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de Haas—van Alphen measurements are reported for the ferromagnetic actinide compounds U;P,
and UjAs,. The large effective masses indicate f-electron interaction with conduction bands. The
data are interpreted in terms of a semimetallic band structure producing a large electron sheet at
point I which is compensated by several smaller hole pockets along the '—P line. The measured
internal field is much smaller than expected on the basis of magnetization measurements. Several
discrepancies with other measurements point to additional unobserved pieces of the Fermi surface.

INTRODUCTION

The degree of itinerancy of the 5f electrons in actinide
compounds is one of the more important parameters
determining the magnetic, electronic, and transport prop-
erties in these materials. To date, de Haas—van Alphen
(dHvA) measurements have been reported in systems
where f electrons are totally itinerant,! forming a strong
d—f or p—f bond, and also in systems where f electrons
are purely localized? (52 configuration in UPd;) but non-
magnetic. In this paper we present the first dHvA study
of the Fermi surface in a magnetically ordered actinide
compound. Effective-mass data (see below) strongly sug-
gest that while f electrons form magnetic moments in this
system, in all likelihood they also hybridize with the con-
duction states. Thus U;P, and Uj3;As, represent an inter-
mediate state between localization and itinerancy.

U;P, and UsAs, crystallize in the Th;P4-type bece struc-
ture* with two formula units per unit cell. They are fer-
romagnetic below 138 and 198 K, respectively,"'8 and
show unusually large magnetic,’~!> magnetostriction,'®
and resistivity!® anisotropy with respect to (111), the
direction of spontaneous magnetization. The saturation
moment along this easy magnetic direction in Uj;As, is
1.8u5/U atom,'* corresponding to an internal field
4mM, =4.2 kOe. In U;P,, the (111) saturation moment
is 1.2up /U atom,' giving an internal field 47M,, =3.1
kOe. More recent work?® essentially confirms these satura-
tion values.

The magnetic moments on the uranium atom sites do
not actually orient® along (111). Indeed the magnetic
structure consists of an unusual, noncollinear, three sub-
lattice configuration where the six spins in each unit cell
pair up and actually align approximately along the three
(112) directions surrounding the (111) easy magnetiza-
tion direction of each magnetic domain. While the spins
will tilt somewhat in a large magnetic field, a field of 300
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kOe is insufficient to saturate!’ either material along
(100). It was suggested by Kasuya and co-workers'® that
the same anisotropic mixing mechanism between f states
and valence electrons used to explain the anisotropic
behavior of cerium monopnictides may be applicable in
the interpretation of the anisotropy in uranium com-
pounds.

Without participation of 5f electrons in the conduction
bands it would be difficult to explain the metallic behavior
of UsP, and UjAs,. The corresponding thorium com-
pounds (Th;P, and Th;As,) have the same crystal struc-
ture’ and are diamagnetic semiconductors'’~!° with in-
direct energy gaps of 0.40 and 0.43 eV, respectively. Posi-
tron annihilation experiments,?® which point to a corelike
behavior for f electrons in the uranium compounds, indi-
cate that the same number of valence electrons are in-
volved in bonding in both Th and U compounds. Optical
reflectivity data®' are similar except shifted by approxi-
mately 0.8 eV as the energy gap is closed and the semicon-
ductor becomes a compensated semimetal. (The compen-
sation is to be expected on the basis of the even number of
electrons per unit cell, and is consistent with the low posi-
tive value of the Hall*? constant as well as the magne-
toresistivity?»2* results.) The 5f electrons are the most
likely candidates to fill the gap, probably via p-f hybridi-
zation. This would help explain the extremely sensitive
effect of pressure on the electrical resistivity?® and the rel-
atively small magnetic moments compared to the free
uranium atom.

The present dHvA study was undertaken to investigate
some of the above speculations. Since the dHvA effect is
sensitive to conduction electrons only, it is possible to ob-
tain direct, detailed information on the free carriers. An
accompanying band-structure calculation would of course
be quite valuable for extending the picture of the electron-
ic structure derived from our experiment. It would be
helpful, for example, to determine whether the itinerant f
character is due to direct f-f overlap, f-d overlap, or to
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f-p overlap from neighboring phosphorus sites. Perhaps
the present work will stimulate such a calculation.

