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I.	Context:	Nanoparticles	
(3d/4f-compounds)	

Interest:	Size	effects,	Surface	Effects,	Interaction	&	Core	(disorder)-Shell	
Applications:	Biomedicine,	Fe-oxides	(Review,	QA	Pankhurst	et	al.,	J	Phys	D	(2003))	+	
Waste	Management…	

TbAl2:	D.	P.	Rojas	et	al.,	Mat	Res	Ex	(2015)	

TbCu2,:	C.	Echevarria	et	al.,	PRB	
Rapid	(2013);	JPCM	(2015),	M	de	la	
Fuente	et	al.,	J.	Nano	Res	(2017).	

YbAl3,	YbNi2:	D.	P.	Rojas	et	
al.,	PRB	(2008);	C.	Echevarria-
Bonet	JPCM	(2018);	D.	P.	Rojas	
SSC	(2016)	+	JMMM	(2018).	

Magnetite/Maghemite:	
40000	articles!	
Superparamagnetic	

Fe-Oxides:	P.	Bender	et	al.,		
Sci	Rep	(2017);	L.	Marcano	et	
al.,		Nanoscale(2018),	...		

3d	

4f	

GdAl2:	Zhou	et	al.,	PRL	
(1994)	

GMR	
Ultrasoft	
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Structural(and(magnetic(properties(
of(multi3core(nanoparticles(
analysed(using(a(generalised(
numerical(inversion(method
P.(Bender#,(L.(K.(Bogart$,(O.(Posth%,(W.(Szczerba&,',(S.(E.(Rogers(,(A.(Castro),(L.(Nilsson),*,(
L.(J.(Zeng+,(A.(Sugunan#",(J.(Sommertune#",(A.(Fornara#",(D.(González3Alonso#,(
L.(Fernández(Barquín#(&(C.(Johansson##

The(structural(and(magnetic(properties(of(magnetic(multi3core(particles(were(determined(by(numerical(
inversion(of(small(angle(scattering(and(isothermal(magnetisation(data.(The(investigated(particles(
��������
��������	�����������	����	�� +���!�	��	��	�������� ����	�	!����	�	�� #("���!�������������
���������������	��������
���	�������	�������	�������������	�	��������������������������������
���������	�����������	�������
��������������	����������	�����������	���������	�����������	���
Fourier(transform(of(static(light(scattering,(small(angle(X3ray(scattering(and(small(angle(neutron(
scattering(data(of(the(colloidal(dispersion.(The(extracted(pair(distance(distribution(functions(clearly(
�����	���������	����	���	�	�����������������	������	����	�����
��	����	����
���	����� ����	�	!�
spheres.(To(investigate(the(magnetic(properties,(the(isothermal(magnetisation(curves(of(the(multi3
���	�������	�� ������	���������	��	�������	�!��	�	�������	�����	�����������������������������
the(same(numerical(approach(to(extract(the(apparent(moment(distributions(of(the(particles(as(for(the(
indirect(Fourier(transform.(It(could(be(shown(that(the(main(peak(of(the(apparent(moment(distributions(
correlated(to(the(expected(intrinsic(moment(distribution(of(the(cores.(Additional(peaks(were(observed(
which(signaled(deviations(of(the(isothermal(magnetisation(behavior(from(the(non3interacting(case,(
indicating(weak(dipolar(interactions.

Biomedical applications of iron oxide nanoparticles have attracted considerable interest in the last decades, as 
summarised by the numerous recent review articles1–4 . Of the many proposed uses of iron oxide nanoparti-
cles the most promising examples are cancer treatment by magnetic hyperthermia5–11, magnetic resonance12,13  
and particle imaging14 ,15, magnetic biosensing16 ,17  as well as magnetic drug targeting11–13 . The required magnetic 
response of the nanoparticles is typically determined by the application, and is in turn intrinsically dependent on 
the structural properties of the particle system. For individual particles the theoretical framework regarding the 
correlations between the structural properties, such as size and shape, and magnetic properties, such as magnetic 
moment18 ,19  and relaxation times20 ,21, is well established.

