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Spin fluctuations and magnetism
In systems with valence instability

P A Alekseev



Rare-earth based compounds with f-electron instability

Spin fluctuations are inherent to systems with unfilled and virtually
unstable f- and d- electron shells .

Example i systems based on the f-elements from

the beqginning, middle, and end of rare earth series (Ce, Sm,Eu, Yb).

OKondo ef fect, h&catieyng df @ectmisovihspn reversal

5 Symbolic, . n- 1 h &
oVal ence f | Hré:sglflat?oﬁ |forh:¢f + e From early 80 "e

Commonplace: spin (valence) fluctuations (tsf)'l' physical reason for the
formation of the nonmagnetic ground state (no LRMO and static MM):

(t<;)™t> KT => effective suppression of the MM on @& (HF-, MV-systems)

For selected nonmagnetic systems the formation of semiconducting
state with gap ~ 100K is specific!
Also spin-gap and singlet ground state are formed.
This i s mixed valence semiconduct
Recently KI with magnetic ordering (LRMO) were discovered !
Spin fluctuations is the dynamical effect therefore magnetic neutron
spectroscopy is the adequate experimental method




How It was started with neutrons?

from diffraction - to INS



Neutrommagnetiofarnvfactopecidian toyany neutronscattering

Physical origin of the form factor F(Q)
The result of interference of neutron wave scattered (with momentum
transfer Q) by the electron shell (in fact i on the magn. moment
density,originated from 1) spin and 2) orbital moments of electrons).

Furrier transform of magnetization density distribution

Forward scattering 7 no interference, F(0) =1
Increase of scattering angle or/and neutron energy, (that means increase of
the momentum transfer Q) results in F(Q) - O
Magnetic form factor basically is defined experimentally from:
1) Intensity of Bragg peaks in diffraction for ordered state
2) In paramagnetic state, form induced moment in external magnetic
field by polarized neutron diffraction

In the most of real cases a dipole approximati@mall Q) iused
F(Q)=<(Q)>+[(2/9}1] <,(Q)> . & Lande factor
in + orbital Orbital



1. Magnetic form factor in intermediate valence state of Sm and Eu

1.1 Theform-f act or npuzzl eo o fSm-omst e
For a long time it was not clear, why there is no evidence of the presence

o fSm#f - likeform-f act or 6 i n neutron measur e
valence Sm-based systems - SmS (i g o |) ah@ SmBy, - in spite of the fact
that the average valence for Sm is close to 2.5

14} I ' N B ‘ -

Intramultiplet <j,> - are integrals of the mt N

(DJ=0) _ product of the 4f radial wave . 1 ]

f(Q)=<Ip>+C5<I2>  function and spherical Bessel Tg‘z osl ]

#,=(2-9,)/g, functions of n-order e L )

<j,> - associated with both  § 08} -

Intermultiplet spin and orbital moments, ! )

inelastic spin- <j,> - resulted from the orbital - .

orbital transitions ~ Moment alone 2T g
(DJ,0)C,=-1 C, for Sm3* is very high dueto  °, ' 6

=<|.> - <] i — = = '
f(Q)=<Jo> - <J»> collision of J=5/2, L=5, S=5/2 sine/a (A)
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A little more detalls about INS results
for mixed valence systems



Inhomogeneous mixed valence system SmjTe,

with spin-glass formation below T =1.5K

S(6,E) (arb. units)

S,,(6,E) (arb. units)

Inelastic neutron scattering spectra

40 F

20

SmSTe4
Ei = 300 meV

o total
o phonon

o
QLT

Energy (meV)

150



Intermultiplet  (spin-orbit) excitations

2,2 2,4 2,6 2,8 3,0
Sm valence

60 80 100 120 140
Energy transfer ( meV )

This is not all the story!
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intensity [neutron counts/9min|

Low ener gy

Sm "B, single crysta b
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Low energy (oOoOresonantao) m

L S " 40 - 1 ; '
. SmOJBLaO.ZZBG | _z_x g Sm1-xLaxBG
@ sm,la, B, = o2 _ |
;.‘ L Sm86 - o 30F 7
8 weeenee £ form-factor | ' 25'_ ]
2 > |
% | 20} -
= SN 15} |
_ < x=0 *,
.‘...""-..‘....., v 10 i “‘
P s A | Sm 2 £50
oL v 1 L 20, am. | ;300 2,25 2,50 2,75
10 15 20 25 30 35 40 45 valence ofSm
Q[A]
Q-dependence of forrfactor with Energy- valence

valence change (along [111] for single crystals)  correspondence

Does it meanthat RMisa A d o u &f inednultiplet J=0- J=1 (f°:Sm?*)
transition (singlet-triplet) for IV state of Sm !?

