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We present a detailed nuclear magnetic resonance (NMR) study of **Pu in bulk and powdered
single-crystal plutonium tetraboride (PuB4), which has recently been investigated as a potential
correlated topological insulator. This study constitutes the second-ever observation of the 3°Pu
NMR signal, and provides unique on-site sensitivity to the rich f-electron physics and insight into the
bulk gap-like behavior in PuBy. The 23°Pu NMR spectra are consistent with axial symmetry of the
shift tensor showing for the first time that >**Pu NMR can be observed in an anisotropic environment
and up to room temperature. The temperature dependence of the 23°Pu shift, combined with a
relatively long spin-lattice relaxation time (71), indicate that PuB4 adopts a non-magnetic state with
gap-like behavior consistent with our density functional theory (DFT) calculations. The temperature
dependencies of the NMR Knight shift and 77" ! _microscopic quantities sensitive only to bulk states—
imply bulk gap-like behavior confirming that PuB4 is a good candidate topological insulator. The
large contrast between the **?Pu orbital shifts in the ionic insulator PuOs (~ +24.7 %) and PuB4
(~ —0.5 %) provides a new tool to investigate the nature of chemical bonding in plutonium materials.

PACS numbers: 76.60.-k, 76.60.Es

Topological insulators have received much attention re-
cently due to the experimental verification of the theo-
retical prediction of topologically nontrivial symmetry-
protected surface states [1, 2]. Kondo insulators are f-
electron systems with strong correlations in which hy-
bridization of the f-electrons with conduction electrons
forms a gap at the Fermi level [3]. Strong spin-orbit cou-
pling can result in a topological Kondo insulator in which
band inversion drives the emergence of nontrivial topo-
logically protected gapless surface states [4, 5]. Samar-
ium hexaboride (SmBg) is the primary candidate exam-
ple of a topological Kondo insulator [6-9]. As compared
with rare-earth 4f-electron systems, the actinide 5f-
electron systems have more spatially-extended f-electron
wave functions, which generally results in an enhancment
of the energy scales involved [10-12]. Plutonium (Pu)
materials display particularly complex physical proper-
ties due to the 5f-electrons lying on the brink between
bonding and non-bonding configurations [13, 14]. For ex-
ample, elemental Pu forms in six allotropes at ambient
pressure that vary in density by up to 25% [15, 16]. Pu
compounds display a wide variety of electronic ground
states including heavy-fermion behavior, magnetism, su-
perconductivity [17], and most recently the prediction of
topologically non-trivial states [12, 18].

Very recently, plutonium tetraboride (PuB,) has been
theoretically predicted to be a strong topological insu-
lator in which electronic correlations play an important
role [19]. The density functional theory (DFT) calcula-
tions predict a band gap A ~ 254 meV and dynamical
mean-field theory (DMFT) calculations find that elec-

tronic correlations significantly reduce the magnitude of
the predicted energy gap. Experimental measurements
from the same work find an increase of the resistiv-
ity with decreasing temperature and saturation at low
temperature reminiscent of the behavior of SmBg [20].
Fits to the temperature dependent resistivity yield an
energy gap A = 35 meV, which is taken as evidence
for correlation-induced suppression of the expected gap
value. PuB, forms in the tetragonal ThB4-type crystal
structure with space group P4/mbm (# 127) as shown in
Fig. 1(a) and was first reported nearly 60 years ago [21-
23].  Magnetic measurements of PuB, indicated that
the Pu magnetic moment is very small, on the order of
7.2 x 10~* emu/mol and shows little temperature de-
pendence [24]. This small magnetic susceptibility and
insulating-like electrical transport make PuB, an ideal
material in which to search for 23°Pu nuclear magnetic
resonance (NMR).

