAET)=TS(T). (29 006 01 06

It is known that, in general, such thermodynamic charac- o= Acrhiz (NW/2=Aepdz (NN)/2, (32
teristics as the magnetic susceptibility, the volume expansionoupling. These constants are responsible for the formation
coefficient, and the volume magnetostriction can be estiof the spinon spectrum which arises due to RVB correlations
mated from the dependence of free enefy(T,V,B) on  within the ground state CF levels=G of Ce ions!® Simi-
the volumeV and magnetic field3. We find these depen- larly, the interplay of spinons with the lowest excited CF
dences within a framework of the model of spinon spectrunstatesA =E is defined by the intrasite nondiagonal matrix
which was successfully used in Ref. 18 for the description oklement given by Eq22),
the inelastic neutron scattering spectrum.

gleGE:FEG, (33)

V. MODEL OF SPINON SPECTRUM and the intersite mixing coefficient

CeNiSn crystallizes in the orthorhombic lattice which be- (0)  GE (0) A EG ,
longs to the noncentrosymmetric space grén®2,a.>’ The Go=AcpA i/ (NN)/2=AcpA /(NN)/2,  §#&7. (34)
point symmetry of the crystal field on Ce ions can be treate

as nearly trigonal@54) with the rotation axis parallel to the dl'he conditiong= £’ for intermixing of ground and excited

a axis of the crystal, and the monoclinic distortio@ can doublets arises due to the orthorhombic distortion which re-

be considered as a small correction to the trigonal crysta?UItS in the two-sublattice structure of the Bla(ﬁeg. 4.
field X Therefore, to describe the bare CF statesve use To introduce the renormalized CF splittidg.r one has to
the irreducible representation of the trigonal point grouptonsider the diagonal terms of E@?2). This contribution
Dsq. Itis shown by indirect experimerifsand confirmed by _

the quantitative agreement of the calculated and experimen- Acr=ASY(FEE-FCC) (35
tal inelastic neutron scattering spectrthat the ground state

level and the first excited level form a pair of Kramers dou-T€normalizes the bare value of CF splittind)=Ee—Eg
blets Then two terms determine the renormalization of CF split-
ting A2,
|G=)=a|*=1/2)=b|+5/2), (29
Acr=A%+6,+6,. (36)
|[Ex)=|%3/2) (30 _ _
The first correction
separated by the energy interva}t<40 K which is much
less than the energy of the second excited CF level of Ce 5,=BEE—BCC (37)

A%, The recently reported excitations, centered around 40 , _ _
meV 3! apparently should be ascribed to this second CRS defined by intrasite processes, and the second one is due to

intersite interaction

state.

To calculate the average ener§yT) one should solve the ,
system of Eqs(20)—(22) and(A6) under the constraint.g). 8=, {l e (1-1) =18, (1-1")}. (38)
We are interested in the low-thermodynamics of CeNiSn e’
(T<20 K). These temperatures are essentially less than the . . . . .
bandwidth of the RVB bandW~ 150 K, see Ref. 1650 we Details of the procedure which diagonalizes the matrix

can treat approximately the anomalous averag€§ as ZQSA, (k) and gives the eigenvecto®" (¢,k) and eigenval-

temperature-independent correlatérs® ues®,, are described in Ref. 15.
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VI. SAMPLE DEPENDENCE TABLE |. Parameters which define the spinon spectrum in the
OF THERMODYNAMIC PROPERTIES samples of higher and lower quality.

It is known that the thermodynamic properties of CeNiSn  p5rameters High quality Noltest al.
depend on the specimen qualifyAt the same time the main (Ref. 17
features of inelastic magnetic scattering spectra are the same
(i.e., 2.5-meV and 4-meV inelastic excitatiorfer different 7 16.15 K 14.40 K
specimeng:®®® Therefore, the theory which considers the T, 24.65 K 12.40 K
thermodynamics should explain both the sample-dependent G1 1.83 K 3.00 K
thermodynamic properties and the sample-independent neu- G, —-6.60 K —-5.41K
tron scattering function. Acr -20K 8.0 K

