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The electronic structure (both valence band and 4f core level spectra) of the cubic monocompound UN in
the paramagnetic state was studied by x-ray photoelectron spectroscopy. The experimental results are compared
with the results of calculations employing full-potential local-orbital minimum-basis full relativistic method
with the spin-orbit coupling included implicitly. The molar susceptibility of a single crystal of antiferromag-
netic UN (Ty=51 K) is reported along three main crystallographic directions between 1.9 and 300 K. The
observed magnetic characteristics are in agreement with previous studies. The observed small anisotropy in the
ordered region is discussed. Results of electronic structure, magnetoresistivity, thermoelectric power, and
thermal conductivity as studied on single-crystalline specimens are given and discussed from the viewpoint of
dual and spin-density-wave-like character of the 5f electrons.
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I. INTRODUCTION

Up to now, a very large number of experimental studies
have been reported on the magnetic, thermal, and electrical
properties of uranium mononitride (UN) polycrystalline
samples. References to older and recent research, as well as
summaries of these results, have recently been collected in a
comprehensive tabulation of data in Landolt-Bornstein.! Also
in the past, many studies on single crystals of UN were per-
formed, viz., susceptibility x(T),” resistivity p(T),>* elastic
constants,’”’ x-ray diffraction,®° elastic'®'? and inelastic'>!4
neutron scattering, and photoemission'>~!7 experiments.
Nevertheless, many outstanding aspects of its behavior are
still to be explained.

UN has a fcc crystal structure in its paramagnetic (PM)
region and orders'” in a type I antiferromagnetic (AFM)
structure with spins aligned along the [100] axis below its
Néel temperature 7y =53 K. The expected tetragonal distor-
tion associated with AFM order of this type turned out to be
very small (jc/a—1]|=6.5X107* at 4.2 K)? and its existence
or nonexistence has even been a subject of some
controversy.’ A single crystal of UN in its AFM state is ex-
pected to have an equal population of magnetic domains as-
sociated with the [100], [010], and [001] directions. Rossat-
Mignod et al.'' pointed out that the single-crystal neutron
intensity of a type I antiferromagnet with a single-k structure
(AFI-1k) and having an equal domain distribution is the
same as for the corresponding multi-k structure. In principle,
the domain distribution of the single-k structure may be
changed by applying a uniaxial stress or by cooling the crys-
tal through 7y in a fairly large magnetic field. In high-quality
neutron intensity measurements on single crystals of several
monopnictides UX (X=N,P,As,Sb) with stress applied
along the [001] direction, it was convincingly shown that this
domain distribution in UN was changed in such a manner
that the spin structure of this compound can be assigned as a
single-k case.!! Moreover, results of muon spin rotation/
relaxation/resonance (uSR) measurements!® also indicated a
single-k structure for UN. On the other hand, for USb, no
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change in the domain population was observed under stress
(up to 1200 bar) and thus a triple-k ordering has been
established.!' Relatively strong domain effects upon an ap-
plication of magnetic field were observed for UP and UAs in
X(T) measurements.'® Applied fields as large as 10 T are
required to obtain single domain UP crystals. A subsequent
neutron diffraction experiment®® on UP single crystals cooled
through Ty in a field of 2.5 T revealed domain redistribution
effects. To our knowledge, no such effects have as yet been
observed upon applying magnetic fields in UN crystals.
Magnetization measurements?! performed at 1.3, 20, and
77 K on UN, UP, UAs, and USb in fields up to 40 T showed
almost straight-line magnetization curves for UN and USb,
while for UP and UAs, a number of magnetic transitions with
extremely large hysteresis were observed.

A further fundamental question that has been extensively
debated is whether a localized or itinerant description should
be used to describe the magnetism of UN. The U-U distance
of 3.46 A in UN is close to the critical value of 3.4 A given
by Hill*? for the onset of magnetism in actinide systems,
whereas this distance is larger for all other UX monopnic-
tides as well as for the UY monochalcogenides (Y
=S,Se,Te). In all of these UX or UY compounds, the or-
dered magnetic moment . is smaller than the effective mo-
ment u.q. With the exception of UN, this difference may be
approximately accounted for within Hund’s rule coupling
and crystal-field effects.”> Amongst these UX monocom-
pounds, the difference for UN is exceptionally large,
Mor=0.75u5,'0 while u.=2.66u5.> Therefore, the ratio of
the ordered and paramagnetic moments &=,/ o of UN
(=0.28) lies far away from well-defined limits of Hund’s
rules (see discussion in Ref. 33). For the f° free ion configu-
ration in Russel-Saunders coupling, £=0.90. This raises the
question whether a localized ionic description! that works
well for compounds such as USb and UTe with their consid-
erably larger lattice parameters is appropriate for UN.
Results of inelastic neutron scattering!>!# and older data of
photoemission experiments'>~!7 pointed to aspects of nonlo-
calized behavior associated with the 5f electrons in UN.
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Inelastic neutron scattering studies!® indicate that the
magnetic response at low temperatures is spread over a con-
siderable frequency range centered on (110) with a large an-
isotropy gap of =3.5 THz (170 K). Although UN is cubic,
large anisotropies were also found in its critical scattering.'*
The observed magnetic response in UN has longitudinal po-
larization without any sharp transverse spin-wave modes. It
has been suggested'3 that the observed longitudinal scatter-
ing in UN corresponds to excitations across the antiferro-
magnetic gap, g(7), that appears for T<T, at the Fermi
level, Ep, in the theory24 of band magnetism of an antiferro-
magnet. It is predicted for itinerant magnets that 7 and
Moy should have the same pressure dependence since both
are directly related to g(7). It has indeed been experimen-
tally observed'? that Ty and u,, show the same large reduc-
tion with applied pressure (dlog u,/dp=dlog Ty/dp
=—10 Mbar™!). This strongly suggests an itinerant antiferro-
magnetism in UN. Finally, both an earlier angle-resolved
photoemission (ARPES) experiment by Reihl e al.'® and a
more recent high-resolution ARPES study by Ito et al.'” on
UN and USb crystals reveal for both compounds the dual
(itinerant and localized) nature of 5f electron bands near Ef
with, as expected, a stronger itinerant character in UN than in
USb. Nevertheless, according to these authors, some local-
ized character remains in UN and it is reflected, for instance,
in the high value of s One can infer a similar behavior for
UN also from recent ultraviolet photoelectron spectroscopy
(UPS) studies of thin films prepared under extremely high
vacuum.? The 5f electrons preserve band character, but it is
revealed as well that many of the 5f states are shifted from
E toward higher binding energy (BE) of 3—6 eV. This ex-
perimental finding is in quite good agreement with prelimi-
nary band structure calculations performed previously using
different non-full-potential methods.?*=37 On the other hand,
some localization is predicted on the basis of the 4f core
spectra, although these older valence and 4f core x-ray pho-
toelectron spectroscopy (XPS) spectral® lacked the resolution
that is obtained by current experiments.

The present paper reports on the results of modern full
relativistic PM band structure calculations, performed by the
FPLO (full-potential local-orbital) code,?® and their compari-
son with the measured XPS spectra on a single crystal of UN
in its PM state. Results are also presented for magnetic and
transport measurements pertaining to the main crystallo-
graphic axes [100], [110], and [111] of UN single crystals.
Previously, x(7) was probed? by the field applied along the
[100] and [110] directions. In this investigation, (7) is stud-
ied and compared for the [100], [110], and [111] axes.
Former results of p(T) were reported only for the [100] di-
rection, but now results for all three main crystal directions
are provided. To our knowledge, magnetoresistance (MR)
measurements have not been reported so far for either poly-
crystalline or single-crystalline UN. Results of MR are re-
ported in our paper for the three main directions. Further-
more, the previous studies of thermoelectric power and
thermal conductivity, made on sintered powder samples,’*~*?
are extended in this paper to single-crystalline samples with
the temperature gradient alternatively set along the three
main directions.

