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The nature of magnetism in the heavy-electron superconductors UPt; and URu,Si, is investigated
by using a spin-orbit generalized variant of local-spin-density (LSD) theory to calculate the self-
consistent moment-polarized electronic structure and the dynamic (bare-band) susceptibility. It is
shown that the direction of the magnetic moment is predicted correctly. The size of the moment,
however, is 0.8 5 in UPt; and 1.2u5 in URu,Si,, i.e., a factor of 40 larger than experiment. It is not-
ed, however, that the experimental moment of (0.6510.1)up for Th- or Pd-doped UPt; is close to
the theoretical value. The static susceptibility, x(q), is predicted to be weakly dependent on q ex-
cept for UPt;, where a peak is found at q=(7/c)(0,0,2)—in general agreement with neutron-
scattering data at high frequencies. The low-frequency anomalies in the neutron data which lead to
magnetic ordering are not seen in the calculated dynamic susceptibility, but can be understood in
terms of a moment-moment interaction. An explanation for these conflicting data is offered based
on the interaction of itinerant quasiparticle and local-moment degrees of freedom at low tempera-
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tures, which leads to a renormalization of the LSD spin-spin response function.

I. INTRODUCTION

Heavy-electron metals are well known to exhibit
unusual magnetic and superconducting behavior.'!
Neutron-scattering measurements have found strong an-
tiferromagnetic correlations, even in metals which do not
order magnetically.>”® Recently, the coexistence of su-
perconductivity and magnetism has been discovered in'°
URu,Si, and in® UPt;. The ordered magnetic moments
are very small, however, being of the order of 0.02up for3
UPt; and 0.03up for’ URu,Si,, When UPt; is doped
with!! Th or with'? Pd, the moment increases to about
0.65u 5 and superconductivity disappears. The small mo-
ment, 0.02up, in pure UPt; is connected with a low-
frequency (0.2 meV) anomaly in the neutron-scattering
data with an ordering vector of® (27 /V'3a )(1,0,0). This is
in contrast with the high-frequency data which reveal a
peak at (/¢ )(0,0,2) with a linewidth I of 5 meV and a
fluctuating moment of 2.1up.2 In the case of URu,Si,,
the magnetic transition leads to the opening of a gap over
a large part of the Fermi surface, with magnon excita-
tions propagating in the gap.'®*”® In this case, the q
vector for ordering is (7 /¢ )(0,0,2).

As has been stressed by the experimentalists, the
neutron-scattering data are consistent with correlated in-
teractions of local moments.>>78 This is in contrast with
the results of de Haas—van Alphen experiments on'
UPt; which reveal a Fermi surface consistent with that
predicted by standard local-density band calculations.'*!®
As many recent theories use the neutron-scattering sus-
ceptibility to explain the quasiparticle mass renormaliza-
tions'®~!° and the superconducting pair instability,' 2!
it is of some importance to understand the nature of the
dynamic susceptibility and magnetism described above.
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As a step in this direction, we have calculated the self-
consistent moment-polarized electronic structure and dy-
namic susceptibility using a spin-orbit generalized variant
of local-spin-density (LSD) theory.

In Sec. II the particular calculational procedures are
outlined. In Secs. III and IV, results for UPt; and
URu,Si,, respectively, are discussed. The basic result is
that although the magnetic moment directions are
correctly predicted (due to simple spin-orbit effects), the
calculated magnetic moments are too large by a factor of
40. A discussion of these results is given in Sec. V, where
it is speculated that the calculated moments are
suppressed by a correlated Kondo effect. We end in Sec.
VI with some conclusions.

II. CALCULATIONAL PROCEDURE

The method used here was described in a previous pa-
per dealing with the heavy-electron magnet UCus.”> Ba-
sically, we need a formalism which can treat both spin-
and orbital-moment effects. There is no exact theory for
this case, but several approximate formalisms exist?3~%°
which yield good results for itinearnt actinide magnets.
In our case, using LSD potentials, we construct scalar
relativistic (i.e., without spin-orbit) basis functions®® and
solve the secular matrix

H, +V,
Hdu

Hud
Hy+V, |- M

Here the V’s are the matrix elements involving the spin-
density potentials and the H’s are the matrix elements in-
volving the spin-orbit operator.?’ In the upper (lower) di-
agonal block, we use the V, (V) potential to construct
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the spin-orbit term, whereas in the off-diagonal blocks the
average of the two is used. The eigenvectors of this ma-
trix are products of scalar relativistic functions times spi-
nors, from which new spin densities are summed and
used in the next self-consistent cycle. We can also deter-
mine the orbital moment, which is ¥, ,, ;mn,;, . where
n; .. are of the Im-projected occupation numbers in each
spin channel 5.2 The starting spin densities for the self-
consistent calculation are obtained by taking the results
of a paramagnetic calculation, and transferring a small
amount of charge from one spin channel to the other.

