UvA-DARE (Digital Academic Repository)

Non-fermi liquid behaviour in uranium-based heavy-fermion compounds

de Lemos Correia Estrela, P.M.

Publication date
2000

Link to publication

Citation for published version (APA):
de Lemos Correia Estrela, P. M. (2000). Non-fermi liquid behaviour in uranium-based heavy-
fermion compounds.

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (http
Download date:18 Oct 2021


https://dare.uva.nl/personal/pure/en/publications/nonfermi-liquid-behaviour-in-uraniumbased-heavyfermion-compounds(979e05bc-42f0-40e9-86d3-6381236f4ac2).html

m  Non-Fermi liquid behaviour in

U2Pt2In

4.1. The U,T,X family of compounds

The family of U.T-X (where T is a transition metal and X is In or Sn) intermetallic
compounds has attracted much interest in the past years [1-4]. because it may serve as an
exemplary system to study hybridization phenomena in  Sf-electron compounds. The
hybridization strength can be tuned by varying the T and X elements and as a result various
magnetic ground states are observed. notably Pauli paramagnetism. spin-fluctuation phenomena
and antiferromagnetism. The shortest U-U distance in these tetragonal 2:2:1 compounds is close
to the Hill limit (~ 3.5 A) and is found either along the c-axis or within the ab-plane. depending
on the T and X elements. Therefore. this family of compounds may be used to study the
influence of the direct f~f coupling on the magnetic f~-moment direction. On the other hand. it is

the strength of the 5f- d-ligand hybridization that controls the evolution of magnetism across the

2:2:1 series.
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4.1.1. Crystallographic structure and overview

In order to carry out a systematic study of the structural and physical properties of the
An-T-X series (where An is an actinide). single crystals of several uranium 2:2:1 compounds
were grown by L.C.J. Pereira at the Institute for Transuranium Elements (Karlsruhe. Germany)
[4].

The compounds were prepared in a polycrystalline form by arc melting together the
stoichiometric amounts of the elements (U with a purity better than 99.9% and T and X with a
purity 99.999%) in a water-cooled copper crucible under a purified argon atmosphere. Small
excess amounts of the X element were added in order to compensate for evaporation losses. The
mass losses after arc melting were less than 0.5% of the total mass. The single-phase character of
the ingots was checked by means of X-ray analysis, optical microscopy and secondary electron
microscopy (SEM).

The polycrystalline batches (mass about 20 g) were then encapsulated in tungsten crucibles
and sealed by electron-beam welding under vacuum. Single crystals were grown by a modified
mineralization technique [4] using radiofrequency heating with an in sifi temperature reading in
order to control the melting temperature plateau. The in situ temperature reading made it possible
to reduce the mineralization time significantly. from typically 1 week to 5 hours only. The single-
phase character of the grown materials was checked by means of X-ray diffraction. optical
microscopy and SEM. The single-crystallinity was checked by the X-ray back-reflection Laue
method (or by neutron diffraction in the case of some of the compounds).

On several pieces of the single-crystalline materials. a complete structural analysis was
carried out on a four-circle diffractometer. The U-T-X compounds crystallize in the ordered
tetragonal U;Si--type of structure (space group P4/mbm) [1]. except for UIraSn. U-Pt:Sn and
U-Pt:In, which crystallize in the Zr:Al>-type of structure (space group P4./mnm) [5.6]. The
Zr;Al>-type of structure is a superstructure (doubling of the c-axis) of the UsSis-type. The UsSia-
type of structure was also reported for the Np [1.4]. Pu and Am [7] 2:2:1 compounds and for the
rare-earth based ones [8.9].

