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Spin susceptibility and low-frequency dynamics of uranium 5 electrons have been investigated by nuclear
magnetic resonance (NMR) on the "N nuclei in paramagnetic and magnetically ordered phases for single
crystalline and polycrystalline samples of uranium mononitride (UN). NMR spectra, shifts of the N NMR
lines, and the spin-lattice relaxation times 77 have been obtained in the temperature range 7 = 10-760K in
magnetic field B = 92.8 kOe. It is shown that in the UN paramagnetic phase, temperature dependence of the '“N
NMR line shift is proportional to the spin susceptibility of the uranium 5f electrons. Joint analysis of NMR and
magnetic susceptibility data allows us to determine temperature dependence of spin fluctuation energy [, (7')
of the uranium 5 f electrons and to demonstrate that its temperature variation is close to I"(T') o< T3 dependence
which is characteristic of the concentrated Kondo systems above the coherent state formation temperature. In the
magnetically ordered UN phase the '“N NMR spectra consist of several lines that can be explained in terms of
the model of type / antiferromagnetic order corresponding to 1k structure in the presence of magnetic domains.

DOI: 10.1103/PhysRevB.104.155148

I. INTRODUCTION

Uranium mononitride (UN) is a representative of the ac-
tinide compounds with metallic conductivity where the 5f
electrons demonstrate the peculiarities of both local and band
magnetism [1-6]. For more than half a century the fundamen-
tal problem of such dual behavior of the 5f electrons in this
prospective material remains in the center of experimental and
theoretical investigations.

In the UN face-centered cubic lattice of NaCl-type (Fm3m
space group) the uranium interatomic distance dy_y = 3.45 A
[4] is close to but less than the Hill criterion value dyy =
3.5A [7]. Thus this compound should be considered as a
system of itinerant 5 f electrons. The results of angle-resolved
photoemission spectroscopy (ARPES) [8] experiments in
magnetically ordered phase under pressure [9], and recent
local density approximation plus dynamical mean field theory
(LDA+DMFT) calculations of the UN electron structure for
the paramagnetic phase [10,11] lead to the same conclusion.
At the same time, the authors of [10] describe UN as “a
strongly correlated bad metal” having in mind the dominant
contribution of electron-electron scattering to the temperature
dependence of electrical resistivity, which is usually observed
in the temperature range of the incoherent regime of elec-
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tron fluctuations in the concentrated Kondo systems [12]. In
the paramagnetic phase the UN magnetic susceptibility fol-
lows the Curie-Weiss dependence with negative paramagnetic
Curie temperature and effective moment pei = 2.3-2.7 ug
[1,13,14]. Traditionally, this is considered as evidence for
local magnetism in uranium mononitride. Below 53 K in
UN a commensurate antiferromagnetic (AF) structure [type
1k; kap = (001)] with an anomalously small value of the
sublattice magnetic moment poq = 0.75up [15] is formed.
Explanation of such a big difference between (g and phes
as a result of the crystal field effect [16] is not confirmed by
the inelastic neutron scattering experiments [17], according to
which no signs of transverse magnetic excitations are found
in UN up to frequencies of 10 THz. Moreover, above 30 K a
rapid increase in the intensity of quasielastic scattering near
the structural Bragg peaks is observed. Most probably, the
origin of this feature is connected with coupled charge and
magnetic fluctuations of the uranium ions.

The effectiveness of '*>)N NMR as a tool for investigation
of the UN magnetic properties has been long known due to the
innovative research [18,19] performed in Argonne National
Laboratory in the 1970s. The results of our brief NMR investi-
gation are published in Ref. [20], where the dynamic behavior
of the uranium Sf-electron magnetic moment in the param-
agnetic phase of the polycrystalline UN sample is studied
by measuring nuclear spin-lattice relaxation rate Tl_1 of the
4N nuclei in the temperature range 1.5Ty < T < 7Ty. It is
shown that spin fluctuation energy I',m(7") of the 5 f electrons
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Kondo systems above the coherent state formation tempera-
ture [12,21].

This work presents the measurement results of magnetic
susceptibility, the '“N NMR line shift, and spin-lattice relax-
ation time of the '“N nuclei in paramagnetic and AF phases
of the UN single crystal within the temperature range 10 <
T < 380 K. Additionally, the detailed NMR data for tem-
peratures up to 760 K are presented in order to identify the
uranium charge and spin states in UN at the temperatures of its
possible practical application as an advanced fuel for nuclear
power engineering. These data are obtained using the same
polycrystalline UN sample as in Ref. [20].

II. SAMPLES AND EXPERIMENTAL DETAILS

The UN single crystal, 54 mg in mass, belongs to a single
crystal series characterized and studied in Refs. [5,22,23]. The
polycrystalline UN sample has the form of a cylinder, 5 mm
in diameter, 6 mm in height, and 1.8 g in mass.

The "N NMR experiments were performed using the
homebuilt pulse NMR spectrometer in the external magnetic
field B = 92.8kOe within the temperature ranges from 10
to 380 K and from 60 to 760 K for the single crystal and
polycrystalline sample, respectively.

The single crystal was packed in a plastic container and
installed in the correct orientation for measurement inside
the rf coil (solenoid with a diameter of 4 mm) of the
low-temperature NMR sensor. The cylindrical polycrystalline
sample was placed into the quartz vessel and packed firmly
with quartz sand. The quartz vessel was placed inside the
radio-frequency coil (solenoid with a diameter of 7 mm)
of the high-temperature homebuilt NMR sensor. The low-
temperature and high-temperature sensors with samples were
placed inside a CF1200 cryostat (Oxford Instruments, UK)
with constant cooling gas flow (N, or He for temperatures
T < 80 K). In all the experiments the sample temperature
(AT/T < 0.05) was measured and stabilized by an ITC5
temperature controller (Oxford Instruments, UK), equipped
with thermocouples (Cu-Au:Fe07) or chromel/alumel placed
close to the sample in the resonance probe.

