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Theoretical Aspects of the Charge Density Wave in Uranium
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Using a first principles total energy method, we have reproduced the observed charge density wave
(CDW) state ofa-uranium (calleda;). This CDW is found to be a result of a Peierls-like transition,
i.e., by opening of partial gaps at the Fermi level. The part of the Fermi surface affected by the
distortion shows a strong nesting of fairly narrgivbands. In addition we suggest that the slightly
modified «; CDW state, which is calledx, and is observed by cooling the, phase, is caused by
a closely related mechanism, namely, by a nesting of the Fermi surface ih direction. This is
consistent with the observed CDW ordering. [S0031-9007(98)07255-X]

PACS numbers: 71.45.Lr, 71.15.Mb, 71.18.+y, 71.20.—b

Today the charge density wave (CDW) [1-3] statemodified electron density is then normally accompanied
has almost exclusively been observed in quasi-oneby a movement of atomic positions (dimerization) and the
dimensional systems, as, for example, in Np34]. CDW may be identified from this structural distortion.
However, there is one important exception to this experi-The origin of the CDW in one-dimensional compounds
mental fact, namely, uranium metal [5]. Indeed, uraniumhas been discussed in terms of Peierls distortions [2]
is also the only element in the periodic table whichand Kohn anomalies [9]. The superconducting properties
exhibits such a behavior. Thus it becomes particularlyof the CDW condensate, suggested by Frohlich [1], has
important to verify this unique property theoretically. until this date not been discovered, presumably due to
In fact, it was only after several decades of thoroughthe pinning of the CDW [3]. Instead, normally the
experimental work that it was experimentally establishedesistivity behavior is characteristic of a gaped system,
that uranium metal exhibits a sequence of low temperaand in addition there is the complication of the sometimes
ture states, which have been identified as charge densigbserved nonlinear current-voltage ) relationship [3].
waves (the different phases are called «,, and a3). The most characteristic identification of a CDW in
The first transition takes place at 43 &) and the last uranium has been found from the observation of the
one stabilizes below 23 Kaf;). After the completion of structural transition [5]. Neutron experiments indicate
the last CDW transition, uranium has in fact transformedhat the CDW at 43 K is associated with a significant
to an element where the primitive cell has a volume ofphonon softening, a fact which may help understanding
~6000 A3 [5]. On the theoretical side there has not beerthis martensitic transition [10]. From a materials science
a corresponding refinement of the theoretical treatment tpoint of view, the CDW state in uranium manifests itself
cope with these fine details of the low temperature crystaby a small but still drastic change in many physical
structure of uranium. properties: lattice parameter, resistivity, elastic response,

Despite the fact that the conceptual possibility of CDWand thermal expansion [5].
states was suggested many years ago for simple metalsThe transition at 43 K ;) is much simpler than the
[6], uranium has remained a unique exception among thether two transitions at lower temperatures. It involves
elements showing such behavior (the spin-density wave ainly a doubling of the conventional unit cell along the
chromium is accompanied by a weak CDW [7,8], but thea direction. The corresponding atomic displacements are
latter is simply induced by the former). One may wonderlarger, by an order of magnitude, than the displacements
why a CDW state has not been observed in other elementgcurring at the other two transitions. Furthermore the
since in compounds (especially compounds with “onesurvival of this state to higher temperatures (compared
dimensional” character) the CDW state is more frequentlyto the others) signals that this transition to #ag phase
observed [6,3]. An “ideal” one-dimensional CDW systemis energetically also the most important one. For these
has a periodic charge density given by [3] reasons we will here focus our attention on the

