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The anomalous properties of the Pu monochalcogenides are investigated on the basis of electronic structure
calculations. The Pu monochalcogenides are calculated to be semimetallic because, first the large spin-orbit
interaction of the Pu b states splits the i3, and 5f;,, subbands away from the Fermi energy, and second the
hybridization between Pudsand chalcogenidg and 5 bands leads to a hybridization gap. The anomalous
lattice constants, which correspond neither t8'Poor to PG3* are consistent with the energy band approach,
as is the lattice constant where the transition t3'Pis expected. Our calculations suggest that Pu has a
5f6~*6d* configuration, wherex depends on the lattice parameter, but the sumfofsd 6 occupancy is
constant. Calculations of the optical conductivity spectra show that there are two optical pseudogaps, one of
about 20 meV and one of 0.2 eV. A magnetic phase transition is predicted to occur in the NaCl structure under
pressure. When this phase transition is enforced in a magnetic field and takes place before the martensitic
transition to the CsClI structure occurs, it is predicted to lead to a giant magnetoresistance of 86t

I. INTRODUCTION bands. The Pu chalcogenides were therefore proposed to be
relativistic semiconductord. Subsequently Hasegawa and
The plutonium monochalcogenides display a variety ofYamagami® made self-consistent linearized augmented-
anomalous physical properti&s® Exceptionally, for actinide ~ plane-waveLAPW) calculations for PuTe and found it to be
chalcogenides, they do not order magnetically but aresemimetallic. The essential difference between the two sets
temperature-independent paramagnéfbe temperature de- of self-consistent calculations was that the former did not use
pendence of the resistivity suggests a complex semicondu¢he combined correction terms to ASA, resulting in an in-
tor. There is evidence for energy gaps of 0.2 eV, 20 8V, creased energy gap. Wachttral? suggested that PuTe is
and 3 me\*? The precise low-temperature electronic an intermediate valendéV) compound, and that the proper-
specific-heat coefficieng is not known, but an extrapolation ties of PuTe should be comparable to those of SmS in the
to zero temperature yieldeg=30 mJ moi'* K~2 for PuTe, collapsed phase. NaCl-type rare earth and actinide com-
a very high value for a semiconductbOn the other hand, pounds normally make the transition to CsCl structure under
x-ray photoemission spectroscopy on PuSe revealed pressure. Wachtest al. argued that if thé"—d separation is
5f-related intensity directly at the Fermi energy, somethingess than about 1 eV, corresponding to an applied pressure of
that cannot be simply reconciled with a semiconduétohe ~ about 100 kbar, a transition to intermediate valence occurs
induced magnetic form factor is incompatible with?Puor
PU" ions/ AR ga[ T T T T E T ]
The lattice constants of the Pu monochalcogenides are 64
also anomalous. Figure 1 shows the lattice constants of thc 2]
actinide pnictides and chalcogenides with, for comparison,
those of the corresponding rare eafthBhey are far too
small for divalent ions. There is af onding contribution in
the light actinide pnictides and chalcogenides and the maxi-
mum bonding occurs for the uranium pnictides. Actinide-5 5.4
anionp bonding is larger early in the series when there are™ ]
fewer 5f-electron states occupi€dThe lattice constant of
PuTe is consistent with a trivalent Pu ion but the lattice
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constants of PuSe and PuS are anomalously small. 481
Two theoretical explanations of the unusual properties of ThPa U Np Py AmCm BK Cf Es Fm Md No ThPa U Np Pu AmCm Bk Cf Es Fm Md No
the Pu Cha|COgenideS ha.Ve been proposed B}aned Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

out self-consistent electronic structure calculations using the £ 1. attice constants of the NaCl-type rare-earth and ac-

Dirac equation in the atomic sphere approximati@$A) finide pnictides and monochalcogenides. The lines denote the lattice
for the Pu monochalcogenides. One of the essential results @bnstants of the rare earths, and the symbols those of the actinides.
that study was that the large spin-or{8O) interaction of Pu  The lattice constant of ThTe is anomalously small since it forms
splits the § states by approximately 1 eV, so that the Fermionly in the CsCl structure and shown is the NaCl lattice constant for
energy Er) falls in the gap between the SO-splif Sub-  the same volume.
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before the end of a NaCl-CsCl structural transition. Whileity spectra. A particular point that we address is the possibil-
Wachteret al? consider Pu and Sm chalcogenides to be anaity of a magnetic phase transiton in the Pu
logs, the latter are semiconducting at ambient pressure arfdonochalcogenides in an applied magnetic field under pres-
become IV and then trivalent under pressure, whereas theure. Such a phase transition leads to drastically altered
former are proposed to be intermediate valent at ambierffansport properties, and we predict that such a phase transi-
pressure. The argument is based upon the high specific-hel#@n is accompanied by a giant magnetoresistance.