The NMR '“N spectra were obtained using standard spin-
echo procedure p—t4e;—p—tqei—echo. The duration of the first
pulse was p = 2.6 us and the power of the rf amplifier was
400 W. The '“N NMR spectra are the Fourier transforms
of the measured echo signal. While recording spectra with
width exceeding the frequency band excited by the rf pulse,
the summation procedure was applied to the array of signals
accumulated within the required frequency range with a step
of Av = 60kHz. The delay between pulses 4e was 250 us.
Shifts of the NMR lines K = (v—vy)/vo were detected with
reference to Larmor frequency vy = 28.542 MHz of the '*N
nuclei in an ammonia solution at room temperature.

Spin-lattice relaxation time 7; was measured by the
inversion-recovery method of nuclear magnetization using
the pulse sequence 2 p—tiny—p—tdel—P—tdel—€cho at constant de-
lay t4ep = 200 us in the interval f,, = (0.01-10)7;. Above
400 K the 7;"' measurements were carried out using the
pulse sequence p—t4ei—p—tiei—echo with fixed #4e and vari-
able repetition time of the pulse sequence t = #,, = 0.01-2s.
Spin-lattice relaxation times were well described by the expo-

nential dependence [My — M (tiny)] exp(—tianl_l ), where
M, is the equilibrium nuclear magnetization of spin system
tiv = 5Ty, and M (t;,y) is the nuclear magnetization at time 7.
The examples of M (t;,y) fitting to data for monocrystalline and
polycrystalline samples at different temperatures are shown in
the inset of Fig. 6(a).

Magnetic susceptibility x is measured on the UN single
crystal using a MPMS-XL-5 SQUID magnetometer (Quan-
tum Design, USA) in magnetic field B = 30kOe within the
temperature range 2 < 7 < 320 K. Magnetic susceptibility of
the polycrystalline sample is measured using the same equip-
ment and presented in Ref. [20].

III. RESULTS AND DISCUSSION
A. N NMR line shift and magnetic susceptibility

Figure 1 shows evolution of the N NMR spectra as a
function of temperature in the paramagnetic phase for the
single crystalline and polycrystalline UN samples. The N
nucleus has an integer spin I = 1, gyromagnetic ratio y,, =
y /2w = 0.3075 MHz/kOe, and nuclear quadrupole moment
0 = 20.44mb [24]. Therefore, in general both nuclear Zee-
man transitions m; = +1 <> 0 and m; = 0 <> —1 are split due
to the quadrupole interaction eQ between the '“N nucleus and
electric field gradient eV, (EFG), produced in the nucleus
location by its charge neighbor [25,26]. As soon as UN has
a cubic structure, splitting of the '*N NMR spectrum line into
two components does not occur [24-26]. The NMR spectrum
for the UN single crystal is a narrow single line with a full
width at half maximum of Av &~ 14 kHz for external magnetic
field B || [001] and Av ~ 5kHz for B || [111] (Fig. 1). This
difference can be caused by slight imperfection of the single
crystal which results in the appearance of the quadrupole
interaction between the '“N nuclei and EFG [27]. Besides,
different linewidths of the NMR lines may be connected with
distribution of the dipole fields produced by the U ions at
nitrogen positions. However, these fields are zero in the para-
magnetic state of a cubic crystal lattice.

In fact, the "N NMR lines of the UN single crystal are
extremely narrow and we can conclude that distortions of
cubic symmetry of the charge neighborhood of nitrogen atoms
are insignificant.

Therefore, in the paramagnetic region of the UN sin-
gle crystal all the nitrogen sites are magnetically equivalent
and the charge distribution on neighboring sites has a cubic
symmetry. The N NMR line broadening is much more pro-
nounced in the polycrystalline sample [Fig. 1(c)] due to the
random orientations of the crystallites in the powder [20].

Figure 2 shows temperature dependencies of the '“N NMR
line shift K = (v—vy)/vy in the paramagnetic phase. Reso-
nance frequency v is determined by the position of the NMR
line peak in a single crystal and by the center of gravity in the
polycrystalline UN sample [20]. Very narrow lines observed
in the single crystal lead to the error AK/K <3 x 1073,
which becomes comparable with the accuracy of magnetic
susceptibility x data (Fig. 3). The behavior of shift K(7)
is satisfactorily described by the Curie-Weiss dependence
K(T) = Ky + C/(T—6ymr)- Above 80 K the fitting parameters
are Ky = 0.02(4)% and 6,y = —210(20) K.
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FIG. 1. The "N NMR spectra in the paramagnetic phase of UN in magnetic field B = 92.8 kOe measured for (a) single crystal in magnetic
field B || [001], (b) single crystal in magnetic field B || [111], and (c) polycrystalline sample. The reference point K = 0 for NMR line shift
corresponds to the frequency vy = 28.542 MHz.
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FIG. 2. Temperature dependence of the '“N NMR line shift K in the UN paramagnetic phase measured for (a) single crystal in magnetic
field B || [001], (b) single crystal in magnetic field B || [111], and (c) polycrystalline sample. Insets in the panels (a), (b) show the parametric
K vs x dependence (open signs) and the fit of a straight line to experimental data. The inset in panel (c) shows the inverse shift (K — K,)™' as
a function of temperature (open signs). Solid lines represent fit of the experimental data by the Curie-Weiss dependence.
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FIG. 3. Magnetic susceptibility x vs temperature 7 for the UN
single crystal measured in magnetic field B = 30kOe for B || [001]
(circles) and B || [111] (squares). The inset shows T dependence of
the inverse magnetic susceptibility [x (T) — xo]™'. Solid lines corre-
spond to the fit of a straight line to experimental data above 80 K.