p = po + Ap co2kpr + ¢), (1) CDW state. The structural arrangement of this distortion
wherep, is the density of the normal state ang is the is shown in Fig. 1. Notice that the; CDW state is
magnitude of the charge density wave, wherkass the  characterized by one parameter, labeleid Fig. 1. The
Fermi wave vector of the undistorted lattice andis a  doubled unit cell volume associated with-U is built
phase factor. As a consequence of this added periodicityp from two atomic layers, distinguished by open and
in the system, a so called “Peierls gap” opens up in thelosed circles in the figure. A possible primitive cell
energy level distribution at the Fermi levelz. This s indicated by the box in the figure (thin line). When
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u = 0 the 8 atom cell of thew; state can be reduced is used to treat the electronic structure of, for instance,
to the ordinary undistorted 2 atom-uranium structure. copper. This type of theoretical treatment has had a docu-
The atom displacememtillustrated in Fig. 1 corresponds mented success in reproducing various low symmetry
to an optical phonon mode in the undistorteeluranium  crystal structures within the actinide series [11,13].
structure, usually referred to &s in the literature [5]. We have calculated the total energy of the CDW state in
There are a number of unanswered questions contranium as a function of the magnitude of an appropriate
cerning the CDW ina-U. The most important one is atomic distortion. The total energy calculations were
the following: Which mechanism drives the transition?based on the relativistic full-potential method developed
Since f-electron elements are known to have structuraby Wills [14], which employs linear muffin-tin orbitals as
properties which deviate from the rest of the elementdasis functions [15]. The calculations have been done at
[11] in the periodic table it is natural to ask if it is the the experimental lattice data [5], except for the volume
presence off electrons in the chemical bonding which dependent calculations, where the parameﬁeré, and
causes the CDW state. Answering these questions wil were kept constant. This is justified in the studies
contribute to our understanding of chemical bonding inby Akella et al.[13], where the volume dependence of
general, especially that of electron systems. At this these parameters was found to be weak in the relevant
stage one may also speculate if there are other elemenislume range.
(in addition to U) that will undergo a CDW or CDW-like  In Fig. 2a we show the calculated total energy as a func-
transition. The observation of such a state, howevetion of the CDW lattice distortiony. The a-U struc-
might require that a sufficiently accurate experimentakure corresponds to = 0. Figure 2a clearly shows that
probe is available. In order to shed light on thesethe undistortede-U is unstable towards the; CDW
issues we have undertaken a total energy study on thstate. The magnitude of the lattice distortion which mini-
CDW state in uranium and we have analyzed its originmizes the total energy is0.028 A, which compares ex-
Given that extremely small distortions are involved, ittremely well with the experimental value 6f0.027 A. In
is from a computational viewpoint a most challengingFig. 2a we also present our results for two differesoint
problem. It poses very hard requirements of the thesamplings, namely, using 80 and 262oints in the total
oretical treatment, not the least on the representatioBrillouin zone (BZ), respectively. Clearly there is no
of the electron density distribution of the undis- significant difference in the behavior of the total en-
torted a-uranium crystal structure. This is of particu- ergy as a function of distortion for the two different
lar interest since we are dealing with gftelectron
element, something often associated with difficult ques-
tions concerning the influence of electron correlation. A

strong correlation picture has for instance been used to_ _ (a)
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FIG. 1. Atomic arrangements of they CDW and of thea-U Relative volume

(u = 0) projected on the:b plane. The doubling of the unit FIG. 2. (a) The calculated energy as a function of the CDW
cell is in thea direction and the size of the cell is indicated by distortion parameter (see Fig. 1). Two different-point sets
the thin line. The open (filled) circles mark atoms situated inwere used. (b) The energy differenaeE, between thex-U
thez =0(z = %) layer. anda;-U (u = 0.028 A) as a function of compression.
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samplings ofk space. Thus we conclude that the calcu- T
lated total energy is converged in the numbek qfoints. @
The calculated energy gain connected to the CDW distor-
tion is very small (0.35 mRy, equivalent to 55 K). This
finding is consistent with the fact that it requires only a tem-
perature of 43 K to transform;-U to the undistorted-U
crystal structure.