Improving the quality of the samples means getting rid of a 0.53 0.62

inclusions of other phases (g®;,CeNbSn,,CeNizSn,).°

This means that the more imperfect samples are less stoi- . . .
chiometric. The vacancies and interstitials influence both the 1 ne last effect which has to be considered is the change of

charge and spin components of elementary excitations. First'€ coefficients of the wave function&9). This change is

the impurity scattering results in appearance of randonfonnected with the renormalization of the wave functions of
phase shiftss(r) in RKKY interaction integrals® a Iow-ss%mmetry system when the exchange interaction
' changes:

Two sets of parameters which take into account these ten-
dencies for the high-quality specinfeand the specimen

which was used in linear expansion and magnetostriction

(r=[x=x']). Being averaged over impurity configurations, .o rement&!” are presented in Table I. The fragments of
the RKKY _interaction acquires exponentially decaying DOS for both sets of parameters are shown in Fig. 5. The

asymptoticd (Rce.cd ~€XP(~Rce.cd/N) for r>\ whereX is  heat capacities for perfect and imperfect specimens are pre-
the electron mean free pathlf N exceeds the lattice con- sented in Fig. 6. To illustrate the relative insensibility of
stant (and this is the most realistic situatiprthe average neutron spectra to the sample quality we calculated the scat-
value of | is irrelevant to the spinon dispersion. Theeal  tering function(in absolute units for momentum transfers
fluctuations of exchange interaction witifr) large enough where 2.5 meVFig. 7(a)] and 4 meV[Fig. 7(b)] are ob-

to change the sign of(I—1") from positive to negative are of served. It is seen that the neutron scattering spectra for both
major importance in this case. The sign change means specimens coincide in gross features. The experimental ab-
break of RVB between the sitésand|’. Another source of solute valueSof the scattering cross sections are also repro-
such a break is the vacancies in Ce sublattices. Of coursduced.

these defects should result in the appearance of local mo- In the following analysis we use the set of parameters
ments which influence the loW-magnetic susceptibility and presented in the second column of Table | which correspond
resistivity. However, we are interested here in the cohererto the heat capacity of the less perfect specimen used in
part of the spinon spectrum which is dominant in specificdilatometric measurement$?’

heat and the neutron scattering spectra. The influence of

magnetic defects on the coherent part of the spectrum can be VIl. MAGNETIC SUSCEPTIBILITY

described in a virtual crystal approximation where the aver-

aged over the defect configurations paramefgrand7, are
used in the calculations of the spinon dispersion law. These _
averaged parameters should be smaller for less perfect Xm(T) =~ B
samples with larger number of broken RVBs. Moreover, the
averaging procedure should “level” the difference between DOS (mJ /mol K2)
the in-sublattice and the intersublattice coupling constants.
This is why we assume that the reductionBfis greater 2001
than that of7;. i
Second, the increase of the defect concentration results in 150
the increase of the intersite mixing paramegerdue to low- ,
ering of the lattice symmetry. The change of the intersite 100k
mixing parameteg, is influenced both by increase of defect-
induced mixing and by reduction of intersite exchange.
Therefore, the influence of imperfections on this parameter is

not knowna priori. Since it is supposéﬁlthatllgg,(l—l’)|
>|I%,(I—I’)|, the renormalization of CF splittingd cr 60 -40 -20
— A% is defined mainly by the exchange interactik%G@,(l E(K)

flr).' One of th_e_ Condlt_lons of Spm'l_'qu'_d RVB state forma- FIG. 5. Fragments of the density of statd30S) of spinon
tion is the positive antiferromagnetic sign of these mterac-SIOectra for a high-quality sampibold line) and a imperfect sample

tions. Therefore, the renormalized valueXd is lower for  (thin line). The position of the spinon Fermi level is indicated by
better samples. the vertical dashed line.

T(x,X")~ (ker) ~3cog 2ker + ()] (39

The standard definition

1 (a}'m(T)
B JB )TN

(40

50

0
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C /T (mJ/mol K2 X (10 3emu/mol)
200 9

180
160
1407
120
100]
80
60|
s0|

7.5 1 L 1 1
0 5 10 15 20

20 T
0 L n L I 1 I L 1 L L I 1 I L
o 2 4 6 8 10 12 14 16 18 20 FIG. 8. Calculated magnetic susceptibilitine) compared with
T (K) experimental data for specimen no. 4 from Ref. 5.