For the polycrystalline UN sample the temperature interval
of K(T) measurements is extended up to 760 K [Fig. 2(c)].
As seen, T dependence of K(T) also follows the Curie-Weiss
law with 6,,,, = —155(10) K. This value coincides with the
paramagnetic Curie temperature 6 derived previously from the
magnetic susceptibility measurements for this sample [20].
The temperature-independent contribution to the shift Ky =
0.06(4)% is close to the values of the Knight shift for the
nitrogen nuclei in nonmagnetic metallic thorium mononitride
K(ThN) = 0.107(30)% [28] and K(Th '*N) = 0.088(6)%
[29].

Figure 3 shows the temperature dependence of mag-
netic susceptibility x measured in external magnetic field
B =30kOe using the same UN single crystal as for the
NMR experiments. For these measurements a magnetic
field is applied along two crystallographic directions of the
UN single crystal, namely, B || [111] and B || [001]. Max-
imum values of x[;11)(T) and xjo011(7) are found at Ty =
51(1) K, indicating transition to the AF phase. Above 80 K
the x(T) behavior is satisfactorily described by the Curie-
Weiss law, x(T')= xo+ C/(T —6), with Curie constant
C =0.90(2) emu K/mole and paramagnetic Curie tempera-
ture 6 = —230(20) K. The corresponding effective magnetic
moment calculated as e = [C3»I<B/,4,L]23NA]1/2 =2."7ug is
by one-third less than ey &~ 3.6 ug for Ut (5f2, J =4,
g7 =0.8)and U (5f3,J =9/2, g; = 8/11) configurations.
The temperature-independent contribution xo 111 = 2.6(1) x
10™* emu/mole exceeds the value of Xo.joo1; = 1.5(1) x 10*
emu/mole by a factor of ~1.5. The origin of such an un-
usual xo anisotropy can be understood while measuring y (7T)
up to higher temperatures [13,14]. It should be noted that
the single crystalline values of . and || derived from
our measurements are close to the corresponding values of
Hef ~ 2.6 ug and |#| > 200K obtained for the nominally
stoichiometric UN [1,13,14,30]. Meanwhile, lower values
of wer ~ 2.4 up and |0] ~ 160K and bigger xo = 3.5(1) x

10* emu/mole for the polycrystalline UN sample can be
caused by the presence of a small amount of molybde-
num and carbon mc/my < 5 x 107 [20,31]. These impurities
acting as substitutional defects may promote delocalization
of the uranium f electrons. As for the difference between
the experimental ~2.7 ug and expected ~3.6 ug values of
Weff, Various explanations have been previously suggested.
Lemmer and Lowther describe reduction of the localized
U moment in terms of the crystalline electric field effects
[32]. However, as mentioned above, inelastic neutron scat-
tering experiments [17] revealed no signs of the transverse
magnetic (crystalline electric field or magnonlike) excita-
tions in UN up to 40 THz of frequencies at T < 300 K.
Alternatively, Lukoyanov and Anisimov consider UN as an
itinerant f-electron system and explain the experimental value
of [efr as a result of mixing j = 5/2 and j = 7/2 configura-
tions [11]. Following Hasegawa and Moriya [33], Fujimori
et al. [8] directly relate the Curie-Weiss behavior above Ty in
UN with the itinerant nature of the U 5f electrons.

The '*N NMR line shift in UN is governed by the hyperfine
interactions of nuclear spin / with the electronic environment.
Fermi contact interaction with the conduction band electrons
v, hAISC is responsible for the temperature-independent con-
tribution Kj. The effect of the uniform spin polarization of
the conduction band electrons through the indirect electron-
nuclear interactions with more localized f-electron spins is
taken into consideration in the form of additive contribution
K¢ (T) to the total shift [34,35]:

K(T)= Ko+ Ky(T) = Ko+ Hy x¢(T)/uugNa, (1)

where constant H; has physical meaning of the effective
hyperfine field, induced on nitrogen nuclei by the 5 f-shell
electrons of the neighbor uranium ions, N, is the Avogadro
number, and x,(T) is the mole spin susceptibility of the
uranium 5 f electrons.

Thus, within the temperature range of the UN paramag-
netic phase, proportionality K(7') oc x¢(T) can be expected.
Actually, the parametric dependence K(7) vs x(7) above Ty
confirms the applicability of relation (1) to describe the local
moment magnetism of the 5f electrons in UN [Figs. 2(a) and
2(b)]. In the paramagnetic range the dependencies K(x) are
satisfactorily described by linear dependence with constants
Hf,[OOl] = 16.2(8)](06//1]3 and Hf,[lll] = 18](8) kOe/MB.
Therefore, we determined that the main contribution to the
nitrogen NMR line shift and total magnetic susceptibility in
the UN paramagnetic phase is connected with local moment
magnetism of the 5f electrons of uranium.