In the UiSi>-type of structure (Figure 4.1), the U atoms occupy the 4h (xy.x+1/2.1/2)
positions, while the T and X atoms occupy the 4g (y,.yr+1/2.0) and 2a (0.0.0) positions.

respectively. where x = 0.17 and yr = 0.37. The point symmetries of the 4h. 4g and 2a positions

are m2m. m2m and 4/m. respectively. On the other hand. the U atoms in the Zr;Al-type of
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n

structure (Figure 4.2) occupy two different crystallographic positions: 4f (x;.x;.0) and 4g

(x2.-x5.0). The X atoms are on the 4d (0.1/2,1/4) positions and the T atoms on the 8 (Xp.x1.21)

positions (x; = 0.31. x2 = 0.16. x1 = 0.13 and zr = 0.28). The point symmetries of the 4f. 4g. §j

and 4d positions are m2m. m2m, m and -4, respectively.

Figure 4.2 - Unit cell of the Zr:Al>-type of structure. Each unit cell contains 4 formula units.
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In the Zr:Alx-type of structure. the U atoms do not form linear chains as is the case for the
UsSix-type of structure. but form zig-zag chains along the c-axis. This leads to a reduction of the
shortest U-U spacing within the basal plane. Close scrutiny of Figure 4.1 and Figure 4.2 reveuls
that a transition between the two structures involves only minor shifts in the positions of the
atoms.

From the structural point of view. U-Pt:In is a special case within the 2:2:1 family of
compounds, as poly- and single-crystalline materials form in ditferent structures [10]. The X-ray
powder diffraction data taken on polycrystalline UsPt:In confirm the UsSis-type of structure with
lattice parameters a = 7.654 A and ¢ =3.725 A. However. UsPt:In single crystals form in the
superstructure of the Zr:Al>-type with lattice parameters a = 7.695 A and ¢ = 7.368 A,

This polymorphism of U:PtaIn shows that the stability of the crystallographic structure
depends on the experimental conditions. like pressure and temperature. during the sample
preparation process. While preparing the arc-melted polycrystalline sample. the temperatures
attained are well above the melting point of UPt=In and the cooling process is rather fast. This
leads to the formation of the U;Six-type of structure. During the single crystal growth. i.e. the
mineralization process. the temperature range is much reduced (up to 20°C above the melting
point) and the cooling takes place very slowly. Under these conditions. which are closer 10
equilibrium. the preferred structure is the tetragonal Zr;Als>-type of structure.

The interatomic distances and near-neighbour (d <4.2 A) positions. calculated for the
U:PtaIn single- and polycrystals. are listed in Table 4.1. The number of nearest neighbours for
each atom is the same in both structures (since the main effect is the doubling of the c-axis). The
average interatomic distances do not change significantly. For the U atoms. the in-plane
U)-Ud4f) distance decreases. while the in-plane Utdg)-Utdg) increases when moving from
polycrystals to single crystals.

As mentioned before. several magnetic ground states are found in the 2:2:1 family of
compounds. A review of the properties of the U-T.X compounds has been given in Ref. 11 and
some of the results are summarized in Table 4.2. Among these compounds. U:PtsIn and U>Pd-In
present heavy-fermion behaviour. as can be concluded from the large value of the linear

coefficient of the low-temperature specific heat. which is indicative of an enhanced effective

IMAsS.
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Table 4.1 - Interatomic distances and near-neighbours numbers (NN} in poly- and single-crystalline
U-Pt.In.
UsSia-type (polyerystal) Zr:Als-type (single crystal)
bond NN d(A) bond NN d(A)
o uu 2 3.725 S UL U 1 3.58313.925
BERIAY 1 3738 LU 2 3.687
U-uU 4 4.006 U -Us 2 3913
U-Us 2 4144 |
U-Pt 2 2835 Ui-PtiUs-Pt 2 2828]23838 |
U-Pt 4 2.990 U-Pt{ Us-Pu 4 301312975
U-X 4 3.390 U-X | Ux-X 4 3414]3.372

U,=U(4h). U=Udg)