PHYSICAL REVIEW B 76, 144426 (2007)

II. EXPERIMENT

Measurements were performed on single crystals, selected
from a batch of material obtained from Battelle Memorial
Institute, Columbus, Ohio. Ingots were prepared by nitriding
a consumable electrode of depleted uranium under high pres-
sure and these had a resultant structure of UN and U,Nj3. The
ingots were subsequently heat treated for 8 h at 1500 °C in a
107> Torr vacuum to decompose the U,N5. Analyses of the
crystals indicated near stoichiometry (typical U/N atomic
ratio of 1.01), an oxygen content of 290 ppm wt, and a car-
bon content of 30 ppm wt. The crystals were oriented by x
rays using the back-reflection Laue technique and samples
for the various measurements were cut using a saw made up
of a thin tungsten wire covered with fine BN particles sus-
pended in glycerin.

The XPS spectrum was recorded at room temperature
(RT) in a PHI 5700/660 Physical Electronics photoelectron
spectrometer using a monochromatized Al K« x-ray source
(hv=1486.6 eV).** The angle between the x-ray beam and
the sample surface was 45°. All measurements were per-
formed under ultrahigh vacuum (UHV) condition in the
range 107'° Torr on the UN (100) surface, obtained by cleav-
ing the (100) planes in sifu and immediately after performing
the measurements. The energy spectra of the electrons were
analyzed by a hemispherical mirror analyzer with an energy
resolution of 0.3 eV. E was referred to the gold 4f at 84 eV
BE. The single-crystalline sample of this reactive material,
after breaking in UHV condition, produced a spectrum with
negligible oxygen and carbon contamination. In the whole
region of the measured spectrum (1400-1 eV), there are
only small traces of the O(ls) and C(ls) peaks at BE of
—532 and -290 eV, respectively, and the distinct lack of the
peak O(2s) at —6 eV. The investigated sample did not show
signs of surface degradation during the experiment.

Magnetic susceptibility measurements were obtained in
the temperature range 1.8—300 K using a Quantum Design
MPMS-5 superconducting quantum interference device mag-
netometer. Resistivity and magnetoresistivity measurements
were performed employing a four-probe dc method on
samples with typical length /=4 mm and cross-sectional
area A=0.7 mm’. An American Magnetic superconducting
coil provided a 8 T field for the MR measurements. Thermo-
electric power measurements** were made in the steady-state
mode on single-crystal platelets that were typically 1 mm
thick. A temperature gradient (1 <AT<4 K) was maintained
between the two faces of the platelets. For thermal conduc-
tivity, bar-shaped samples with /=4 mm and A=1.5 mm’
were used and a temperature gradient (3<<AT<4 K) was
established between the end points of the bar.*> The thermo-
electric power and thermal conductivity were measured over
the temperature range 5—300 K. For the latter, the axial sta-
tionary heat flow method was applied.

III. THEORY

In the present study of UN, the band structure calculations
for the PM state have been performed by the full relativistic
version of the FPLO minimum-basis code.?® In this computa-
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tional method, the four-component Kohn-Sham-Dirac equa-
tion, containing implicitly spin-orbit coupling up to all or-
ders, is solved self-consistently. The Perdew-Wang
parametrization®® of the exchange-correlation potential in the
local spin-density approximation was applied. UN crystal-
lizes in the common rocksalt structure (Fm3m) and for the
calculations an experimental value of the lattice parameter
a=4.890 A (Ref. 9) was assumed. The following basis sets
were used: for U the 5d5f;6s56p6d;7s7p and for N the
2s2p;3d states were treated as valence states. The high-lying
5d,6s and 6p semicore uranium states that might hybridize
with the 6d and 5f valence states were included in the basis.
The maximum size of the k-point mesh in the Brillouin zone
(BZ) was 50 X 50X 50 (2604 k points in the irreducible part
of the BZ).

The theoretical band energies E, (k) as well as the total
and partial densities of states (DOSs) were computed, the
latter for each atomic site as well as for all the atomic states
in the unit cell. In order to compare these calculations with
the experimental XPS, the theoretical valence band XPS
spectrum was calculated by the standard procedure. Namely,
the partial DOSs for the constituent atoms were multiplied
by the respective weight factors proportional to atomic sub-
shell photoionization cross sections.*’ The outputs were
summed and convoluted with a Gaussian of a full width at
half maximum equal to 0.3 eV, simulating the instrumental
energy resolution of the analyzer used in the experiment.

IV. RESULTS

A. Electronic structure calculations and x-ray
photoelectron spectroscopy

The calculated band energies E,(k) are displayed in Fig.
1. The bands crossing E are dominated by the U 5f5, states,
being strongly hybridized with the U 6d5, states, and have a
metallic behavior along the I'K, I'L, and XW directions.
However, there is a pronounced energy gap around Ey along
the I'X line (the gap at the I" point is marked by a bold bar in
Fig. 1), while for the other main symmetry directions, the
bands are lying very close to or only slightly cutting Ef.

Thus, even small changes in external conditions may influ-
ence electronic properties along a given direction.

The calculated total and partial DOSs are shown in Fig. 2.
These predict a very broad and complexed contribution from
the U 5f states clearly visible in the inset of Fig. 2 for the
whole energy range, i.e., from 6 eV below Er and up to 6 eV
above Ej. In addition, a minor contribution from these states
occurs between 12 and 14 eV below Er. Due to the spin-
orbit splitting (SOS), there are two main U 5f peaks, i.e.,
5fs and 517, shifted from each other by about 1 eV. Ow-
ing to this, a pseudogap at about 0.7 eV above Ep occurs
between them. It is interesting to mention that a similar (as to
the shape) pseudogap above Ef (see the gray area in Fig. 1)
was found for all three uranium monochalcogenides: US,
USe, UTe.*® The lower energy peak of the U 5f5,, states cuts
the Fermi level, yielding a relatively high DOS at Ef, though
the calculated value of the electronic specific heat coefficient
¥,=3.7 mJ K2 mol~! is much smaller than an enhanced, by
a factor of 13, experimental value 7y,=49 mJ K=2 mol~!.#°
No change in the heat capacity has been observed by apply-
ing magnetic fields up to 3 T.*° There are also two broad
contributions belonging to the U 5f electrons, one between 2

DOS (states/(eV*f.u.))