NMR is a powerful tool for the investigation of the
physics and chemistry of condensed matter in gen-
eral [27-30]. The ?*Pu nucleus has nuclear spin I =
and is of great interest as an on-site probe of the rich
f-electron physics of Pu. The first attempt to observe
239py NMR was performed on a-Pu more than 50 years
ago [31], however to date there is only a single report of
239Pu NMR [26] in the ionic insultor PuOy. The main
difficulty involved in observing 2*Pu NMR-and other
f-electron nuclei, in general-can be traced to the very
strong hyperfine fields at the nucleus produced by on-
site hyperfine coupling to the f-electrons. Consequently,
the resulting spectral width can be very large, and the
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FIG. 1. (a) Unit cell of PuBy illustrating the single pluto-
nium site and three inequivalent boron sites [25]. (b) Density
of states (DOS) and partial DOS as a function of energy cal-
culated within density functional theory including spin-orbit
coupling. The inset shows an expanded region near the Fermi
energy where there is an energy gap of A ~ 254 meV.

spin-lattice (T7) and spin-spin (T3) relaxation times can
be extremely short, which makes detection of the signal
difficult. These effects can be minimized in systems with
a gap in the electronic and spin excitation spectrum, as
evident in the case of PuOs, UO3, and YbB;2 [26, 32, 33].

Here we report the observation of, and the microscopic
properties extracted from 23°Pu NMR in powdered and
single crystalline PuB,. Crystals were grown by an Al-
flux method and sample preparation details are provided
in the Supplementary Material [34]. We deduce the res-
onant condition of 23Pu in PuBy 23%y(1 + Kpyup4)/27 =
2.288 +0.001 MHz/T from the powder spectra, and find
axial symmetry of the hyperfine interaction on the Pu
site. Both the powder and the single crystal Knight shift
K(T) of 239Pu show temperature dependence consistent
with gap-like behavior with a static energy gap (extracted
from the single crystalline K.(T') data) Ax ~ 156 meV.
The relaxation time is quite long—on the order of mil-
liseconds to seconds—even at the 239Pu site, indicating
that the f-electron configuration is non-magnetic. The
dominant temperature dependence of the spin-lattice re-
laxation rate T, (T') also shows gap-like behavior with a
dominant dynamic gap A, =~ 251 meV. We compare our
experimental NMR results with the density of states, cal-

culated within density functional theory including spin-
orbit coupling, which finds a gap of similar order of mag-
nitude. A weak low-temperature peak in 7, *(T) indi-
cates the presence of bulk in-gap magnetic states with a
gap 6 ~ 2 meV.

Our DFT calculations including spin-orbit coupling re-
veal a gap in the density of states (DOS) at the Fermi
energy Er of roughly 254 meV as shown in Fig. 1(b).
To account for the presence of correlations we also per-
formed DFT + DMFT calculations. Using a U of 4.5 eV
and high-order Slater integrals amounting to an effective
J =0.512 eV [35, 36] and attempting to stabilize a mag-
netic solution, we find that the self-consistent solution
recovers a non-magnetic state with a band gap at the
Fermi level of order 10.3 meV (see Supplemental Mate-
rial for further calculation details [34]). The appreciable
calculated gap in the DOS combined with an expected
non-magnetic ground state indicate the probable absence
of strong spin- and charge-relaxation channels, and there-
fore, we expect the spin-lattice relaxation rate in PuBy
to be long enough to observe the 23°Pu signal. The 239Pu
nucleus has I = % and the bare gyromagnetic ratio was
determined based on the initial observation in PuOs to
be 2394/21 = 2.2940.001 MHz/T [26]. Consequently, we
would expect to find an NMR signal in the field range of
roughly 7 to 9 T with an rf excitation frequency fy ~ 20
MHz. Indeed, for fy = 20.222 MHz we discovered an
asymmetric powder spectrum between 8.80 and 8.92 T
as shown in Fig. 2(a-b). To establish that the observed
signal is indeed due to 23°Pu from PuBy field-swept spec-
tra were collected at several frequencies. These spectra
are shown in Fig. 2(a) and they confirm the intrinsic na-
ture of the NMR signal.