A classic example of the delicate interplay between magnetic behaviour and structure in nano-particulate 
systems is that of dilute ensembles of superparamagnetic particles. Here, the size distribution p(V) can be directly 
translated into a moment distribution p(µ), which feeds into the Langevin expression to model the isothermal 
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Fe-oxide	Nanoparticles	CSIC05	
(Puerto	Morales)	
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Neutrons	revealing	Verwey	
(Inst.	Laue-Langevin,	Grenoble)	
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Magnetotactic	Bacteria	(UPV/EHU)	
Alicia	Muela,	M.L.	Fdez-Gubieda,...		



I.	Context:	Nanoparticles	
(3d/4f-compounds)	

Interest:	Size	effects,	Surface	Effects,	Interaction	&	Core	(Disorder)-Shell	
Applications:	Biomedicine,	Fe-oxides	(Review,	QA	Pankhurst	et	al.,	J	Phys	D	(2003))	+	
Waste	Management…	

TbAl2:	D.	P.	Rojas	et	al.,	Mat	Res	Ex	(2015)	

TbCu2,:	C.	Echevarria	et	al.,	PRB	
Rapid	(2013);	JPCM	(2015),	M	de	la	
Fuente	et	al.,	J.	Nano	Res	(2017).	

YbAl3,	YbNi2:	D.	P.	Rojas	et	
al.,	PRB	(2008);	C.	Echevarria-
Bonet	JPCM	(2018);	D.	P.	Rojas	
SSC	(2016).	D.	P.	Rojas	JMMM	
(2018).		

Magnetite/Maghemite:	
40000	articles!	
Superparamagnetic	

Fe-Oxides:	P.	Bender	et	al.,		
Sci	Rep	(2017);	L.	Marcano	et	
al.,		Nanoscale(2018),	...		

3d	

4f	

GdAl2:	Zhou	et	al.,	PRL	
(1994)	

GMR	
Ultrasoft	
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Context:	RE-NPs	

Conventional	MAGNETIC	4f-ALLOYS		
	
-	Binary	Alloys	
(R=Tb,	Nd,…,	X=Al,Cu,
�):	FM	or	AFM...RX2	

	
-	Dilution	
-	Disorder	
-	Small	record	in	
nanoparticles	
-	Surfaces	

Ø 	-	Permanent	Magnets	

Ø 	-	CEF	influence	

Ø 	-	Spin	glass	
	

4f	

CEMAG,	Gijón	2018	



Context:	RE-NPs	

ANOMALOUS	EFFECTS	IN	4f-	ALLOYS		
	

-  Unconventional	behaviour	
in		Yb,	Ce,	Sm	or	Eu	alloys	

	
-  Strongly	Correlated	

Electron	Systems	(SCES)	

-  Unconventional	Physics	

-  Very	scarce	record	in	
nanoparticles.	Surfaces.	

Ø 	Kondo	effect	

Ø 	Heavy	fermions	

Ø 	Intermediate	
valence	
	

CEMAG,	Gijón	2018	
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What can we do at UC 
About 4f-Nanoparticles?
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High-Energy	Inert-atmosphere	Milling	
(CW,	ZrO2)	

Synthesis	of	4f-RX2	NPs	

-  Mass	production	of	Metallic	Nanoparticles	
-  Decent	size	distribution	
-  Presence	of	oxides	(Controlled).	
-  Cost	effective.	Re-scalable	(technology)	

CEMAG,	Gijón	2018	



► Susceptibility-DC:	

AFM 

SG 

TN 

Tf 

ZFC-	FC:	Irreversibility	
à	magnetic	disorder	

Tf 

TN 
H = 50 Oe 

 Tb3+ (J = 6) µeff = 9.72 µB 

t	=	0.5	h	à		µeff	=	10.56(2)	µB	
θp	=	18.2(3)	K	

t (h)	 D (nm)	 TN (K)	 Tf (K)	

Bulk	 --	 49.1(1)	 --	

0.5	 13(1)	 48.2(1)	 16.7(1)	

2	 8(1)	 47.4(1)	 17.5(1)	

5	 7(1)	 47.1(1)	 16.4(1)	

15	 6(1)	 --	 18.4(1)	

increase t : 
AFM à SG,   �TN 
à�Tf  

Nano-RX2,	R	=	Tb,	X	=	Cu	

CEMAG,	Gijón	2018	



Disorder	in	TbCu2	

► AC-susceptibility:	