FIG. 6. Temperature dependence of the heat capacity. Th%pinon wave function in the banegwith a wave vectok can
dashed line represents the spin-fermion contributigp, for an be represented as a linear combination
imperfect sample, and the solid line gives the Sommerfeld coeffi- P

cient with an additional contribution from the conduction electrons 6 oN—7
Yeons=8 mMJ/mol K. The spinon part calculated for a high-quality |vk>= 2 E}\(v,k)‘—>, (42)
sample is presented in the inset. Experimental points for a perfect A=1 2

sample are taken from Ref.(&iangles and those for an imperfect

sample are taken from Ref. 12quares where £, (v,k) are coefficients which obey the orthonormal-

ity relations. Therefore, applying the Zeeman opera&d)

was used in the calculation of spinon contribution to molarto this state we calculate the faciB,,

magnetic susceptibility,,. Since the magnetic response of 6 on—7)2

CeNiSn is maximal for fieldB, applied along thea Gsp:( 2 |£)\(v,k)|2—) ' 43
direction! we consider only this easy axis componentgf A=1 2

and limit ourselves by the Zeeman mechanism of polarizagpich appears in the Wilson ratio instead of the electgon

tion of spin liquid described by the Hamiltonian factor:
Fiz=0:153:Ba. (4 3 pe
o e X T=0)= = 2 Gy, (44)
. . . . 21,2 p/sp
Hereg,=6/7 is the Landdactor for the C&" configuration, 7 Kg

ug is the Bohr magneton, arfija is the a projection of the
total angular momentum operator. It is kno\that the Som-
merfeld coefficientys,=C(T)/T is practically constant at
lowest temperature$<1 K. Therefore we use the Fermi-
liquid relations for the spinon subsystem Bt0. For ex-
ample, the Wilson ratio for a spinon liquid can be derived in Gep— g3(5b%/2— a%/2)2. (45)
close analogy with the electron Fermi-liquid expression. The
Then, using the parameters from the last row of Table I, we
S (mb / sr meV Ce) S (mb / st meV Ce) find the value of 1.3%10 2 emu/mol for the spinon mag-
10 15 netic susceptibility all— 0. This calculated value is signifi-
Q=(0,3/2,1) cantly lower than the measured one. Therefore, one should
conclude that the magnetic susceptibility is not determined
only by the spin-fermion contribution.
To check this assumption we calculated the temperature
dependence of magnetic susceptibility uplte 20 K by di-
rect use of Eq(40). It is seen(Fig. 8 that good agreement
with experiment can be obtained if one considers the total
magnetic susceptibility as a sum of spinon Zeeman part
XspkT) and background contribution x,=6.35
X 10~3 emu/mol which is constant dt<20 K. This calcu-
lation perfectly reproduces the position of maximum and the
shape of the curve at<20 K. Sincey(T) in this tempera-
ture interval is determined by the low-energy sharp features
FIG. 7. Scattering functions of inelastic magnetic neutron scatOf the spinon spectrum one can conclude that the Zeeman
tering in absolute units calculated for high-qualityold line) and  splitting of the structured part of the spinon spectrum is re-
less perfect sampleshin line). sponsible for the observed behavior pfT). The possible

Neglecting in the simplest approximation admixture of
the statdE=+)=|=+3/2) to the spinons which form the RVB
band, we find that the lowest spinon state generated by the
level (29) gives

E (meV) E (meV)
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source ofyy, is the Van Vleck contributioryyy to the sus- (P is pressurgcan be expressed in terms of the isothermal
ceptibility from the second CF excitation with the energy compressibilityx= (¢ In V/dP)+ and the isothermal deriva-

A& and the wave function tive of the total entropyS\* with respect to the volum¥,®
|[E'+)=—Db|*+1/2)+a|F5/2). (46) ISP
ay= KT W . (49)
Neglecting in our estimates the mixing of the low-lying CF T

doublets|G+) and|E+), we have Since the Cornut-Cogblin transformation decouples spin and

charge degrees of freedom, the total entropy can be ex-

N a’p? d B9'=S+ Sy of the spinonSy and th
_N » pressed as a sudy'=Sy+ Sy of the spinonSy and the
Xwv= 7 (Gare)| 3 AE:ZF)) 47 Conduction electronS¢ contribution. The entropyS¢