E-E, (eV)

FIG. 2. (Color online) Calculated total and partial DOSs of
UN.
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FIG. 3. (Color online) The calculated total valence band XPS
spectrum of UN and its partial contributions, compared with the
total experimental spectrum after subtracting the background.

and 6 eV below E and the other one between 2.5 and 6 eV
above Ep. In the same energy range, where the U 5f states
occur, there is also a pronounced contribution from the U 6d
states that hybridize with the former. Furthermore, a contri-
bution from the U 6p semicore states forms an unusual com-
plex structure. Two deepest energy peaks (among contribu-
tions from the theoretical valence-basis electrons), i.e., a
narrow one of the highest intensity in full DOS for
25.2-26 eV (not shown) and a broad one for 15.8—18.9 eV
below Ep, are created due to SOS of 8 eV from a single
broad peak (calculated without SOS). Another broad contri-
bution of less intensity occurs in the range of 11.5-14.3 eV
below Ep. Since there is no (in the scale of the figure) con-
tribution from the N states just around Ef, the N 2p bands,
lying 1.5-6.5 eV below Ep, certainly create the covalent
bonding with the U 5f and U 6pd electrons. Moreover, in the
lower energy range of 11-19 eV below Ep, the N 2s bands
hybridize with the dominant U 6p states, which results in the
broad valence bands. The electron population analysis shows
that the occupation number of the U 5f states is reduced
from 3 to 2.77 and for the U 64 states is increased from 1 to
2.13 electrons per atom, while for the U 7s states it is much
reduced from 2 to 0.29 electrons with respect to the free
atom occupations. In the case of the N atom, the number of
the 2s states is reduced from 2 to 1.71, and for the 2p states,
it is increased from 3 to 3.87 electrons. There is a charge
transfer of 0.62 valence electron from the U to N atom per
f.u.

The calculated valence band XPS spectrum is displayed
together with the measured one in Fig. 3. At first, the experi-
mental background was subtracted by the Tougaard
method.” The large contribution from the U 5f states seems
to completely dominate not only near Ey but also in the
range of 2—6 eV BE below Ej because the contributions
from both the U 64 and N 2p states are determined by ex-
tremely low values of the photoemission weight factor and
therefore they are invisible in the graph. Contrary to it, a
small contribution from the U 6p electrons (invisible in the
scale of Fig. 2) is relatively enhanced (owing to the weight
factors) and thus it is clearly visible in the graph between 1.5
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FIG. 4. (Color online) The experimental XPS in the range of the
U 4f core lines, decomposed into the main sublines 415, and 417/,
and their satellites (denoted as sats. 1-3 for the 417, line) as well as
the N 1s line.

and 5 eV BE below Ey and additionally in the range of
12-14 eV BE (see the dashed line in Fig. 3). In general, all
this is in good agreement with the experimental XPS spec-
trum, especially as to the shape and positions of particular
bands. The lack of the O(2s) line at about 6 eV of BE below
Er indicates that the sample has been practically not con-
taminated by oxygen. In conclusion, these data show a
highly delocalized character of the U 5f electrons and their
wide contribution even at energies well below E.

The structure of the U 4f core lines is presented in Fig. 4.
It yields essential information on the final states in the pho-
toemission processes, which turns out to be very complex
although well resolved. The U 4f line has been decomposed,
according to the Doniach-Sunji¢ theory®' (after subtracting
the background by the Tougaard method®’), into two highly
asymmetric 4fs, (-388.7 eV) and 4f;, (=377.9 ¢V) main
sublines, split by the spin-orbit interaction by 10.8 eV. It
appears that each subline is accompanied by as many as three
satellites. Unfortunately, the U 4f5,, line is distinctly affected
by the N(1s) contribution, so that only the U 415, line can be
interpreted unambiguously. A high asymmetry of the main
U 4f sublines is usually ascribed to U 5f-6d hybridization
effects. In turn, the presence of the symmetric satellite, num-
bered in the graph as sat. 3 (=385.9 eV), usually occurs in
many uranium compounds and hence it was called a 7 eV
satellite. Here, it has a small intensity which therefore indi-
cates some decrease of the f-d hybridization, connected with
a slight increase of localization of the U 5f electrons (final
state 5f%). A very high intensity of asymmetric sat. 2
(-380.1 eV), called a 3 eV satellite, has also been observed
and this, in turn, may be evidenced as an additional final
state [5f° at the position like that in UO, (Ref. 52)]. How-
ever, a slight symmetric enhancement of this satellite by con-
tamination of uranium oxides cannot be excluded, although
as indicated before, the oxygen content of the sample is low.
This is also confirmed by observation of only a very small
peak of the O(ls) at =532 eV, which is hardly seen in the
overall XPS spectrum (not shown) and the lack of a visible
anomaly in the valence band XPS around BE of 6 eV below
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FIG. 5. Magnetization o at 1.9 K measured along the [100],
[110], and [111] axes in applied fields up to 5 T for increasing and
decreasing field scans (open and closed symbols, respectively).

Ep. A feature that is completely unique in this study is the
observation of a symmetric sat. 1 (-=379.1 eV) that is called
the 1 eV satellite. Thus, this satellite can be connected with
some mixed 5/°/5f* final states, as discussed in Sec. V.

B. Magnetic susceptibility

Magnetization curves o(B) taken for the [100], [110], and
[111] directions of UN at a temperature of 1.9 K are shown
up to 5 T in Fig. 5 (note an axis offset), where open symbols
indicate measurements taken during the increasing field scan
and closed symbols refer to the decreasing field scan.

It is observed that the [111] magnetization curve is linear
up to 5 T and it exhibits no hysteresis between increasing
and decreasing field scans. For the [100] direction, the initial
linear increase of o with field is only sustained up to 2.5 T,
after which it increases with a slightly larger slope. On the
other hand, the magnetization curve for this direction, subse-
quently observed during the decreasing field scan from 5 T,
is linear. A subsequent field increase and decrease cycle
leaves one on the latter magnetization curve. A similar but
somewhat smaller phenomenon is also observed for the [110]
direction. A previous study on UN powder performed up to
40 T also indicated an upward deviation from linearity in
o(B).*!

The preceding behavior may be ascribed to the effect of
domain wall movements when a magnetic field is applied
along either the [100] or [110] direction. Movement of do-
main walls by a moderate magnetic field is a well-studied
phenomenon in AFM Ni0,>? but to our knowledge, no such
effects have been reported for UN single crystals. One ex-
pects three types of domains in UN, namely, with spins par-
allel to the [100], [010], or [001] axis. A reasonable assump-
tion would be to expect equal or nearly equal volumes of
these three types of domains in our single-crystal sample.
Such an assumption is in line with previous results of neu-
tron scattering'® and thermal expansion measurements® of
other UN single-crystal samples.

Application of a field along the [100] direction will, since
X1 > x for antiferromagnets in general, increase the volume
of the [010] and [001] domains at the expense of the [100]
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FIG. 6. (Color online) Temperature dependence of the inverse
molar susceptibility, X;nl (T), measured in three main directions. Up-
per inset: Magnetic susceptibility x,,(7). Lower inset: Magnetiza-
tion o vs an applied magnetic field for increasing and decreasing
field scans (open and closed symbols, respectively).

domain provided that some wall movement takes place.
Similarly, BII[110] should tend to increase the volume of the
[001] domain. The behavior of the [100] and [110] magneti-
zation curves in Fig. 5 indicates that some small domain wall
movement occurs when the field is applied along these di-
rections. The [111] direction, on the other hand, is symmetri-
cally disposed with respect to the cubic axes and hence ap-
plication of the field along this direction will not favor the
increase in size of any of the domains. This is corroborated
by the hysteresis free behavior of the [111] magnetization
curve.