15 
C.	Echevarria-Bonet	et	al.,	PRB	87,	180407(R)	
(2013)	

D	=		9	nm	

TN ≈ 47 K   

AFM 
SG 

Tf ≈ 10 K   

Nps 
TbCu2  SG 

AFM 

core-shell 

Core à AFM 
Shell à SG 

Super-AFM 

zν = 5.7  

δ = 0.057  

τ0 = 1.3 x 10-5 s 

(D =  9 nm) 

Coexistence of Antiferromagnetic and Spin Cluster Glass Order in the
Magnetoelectric Relaxor Multiferroic PbFe0:5Nb0:5O3

W. Kleemann,* V.V. Shvartsman,† and P. Borisov‡

Angewandte Physik, Universität Duisburg-Essen, Lotharstrasse 1, D-47048 Duisburg, Germany

A. Kania
Institute of Physics, University of Silesia, PL-40-007 Katowice, Poland

(Received 29 July 2010; published 13 December 2010)

The coexistence of cluster glass with long-range antiferromagnetic order in the relaxor ferroelectric

PbFe0:5Nb0:5O3 is elucidated. While the transition at TN ¼ 153 K on the infinite antiferromagnetic cluster

induces 3m symmetry with large EH2 magnetoelectric response, the disconnected subspace of isolated

Fe3þ ions and finite clusters accommodates the cluster glass below Tg ¼ 10:6 K with field-induced m 0

symmetry and EH-type magnetoelectric response. Critical slowing-down, memory and rejuvenation after

aging, occurrence of a de Almeida–Thouless phase line, and stretched exponential relaxation of

remanence corroborate the glass nature.

DOI: 10.1103/PhysRevLett.105.257202 PACS numbers: 75.85.+t, 75.50.Lk, 77.22.#d, 77.84.Ek

Materials with nanoscale inhomogeneity have attracted
increasing interest in modern solid state physics. Quenched
disorder is a crucial factor responsible for the coexistence
of different ordered states with almost identical free en-
ergy. The most spectacular paradigms are found among
solid solutions of transition metal oxides, whose phase
diagrams are extremely complex [1]. Coupling and
controlling different degrees of freedom in such materials
opens unprecedented ways to achieve new functionalities.
Also in this context, the discussion on the still poorly
understood occurrence of different thermodynamic
phases in one and the same disordered material has been
resumed [1].

To address this issue, the most promising candidates are
probably homogeneously dilute magnetic compounds,
where independent phases may appear due to segregation
at the nanoscale. Coexistent spin-glass (SG) and antiferro-
magnetic (AF) phases were, e.g., proposed in the dilute
Ising systems Fe0:55Mg0:45Cl2 and Fe0:6Mn 0:4TiO3 [2,3].
This Letter reports on crucial experiments with the disor-
dered AF ferroelectric (FE) compound PbFe0:5Nb0:5O3

(PFN) [4]. On one hand, the chaotic SG ground state has
been verified, e.g., via aging experiments below the glass
temperature, Tg $ 10 K. Most spectacularly, however, the
subspaces accommodating the AF and SG phases are found
to possess different effective symmetries, which permit
quadratic and linear magnetoelectric (ME) effects,
respectively.

The ME effect of PFN is related to its well-known [4]
multiferroicity, i.e., the simultaneous occurrence of FE and
magnetic ordering [5]. In its ABO3 perovskite structure the
Fe3þ and Nb5þ ions randomly occupy the octahedral B
sites [6], thus giving rise to two different types of classic
disordered states. On one hand, the ionic charge disorder
originates quenched electric random fields (RFs) which

provoke relaxor ferroelectric behavior [7], which is, how-
ever, only weak in PFN [8].
On the other hand, owing to the random occupation of the

