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Theory of the anomalous magnetic phase transition in UNiSn
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The anomalous magnetic phase transition in UNiSn is explained on the basis of electronic-structure calcu-
lations. The energy band approach in which the local density Hamiltonian is generalized with an additional
on-site Coulomb interactiot) provides a fully satisfactory picture of both the metallic antiferromagnetic
ground state and the paramagnetic semiconducting state, with a band gap of 0.12 eV, as well as a total energy
difference of the correct magnitude as compared to thel Menperature[S0163-18206)51230-0

UNiSn displays one of the most peculiar phase transicalculations the anomalous phase transition could not be ex-
tions: it is asemiconductingparamagnet at higher tempera- plained. Another, quite different attempt to approach its
tures, but becomes metallic antiferromagnet at tempera- mecham;mlohas been made through studying a model
tures below the K& temperature Ty~45KZ13 This Hamiltonian:” The thus obtained information might be use-

anomalous phase transition has drawn considerable attentio{H,I’_howex_erﬁ it dEp?\”dS 0? the tCT]Otiﬁe ?ftt_?e mr?dl'?l H"’;”?Ii.l'
as it is typically not a Mott-Hubbard-type metal-insulator onian, whicrl was gosen fo maich the nictitous hal-metalic

transition. Mor ropriately. it is annverse metal ferromagnetic statt?
anstion. vore appropriaey. S annverse metar In studying UNiSn, it is important to note that it belongs

insulator transition, since at temperatures abdyea band 4 5 group of closely related ternary actinide compounds.
gap is not closed, but rather opened. In spite of it being\one of these, however, shows the exceptional behavior of
thoroughly investigated, the underlying mechanism has stilUNiSn. An explanation of the phase transition in UNiSn
not been explained. Experimental investigations showed thatould be of no value, if one cannot at the same time under-
UNiSn has the Heusler (C (i.e., MgAgAs-type structure, stand why these related compounds exhibit a different be-

within the type | antiferromagnetiéAF) phase a magnetic havior. For this reason, we have also investigated two other
uranium moment of about (1.850.10)ug .* In the semicon- compounds, ThNiSn and UPtSn, which also crystallize in the

ducting state, UNiSn is reported to have an intrinsic ban(JF\)/lg'A‘g'A‘S structure, ThNiSn is a suitable reference com-

. ) ound, because it has no occupied éectrons. It does not
gap of approximately 0.105-0.12 €V .The metal-insulator undergo a metal-insulator transition, so that it remains a

transition, furthermore, takes place almost without any Sig‘paramagnetic (PM) semiconductor down to zero
nificant lattice deformatioA. Generally it is assumed that the temperaturé-2 UPtSn, on the other hand, undergoes a PM to
inverse metal-insulator transition is due to a unique behavioAF phase transition at approximately 75K, but remains
of the uranium 5 electrons*® These are undoubtebly corre- semiconducting at all temperature€ontrary to UNiSn, the
lated, but there is no indication of heavy electron behaviorpand gap in UPtSn is thus not closed by the magnetic order-
as the specific heat coefficient of UNiSn is quite modestjng. It is, however, difficult to make good quality samples of
y~18-28 mJ/mol K.1°In this paper, we present a theoreti- UPtSn, therefore its physical properties are less well estab-
cal explanation of the anomalous phase transition. We adogished (see, e.g., Ref. 11
as amodelapproach a band-structure description based on The application of plain LDA calculations tb-electron
the local density approximatiofi DA) of density functional ~systems meets problems in most cases, because of the corre-
theory generalized with an on-site Coulomb correlation lated nature of thef shells. Applied to UNiSn, the LDA
(LDA+U), and show that this model approach correctly de-yields a strongf hybridization of states at the Fermi energy
scribesa whole group of materialincluding UNiSn. Er, while photoemission experiments locate the Siates
Previous theoretical studies of UNiSn were based on ele@bout 0.55 eV belovEg for UNiSn and about 0.75 eV for
tronic structure calculations within the LDA as well as in- UPtSn!? To account better for the on-sifeelectron corre-
cluding orbital polarizatio(OP).>” Scalar-relativistic LDA lations, we have chosen the LBAJ approach? using the
calculations predicted UNiSn to be a half-metallic von Barth—Hedin exchange-correlation parametrizatfdo;
ferromagnef, i.e., metallic for majority, but semiconducting gether with a fixedU=2 eV, which is applicable for
for minority spin electrongsee also Ref.)8 Although at first  uranium?® The Hubbard-likeU acts in this approach natu-
sight the predicted half-metallicity seems to be close to theally only on the correlated electrons. ThNiSn has no oc-
observed semiconducting state, “half-metallic” really meanscupiedf electrons, wherefore nd is to be applied. Within
metallic, and ferromagnetic ordering was never confirmedthis well defined model approach, all ground state properties
Also, the large spin-orbit interactiofSOl) of uranium are derived from total energy minimizatioh.The band-
should not be neglecte@f. Ref. 9. Other relativistic band-  structure calculations were performed using the fully relativ-
structure calculations, which took SOI and OP into accountistic linear muffin-tin orbital method with combined
gave a reasonable value of the magnetic moment in the AEorrections:’ The band gaps computed in this way can de-
state! However, on the basis of these electronic-structurgpend on the particular atomic sphere radii. To eliminate this
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FIG. 1. Band structure of PM ThNiSn, calculated for the single
unit cell of the MgAgAs structure.