The crystal structure of PuB,4 has a single Pu site with
oriented site symmetry m.2m (see Fig. 1(a)). For each
crystallite in the powdered sample the resonance con-
dition can be expressed as 27 fy = vBo(1l + K;) where
K; are the elements of the shift tensor for a given field
orientation and By is the magnetic field at which the res-
onance occurs for frequency fy. Although the local sym-
metry is orthorhombic in principle, the non-axial com-
ponents of the shift tensor are found to be extremely
close to zero from the spectral pattern in Fig. 2(b), i.e.,
it can be practically regarded to be tetragonal. Assum-
ing tetragonal symmetry for the hyperfine interaction on
Pu, the isotropic and axial shifts (K5, and K., respec-
tively) are extracted from the observed K. and K, us-
ing Kiso = (K¢ + 2K4)/3 and Ku = (K. — Kup)/3,
where the angular dependence of the shift is given by
K(0) = Kiso + Koz(3cos? 0 — 1).

The isotropic shift of 2%°Pu in PuBy is K;so(T =
4 K) = —0.09 4 0.04 % is obtained from the slope in the
frequency vs. field plot in Fig. 2(a). This value is notably
different from the shift K(T = 4 K) = 24.72 +0.04 %
of 2°Pu in PuOs [26]. To calculate these shifts we
have assumed the bare ?*%y/27 = 2.29 MHz/T as de-
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FIG. 2. (a) ?*Pu nuclear magnetic resonance (NMR) field-swept spectra of powdered single crystals of PuBy at several
frequencies at T' = 4 K. Spectra are normalized to the maximum value and offset vertically so as to correspond to the observed
frequency fo on the left axis. Red circles and line indicate the resonant condition of 2**Pu in PuB4 **%v(1 + Kpus,)/27 =
2.288 4+ 0.001 MHz/T (at T = 4 K) and green dashed line shows **%y(1 4+ Kpuo,)/27 = 2.856 & 0.001 MHz/T as determine
previously [26]. (b) 2*Pu NMR field-swept spectra at fo = 20.222 MHz offset vertically for several temperatures. Solid red
curves are best fits as described in the text. Vertical dashed line indicates zero shift K = 0 using 2*°v/27 = 2.29 MHz/T. (c)

9K .0 and 29K, vs temperature extracted from fits in (b).

termined from the study of PuOj [26]. K,.(T =4 K) =
—0.48 £ 0.01 % is also significantly different from the
shift found in PuOy [26] at the same temperature. It is
worth noting that the relatively small absolute value of
K, was crucial to find the 23?Pu signal in an anisotropic
environment.

The temperature dependence of the field-swept spectra
at fo = 20.222 MHz and the corresponding least-squares
fits are shown in Fig. 2(b). An axially symmetric shift
tensor remains a good approximation for all temperatures
measured. Fig. 2(c) illustrates that K4, has a small neg-
ative value with a positive temperature dependence, and
K, has a larger negative value with a smaller tempera-
ture dependence relative to K;s,. In general, K;,, orig-
inates from the spin-polarized Fermi contact interaction
and couples to the uniform spin susceptibility via the hy-
perfine interaction. K,, may be dominantly attributed
to the temperature independent orbital hyperfine inter-
action with a small temperature dependence resulting
from a reduction of the anisotropy of the spin suscep-
tibility with increasing temperature. The facts that the
spin-lattice relaxation time in PuB, is sufficiently long to
enable the observation of 2*Pu NMR, and that Knight
shifts are weakly temperature dependent imply that the
electronic state of Pu in PuBy is nearly nonmagnetic.
Assuming a local picture this implies either that Pu has
a 5f% configuration or PuB4 adopts a Kondo insulating
state.

Finally, we performed measurements on a single crystal
of PuB, for the external field applied along the ¢-axis. We

measured both the é-axis 23°Pu shift K. and T, * as a
function of temperature up to 300 K as shown in Fig. 3.
We fit the 239Pu inversion recovery curves to the form

My (t) = My (o) (1 = ae=(/T"), (1)
where My (00) is the equilibrium nuclear magnetization,
« is the inversion fraction, 77 is the spin-lattice relaxation
time, and ( is a stretching exponent that modifies the
expected single exponential behavior (8 = 1). We find
that 84,4 = 0.813, which is a measure of the width of the
probability distribution of T} [37], is independent of tem-
perature and may indicate sensitivity to self-irradiation
induced disorder [38]. Both K, and T, ! are consistent
with gap-like behavior, and T 1 exhibits a low temper-
ature maximum consistent with the presence of in-gap
states which are suppressed with applied magnetic field
as shown in the inset of Fig. 3.