B sublattice with magnetic Fe3þ ions (spin S ¼ 2), a dilute
antiferromagnet with a Néel temperature TN $ 153 K is
accomplished [9]. Surprisingly, another nonergodic mag-
netic state appears below T $ 10 K, which has been attrib-
uted either to weak ferromagnetism [10] or to a SG state
[11–13].
In this Letter we shall give a definite answer in favor of a

spin cluster glass (CG) phase, which coexists with AF
long-range order as conjectured previously [13]. We argue
that both phases are established independently on separate
subsystems, as depicted in Fig. 1. The AF state occupies
the percolating exchange-coupled Fe3þ cluster, while the
CG state comprises rare isolated Fe3þ ions and unblocked
superantiferromagnetic (SAF) Fe3þ clusters with uncom-
pensated magnetic moments [14]. In addition to the well-
known nonergodicity of the magnetization [11–13], we
present new experimental arguments in favor of the
CG phase: (i) polydispersive ac susceptibility whose peak
position converges at the glass temperature, Tg $ 10:6 K,
(ii) memory and rejuvenation after isothermal aging below
Tg, and (iii) stretched exponential relaxation of the ther-
moremanent magnetization after magnetic FC.
Moreover, ME effects prove to be sensitive indicators of

the different spin ordering phenomena. We report on the
electrobimagnetic ME (!) effect, which reflects theG-type
AF spin order on both the percolated and finite-size SAF
clusters of Fe3þ ions. By contrast, the CG phase reveals an
additional bilinear ME (") effect [10] induced by magnetic
FC to below Tg.
The experiments were carried out on a (001)-oriented

parallelepiped-shaped sample (volume V ¼ 3:2% 1:6%
0:4 mm3) cut from a single-phased single crystal of PFN

PRL 105, 257202 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

17 DECEMBER 2010

0031-9007=10=105(25)=257202(4) 257202-1 ! 2010 The American Physical Society

Coexistence	of	AFM+SG…as	in	bulk,	for	
example,	multiferroic	PbFeNbO,	
PRL	(2010)	
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► M(H):	
No	magnetic	saturation	̴	8.8	
mB	Bulk	

5.2	mB/at	Tb	(D	=	13	
nm)	
		5.0	mB/at	Tb	(D	=	8	
nm)	

		3.8	mB/at	Tb	(D	=	7	
nm)	

	bulk	CEF	prevents	saturation	

5	K	

Ms	decreasing	size	à	Shell	
moments	with	high	anisotropy	

Metamagnetic	transitionà	
typical	AFM	

HSF	=	19	kOe	Bulk	

HSF	=	24	kOe	(D	=	13	
nm)	
HSF	=	23	kOe	(D	=	8	
nm)	

Size	decreaseà		AFM	core	
↓,		disordered	shell		↑	

SAFM	+	SG	

	mechanism	spin	–	flip	
sublattice	AFM	à	FM		

Anisotropy, TbCu2

CEMAG,	Gijón	2018	



Neutron	Diffraction	
(LLB	G4.1),	F.	Damay	

► Magnetic	structure	TbCu2	5h	

T	=	1.8	K	

T	=	36	K	

AFM	commensurate	

Propagation	vectors	

High	CEF	anisotropy	

	nuclear	

Nuclear	+	magnetic	

D		≈		8	nm	

Structure	
TbCu2	

(0,0,0)	
(1/3,0,0)	

Sima	et	al,	JMMM	(1986)	
CEMAG,	Gijón	2018	



	Neutron	diffraction	

► Magnetic	moment	evolution	TbCu2	5h	

5h µTb3+ =  7.3(5) µB 
Bulk µTb3+ =  8.8 µB 
 

Brillouin	J	=	6	

 reduction µ ~ 20% à disordered moments 

Low	T	nanoparticle	correlation	

CEMAG,	Gijón	2018	



					Inelastic	Neutron	Scattering	
(INS),	B.	Fåk	(Inst	Laue-Langevin)	

►  Experiment	IN6:	TbCu2	Bulk,	2h	y	5h	

	PM	

	SAFM	

	SAFM	+	SG	

λ	=	5.1	Å	

0.6	Å-1	≤	Q	≤	1.3	Å-1	

I(Q)	Vs	E	:	feeble	↓I	when	↑Q	à	magnetic	+	

Incoherent	phonon	contribution	

Anti-Stokes	

Stokes	

̴	0.5	meV	

-	0.75	meV	
-	2.5	meV	

↑I	nano	

-	4.5	meV	

I	↑	when	↑T,	CEF	excitations	

Lower		Intensity	in		nano-TbCu2	à	less	defined	
multiplets	

																								

