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Abstract. We report a study of >Nb- and ?’Al-nuclear magnetic resonance (NMR) and nuclear
quadrupole resonance (NQR) in a praseodymium based compound PrNb,Aly. The observed NMR line
at around 3T and 30K shows a superposition of typical powder patterns of one Nb signal and at least
two Al signals. **Nb-NMR line could be reproduced by using the previously reported NQR frequency
vq = 1.8 MHz and asymmetry parameter 7 = 0 [Kubo T et al 2014 JPS Conf. Proc. 3 012031]. From
27 AI-NMR/NQR, NQR parameters are obtained to be voa = 1.53MHz, and 5, = 0.20 for the site A, and
vop = 2.28 MHz, and 555 = 0.17 for the site B. By comparing this result with the previous >’ AI-NMR study
of PrT,Aly (T =Ti, V) [Tokunaga Y et al 2013 Phys. Rev. B 88 085124], these two Al site are assigned to
the two of three crystallographycally inequivalent Al sites.

1. Introduction

Cubic Pr compounds have attracted much attention for a long time because of their intriguing
phenomena.[1, 2, 3] Recently, Pr7,X»9 compounds (I = Ir, Ti, V, Nb, X = Zn, Al) show
quadrupolar ordering, unconventional superconductivity, and non-Fermi liquid (NFL) behaviors at low
temperatures.[4, 5, 6, 7, 8, 9] In these systems, Pr-4f electron can have a nonmagnetic crystalline electric
field (CEF) I's doublet ground state which is magnetic dipolar inactive but higher order multipolar active.
In general, Pr-4f electron is strongly localized because of its strong Hund coupling. However, in Pr7>X»o,
each of Pr atoms is encapsulated in a cage consisted by 16 X atoms as shown in Fig.1. Thus, this large
coordination number leads strong c-f hybridization. The coexistence of these characteristic features
manifests novel phenomena. For example, Prlr,Znyy shows antiferroquadrupolar (AFQ) ordering at
Tq = 0.11K and superconductivity at 7. = 0.05K.[4, 6] PrTi,Alyy shows ferroquadrupolar (FQ)
ordering at 7q = 2.4K and superconductivity at 7. = 0.2K.[7, 8] PrV,Alyy shows AFQ ordering at
Tq = 0.75K, superconductivity at T = 0.05K, and NFL behaviors such as resisitivity p4y o \T,
susceptibility y47 oc — VT, and specific heat divided by temperature Cy4 7T o T'3.[7, 9] These behaviors
are ascribed to the quadrupolar degree of freedom of the I's ground state. The relation between NFL
behaviors and quadrupolar Kondo effect proposed by Cox[10] has been also discussed.

Recently, Higashinaka and co-workers successfully synthesized single crystal PrNbyAlyg.[5] No
phase transition was observed down to 0.6 K unlike other Pr7;X5g. Below 10 K, NFL behaviors such
as par o< T and C47/T oc —InT were observed. These behaviors may be attributed to the quadrupolar
degree of freedom, although no clear CEF level scheme is determined.
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Figure 1. A schematic crystal structure of Pr7,X5g.

In PrNbyAlyg, Al atoms occupy three crystallographically inequivalent sites: Al(1) is 16¢ site, Al(2)
is 48 f site, and Al(3) is 96g site. We previously reported >*Nb nuclear magnetic resonance (NMR) and
nuclear quadrupole resonance (NQR) studies and determined 3Nb-NQR parameters as NQR frequency
vq =~ 1.8 MHz, and asymmetry parameter 7 ~ 0.[11] However, 27 AI-NQR parameters could not obtained
yet because of the multiple inequivalent Al sites.

In this paper, we report the results of 93Nb- and 2’ AI-NMR and NQR measurements on PrNb,Aly.

2. Experimental

Single crystal samples of PrNb,Alyg were prepared by Al-flux method. Details of sample preparation
method are previously reported in [5]. In order to gain signal intensity, samples were crushed into
powder to avoid skin effect due to eddy current. NMR measurements were performed using a 12T
superconducting magnet and a phase-coherent pulsed spectrometer at magnetic fields around pugH =
3T and 7T. NQR measurements were performed using a glass dewar at 4.2K. *>Nb (nuclear spin
I = 9/2, nuclear gyromagnetic ratio *3y,/2r = 10.452MHz/T, and nuclear quadrupole moment
0 =-0.320x10"2m2)-and Al (I = 5/2, *y,/27 = 11.103MHz/ T, and Q = —0.1466 X 10728 m2
)-NMR/NQR spectra were obtained by tracing spin-echo intensity as a function of the resonance field
and frequency.