The electronic structure and related properties of the U-T-X compounds mainly originate
from the band filling of the transition-metal d-states and from the 5f-moments of the U atoms. A
decrease of the f-d hybridization strength occurs when the d-band is gradually filled, as evidenced
by theoretical calculations based on the local density approximation (LDA) [12.13]. Also the
evolution of magnetism across the 2:2:1 series (for In and Sn compounds) is shown to be related
to the strength of the 5f- d-ligand hybridization [14]. As shown in Table 4.2, in the U-T»In
series, UsPdsIn and UsNizIn order antiferromagnetically with Néel temperatures of 37 and 14 K,
respectively, while in the U,T.Sn series. the compounds with Pd. Rh. Ni and Pt have

antiferromagnetic transitions at 7 = 41, 28, 26 and 15 K, respectively.

In all other U 2:2:1 compounds, no anomalies have been found in the temperature
dependence of the magnetic susceptibility. resistivity and specific heat down to 1.2 K. suggesting
paramagnetic ground states. The strong hybridization effects are reflected in reduced effective-
moment values with respect to the U and U free-ion values. as calculated from the Curie-
Weiss behaviour of the magnetic susceptibility.

The transition elements in the U>T>X compounds do not carry magnetic moments, except
for the cases T = Co and Fe. Detailed LDA band-structure calculations on U-T-Sn (T = Fe. Co.
Ni) compounds | 15] show an hybridization-induced magnetic polarization on the transition-metal
atoms in both UsFe;Sn and U>Co.Sn (with a magnitude that is almost twice as large for the
former). This is considered as indicative of a strong covalent interaction between Fe and U and.

to a lesser extent. between Co and U. The polarization of Ni in U-Ni-Sn is found to be very

small. A negligible polarization characterizes the Sn atoms.
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Table 4.2 - Magnetic ground states in the U>T-X family of compounds.

' ground state 7\ (K Mo (Ue/U) Yy tml/moly K"

U.Fe-Sn | PP - - n.d.
U:Co:Sn SF . : 130
U-NisSn AF 26 1.05 85
U:Ru:Sn PP . ) ; ) 10
U.Rh:Sn . AF 28 0.53 65
U-Pd-Sn ‘ AF 11 1.89 100
CaraSn | SF ) . ” - 65
U.PuSn 0 AF 15 nd. 185

"~ UsCosln PP - - 30

i UsNisIn AF 15 0.92 s
U-Ru:ln PP - ' - T
U-Rhiln SF - - 10
U-Pd.In AF 37 140 205
Uslr-In PP ‘ - = » n.d.
U-Pt.In NFL - . 110 %

AF=antiferromagnet. PP=Pauli palﬁlﬂﬂgnet. SF=spin fluctuator, NFL=non-Fermi liquid
n.d.=not determined.  *value of ¢/TatT=1K

Table 4.3 - Lattice parameters of the U>T>X family of compounds.

i UsSix-type a(A) c(A) cla V(AT
U-Fe,Sn 7.296 3446 0472 183.436
U-Co-Sn 7.208 3.606 0.500 187351
U-Ni-Sn 7.263 3.691 0.508 194705 |
U:RwSn 7482 3558 0476 . 199.178
U-Rh-Sn 7.534 3.625 0.481  205.759
U.Pd-Sn 7.603 3.785 0.498  218.794
U:Cosln 7.361 3431 0466 185.906
U:NisIn 7.374 3.572 0484 194.231

. URwin  7.505 3545 0472 199.672

" U.Rhidn 7.553 3.605 0477 - 205.657

" U.Pd:In 7.637 3.752 0491 218.831]
UsIrIn - 7.596 3582 0472 206.679
U.PtIn 7.654 3.725 0487  218.224 |

T
ZriAls-type i a(A) ¢ (A) c/a V(A
 UinSn 7.557 7.195 0,952 410.89% |

" U.PLSn 7.668 7.389 0.964  434.460
U-PtIn 7695 7368 0958 136.282

When comparing the magnetic properties of the 2:2:1 compounds (Table 4.2) with their

lattice parameters (Table 4.3). the following trends are noticeable: i) the ordering temperature

increases within each T series (from Fe to Ni. Ru to Pd and Ir to Pt). together with the volume
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and the c/a ratio: ii)the In compounds have less tendency to magnetic order than the Sn
compounds. which may be related to the corresponding decrease of the c/a ratio since the volume

remains the same in both series.