From a chemistry perspective, the 239Pu orbital shift is
very different between PuOgy (~ +24.7 % [26]) and PuBy
(~ —0.5 %). The origin of the difference in magnitude of
the orbital shift is clear from the fact that in the case of
PuO; the Pu ion has a completely ionic Pu*t (5f4) state
and experiences strong cubic crystalline electronic field
giving rise to a non-magnetic ground state with a Van
Vleck orbital magnetism, which is the main source of the
hyperfine interaction to the Pu nuclear moment. In con-
trast, DFT + DMFT calculations point to PuB,4 being a
strongly correlated insulator with possible strong topo-
logical character, similar to the case of SmBg. In SmBg
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FIG. 3. Single crystal 2*Pu NMR data for external field
aligned along the crystalline ¢ direction. (a) Shift K. vs. tem-
perature and fit (solid line) to gap-like behavior as discussed
in the text which yields an energy gap Ax = 155.6 + 11.0
meV, but is not sensitive to the in-gap states. The inset shows
the model density of states p(E) vs. energy E employed in
the fits. (b) Spin-lattice relaxation rate T, ! vs. tempera-
ture and fit (solid line) to gap-like behavior as discussed in
the text which yields energy gaps Ar, = 251.3 £ 49.4 meV
and 6 = 1.8+ 2.4 meV. The external field was adjusted (from
8.5900 T at 5 K to 8.5455 T at 300 K) such that the observed
frequency was fo = 19.465 MHz for all temperatures. The in-
set shows the field dependence of T, ! at 7' = 5 K indicating
the suppression of in-gap states with applied external field.

the gap arises from hybridization between 4f and lig-
and electrons that give rise to a pronounced non-integral
value of the 4f configuration. Our results suggest that
this is also the case in PuBy. The large difference in
orbital shift between PuOs and PuB, clearly indicates
that 239Pu NMR is highly sensitive to the degree of bond
mixing and the f-electron configuration. Furthermore,
the relaxation time is roughly two orders of magnitude
shorter than in PuOs [26], which likely reflects the differ-
ence in chemical environments between PuB, and PuOs.

The capability to measure 23°Pu was key to observ-
ing gap-like behavior in the static and dynamic spin-
susceptibilities as evidenced by the temperature depen-
dencies of K. and T; ' shown in Fig. 3. Our ''B measure-
ments of the temperature dependence of the Knight shift
(see Supplemental Material [34]) do not show any evi-

dence of gap-like behavior, likely due to the much smaller
value of the hyperfine coupling of the 'B nuclei to the
electrons as compared to the 23°Pu hyperfine coupling,
which is expected to be on the order of 150 T/pp. There-
fore, our 2*Pu NMR results are sensitive to otherwise
enigmatic physics in PuBy.

There exist a number of previous NMR studies
that find gap-like behavior of f-electron systems, e.g.
SmBg [39, 40], YbB12 [33], CesBiyPts [41]. Here we fol-
low the analysis scheme of SmBg [40] by fitting the tem-
perature dependence of the 239Pu Knight shift and spin-
lattice relaxation rate by assuming a simple model for
the density of states near the Fermi energy. The Knight
shift is given by,

K(T) / FET)L - f(E.T)p(E)E,  (2)

where f(E,T) is the Fermi function and p(F) is the den-
sity of states. The spin-lattice relaxation rate is given
by,

(T / FE T~ (B, T)p(B)dE.  (3)