v value and the optical plasma resonance of free carriers,

which appear to rule them out as true semiconductors at am- Il. SELF-CONSISTENT BAND-STRUCTURE
bient pressure. The argument is supported by the low bulk CALCULATIONS
modulus, a feature of IV. _
Since the theory of IV in rare earths is based upon a A. The electronic ground state
localized 4 configuration the energy of thef 4tates is dis- Our band-structure calculations are based upon the local

persionless in the absence df-&d hybridization. If 4/-5d  spin-density approximatiofLSDA) to density-functional
hybridization is local at the atom, it must, on parity grounds,theory. The LSDA Kohn-Sham equation has been solved us-
be due to nonspherical components of the potential which argg a relativistic version of the augmented-spherical-wave
small in the region where thefddensity is large. If 4-5d ~ (ASW) method* In this energy-linearized band-structure
hybridization arises from af45d hopping integral, which is  scheme first the scalar-relativistic Kohn-Sham equations are
more realistic, it is also small as it relies upom-dlectron  solved and then the SO interaction is included in a second
tunneling. In the former casef45d hybridization is constant variational procedure in every self-consistent iteration step.
across the zone, there are no hybridized solutions at th€he potential is treated in the spherical approximation, and
original unhybridized 4 energy, and there is always a gap. combined correction terms are used. In practice, the results
In the latter case it is possible but unlikely thaft-8d hy-  of this approach are indistinguishable from calculations
bridization vanishes somewhere in the zone therefore thereased on the Dirac equation. For the exchange-correlation
should also be a small energy gap. The presence of a smadbtential we have chosen the parametrization of von Barth
energy gap of the order of meV is therefore evidence supand Hedint® The sphere radii used in the calculations were
porting IV. In rare earths, sincef44f electron interaction determined by minimizing the charge transfer between the
leads to Russell-Saunders coupling, the SO interaction is thigvo atoms, which gives sphere radii similar to those obtained
final perturbation to be applied when it forms the total angu-from minimizing the Hartree-Coulomb energy. In particular,
lar momentum and it does not affect the energy gap. we have verified that the calculated energy bands are insen-
A reasonable starting point for the discussion of thesitive to reasonable changes of the relative sphere radii. The
anomalous properties of the Pu monochalcogenides is a deeciprocal space integrations were carried out using 243 spe-
tailed knowledge of the electronic structure obtained fromcial k points in 1/16th part of the Brillouin zone. Test calcu-
self-consistent calculations. In the present paper we repotations have been performed also with 646 spekipbints,
the results of such electronic structure calculations. As parbut no detectable changes of the band structure could be
ticular models have been proposed previously for the elecebserved. The core states have been relaxed within every
tronic structure of PuTe, for which also most experimentsself-consistent iteration step. The Pp 6tates are treated as
were carried out;>*?we shall give this compound special core states.
attention. We find for the Pu monochalcogenides that the Figure 2 shows the calculated energy bands of PuS, PuSe,
combination of intra-atomic 55f and 5-chalcogenidegp  and PuTe, computed for the experimental lattice constants,
hybridization is not negligible. ThefSbands are dispersive i.e., 5.530 A, 5,793 A, 6.190 A, for PuS, PuSe, and PuTe,
even in the absence of56d hybridization; therefore &6d respectively>*® The quotients of the Pu and chalcogenide
hybridization alone cannot be responsible for the gap at thephere radii used in the calculations are 1.180, 1.122, and
Fermi energy as in rare earths. We find, in contrast, that th&.037, for PuS, PuSe, and PuTe, respectively. For all three
SO interaction is large in the actinides and that it affects theichalcogenides, there are clearly two sets of flat bands, one set
properties to first order, leading to the formation d§sand  above and the other set below the Fermi energy with a sepa-
5f,;, bands. When these bands hybridize with other conducration of about 1 e\(see also Refs. 10 and 1 These sets of
tion bands the SO splitting produces a quasigap of just lessands are primarily 6in character and the splitting between
than 1 eV between the SO-split bands. Thi,sderived them is due to the SO interaction.
bands hold just six electrons and are filled in the Pu monoch- We have verified the influence of the SO interaction by
alcogenides. The Pu valence is noninteger and, since thaultiplying the SO interaction for thefSstates by a constant
5fs-derived bands are almost filled, the electrons containegrefactor equal to 0.2, 1.0, and 2.0. The calculated densities
in them are almost localized. of state(DOY) of PusS for the three cases are shown in Fig. 3.
The results of the band-structure calculations are preThe pseudogap, which leaves a small DOS at the Fermi en-
sented in Sec. Il. We find the Pu monochalcogenides to bergy, disappears when the prefactor is set equal to 0.2 to
semimetallic, with tiny Fermi surface portions. This finding reduce the spin-orbit interaction by a factor of 5, and when
is consistent with recent resistivity and optical measurethe magnitude of the spin-orbit interaction is doubled there is
ments'?3 There is a quasigap in the band structure, whicha real band gap. In the latter case, with a gap between the
becomes a real band gap for the lattice constant correspon8{s,,- and 5f;,-derived bands six valence electrons fill both
ing to the P@" ion. From the calculated total energy and the bonding and antibonding orbitals of théss bands. In
band structures, we then consider the possible phase transite former case, where there is no gap, there is a group of
tions that could take place and compute the optical reflectivfourteen § bands to be filled and the six electrons enter the
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FIG. 3. The pseudogap in the density of stafe®9) of PuS as

FIG. 2. Calculated energy bands of PuS, PuSe, and PuTe & function of the scaled spin-orbit interaction. The fully relativistic
ambient lattice constant. The Fermi energy is at 0 eV. calculation is labeled by “Scatel.0.” The pseudogap vanishes