oHel po (i mportant deSm8i.l es)



Relation between spectral structure (with corresponding form-factors)
and temperature for SmB,, |V-state

w=2.7 I7F1
sn# |
—~~ T ; 7FO
l-l-l-
Sit-sok [ o o, ]
E
ot @ * =26b|| Snf*
R‘\A - “m= 0-4b 6H5/2_ Mm=0.8>
Low T B | High T (~100K)
0 .' 2I0 | 4IO | GIO | 80 | 1(I)O :%Léo | 140 Sm2+ Sm3+
J=0Y J=1  Energy transfer, meV
nergy transter, me J=9/2
Sm# Sm** J=3 m—
WEELIROZ gt 1 NBy G2 Enitl 078 %) S\ 1712
J=3 = J=1 i;

J=2 e e 1=7/2 SmBg Kondo insulator

LN

J*=1

Increase of T
RM(14meV) Overdamped RM due
to closing of the gap

SO transitions

= J*=0

*) P. A. Alekseev, J.-M. Mignot, P.S. Savchenkov, V.N. Lazukov JETP Letters 103 (10) 636 (2016)



Summary of low T experimental data for FF of SmB;
Including quasielastic_signal at T=100K

2.5 60-"|'=1(50KI cll=1,4,§‘_1 ]

I
2

Sm(Q,E) a.u.
\
[
I

°© 3
1
——
\
|

| . |

0 1

“.~#...
2

Q, A

Structure and properties of the ground state wave function of IV state
are reflected by form-factor measurements



Form-factor measured depends -
from type of experiment and " m=2.7b
conditions of measurements ' m=73bf St

=g, kT e )1z | | o7 / ",

" g
cy7(T) =20, ——expt bE,) I Z

nm

S, (QF)
7

For neutron spectroscopy:

0 ',2'0 20 60 80 100 120 140
J=0Y J=1 Energy transfer, meV

C a., , C . C 2
ciQw, T) =p>wgd 7 (Q TP, (Q>w, T) el (T) +3 @ f1n(Q TP, (Q>w- D, T) e (T)y
€m m, n u

SmBg at low T : spin gap, - singlet ground state+excitation at 14meV(RM) + Spin-
orbitals from Sm?* and Sm3*fi p a r eonly \ar-Vleck contribution

SmBgathighT: spin gap iIis closed, manifold o
quasilestic signal results from Curie contribution: Tt~ Ts; ™ (4ogr 4so )

Q)= a vz 2 (1)1 (QT)+ a (- V)S5 73 (T, ) f5(QT)

2, 3 - corresponds to Sm2* and Sm3*, respect.



Form factor of QE-signal for SmB, (measured at 100K)

Y- --T =100K - , .
2-41 Teff=150K /// "-\\ Teff~TSf (.{QE,.{So)Isa
i Te“_300K I NN parameter, as well as extent
ol et / _ ‘. of mixed valence n

0 2 4 6 8
v Z21)
Summary: form-factor measurements in relation to the
specific of corresponding spectral function can provide the
hint to character of f-electron wave function for intermediate
valence state



1.2 Form-factors for intermediate valence Eu-ions in EuCu,Si,
-40 -20 0 20 40 60 80
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. __ '
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Energy transfer (meV)

Low T

Gt I NBy @BEPURE | (S &

Eus3*

SO transitions

Euz*

RM (~30meVY

J*=0

Increase of T

closing of the spin gap
: Overdamped RM
QE signal from J=7/2

*) P S Savchenkov, P A Alekseev, A Podlesnyak, A | Kolesnikov, K S Nemkovski, Intermediate-valence state of the Sm and Eu in
SmB6 and EuCu2Si2: neutron spectroscopy data and analysis J. Phys.: Condens. Mater 30 (5, 7Febr)) (2018) 055801



S(Q,E), meVv-

EuCu,Si,

N
(85}

' | N I M 1 ' I
| m 225 meV, 53°
o 125meV, 5°

N
o

| SEQUOIA, SNS ﬁ)

- Q-0.6A17

-
[6) ]

-
o
I

¢
o
)
§

for [ 2form factor Fy,,(Q) ~ <jo(Q)> - <j,(Q)>, SO-excitation
but
for [ 17 form factor is Fy;;(Q) ~ <jo(Q)>), J=S, L=0! : {7

Resonant mode (M1) carries evidence of the high spin state (f’) presence
at low temperatures for intermediate valence state of Eu

This could be the prerequisite for the development of the magnetism at
some point of phase diagram



We will omit the quantum mechanics consideration of the ground state

wave function of intermediate valence state and its generalization for the
case of Sm and Eu as well

(special people exist for that!)