EXPERIMENTAL DETAILS

Many lanthanide and actinide compounds which crys-
tallize in the Th;P,-type structure show a wide range of
composition (up to 2:3 stoichiometry). Fortunately, the
thorium and uranium pnictides are not in this group.
Faceted crystals of excellent quality (up to 0.5 cm on a
side) can be grown by chemical-vapor transport.2>26
Several U;P, crystals with resistance ratios ranging from
300 to 550 and several U;As, crystals with resistance ra-
tios of about 400 were selected from a large number
grown by this process. They were first spark cut into a
cube typically 1.5 mm on a side, and then ground into a
sphere of approximately 1 mm diam. in a rotating alumi-
na crucible containing the etchant H,O/HCI/HNO; (ra-
tios 1:2:1 and 4:2:1 for U;P, and Uj;As,, respectively).
Spherical samples are necessary in ferromagnetic materi-
als,_}since the internal B field can then be calculated
[=B, + (87/3)M, where B, is the applied field and M is
the magnetization] and is uniform throughout the sample.
The orientation of crystals in the sample holder was deter-
mined to within 2° by standard x-ray and optical tech-
niques.?’” In the case of UsAs, the signal was sufficiently
strong to enable the use of the dHvA effect itself for
orientation via a rotation diagram shown in Fig. 1.

Data were taken in the (110) plane in fields up to 150
kOe in the (0.3—0.8)-K temperature range (pumped *He),
utilizing the usual field-modulation technique.?’ The data
were digitized and Fourier-analyzed with an on-line com-
puter. It was generally not necessary to correct for the
internal field (see below).

RESULTS AND DISCUSSION

The extremal cross-sectional areas (in a.u.) obtained
both for U3P, and U;As, in the (110) plane are shown in
Fig. 2. (For those preferring frequency units, 0.04
au.=15x10° G.) Effective masses were measured for
several field directions and are indicated (value and direc-
tion) on the figure. The Dingle temperature was measured
in UsP, at the same angle as m* and found to be
Tp=0.05. This number is surprisingly low considering
the relatively low value of the resistance ratio. However,
the resistance ratio was measured at 4.2 K where spin-
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FIG. 1. Rotation diagram showing dHvA oscillations in
UsAs, as a function of applied field direction at constant field
strength.
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FIG. 2. Observed cross-sectional areas for the Fermi surfaces
of UsAs, and UsP, as a function of field direction in the (110)
plane. Arrows indicate the angles at which effective-mass mea-

surements were made, with the results shown.

disorder resistivity (proportional to T?) constitutes? a siz-
able fraction of the total resistivity. This means in effect
that the crystals are far more perfect than one would gath-
er simply from the 4.2-K resistance ratio.

A single branch is observed in U;As,, corresponding to
a single closed sheet with an area anisotropy of approxi-
mately 16%. The signal is strongest for H||(111) (the
easy magnetization direction) as is evident from the rota-
tion diagram of Fig. 1, but it is observed in the entire
(110) plane except precisely at [110]. The decrease in sig-
nal strength is faster than would be expected from the in-
crease in effective mass (5.1 to 5.4 in 20°), and is probably
associated with multidomain formation'® as the field
direction approaches either (110) or (100) where any
one of three (111)-type axes are equally preferred for M.
Indeed it is surprising that the signal could be observed
over such a large angular range. Because of multidomain
formation, we could not take data in the (100) plane where
a unique (111) axis for M does not exist.