B. Magnetically ordered phase

Below Ty = 51K the YN NMR spectra become more
complicated. Figures 4(a) and 5(a) show the "N NMR spectra
of UN obtained for two directions of magnetic field. The spec-
trum consists of three well-resolved lines, 1, 2,3, at B || [001],
whereas at B || [111] the spectrum is split into two lines, 4
and 5. In magnetically ordered phase, the '*N NMR spectrum
shape is determined by the distribution over the crystal of the
projection hy,.(R) onto the direction of the external magnetic
field H, where hj,.(R) = X;hy.(r;) is the vector sum of local
magnetic fields hyy(r;) created by magnetic moments of the
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FIG. 4. (a) The "N NMR spectra for the UN single crystal in
magnetic field B || [001] below Tx. (b) Frequencies v; (i =1, 2, 3)
of the NMR lines as a function of temperature. (c) Schematic view
of magnetically nonequivalent nitrogen positions at magnetic field
B || [001] in the 1k type of the UN AF structure.

uranium ions with radius vectors r; at nitrogen positions R.
In a simple case the local field on the nucleus of the non-
magnetic nitrogen ion is determined both by the dipole field
Hgip produced by magnetic moments of the uranium ions and
by the hyperfine field Hy¢ connected with transfer of spin
polarization from the nearest magnetic neighbors:

Hioe = Hap + Hig = Y (haip,; + hu. ). (@)
i

Here hgip ; and hys ; are the local dipole and induced hyper-
fine fields on the nitrogen ion produced by the U ion located
at the i position in the crystal lattice.

As described in the previous section, the main contribution
to the induced magnetic field on the nitrogen nucleus in the
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FIG. 5. (a) The "N NMR spectra for the UN single crystal in
magnetic field B || [111] below Ty. (b) Frequencies v; (i =4, 5) of
the NMR lines as a function of temperature. (c) Schematic view
of magnetically nonequivalent nitrogen positions at magnetic field
B || [111] in the 1k type of the UN AF structure.

paramagnetic phase is caused by the hyperfine field which is
connected with the magnetism of the uranium 5f electrons
via the Hy constant. At T >> Ty in the absence of correlation
between the uranium magnetic moments the resulting local
field on the nitrogen nuclei is directed along the external mag-
netic field. The dipole field Hg;, with ten coordination spheres
was calculated using a common expression [25,26,36,37].
According to these calculations, the dipole fields induced on
a nitrogen nucleus by uranium ions equal zero in the param-
agnetic phase at any magnetic field orientation with respect
to the crystallographic axis of the UN single crystal. Con-
sequently, the local field at the nitrogen nucleus is equal in
magnitude to the algebraic sum of the hyperfine fields induced
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by the nearest uranium ions:

Hie =Hy =Y hy; =Y Hpw=Hpu, (3

where pu = p,; is the magnetic moment of the uranium ion in
the Bohr magneton pp on the i position of the U ion and Hy
is determined for the paramagnetic phase.

The uranium 5f electrons from the two first coordination
spheres around the nitrogen nucleus contribute mainly to hy-
perfine field Hy;. The first coordination sphere consists of six
nearest uranium ions (z; = 6), the second one consists of eight
ions (zo = 8). Expression (3) can be written as a sum:

Hyt = (z1Hy1 +22Hpp)u = Hyp, “)

where Hy | and Hy , are the hyperfine fields produced at the
location of nuclear probe N by the uranium ions from the
first and second coordination spheres, respectively. The values
Hy i and Hy > can be estimated.

Generally speaking, there are three types of magnetic do-
mains in the AF state UN [6,14]. Type I antiferromagnetic
order with 1k structure is realized in each domain. In the UN
cubic crystal lattice, the 1k structure implies ferromagnetic
order of the magnetic moments in each plane, for example,
(001), with the uranium magnetic moments being perpendic-
ular to the planes. In turn, the planes alternate in such an order
that magnetic moments in the adjacent planes are antiparallel
(--- 4141 -+ ). When an external magnetic field is applied,
the magnetic equivalence of the nitrogen ions becomes broken
inside each of the ordered AF domains [Figs. 4(c) and 5(c)].
Therefore, each domain deserves separate consideration.

Let us consider the case when a magnetic field is applied
along the [111] direction [Fig. 5(c)]. In this case the U mag-
netic moments form an angle of 54.7 © with the magnetic field
in all domains and the domain structure remains invisible.
Further, four out of six uranium ions from the first coordi-
nation sphere compensate their induced hyperfine fields Hy¢
[relation (3)] on the nitrogen ion while the other two do not. In
the second coordination sphere, there is no compensation but
the induced fields are against the field produced by the first
coordination sphere. The dipole fields Hg, were calculated
using the same calculation scheme as for the paramagnetic
phase [25,26,36,37]. According to these calculations, dipole
fields Hgp = 4.90kOe/up induced on the nitrogen ion lie
along the direction of the ordered uranium magnetic moments
and against the induced field Hy¢. Moreover, for the nitrogen
ions the total fields Hj,. [relation (2)] at positions Ny and Ns
are equal in magnitude but opposite in direction; i.e., these
positions become nonequivalent. It results to two lines, 4 and
5, in the N NMR spectrum as observed in the experiment.
Thus, for this case B || [111], the following relation can be
written as

(Vs — v4)/Vu = 2Hnyt
= 2|—2Hf1 + SHﬂz + Hdip|,u COS(54.7O). (5)
Figure 5(b) shows that below 20 K the line splitting reaches
a plateau (vs—v4)max = 674 kHz, that corresponds to a max-

imum value of magnetic moment in the ordered state pu =
Mora = 0.75 pg [15].