=V~®T of conduction electrons is proportional to the Som-
The energy of the second CF level was evaluated from indimerfeld coefficienty® at low T, which results in a lineal-
rect data aa (2~ 14 meV* However, these authors used in law for the thermal expansion
their estimates only the electrostatic crystal field and did not o
take into account covalent and exchange corrections, dis- ay g
cussed in Sec. lll and in Ref. 15, so we can use this value as T Y
the lower estimate. On the other hand, recent inelastic neu-
tron scattering data presented in Ref. 31 show up the widésee, e.9., Ref. 39 ~
structure centered around 40 meV which is treated by these Due to the inequalityd cp<Ty the spinon component of
authors as the excitation of the second CF level. In our picai?/ T can be decomposed into temperature-dependent and
ture this wide structure is due to the transitions between theonstant terms. It is convenient to express the spin entropy
occupied states of the spin-fermion baisde Fig. $and the and its derivativg49) in molar units,
level AZ). Using the value oA 2)=40 meV in Eq.(47), we

aSm)
T

1+

el
alny ) (50

dinV

find xyyy=5% 102 emu/mol, which is in reasonable agree- sp_

ment with the above estimation gf, . av =T\ Ty
It should be noted that the spinon response perfectly re-

produces the intensities of the 2.5-meV and 4-meV peaks ifhe isothermal compressibility and entropy per mole

the inelastic magnetic scattering spectra of neutrorgbsp-  (xf[mJ/mol and S,[mJ/(molK)]) enter this equation.

lute units Both peaks are connected with the low-energySince the spinon entropy is a function of model constants

structured part of the spinon spectrum. This observatiorp,=A ., 7;,7,,G;,G,, one can express its volume deriva-

gives one more evidence in favor of the assumption that th@ive in terms of the corresponding Greisen parameters.
constant contribution to static magnetic susceptibility is con-

(52)

nected with larger energy scales and, in particular, with the alnP,
v (52)
Van Vleck term. Vi .
alnVv
VIIl. TEMPERATURE AND FIELD DEPENDENCE Strictly speaking, the volume dependenceA@‘F has tq be'
OF LATTICE DISTORTION expressed in terms of magnetoelastic Hamiltonian
_ constant$? Hovever, in the case of significant contribution
A. Thermal expansion of exchange interaction the standard magnetoelastic Hamil-

The conventional phenomenological analysis of the thertonian has to be reviseéll. Therefore, we prefer to describe
mal expansion of Kondo lattices is based on the assumptiotie magnetoelastic coupling in terms of Geisen param-
that the characteristic temperatufg scales all thermody- €ters, which reflect the main features of magnetoelastic in-
namic quantities at lowl, so the main contribution to the téraction.
volume dependence of these quantities may be characterized AS @ result, the spinon contribution to the volume thermal
by a Grineisen parametelyTK=¢9In T/dInV. We have €xpansion coefficient acquires the form

seen that the interplay between heavy fermions and crystal- sp S JInsS )
m m
T

field excitations introduces an additional characteristic en- N_ . om 2 v
< : : T 7T 4 Y\ 9np
ergy scaleA-r and a corresponding coupling constant, so : |
this interplay rules out the possibility of being content with a . sp .
sinlescaling parametr Noreover, e enetys,appsr- | PECUIT Ieaues off T are cetemined oy ose eme
ently, not related directly td in the CeNiSn family. Thus the logarithmic derivativeg In S,,,/dInP;. The logarithmic

we start this section with the derivation of Geisen param- e . .
eters which characterize the spin liquid in Kondo Iatticesder'vat'vesalnsm/&ln Tz, Wh'Ch. can be expressed in
with soft CF excitations, still confining ourselves b terms  of  conventional Gne.lsen parameter Yhe
<Acr<Tk . The volume thermal expansion coefficient =9InTx/dInV, are temperature independent in the consid-
ered temperature range<Ty . Therefore, these terms can
(alnv) be incorporated into a constaiWw,, together with the
ay=
P

(53

(48)  temperature-independent contribution of conduction elec-
4l trons
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dln ye') Sm v (alnsm

— el
Wy=rry (1 ainV | T M gin T

-6 -1
) . (59 o/3T (10 K )
T 0.6

Finally we come to the following expression for the volume
thermal expansion coefficient:

0.5-

ay KT &Sm

=Wy + l’)’Z (

T T |77 gInA

JINAcrl ¢ 0.4}
ISm ISm
+791 alng; T+ Y4, alngG, - ’ (59 0.3 (dS/dlogX)y/T (10K ™
Although one cannot distinguish between electron and

spinon contributions to the constant te¥if,, careful analy- 0.2

sis of temperature-dependent contributions provides impor-

tant infomation about the volume dependence of spinon-CF
coupling. It is obvious that the on-site mixing strengthis 0.1
the parameter which is less influenced by volume change ’
than the crystal-field splitting\ o and the intersite mixing
parameterg,. Therefore, one can assume tm}1~0 and oL

| 1 1 | | | 1 | |
then analyze the thermal expansion in termsved Grin- 0 2 46 8101214161820
eisen parameters.e., Vigr and Y6, This means that even in T (K)

the temperature range<A < there are two mechanisms of

the volume dependence of the spinon spectrum. Therefore, FIG. 9. Calculated linear coefficient of volume expansilime)

one can expect that any attempt to describe the volumecompared with experimental data Ref. {tfiangles. Inset: tem-

dependent properties of CeNiSn by means of a singlexGru perature dependence of logarithmic derivatives of entropy.

eisen parameter will result in the temperature dependence of

the lattert® valid. Indeed, the best fit is obtained fofg2=—60 and
Our two-parameter procedure gives good agreement with? —,2 =0. The same reasoning leads to a conclusion

experimental daﬂé for the set of parameterg; = —90 and  ahout opposite signs of the influence of expansion iretie
¥g,= — 60 (see Fig. 9. It should be noted that the signs of pjane and along the axis on the CF parameters. Indeed, the
both Grineisen parameters are reasonable, i.e., expansion gilues of fitted Groeisen parameters ar;% =60 ),9

; ; ; CcF " TAck
the lattice leads to softening dfcr and to decrease of inter- c
site mixing parameteg,. =—84, andy; =54

To analyze the anisotropy of thermal expansion one has to

introduce the axis-dependent @risen parameters B. Magnetostriction

Jnk Two-parameter Gmeisen analysis of thermal expansion
Xj _ CF

yd = , Xj=ab,c (56) ~ can be used as the basis for quantitative explanation of the
e dInx magnetostriction which in our model is the quantity charac-
and terizing the sensitivity of spinon-CF interplay parameters to
. aIngG, o, (1079
Vg'zzm, Xj=a,b,c (57) 7,
! 6 Y
with the obvious property 51
a,b,c 4r
W= vy, =86 (59) 3
Xj o
A comparison of the calculated linear expansion coeffi- r
cients with experimental ddtiis presented in Fig. 10. Since or
the intersite mixing parametey, can be attributed to the 1 s 4 8 '8 W
deviation of Ce sublattice symmetry from the hexagonal one, TK

one can expect that the magnitude of intersite mixing should
be proportional to orthorhombic distortion of the Ce sublat-  F|G. 10. Calculated coefficients of linear expansitimes) com-
tice (see, e.g., Fig. 1 in Ref. 15Therefore, since the lattice pared with experimental dat®ef. 13 (points alonga (solid line,
expansion along the axis is most sensitive to the ortho- squares b (dashed line, triangl@sand ¢ axis (dotted line, dia-
rhombic distortion, the inequalitj/y§2|>|yg'f| should be  monds.
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the volume change. Reversible volume magnetostriction is d x/d log X (10 3emu/mol)
thermodynamically equivalent to the strain dependence of 0.4
the magnetic susceptibility(B,T) (Ref. 20, 004
A(B,T H(B,m)| X (BT 59 02y x=a
V( ’ )_KT X( ’ ) (ﬂnv . ( )

Like the thermal expansion,, in low magnetic fields can be 0 e :
decomposed into the sum of electroiig ,; and spinon con- T "-.'X=A
tributions Ay, ¢, 0.2k \\\

)\\’/:)\\’/,el"_ )\\,/,sp' (60) X=G2 %
The contribution of conducton electrons is temperature inde- er .
pendent and linear in magnetic field fegT<eg and vgH Ny,
< €F - I 1 I 1 I 1 T