) ) ) ) when the spin-orbit interaction is made 5 times smalleScale
bonding bands, leaving the antibonding bands empty. Occu=q 2™,

pation of antibonding bands increases the lattice constant,
and since this occupation increases with spin-orbit interacence of the SO interaction, there is, however, a large
tion, the 5 spin-orbit interaction can increase the lattice pseudogap due essentially to a splitting between the
constant when the f5occupation is about six—a situation 5fs,-derived bands and thefj,-derived bands of about 1
realized in the plutonium chalcogenides. eV. In these compounds there are 12 valence electrons per
The following broad picture of the Pu monochalcogenidesormula unit, six of which fill the chalcogenidebands. The
in the NaCl structure emerges. The chalcogepitbends are remaining six electrons are nearly enough to fill the
completely filled. These are the three filled bands extendingfs,-derived bands, except for a small portion of these
from about—7 eV to about—3 eV for all three compounds. bands at thd" point. Close to theX point there is the next
The chalcogenide anions are thus in the Bnic state. Note, energy band, which also crosses. The Fermi energy lies
that the chalcogenidp bands shift up in energy going from thus in a pseudogap, yet there are two small hole Fermi
the sulfide to the teluride. This is the normal behavior, ressurface pockets about thiepoint and a small electron Fermi
lated to the increase of the lattice parameter, which was alssurface at theX point. The result is that the Pu monochalco-
found for the uranium monochalcogenid@#\bove E- there  genides are calculated to be compensated metals, having a
are mostly the Pu@ bands. The bands of primarilyfschar-  tiny Fermi surface. Next to the SO splitting of thé Sub-
acter are thus placed energetically in between the chalcogebands there is a second, more subtle, mechanism that is re-
ide p bands and the & bands, which are separated at fhe sponsible for the formation of the quasigap. The Ruakd
point by an energy of about 4 eV. The plutoniurh bBands  6d bands hybridize such that a hybridization gap is formed
hybridize with the & bands. In the absence of SO splitting where these bands would otherwise cross. In Fig. 2 it can be
of the 5f states the hybridized f56d states straddle the seen that for all three chalcogenides there is aktpeint the
Fermi energy, and the chalcogenides would, in this case, bewest energy band of the hybridized-5d complex. This
magnetic metal since the Stoner criterion is easily fulfilledband originates from a band ofi&haracter above& at the
just as in uranium and neptunium chalcogenides. In the pred: point. The hybridization of this band with the SO-split
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FIG. 4. Calculated total energy of PuTe as a function of lattice
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5f-derived bands is such that instead of band crossing a Spin-orbit scale factor

quasigap is formed along-X. One of the hybridi;ed bands FIG. 5. The change in electronic pressure of PuS as a function
becomes very flat and squeezed on the Fermi energy froR the spin-orbit scaling factor, for a fixed value of lattice constant.
above. Below we shall examine the formation of thethe calculation for zero spin-orbit coupling corresponds to the scal-

hybridization-related pseudogap in detail as a function of thgng factor 0.0, while the normal relativistic calculation corresponds
lattice constant, which sensitively modifies theal hybrid- 0 1.0.

ization.

. Th? band structure of other actinide monochalcogenideaivalem Pu is 6.72 A. Our calculated lattice parameter is

|esn:~*(;|rrnlla:c ;ﬁi rt]hatboeflcljvvSt,h Zusjé;ng Pl;TnZ’ ?ﬁ;w'tggnse';ermhuch smaller than the divalent PuTe lattice parameter, con-
gy faling . quasigap 5’5 . sistent with the observation that Pu is not in the divalent

bands partially unfilled, leading to normal metallic behawor.State

It is therefore the position dg relative to the pverall band A iattice constant less than that expected from a localized

structure that makes the Pu monochalcogenides unique. V\é%

have also studied, therefore, the NaCl-type Am monopnics configuration may be attributed td bonding, whereas a
. ) N . YP . PNiCTattice constant greater than that expected for a normal itin-
tides (for which there is little experimental datasince they

are isoelectronic with the Pu monochalcogenides. Althougherant system s at least partially explained by the effect of SO

the p-derived valence bands in the pnictides are closer to thinteraction. This effect is illustrated in Fig. 5, which shows
con?:luction bands than in the chalpco enides, the electroni e calculated electronic pressua derivative of the total
) o gen P ) nergy with respect to volumes a function of SO scaling
structure is found to be similar. The Fermi energy is again a . . . .
the top of the %5,-derived conduction bands and we find actor. Since SO coupling splits the Hands into S/, and
P 5/2 . . 5f,, bands the center of all thef %ands is not affected, but
these compounds to be semimetallic when thg,®lectrons

. . y the preferential filling of the &), increases the electronic
are delocalized. The latter condition is most likely to be ful- . : .
filled for AmN, which has an anomalously small I};ttice con- Pressure by 80 kbar, Wh".:h corrgsponds toa change in laitice
stant ’ constant of 2%. The SO interaction has little effect upon the

contribution of other states to the pressure. The fact that the

_ 5f contribution to the electronic pressure, and thereby the

B. The ground-state energy and lattice constant lattice constant, changes so much with SO coupling constant
The calculated total energy of PuTe as a function of latis therefore due to the filling of thefg,-derived bands.