From relation (5) we get the equation for hyperfine fields
Hf,l and nyzi

|—2Hy 1 + 8Hy» + 4.90] = 2.53 kOe/ . 6)
By adding relation (4) to Eq. (6), we obtain as follows:
6H; 1+ 8H;, = 18.1kOe/ugp. @)

Equations (6) and (7) give two solutions, namely,
"Hy (B || [1111)=2.56kOe/up, 'Hy (B || [111])=0.34kOe/
pe and Hy (B || [111]) = 3.19kOe/ug, Hy (B | [111]) =
—0.13kOe/ug. To determine which solution is correct, it is
necessary to measure the '*N NMR spectrum in the AF phase
for different mutual orientations of the external magnetic field
and the single crystal.

In the second case, with the magnetic field direction along
the [001] (Fig. 4), the local field is also determined by the
sum of hyperfine Hy and dipole Hg;, fields (relation 2). These
fields on the nitrogen ion manifest themselves in the same way
as in the case of B || [111]. However, at B || [001] not only
the equivalence of nitrogen positions, but also of the magnetic
domains is broken [Fig. 4(c)]. For domains in which the or-
dered uranium magnetic moments lie along the direction of
magnetic field, projection of the total induced field Hys + Hgip
on the external field direction at the N; and N3 sites is of the
same magnitude but of different sign. This results to two lines,
1 and 3, in the spectrum [Fig. 4(a)]. In the families of domains
in which the magnetic moments of uranium are perpendicular
to magnetic field, the projection of the Hpr + Hg;p field on
the magnetic field direction is zero, so the line shift does not
occur. This results in the appearance of the additional line 2
in the spectrum [Fig. 4(a)]. Therefore, at B || [001] three lines
are observed in the '*N NMR UN spectrum.

To calculate the values of Hy ; and Hy ; for the B || [001],
the external field orientation, the following relation can be
written:

(v3 —v1)/¥a = 2(Hur + Haip)
= 2|—2H; | + 8Hy > + Hgip| . (®)
By adding relation (4) to relation (8), we obtain as follows:
6H; 1 +8H;, = 16.2kO0e/up. )

Figure 4(b) shows that at B | [001] the maximum
splitting of lines 1 and 3 is (v — V|)max = 200 kHz.
Then Egs. (8) and (9) give two estimates, namely,
"Hy o (B [001]) = 2.58kOe/up, 'Hyo (B | [001]) =
0.10kOe/up and *Hy; (B | [001]) = 2.69kOe/up, *Hy»
(B || [001]) = 0.01kOe/ug. Comparison of the estimates
obtained for the orientations of external field B || [111] and
B || [001] shows that the values of 'Hy ; and 'Hy » are closer
in both cases than the values of szJ and 2Hf,2. Though
the origin of hyperfine fields H;; and Hy, is not well
studied on the microscopic scale, their estimates reveal the
following important circumstances. First, there exists the
relation |Hy 1| > |Hy»|. Second, the YN NMR spectrum in
the AF phase is well explained within the framework of the
AF ordering model of type I, which corresponds to the 1k
structure in the presence of magnetic domains.

Recently, the issue of magnetic domain structure was
raised in Ref. [6]. It is suggested that at the critical mag-
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netic field B¢y &~ 100kOe the magnetic domains rearrange
and align along the magnetic field direction. This effect can
cause magnetostriction and change of the electrical resistivity,
as well as hysteresis between up- and down-field sweep. In
our NMR experiment the sample was cooled down in the
constant magnetic field of 92.8 kOe, which is slightly less than
the critical field B¢y &~ 100kOe. Let us consider our result
obtained with the field applied along the [001] direction and
compare the sum of the integral intensities of lines 1 and 3
(both correspond to the left domain scheme in Fig. 4) with the
integral intensity of line 2 (right domain scheme in Fig. 4).
The obtained intensity ratio is about 1.6. This means that the
number of domains with magnetic moments directed along
the magnetic field is about 1.6 times higher than the number of
domains with magnetic moments directed perpendicular to the
field. As soon as the field in our experiment is less than B¢,
the domain rearrangement is not complete. Similar effects of
the coexistence of several magnetic structures in the transition
temperature range are well known (see, e.g., [36,38]. Thus our
results do not contradict the results of [6]. On the contrary,
they seem to be complementary to those of Ref. [6]. In the
case of a magnetic field along the [111] direction, magnetic
domains are not distinguishable, so that it is not possible to
follow the domain rearrangement process.

C. Spin-lattice relaxation rate of T;~! of "N nuclei
and f electron spin dynamics

In this section the measurement results of the '*N nuclei
spin-lattice relaxation rate Tl_l are considered to probe the
low-frequency dynamics of the f electrons in both paramag-
netic and AF phases of UN.

Figure 6(a) shows the spin-lattice relaxation rate for the
UN single crystal measured within the temperature range
Tn < T < 380K in magnetic field B || [001] and for poly-
crystalline UN within a wider temperature interval up to
760 K. Note that the Tl_1 values are very close for both
samples at temperatures between Ty and 380 K. This can be
an evidence for the Tl_1 isotropy along all the crystallographic
directions. Two features of the Tfl vs T curves should be
mentioned. First, the temperature dependences of Tl_1 look
rather unusual, since Tl_1 does not practically change above
Txn. T-independent behavior of Tfl in UN [see also Fig. 6(b)]
differs remarkably from that observed for the isostructural
compounds UP (Ty = 122K) [39] and UAs (Ty = 126 K)
[40]. In these materials evident growth of Tl’1 is found for the
31p and " As nuclei, respectively, when the temperature de-
creases and approaches Ty. Second, as mentioned in Ref. [20],
the product ('*7; T7)™' in UN is more than an order of mag-
nitude larger than (**y /By (P1 T) ! ~ 6 x 10*(sK) ™ in
Th SN [29]. In Th N the spin-lattice relaxation rate of the
SN nuclei is governed by the Korringa mechanism, i.e.,
the Fermi contact interaction with conduction electrons [41].
Comparison of UN with ThN points out that the spin-lattice
relaxation rate in the paramagnetic UN phase is determined by
the Tl,_f! contribution caused by the time-dependent isotropic