-0.6
, o o 1 2 3 4 5 6 7
Ayel= kTWyB, (61) T (K)
where FIG. 11. Components of volume derivative of magnetic suscep-
tibility calculated from Eq(65).
IXp
V=1 7y (62 _
dinVi, whereW,, incorporates all contributions, which are tempera-

. . . o [ <20 K
(herey, is the Pauli paramagnetic susceptibilityherefore, ture independent at=<20 K,

to reveal peculiar features of the differential magnetostriction
it is convenient to compare experimental and theoretical re- \7Vv=VV$/|+ YT
sults for the doubly differential magnetostriction coefficient :

IXm
alnTyg

) + Wy (66)

, The logarithmic derivatives of the magnetic susceptibility are
Au:ﬂ (63) presented in Fig. 11. The fit of the temperature dependence
v ’ -~ .
B of the volume magnetostriction Wlth/ACF and y, found

which does not depend on temperature and field in the corbove,Wy=—1590<10"° emu/mol, andy,=230 gives a

ventional Fermi liquid. This quantity is proportional to the reasonable agreement with experimental data at low mag-

volume derivative of the magnetic Susceptib“(tgrovided netic f|e|dS(F|g lz It turns out that the last term of E@S)

the field and the temperature dependence of the isotherm@Pminates in the temperature dependence of magnetostric-

Compressibi”ty are neg'ect)‘id tion because the contribution of the first two terms giVeS a
The Grineisen analysis of the magnetostriction is similarvalue which is significantly smaller than the experimental

to that of the linear expansion. One should take into accourfiata.

only Grineisen parameters for which the logarithmic deriva-

tive of the magnetic susceptibility demonstrates sharp tem- dx /d log V (10 3emu/mol)
perature and field dependence whereas the structureless con- 300

tribution due to the standard Greisen parameteyr, can be

taken into account by the renormalization of the normal B=05T
Fermi-liquid contribution constantVe— W, . However, in 200/

addition to the parameteng;, and Vi ONe should take into _
accout the volume dependence of the coefficigrih the

wave function|G+), Eq. (29, 100
4 Ina o4 T B
’ya—m. ( ) 0 —
Then the final expression for the logarithmic derivative of o
the magnetic susceptibility acquires the form -100F |
oy oy 0 1 2 3 4 5 6 7
——=Wy+1{ vi -m T(K)
Inv "V [ Acr
d dInAce/

FIG. 12. Logarithmic derivative of magnetic susceptibilty cal-

culated from Eq.(65) (solid line) and extracted from experiment

: (65  (Ref. 21 (circles.
-
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IX. CONCLUSION AE:OF) ' N ) )

The theory of spin-liquid origin of the low-temperature E(N=3r ”,2&, ; Leer (1= 1) Figafirgr ad(Frrgra Frea)
anomalies in thermodynamical and magnetic properties of (A3)
CeNiSn and related compounds offered in Refs. 12 and 13 is
based on the assumption that the pseudogap features of these AQ)
properties should be ascribed to spin excitations rather than &, (T)=—— > > (1= 83z {(flfirear)
to a nonmetallic electron spectrum. Later on, this suspicion Lge An
was confirmed by metalliclike behavior of the resistivity in ~AA et
samples of good enough qualyNevertheless, the spin- X{Igg/ (-1 )<f|/§’A/f|§/\’>
liquid theory met the challenge of explaining not only the ATA N
low-temperature thermodynamics but also the fascinatingly F e (N =DT*(F g frea)}- (A4)

complicated picture of inelastic neutron spectra. The expla- i ) i ) )
nation of the mechanism of neutron scattering offered in Ref1€r€N is the number of unit cells, primes in the lattice sums
15 provided us with a set of parameters which determine th8€@n that the diagonal terms are omitted,

spinon spectrum. Thus we came to the quantitative picture of N A o A ANA'A (O

a spin liquid which arises as a result of the interplay between | .., (I— I')=I|§’|,§,/A(CF), leer (I=1)=T ), g /A(CF),
spinons and one-site crystal-field excitations. As a result of (A5)
this interplay, the first of the CF leveld &, is “dissolved” ,

