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Abstract

In this work, we performed systematic Nuclear Magnetic Ressonance (NMR) and mag-
netic susceptibility experiments in CeCuSb, singlecrystals. We obtained the NMR spectra
and the transferred hyperfine coupling for the °>Cu site aiming to observe the correlation
between the hyperfine coupling and the crystal eletric field (CEF) effects. Besides, we
tried to elucidate the magnetic structure through NMR measurements at different mag-
netic fields alignments. We observed a magnetic transition at T ~ 8 K much higher than
the Neel temperature Ty, measured by magnetization suggesting the developing of short
range magnetic order at this temperature. Also, the wipe out of the main resonance line
and a persistent spin-echo signal through all the frequency swept range further support
an incomensurate magnetic structure. Furthermore, the small values found for the trans-
ferred hyperfine coupling constant suggest a scenario much more localized than that ob-
served for the CeTIng (T = Co,Rh,Ir). Additionally, a drastic change in the hybridization
of the %Cu site with the 4f Ce®" electrons in distinct magnetic field orientation leads to
a possible mapping of the 4f CEF ground-state orbital via NMR measurements.
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Figure 1: a) CeCuSb, sample used in the study. b) CeCuSb, structure with a scheme
of the transferred hyperfine coupling By,¢ below.

1 Introduction

In recent years, scientists put much effort into understanding unconventional superconductiv-
ity [1,2] and several new families of possible superconductors were found [3,4]. One of them
is the heavy fermions superconductors. They had shown promising underlying physical prop-
erties, mainly due to the interplay of the Ruderman-Kittel-Kasuya-Yosida (RKKY) and Kondo
interactions [5], which leads to a plethora of complex quantum condensed matter phenom-
ena beyond superconductivity. Properties like field-induced and quantum phase transitions,
coexistence of magnetism and superconductivity, and many others are not uncommon in such
systems [6,7]. However, a lower energy scale often despised that showed to play an impor-
tant role in the definition of the ground-state properties of these materials is the crystalline
electric field (CEF) [8]. Recently, a study exhibited a direct relation between the magnetic and
superconducting transition temperatures (Ty and T, respectively) with the CEF effects for the
Ce-115 family [9]. Moreover, a recent essay established a connection between the CEF and the
transferred hyperfine coupling for the same compounds, through nuclear magnetic resonance
(NMR) [10].

To observe whether the connection holds for other heavy fermion compounds such as
CeCu(Bi,Sb),, we performed systematic NMR for the ®3Cu sites (I = %, Yy = 11.285 Mfz) and
magnetic susceptibility measurements in CeCuSb, single crystals. Through the Knight shift
data, we directly extracted the transferred hyperfine coupling By,¢ via the Clogston-Jaccarino
plot [11]. Moreover, within a mean-field framework, we obtained the CEF parameters from
magnetic susceptibility fittings [12]. Finally, with previous results reported for the CeCuBi,
sample [13], we could evaluate the correlation between the CEF parameter and the hyperfine
coupling in this family.

In addition, we have also attempted to elucidate the CeCuSb, magnetic structure anisotropy
through NMR measurements, mainly in two field directions: perpendicular and parallel to the
crystallographic ¢ axis. Employing careful analysis of the Knight shift in both directions, we
obtained some hint about the orientation as well as the commensurability of the magnetic
structure.
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Figure 2: %3Cu NMR spectra in two magnetic field orientations parallel and perpen-
dicular to the ¢ axis at different temperatures. The resonance lines L1 and L2 were
indexed as shown.

2 Methods

CeCuSb, single crystals (Fig 1.a) were obtained via the flux-growth method and the crystallo-
graphic structure was verified and reported in [ 14]. We carried out the magnetic susceptibility
measurements using a commercial Superconductor Quantum Interferometer Device (SQUID)
at7T.

We performed the NMR measurements using a high homogeneity superconducting magnet
with a variable 12.1 T field in a Helium-4 cryostat. The rf coil was manufactured with silver
wire and set to be swept within the resonance frequency between 70 MHz > v > 80 MHz.
The frequency-swept *3Cu NMR spectrum were obtained by stepwise summing the Fourier
transform of the spin-echo signal.

3 Results and Discussion
The NMR spectra as function of temperature in both field orientations (perpendicular and

parallel to the crystallographic ¢ axis) are shown in Figure 2. One can observe some striking
features: There are mainly 2 resonance lines indexed as Figure 2. The broader line disappears
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Figure 3: Knight shift as function of temperature for both field orientations. We can
see a clear change in behavior right below ~ 10K due to the onset of the magnetic
transition.

at low temperatures where the onset of the magnetic order kicks in leading us to assign it as
the main resonance line in CeCuSb,. The other resonance is narrower and was attributed to
63Cu sites near intermetallic vacancies in the crystal due to its small shift.