Also not going into very interesting physics for a family of 1-2-2 Eu -
based systemsé

Just stop at the EuCu, (Si;,Gey),, f or some details



2. Spin fluctuations and long range magnetic order: the

cCase

of

0s~R.%5) and faxible intermediate valence

How the magnetic correlation can survive under

these conditions?!

3.0

2.8

Valence

2.4

2.2

0.6

Particular example: Valence is

changing in wide range (2* - 3,

0.75 0.9 1 Siconcentration (x)

-4t |

= EuCu,Ge, |
AEuUCu,(Si,Ge, )

2

| L 1 s 1

5 10 15 20 25 30

P(GPa)

staying homogeneous:
EuCu,(SI,Ge,)



EuCy(S1Ge, ), : magnetic phaseliagram

- Eu- valence 2.85
i Intermediate ce

o5 | /a/e/n Z. Hossain, C. Geibel, et.al.
I Kondo PRB 69 (2004) 014422

20 / / tVF

pS o)

/ :i* Neutron diffraction datz
>

Antiferromagnetic

sl order // VF 4

...............

0 01 02 03 04 05 06 07 08 09 1,0

EuCu,Ge, X EuCu,Si,

What is the origin of this phase diagram ?
Twoa O 2 Y LISsiatésiprdntermediatevalenceEuropium
E* (6, like SrA) J=@),’F- 7F, SGtransition:E46meVf. " T T ® 0
Ew (7, like GBY) J=S#2," B851barn(NOinelasticexcitations)
Then to neutron spectroscopglata: ISISHET, MARI) and ILL (C)




EuCg(S;(Gel X)\% g)gﬁcs:g diagram .

3022 Vvdalelibtr
: Intermedate valence
25} / o (J S
" Paramagnet //'
20}
| /
= 15
10 ' Kondo
" Antiferromagnetic - / 0 HF
5t order
0] T //// 1
0.0 0.2 1.0
EuCyGe, X EuCgS'b

-Some region of x-concentrations appears where LRMO (k=1/3,0,0)
coexists with spin fluctuations peculiar to homogeneous IV observed
for any x (but NO model !)

-This region verge on HF state similar by spectral characteristics to
ones of generic HF systems basedon Ce, Yo (BUT #fAstr ongo



Quasielastic width (T=100e200K) an
EuCuy,(Si,Ge, . X)2

5  EuCySiGe.), -

O_
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o
CrmnnXunny 5
20 1| Quasielastic linewidtige ® 12 O

C
~ Eu IV charact. = {2}, 3-d,} | s 9
> - T.~140K T

M d ,d sf
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' o =) -
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o
0

o

N Sy ?

0.0 0.2 0.8 1.0
EuCyGe, Si concentration (X) EuCySi,

(e steeply decrease with valence decreasing from 2.8 to
2.2 arriving to typical HF 7 energy range at Ge-concentration
closeto x ~0.75



2.1 SummarylV and LRMO: competition and coexistence

Formation of the magnetic ground state foriBuis provided by the
rearrangement of the magnetic excitation spectrofithe system
caused by the decrease of valence fr8rd down to 2+d. Just this
rearrangement, probably, islwckground of a sequence fase
transformations folEuCy(S1Ge ), : ., valence 2.8

Intermedate valence¢

25}
Paramag netl
20}
%
L5

1or Anﬂferromagnetld Kandg
5 + HF bplﬂ
order

oL . // 744 %\m

0.0 0.2 1.0
EuCyGes, X EuCng

-Moderate spin fluctuations (SF) assist to appearance of heavy fermion
(HF) state

- Further slowing down of SF result in LRMO for reduced moments on Eu.
In some sense T analogy with Ce-based (LRMO-HF) systems, but!!!
The valence is very far from integer!