(eV)

dependence we calculated the atomic sphere radii by mini-
mizing the Hartree energy.

Using this model approach, we carried out self-consistent
calculations in the single and douliies., AF) unit cell, with
restricting the spin polarization to the PM, AF, and ferro- ~0.5
magnetic state, respectively. For uranium we adopteda 5
occupation, which is in accordance with susceptibility
measurements.Total energy differences of all candidate _q1.0 & ;
ground states were considered to find the lowest energy state. r X M r 1z R A
Furthermore, we analyzed the relationship between magnetic
ordering and the band structure negg¢, considering the FIG. 2. Band structure of UNiSn in the PM phasg and(b) in
occurrence of an excitation gap as a ground state propertythe AF phase ih=—3, —2 configuration; see tektas calculated

The numerical results we obtained with this approachwith the LDA+U method. Both band structures are shown in the
completely correctly describe the different physical behaviordouble(i.e., AP unit cell for comparison.
of ThNiSn, UNiSn, and UPtSn: ThNiSn is found to be a PM
semiconductor, with an indirect band gap of 0.03 eV and a
direct gap of 0.13 e\(see Fig. ], which is in accord with the
measured gap of 0.066—0.149 &¥and a recent scalar- correction to LDA, but it nevertheless captures the basic
relativistic calculationt® For UNiSn and UPtSn we obtain an Physics. The Coulomb repulsion brings two occupiiexates
AF ground state, which isnetallicin UNiSn, butsemicon- down by U/2, while the unoccupied ones are shifted up by
ductingin UPtSn. Next in energy above the ground state, dJ/2. This physically motivated correction yields state depen-
semiconductingPM state is found for both UNiSn and dent potentials. The down-shifted states are, notabét,
UPtSn. For PM UPtSnh an excitation gap of 0.21 eV is ob-strictly localized but they hybridize, and together with all
tained, while for PM UNiSn a smaller gap is obtained, with other electrons relax to self-consistency. In effect, tie 5
a direct value of 0.12 eV and an indirect value of 0.04 eV.density of states has a broad shape, with its maximum at 0.57
These gaps are close to those found experimentally in theV belowEg for PM UNiSn, and at 0.85 eV for PM UPtSn.
PM phases 3 The calculated band structures of UNiSn andThis is in close agreement with photoemission spectroscopy,
UPtSn in the PM and AF phase are shown in Figs. 2 and 3which places the Bs 0.55 eV, 0.75 eV belovg for UNiSn,

The metal-insulator transition due to the onset of antifer-UPtSn, respectivel}? Another quantity to be discussed is
romagnetism in UNiSn is precisely reproduced when explicithe magnetic moment, which depends particularly on the or-
on-site Coulomb interactions are added to the LDA Hamil-bital occupations. In the LDAU approach one has to deter-
tonian. Even the subtle difference in the behavior of the isomine via the LDA+U prescription and the total energy those
electronic compound UPtSn, which does not become metabtates out of the seven angular momentum states per spin that
lic, is described. In the present work we are not concernedre to be occupied. For the PM phase it is natural to populate
with discussing the merits of LDAU, but with the physics m=0 for both spin directions. In the AF phase we find that
of the inverse metal-insulator transition. However, before wehe configuration withm=—3 and m=—2 states of one
can analyze the origin of the inverse metal-insulator transispin direction occupied gives the lowest total energy. Second
tion in UNiSn, and of the striking difference between UNiSnin energy above then=—3, —2 configuration is the con-
and UPtSn, some remarks about the LB method and figuration with them= —3, —1 states of one spin populated.
other physical quantities are to be made. The spin moment is in both configurations2 ug, but the