We use the results of a fully relativistic (i.e., Dirac
equation) paramagnetic calculation to construct the
imaginary part of the dynamic susceptibility (without
Stoner or spin-fluctuation renormalizations):

Imy(g,0)=7 3 [d%k fle, [ 1= f(€y k1]

n,n'

Xs(en',ki-q_—fn,kiw)

X|(1/',,,k|aeiq"|¢,,',k+q)|2 N (2)

where n and n' are band indices, f the Fermi function,
and o the moment operator. For the real part of the sus-
ceptibility, the 8 function is replaced by the inverse of its
argument, and is evaluated using the tetrahedron
method.?® A similar method used to calculate the imagi-
nary part involves finding the “density of states” which
satisfies the 8 function condition and weighting it by an
average of the product of the Fermi functions. To evalu-
ate the moment operator, we keep only the f5,, com-
ponent of the wave functions, and treat o as a pure j
operator, replacing r in Eq. (2) by R, the U-site positions.
The moment operator can be expressed as a particular
sum of 0 ;, 0 _, and o, (the coefficients depending on the
direction o are taken to point in), and the matrix ele-
ments are trivial to evaluate since the wave functions are
in a pure j basis.? In practice, the matrix elements are
evaluated on a regular mesh in k space which forms
corners of tetrahedra, but with these tetrahedra divided
into eight smaller ones when evaluating the sum in Eq. (2)
(the matrix elements are linearly interpolated and the ei-
genvalues are evaluated from a Fourier series spline fit to
the bands®®). Note that this restricts the q values to this
mesh.

The electronic structure is calculated using the linear
muffin-tin orbital (LMTO) method with combined correc-
tion terms** which correct for the nonspherical shape of
the unit cell. The exchange-correlation functional used is
a spin-generalized variant of the Hedin-Lundgqvist form.>?
For the paramagnetic calculation used as input for the
dynamic susceptibility, a relativistic generalization is em-
ployed.?® Basis functions up to / =3 were kept on the U
sites, and up to / =2 on the other sites (for the fully rela-
tivistic UPt; calculation, / =3 basis functions were used
on all sites). For the self-consistent iterations, 60 k points
in the irreducible wedge were used for UPt;, and 63 k
points for URu,Si,. In both cases, the spline fit to the
bands was generated from 120 k points, and the wave-
function mesh for the susceptibility from 75 k points (in
the case of body-centered URu,Si,, the 75-k-point mesh
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was set up in a quadruple-sized simple tetragonal irreduc-
ible wedge). For the (antiferromagnetic) moment-
polarized calculations, 60 k points were used for UPt; in
the hexagonal phase, 45 k points in the observed ortho-
rhombic phase, and 32 k points for URu,Si, in its ob-
served tetragonal phase.

ITII. RESULTS FOR UPt,

The relativistic calculation'*' yields a Fermi surface

in good agreement with de Haas—van Alphen (dHvA)
data. As discussed in Ref. 15, combined correction terms
are necessary to get the topology completely correct.
Shifts of the bands of the order of 1 mRy, which are
needed to get quantitative agreement with the dHvA data
(these shifts are much smaller than those needed for ordi-
nary transition metals), are incorporated when calculat-
ing the dynamic susceptibility.

The first moment-polarized calculation was done by
oppositely polarizing the two U atoms in the hexagonal
cell along the ¢ axis. In all, 0.1 f electrons were
transferred from the spin-up to the spin-down density
when constructing the starting densities, as previous cal-
culations indicated a sizable moment;’> 65 iterations,
however, were required to converge the moment. A total
moment of —0.27up per formula unit was found, with an
orbital component of —1.10u and a spin component of
0.83up; virtually all the moment arises from the f elec-
trons. Interestingly, the calculated density of states
(DOS) at Ep was practically the same as in the paramag-
netic case.