High-field magnetization studies have been carried out on several polycrystalline samples
[16] in order to study the evolution of the magnetocrystalline anisotropy in the UsT>X series. In
all cases. the magnetization at 4.2 K does not saturate, not even at the highest fields (quasi-static
fields up to 38 T [17] and/or pulse fields up to 57 T [18]). which makes it difficult to determine
the type of magnetic anisotropy by comparing values of the saturation magnetization for free- and
fixed-powder samples. This lack of saturation and the large high-field magnetization values
observed in the paramagnetic U,T>X compounds may be an indication of field-induced moments
on the U or transition-metal sites. At relatively high magnetic fields. the antiferromagnetically
ordered compounds undergo metamagnetic transitions. However. the magnetization steps
corresponding to these transitions are small and therefore other metamagnetic transitions at even
higher fields can not be excluded (e.g. U-Ni>Sn has 3 metamagnetic transitions at 30. 39 and

51T).

4.1.2. Doniach diagram

A quantitative estimate of the importance of fligand hybridization in complicated
structures can be obtained by means of a tight-binding approximation. The tight-binding
approximation has been frequently used to calculate e.g. structural properties. structural stability
and the electronic structure of ionic, covalent and metallic systems,

A generalized method based on a muffin-tin orbital model with transition metal
pseudopotential model can be applied to calculate the coupling between atomic orbitals of s. p. d
or f symmetry, mediated by the free-electron states [19.20]. The parameters are the atomic radii
of the respective atoms r;. the interatomic distance d. the angular momentum /7 (1=0. 1, 2 and 3
for s. p. d and forbitals. respectively) and the symmetry of the bond m (m =0, 1. 2 and 3 for 6. 1.

& and ¢ bonds. respectively). The general hybridization-matrix element Vy,, is written as [21)

R
o

I

V. = "]//’mh2

Wm = NG (4 I )
’ m, d!

where the coefficients 1, [22] are given by the expression (see Table 4.4)
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n i = (43 )

(=1) " (1 + )02 (I +1)2r+1)
62" 111 (0 + m) (= m) (" + )l (1" = m)

Table 4.4 - Bond coetficients 0, defined in Equation 4.2.

"
n Jul df N
c 103521 /n 75435 /n 20(525/2n)
n —1547/2/x —75435/2/n —15(525/2m)
8 - 7547/2n 6(525/2m)
I0) - - - (525/2m)

The covalent energy of the coupling between the / and /" states is related to the trace of the
hybridization matrices [23]

P

172 |
Ny ~o,» Ny oo . . Al
V/c" = [ - Zv//im] = [v4 (‘///_/G + Zvlfn + 2‘//_'6 + 2‘//170) : (43)

20+1 20 +]

m=—1
where N;-is the number of nearest neighbours between the atoms with angular momenta / and /.

An estimate of the total conduction electron hybridization on the f~atom. V. is then given

by

vo=lzeviavi]® (4.4)

df »

In Table 4.5, average interatomic distances are given for several compounds of the U,T2X
family. The averages were calculated by considering the number of nearest neighbours for each
bond (each U atom has 4 X, 6 T and 7 U nearest neighbours). In the case of the compounds with
the Zr:Als-type of structure. the mean value was taken as the average distances to the U4f) and
U4g) atoms. In order to calculate the hybridization for each compound of the 2:2:1 family. a
consistent set of atomic radii was taken from bandwidth calculations in an atomic-surface
method [24]. based on free-atom wave functions evaluated at the Wigner-Seitz atomic-sphere