We assume a simplified model of the density of states
(equivalent to that of Caldwell et al. [40]) given by,

p(E) = p;(T) for 6 < |E| < W; 4

=pfor A<|E| < W, (4)
and zero otherwise as shown in the inset of Fig. 3(a). We
perform least-squares fits using a Levenberg-Marquardt
minimization algorithm which iteratively recalculates the
model function via numerical integration of Eqns. 2 and
3 (see Supplemental Material for a full description of the
curve fitting [34]). The energy gap extracted from the
Knight shift Ax = 155.6 & 11.0. For the Knight shift
we find no indication of the presence of in-gap states,
that is p;(T") = 0, similar to the static susceptibility of
SmBg [40]. The dominant energy gap extracted from the
spin-lattice relaxation Ap, = 251.3£49.4 meV. A smaller
in-gap density of states p;(T) = pioe~ "/ with an energy
gap § = 1.8 & 2.4 meV was also found to be consistent
with the small low temperature enhancement of T, *(T).
The discrepancy between the static gap Ak and the dy-
namic gap A, has been observed in numerous spin-gap
systems [42] and is related to differences in the processes
that contribute to the Knight shift and the spin-lattice
relaxation. In the majority of these spin-gap systems the
dynamic gap Ap, > Ak and on average Ap, /Ag = 1.73.
In the case of PuB4 we find Ay, /A =1.6+0.3.

While NMR is not sensitive to the surface states in
bulk powders or single crystals [43], it is a powerful
microscopic probe of the bulk properties of topological
materials. Our 23Pu NMR results are consistent with
a bulk gap which is only slightly suppressed from the
DFT+SOC calculated value of 254 meV. In addition to



the dominant gap-like behavior evidenced by K.(T) and
T, H(T), we also find a small peak at low temperature
that is reminiscent of the "B T, }(T) in SmBg [39] and
YbBi2 [33]. In SmBg the peak is thought to be due to
bulk magnetic in-gap states, and while the nature of these
states is still controversial, it has been suggested that
these states are identical to the topologically protected
surface states [44]. In PuB4 we find that 7, (T = 5 K) is
strongly field dependent as shown in the inset of Fig. 3(b),
which is similar to previous field dependent measure-
ments of SmBg [40].

These results motivate further investigation of the field
and Pu-substitution dependence of T} ! over a wide tem-
perature range. Previous transport measurements find
a much smaller gap A = 35 meV [19]. This is also the
case in YbBja, where NMR finds a larger gap than re-
sistivity, and may be related to the presence of in-gap
states which account for the low temperature enhance-
ment in 7;°'. This discrepancy motivates Hall coeffi-
cient measurements in PuBy4 (which in YbB15 agree with
the NMR-measured gap), as well as surface-sensitive tun-
neling or spin-polarized ARPES measurements. Finally,
we note that measurements comparing 1'B and 1°B T} !
in YbB1s and Ybg.g9Lug.g1B12 provide evidence for an-
other interpretation of the low temperature relaxation
enhancement, namely that it may be driven by fluc-
tuations of defect-induced magnetic centers and spin-
diffusion-assisted relaxation [45]. These YbBjs results
motivate further measurements and comparison of ''B
and OB T;! in PuB,.

To conclude, we have performed 23°Pu NMR measure-
ments for the second time ever in powdered and sin-
gle crystalline PuB,. We extracted the isotropic and
anisotropic shifts from the uniaxially symmetric powder
pattern and demonstrate that one can observe the 239Pu
NMR signal in anisotropic environments and up to room
temperature. The large contrast of the orbital shift be-
tween the purely ionic insulator PuOs (~ +24.7 %) and
band insulator PuBy (~ —0.5 %) provide us with new
tool to investigate the nature of the chemical bond based
on the value of the 239Pu shift. Single crystal 23°Pu NMR
measurements of K.(T) and T, *(T) provide unique ac-
cess to bulk gap-like behavior with an energy gap that
is only slightly suppressed with respect to DFT4+SOC
calculations, and T; (7)) also evidences the existence of
bulk in-gap states. Our confirmation of a bulk gap mo-
tivate future surface sensitive measurements to confirm
the theoretical prediction that PuBy is a topological in-
sulator.
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