As a test, a new calculation was begun by transferring
only 0.01 f electrons between spin channels. This time,
the orbital magnetic moment was appreciably larger than
an parallel to the spin moment on the first iteration. This
forced the spin moment to flip direction one of the subse-
quent iterations. Surprisingly, the solution (after 32 itera-
tions) converged to a different total-moment value of
0.54u 5, with an orbital moment of 1.64 and a spin mo-
ment of —1.10. Several other runs were begun using
different perturbing starts, which indicated that these
were the only two solutions. (It is conceivable that the
previous low-moment solution is due to a poor path in
configuration space, given the slow convergence of the
moment in that case.) Next, the magnetic moments from
the —0.25up calculation were rotated along the a axis,
and an additional 13 iterations were performed (the last
one using 120 k points). The moment increased to
—0.71up (with —1.78up orbital and 1.07up spin), sug-
gesting (as observed experimentally) that the moments
tend to lie along the a axis. (This will be verified below
when the dynamic susceptibility is calculated.) Similar
results were obtained when the 0.54up solution was used
for a starting configuration.

The observed orthorhombic magnetic phase of UPt,
corresponds to doubling the unit cell along the a axis,
with the moment aligned along this axis with
q=(27/v'3a)(1,0,0.>'"!2 We again took the spin densi-
ties from the —O0.25up calculation and rotated them
along the a axis, then restarted the calculation in the or-
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thorhombic phase. Eight iterations were performed, the
final one using a larger 90-k-point mesh, resulting in a to-
tal moment of —0.81up (—1.98up orbital, 1.17u, spin).
Since the charge density still has the same (hexagonal)
symmetry in both cases, the increase of the moment by
0.1up may suggest that the orthorhombic structure is
preferred over the hexagonal one, as observed experimen-
tally. (To verify this point would require calculating the
total energy very precisely, a near impossible task for
such a complex unit cell.)

Next, the dynamic susceptibility was calculated from
the six j =2 f bands in the vicinity of E;. Results for the
static susceptibility for various q vectors and moment
directions are shown in Table I. One sees from the table
that the susceptibility is maximal for the moment along
the a axis, indicating that the a axis is the favored mo-
ment direction. One also finds a peak in x(q) at
(m/¢)(0,0,2), in agreement with neutron-scattering data.
Nothing special happens, however, at q=(27/
V/3a,0,27/c) (results with g,=0 are very similar). To
further investigate this, we calculated Imy(q,) for the
three q vectors in Table I (with the moment along a).
The results are shown in Fig. 1. One sees a broad
response function in all cases (when comparing to experi-
ment, one must remember that the frequency scale in Fig.
1 will be renormalized by exchange-correlation and spin-
fluctuation effects). Note that at =0, there is interband
weight at nonzero frequencies due to spin-orbit effects.
In fact, the intraband contributions to y(q) only amount
to about 15-20 % of the total.

IV. RESULTS FOR URu,Si,

Fully relativistic paramagnetic calculations were per-
formed for body-centered tetragonal URu,Si, with and
without combined correction terms. The latter are found
to be very important, as seen from the fact that the DOS
at Ep doubled with their inclusion (from 8 to 17
mJ/mol K?). Four bands are found to cross E r, With a
small and large electron pocket at I', two hole pockets
about Z, and a rather complicated piece about the
X(1,1,0) points. This latter piece is sensitive to the loca-
tion of E..

The observed magnetic phase is a simple antiferromag-
netic tetragonal structure with moments pointing along
the ¢ axis.> The moment-polarized calculation was begun
by transferring 0.01 f electrons from the up to the down

TABLE I. Calculated static susceptibility of UPt, for various
moment directions (@). Units are states/(Rycell) (note, there
are two U atoms per cell). The b axis is one of the hexagonal
vectors in the basal plane, the a axis being orthogonal to it. The
q vector is in units of 27V/3a for g, and 7/c for q,. Results for
q=(1,0,0) are similar to q=(1,0,2).

q Bl fia alb
(0,0,0 413 410 410
©0,0,1) 525
0,0,2) 530 552 552

(1,0,2) 421 520 459
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FIG. 1. Calculated imaginary susceptibility vs frequency of
UPt;. Same units as in Table I. The solid curve is for
q=(0,0,0), the dashed curve for q=(0,0,2), and dotted curve for
q=(1,0,2).

spin density. The moment converged after 40 iterations
to a value of —1.17up (—2.85up orbital, 1.68up spin).
The DOS at E was reduced by about 50% as compared
to that of the paramagnetic phase. This is comparable to
what is indicated by specific-heat data.!® It is interesting
to note, however, that the DOS reduction only occurred
once the magnetic moment began to exceed lup in the
self-consistent cycling.