radius (Table 4.6).
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‘Table 4.5 - Average distances (d:-). hybridization traces (V' +) and total hybridization (V') for the
U.T.X (X=In or Snj family of compounds.
d,, dy d.. V.. Vi v, Ve
(A (A) (A) eV eV (eV) ev)
U-Fe.Sn 3211 2.764 3.674 0.178 0.657 0.235 0.720
U:Co-Sn 3.220 2.782 3.689 0.176 0.572 0.228 0.640
U-Ni-Sn 3.256 2.83% 3734 (). 166 {).460 0.210 0.532
©URusSh | 3303 | 2842 | 3775 | 0155 [ 0977 | 0194 | 1008 |
U-Rh-Sn 3.320 2.880 3813 0.151 0.825 0.181 0.858
U,Pd-Sn 3.383 2.949 3.8%7 0.137 0.703 0.15% 0.733
C o UdesSnx [ 3323 | 2816 | 818 0150 [ tosze | 0180 | 1062 ]
U.Pt:Sn * 3.391 2.894 3.887 0.136 0.860 0.159 ().885
U.Coaln 3228 2,773 3.694 0.180 0.583 0.226 0.651
U:Ni-In 3.361 2822 3.740 0.147 0.476 0.207 0.539
© UiRhaln [ 3331 | 2876 38151 015+ [T 0832 | 0181 | 0.865 |
U-Pd:In 3.388 2,945 3.889 0.141 0.709 0.158 0.740
""" Cirdn [ 2 T [Toeed |
U-Pt-In 3.390 2938 3.887 0.141 0.785 0.158 0.813
U-PtsIn * 3.393 2.940 3892 0.140 0.781 0.157 0.809

# Zr:Alx-type structure

Table 4.6 - Atomic radii r (in A) of the various constituting elements of the compounds in Table
4.5. Taken after Ref. 24.

Fe (0744  Ru 1.O83 Ir 1.085 In 1.830 - U 0.590
Co 0.696 Rh 1.020 Pt 1.069  Sn 1.800
Ni 0.652 Pd 1.008

The Doniach phase diagram (see Section 2.1) can be constructed by comparing the binding

energy of a Kondo singlet

1 _1
kK.T oc— @ N(0) S (45d)
BYK N(O)

with that of a RKKY antiferromagnetic state
Ky Tikky o= JiN(O) , (4.5b)

where N(()) is the conduction-electron density of states at the Fermi level and J the exchange-
coupling constant. One can estimate a conduction-electron - f-electron exchange-interaction
parameter J; by assuming a hybridization-mediated mechanism. as treated in the Schrieffer-
Woltt [25] and Cogblin-Schrieffer [26] models. according to the proportionality
v
E . -E,
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where V., is the hybridization-matrix element for conduction-electron - f-electron hybridization
and the denominator gives the position of the f-level energy E; relative to the Fermi energy Ep.
Within a transition-metal series. the distance Er - E; can be taken constant since the f-level is
stable with respect to the Fermi energy [20]. The evolution of J, can then be traced by
calculation of the conduction-electron - f-electron hybridization of the compounds. Using the
hybridization values calculated for the U,T-In and U,T>Sn series (Table 4.5). the Doniach-type
phase diagram depicted in Figure 4.3 emerges by plotting T versus V, 7.

It should be noted that a comparison between the dj; distances in polycrystalline U>PtIn
(UsSia-type of structure) and single-crystalline U>PtIn (ZrsAlx-type of structure) clearly shows
that there is no significant difference between the hybridization effects in the two structures
(Table 4.5). Therefore the compounds forming in the Zr;Al>-type of structure can be included in

the overall Doniach diagram.

——
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Figure 4.3 - Doniach-type of diagram for the U-T-X (X = In. Sn) family of compounds. The dotted
lines are guides to the eye.

The compounds with Fe and Co do not fit in the general trend of the diagram (not shown in
Figure 4.3). However, as discussed in the previous section. these compounds may present

hybridization-induced magnetic polarization of the transition-metal atoms. and therefore should
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