Susceptibility values x,,(7) (upper inset), as well as
X, (T), measured at 0.5 T, are shown in Fig. 6 for three
different field orientations along either the [100], [110], or
[111] direction. The observed susceptibilities at low tempera-
tures shown in the upper inset of Fig. 6 follow the sequence
X(110)= X[100)> X(111)- The simplest molecular field model**
for a uniaxial AF predicts that y | = Xr, at all temperatures in
the ordered region and that ;=0 at 0 K. Hence, for an equal
domain distribution, this model predicts near 0 K that

2
X[100] = gXTN = 0-6667XTN,

1 ”_
X(i10]= 5(1 +\2)xr, =0.8047x7,,

—
Xri111= V23 xr, =0.8165x7, .

The observed susceptibilities in Fig. 6 do not follow the mo-
lecular field expectation. This may simply reflect a break-
down of the molecular field prediction that y, is temperature
independent.>* Of more importance is that the observed an-
isotropy in y is much less than expected from this simple
theory. This result suggests that an ionic localized model
may not offer the best description for UN, but that an itiner-
ant approach'?> may be more applicable.
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FIG. 7. (Color online) Electrical resistivity p(T) of UN vs T
measured for j parallel to three main crystallographic directions
indicated in the figure. Upper inset: p vs T and the gap fitting (see
the text) taken along jlI[100]. Lower inset: The p(7) peaks occur-
ring just below Ty.

The data in Fig. 6 follow a modified Curie-Weiss (MCW)
relation where the necessity to include a temperature-
independent ), term has been well established in previous
powder>® and single-crystal> measurements extending in the
case of [100] up to 1000 K. A MCW fit to the data in Fig. 6
yields x,=0.03 X 107* emu/mol, 0,=-294 K, and puy
=2.65 ug. The values of xp, ©,, and u.y given here are
averages of the results of least-squares fit calculations of the
data for the [100] and [110] directions since it is noted that
the [111] paramagnetic results for x,,(7) are slightly smaller
than those for the [100] and [110] directions. The ©,, and g
values are in excellent agreement with earlier work.

C. Electrical resistivity and magnetoresistivity

Results of electrical resistivity measurements with current
flow along the [100], [110], and [111] directions are depicted
in Fig. 7. The results for the [100] direction are very similar
to our earlier measurements® on a different crystal from the
same Battelle Memorial batch of crystals. It is also seen that
the p(T) dependences for the [100] and [110] directions are
almost identical. The same holds for the [111] direction, but
only down to 20 K. Below this temperature, the resistivity is
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FIG. 8. (Color online) Electrical resistivity p vs T3 along
jII[100] (closed circles) compared with experimental data. Upper

inset: p vs T" (n=1,2,3). Lower inset: p vs T> (open circles) and a
deviation from this behavior at higher temperatures (solid line).

larger compared with those along the [100] and [110] direc-
tions. At 300 K, the p values are 148, 150, and 143 u() cm,
respectively. As previously observed®* for the [100] direc-
tion, a small peak in the resistivity below Ty is also visible
for the other two directions (lower inset of Fig. 7).

In the case of the [111] direction, the peak height is only
40% of that of the [100] peak. Contrary to it, that of [110]
peak is only marginally smaller compared with the [100]
peak. It was shown previously? that except for a small tem-
perature region near Ty, the p(T) dependence in the ordered
region scales well with a l—mi(T) dependence, where m,, is
the reduced sublattice magnetization of UN, as obtained
from neutron scattering.'® This dependence holds equally
well for the present results except for a small deviation from
a common behavior along [111] (see Fig. 7). We have also
verified that a p(T) ~ T* dependence, as observed by Nasu et
al.,* fits our experimental data for the ordered region (with
exception again of the small region below Ty) equally well,
as shown in Fig. 8 for jlI[100].

The physical basis of this empirical observation is not
clear at present. In the upper inset of Fig. 8, a comparison
with other powers of p(T)~ (T/Ty)"="? is also shown.

We initially also tried a spin-wave expression for p(T) for
a material having a gap in the magnon spectrum:

p(T) = py + aT + ¢, T* exp(— A/T). (1)

It gives a good description of the experimental results, but in
a very narrow temperature range between 20 and 40 K only.
As usual, p, indicates the scattering of conduction electrons
from defects. The experimental p, value for the studied
single crystal of 0.2 () cm is appreciably smaller than that
found for a previously studied UN sample [1.8 u{) cm at
4 K (Ref. 3)]. This gives a residual resistivity ratio for our
single crystal of 800. The second term of Eq. (1) describes
electron-phonon scattering and the last term describes the
scattering of electrons on magnons following a quadratic dis-
persion and exhibiting an energy gap A. The effect of a
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crystalline-electric-field splitting, which is characteristic of
uranium compounds, introduces a gap in the magnon disper-
sion relation. The lower inset of Fig. 8 gives the dependence
p(T)~AT?. The straight line with A=0.011 uQ cm/K? is
only followed from 0.3 to 12.5 K. Above this temperature, a
higher power dependence (n>2) is observed. Our value for
A is in agreement with similar values of A given in Refs. 56
and 57. The pressure dependence of the A coefficient has
recently been determined for UNY’. It exhibits a maximum
value of 0.065 uQ cm/K? at 2 GPa.

On the other hand, the resistivity of UN can be explained
almost in the whole ordered state according to the theory
given by Anderson and Smith:

p(T) = py+ AT? + BT(1 + 2T/A)exp(— A/T). (2)

Here, the 77 term is appropriate for Fermi liquid behavior
and the last term describes an antiferromagnet with an en-
ergy gap A. B is related to the exchange coupling. Fitting
p(T) between 4 K and almost up to Ty for j||[100] yields the
following parameters: py=0.2 uQ cm, A=0.016 uQ cm/K?,
B=12.1 uQ cm/K, and A=165 K. Although this equation
has originally been derived for a metallic ferromagnet, it has
also been successfully applied for a number of uranium-
based antiferromagnets, e.g., URu,Si,.””

A large nonlinear increase in p(7) is observed above Ty in
all three main crystal directions. This feature was also found
before for the polycrystalline’®*? sample as well as single-
crystalline ones.>* We will discuss later on this unusual for
the binary uranium compounds feature (see Fig. 9). Figure 9
presents p(7), measured on a different UN single-crystalline
sample (prr=169 wcm, py=1.12 uQcm) for jli[111]
(see open squares in Fig. 9) and the same dependence for
ThN (solid line) taken from Ref. 60. The ThN sample in this
work was obtained by hot pressing finely divided nitride
powders (ay=5.163 A) to a density of 10.6 g/cm® which is
92% of the theoretical density. The resistivity of ThN could
be described fairly well by the Bloch-Griineisen formula us-
ing a Debye temperature of 300 K, py=3 u{) cm, and pgry
=20 u cm.%° The circles in Fig. 9 represent the difference
between the thermal behavior of p(T)yx and p(T)pN. The
remaining p(T) curve above Ty is after subtracting the pho-
non contribution and has still a strong curvature but reaches
almost a saturation at RT.

This anomalous behavior, after subtracting the phonon
part based on ThN, as well as the spin-disorder part p,,(T) is
associated with an extra contribution of the crystal field (CF)
in UN. Rather than trying to recognize the exact CF splitting
of the 5f levels, we use a single spacing (6=170 K) CF
model following the analysis of Pinto et al.®' on Nd,Ni,Sn.
In this model, the CF contribution is described as

Apcr(T) = Apeg(%0)/cosh?(8/2T). (3)

Taking into account the constant value of p,,(Ty)
=85.6 ulcm at Ty (=51.6 K) and Apcp(e0)=63.3 wl) cm,
one obtains a theoretical curve shown in the inset of Fig. 9
(solid line). We used for & in Eq. (3) the value 170 K close to
that (A= 165 K) taken from the analysis of p(T) according
to Eq. (2). As seen from this inset, the agreement between
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FIG. 9. (Color online) Electrical resistivity, p vs T, measured for
jlI[111] for UN (open squares) and for ThN (Ref. 60) (solid line).
The differential curve between thermal behaviors of the resistivities
of UN and ThN (open circles). The inset shows the experimental
CF contribution (open circles) compared with the theoretical CF
model predictions (solid line).

the extracted experimental points and the above calculated
Apcp(T) is quite satisfactory.