part of induced hyperfine interaction y, ilH; X ij (r) between

the nitrogen nuclear momentum y,Al and spin Sf (t) of the
uranium S5 f electrons [42]. Following [43] and summing up
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FIG. 6. (a) Spin-lattice relaxation rate 7,”" of the N nuclei as a
function of temperature in the paramagnetic phase of UN for poly-
crystalline sample (circles) and single crystal at B || [001] (squares).
The inset shows the intensity of spin-echo signal M(z) vs time ¢ at
different temperatures. Note logarithmic scale of the M(¢) axis. Solid
lines represent fitting to the data by the [My — M(¢)] oc exp(—tT;™")
dependence. (b) The same Tl"1 data plotted as 71T vs T for (squares)
single and (circles) polycrystalline samples. Solid lines represent
linear fit of the experimental points to emphasize almost stable T;
values within wide temperature intervals. Large point scattering at
T = 720K and 760 K for polycrystalline sample is due to weak echo
signals.

the contributions from the nearest uranium ions alone, we
obtain as follows:

2y2kgT
Tffl Yo '8 Hf Z [cos (gra) + cos(gya) + cos(qza)]
. I’LB -
1 , C()n
X rlg )’ 10)
o

where kg and 7 are Boltzmann and Planck constants, respec-
tively; x” (g, wy) is the imaginary part of the 5 f-electron spin
susceptibility at NMR frequency wy; and the hyperfine field
H{ does not depend on the wave vector q of magnetic exci-
tations. The magnitude and temperature dependence of T, f
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are determined mainly by the localization degree of the 5f
electrons.

If one assumes the delocalized nature of the 5f electrons
which form weak antiferromagnetic metal [44], strong tem-
perature dependence of magnetic susceptibility in UN could
be connected with formation of a narrow ~kg6 peak of the
5f density of state near the Fermi energy. In this case partial
hybridization of the itinerant 5f-6d states affects only the
Korringa contribution to the '*U nuclei spin-lattice relaxation
rate (TI_I)K o T. In the case of an itinerant magnet with
“nearly localized” 5f electrons the product (7;T)' should
be proportional to 1/(T-Tx)" (see, e.g., [45] and references
therein). Namely, such a behavior is observed in UP [39] and
UAs [40]. However, our spin-relaxation data show that in UN
T\ T is proportional to T [Fig. 6(b)]; i.e., (T,T)"' ~1/T, not
to 1/(T—TN)0'5 (see also Fig. 5(b) in Ref. [20]).

Since the behavior of the spin-lattice relaxation time in
UN differs from that expected in itinerant magnetic sys-
tems, it is useful to consider the case of localized 5f states.
For the completely localized U 5f electrons at T > Ty the
exchange-coupled magnetic moments of neighbor U3*(5f?)
ions fluctuate independently of each other. In this case, the
maximum value of rate (Tl’l)fj%Oo is determined by the
exchange interaction energy fiwex:

(1), = CuyugdusHs Pl + D/3oe, (1)

where J is the full angular momentum of the U ion, and g, is
the Landé factor.

Approximating experimental magnetic susceptibility y (7)
by the Curie-Weiss dependence and using the molecular field
expression for wex [46], we obtain as follows:

(hoe)* = (kg0)*3gslzlgs — 1PIT + DI7Y, (12)

where z = z; is the number of the nearest neighbors. Equation
(11) gives the estimates we, (U3*;5f3) =2.2 x 10 s7! and
wex (U*;5f2) = 4.1 x 1083 57! corresponding to the values
of (T, 7500 = 7057 and 37571

These values exceed significantly the experimentally mea-
sured rates Tfl ~ 55! at 380 K for the single and at 760 K
for the polycrystalline UN samples (Fig. 6) [47]. Since these
estimations indicate a downward trend of (Tl_l )f,.T—o00 With a
decrease of the U 5 f shell population, to understand the mech-
anism responsible for unusually low spin-lattice relaxation
rate Tl_' in UN, let us focus on the compounds with fluctu-
ating valence (and, accordingly, magnetic moments) states of
an actinide ion [10,48]. In these materials the characteristic
spin fluctuation energy I"(q) corresponds to the half width at
half maximum of Lorentzian x”(g, w) = x(¢)wI (g)/[w® +
I"(g)?], which describes the low-frequency part of the mag-
netic spectrum measured by inelastic neutron scattering
experiments [17]. Neglecting the correlation effects between
the 5f electrons of the neighboring U ions, the expression
for x”(q, w) at the NMR frequencies wy < we is reduced to
x"(q, wo) = xgwo/Iume, Where xy is the static magnetic sus-
ceptibility of the 5f electrons. Correspondingly, the general

relation (10) for Tlff! is reduced to

Tl,_f] = ynszTZH;,IXf/ZM% anr- (13)
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FIG. 7. Temperature dependence of the characteristic spin fluc-
tuation energy Iymr/kg & K;Ti ;T (in temperature units) of the U
5f electrons for the UN single crystal (B || [001], squares) and poly-
crystalline UN sample (circles). Solid lines represent the dependence
Fne(T) = T'(0) + ¢4/T with I'(0) = 0.5K for both curves and ¢ =
8.2 and 8.7 for single and polycrystalline samples, respectively. Lines
are extrapolated to zero temperature. Relation [, (T)/kg =T is
shown by a straight line.