First, it should be mentioned that LD is a crude resulting total uranium moment is 2.4& for the m= -3,

Energy
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and why is the behavior of UNiSn so different from that of
UPtSn? To start with, we find that the degree of localization
of the “semilocalized” 5 electrons differs in the two com-
pounds. It is important to note, that although the sdunis
applied in both cases, already in the PM phase the occupied
f electrons in UPtSn relax to a 0.28 eV deeper position. This
is caused by the different crystal potentials, which are in turn
due to the larger lattice constant of UPtB#®617 A versus
6.385 A for UNiSn(Ref. 1)], the different SOI of Ni and Pt,
and the position of the Rl states, which are energetically
much lower than the Nd states. This explains the already
larger band gap of UPtSn in the PM phase, since in these
compounds Ni and Pt like to have a fdllshell (d*9). As for
the metal-insulator transition, we find that in going from the
PM to the AF configuration, a complete energy band recon-
struction takes place, in which the connectivities of the bands
change(see Figs. 2 and)3We furthermore find that in the
AF phase the occupiedfSstates relax farther in both com-
pounds by about 0.6 eV to a positiateeperbelow Ef.
Major band-structure rearrangements do thus occur upon AF
ordering. The important bands for the metal-insulator transi-
tion are the hybridized bands neBg, which are not off
character, but more free electron like, e.g., [HnU(d), and
Ni(d) or Ptd). These bands become rearranged in the AF
phase, because the corresponding orbitals strongly interact
with the asymmetric, spin and orbitally polarized States
through polarization dependent exchange interaction. This
reconstruction of the energy bands in UNiSn is large enough
to close the already rather small gap in PM UNiSee Fig.
FIG. 3. As Fig. 2, but for UPtSn. 2). In UPtSn also a reconstruction of the energy bands near
Er occurs, but the gap in PM UPtSn is larger than that in
UNiSn, and the reconstruction of the hybridized bands is not
big enough to close the gap, leading thereby to a completely
—2 configuration, while that of then=—3, —1 configura- different physical behavior from UNiSn.
tion is 1.6Jug . The later moment is closer to the experimen-  With regard to the combination metal-insulator, AF-PM
tal value of (1.55:0.10) ug.* Due to spin fluctuations, a phase transition, we expect another type of highly correlated
mixing of these twom configurations can occur, which mechanism, because spin fluctuations are strongly coupled to
would lead to a reduction of the ground state moment. Wecharge fluctuations through SOI. A local spin excitation in
note, however, that although the magnetic moment dependie PM state can obviously locally close the gap for charge
on the configuration ofn states, the physics of the metal- excitations. Many-body techniques are needed to investigate
insulator transition does not depend on Roth the this mechanism. In an applied magnetic field pronounced
m=—3, —2 and them= —3, — 1 configuration give metal- changed of the resistivity can be expected, as witnessed by
lic behavior for AF UNiSn, and semiconducting behavior forthe observed giant magnetoresistan¢éo(0)—p(B))/
AF UPtSn. Moreover, we find that the metallic/insulating p(B)~600%] nearTy .3
behavior in these compounds does also not depend on the In conclusion, electronic-structure calculations which take
precise value otJ. strong on-site Coulomb interactions of thé &lectrons into
Second, we consider the energy scales on which the magccount quantitatively explain the exceptional behavior of
netic phase transition takes place. For UNiSn we find a totaUNiSn, as compared to ThNiSn and UPtSn. The inverse
energy difference between the PM and AF stétgth  metal-insulator transition in UNiSn is found to be due to a
m=—3, —2) of about 160 K per electron, while for UPtSn reconstruction of the bands caused by the polarization depen-
we obtain about 360 K per electron. These values compardent exchange interaction of the valence orbitals with the
quite well with the experimental N temperatures of about semilocalized, spin and orbitally polarized States. This is
45 K for UNiSn and 75 K for UPtSh,when one takes into an as yet unprecedented mechanism for a metal-insulator
account that we neglect spin fluctuations. These energy ditransition. We propose that the theory given here can be
ferences are, on the other hand, much smaller than the garified experimentally by photoemission spectroscopy on
energies, which correspond to about 1300 K for UNiSn, andJNiSn and UPtSn in the AF phase. Also it would be of
2400 K for UPtSn. urgent interest to investigate experimentally the possibility of
The main questions, which are to be addressed now, a® pressure induced inverse metal-insulator transition in
what is the origin of the metal-insulator transition in UNiSn, UPtSn.
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