- The elaboration of the adequate physical model is indispensable for
understanding of physics behind the coexistence of SF and LRMO.




3. Magnetic impurity effect in Kondo-insulator

SmB with Gd3* - impurity (J=S=7/2, concentration from 0.04% up to
5%)

specific heat and impurity magnetic moment screening scales
systematically in SmBy

both depends from the exchange constant and electron density of
states on E¢ -(Jh )- which modifies with impurity concentration

Jh -parameter scaled collapse of specific heat ties the low
temperature DOS to the reduced impurity moment.

This indicates the involvement of impurity magnetism in the low
energy DOS of Gd doped samples

*) W. T. Fuhrman, J. R. Chamorro, P. Alekseev, J.-M. Mignot, et al Screened moments and
extrinsic in-gap states in samarium hexaboride , preprint arXiv:1707.03834, 2017. 2, 2017



|I‘~"I|imp {iUB-'de)

Reduction of the Gd** effective magnetic moment M., (m /Gd)
iIn magnetization of SmB, with Gd impurity

| | | -
Iscljtopic |(GdI 0.04%) | T
. 2K o
6= Gd 1.85% _
— (Gd 4.8%
) S TERTTEE Langevin (Lgq) —
1
0 E[ 10K 70—
< 0
151 050 05 1 15
Lo H(T)
°r 0 0+ (C) -
......... il | | |
-12 -8 -4 0 4 8 12
poH (T)
M(Gd3*) = 7.94m, Mipnp= 7.74 My, 0.04%Gd

6.95m, 1.85%Gd
5.84m, 4.80%Gd

Kondo screening?!



Influence of the Gd impurity on the electronic heat capacity of SmBy

59 La @ 4.8% Gd
® 3.8% Gd
i 1.85% Gd
[k 0.65% Gd
Isotopic(0.04% Gd)

0.3F ST
0 ,‘.
_ ©003%0Cd (| cesr ¥ {  Jh defined
) s s
Toap . from Mesa(C)
_ g’ ————— «c®
® 0.KE : . =
QI> 0 1 2 3 4 5 6
O “Ra (%)
VOB o
R o o
0- M ']
2 4 6 8 10
T (K)

Enhancement of the electronic DOS!?



Relaxation width of resonance mode as function of temperature in SmB6
| | 1 | |

1.

0.8

2 0.6
E
—

0.4

TRISP data :
Experimental
resolution ~ 10 neV

0.2

0.

Activation law for spin-excitonT\Wﬁdth: ] 7 tAexp(-DkgT)
A~0.7eV i band width Jh =-0.023
W~D =14 meV i mode energy or spin-gap
lo= ;=4pJh)?W~0.1meVforGd: 0. 04% (iAi sotop

Intrinsic width 4, dramatically depends from Jh which characterizes impurity effect
on the electronic system: just few % of Gd will increase relaxation ~102 times

Allow to explain the suppression of RM in YbB;, by Tm - impurity?!
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Spin fluctuations and magnetism
In systems with valence instability

Conclusion

Exotic magnetic behaviour appears as a
consequence of the coexistence and competition of
different f-electron interactions in solids

Neutron spectroscopy i very effective instrument

for clarifying the principal features of the exotic

magnetic behaviour T that is the way to

under standing exotic phenol






Most scientists regarded the new streamlined
peer-review process as ‘quite an improvement.’






RM d low energy symmetry analogue  for intermultiplet transition
JO- Jlof Sm(2+) or Eu(3+) configuration

Variation of Smvalence results in the variations a&dnergyand
Q-dependence of intensityor RM. Similar effects forEuvalence variation.
Suchbehaviourmay be understood on the base of modevhich relatesthe
delocalization extent of felectron and RM energy witismvalence value
6 ékcitonicY 2 R S tMichsBefiko& Kikoin)

Loosely bound state of
Total localization of felectron , f-St SOUNRY |

fl o b
© @
S)

~ S

alf®>,,+1-a)|f°B" > ;= Yo

f
O

K.W.H. Stevens].Phys.C 11 (1978, A. Kikoin,).Phys.C 17 (1984)



homogeneous MV ground state of “excitonic model”

Loosely bound electron

Sm: |f6,7F> = |6+ | T OF g > £f 6 F, >

Transtion to MV state

U1\ a}lf6?r3=o+(1- a)| °B" >, ;=Y9_

4

With two types of excitations from singlet ground state:

Charge tra@er type Spin reorientation type

3

Phonon anomalies: GNBaz2ylFyaéylra
resonance eph interaction '

New ground state
wave function




2.1 EuCy(Si,G¢, ¢IV and LRMO: competition and coexistence

o d misJ BETM,X; (¢ 12-2 ¢

Re = Ba,éNd, Sm, Eu, Gdeé¢,;
Wide class of isostructural compounds, including

Physical properties: moderately anizotropic
metals, for Re = Eu the combinations are
possible:

Long range magnetic order (LRMO)
Superconductivity ( ~Ty) (SC)
Intermediate valence (1V)

EuNi(Si_Ge), LRMOIV: EuFg(As,P), EuFgAs, LRMGSCIV

EuCy(Si,Ge) ¢ distinguished from otherkubased systems by
the existence of the area tieavy fermionbehaviour between
LRMOand|V states on phase diagram



EuCu,(Si,Ge, ), phase diagram

(from thermodynamics, transport and X-ray spectroscopy)
(Z. Hossain et.al. PRB 69 (2004) 014422)

e Sharp AF-transition until x = 0.65
* homogeneous AF state 40

* no inhomogeneity effect 5 | // // /
/
 Heavy fermion behavior ' //

Magnetic phase diagram

forx >0.65 (C(T)(T))
* Fermi liquid

— First observation of *) i . | /
heavy fermion behavior " Antiferromagnetic(?) / 4

in an Eu-compound 51 order / r

| /)
e Pronounced Kondo-behavior 0 L i 5 g | . L . |

in resistivity and thermopower 00 01 02 03 04 05 06 07 08 08 10
for0.56<x<0.9 EuCu,Ge, X EuCu,Si,
(XPSlata)

e Valence fluctuations present even
in antiferromagnetic region

Neutron scattering and complementary spectroscopy studies **)

*) The first indication of Kondo behaviour for x >0.7 is in E.M. Levin, B.S. Kuzhel, O.l. Bodak, e.a. Phys. Stat. Solidi
B 161, 783 (1990)

**) K. S. Nemkovski, D. P. Kozlenko, P. A. Alekseev, J.-M. Mignot, e.a., Phys. Rev. B 94 195101 (2016)
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2.2.Novel insight into Kondo-insulators : the 1-2-10 family

Specific features:

-Magnetic ordering ilCebased systems (Kondosulators) with
charge (and spin) gap;

-Relativelynhigh T for relativelysmall magnetic moments
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LnM,Al,, crystal structure
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LnM,Al,, (M = Fe, Ru, Rh, Os,)
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i Ru-Al,, polyhedra
/forming@@r in (a,c) plane

\Ln atoms
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dCeCeF P D

) Y. Muro et al., J Phys Soc Jgn
) 083707 (20009).
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Magnetic order is unconventional
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Anisotropic magnon picture for CeRu,Al;;

J. RoberEt al, Phys Rev. Le1109 267208 (2012).
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RPA calculation (code: Sylvain Petit)

Crystal field parameterigari, PRB (2012)
(BY, B3, BS, B2, BY) = (—1.326, —29.236, +1.013, —1.747, —5.317) K
H,;=3,T%5¢5¢

Anisotropic exchange
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TABLE I. Anisotropic exchange parameters (in units of K)
used in the RPA calculatlon Atomic posmons (x;, i 29)»

i=1:0,9532:(G.3Fy% 3G, 5—53),4 0, -y,

%), with y = 1.1239(3) [23]

Ce pairs (i, j) Je Jb J°
(14); (2.3) 27 2.7
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(1,2); 3,4) 1.1 1.1
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Direction-selective hybridization?

KSimpled CF + anisotmbpi &% exch
sufficient. & O

MRol e of ( acrildghidizatian with€Cg 1
ligands ? Sera, JPSJ (2013):

- Structure: maximum deviation from lanthanide
contraction occurs along a, negligible along b

- NMR:strong transferred hyperfine field (1158 Oe)
at Al[2] site, located along a direction with respect
to Ce site.

Suggestionhybridization occurs primarily A
along thea direction (CgAl[2]) Hanzawa, JPSJ (2010)
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Short introduction:

What are iKondelnsulators?

What are walenee;unstablgir(tatermediaterhimixed)
valencessystems?

What is animterestiwithtthat?!