Taking into account the NMR line shift Ky = zHy xr/ /B,
the relation for I},,,,(7) is as follows:

Fone(T) = (v, knH/2108) KT T (14)

Relation (14) allows an estimation of the characteristic spin
fluctuation energy of the 5f electrons using the NMR data.
Figure 7 demonstrates that in the UN single crystal I7,, in-
creases monotonically with temperature and follows a power
law which is rather close to the Iy (7) o< T%> dependence
observed in the concentrated Kondo systems above the coher-
ent state formation temperature [12,21]:

Fone(T) = o (0) + /T, (15)

where I,y (0) and ¢ are constants. Similar power behavior of
Ty (T) ~ T°3 is also observed up to 147y for the polycrys-
talline UN samples (Fig. 7).

Using relation (14), we obtain the estimation of spin fluc-
tuation energy Inm;(300K) = 140K at room temperature,
being of the same order of magnitude as the half width of
the quasielastic line I ~ 2-3 THz (or 100 — 140 K) of the
neutron scattering spectrum in UN at 300 K [17]. The NMR
experiments show that within the wide temperature range
1.5Ty < T < 141N, Ty is less than I't = kgT (Fig. 7). In
other words, the characteristic time of thermal fluctuations
tr = h/kgT is less than that of the magnetic fluctuations t =
h/2@ e in the paramagnetic phase of UN. In terms of the
local moment regime of the 5f states, this behavior implies
that fast thermal fluctuations dominate at 1.5Ty < T < 14Ty
leading to the Curie-Weiss behavior of the Knight shift and
magnetic susceptibility, while the spin-lattice relaxation is
governed by magnetic fluctuations [12,21]. According to [21],
the 7% law is valid in the valence-fluctuation compounds
for 6 < T /Ty < 100, while 7(7) becomes nearly temperature
independent below 7. Namely, such a behavior is found for
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an archetype heavy fermion system CeAl,, the quasielastic
linewidth vs T curve of which resembles the I}, (T) vs T
curve in Fig. 7 [49]. The Néel temperature of CeAl, is 3.8 K
and 77(0) is approximately 0.5 meV [50]. In UN the AF tran-
sition occurs at Ty = 51 K, making it impossible to determine
the low-temperature limit of the 7% law validity and 770).
Since the lowest temperature of the 77 measurements in the
paramagnetic regime is 60 K in our experiments, the 7j value
must be at least below ~60/6, i.e., below 10 K.

As known [12], the ground state of valence-fluctuating
f-electron systems is determined by the interplay between
the two competing processes, the indirect exchange interac-
tion of f-shell ions via the Ruderman—Kittel-Kasuya—Yosida
(RKKY) oscillations, and the effective suppression of mag-
netic moments due to the Kondo spin fluctuations. If the
Kondo temperature Tk is much higher than the RKKY temper-
ature Trgky, under decreasing temperature a crossover should
occur to the 7y < 7r regime and, in the limit 7— 0, the
local magnetic moment of the f shell should be effectively
suppressed by Kondo fluctuations and the system becomes a
Fermi liquid (FL) with a large effective mass. The situation
with Tx > Trxky and nonzero temperature of magnetic order
corresponds to the magnetic ground state, essentially modified
because of the Kondo compensation of the localized magnetic
moment of the f-shell ions. In this case decreasing tempera-
ture leads to the Kondo effect, but transition to a magnetically
ordered state precedes formation of a nonmagnetic singlet
ground state. The above-mentioned CeAl, is a typical exam-
ple of such magnetic concentrated Kondo systems (CKS). In
UN the crossover Iy /kg > T occurs near Ty (Fig. 7), and
the dominance of Kondo fluctuations t = /i/21 1y < Tr =
h/ksT is expected at lower temperatures, in the absence of the
AF transition. Thus, according to our NMR and magnetic sus-
ceptibility measurements, UN can be classified as a magnetic
CKS, with an anomalously small sublattice magnetic moment
Horda = 0.75 up in the AF state [15] which can be associated
with the screening effect due to anomalous spin fluctuations.

Investigation of the '*N nuclei spin-lattice relaxation rate
nearby and below the Neél temperature is of special interest.
Measurements of the '“N nuclei spin-lattice relaxation rate
TI’1 for the UN single crystal in magnetic field B || [001]
show that Tfl is proportional to temperature below 7y/2
(Fig. 8); that is, Korringa’s law Tl_l(T) o TN?(Ep) is valid
[50]. This is the evidence of formation of the FL state with
band width W >> kgT [35,41].

Figures 8(a) and 8(b) show also the spin-lattice relaxation
rate vs temperature data for the '*N nuclei in ThN at low
temperatures [29]. There are no f electrons in ThN, and Tfl
is 25 times lower than in UN. This is evidence of the 5f ura-
nium electrons’ responsibility for the relaxation of nitrogen
nuclear moments in UN down to the lowest temperatures. The
gap character of the Tfl temperature dependence within the
temperature interval 7y/2 < T < Ty is to be noted. Such a
gaplike behavior of the UN electrical resistivity is observed in
[51, the value of the magnon energy gap being A = 165 K. To
estimate the gap value our Tl’1 vs T data are approximated as
follows:

T,7'=C xexp(—A/T)+ D x T, (16)
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FIG. 8. (a) The 7;™' vs T dependence for the UN single crystal
below Ty at B || [001] (squares) and for ThN (circles) [29]. Note
logarithmic scale of both axes. Solid lines are the linear fit of the
T,”' data (a guide for the eye). The dashed line is the fitting to the
data by expression (15). (b) The same data plotted as (T;7)~! vs T.

where C and D are constants. Our data can be well approx-
imated with the value of A = 180K close to A = 165K
from Ref. [5], as well as to the value of the anisotropy gap
~16 meV~185 K [17]. Although measurements of the spin-
lattice relaxation rate are absent between 7 = 60K and Ty,
we believe that a sudden change in Tl’1 within this temper-
ature interval results from the gap opening in the magnetic
excitation spectrum, while the 5f electrons still dominate the
spin dynamics of UN.