It is also valuable to analyze the derivative dp(T)/dT,
especially around T for the three main axes. As shown in
Fig. 10, this dependence goes through a rounded peak at
47 K in the critical region and is very asymmetric, in agree-
ment with the second-order phase transition in UN. The
sharp negative minima determine T for all three crystallo-
graphic directions. Moreover, at about 7,,=35 K for all these
curves, a small anomaly is observed, however, with unknown
origin. It is worthwhile mentioning that a similar anomaly is
seen on the dp(T)/dT vs T curve presented in Ref. 4. No
basic difference has been found between the presented
curves in Fig. 10 for the three measured axes.

Results of the temperature dependences of the transverse
magnetoresistivity (TMR), defined as Ap/py
=[p(B,T)-p(0,7)]/p(0,T), for the [100], [110], and [111] di-
rections, observed in a field of B=8 T (applied perpendicular
to j), are depicted in Fig. 11. A positive value of TMR as
large as 37% is obtained for the [100] and [110] directions at
4.2 K. Tt is seen that Ap/py(T) exhibits distinct differences
for the different directions of current in the crystal. In all
three cases, Ap/py is negative near Ty, as shown in more
detail in Fig. 12. The accompanying figures of p(7T) in Fig.
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FIG. 10. (Color online) The derivative dp(T)/dT vs T calculated
for UN with j directed along three main axes. Note the offset of the
[110] and [111] curves. Note also a sharp negative minimum at Ty
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origin.

12 show how Ty and hence the small peak below Ty shift to
a lower temperature when the 8 T field is applied. This
leaves some ambiguity in the assignment of 7 from the
TMR results.

The rapid change of Ap/p, for jll[110] data to attain posi-
tive values below (Ty—0.6 K) is strikingly different from the
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initial negative behavior of the jl[100] and jlI[111] data (see
Fig. 11). In the latter cases, the TMR becomes positive below
25 and 17 K, respectively.

It is interesting to note that the TMR of UN at 4.2 K is
positive and linear in an applied field B up to 8 T (not
shown) for the three main crystallographic directions. How-
ever, some anisotropy exists due to the different slopes of the
Ap/py vs B dependencies. The largest slope was found for
the [110] axis, while the smallest one was found for the [111]
axis. On the other hand, the TMR along [100] at higher tem-
peratures is positive and becomes curvilinear following a
B"(n<2) dependence at temperatures 10 and 20 K, while for
30 and 40 K, it becomes negative and takes a more complex
form (not shown), yielding minima in intermediate strengths
of B. Contrary to the above behavior for [100], the TMR
along [110] grows almost quadratically with the field in the
temperature region from 30 K to 7. Finally, we found the
behavior of the TMR for the [111] direction at higher tem-
perature to be similar to that of the [ 100] direction. Figure 13
shows the TMR behavior in the vicinity of Ty, i.e., at 51 K.
As seen, both TMR curves along [100] and [111] grow nega-
tively with field, while that along [110] grows positively.

D. Thermoelectric power

Results of thermoelectric power (TEP) measurements
S(T) with temperature gradient respectively applied along the
[100], [110], and [111] directions are given in Fig. 14. The
observed values of S(T) for the three directions (in full tem-
perature dependence shown only for [100]) agree very well
with one another in the paramagnetic region. The striking
feature is here a large value of TEP at RT amounting to
slightly more than 50 uV/K. We also show by means of
solid lines the S(T) behavior given by Moore et al.* and
Ohmichi et al.*® as measured on a sintered powder UN rod.
As seen, the results of Refs. 39 and 40 for the paramagnetic
region are in good agreement with our [100] data in a wide
temperature range down to 40 K. Below this temperature,
our results for all three axes deviate from the former one,>®
as indicated in the inset of Fig. 14. In the antiferromagnetic
region, the detailed results for all three directions of the
single crystal differ from one another and from that of the
polycrystalline sample.® Nevertheless, the results share a
number of qualitatively similar features. In all instances, a
rapid drop is evident when cooling through Ty.

The S(T) values for all directions become negative below
40 K and go through a maximum at about 30 K. In contrary
to the polycrystalline data’® which show a prominent peak at
10 K, only for the [110] and [111] directions does S(T) go
through small maxima at 10 K. As required by thermody-
namics, one expects S(7) to tend to zero as T—0, and this
expectation is born out by all our low temperature S(7)
curves.

E. Thermal conductivity

Measured values of the thermal conductivity «,(T) along
the [100] and [111] directions are given in Fig. 15 and an
appreciable anisotropy is evident at all temperatures. Since
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the thermal conductivity in a crystal is described by a second
rank tensor, one should not expect it to display anisotropy for
a cubic system. It is noted, on the one hand, that these mea-
surements have been performed on different single crystals,
although cut from the same batch. Another contributing fac-
tor to explain the anisotropy could be the different phonon
velocities along the [100] and [111] directions.> Also de-
picted in Fig. 15 as a solid line (Ref. 41) are the low tem-
perature results which are joined to the high temperature data
of thermal conductivity (chain line, Ref. 39). Both sets of

data were measured on the same sintered powder rod of UN.
We have also plotted in this figure a part of the results of
Kamimoto er al. (Ref. 63). In all these cases, the total ther-
mal conductivity was separated by the authors into electronic
K, and phonon «;, components. According to Kamimoto er
al.® ky(T) goes through a maximum near RT, while «,
increases almost linearly and crosses the «;, curve at about
450 K. In contrast to the result of Ref. 44 on a polycrystal-
line sample, our data show structure below Ty. There is a
change in slope in «,(T) at Ty for both directions. Further-
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FIG. 13. (Color online) The plot of transverse magnetoresistiv-
ity Ap/py vs an applied magnetic field B, for UN, taken for the
three crystallographic axes at 7=51 K, i.e., near the vicinity of Ty
(=51.6 K).

more, in both cases, «,(T) reveals a distinct peak of unknown
origin at a lower temperature of about 15 K. On the other
hand, the high temperature results of the above authors are in
reasonable agreement with our results for the [111] direction
in the paramagnetic region.

As a first approximation, the total thermal conductivity
was separated into the electronic contribution, ., and pho-
non contribution, «, using the following equation:

50 UN
+ AT||[100] i
—— Moore et al.* ol
40 - —---Ohmichi et al.* .
30f .
3 ——
L F—o—aT 11 Thg |
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FIG. 14. (Color online) Temperature dependence of the thermo-
electric power in UN. No anisotropy in S(7) at higher temperature
was detected [only S(7) along [100] is shown]. The solid line and
chain lines indicate the results of Refs. 39 and 40, as measured on a
sintered powder UN sample. Inset: Thermoelectric power S(7) for
the polycrystalline sample (Ref. 39) (solid line) and for the [100],
[110], and [111] directions of UN (experimental points).