tice constant is shown in Fig. 4. The calculated energy mini- As the lattice constant is increased the 5f, 5f-6d, and
mum corresponds to a lattice constant of 6.07 A, which i5f-p hybridization decreases. In order to understand the ef-
about 2% less than the measured lattice constant of 6.19 Aect of this hybridization and its dependence upon lattice
Within the LSDA, a deviation of 2% of the experimental constant it is useful to start from the extreme case of pdire 5
lattice constant is normal, as is also the fact that the calcubands. Pure SO-splitfSbands separate intof§, and 5,
lated lattice constant is smaller. The latter occurs because tH@nds. If the SO splitting is very large the intra-atomic hy-
LSDA has a tendency to overbind, i.e., make the bond disbridization between thef;, and 5f;, components is small,
tances shorter. The correct prediction of the lattice parametéhe result being that thefg,, bands are very narrow. Hybrid-
is a strong indication that the LSDA electronic structure ap-zation within the 55, states is determined by the expansion
proach is applicable to describe the anomalous properties aff tails of the 55, orbitals at a given Pu site about other Pu
the Pu chalcogenides. Wachtet al. have examined the sites. The multipole expansion of thd Brbitals results in
anomalous lattice parameter of PuTe by comparing it to thevave functions at the other site with angular momenta ob-
parameters that are expectdmm the ionic radij for P tained by adding an angular momentum of up te=B to the
and Pd".2 The lattice parameter expected for PuTe withj=5/2 angular momentum. The addition of angular momenta
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FIG. 6. The state density of PuS with hybridization between the
Pu 5f states and @ states and sulfup states removed. The p-d
free-electron background is the dotted line.

0.5

restricts the expanded multipolesite 17/2 .. .,7/2. There
is therefore no 55, component and the interatomic
5f5>-5f5, hybridization vanishes. The SO interaction in Pu
is not large enough to drive this extreme case and thg 5 -1.0
bands obtain width through hybridization with thef;p
bands. Hybridization in general decreases with increasing |/ \J
lattice constant, but the above-mentioned effect amplifies the — -
influence of lattice constant upon the width of théss R RN
bands and the size of the pseudogap. In Fig. 6 we have plot- / \,
ted the state density of PuS with hybridization between the ]
5f and & and sulfurp states removed. This was done by \ \ /
setting the appropriate structure constant blocks to zero in a = —
model calculation. The hybridization gap is removed and the
s-p-d states produce a free-electron-like background state -0 0 X WK T L wWuX
density with the SO-split b state density superimposed.
Thus it is thecombinationof SO splitting of the 5 states FIG. 7. Energy bands of PuTe in the vicinity of the Fermi en-
and the hybridization witrd and p states that produces a ergy for lattice constgnts that are 7%, 8%, and 9% expanded with
pseudogap. respect to the experimental lattice constant.

The 5f-5f and 5f-6d hybridization is sensitively depen-
dent upon the lattice constant. In Fig. 7 the changes of the
quasigap in PuTe are shown for three expanded lattice corslosely to the expected lattice constant for a divalent P ion.
stants. For the experimental lattice constant there is the oriehe total energy around this lattice constant shows an
band that, without hybridization, would extend from aboveanomaly’ (see Fig. 4 that would lead to an increased com-
Er at thel" point to belowEg at the X point (see Fig. 2  pressibility for lattice constants just less than 6.72 A. We
Particularly this band changes as the lattice is expanded: ifsote, with respect to the discussion of which model descrip-
position in energy aK increases rapidly, whereas minimal tion is applicable to PuTe, that the LSDA approach thus
changes occur in the bandsiail’™- L. Note that although this predicts the lattice parameter at which the transition t8"Pu
band changes substantially, the quasigap itself remaing expected. We also note that the occurrence of a real semi-
stable. _An examination of the orb_ltal occupation numbe_rst:onductor gap in expanded PuTe is reminiscent of the con-
further_lllustrates how the electromc structure changes W'”Huctivity behavior of Sm&® SmS is, at ambient pressure, a
the lattice constant: Only the relative Pi &nd & OCcupa-  samjconductor with Sm in the divalent state, which makes

. ) : She transition to the IV metallic state under pressure. How-
constant, which relates to the anion 2-valency staying COMaver, in contrast to the theory of localizédtonfigurations
stant. The Pu configuration is thu$®% *6d*, wherex is the ' y 9 '

6d occupation number, the value of which decreases wit e emphasize once more that although tig,Sbands are

increasing lattice constant. Near the experimental lattice co illed t_he energy dispersion of thes¢ bands is an order of
stantx is approximately 0.4—0.5. We note, though, that theMagnitude greater than forf &tates.

LSDA approach probably tends to overestimate hybridiza-
tion.

When the lattice is expanded to a constant of 6.75 A no
bands cross the Fermi energy; see Fig. 7. At this point the A more detailed examination of the quasigap upon physi-
5fs;, bands are filled, thefs,, bands are empty, and PuTe is cal properties is facilitated by an examination of the optical
a semiconductor. If there were no SO interaction the comproperties. To calculate the optical spectrum we have em-
pound would remain a metal. The lattice constant of abouployed the linear-response expression for the optical conduc-
6.72 A at which PuTe becomes a semiconductor correspondwity o(w):

— |
/\/—~_/‘¥/—\ -

Energy (eV)
S o
2] =
|
\

a=6.75A (+9%)

AN

Energy (eV)
o o
=) o

C. Optical properties
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FIG. 8. Calculated optical conductivity{) of PuTe for the

experimental lattice constants, and for three lattice constants, 7%, F_lG' 9. Calculated a”?' measured reflec'_[lwty of PuTe. The the-
8%, and 9% expanded, at about which the Semimetal_oretlcal spectra are obtained for the experimental lattice constant,

semiconductor transition occurs. a=6.19 A, and for a 3% expanded lattice constant. The experimen-
tal data ©O) are from Ref. 3.

—ie? D f(en) —flennid

o(w)= calculated reflectivities are shown. A constant lifetime pa-
3M*hV,. K oo wnn (K) rameterir 1=0.2 eV has been applied in the calculation.