Thus the results of our NMR and magnetic susceptibility
experiments are compatible with the description of UN in
terms of localized magnetic moment behavior at T above Ty.
However, this conclusion contradicts numerous experimental
and calculation results that emphasize the itinerant nature of
the f electrons in UN [1-6]. Particularly, Fujimori et al. on the
basis of ARPES data and band-structure calculations conclude
that an itinerant description of the U 5f states is appropriate
for UN, while the dual nature of U 5f electrons is not ob-
served in their experiment [8]. On the other hand, according to
the LDA+DMFT calculation by Yin et al. [10], the actinides
ions in most of the metallic crystals are found to be in a mixed
valence state, where they fluctuate between different valences.
It can be described by an effective f-electron valence ny
(ny = 2.4 in the case of UN). A characteristic energy scale of
the order of 1700 K (the authors call it the Kondo temperature)
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is required to describe UN electrical resistivity. According
to [10], UN is a non-FL in the temperature range 55-1000
K, and shows a strongly correlated heavy fermion character
with a coherence temperature below its Neél temperature.
In the absence of magnetic order, UN would be a Fermi
liquid at very low temperature with large mass enhancement
[10]. Our results demonstrate that the FL state is formed in
the AF state of UN. Although Yin et al. [10] do not dis-
cuss the magnetic properties of UN, the characteristic energy
scale ~1700 K may, in principle, explain the absence of mea-
surable crystal field excitations and partial p.; compensation
above Ty. It is not obvious whether the behavior of the spin-
lattice relaxation rate in UN observed in our experiments can
also be explained in terms of the same approach. Therefore, an
appropriate theoretical framework for UN description, includ-
ing its magnetic properties, is still not known. The problem
of dual localized-itinerant behavior of the 5f electrons in
UN remains an open question [5]. Besides, it is worth noting
that the multiconfigurational nature of the 5f orbitals is not
a rarity in U- and Pu-based intermetallics [51]. Hence, we
cannot exclude that the ground state of UN is a quantum
superposition of more than two 5f electronic configurations
of the U ions and fluctuations between these configurations
are responsible for the contradictory properties of UN [20].
Obviously, this issue requires additional study.

IV. CONCLUSIONS

The '*N NMR technique is employed to study spin sus-
ceptibility and low-frequency dynamics of the uranium 5f
electrons in paramagnetic and magnetically ordered phases
for the UN single crystal (7 = 51 % 1 K) and polycrystalline
UN sample (T = 53 &+ 1 K). In the paramagnetic region the
14N NMR line shift K(7), as well as the full magnetic sus-
ceptibility x(7), follow the Curie-Weiss law up to 760 K. It
is shown that the main contribution to both K(7) and x(7)
in the paramagnetic UN phase is connected with the 5f-
electron local moment magnetism of six uranium ions nearest
to nitrogen. Almost constant spin-lattice relaxation time 7}
is observed within the temperature range from 760 to 60 K.
The characteristic spin fluctuation energy I, of 5f electrons
increases monotonically with increasing temperature accord-
ing to the power law, which almost exactly coincides with
the dependence I'(T) 793, observed in the concentrated
Kondo systems above the coherent state formation tempera-

ture. According to our estimations, in the paramagnetic phase
the energy of anomalous spin fluctuations I}y, is less than
ksT, but, as the measurements on the UN single crystal
show, In/ks becomes equal to T near the transition to the
antiferromagnetic state. Therefore, below the Neél tempera-
ture the dominance of magnetic fluctuations ty = 7/21 e <
tr = h/kgT is expected, if the AF transition does not occur.
Besides, we find that Korringa’s law Tl’l(T) x T is valid
below T' ~ Ty/2 by measuring the spin-lattice relaxation rate
of the '“N nuclei in the UN single crystal in magnetic field
B || [001]. This is unambiguous evidence of formation of the
Fermi liquid state in UN at low temperatures. The nature
of this Fermi liquid state requires further study. Finally, we
conclude that above Ty, UN clearly displays the features of
a magnetic concentrated Kondo system. This conclusion con-
tradicts the pure itinerant description of the U 5 f states in UN
and can be considered as an argument in favor of the multi-
configurational nature of the 5 f orbitals in this compound.

A few lines are observed in the *N NMR spectrum in the
AF phase. The positions and number of spectral lines depend
on sample orientation with respect to the external magnetic
field. The presence of several lines in the '*N NMR spectrum
indicates the existence of antiferromagnetic domains in the
UN single crystal. The argument in favor of this statement is
that application of an external magnetic field along different
crystallographic directions leads to different shapes of the
NMR spectra due to nonequivalence of orientation of the
ordered U magnetic moments relative to the external field.
Therefore, the peculiarities of the NMR spectra in the AF
phase of UN can be explained in terms of the antiferromag-
netic order of type I corresponding to the 1k structure in the
presence of magnetic domains.
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