Radosevich and Williams*'
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FIG. 15. (Color online) The thermal conductivity along the
[100] and [111] directions of UN. Results (Refs. 39, 41, and 63)
obtained previously on a sintered powder sample are also shown as
lines marked in the figure. The insets display the . and &, contri-
bution to k; found from Eq. (4) by using our data.

K= Ke + Kb = LoT/p(T) + Ky, (4)
i.e., by assuming the Wiedemann-Franz law. In Eq. (4), L is
the Sommerfeld constant and p(T) is the electrical resistivity.
The effect of the magnetic characteristics of the material is
effectively included in the electronic contribution by using
the experimental p(7) data in Eq. (4). We show in the insets
of Fig. 15 the electronic k. and phonon «y, contributions to
k(T) derived in this simplified manner for both samples ori-
ented along the [111] and [100] directions.

Finally, Fig. 16 shows the temperature dependence of the
reduced Lorentz number L/L,. At higher temperatures,
L/Ly> 1, which indicates that the phonon contribution plays
an important role in this temperature range. Contrary to this,
the L/L, ratio becomes lower than 1 at temperatures below
30-40 K. Note that the electronic contribution to the thermal
conductivity, ., estimated from p(7) assuming the
Wiedemann-Franz law, increases rapidly just below Ty in
similar way as it does for UPd,Al;.%* There is a clear upward
enhancement in «, observed below Ty, compared with the
extrapolated values from the high temperature «.(7) to Ty.
This is ascribed to a steep decrease of the electrical resistiv-
ity below Ty. Therefore, the electron contribution rapidly
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FIG. 16. (Color online) Temperature dependence of the reduced
Lorentz number L/L, of a UN single crystal, measured in the two
directions, [111] and [100], where L=[,(T)p(T)]/T(WQ/K?) is the
Lorentz function and Ly=2.45X 1078 (V2/K?) is the Sommerfeld
constant.

rises below Ty to such large values that it unphysically
crosses the «,(T) curve. Also observing similar results, Ra-
dosevich and Williams*' graphically turned down this «.(7)
rise to disallow such a crossing. On the other hand, at high
temperature above Ty, k. is smaller than «;, due to the in-
crease in the electrical resistivity in this temperature region
and then the heat current is carried mainly by phonons.

V. DISCUSSION

A. Electronic structure calculations and x-ray
phoelectron spectroscopy

One of the most interesting results for UN, obtained in
this paper, is an observation of the extremely broad and com-
plex contribution from the U 5f states that plays a role in
forming both metallic (due to hybridization of U 5f-5f and
U 5f-6d states) and covalent (hybridization of U 5f and
N 2p) bonding. Such a behavior of the U 5f states has al-
ready been suggested by results of non-full-potential band
structure calculations, performed by Brooks,?”3!-3* employ-
ing the linear muffin tin orbital (LMTO) method. Also, Wein-
berger et al.,”® using the relativistic Korringa-Kohn-
Rostocker (KKR) scheme, as well as recently Kotomin et
al.,’” applying non-full-relativistic pseudopotential codes,
have pointed to mixed covalent and metallic character of
bonding in UN. Unfortunately, none of these authors has
presented DOS for the full relativistic case. The scalar rela-
tivistic (without the spin-orbit correction) DOS, shown by
Brooks in Refs. 31, 33, and 34, can be considered as only a
crude approximation. Nevertheless, they agree with our full-
potential relativistic FPLO results (Fig. 2) as to the position
of the bottom (going down to about —7 V) of the highest in
energy valence bands. Note that the latter overlap with the
conduction bands. Also, the total contribution of the U 5f
states, presented in Ref. 31 for UN, is quite broad, ranging
from about -5 to 2 eV, but we observe it even deeper in
energy, i.e., at least down to about ~—6 eV. To our knowl-
edge, such a case of Sf DOS has not been reported so far in
the literature also for other uranium compounds. According
to Cooper et al., the 5f wave spectral functions can be
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considered as consisting of two parts: The localized 5f
waves in the form of a narrow peak (in an energy scale)
corresponding to the atomic core regions (in the real space)
and the itinerant 5f waves outside the peak for the extended
(outside core) regions. However, it is rather difficult to make
a sharp division of the 5f waves into the localized and itin-
erant ones.

A relatively high intensity contribution from the 5f states
is visible for UN at E in both scalar and our full relativistic
DOS (Fig. 2). In addition, our results show explicitly the
SOS of the U 5f states with a magnitude of 1 eV, which is
typical for uranium compounds, compared to a value of
0.77 eV given by Brooks for UN in Ref. 34. Moreover, the
energy range for the contribution from the N 2p states, hav-
ing a gap around Ep, was similar to that obtained in our
calculations. Partial DOSs for other states in UN were not
presented by either Brooks or other authors. Although
Brooks published®? full relativistic band energies, E,(Kk),
these are only along the I'X direction. The band structure
along the I'X line is quite similar to our results, particularly
as to an energy gap that is maximum at the I" point (from
—-0.8 to 0.85 eV, marked by a bold bar in Fig. 1). The lowest
band above Ej strongly falls down along the I'X line and at
the X point it almost coincides with Er. Also, a behavior of
high-lying valence bands is comparable to earlier results.
The subsequent band energies obtained in our work are
shifted by about 0.3 eV toward lower energies. A much
greater shift of the bands along I'X was reported by Wein-
berger et al.® using the relativistic KKR method. The band
structure presented by these authors differs, however, from
our and Brooks’ results mainly around the I" point. The dis-
crepancies at this point are as to both a behavior of unoccu-
pied bands and a considerably smaller size of the energy gap
around Ej. Furthermore, our DOS and E,(k), taken in the
lower energy range 11-19 eV below E (not shown), reveal
wide valence bands dominated by the U 6p electrons that
hybridize with the N 2s electrons, creating the covalent
bonding. This is in quite good agreement with the analysis of
the KKR results made by Weinberger et al.®® Finally, the
scalar spin-polarized DOSs, recently shown by Kotomin ef
al.,’” were based on less accurate pseudopotential methods.
They nevertheless agree quite well with our results, but only
as to the N 2p contributions and the presence of the US5f
states at Ep.