We extracted the Knight shift shown in Figure 3 through best Gaussian fits of each peak. Itis
clear that all resonances probes the onset of an antiferromagnetic transition near T = 8 K. This
is unexpecting since the magnetic susceptibility measurements showed a Ty = 5.8 K indicating
that some short-range magnetic order settles down before the long-range antiferromagnetic
ordering. Furthermore, although unclear in Fig.2, we observed a persistent spin-echo signal
in the whole measured frequency range below 8 K, which suggests a possible incommensu-
rate magnetic structure for CeCuSb,. Additionally, as mentioned above, the main ®3Cu NMR
resonance signal disappears below the transition temperature, avoiding us to do a precise de-
termination of the magnetic structure of our sample. This complex magnetic structure could
also explain the supression of Ty, when compared with that of CeCuBi, [13], since it could lead
to a more unstable magnetic ordering able to settle down only at lower temperatures. This
corroborates with the rising magnetic frustration illustrated by the increase of the magnetic
frustration parameter (%) found in Ref [14].
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We also measured the magnetic susceptibility at the same magnetic field used in the NMR
measurements in order to obtain the hyperfine coupling constant. This can be accomplished
through the Clogston-Jaccarino plot of the Knight shift as function of the susceptibility shown
in Figure 4. Thus, from the slope of the data one may directly extract the hyperfine coupling

Hoic

022f
024
026
o028
030k
03z
034
036 |
038

0401 K- =0.72y,.-11.834

042
044 - c |= B';I_f,(r\{;uuaj | 1 1 1 | | : 1 1

| 1
18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

+ Line1

AFM

**Cu Knight Shift

Magnetic Susceptibility (10°emu/mol*Qe)
Hy/lc

n4al s Line1
K= C K]

S
o

S
fay]
T

S
s ]
T

“Cu Knight Shift (%)
&

K'=-3.89y,.+12.92
C" =B /(N )

14 16 18 20 22 24 26 28

S
la]
T

L
(=]

Magnetic Susceptibility (10°emu/mol*Qe)

Figure 4: Clogston-Jacarinno plots for both field orientations, H, L ¢ and H, || c.
The temperature is an implicit parameter. A clear linear behavior is observed for
T Z 10K (PM phase).

constant B for both field orientations for CeCuSb,. In Table 1, we present the hyperfine cou-
pling constants for each resonance observed in CeCuSb, and the CEF parameter a from the
literature [13, 14], which characterizes the degree of mixing between the J, manifolds and is
directly related to the spatial anisotropy of the 4f CEF orbital as detailed in Ref [10], in other
words, its the spin S = 5/2 contribution to the ground state wavefunction of the 4f' Ce3*
electrons as illustrated at Fig. 5. The results for By,; of CeCuBi, are also presented [13]. The
CEF ground state scheme for CeCuBi, and CeCuSb, is shown in Figure 5. However, although
we see a drastic change in the CEF parameters, there is no significant change in the °3Cu hy-



SciPost Physics

Table 1: Transfered hyperfine coupling constants and |+5/2) spin
ground state contribution (a) as illustrated in Fig 5. Here, Bl
(B1) stands for the measurements done with the external field
Hy || ¢ (Hy L ¢). One can see a drastic change in the 4f CEF parameter a but
this change is not probed by the hyperfine coupling for Hy L c. In the other
magnetic field orientation, the missing value for CeCuBi, is due to the metamagnetic
transition near 6 T.

L1 L2 CeCuBi,
a 0.43 0.43 0.98

Bl(kOe/ug) 2.1(1) 0.08(1) -

Bt(kOe/ug) 0.4(1) 0.02(1) 0.7(1)

[e=1£1/2) I7 = 0.89]+5/2)—043|F3/2)
<1 =0.2|1+5/2)+0.98|F 3/2) S Te=1E1/2)
~-5.16meV _ —.1.72 meV
]T=5/2 - ]T—S/Z R
IZ =0.98|+5/2)—0.2|F3/2) Il =0.43|+5/2)+0.89|F 3/2)
G CeCuBi, CeCuSh,

Figure 5: Scheme of the CEF ground state for the 4f ! Ce3" electrons for CeCu(Bi,Sb),
with the respective orbital shown below. Here, a is defined as the |5/2) contribution
to the ground-state.

bridization when the field is applied in the ab plane. Besides, if one compares the hyperfine
coupling results with the values obtained for the Ce-115 compounds, one realizes a rather
reduced energy scale indicating a lower ®*Cu hybridization with the Ce3* 4f' electrons. How-
ever, a clear increase in the hyperfine coupling for the main resonance line is noticed when
comparing the results in different the magnetic field orientation. This increase is related to a
larger |¥3/2) character of the Ce®* 4f CEF ground state wave function in CeCuSb, compared
to that in CeCuBi,, since the Cu-site is off the Ce plane. Therefore, this might indicate that
NMR is able to map the orientation of the 4f CEF orbital in the structure, as shown in the
scheme of Fig 6. Nonetheless, to confirm this claim for the CeCuBi, sample, a complete set of
field orientations to map the ground state orbital is required.

4 Conclusion

In conclusion, our study pointed out the possibility of an incommensurate magnetic structure
for CeCuSb, due to the sudden wipe out of the ®*Cu resonance line 1 and the higher Ty ob-
served. Also, we were able to probe the 4f' CEF ground-state orbital for this sample. The
low values of hyperfine coupling for both samples indicates a quite localized scenario if com-
pared with the members of the Ce-115 family. However, we observed a drastic change in the
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hyperfine coupling constant as function of magnetic field alignment, which might be related
to the actual spacial orientation of the 4f' CEF orbital in the crystal structure. Furthermore,
NMR is suggested as a suitable technique ideal to map the CEF ground state in heavy fermion
structures..
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Figure 6: Illustration of the 4f ' CEF ground-state orbital for slightly different values
of a and orientation in the CeCuSb, structure. One can see that a change in the
orbital alignment would drastically change the ®3Cu site hybridization with the Ce3*
4f! electrons probed by the hyperfine coupling constant.

Figure 7: Logo
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