In Fig. 2b we plot the energy difference between the
undistorted and the distorted system for a constant dis- U
tortion, u = 0.028 A (which corresponds to the energy
minimum of thea-U state) as function of volume. This
difference,AE, is shown in Fig. 2a and we observe that
our calculations give a phase transitior9&% of the equi-
librium volume. Under compression, the transition from
the a;-U to «-U phase is observed to occur at a volume
approximately99% of the equilibrium volume. Hence ex-
periment and theory agree very well also in this respect.

So far we have been able to reproduce the behavior T
of the optical phonon mode of the-U structure that
is responsible for the CDW state called,. In order (0) v
to better understand the appearance of this CDW we
investigated the Fermi surface (FS) of the distorted and
undistorted structure. It is appropriate to mention in this
connection that Freemaet al. [16] calculated the FS of

a-U from a non-self-consistent density some 20 years >

ago. By slicing the Fermi surface, making 2D contour U
plots, we have analyzed the FS topology of the undistorted

and the distorted systems. One particular cut was more
informative than others. We found that the largest change

of the topology of the Fermi surface occurs close to the

point (%,O, %) in the reciprocal space (in units of the

Bravais lattice vectors). In Figs. 3a and 3b we present

the Fermi level contour for the undistorted and distorted Va)
systems in the BZ of the 8 atom cell. When comparing . . o
Figs. 3a and 3b we notice that there is a clear changgt'grhg’-is lﬂgwie][g“r' (z‘irfacg ;’;Jh(%)'argeg ggg ACE"TVK';hCE'tght

. . . . = u = . .

n _‘he_Fem?' surface_behawor close to the pplnt, an spanned by the vectors (0,1,0) and (1,0,0) and includes
ellipsoid object has disappeared due to the d!stortlon. Iﬁ"e symmetry points (0,d), (0,4, 1), and ¢,0,1), which are

we plot the bands fron¥ to U, one band splits at the calledz, T, andU.

Fermi level at the correspondirig points. This kind of

band splitting due to a symmetry breaking distortion is

usually referred to as a Peierls distortion. Now we are In Fig. 4 we show the FS o&-U with two atoms in

at a stage where we know that there is a topologicathe primitive cell (corresponding to the Bravais lattice of
change of the Fermi surface close to thepoint. In  the a-phase), for a cut in reciprocal space which is cor-
order to test the hypothesis that this is the driving sourceesponding to those shown in Fig. 3. The rather complex
for the formation of the CDW, we excluded tlepoints  contour in Fig. 3a has changed to a much simpler contour,
closest to theU point in a separate set of calculations due to the unfolding of the BZ. There is a possibility for
(for different & point densities, ensuring convergence).nesting of the Fermi surface in thedirection (indicated
We found that such a restriction changed the sign of théy the horizontal vector in Fig. 4). Comparing the dis-
energy difference AE; that is, the CDW minimum in tance between the almost parallel contours, with the dis-
Fig. 2a disappeared. In order to decide that this was ndance of the reciprocal lattice vector of the-U structure

an artifact due to a nonhomogeneatpoint sampling in the a direction, we notice that they are almost equal
we excluded othek-point regions, randomly distributed in length. That is, we have nesting vectors of length
(some of high symmetry, some not), and calculatedvhich by means of Peierls arguments will give rise to a
the total energy. In all these cases theU structure lattice distortion, doubling the conventional unit cell, i.e.,
was found to be unstable towards the formation ofin complete agreement to the observed behavior ohithe
the CDW. phase. Experimentally it is known that the nesting vector
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demands on the theoretical treatment. This strongly
/ \\ favors a picture where the description pfelectrons in
uranium metal can be accurately obtained from density
‘ functional theory. We finally speculate that othgr
elements, such as plutonium, might possibly exhibit a
CDW:-like behavior provided sufficiently refined low
temperature experimental probes are used for its detection.
In addition we encourage experimentalists to perform

\ de Haas—van Alphen experiments on uranium, both as
function of pressure and temperature, in order to test our

\ / theoretical predictions, to continue the work of Ref. [17].
Gerry Lander, Bob Albers, and Alexander Balatsky are
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