Recent photoelectron spectroscopy investigations of both
valence band and 4f core states in UN films* have con-
firmed that the U 5f electronic states are predominantly itin-
erant in character, showing a relatively high DOS at the Ep.
Although the 5f electrons preserve a band character, it was
nevertheless shown that the majority of the 5f states are
shifted by 3—-6 eV from Ej toward higher BE. Moreover,
general good agreement was achieved between the measured
position of the N 2p band and that predicted by the results of
LMTO?! and our FPLO calculations presented in this paper.
On the basis of older photoelectron XPS and UPS
measurements'> and the more recently reported temperature-
dependent ARPES studies,'® ranging from 33 to 75 K,
mainly an itinerant-5f-electron character has been postu-
lated, which is in agreement with our high-resolution experi-
mental XPS spectrum (Fig. 3). The authors of the latter work
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observed a strong, dispersive peak, i.e., emerging at about
—0.7 eV in addition to the sharp peak at E. This peak, aris-
ing from the band-gap state, decreased as T was raised above
Ty. In the AF phase, the uppermost valence band below Ej
can be schematically folded back into the new Brillouin
zone, creating some new state at the I' point and an energy
gap at the new zone boundary (at 0.5|T'X|). In turn, Norton et
al.’ improperly ascribed a broad contribution between 2 and
6 eV BE in the XPS valence band, measured for the same
energy, i.e., Al Ka (1486.6 eV) as for our XPS, only to the
U 6d and N 2p states. Our FPLO calculations predict that
both these contributions should be canceled by the photo-
emission weight factors and thus be completely invisible.
Instead, the U 5f states dominate in this energy region and in
addition, the U 6p electron contribution is also well pro-
nounced. This is confirmed by the good agreement between
our calculated and measured total XPS. The latest study of
high-resolution ARPES, performed for single-crystalline
UN,!7 indicates the dual (itinerant and localized) nature of
the 5f electron bands near the Er. Hence, some localized
character seems to remain at higher temperatures in UN, in
agreement with the previous predictions'> made on the basis
of the 4f core spectra, though the latter were of least quality.
In contrary, our high-quality 4f core XPS measurements pre-
sented here (Fig. 4) allow for detailed analysis of the 4f line
in UN. To our surprise, it appears to have a very complicated
structure with as many as three satellites per each of U 4f5,,
and 4f5,, main sublines. The 7 eV satellite (sat. 3 in Fig. 4)
has been often observed in other uranium compounds®® and
its small intensity in our case can be ascribed to the weak
localization of the U 5f electrons (5f2 final state). The most
pronounced asymmetric 3 eV satellite (sat. 2) is usually in-
terpreted for samples without oxygen contamination as evi-
dence for an additional final state (5f°).*8295 Nevertheless,
this satellite is often ascribed to contamination by UO,. It is
interesting that the 4f spectrum in UNiSb,, where the inves-
tigated sample is completely without traces of oxygen, dis-
plays a pronounced 3 eV peak (Fig. 8 in Ref. 43). In turn, the
most interesting feature is a symmetric 1 eV satellite (sat. 1),
recently observed for some probably mixed-valent
compounds.®®¢7 It can be considered as being connected with
the 5/3/5f* final states. Such a complex structure of the de-
convoluted U 4f core lines most likely indicates the dual
character of the U 5f states reflected in the 4f spectra, with a
possibility of a fluctuation between the hybridized 5726d"
and almost local 5f° states.®

B. Magnetic susceptibility

Low temperature magnetization isoterms along [100] and
[110] direction of UN show a small hysteresis that has been
ascribed to very limited domain wall movements. The over-
all effect even in the highest field of 5 T would amount an
equal distribution of the three types of domains ([100], [010],
and [001]) in the crystal. The domain structure and domain
wall movements are not considered to be significant factors
when interpreting the results of transport properties in the
following sections.

The paramagnetic susceptibility follows a modified Curie-
Weiss relation which includes a temperature-independent X,
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term. The observed Weiss constant 0,=-249 K and effec-
tive moment . ;=2.65up is in good agreement with a pre-
vious investigation.

C. Transport properties
1. Electrical resistivity and magnetoresistivity

In spite of considerable research effort undertaken on
UN,! no clear understanding of its transport properties has
been achieved up to now. In general, this results from the
more extended nature of 5f electrons and their strong ten-
dency to hybridize with the U 6d and nitrogen p electrons,
giving rise to a complex electrical behavior. The most re-
markable feature of the resistivity is the hump below Ty
found for all the main directions measured (see lower inset of
Fig. 7). Previously, such a small hump has been observed in
several systems including Cr, y-Fe, a-Mn, Dy, and recently
in several uranium-based antiferromagnets such as tetragonal
URu,Si,,% hexagonal UNiGas,”® and cubic UGa;.”° Band
structure calculations and de Haas—van Alphen data of
UNiGas (Ref. 70) revealed the presence of the Fermi surface
(FS) nesting which is a condition for the formation of a
spin-density-wave (SDW) gap. This results in a decrease of
charge carriers and hence an increase in resistivity just below
Ty. Thus, the charge carrier concentration though decreasing
the temperature below Ty does not vanish and the compound
stays metallic below Ty. In the latter two compounds as well
as in cubic UN (Ref. 3) and UGa;,”' a small hump in p(7)
just below T is reminiscent of the SDW formation. Both the
latter cubic compounds are supposed to have an itinerant-
5f-electron nature at least in the ordered state. However, in
some aspects, there is a difference between UNiGas and
UGag, on the one hand, and UN, on the other hand. For the
two former compounds, x(7) in the paramagnetic range is
almost temperature independent, while for UN, x(7) follows
a normal Curie-Weiss behavior. Hence, taking into account
the paramagnetic range only, UN cannot be classified as hav-
ing delocalized U 5f electrons. Following the earlier studies
of Robinson and Erdés,”? it is more likely to assume a trans-
formation into the band behavior of some 5f electrons just at
Ty. It is also found from high-resolution temperature-
dependent photoemission measurements of UPd,Al; (Ref.
73) that the behavior of the U 5f electrons indicates the
“dual” character. In this case, there is an increase in the de-
gree of delocalization of the 5f electrons with cooling and a
more localized behavior of these electrons at high tempera-
ture.

It is also possible to explain the existence of a hump in
p(T) below Ty to the interplay of two competing mecha-
nisms, as proposed in the case of UNi,Ge,.”* The basic idea
is the reduction of the number of effective conduction elec-
trons due to the spin-wave gapping of the FS at Ty caused by
the magnetic ordering, on the one hand, and the reduction of
the spin-disordered scattering by lowering the temperature,
on the other hand. The former mechanism increases the re-
sistivity, while the latter one decreases it. The gapping of the
FS is due to the introduction of the new magnetic Brillouin
zone that is only half of the size of that in the paramagnetic
state (see Refs. 3 and 16). Hence, the effects of hybridization
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of 5f electrons in the uranium compounds of the simple
rocksalt structure cause that they behave typical of a two-
dimensional system, although the material is cubic.

It is worthwhile mentioning that in view of the possible
“duality” of the 5f electrons, one should also consider the
localized aspects of the 5f electron configuration even if
these are weakly hybridized with the U 6d or ligand elec-
trons. Nevertheless, they experience the relatively strong
crystal field of the octahedrally surrounded ligands. As
shown by Lemmer and Lowther,” the 5f2 configuration sat-
isfactory accounts for the temperature dependence of the
sublattice magnetization, m,,, of UN in the ordered region, as
well as the paramagnetic susceptibility between Ty and
1000 K, being more in line with the results of Ref. 55 than of
other studies. For example, the ordered moment value was
accounted for in terms of a simple model of two levels, sepa-
rated by A=177 K. It could not be explained by assuming
the U** (5£°) ion. Such a two level model has been applied in
the present paper as well (see the inset of Fig. 9) to explain
an excess of the resistivity, Apcp(T), in the paramagnetic
state. Satisfactory agreement between theoretical and experi-
mental curves is obtained with a single crystal field spacing
6=170 K. A similar model, but using two levels, I'; and T,
(singlet and triplet, respectively), was considered by De
Novion’® to explain the magnetic heat capacity, C,,(T), and
magnetic part of the electrical resistivity, p,,(T), in the or-
dered and paramagnetic regions of UN. This author found an
energy splitting of these levels, E; ,=185 K and 103 K from
the heat capacity and magnetic resistivity, respectively. It fol-
lows from the above discussion that the spin-wave gap (A
~ 165 K) and the energy difference =170 K found in our
fit of Apcp(T) as well as the values derived by the authors of
Refs. 75 and 76 all have comparable values. These argu-
ments are also supported by the magnetic entropy which was
found by separating the lattice contribution from the total
heat capacity by using C,,(T) of ThN (see Ref. 1, Fig. 11.69).
At Ty, AS,,=0.51R In 2. This is a too large value for a band
description of the 5f electrons in UN, but it is of an appro-
priate magnitude for a singlet ground state. Thus, for such a
ground state system, Grunzweig-Genossar’’ derived an equa-
tion for calculating the magnetic entropy and determined
graphically its dependence on the ratio X=the level separa-
tion o divided by T or Ty. In our case, X=3.3 which leads to
AS,,=0.4R In 2. The missing entropy may be associated with
the itinerancy of 5f electrons, as for many itinerant systems
the entropy is roughly equal to (0.1-0.2)R In 2.