Distributions	of	CEF	

T	=	1.8,	8,	20,	40,	100	y	300	K	

CEMAG,	Gijón	2018	



SANS	
(D.	Alba,	RAL-ISIS)	

►  RAL-ISIS:	SANS2D,	TbCu2	5h		

I	(Q)		independent	of	
Tà	Guinier	(low	Q)	

T	=	40	K,	
	Peak	Q		̴1.14	nm-1			Nuclear:	NP’s	

spherical,	pores	

Magnetic	
contribution	

I	(Q)	varies	with	Tà		
Porod	(high	Q)	

Magnetic	Peak	(open):	
-	Correlation	of	neighbouring	
MNPs,	chains?	
	
2.-		helicoidalàTb	Bulk?		

Porod	Zone:	
Guinier	zone:	

CEMAG,	Gijón	2018	



  			TbCu2	phase	diagram	

21 

► Progressive	variation	of	magnetic	disorder	+	SAFM	

► High	anisotropy	(SG	influence)	

► Variation	of	CEF	levels	due	to	disorder	

► Disorder	is	crucial	

C.	Echevarria-Bonet	et	al.,	JPCM	
(2015)	
	
	
Work	inTbCu2NPs,		with	oleic	
acid,	(surfactant),	
seperating	NPs….		
see	J.	Nanopart.	Res	(2017)	

CEMAG,	Gijón	2018	
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Context:	Intermediate	Valence	

ANOMALOUS EFFECTS IN 4f- ALLOYS  
 

Electronic	configurations	are	well	defined	when	Fermi	level	
and	4f-band	are	well	separated.	For	an	Yb	ion:	
	

If	EF	>>	E4f	ð	Yb3+	;	4f13	ð	localised	magnetism.	
If	EF	<<	E4f	ð	Yb2+	;	4f14	ð	non-magnetic	state.	
	

If	EF	~	E4f	ð	hybridisation	of	states	ð	Anomalous	effects:	
	Heavy	fermions.	
	Intermediate	valence.	
	Kondo	effect.	
	

	Different	characteristics	but	same	origin.	
CEMAG,	Gijón	2018	



Context: Doniach diagram

•  Several	behaviours:	

o  If	TRKKY	>>	TK	:	the	system	is	
ordered	magnetically.	

o  If	TK	>>	TRKKY	:	non-magnetic.	

o  If	TK	<	TRKKY	:	µ	reduced	by	the	
screening	of	the	Kondo	effect,	
but	the	system	can	be	ordered	at	
a	reduced	TC.	

o  If	TK	≈	TRKKY	:	HF.	

	
•  QPT:	NFL.	Magnetic	instability.	

[S.	Doniach,	Physica	B	91,	231	
(1977)]	

CEMAG,	Gijón	2018	



YbAl3	bulk	
cubic	
susceptibility	maximum:	intermediate	valence	
valence:	2.86	

Context-YbAl3	

Inspiring	work/convesations:	
Bulk,	YbAl3,YbAl2,T.	Görlach	et	al.,	PRB	(2005);	P.	Schlottman	PRB	(2002);	
YbAl3	nano,	De	et	al.,	JAC	(2017);	B.	Coqblin	(privste…)		

- 	XANES,	BM25A	ESRF	&	SPRING8	(Japan)	
-	Yb	LIII.	Change	from	Yb3+	to	Yb2+	due	to	surface	atoms	

CEMAG,	Gijón	2018	



Nano-structure
Cubic	Pm-3m	

LuAl3:	

YbAl3:	

20h,	D	=	20	nm	
70	h,	D	=	12	nm	

70	h,	D	=	11	nm	

CEMAG,	Gijón	2018	



-  The	milling	of	YbAl3	
results	in	a	decrease	of	
particle	size	as	it	is	also	
deduced	from	the	TEM	
analysis.	

-  	The	size	distribution	of		
nanoparticles	relatively	
narrow.	

Structure	(TEM	at	UC)	

C Echevarria-Bonet et al

3

nanoparticle (figure 1(d)). The lattice planes can be clearly 
observed, which indicates that the nanoparticles are crystal-
line at the core. These values of the mean size of the nanopar-
ticles are near to those obtained by the analysis of the x-ray 
diffraction data.