in the continuum of spin-fermion excitations, and its rem-and the matrixF*"" is defined by Eq(22). The quantities
nants can be traced in the low-energy 2-meV and 4-me\/A?§A, (u) are described by the system of equations
peaks of the inelastic neutron scattering spettehe sec-
ond peakAg:ZF), apparently, still exists and gives contribution

both to the neutron scattering speétrand to the paramag- Aﬁﬁ (W=2N"13 nkyef'k'u(%A'|?§/(U)®£(§',k)
netic susceptibility. In the present paper the experimental K
data on volume-dependent thermodynamical properties of x[@ﬁ(glk)]*jL(l_gAA,)
CeNiSn are collected and the quantitative theory of spin lig-
uid is used for interpretation of these data. X{T?ﬁ/(u)ﬁl(g’,k)[(@ﬁ'(g,k)]*
To summarize the results of the realization of the above
program, one should conclude that the hypothesis that the +[TA,/A(—u)]*@"(g’,k)[@A(g,k)]*}),
nonlocal spinon pairs determine the free energy of CeNiSn in e ! .
accordance with Eq9) is confirmed by detailed quantitative (A6)

consideration. These pairs form both the low-energy con-

tinuum of spin excitations which determine the spectrum oland this system together with EqR0) and (21) forms the

inelastic neutron scattering, and the low-temperature beha\(/:-loSed set of equations which should be solved self-

ior of thermodynamic quantitieéspecific heat, thermal ex- conS|stentIy._ .

: . o - Although in the general case of low-symmetry lattices
pansion, spin susceptibility, and magnetostrictioive con- _ _ . AN
fined ourselves by considering the Zeeman polarization oWith anisotropic exchange constarity,(u) and Ty, (u),
spinon excitations. This mechanism successfully describegne should introduce several variablég; (u), for the lat-
the temperature dependenggd) and\’(T) at low enough tices with high enough symmetry one can confine oneself to
T where the spinon excitations are still well defined. How-a single parametek®© which characterizes the intersite cor-
ever, the properties of CeNiSn can change radically in strongelations within the lowest crystal-field level.
enough magnetic field, and this change is beyond the appli- For example, in Bravais lattices with nearest neighbors
cability of our theory. in equivalent positions the following set of parameters

should be introduced:
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However, if only the lowest crystal-field staté&+) are
APPENDIX A responsible for the “anomalous” intersite correlations de-

To calculate the thermal energy, one should find the therScribed by the parameter®®,
modynamic average of the sum of Hamiltoniahk,,

RKKY RKKY 2
He " andHag ACC=16 S i[OS (K)[2, (A8)
kv
EM=E(T)+E(T)+E(T), (A1)
there is no need for independent nondiagonal variabf&s.
where All of them can be expressed vis®® by means of the fac-
A torsq, =1¢/146<1,
CF " et
EM=yr 2 2 F*™M(Haf),  (A2)
NL 7 & leATle AANG=q, ACC, (A9)
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Thus, we assume that the symmetry of the CeNiSn lattice is ASCe,  qACCe, 0 0
high enough to restrict ourselves to a single paramgfét AGG 1 0 0
which characterizes the intersite correlations within the low- 1]a8 " e (B6)
est Kramers doublet. 2 0 0 ASCg,  gACCe,
0 0 qACCe, 1

APPENDIX B _ o -
with normalization conditior(15).

First, we demonstrate that the diagonalized f¢im con- This case can be treated in the same way as the previous
tains the correct number of states, namely, [Bvels for the  one, provided the intermixing of ground and excited states is

simple case of a one-sublattice crystal with spins 1/2 in eacfot too strong, i.e., when
site described by the Hamiltonian
HSZE E 2 fiTVfiV'fi'y’fi/V (Bl) |1_ EA ¢k|
0]

!
vv

2
(B7)

Then the contribution&, of the half-filled lowest spin-

(v== are the spin projectiopsIn this case the average fermion band to the energ is

energy of the spin-liquid stat&. is given by the equation

A
I I E=—-N12 > el (B8)
E=5 2 (bybj)=5- > 2 e(p=)NpNg, . (B2) T2 AT
29 2Z 0q !
here
Herezis the coordination number for the NN sphere. UsingW
the mean-field definition of the paramet®r=(A;) and the 1 eo g2
spinon energy,, skg=§A ol 1— — T e 1| (B9)
[1— 3 APy
€
A¢p=2 ®p—q tanhﬁ, gp=IAg,, (B3) In this case we also have the compensation of Kramers de-
a generacy. It should be emphasized, however, that the second
and the property oF 4¢,=0, Eq.(B2) is reduced to branch of the excitations generated by the ma#ixEq.