Next, the static susceptibility was calculated from the
relativistic paramagnetic calculation. The results are
shown in Table II. Again, one finds that the moment
direction seen experimentally (¢ axis) is predicted. This
time, the q dependence is weak (but note that there is
only one U atom in the primitive cell in this case).
Again, nothing special happens at either 7/c(0,0,2) or
m/a(2,0,0), which are the (equivalent) ordering vectors
for URu,Si,. This was also found in the case of UCus.2

V. DISCUSSION

We have a conflicting body of information to resolve.
On the one hand, the electronic-structure calculations do
well in estimating the equilibrium lattice constants for

TABLE II. Calculated static susceptibility of URu,Si, for
moment directions along the @ and c¢ axis. Units are
states/(Ry cell). The q vector units are m/a for ¢, and q,, and
7/cforgq,.

q lle lla
(0,0,0) 260 164
(0,0,1) 233
(1,0,0) 266
(2,0,0) 234 152
(1,1,0) 248
(1,1,1) 233
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UPt; (Ref. 33) and UBe,3,* indicating that the f elec-
trons participate in the bonding. In the one case where
dHvA data is available, UPt;, the correct quasiparticle
Fermi surface was also found.!>~ !> In the case of heavy-
electron magnets such as NpSn,,2> UCus,?? and TmSe,*
moment values in good agreement with experiment are
found (modulo multiplet effects in TmSe), and reasonable
DOS reductions are calculated due to the lowering of
symmetry in the magnetic phase. In these metals, the
local-density estimate of the Stoner product, IN(Ef)
[where I is the electron-electron exchange interaction,
and N(Ep) the DOS at E;], exceeds 3 [recall that
IN(Eg)>1is the condition for magnetism]. We also find
moment directions in agreement with experiment for
UCus,?2 UPt;, and URu,Si,. Additionally, the calculated
dynamic susceptibility is similar to high-frequency
neutron-scattering data in that a broad frequency spec-
trum is predicted with a weak q dependence [except for
UPt;, where the two U atoms per primitive cell allow a
peak at (7 /¢)(0,0,2)].

On the other hand, the neutron-scattering spectrum
has a Lorentzian behavior with a characteristic energy
(linewidth) measuring the relaxation time of the local mo-
ments; the linewidth I" corresponds to the Curie tempera-
ture extracted from the high-temperature susceptibility.’
This linewidth acts as an effective Fermi temperature; for
UPt;, the ratio of the band structure Er (~1000 K) to
the mass renormalization factor (=17.3) from specific
heat is 5 meV. This is " for UPt;. [A proper renormal-
ization of Fig. 1 involving the exact electron-electron ex-
change interaction function, I(g,w, T), including fluctua-
tion effects, must yield the correct behavior. We have
determined that approximating I(q,w) by I(q), however,
will not work for the UPt; case.] Moreover, low-
frequency anomalies are seen in UCus,” U,Zn,;,’ and
UPt; (Ref. 3) which are related to the magnetic ordering
[similar low-frequency anomalies are also seen in UBe,;
(Ref. 36)]. These occur at q vectors not indicated by the
calculated static susceptibility, although they are suggest-
ed by the polarized calculations (as seen above for UPt;).
Finally, moment suppression is seen in UPt; (Ref. 3) and
URu,Si, (Ref. 5), and no detectable moments have been
found (yet) in UBe;; and USn;. In these four cases, the
calculated Stoner products range from 1 to 2, indicating
that the static magnetic correlations are weaker than in
magnets such as NpSn; and UCus, where reasonable mo-
ment values were calculated.

One resolution of these problems is to speculate that
the moment degrees of freedom separate from the charge
degrees of freedom at high temperatures.!®3"3® This
would explain the free-moment behavior and large entro-
pies recovered at high temperatures, as well as the ob-
served Schottky anomalies in the specific heat. This
would also explain why one sees local-moment behavior
in the measured dynamic susceptibility, yet sees a quasi-
particle Fermi surface in agreement with electronic-
structure calculations. As the temperature is lowered,
these local moments begin to interact with each other
and with the charge degrees of freedom in a coherent
fashion, leading to large mass renormalizations of the
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quasiparticles,“’_19 and in most cases to a superconduct-
ing pairing instability'® ~2! and/or magnetic ordering.