The transverse MR, in which the direction of the magnetic
field and the current are perpendicular to each other, can
provide some information on the overall topology of the FS.
In the case of UN at moderate temperatures, the TMR in-
creases nearly quadratically with the applied magnetic field
but depends on the current direction relative to the crystal
orientation. This suggests that UN could be a compensated
metal. At temperatures between 20 K and 7, the complex
behavior of the TMR occurs. It is conjectured that this may
be caused by the existence of also another component lead-
ing to the occurrence of broad negative minima in the TMR
in magnetic fields of about 4-5 and 67 T for the [100] and
[111] directions of the current. On the other hand, TMR for
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jlI[110] at temperatures 7=30 K is almost at all tempera-
tures positive and changes quadratically with B, yielding
higher values at 8 T on proceeding toward T. In the para-
magnetic range, the TMR changes with B typically as for
Kondo-like materials for all current directions. The overall
temperature dependence of the TMR in UN is completely
unusual (see Figs. 11 and 12). However, the sharp negative
dips at Ty again prove the existence of compensation of
holes and electrons (n;,=n,) in this compound. It is interest-
ing to note that the humps in p(7) still exist in an applied
field of 8 T, although they become somewhat smaller (see
Fig. 12).

2. Thermoelectric power

In general, the TEP can be expressed as the sum of three
contributions:

Si=84+ Sph—drag + Smgn—dragv (5)

where S, is due to diffusion of electrons and the other two
are phonon and magnon drags. We think that the low tem-
perature maximum in S(7) at 10 K may be of a magnon-drag
origin that comes from the electron-magnon interaction,
which in turn drives S(7) to a maximum for temperatures at
about Ty/10<T<Ty/5. In the case of electron-phonon in-
teraction, taking into account the Debye temperature of UN,
0,(=324 K),* any phonon-drag peak should arise at least
above 32 K. As Fig. 14 indicates, at this temperature, S(7) is
negative and displays a minimum for all the principal crystal
directions. However, the most important S, part is usually
expressed as follows:

S, = (I1%k3T/3e) {3 In N(E)/JE + J In HE)IEY g, (6)

where N(E) is the DOS near Ej and 7 is the relaxation time
of the scattered conduction electrons. It is clear that in the
case of a sharp maximum at E in the N(E) dependence, one
should expect a distinct change in the total S,(7) function. A
lot of magnetically ordered materials do not show such a
distinct change in the thermoelectric power, at the ordered
temperature, as is observed for UN. Of several studied ura-
nium compounds, only for UPdSn and UCuSn (Ref. 78) does
the TEP have some similarity to that of UN. The TEP curves
below Ty of these two compounds change their slopes, drop
to negative values, and attain minima at 20 and 35 K, respec-
tively. This behavior was attributed by the authors of Ref. 78
to a narrow feature in the DOS near Ej, associated with the
5f electrons. According to these authors, the behavior below
Ty indicates that a predominant holelike part of the FS is
being affected due to the magnetic ordering. The TEP be-
comes more negative as the electronlike portion of the FS
becomes less compensated by the holes. This picture is con-
sistent with our thermal conductivity results, where in the
insets of Fig. 15 we have pointed out the low temperature
rapid increase in the electron contribution to «(7) and the
simultaneous vanishing of the phonon part just below 7. On
the other hand, this dramatic reversal in S(7) of UN below
Ty, as described above, can also be compared to the SDW
transition (e.g., Ref. 79). Furthermore, in an antiferromag-
netic Cr alloy doped slightly with Al, a similar strong
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anomaly in S(7) was revealed below Ty.3° The earlier ob-
served elastic anomalies in UN just below 7y,> which are
similar to elastic anomalies associated with the SDW transi-
tion in Cr,3! might possibly reflect on the presence of a col-
lective SDW mode in UN. Such a possibility of the SDW
presence in tetragonal UCu,Si, at temperatures between 7
and Ty has recently been pointed out clearly by Honda et al.
in their neutron scattering studies.®?

3. Thermal conductivity

In general, the total measured thermal conductivity of a
magnetic specimen is usually expressed as a sum of elec-
tronic, k., phonon, Kphs and magnon, k,,, components. The
«.(T) contribution is caused by the scattering of conduction
electrons on lattice imperfections, phonons, and magnetic
moments. The Kph(T) contribution comes from collisions of
phonons on impurities and/or defects present in the lattice,
conduction electrons, other phonons, and magnetic moments.
In turn, the k,, component, usually being difficult to separate,
is due to interactions of spin-wave excitations, with both
electrons and phonons. In magnetically ordered region, the
phonon contribution is then enlarged by the magnon compo-
nent. However, its influence is clearly seen as a rapid upturn
in the x(T) curves of UN at and below T, and a sharp
maximum at 7= 15 K. At low temperatures below Ty, the
scattering of electrons becomes dominant. In contrast, at el-
evated temperatures, the scattering of both electrons and
phonons, being of elastic and inelastic character and de-
scribed by the normal- and Umklapp-type processes, are
equally important. Usually, the thermal conductivity «(7) in
the paramagnetic range is nearly proportional to 7 and is
expected to show a tendency to saturation at high tempera-
tures. In fact, such a behavior of «(T) in the paramagnetic
region is observed for UN. Nevertheless, in the paramagnetic
region, the phonon contribution increases with the increase
in temperature, then goes through a maximum above RT,*
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and keeps its dominance over «,(T) up to 450 K.%* As shown
by Bhattacharjee and Cogblin,? the scattering of the conduc-
tion electrons on localized magnetic moments usually plays a
substantial role in compounds exhibiting a strong crystal-
field effect, as it does in UCuP, and UCuAs,.%*

VI. CONCLUSIONS

The above discussion is focused mainly on the “dual” and
SDW-like behavior of the 5f electrons in UN. Itinerant or
localized behavior or both is observed, depending on the
properties which are examined. A very similar situation to
the case of UN was reported on UPd,Al;,%> UGas,’!
UNiGas,”® and URu,Si,.”* The results of XPS and band
structure calculations obtained at RT cannot give a final so-
lution to the above problems. This problem is also addressed
by recent measurements of optical and magneto-optical prop-
erties of UN,% yielding results in general agreement with our
electronic structure results. However, UN requires further in-
tensive studies using other modern methods such as synchro-
tron radiation (SR) and ARPES. Especially, magnetic x-ray
scattering studies using SR can be utilized to further inves-
tigate the magnetic structure and possibly presence of new
magnetic phases such as the SDW in this compound. The
various anomalies observed in the Ap/py(T), dp(T)/dT,
S(T), and «(T) curves in the ordered state suggest that the
magnetic structure of UN may be more complicated than the
AFI-1k structure in certain temperature regimes below Ty.
Without knowledge of the full magnetic structure, an inter-
pretation of the measured properties is somewhat limited.
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