Figure 2(a) shows the temperature dependence of the total 
electrical resistivity (ρ(T)) in bulk, 20 h and 70 h milled YbAl3 
alloys. It is observed a gradual change in the high temperature 
slope in the milled samples with respect to the bulk alloy, with 
a decrease of the relative variation in all temperature ranges 
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LuAl
3
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Resistivity-Analysis	

2.-	QIE	Effects	in	LuAl3:	

1.-	Ohmic	YbAl3:	

For example: Lee P A and Ramakrishnan T V 1985 Rev. Mod. Phys. 57 287 
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as shown in figures 2(a) and (b). Specifically, there is a small 
upturn in YbAl3 20 h (⟨DXRD⟩ ≈ 19 nm [27]), which demon-
strates that the appearance of the minimum at 70 h alloy is not 
casual but the result of a definite tendency (see figure 2(c)). 
The consequence of this minimum is a deviation from standard 
Fermi liquid behavior, as shown in figure 3, when comparing 
the bulk and 70 h milled YbAl3 alloy samples.

To analyze the origin of such a minimum in ρ(T), it is per-
tinent to check ρ(T) in LuAl3 milled for 70 h. This will make it 
possible to test whether the minimum is observed in a conven-
tional metallic alloy of a similar nanometric structure. In this 
case (see figure 4(a)), the shape of the resistivity curve is that 
of a typical metal. Curiously, it also displays a minimum—
much shallower than that in 70 h milled YbAl3—as shown in 
detail in the inset of figure  4(a). This last feature could be 
intuitively interpreted as being due to additional contributions 
around the minimum in the Yb-based alloy, which conjecture 
we will address below.

The analysis of the different contributions to ρ(T) in dis-
ordered (amorphous) metals and nanocrystalline alloys is not 
a simple task. Several mechanisms exist that could provide 
a reasonable interpretation for the increase of the electrical 
resistivity at low temperatures for the nanometric 70 h milled 
YbAl3 and LuAl3 alloys. To facilitate the interpretation, we 
will describe our rationale step-by-step. Firstly, it could 
be expected the low temperature upturn be due to eventual 
changes in the density of carriers, which are commonly found 
in semiconducting materials and hopping conductivity. In 
the second step, we will discuss quantum interference effects 
(QIE) usually observed in compounds of amorphous nature 
[36, 37]. Finally, a third plausible approach to quantify is the 
role of an eventual Kondo effect in the Yb sample; this will be 
discussed as another extra scattering source frequently present 
in SCES Yb alloys.

Regarding the first mechanism, our ρ(T) measurements 
indicated an ohmic dependence (see figure  4(b)), thus 

providing reasonable evidence for metallic conductivity. This 
rules out the influence of oxides such as Yb2O3 on ρ(T). The 
presence of this oxide (less than 3%) of the sample) has been 
previously detected in bulk and milled YbAl3 alloys [27]. 
Consequently, this ohmic dependence of ρ(T) also eliminates 
the possibility of hopping conductivity, based on Mott metal–
insulator transition, at least with an exponential dependence 
[38].  Secondly, an electrical resistivity minimum has been 
been widely observed in amorphous materials of high ρ0 
(!80 µΩ cm). The high-energy milling process usually leads 
to sizeable lattice strains and deformations, thus giving rise 
to a poorly crystallized environment at the very local scale 
[39].  Therefore, it would not be surprising to detect some 
influence of these effects on ρ(T). Quantum electron interac-
tion effects [36] entail two corrections, namely the electron–
electron interaction (EEI) and the weak localization (WL). 
In the following, we will briefly comment on both effects. 
Although EEI and WL introduce temperature dependent cor-
rections to resistivity, in three-dimensional disordered metals 
at low temperatures, the contribution to resistivity from the 
EEI effects dominates over that due to WL effects [36, 40]. 
Assuming the existence of EEI, the correction to conductivity 
(σ) is derived as