Two branches were observed for U;P,, neither of which
could be followed to (100) or (110), most likely for the
above reasons, but also because of the fact that m*/m,
for the larger sheet was approximately 8.1, a 60% increase
over U3As,. The m* for the smaller branch could not be
measured because of experimental difficulties inherent in
the field-modulation technique for small, heavy-mass fre-
quencies. The larger m* as well as the larger Fermi-
surface extremal area in U;P, vs Uj3As, would seem to in-
dicate a greater interaction of 5f electrons with conduc-
tion electrons in U;P,, a fact consistent with the neutron®
and saturation moment'*!> results which show a smaller
moment on the U site in Us;P4. A smaller anisotropy ener-
gy in U;P, would also allow easier multidomain formation
as H approaches {100) or (110). In any case, we believe
that both branches observed in U;P, correspond to closed
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surfaces, in which case their volume difference is a factor
of 7.3 if both sheets are assumed to be spherical. This
suggests a Fermi surface (shown in Fig. 3) which consists
of a nearly spherical, heavy-mass electron sheet centered
at point I', and eight smaller, nearly spherical hole pock-
ets somewhere along the I'—P line in the bcc Brillouin
zone, which exactly compensate the hole sheet. This sem-
imetallic Fermi surface can explain the low positive
value?? of the Hall constant and the positive thermo-
power?? as being due to high mobility holes on the small
sheets. The “semiconducting-type” critical behavior in
the resistivity?? at the Curie point can also be understood
since our model is closely related to the indirect gap semi-
conducting band structure of Th;P,. It does not, however,
agree well with the optical reflectively data?! and the an-
gular variation of the magnetoresistance,?® as we will see
below.

-A smaller sheet of Fermi surface is not observed in
UjAs,, but the similarities in the properties between the
two materials strongly suggests that it should be there.
Magnetoresistivity data?’ show that U;As, is also com-
pensated so that the total volume of the electron pockets
equals the hole volume. If we again have eight hole pock-
ets, then an orbit about half the size of the small U;P, or-
bit is needed for compensation, i.e., approximately 0.008
a.u. (or 3 10° G). Since the m* /m, of this small orbit is
again likely to be greater than 1, it would be very difficult
to observe with field modulation which in our case is lim-
ited to 400 G peak to peak.

Band-structure calculations to test the plausibility of
our Fermi-surface model are not yet available for U;P,
and Uj;As,. These materials have rather complicated
structures which do not contain a center of inversion sym-
metry, making their band structures difficult to calculate.

FIG. 3. Schematic model of the Fermi surfaces of UsAs, and
U;P,. Large, nearly spherical electron sheet at point I" is com-
pensated by eight smaller, nearly spherical hole sheets located
along with I'—P line. Electron and hole sheets are observed in
U;P,; only the electron sheet is observed in U;As,.
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However, there is one recent band calculation®® for the
isostructural semiconductor Th3P,, which shows a
conduction-band minimum at point I and valence-band
maxima along the I'—H lines, at point H, and along the
'—N lines. A semimetallic band structure can be derived
from the Th;P, bands most simply by rigidly raising the
valence bands and lowering the conduction bands, creating
an electron pocket at point I' and hole pockets at the
valence-band maxima. All sheets of this Fermi surface
would be closed. If only one of the three valence-band
maxima overlaps the conduction band, a hole pocket with
a volume ratio to the electron sheet of 1/6 would be ob-
served for holes along the I'—H line, 1/12 for holes along
the I'—N line, and 1/3 for holes at the H point. None of
these values agree with our estimated volume ratio of
1/7.3 as well as our proposed Fermi-surface model with
holes along the I'—P line and a volume ratio of 1/8. It is
possible to make our observations consistent with a rigid
shift of the Th;P, bands by assuming that more than one
type of compensating hole sheet is present, but only one
type is observed. However, it seems likely that the 5f
electrons of U will significantly alter the crystal potential,
especially since the existence of magnetic order in the U
compounds implies these electrons have predominantly lo-
cal character. In this case, a rigid shift of the conduction
bands relative to the valence bands is too simple a descrip-
tion. Rather, one expects the individual bands to be af-
fected in different ways, including both rigid shifts in en-
ergy and distortion of the E (k) dispersion. Therefore a
correct interpretation of our Fermi-surface measurements
in terms of a band structure must await a detailed treat-
ment of the 5f states in U3As, and U;P,.