What are Kondo-=-insulators?

G+l £ SYOS Tt dzOddzk GA2Yy aé | NBnd kirgaaysuNgaisla-
_ d-electron shells

Exampleg systems based on thef-elements from

the beginning, middle, and end of rare earth series

Symbolic presentation f N — f -1l 4+ From the early 80 té

al 2YY2Y Lﬂbléné@@ltéct\dations(tsf)q physical reason for the formation of
the nonmagnetic ground state

(t Sf)'l > KT => supression of the m.m. o® like BIF, MV-systemsX 0

For selected nonmagnetic systems the formation of semiconducting state with gé

~100K is specific!
This is mixed valence semiconductor or oKondo i nsul

Recently KI with magnetic oredering (LRMO) were discovered!

c



What are Kondo-insulators!

CeNiSn, C8i,Pt;, CeShPt;,CeRhSb,... U,Sh,Pt;, URU,SN,...
SmB, SmS(P>6 kbar)
YbB,! FeSi(?)
OHi gh temperatured | i mit:
poor metal with local magnetic moment and Kondo - effect
oOoLow temperaturedo | imit (ground s

semiconductor(gap ~1 00 O) with zero magnet

The most of the Kondo - insulators have fractional occupation
of thef - shell ( homogenous mixed valence (MV) state)

The strong correlations are important both for the spiand for
charge subsystems.

Specific properties originated fromdlectrons and are essentially

dynamical effect:
therefore the neutron spectroscopyis a powerful tool!



What are Kondo-insulators?!

Thi s kind of SCES wusually are
Perhaps, such treatment is too much simplified?

Indeed!

Neutron spectroscopy (inelastic magnetic neutron scattering) resuIEs jn
RAAO2QOSNE 2F GKS aNBazylyid Y2ZRSé L
fA1S AYAYR2OU2NREE | YR a2YS 20KSNBEDC
The most bright exampleg MV semiconductors, like

-SmB . SmYstrong M\), and
-YbB, (weak MV).

The physical result: There are established
two different in nature (but in both casesinglet !)
types of the ground state.

What was initially expected from
neutron scattering experiments with MV systems?



Formal (average) valence is far from integer value

SmB,, SmS ocl assical 60 ex.

fo f°> + electron in conduction band

=@

What is the structure of the magnetic excitation

spectra and its response on the variation of

temperature and valence?

One could expect spin - orbit multiplet structure of

fe and f5 configurations to

Important 6 NO CEF effects expected due to valence fluctuation!



12

10

Intermultiplet (spin  -orbit) excitations

T T

T

' T T ' T
7F1

2,6 2,8
Sm valence

3,0

60 80 100 120 140
Energy transfer ( meV )

This is not all the story!
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intensity [neutron counts/9min|

Low energy (Oresonan
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What about an interplay of intermediate valence and
magnetism (spin fluctuation vs ordering?)

SmS in IV state Is a good model system

In SMS dispersive magnetic excitation for intermultiplet transition
JO- Jlis observed by neutron scattering due &xchange
Interaction SmSm

_..r—-"".x
.\_ _______‘t-“"__-m
SmS:P=6 RB? 0D ':-:::::H_---.
EPT to ogol deno phase'f,:"'v_@.,l__--e-‘ce~2
® lep
Sm(Y)S: ochemical pr e.:r-s"tfie_____ic’;
with continuous EPT ‘_;,_/-«—.
SmS



Excitations and Sm-Sm exchange in SmS

Spin-orbit (SO) transition Moagnetic excitation dispersion
in neutron spectra of SmS 38— - - 1 - - —38
S [x o]0 L, xxo [x X x ¢

Q=(1.35, 1.35, 1.35) — 36 1 . ' 136
> .
£ 34 134
&
o 32 132
c
LU , |
304 | 2 e 7B 1 7B 130
Oc 30 35 40 00 05 1000 05 1000 05 1.0
Energy (meV) reduced wave vector (r.l.u.)