The reflectivity calculated for the ambient lattice constant is

[T n(K)[? in overall agreement with experiment, except for a small

D

peak at 2 eV, which is not observed in the experiment. As
the LSDA approach tends to too strong a hybridization, we
where f(ep) is the Fermi functionfiw,, (K)=e€nc— €k expect that the 56d hybridization can be reduced by a
the energy difference of the Kohn-Sham energigs, and  small lattice expansion. The influence of a 3% lattice expan-
7~ 1 is the lifetime parameter, which is included to describesion is also shown in Fig. 9: the agreement with experiment
the finite lifetime of excited electron states. THg,,(k) are  becomes excellent. This result definitely supports the LSDA
the matrix elements of the relativistic momentum operatordescription of the electronic structure. Very recently it has
Details of the computation af andIl can be found in Refs. become clear from several computational investigations of
19 and 16. optical and magneto-optical spectra that the appropriate de-
The calculated absorptive part of the interband opticakcription of the electronic structure will provide an accurate
conductivity is shown in Fig. 8 in the photon energy rangeexplanation of the measured specftz?
0-0.3 eV as a function of lattice constant close to the
semimetal-semiconductor transition. For comparison we also
included the spectrum calculated for the ambient lattice con-
stant. For the latter lattice constant two optical gaps are As mentioned before, three effective energy gaps have
present, one of about 20 meV and a larger one of about 0.Been  determined from the temperature-dependent
eV. The smaller one slightly increases with increasing latticeesistivity>* Our energy-band calculations predict, how-
constant. The spectral intensity at 0.05 eV decreases witbver, the Pu monochalcogenides at ambient pressure to be
increasing lattice constant, until at a lattice constant of 6.72emimetallic, due to the existence of tiny Fermi surfaces. A
A, corresponding to the semimetal-semiconductor transitionscrupulous analysis of the available data shows, in our opin-
this intensity and the smaller gap completely disappear, leavien, that the Pu monochalcogenides are not truly semicon-
ing only the semiconducing gap of 0.2 eV. The large gapducting materials. The smallest, low-temperature gap that
corresponds to the pseudogap between tHe,5and has been identified is of the order of 0.5 meV to 3 nféV.
5f,-derived bands, whereas the smaller gap of about 20et, the low-temperature resistivity is not correspondingly
meV corresponds to the separation of the two bands df the high. We may, for example, compare to the thoroughly stud-
point (see Fig. 7. In the calculation ofr we have not taken ied compound Smg which is an IV semiconductor with an
the intraband contribution to the optical conductivity into established energy gap of 4—5 méiée Ref. 18 The resis-
account. The small Fermi surface leads to a Drude-type intivity of SmBg rises appreciably at low temperatures, to
traband conductivity. Very similar spectra have been calcuabout 1) cm, a value that is 1000 times higher than the
lated for PuS and PuSe, and thus we shall not show thesaeasured low-temperature resistivity of PUTreurthermore,
separately. the occurrence of a Drude-like edge in the near-infrared re-
The reflectivity spectrum of PuTe was recently measuredlectivity spectrum has been considered as an indication of
by Mendik et al® From the calculated optical conductivity free carriers:'3Also, photoemission spectroscopy revealed a
the theoretical reflectivity can straightforwardly be obtained5f-related peak in the vicinity oEg.® Due to final-state
and compared to experiment. In Fig. 9 the experimental andffects the photoemission spectrum need not be in a one-to-

0=y (K) il

D. Semiconducting properties and specific heat
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one correspondence with single-particle state densities;
nonetheless, an energy gap Bt could not be detected. — PusS
From these data we infer that the Pu monochalcogenides are 08 ¢ PuTe |
semimetallic, in agreement with the band-structure result. I I Exp. PuTe
The experimentally observed resistivity behavior is

unusuaft? but as shown above, there is a gap of about 20
meV in the optical conductivity spectrum. While an optical
gap is not straightforwardly related to a thermal gap, it is
nevertheless reasonable to anticipate that a signature of the
optical gap becomes visible in the resistivity.

A very recent investigation of the resistivity behavior of
PuTe under pressure revealed an anomalous upturn of the
low-temperature resistivity? Under pressure conduction and . . .
valence bands normally broaden, which should thereby de- 02 04 06
crease any semiconducting gap. Obviously the resistivity of Scattering angle
PuTe aries n & usual manner from the SO nteraction ang FIS: 10. The caleuated induced magneti form factors of Pus

e . and PuTe. The solid line depicts the calculated form factor of PuS,
the 5r-6d hybridization, which we expect to be the reason of d the dots that of PuTe. The vertical bars give the experimental
the pressure-increased resistivity. To examine this conjecturgzn . ' g P

- ata points for PuTe after Ref. 7.
we have calculated the zero-temperature conductiwity
which is given by