One proposal for making such a detailed calculation re-
lies on the p-f—mixing hypothesis introduced!®? to ex-
plain the strong magnetic anisotropy in CeSb and CeBi.
As applied to UsAs, and U;P,, this proposal places the U
5f? levels well below the Fermi level and assumes a strong
interaction between the f states and the valence-band p
states.”®30 This p-f mixing shifts the valence p states up
in energy until they overlap the conduction band, creating
valence-band holes and conduction-band electrons. The
energy of this p-f mixing is an important contribution to
the total energy of the system, and contributes to the mag-
netic anisotropy by maintaining the 5/ levels in orienta-
tions most favorable to a strong p-f interaction. Because
the transfer of electrons from the valence to the conduc-
tion band is a fundamental feature of this model, Fermi-
surface measurements provide an important test of its va-
lidity. Our estimates of the volume ratios for the two
sheets we observe indicate that the two most likely places
for valence-band holes are along the I'—P line and I'—H
line.

A second approach to the electronic structure of mag-
netic Ce and U compounds is based on the anisotropic
two-ion—interaction model.’! In this model, first pro-
posed for Ce compounds®? (f!) and later generalized to U
compounds®® (f? and f?), anisotropy with respect to the
U-U direction is caused by a small amount of hybridiza-
tion of the mostly ionic f electrons with the conduction
band. It is capable of explaining®® the noncollinear mag-
netic structure of UAs, and may also be applicable to
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U;As, and U;P,. However, there has not yet been any
discussion of the effect of this hybridization mechanism
on the Fermi surface, so no comparison with our experi-
mental results is possible.

In U;As, we measured the effective internal saturation
field H 4 by making a linear fit of the oscillation number
to 1/B where B =H ;) + H ;. For spherical samples it is
anticipated'* that H = 87/3M,, =2.8 kOe in U;As,. In
the plot (shown in Fig. 4), H is an adjustable parameter
which is varied to force the straight-line fit. The best fit
was obtained for H.=0.75 kG, a number much lower
than the expected 2.8 kG. (The parameter A is an arbi-
trary zero offset for the nth oscillation and can be ig-
nored.) The dashed line in the figure shows the fit for
H =0 and indicates a clear upward curvature. The cur-
vature is reversed downward for H;=2.8 kG. We do not
understand the reasons for this large discrepancy but we
suspect it may be related to the unusual noncollinear mag-
netic structure. In any case, our measured H g <<H ),
so that errors obtained by ignoring H . in the determina-
tion of the dHvA frequencies in Fig. 2 are never more
than 4% in Uj3As,. For U;P, the corrections would seem
to be even smaller than in U;As, based on the line shapes
of the Fourier-transform peaks of the data, which are very
sensitive to any nonlinear effects. In this case also then,
H ¢ was ignored in calculating frequencies.

Assuming no ferromagnetic splitting of the bands (i.e.,
again ignoring H.y), the volume of the single observed
sheet in U;As, corresponds to 0.043 carriers/formula unit
(0.014 carriers/U atom) and that of the large sheet in
U;P4 to 0.078 carriers/formula unit or 0.026 carriers/U
atom. If we double this amount to account for the hole
pockets we will obtain only 0.052 carriers/U atom in
U;P,. Optical reflectivity measurements,?! on the other
hand, suggest a conduction-electron concentration of 0.5
per U atom. Such a large discrepancy would seem to be
beyond experimental error even after accounting for all
the approximations of the Drude fit, and strongly suggests
that there may be additional pieces of Fermi surface as yet
unobserved. If band splitting is present the discrepancy
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FIG. 4. Number plot for UsAs, in the (100) and (111)
directions. Data were fit to the expression n —A=f/B, where
B =H,,,+Hes. Best fit was obtained for Hei=0.75 kG, shown
as the solid line. Crosses are the data for this value of H . For
(111), dashed line shows the trend of the data for H.¢;=0.
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becomes even larger.

Magnetoresistance data?’ indicate the existence of open
orbits perpendicular to the (100) directions. If such or-
bits exist, they are not reflected in the small pieces of sur-
face we report here, and indicate the existence of an addi-
tional multiply connected sheet of the Fermi surface. If
the closed orbits supported by this sheet occur along
(100) or (110) we may not see them, because for fields
near these directions the sample breaks into magnetic
domains with the magnetization along equivalent {(111)
directions. These domains tend to destroy the spatial
coherence of the sample and diminish the amplitudes of
the dHVA oscillations, rendering them difficult to observe.
Hence, the existence of open orbits on an additional sheet
of the Fermi surface is not inconsistent with the dHvA
data presented here.