∆σee =
1.3√

2
e2

2 πh
F0

√
2 πkBT

hD′ , (1)

where D′ = v2
Fτ
3  is the diffusion constant, in terms of the Fermi 

velocity vF and the relaxation time τ. F0 is a screening term 
which equals 4/3 in the absence of any applied magnetic field. 
Experimental reports revealing the ρ ∝ −

√
T  dependence 

have been extensively published for disordered metals [37]. 
On the other hand, electron wave propagation—away from 
a classical interpretation—allows a variety of paths, with the 
existence of loops of interference between the electron waves, 
giving rise to an effective localization. If all particles returned 
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as shown in figures 2(a) and (b). Specifically, there is a small 
upturn in YbAl3 20 h (⟨DXRD⟩ ≈ 19 nm [27]), which demon-
strates that the appearance of the minimum at 70 h alloy is not 
casual but the result of a definite tendency (see figure 2(c)). 
The consequence of this minimum is a deviation from standard 
Fermi liquid behavior, as shown in figure 3, when comparing 
the bulk and 70 h milled YbAl3 alloy samples.

To analyze the origin of such a minimum in ρ(T), it is per-
tinent to check ρ(T) in LuAl3 milled for 70 h. This will make it 
possible to test whether the minimum is observed in a conven-
tional metallic alloy of a similar nanometric structure. In this 
case (see figure 4(a)), the shape of the resistivity curve is that 
of a typical metal. Curiously, it also displays a minimum—
much shallower than that in 70 h milled YbAl3—as shown in 
detail in the inset of figure  4(a). This last feature could be 
intuitively interpreted as being due to additional contributions 
around the minimum in the Yb-based alloy, which conjecture 
we will address below.

The analysis of the different contributions to ρ(T) in dis-
ordered (amorphous) metals and nanocrystalline alloys is not 
a simple task. Several mechanisms exist that could provide 
a reasonable interpretation for the increase of the electrical 
resistivity at low temperatures for the nanometric 70 h milled 
YbAl3 and LuAl3 alloys. To facilitate the interpretation, we 
will describe our rationale step-by-step. Firstly, it could 
be expected the low temperature upturn be due to eventual 
changes in the density of carriers, which are commonly found 
in semiconducting materials and hopping conductivity. In 
the second step, we will discuss quantum interference effects 
(QIE) usually observed in compounds of amorphous nature 
[36, 37]. Finally, a third plausible approach to quantify is the 
role of an eventual Kondo effect in the Yb sample; this will be 
discussed as another extra scattering source frequently present 
in SCES Yb alloys.

Regarding the first mechanism, our ρ(T) measurements 
indicated an ohmic dependence (see figure  4(b)), thus 

providing reasonable evidence for metallic conductivity. This 
rules out the influence of oxides such as Yb2O3 on ρ(T). The 
presence of this oxide (less than 3%) of the sample) has been 
previously detected in bulk and milled YbAl3 alloys [27]. 
Consequently, this ohmic dependence of ρ(T) also eliminates 
the possibility of hopping conductivity, based on Mott metal–
insulator transition, at least with an exponential dependence 
[38].  Secondly, an electrical resistivity minimum has been 
been widely observed in amorphous materials of high ρ0 
(!80 µΩ cm). The high-energy milling process usually leads 
to sizeable lattice strains and deformations, thus giving rise 
to a poorly crystallized environment at the very local scale 
[39].  Therefore, it would not be surprising to detect some 
influence of these effects on ρ(T). Quantum electron interac-
tion effects [36] entail two corrections, namely the electron–
electron interaction (EEI) and the weak localization (WL). 
In the following, we will briefly comment on both effects. 
Although EEI and WL introduce temperature dependent cor-
rections to resistivity, in three-dimensional disordered metals 
at low temperatures, the contribution to resistivity from the 
EEI effects dominates over that due to WL effects [36, 40]. 
Assuming the existence of EEI, the correction to conductivity 
(σ) is derived as
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which equals 4/3 in the absence of any applied magnetic field. 
Experimental reports revealing the ρ ∝ −
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T  dependence 
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with the milling process. For 70 h milled YbAl3 alloy, there 
are two important features that indicate a remarkable differ-
ence from the bulk sample: the high temperature slope; and a 
minimum around 15 K, as indicated by the marker—visible in 
more detail in figure 2(b). There is also a broad hump in the 
70 h milled YbAl3 alloy.