(B6), is, in fact, the usual magnetic CF exciton band modi-
52'2 e (B4) fied by the interaction with the spin-liquid branch, and its
o PP contribution to the entropy can be treated in the conventional
_ _ _ ~ manner, at least & T<AS).
This means that our problem is thermodynamically equiva- These two examples demonstrate that there is no universal
|ent to the problem Of Spin|eSS fermions, SO the I|m|t|ng Valuerecipe for Calcu|ating the entropy in the Systems Wlth Strong
of the entropy for this system has the correct valueSof  jnterplay between the nonlocal spin-liquid excitations and
=NIn2. On the other hand, the naive mean-field treatmenthe one-site CF excitations. The third instructive example
of the Hamiltonian(B1) results in the effective Hamiltonian demonstrates the importance of accurate treatment of all de-
| generacies which could be lifted by the spin-liquid correla-
Hye=1> & pNpy— ENz|A|2, (B5)  tions. Here we consider the two-sublattice crystal with the
pr crystal field resulting in two equivalent Kramers doublets for
the Ce ion in each sublattice. Then the exchange interactions
in H, andH,,. terms of the Hamiltonia4) are described by
four parametersgg, andlggE,, whereéé’ =1,2. Then the ma-
trix Z acquires the form

which gives a wrong value af,,=NIn4.

The nature of this discrepancy is well known. In the spin-
fermion representation for the spin 1/52,=fiTyr}fiv/ (where
o is the Pauli matri the local constrainE ,f! f;,=1 for-

bids simultaneous creation of both up and down spin fermi- AGG ASG AGG 'AGG
ons. Since this local constraint is changed for the global con- 1 Pk 2 ¢k Q3 ¢ 212 i

straintN~*2,f! f,,=1, one should find a procedure which 1 ASPer  ATPox  q'ATCer  aATCey
prevents simultaneous creation of “particle” and “hole” in 2 qulG(Pk Q'A%G(Pﬁ 2 0
the spinon spectrum when calculating the thermodynamic GG GG

functions to reproduce the correct temperature behavior of a'ARek  AATT ek 0 2
entropy.

The situati ith th del le of the B . (this matrix represents one of two Kramers subspaces in the
e situation with the next model example of the raVa'sblock-diagonal matriZ=Z"®Z~). We assume that the in-

!attlce_ with two CF Kfa”?ers doubleﬂgv),|E1é>Ea_md WO gplattice structure factap, and the in-sublattice coupling
Intersite exchange coupling constants® and | IS MOre€ — constantd 11 are the same for both sublattices. Here the re-
complicated. The system of EG&A6) now describes tWo  atignships between nondiagonal and diagonal elements of
parametersA™™(u) given by Eq.(16) and in-sublattice and intersublattice coupling constants are given
2 . by q=I$F1$, andq’ =155/, respectively. In the general
ASE(u)=1 GEN—Z kZ PKNk,| O (K)[2=qA e case the intersublattice structure facigr# ¢, . Under these
' assumption®\ ;;=A,, and A;,=A,;, and two independent
[see Eq(A9)]. Then the matrixZ, Eg. (21), has the form spinon parameters are determined by the equations
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2 1
Y IR CHER] L E~GARNTE 3 niel, (B11)

v==x

(B10)

GG_ 2 , GG G * because in this case all terms in the maHixelated to low-
Az "Nz kzv kNl 120,/ (K10, (LI T est branches contain the factord ©, as was explicitly dem-
i . onstrated in the above exampkee Eq.(B9)].
In the case of strgng intermixind 4-~1 andq,q’~1) all Again we see that the diagonalization proced({r® re-
the coefficient$®}’(¢,k)| are of the same order, and each of gujts in a nonuniversal form of the average energy for spin-
them can be estimated #s-1/2y/2. As a result, the contri- iquid excitations in comparison with corresponding equa-
bution of the lowest branches;, at low temperaturekgT  tions for the conventional Fermi liquids, at least at low

<ASJF) can be approximately represented as temperatures.
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