o
(2]
T
1

Scattering amplitude
°
EN

o
N
T
1

and that of a magnetic metal when the magnetic electrons are
itinerant and the SO interaction is largeWhen a light ac-
_ ez 2 7T (K) |28 €ne— E), ) t@nidg is magnetic and thg spin density Ia_rge, the SO intera_c—
3m°V nk tion induces a large orbital moment antiparallel to the spin
moment, leading to a magnetic form factor for which the
as follows from Eq.(1) for ®=0. The relaxation timer is  orbital effects are visible as a long t&fisuch as in PuSbin
unknown and may result from various complex many-uranium metal, in contrast, the induced form factor falls off
particle interactions. We adopt here the constant relaxatiorapidly with scattering vector, the explanation being that the
time approximation, which is sufficient for a qualitative un- induced spin density is so small that the SO interaction has
derstanding. From Eq2) we find that the resistivity of PuTe less effect than the applied field, which tends to align orbital
increases by 53% in going from the 3% expanded lattice tand spin moments parallel. In fact, the effects of the applied
the ambient lattice constant. An even further decrease of lafield and SO interaction tend to cancel, leading to a smaller
tice parameter, from the 3% expanded lattice to a 3% coninduced orbital moment parallel to the spin moment, which
tracted lattice, leads to a resistivity increase of 141%. Thés difficult, if not impossible, to observe. We have calculated
anomalous resistivity increase in PuTe is thereby indeed corthe induced form factors for PuS and PuTe by applying small
firmed as a peculiarity of the quasigap. Here we have chosemagnetic fields to the results of a paramagnetic calculation
the 3% expanded lattice constant in order to mimic best thand verified that both the induced spin and orbital moments
calculated electronic structure of PuTe to the experimentalvere proportional to the applied field. For small applied
electronic structure, in accordance with the conclusion defields the spin and orbital moments are parallel and the or-
rived from the reflectivity spectrum. bital moment is a factor of 5 larger than the spin moment.
The specific-heat coefficient measured for PuTe is apThe resulting magnetic form factors, which are shown in Fig.
proximately 30 mJ/mol K® From the DOS at the Fermi 10, decreases monotonically with scattering vector, indicat-
energy we obtain theoretical specific-heat coefficients ofng that there is no cancellation of spin and orbital moments
y~5-6 mJ/mol K for all three chalcogenides. Thesgts are  in PuS or PuTe. The calculated form factor is in good agree-
thus about 5 times smaller than the measuyedVe note, ment with the experimental result for PuTsee Fig. 10
however, that there is the one very flat band close to thérom which the same conclusions were draiv@therwise,
Fermi energy(see Fig. 2 The flatness of this particular band when the spin and orbital magnetic moments are antiparallel
causes a peak in the DOS at energies up to 4—5 meV abownd of about the same magnitude, the general shape of the
Er. This high DOS would correspond toaof 20 to 30  form factor is different, and it must resemble the form factor
mJ/mol K2, depending somewhat on the energy distance t@f UN,?* which is typical for most actinide compounds. In
Er . At finite temperatures the effect of the peak would be tothe present calculation the induced moment contains a Pauli
increase the theoretical over tre 0 K value. In combination contribution since the DOS at the Fermi energy is not zero
with an anticipated many-body enhancement factor of abouput also a significant Van Vleck contribution since higher-
2 for actinides, the measured specific heat could then blying states are mixed into the ground state by the applied
accounted for. field.

2

0o

E. Magnetic form factor F. Possible magnetic phase transition

The induced magnetic form factor of PuTe has been mea- The above-discussed properties of the Pu monochalco-
sured by Landeet al.” There can be a significant difference genides are all based on paramagnetic electronic structure
in the induced magnetic form factor of a paramagnetic metatalculations, extended with a small applied magnetic field
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+72689.82 . - . - . sition. Recently the temperature-dependent resistivity of
] PuTe was measured under pressure, but these initial efforts

did not detect an additional phase transitténA better
chance to detect magnetic order might be in PuS, because in
PuS the NaCl-CsCl transition occurs beyond 60 &Pa,
whereas in PuSe and PuTe it occurs at about 35 GPa, and 15
GPa, respectivel}>?>260n the basis of first-principles cal-
culations we cannot adequately address the question whether

- the structural phase transition would occur first, because of
-72689.92 |- 1 our current band-structure method, which uses the spherical-
potential approximatioh? A full-potential approach would

-72689.84 -

-72689.86

-72689.88

E. [Ry]

-72689.90

\D/ -

veessetr o e be required to calculated accurately the NaCl-CsCl transition
56 5.8 6.0 6.2 6.4 6.6 pressure.
alA] The origin of the onset of magnetism in the Pu monoch-

. alcogenides does not rest in the Stoner criterion. The DOS at

FIG. 11. Total energy versus lattice paramt_eter for RuTe, caIcuEF is, in the paramagnetic state, not so high that it becomes
lated for both paramagnetic and ferromagnetic PuTe in the Naclleduced in the ferromagnetic state. The DOS in the ferro-
crystal structure. magnetic state is, on the contrary, similar or somewhat

higher. Instead, to understand the magnetic phase transition,

only to compute the magnetic form factor. In our calcula- . e
tions we observe a peculiarity for all three Pu monochalcoVVe note once more that our calculations indicate that a con-

genides: Quite abruptly, as a function of the lattice constantinuous shift of the $ occupancy to the & occupancy takes

a transition to a ferromagnetic state is found. This ferromagP!ace under pressure. Thiisd occupation shift corroborates

netic state is predicted to have a lower total energy than thwith the magnetic transition. It is therefore instructive to be-

paramagnetic state. In Fig. 11 the ferromagnetic and pardlin With PuTe at an expanded Eslattgce constant, which corre-
magnetic total energies of PuTe as a function of lattice pa-SPOndS to a paramagneuc.Pm 5(_1 conflgur?tlon. Under
rameter are shown. The onset of ferromagnetic order is caPressure, the Pu configuration shifts 5 6d”, where the
culated to occur close ta=6.15 A. At the experimental 5f occupation approaches éfE'SOCC!Jpanqy at high enough
lattice constant of 6.19 A, a self-consistent calculation thaPréssure. For Pu in the latter configuration, magnetic order-
started from a ferromagnetic state converges to a zero md?9 iS energetically more favorable. The initially spin-
ment solution. Otherwise, the moments in the ferromagneti€€generate &, band becomes spin split, and part of the
state are not small: the spin moment is aboug.0and the exchange-_spllt bands are shifted throug_h the Fermi energy.
orbital moment—2.7x5, depending on the lattice parameter ' "€ Feérmi surface of the ferromagnetic Pu monochalco-
and the chalcogenide anion. The moments are mainly due @€nides is thus much bigger than the tiny portions present in
the 5f states, thes-p-d states contribute a small spin mo- (€ paramagnetic state. Using again &, and adopting for
ment of about 035, and an orbital moment of 0.06, simplicity the constant relaxation-time approximation, we