A proposed theory for describing these dynamic in-
teractions is the correlated Kondo approach.’”-3%!® This
would explain the suppressed (ordered) moments seen in
UPt; and URu,Si,. If the static magnetic correlations are
too large (or the correlated Kondo effect is destroyed by
impurities), then the full band-structure moment devel-
ops, as seen in magnets such as UCus, and in doped UPt;.
This moment suppression can also be turned off by a field,
as seen in URu,Si,,*® where the moment jumps by about
lup between 35 and 40 T (the electronic structure mo-
ment being 1.2 pupg),and in UPt;, where the moment jumps
by 0.6up at *° 20 T. There is also a simple way to deter-
mine the ordering vector. Take the q vector to be along
the moment direction, with the magnitude arranged to
give the simplest antiferromagnetic ordering along that
direction. This works for UCus,*' U,Zn,;,*? NpSn,,?
UPt;,'"!? and URu,Si,.°> Thus the ordering is due to a
moment-moment interaction (note that spin-orbit effects,
which determine the direction of the moment, are cru-
cial). This effect is not present in Eq. (2). As noted in
Sec. III, however, self-consistent polarized calculations
did suggest the proper g vector for UPt;. This implies:
(1) the q vector is indeed determined by I(q) as opposed
to Xo(q), and (2) this effect is being reproduced by the po-
larized calculations (modulo @ moment renormalization).
Taken together, this indicates the possibility that I(q)
could be calculated by appropriately (Kondo) renormaliz-
ing a spin-orbit generalized variant of the LSD derived
I(q).

Finally, we note that the Neél temperature has been es-
timated successfully for UCus using the Moriya spin-
fluctuation theory.?? Until this theory is generalized to
noncubic cases (where the susceptibility is directionally
dependent above Ty), we cannot make an accurate esti-
mate of Ty for UPt,. Since T is proportional to I'!/3
and M*/® (where M is the magnetic moment), reasonable
Ty values for UPt; can only be obtained if the high-
frequency I' and the nonsuppressed moment are used.
To understand this, we note that there are three contribu-
tions to the spin-spin response function: Iy, I, and
Ik, with Iy being the LSD part, Igp the spin fluctua-
tion part, and Ik the correlated Kondo part. Now, I¢
acts to renormalize Iy downwards, and thus reduces the
ordered moment. Igg, on the other hand, acts to renor-
malize the Stoner temperature down to the actual Néel
temperature.’! This could explain why Ty is only weakly
affected by doping, whereas the magnetic moment is
strongly affected.

There are still some loose ends concerning URu,Si,. In
this case, magnetic ordering is speculated to cause a gap
over most of the Fermi surface, which is reflected by a
gap in the magnetic excitation spectrum (in which mag-
nons propagate).!®*> This view is difficult to resolve
with the results of the moment-polarized calculation
which indicates gapping only when the moment exceeds
Ipp, and the calculated static susceptibility which indi-
cates no Fermi-surface nesting. A possible resolution of
this problem is to speculate that the gap is only in the
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moment degrees of freedom. The differences observed in
the magnetic properties of URu,Si, as compared to the
rest of the heavy-electron magnets indicate that the
correlated interactions of the moments can lead to quite
complex behavior.

VI. CONCLUSIONS

Results of moment-polarized local-density calculations
on UPt; and URu,Si, have been discussed in light of ex-
perimental data. Although the directions of the magnetic
moments are correctly predicted, the calculated moments
are a factor of 40 larger than experiment. Moreover, al-
though the calculated q dependence of the susceptibilty is
consistent with high-frequency neutron-scattering data, it
is not consistent with the observed ordering vector. The
observed ordering vectors, however, appear to be con-
sistent with the polarized calculations, where the
suppressed magnetic moments are consistent with a
correlated Kondo interaction among the moments. The
moment suppression can be destroyed by doping or by a
field, which leads to a recovery of the full electronic-
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structure moment. This moment reduction is necessary
so as to suppress the static magnetic correlations indicat-
ed by the electronic-structure calculations, which in turn
allows a superconducting state to develop from the dy-
namic magnetic correlations at low temperatures.
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