Model description of a dispersion for SO transitio8.M.Shapiro e.a., PRL, 1975
GAYRdzZOSR Yl 3IySiGAaayvyé

(Sr+(4f6) )

7F1—“

W,o(0) = D1 16R(T)I () Do)

SmSm exchange:

+ 1 3@=5 3 ex - 12 | =

R(T) = 1- expt D/KT)  temperature

T, —t—— 1+3expF D/KT)  factor
N )

Excange interaction parameters tBmS: J30.043 J0.020 J--0.003




Magnetic dynamics irfsm(Y)S
Fine structure of the magnetic excitation spectra in
Smy. XYXS smgle crystal

Q—(l 3.1.3.1. 3)
6001 1212k
400+ (v=2.2) energy of SO

transition ‘F, - ‘F;
for Sm%* E ~ 36
Y} Z

| ®* SmSv=2)

SQ,E)(arb.un)

50

Another excitation - gy has
anenergy a ~30 Y] Xveakly
valence dependent




Dispersion of energzes and relative infensities for magnetzc peak MSO and Mexc
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o X -

<: Brillouin zone

£0.6 3
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LYGNRRdAzOUA2Y 2F (KS AyiuSNa@iAzy oKeéol
- excallows to describe the experimentally observed(q)and| (q)




Intensities of two modes InNSm(Y)3s functions of momentum

transfer Q

Valence of Sm ~ 2.35 : :
-Interaction SmSm do exists strong

M., (resonance mode) | €nergy dispersion appears

-Both modes are of the same symmetry

~
S - exchange of intensity in BZ
\
F2(Sn¥+) \\ -The origin of the exictation M identical to
-~ \ resonant mode of SmBé

more steep formfactor for low energy peak!

Spin gap, singlet ground
state are exsiting in
Sm(Y)S aswellasin SmB;

Intensity, a.u.

ZC zB ZC Q|| [111], [110], [001]
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Ce-based IV system with spin-gap: CeNi

LaNi T diamagnetic

CeNi T param - Intermediate valence: u(10K)~3.15

PrNiT ferromag To= 21K (ninducedo n
NdNi i ferromag T, = 31K
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2AResonanceo mwomthased(interivig¢diate walence systems:
single-site and cooperative behaviour

RM appears due to formation of a singlet ground state for intermediate
valence compound

How the magnetic correlation can survive under these conditions?



EuCy(SiGe,,), : definition and characterization of valence state
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[18] S. Fukuda et.a] Y. Phys. Soc. Jpn. 72, 3189 (200:
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EuCy(SiGe,,), : determination of magnetic state
Neutron diffraction (x=0.0, 0.4, 0.6)

SAFFNI OG2YSGSNI 1/ H

(@)

I EUCU2(SiXGe1_X)2 3000:5 K

x=0.6

S5K-25K

4000}

I AFM AFM ‘* .
2000t U il i

1000k * W
25K .

6 =K. 22(i) £2Q-3°% defi, MR0/6g

a 2 dz

T T T T T T T T T T T T T

bﬁéé\ﬂ 4 ‘i%\’g
%quﬁﬁ
\\ 98 1 ’\5‘ W Rﬁ

1 1 1 1 1 1 I 1 1 1 1 1

10 20 30
2theta (deg.)

T (K)

propagation vectok =(1/3 0 0). The Eu magnetic moments located at positions (0 0 0) and (1/2 1/
1/2) of the crystal structure have antiparallel orientation. They are located inlit)gp(anes and
oriented at the angleg = 33 (147) with respect to crystallographi- axis

Euion static magnetic moment from the diffraction data at the temperature T=5K.
X(EuCy(SiGe,),) M2 gM2 g M2 xM,,2 5 K Rfactors oK

0.0: EuCyGe, 31 6.0 6.7(1) Rp=0.07, Rwp=0.09 15

0.4: EuCyB Ge , 3.3 4.1 53(1) Rp=0.09, Rwp=0.12 19

0.6: EuCibi .Geg g 2.6 4.6 5.3(1) Rp=0.05 Rwp=0.07 17
MM E@HT 1 @dn K



EuCy(SiGe, ), : inelastic magnetic neutron scattering

EuCu,Si, 0 neutron data

Ew*
transition T=7K
7|:0_ 7|:1

E=4gneV
M
M1 2

S(Q=0,E)4 (barn/ me\)
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Energy transfer (meV)

V(T) sp(T) EP) .~

\ ’
h/.
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/

QE”‘?ES~" V(T) s (T) (B
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-

Valence

<

Energy(meV)

M1

Temperature (K)

Decrease of the excitation energy and
closing of spirgap result iformation of
magnetic ground statdor IV Euat X
decreasing to~0.75

EuEu interaction is mediated by conductior
electronsnot likein TmSe