3. Results and Discussion

Figure 2 exhibits a NMR line obtained at fixed frequency f = 31.700 MHz and T = 30 K. The line is
considered to be a superposition of typical powder pattern lines. In order to reproduce the *>Nb- and
27 AI-NMR lines, we calculated resonance field for powder samples by an exact-diagonalization method
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Figure 2. The NMR line obtained at around uoH = 3T and T = 30K. A %3Cu signal arises from the
coil. A ?7Al signal may arise from the impurity. The inset exhibits the enlarged line profile around 2’ Al
central lines. A light green line shows the result of the simulation for “*Nb. Red and blue lines indicates
the result of the simulation for 2’Al. A dark green line is the sum of one *>Nb line and two 2’ Al lines.
Detail of the simulation is explained in the text.

for a (21 + 1) X (21 + 1) nuclear spin hamiltonian matrix. The hamiltonian is expressed as

H = —ynhl Ho + éhVQ {% [(3 cos® 0 — 1) +nsin® 6 cos 2¢] (3IZ2 - 12)

1 1

+ 1 sin20 (3 —ncos2¢) [I, Iy + 1-) + (14 + [2) ] + 1 [3 sin” 0 + 77(1 + cos? 9) cos 2¢] (Lzr + IE)
i i . )

+§77 sin@sin2¢ [I, (I, —1-)+ (I, - I-) L] — 37 cos fsin2¢ (I+ - I_)}. €))

The first term represents to the Zeeman interaction. The second term corresponds to the nuclear
quadrupole interaction. Here, & is Planck constant and 7 = h/2n. vq = 3equ/2hI(21 — 1) denotes
the NQR frequency where eq = V7 is the maximum principal value of the electric field gradient (EFG)
tensor at each site. n = (Vxx — Vyy) /Vzz exhibits the asymmetry parameter. Vyx and Vyy are the
principal values of the EFG tensor satisfying |[Vzz| > |Vyy| > [Vxx| hence 0 < < 1. Here, 6 and ¢
are polar and azimuth angle, respectively between the Zeeman coordinate and the EFG coordinate. For
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simplicity, we neglected the anisotropy of Knight shift.

A light green solid line in Fig. 2 is the result of the simulation using v = 1.8 MHz and = 0. The
agreement between experimental and calculated ones is good thus the validity of previously obtained
NQR parameters is confirmed.

As shown in Fig. 2, several sharp peaks were observed. The central line of the NMR powder pattern
spectrum (corresponding to (—1/2 < +1/2) transition) can be split by the second order perturbation of
the nuclear quadrupole interaction. Here, we assumed that peaks around 2.825 and 2.835T (e and A)
originate from one Al site (site A) and peaks around 2.845 and 2.865 T (m and ¢) originate from another
Al site (site B). Theoretically, the width of splitting of the central line Av by the second order perturbation
is expressed as

25vé[1(1 +1)-3/4]

Ay =
v 144v,

where vy = yH is the Zeeman frequency in the absence of nuclear quadrupole interaction.[12] By using
eq. (2),1 = 5/2, and vy = 31.700MHz, we extracted vq as voa = 1.5MHz for the site A and
vQ,B = 2.3 MHz for the site B.
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Figure 3. 2’ AI-NQR lines obtained at 7 = 4.2 K. Intensities are normalized. Red and blue solid lines are
the simulated transition lines explained in the text.

Next, we calculated resonance frequencies for NQR by using these vg and eq. (1). Figure 3 shows
27 AI-NQR lines obtained at 4.2 K and the results of the simulation. vq and 7 are estimated by the trial and
error method, and are obtained to be vo A ~ 1.53MHz, na =~ 0.20 and v =~ 2.28 MHz, ng =~ 0.17 for
sites A and B, respectively. The agreement between experimental and calculated results is satisfactory
good.

The red and blue solid lines in Fig. 2 are the results of the simulation using these NQR parameters.
The dark green line shows the sum of these three (one Nb and two Al) simulations. The simulation well
reproduces the experimental line. However, lines around 2.80 T could not be reproduced. We speculate
that this signal originates from Al(1) site because of its small fraction against lines from sites A and B.

Tokunaga and co-workers performed 2’ AI-NMR experiments for single crystal PrT,Aly (T = Ti, V),
and determined 2’ AI-NQR parameters.[13] In Tab. 1, the 27A1-NQR parameters for Pr7,Alyg (T =Nb,
Ti, and V) are summarized. vqg and 17 of PrNbyAlyg are larger than the ones of PrTi;Alyg and PrV,Aly.
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However, parameters of site B are close to the ones of Al(2) site. Thus, we speculate that site B
corresponds to Al(2) site and site A corresponds to Al(3) site. To assign these 27AI-NMR/NQR lines
without ambiguity, the measurement of the temperature dependence of Knight shifts of these Al sites is
essential and is now in progress.

Table 1. Comparison of 27Al—NQR parameters of PrT;Alyy (T = Nb, Ti, and V). vq and 5 for T = Nb
are obtained in the present study, and for 7' = Ti, V are taken from [13].

PrNb, Alyg PrTip Alyg Prv;Aly
Site vo (MHz) n Site vq (MHz) n Site vq (MHz) n
A ~1.53 ~0.20 Al(2) 2.03 0.145 Al(2) 1.90 0.145
B ~2.28 ~0.17 Al(3) 0.92 0.39 Al(3) 0.84 0.30

4. Summary

We observed **Nb- and 2’ AI-NMR/NQR signals of single crystal PrNbyAly. From the spectral
simulation, *Nb lines were well reproduced by using NQR parameters we previously reported. We
deconvoluted the >’ AI-NMR/NQR lines and obtained 2’ AI-NQR parameters to be vo o =~ 1.53 MHz and
n = 0.20 for site A and vop ~ 2.28 MHz and 1 =~ 0.17 for site B. By using these %Nb- and ?’AI-NQR
parameters, the entire NMR line is well reproduced. In comparison with the result of PrTi;Alyy and
PrV;,Alyg, site A and B correspond to Al(3) site and Al(2) site, respectively. These results allow us to
investigate the microscopic electronic state and NFL behaviors of PrNbyAlyg.
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