both parallel to the respectivef Bnoments. The sudden onset €1 calculated the field-induced magnetoresistivity, from
of ferromagnetic ordering seems anomalbuslothing of A (B)—p(0)
this kind has yet been observed experimentally. In view of (—p) =i, 3
our above-reported results for the paramagnetic state, which p p(0)

correspond unmistakenly to the available experimental datgyith p(B) andp(0) the resistivity in the ferromagnetic and
we are inclined to exclude the possibility that the Obtair"Eiaramagnetic states, respectively. The calculated magnetore-
ferromagnetic state is an artifact of the LSDA energy-bandjstjvities are enormous=83%, —87%, and—87%, for
approach. We remark, with respect to the computed ferropys, puSe, and PuTe, respectively. Such giant values of the
magnetic ground state, first, that we did not try to find anmagnetoresistivity are sometimes observed for certain ura-
antiferromagnetic state that could eventually have an eveRium compounds, like, e.g., UNiGa, where87% was
lower total energy. Second, it is known that the LSDA ap-measured® However, for the uranium compound the meta-
proach has a tendency to prefer the ferromagnetic state ov@iagnetic transition that is induced by the applied magnetic
the paramagnetic one. However, since the total energy of thge|d is from an antiferromagnetic ground state to a ferromag-
ferromagnetic state is not nearly degenerate with that of th@etic state. In the case of the paramagnetic Pu monochalco-
paramagnetic one, we consider it unlikely that the ferromaggyenides the quasigap is destroyed by the field. With respect
netic state would not be the lower-in-energy state. So far gy the huge resistivity changes accompanying the magnetic
magnetic state has not been observed in the Pu monochalc@ansition, we mention that also the resistivity of PuTe in the

genides. As the agreement with eXperimental data is best f(@sC' phase iS much Sma”er than that of the NaC| phase
the 3% expanded lattice parameter, we anticipate that ajRefs. 12 and 29

experimental detection of ferromagnetism needs to be done

in pressure experiments. A complication inherent to observ- IIl. DISCUSSION AND CONCLUSIONS

ing a magnetic phase transition is the structural NaCIl-CsCl

phase transition, which occurs in the Pu monochalcogenides The 5f SO splitting is larger and&5f and 5f-d hybrid-
under pressure, and is rather slugdisf One of the ques- ization an order of magnitude larger in the actinides than in
tions would therefore be if a possible magnetic phase transihe rare earths. We would therefore expect that the basis for
tion would occur before the end of the structural phase tranmodel calculations would be better provided by energy-band



PRB 61 ELECTRONIC STRUCTURE OF PLUTONIUM. .. 12 833

calculations than by atomiclike calculations. The detailedfor the 5f-derived bands. In addition, the large SO interac-
calculations presented here already provide a reasonable eien affects the 5 bands to first order. If a localized model
planation of many of the anomalous properties of the plutowere to be made that started from this calculated band struc-
nium monochalcogenides. In particular, the equilibrium lat-ture, the localized states would be Wannier functions con-
tice constant of PuTe, calculated using the LSDA,structed from this filled set of bands. Such a set of localized
corresponds quite closely to the measured one, without thstates, which may indeed be required to construct the low-
necessity for any further assumptions. Also the lattice conlying excited states, still differs from the localized states
stant where the transition to Puis expected is nicely re- used for models of intermediate-valent rare-earth com-
produced by the LSDA energy-band calculation. The calcupounds, since SO interaction and-6d hybridization have
lated induced magnetic form factor of PuTe is also close tdeen included from the outset in the energy-band calcula-
that measured, and the computed, unenhanced, specific-he@ins. In this sense, mixed valence in the actinides must be
coefficients compare reasonably with the measured value farssentially different from mixed valence in the rare earths.
PuTe. The calculated optical reflectivity of PuTe is in good Previously, two phase transitions were discussed for the
agreement with experiment too, suggesting that at least oPu monochalcogenides: the transition from thé ‘Pualent
calculated electronic structure of a semimetal with a quasistate to mixed valence® and the structural NaCI-CsCl tran-
gap is essentially correct. The magnitude of the smallessition under pressuré:?>26 Our total-energy calculations
quasigap of about 20 meV in the optical conductivity spec-predict the possibility of a third phase transition under pres-
trum is similar to that of the energy gap deduced from low-sure, that from a paramagnetic state to a ferromagnetic state.
temperature resistivity measurements. Responsible for th&lthough a magnetic phase transition has not yet been ob-
formation of the quasigap is the large SO interaction thaterved, we believe that under pressure, at a reduced lattice
splits the Pu %5, and 5f;,, subbands at the Fermi energy, in constant, this should be possible. Also, our energy-band cal-
combination with a hybridization gap being formed by theculations predict the Pu monochalcogenides to be semime-
Pu 5f and & bands. The hybridization gap is especially tallic, with small Fermi surface portions. A further test of
sensitive to modifications of thef55f, 5f-6d, and Pu- this proposed electronic structure would be de Haas—van Al-
chalcogenidep hybridizations. As a consequence, the resisphen measurements of the Fermi surface.

tivity is calculated to increase under moderate pressure,
which is unusual, but in agreement with recent
measurement.