The appearance of this hump is typical in the magnetic 
contribution to ρ(T) of intermediate valence Kondo lattice 
systems—as observed, for instance, in intermediate-valence 
YbCuAl [34]. When coming down from high temperatures 
in 70 h milled YbAl3, the ρ(T) increase can be attributed to 
the incoherent Kondo scattering (high temperature scale-
TK = 670 K [14]) until the decrease below Tmax = 125 K. 
Thus, the contribution to the electrical resistivity in 70 h milled 

YbAl3 (see figure  2(b)) basically comes from the magnetic 
scattering and the residual resistivity terms. This suggests 
that the disorder provoked by the milling process induces 
an increase of scattering by defects in the crystal lattice, 
starting to play a more significant role that electron–phonon 
scattering. This fact has been observed in other milled Rare 
Earth-based alloys, where the electrical resistivity has shown 
a significant reduction of the high temperature slope with the 
increase of the milling time, with values of residual resistivity 
ratio (RRR) = ρ 300 K/ρ 4 K changing from 1.6 to 1.1 [35].

On the other hand, a drastic change (although relatively 
reduced) in the behavior is observed at low temperatures in 
such a milled sample with respect to the bulk alloy, with a 
marked upturn and the presence of a minimum around 15 K, 
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minimum around 15 K, as indicated by the marker—visible in 
more detail in figure 2(b). There is also a broad hump in the 
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YbCuAl [34]. When coming down from high temperatures 
in 70 h milled YbAl3, the ρ(T) increase can be attributed to 
the incoherent Kondo scattering (high temperature scale-
TK = 670 K [14]) until the decrease below Tmax = 125 K. 
Thus, the contribution to the electrical resistivity in 70 h milled 

YbAl3 (see figure  2(b)) basically comes from the magnetic 
scattering and the residual resistivity terms. This suggests 
that the disorder provoked by the milling process induces 
an increase of scattering by defects in the crystal lattice, 
starting to play a more significant role that electron–phonon 
scattering. This fact has been observed in other milled Rare 
Earth-based alloys, where the electrical resistivity has shown 
a significant reduction of the high temperature slope with the 
increase of the milling time, with values of residual resistivity 
ratio (RRR) = ρ 300 K/ρ 4 K changing from 1.6 to 1.1 [35].

On the other hand, a drastic change (although relatively 
reduced) in the behavior is observed at low temperatures in 
such a milled sample with respect to the bulk alloy, with a 
marked upturn and the presence of a minimum around 15 K, 
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4.-	In	Bulk?	Dilution	with	Lu	(in	YbLuAl3)	also	favours	the	
existence	of	resistivity	minimum	

C.	Echevarria-Bonet	et	al.,	JPCM	30,	135604	(2018)	
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Coherence	(Kondo	lattice)	
in	bulk	

	Kondo	+	Surface	disorder	in	NPs	

Just	a	sketch!	
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-	The	milling	of	RX2	produces	NPs	with	an	AFM	core	and	a	SG	shell	in	a	SAFM	

behavior.	Disorder	in	the	Shell	changes	CEF	levels,	forced	by	distortions?	

	

-	The	milling	of	YbAl3	enables	the	production	of	large	quantities	of	nanoparticles	

below	10	nm	which	show		a	drastic	change	in	the	electrical	resistivity	with	

decoherence	effects.	QIE	(Electron-Electron	Int)	likely	to	be	present	(LuAl3).	

Near	Future:	

-  NdCu2	INS	+	SANS,	modeling	(Jesús	Blanco,	Oviedo)	

-  RX2	NPs:	Y-La	dilutions:	magnetic	properties	

-  YbNi2	NPs,	heavy	fermion	FM,	YbAL3	dots?	

-  Ho,Tb-NPs	(Andreas	Michels,	U	Luxembourg)	

-  Griffiths	Phase	+	SG	in	Magnetocaloric	TbLaSiGe	(bulk)	(Noelia	Marcano,	Zaragoza,	Spain)	

-  Verwey	(Charge	order)	in	Fe-oxides	NPs	in	Magnetotactic	Bacteria	(ML	Fdez,	Bilbao,	Spain)	
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