An important test of our Fermi-surface model can be
made using electronic specific-heat measurements. These
experiments provide information about the many-body-
enhanced electronic density of states at the Fermi level, a
quantity closely related to the cyclotron effective mass.
The nearly spherical sheets of the Fermi surface in our
model may be treated in the isotropic approximation in
order to estimate the density of states from the measured
cross-sectional areas and cyclotron effective masses. For a
single spherical sheet, the density of states is given by

n(E)=4(a /2w (m* /#)WV'rd ,

where n(E) is the density of states/unit energy unit
cell spin, a the lattice constant of the unit cell, and m* and
A the measured effective mass and cross-sectional area,
respectively. This relation is valid for an isotropic Fermi
surface formed by an energy band of arbitrary curvature.
For the large sheet of UsAs,, the measured values of m*
and A imply a density of states of 1.1 states/eV formula
unitspin (corresponding to an electronic specific heat
y=5.0 mJ/K?mole formula unit), and for U;P,, 1.9
states/eV formula unitspin (corresponding to y=9.0
mJ/K?mole formula unit). Since we have no mass mea-
surements on the small sheets we cannot estimate their
contribution to the density of states as reliably as for the
large sheets. However, we expect the mass of the small
sheet to be less than that of the large sheet, and for our
purposes we may project the value of the mass by either of
two assumptions: (1) That the curvature of the energy
bands forming the small sheet is the same as that of the
large sheet, or (2) that the Fermi velocity of the two sheets
is the same. In the first case the mass scales with the area
of the orbit, and each small sheet contributes % of the
density of states of the large sheet. In the second case the
mass scales with circumference of the orbit, and each
small sheet contributes + of that of the large sheet. Since
there are eight small sheets, their total density of states is
either twice that of the large sheet or equal to that of the
large sheet, depending on which assumption is made.
Thus for U;P, our estimates for y are 18 and 27
mJ/moleK? while for UsAs, they are 10 and 15
mJ/mole K2, Although these estimates are necessarily im-
precise, they give the order of magnitude for the electronic
specific heat expected on the basis of our Fermi-surface
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model. If other sheets of the Fermi surface exist, these es-
timates provide a lower limit to the electronic specific
heat.

The available experimental measurements of the elec-
tronic specific heats of Uj3;As, and U;P, are in strong
disagreement with each other.** This disagreement is
partly due to the difficulty of separating the large magnet-
ic contribution from the phonon contribution to the
specific heat, and partly due to the lack of data at tem-
peratures low enough for reliable extrapolation to 7'=0.
For U;P, a value of y=76.5 mJ/moleformula unitK?
was reported by Counsell et al.3® from data taken above
11 K, while Stalinsky et al.’® did not attempt to deter-
mine ¥ from their data taken above 22.5 K. For Uj;As,,
there are measurements of 3.76 mJ/mole formula unit K2
by Alles et al.>’ from data taken above 5 K, and 66.0
mJ/mole formula unit K? by Mortimer.® In view of the
wide range of the experimental results it is difficult to
conclude anything from comparisons with our model pre-
dictions.

In summation, then, our dHvA data are consistent with
a compensated semimetallic Fermi surface for both U;As,
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and U;P,. The large values of m* indicate an interaction
of f electrons with conduction electrons. The interaction
would appear to be stronger in U;P4 than in UsAs, which
is consistent with the smaller moment observed in neutron
and magnetization measurements in U3;P,. The measured
internal field in U3As, is much smaller than anticipated
from saturation magnetization measurements, a dis-
crepancy we do not understand. The open orbits indicated
by magnetoresistance data and the larger number of car-
riers derived from optical reflectivity data suggest the ex-
istence of an additional sheet to the Fermi surface. While
we see no evidence of this sheet, it is not necessarily incon-
sistent with our results. Our model predicts values for the
enhanced density of electronic states at the Fermi level
and for the electronic specific heat, but the scatter in the
specific-heat measurements which have been reported
prevents a conclusive experimental test of our prediction.
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