Our calculations show that the electronic structure lies We have benefited from discussions with V. Ichas, G. H.
very close to an essentially filled set of &-derived bands Lander, J. Schoenes, P. Wachter, L. Havela, T. Gouder, H.
that contain an admixture ofl states. This suggest a Eschrig, and J. M. Fournier. Part of this work has been per-
5f~*6d* configuration for Pu. Although such a configura- formed while P.M.O. and T.K. were at the Max-Planck-
tion corresponds to the intermediate valence suggested fétesearch Group “Theory of Complex and Correlated Elec-
the Pu monochalcogenidés there are pertinent differences tron Systems.” Financial support from the Max-Planck
to the theory of IV developed for rare earths. In the latter, theSociety, and from the State of Saxofynder Contract No.
rare earth 4 bands are dispersionless, which is not the casd-7541.83-MP2/30]is gratefully acknowledged.

ACKNOWLEDGMENTS

*Present address: Institute of Solid State and Materials ResearckC. Abraham, U. Benedict, and J.C. Spirlet, Physic22, 52

P.O. Box 270016, D-01171 Dresden, Germany. (1996.
1J.M. Fournier, E. Pleska, J. Chiapusio, J. Rossat-Mignod, J'*A.R. Williams, J. Kibler, and C.D. Gelatt, Phys. Rev.1®, 6094

Rebizant, J.C. Spirlet, and O. Vogt, Physicd &, 493(1990. (1979.
2p. Wachter, F. Marabelli, and B. Bucher, Phys. Reu311 136  15U. von Barth and L.A. Hedin, J. Phys. & 1692(1972.

(1992). 18T, Kraft, P.M. Oppeneer, V.N. Antonov, and H. Eschrig, Phys.
3M. Mendik, P. Wachter, J.C. Spirlet, and J. Rebizant, Physica B Rev. B52, 3561(1995.

186-188 678(1993. "we do not use a fixed radial grid inside the atomic spheres, but
4E. Gamez Marn, Ph.D. thesis, University of Grenoble, 1997. radial grids that are reevaluated for every sphere radius. The
5G.R. Stewart, R.G. Haire, J.C. Spirlet, and J. Rehizant, J. Alloys anomaly in the total energy in Fig. 4, and the discontinuity in the

Compd.177, 167 (199). ferromagnetic total energy in Fig. 11, are thus not due to discon-
6J.R. Naegele, F. Schiavo, and J.C. Spitlehpublisheit J.R. tinuous changes of the number of radial grid points with the

Naegele and L. Havelaunpublishedl sphere radius.

’G.H. Lander, J. Rebizant, J.C. Spirlet, A. Delapalme, P.J. Brown!®P. Wachter, inHandbook on the Physics and Chemistry of the

0. Vogt, and K. Mattenberger, Physical&6, 341(1987. Rare Earths edited by K.A. Gschneidner, Jr., L. Eyring, G.H.

8J. M. Fournier and R. Trqocin Handbook on the Physics and Lander, and G.R. ChoppitNorth-Holland, Amsterdam, 1994
Chemistry of the Actinidesdited by A.J. Freeman and G.H. Vol. 19, p. 177.

Lander(North-Holland, Amsterdam, 1985Vol. 2, p. 29. 19p M. Oppeneer, T. Maurer, J. Sticht, and Jbkar, Phys. Rev. B
9M.S.S. Brooks and D. Gtael, Physica BLO2, 51 (1980. 45, 10 924(1992.
0\M.S.S. Brooks, J. Magn. Magn. Mates3&64, 649 (1987). 20A. Delin, P.M. Oppeneer, M.S.S. Brooks, T. Kraft, B. Johansson,
1A, Hasegawa and H. Yamagami, J. Magn. Magn. Mat84-107 and O. Eriksson, Phys. Rev. &5, R10 173(1997).

65 (1992. 21p M. Oppeneer, M.S.S. Brooks, V.N. Antonov, T. Kraft, and H.

12y Ichas, J. Rebizant, and J.C. Spirlenpublishedl Eschrig, Phys. Rev. B3, R10 437(1996.



12 834 P. M. OPPENEER, T. KRAFT, AND M. S. S. BROOKS PRB 61

22p M. Oppeneer, A.Y. Perlov, V.N. Antonov, A.N. Yaresko, T. M. Gensini, E. Gehring, S. Heathman, U. Benedict, and J.C.

Kraft, and M.S.S. Brooks, J. Alloys Comp®71-273 831 Spirlet, High Press. Re&, 347 (1990.

(1998. 2T, le Bihan, S. Heathman, and J. Rebizant, High Press. Fgs.
23A. Hjelm, O. Eriksson, and B. Johansson, Phys. Rev. L#if. 387(1997.

1459(1993. 28\/. Sechovsky L. Havela, L. Jirman, W. Ye, T. Takabatake, H.
24M.S.S. Brooks and P.J. Kelly, Phys. Rev. Le&l, 1708 Fuijii, E. Bruck, F.R. de Boer, and H. Nakotte, J. Appl. Phys,

(1983. 5794(1991).

253. Dabos-Seignon, U. Benedict, S. Heathman, and J.C. Spirlet, 3°B. Johansson, O. Eriksson, M.S.S. Brooks, and H.L. Skriver, In-
Less-Common Met160, 35 (1990. org. Chim. Actal40 59 (1987.



