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Cuctembl ReTm, X, ( «1-2-2»)

KOoHKypeHUns pasnnyHbiX TUMOB OCHOBHOIMO COCTOSIHUA (CBEPXMPOBOAHMUK,
MarHeTuK C garibHUM NopsiaKOM, Y3KO-30HHbLIA NOMYNPOBOAHMUK,
TSXKENOPEePMUOHHbLIWM MeTarss, BarieHTHble duryKTyaummn) n nx
COCYyLLEeCTBOBaHNE — O0fHAa U3 LeHTparnbHbIX B coBpemeHHon omnsmke CKOC. B
YyacTHoCTK, B3anmocssasb Ml — BO.

Ob6bIvyHOe paccmoTpeHune: - Doniach model (KoHgo-cuHrnet npotne RKKY) ¢
npuene4vyeHnem npeacrasneHnn o QCP. 3Tn nogxoabl cpabartbiBaloT Ans
peanbHbIX MaTepuanoB Ha ocHoBe Ce un Yb (ogHa 13 koHdurypaumm fO(f14)
HEMarHUTHas, a BTopasl — OONH «3NEKTPOH» UNu «ablpka» Ha f-obornouke).

EuTM,X, — 3TO cnuctembl C Ka4eCTBEHHO MHOW cuTyaumnen — Ha f-obonovke
CYLLLECTBEHHO HE OAMVH 3MIEKTPOH, NMPn 3TOM OfHa N3 KOHUrypaumm —
HemarHutHasa: Eu? (f: L=0, J=S=7/2 v HeT adpdekToB K3OI); Eus* (f°: J=0
CUHITIET)

Ona EuCu,(Si,Ge, ), no pesynsrataMm TepMoanHaMNUYECKUX U TPAHCMOPTHbLIX
9KCNEPUMEHTOB HabnoaaeTcsl NPoTsKeHHasi obnacTb KoHUeHTpauun ¢ M1,
KoTopas ,BuanuMo, nepekpbiBaeTcsl ¢ 06nacTbio NpoOMeXyTo4HOBaNEHTHOro
coCcTosiHUA (coaepkallero B cebe eLe n TsxenodepMmnoHHyo nogobnactb).

B HacTosilen paboTe npoBeaeHbl AeTarbHble CNEKTPOCKONUYECKme
nccrnenoBaHMs 0COOEHHOCTEN OCHOBHOMO COCTOSIHUSA 3TOW CUCTEMBI.



Jk3oTn4yeckne popmbl MarHeTM3IMa
B CUITbHOKOPPENTMPOBAHHbIX
cnctemax

1. MarHeTnam un CUHIMeTHoOe OCHOBHOE COCTOAHME —
«HaBeOEHHbIN» ganbHUN MarHUTHbIW MNOPAOOK:

KpucTanninyeckoe nose rnpoTme KOCBEHHOro obmMeHa
(CEF/RKKY):
npumep: markast MarHuTHaa moga B PrNi
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Magnetic Ordering im
Singlet Ground State Systems

s*Non-Kramers ion - singlet ground state

A 2 levels separated by Aq¢
A 2
< Transition probability M = ‘<1\JJ0>‘
S <*Exchange coupling 1(0)
)
T Quantitative condition of ordering at Tc >0:
A 2
_I \ A1 N 3(0)-/1}3 ,|o)
-— Ac:F
ho (g=0)=0 at T=T,
Factors in favor of magnetic ordering:
o) strong exchange coupling & transition probability
o) small crystal field splitting

B.R. Cooper, Magnetic Properties of Rare Earthe Metals, Ed. R.J.Elliott, Plenum (London) 1972, p.17
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Excitations in a-¢c scattering plane of PriNi single crystal

PréONi single crystal~2cm3
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2. Cucrembl ¢ BaneHTHOU HeCTaOUNbLHOCTLIO:
MarHMTHble BO30OYXAEHUS - MarHUTHbIN NOPAAOK

Oowasa ocobeHHocTbL CKJAC ¢ BaneHTHOM HeCTaOUINbHOCTbLIO:
CnuHoBble nyKTyauum — KBasmynpyroe paccesiHme
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TmSe (NaCl-type of structure),

100 ,

1B n marHeTmnam

valence v=2.58 , T-independent (XANES, L;-edge)
T\=3.5K, AFM I-type, O.M.=2.3ug (Tm?*: J=7/2 (4.5u), Tm3*: J=6 (7.5ug)
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E. Bucher, e.a. PRB 11 (1) 500 (1975) — magnet susceptibility

H. Bjerrum-Moller, S.M. Shapiro, R.J. Birgeneau, PRL 39 (16)

1021 (1977) magnetic structure

H. Launois, M. Rawiso, E.Holland-Moritz, R.Pott, D. Wolleben

PRL 44 (19) 1271 (1980) L3-edge



1B n marHeTmnam

“Pe3oHaHcHasa moga” B TmSe: obLiue u

HentpoHHas cnektpockonus (IMNS) TmSe CNELNUIECKIE OCOBEHHOCTH

TEMPERATURE [K]
KBa3uynpyroe paccesaHue uncuyesaet npu T< T =3.5K
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B.H. Grier, S.M. Shapiro, in: 500
Valence Fluctuations in Solids,
eds. L.M. Falikov, W. Hanke, M. V.

Maple (North-Holland, Amsterdam, o s i T ‘v‘ s 20
(1981) p.325 nergy, me -
J-M. Mignot, P.A. Alekseev, Fig 7. Neutron scattering spectra of singlé-crystal TmSe meas-

. ured in the constant-k; mode (E; = 30.5 meV) at fixed scattering
PhyS|Ca B 215 (1995) 99-109V€Ct0I'S Q — [q, 0’ 0} : {a} q= l,f(b} g = 2, (C} qg= 3.




3. Cuctembl ReTm,X, ( «1-2-2»)

Re =Ba,...Nd, Sm, Eu, Gd..., Tm = Cu, Fe, Ni, Co.... X =P, As, Se, Si, Ge...

LLInpoknun knacc coegmHeHnin ogHoro CTPYKTYpPHOro
Tuna, B YaCTHOCTU, 3TO Oe3megHble
nHTepmeTtannuyeckme ceepxnposogHukn (T,~30...50K)

dunsnyeckne cBOUCTBaA: yMEPEHHO aHU3OTPONMHbIE
MeTannbl, gnNad Re = Eu BO3MOXHbl COYETaHUSA .

HanbHe20 MazHUMHO20 ropsioka

Ceepxrniposodumocmu (T~T,)

[TpomexxymoyHou earieHmHocmu

EuNi,(Si,,Ge,), AMM/MB; EuFe,(As,P),, EuFe,As, AMI/CI/NB

EuCu,(Si,Ge), — BblgeneHa cpean Bcex apyrux Eu-cuctem Hanuvmnem
obnactu TshkenogepMmnoHHoro coctosaHusa mexay OAMI v MNB



NepBoe koMmnnekcHoe nccnegosaHue ceomncts EuCu,(Si,Ge),

Z. Hossain, C. Geibel, N. Senthilkumaran, M. Deppe, M. Baenitz, F. Schiller, and S. L. Molodtsov

PHYSICAL REVIEW B 69, 014422 (2004)

Antiferromagnetism, valence fluctuation, and heavy-fermion behavior in EuCu2(Gel-xSix)2

[laHHbIE MO 3NEKTPOCONPOTUBIEHUD, MArHUTHON BOCNPUMMUYNBOCTH,
TENI0EMKOCTH, - Kak obocHoBaHWe ha3oBon anarpammbl

EuCu,(Si,Ge ),
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zero-field-cooled (ZFC) and field-cooled (FC) conditions. (b) Fesis-
tivity (p) and specific heat (C) of EuCu,Ge; at low temperatures.
Distinct ancmalies due to magnetic transitions are seen.
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FIG. 3. Magnetic susceptibility of EuCua(Ge) _;51,): for se-
lected samples. Peak in y for x=0.6 sample is due to magnetic
order. No anomaly due to magnetic order is cbserved for x=10.7.
The y for x=0.7, 0.8, and 1.0 show bread maxima due to valence

fluctuation.
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EuCu,(SI,Ge, ), phase diagram
(Z. Hossain et.al. PRB 69 (2004) 014422)

e Sharp AF-transition until x = 0.65
30

Magnetic phase diagram

* homogeneous AF state

* No inhomogeneity effect
(C(T). (T))
e Heavy fermion behavior *)
for x > 0.65

* Fermi liquid

— First observation of

Antiferromagnetic
order

L

1 L

heavy fermion behavior _
in an Eu-compound 5|
e Pronounced Kondo-behavior ol
00 0

in resistivity and thermopower
for0.5<x<09

e Valence fluctuations present even
in antiferromagnetic region (XPS-data)

EuCu,Ge,

062 03 04 05 06 07 08 09 1,0
X

1

EuCu,Si,

*) The first indication of Kondo behaviour for x >0.7 is in E.M. Levin, B.S. Kuzhel, O.I. Bodak, e.a.

Phys. Stat. Solidi B 161, 783 (1990)



Relative transmission

EuCu,(SI,Ge, ), definition of valence state:

“Fast” and “slow” technique

L3-kpan (7~101°Ss): «8anneHmMHoOCMb» rpoMeXXymo4yHasi
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[11] S. Fukuda et.al., Y. Phys. Soc. Jpn. 72, 3189 (2003)



Intensity (arb. units)

EuCu,(SI1,Ge, ), definition of magnetic state:
Neutron diffraction (x=0.0, 0.4, 0.6)

Diffractometer 7C2 (“hot” neutron source, LLB), A=1.121 A, 20=3°- 40° , m_~0.6¢
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propagation vector k = (1/3 0 0). The Eu magnetic moments located at positions (0 0 0) and

(1/2 1/2 1/2) of the crystal structure have antiparallel orientation. They are located in the (bc)
planes and oriented at the angles ¢ = 33° (147°) with respect to crystallographic c - axis

Eu-ion static magnetic moment from the diffraction data at the temperature T=5K.

X (EuCuy(Si,Gey,),) My, Wg My, ug M,,ug My, b R-factors Tn(K)
0.0: EuCu,Ge, 31 6.0 6.7(1) Rp=0.07, Rwp=009 15
0.4: EUCU,Si,Ge,, 33 4.1 53(1) Rp=0.09, Rwp=0.12 19
0.6: EUCU,Si; ,Ge,y 2.6 46 53(1) Rp=0.05Rwp=007 17

MM (Eu2*) = 7.94p,




EuCu,(Si,Ge, ), magnetic phase diagram

!

* Neutron diffraction data

al. order "-._:_ //

EuCu,Ge, X EuCu,Si,
What is the origin of this phase diagram ?

Two possible states for Europium:

Eust,’F,—’F, SO-transition: E=46meV, 0=7.34 barn,

Eu?t J=S=7/2, 0=38.51 barn

Then to neutron spectroscopy data (ISIS (HET, MARI) and ILL (IN-4C)



Magnetic excitations in EuCu,Si,
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Magnetic excitations in EuCu,(Si,Ge; _,),
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effect of Ge for Si substitution:

e suppression and broadening of
both M1 and M2

further shifting of both M1 and
M2 towards low energies;

« appearance of quasielastic
scattering signal already at low
temperature (at least for x=0.75)

«at x=0.6: inelastic peaks are
shifted below 10 meV or
suppressed; QE-signal is narrow
and exists starting from the low
temperature
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Magnetic excitations in EuCu,(Si,Ge;, _,),
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Quasielastic intensity in EuCu,(Si,Ge; _,),
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Valence »> 2.25

Quasielastic width in EuCu,(Si,Ge;_,),

23 2.35 2.6528

25 -
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ool  Quasielastic line width |
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EuCu,(Si,Ge, ), phase diagram

30 22 - lva!en_ce_ . _2,8
o | Valence fluctuations
| Paramagnetic
20 o
! onao
r_{ 15- + TF
10 ~ Antiferromagnetic
5| order .
0.0 0.2 0.4 0.6 0.8 1.0
EuCu,Ge, X EuCu,Si,

OyeeudHo, ecmb Hekomopasi obs1acmb cocyujecmeosaHusi
AMIT (k=1/3,0,0) u cnuHoebIx ¢briykmyauuu e pexxume
odHopodHou B, coomeemcmeyroujel ecemy duana3oHy X



Some analogy: AFM — HF transition for Kondo-systems

40t
: : : Rh
Spin dynamics of CeX,Si, (X=Au, Pd, Rh, Ru) [T las
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A. Severing, E. Holland-Moritz, B. Frick, PRB 39 (7) 4164 (1989)

But: NO Intermediate Valence



Model consideration: Antiferromagnetism in 4f-systems with valence instabilities
G. Bulk, W Nolting, Z. Phys. B - Condensed matter, 70 (1988) 473-483

Parameters:
hybridization V and f-level position E;

Increase of V or decrease of E; (pressure, alloying) results in intensification of
electronic fluctuations. They tend to quenching of local moments, but enhance the
coupling between them. This results in typical behaviour of T,
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50 B 080 45450 A®  -080 0.5 perature for various f level positions E, s
Epy plane marks the Néel-temperature Ty=Ty(E ). Parameters as in




Summary

- Induction of magnetism in the Eu - IV ground state
by transformation of magnetic excitation spectrum
with valence is the possible origin of sequence of
phase transformations for EuCu,(Si,Ge,,)-;

- Physical model invention is needed
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L,,~edge Eu-valence data for our samples (2011)

EuCu,(Si Ge, ),

x=0.6
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CeCu, Ge,
| ' CeCu2Ge2 - Kondo-lattice:
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Fig. 12. Temperature dependence of the intensitics and widths of
the Lorentzian and Gaussian components. The lines are drawn to
guide the eye. Upper frame: quasielastic Lorentzian width () (I3),
middle frame: quasielastic (A) and inelastic (A) Gaussian width (I3),
lower frame: elastic (a) and inelastic (A) Gaussian intensities (I);
quasielastic Lorentzian intensities (1) (m)



Magnetic Phase Transition and Soft Mode
in Singlet Ground State Systems

Problem:
Induced magnetic ordering in systems
with nonmagnetic ground state.



EuCu,(Si,Ge, ), phase diagram

30—
o | Valence fluctuations
| Paramagnetic
20
< | 9
- 15-
10_' Antiferromagnetic
5} order .
0.0 0.2 0.4 0.6 0.8 1.0
EuCu,Ge, X EuCu,Si,

OuyeeudHo, ecmb 0bn1acmb cocyuwiecmeosaHusi MIT u
cruHoebIx ¢hsiykmyayuu e pexxume o0HopooHol 1B,
coomeemcmeyruwiel ecemy duana3oHy X



