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27A1 NMR studies of itinerant electron ferromagnetic NizAIC,
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Carbon-intercalation effects on weakly ferromagnetic Ni;Al have been studied by LN spin-echo NMR
techniques. The Knight shift K and the nuclear spin-lattice relaxation time 7 of YAl have been measured in
the carbon-intercalated NiAIC, with x=0, 0.01, 0.02, 0.05, and 0.1, whose Curie temperatures are 36 K, 18 K,
<2 K, <2 Kand <2 K, respectively. The magnitude of the negative 2TAl hyperfine coupling constants were
found to decrease at first, and then increase with the carbon intercalation into the body-center site of NizAl. The
linear relations between the 1/7T and the magnetic susceptibility y indicate that the three-dimensional ferro-
magnetic spin fluctuations are dominant in the Ni;AlC, system. We estimate the evolution of the characteristic
temperature of spin fluctuations, 7j, in frequency space when the system changes from weak ferromagnetism
to a nearly ferromagnetic state. Then, we analyze the temperature dependence of inverse magnetic suscepti-
bilities and discuss the feature of the spin fluctuations in this system. As a result, the carbon-intercalation effect
was found to be over a long range, inducing three-dimensional ferromagnetic quantum phase transition at x

~0.02.
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I. INTRODUCTION

Magnetic quantum phase transition and the associated
quantum critical behavior have been studied extensively in
some correlated electron systems. Compared with the
4f-electron compounds, 3d-transition-metal compounds have
seldom been studied recently in details.'>» Among them, there
have been still several reports on nearly or weakly ferromag-
netic materials such as MnSi,? Ni;Al* FeGe,> and ZrZn,.%’
The physical properties of these materials, such as electrical
conductivity, magnetism, etc., are well interpreted in the
frame of the self-consistent renormalization (SCR) theory of
spin fluctuations developed by Moriya and co-workers.®
Therein, the magnetic spin fluctuations play an important
role in determining the physical properties of these materials.
Furthermore, in the SCR theory, the nature of the spin-
fluctuation spectrum is characterized directly by two impor-
tant parameters, T, and T4, which characterize the widths of
the spin-excitation spectrum in frequency w and momentum
g spaces, respectively.® Here, we can estimate them from the
results of experiments such as magnetization measurements,
neutron scattering, and NMR relaxation measurements.”!!
Therefore, the feature of spin fluctuations has been studied
intensively in various systems and the quantitative agree-
ments between the experiments and theoretical calculations
have been found to be very well, thus far.!%!>!3 However, the
influence of an external parameter, such as external physical
pressure, chemical substitution, etc., on the spin-fluctuation
spectrum has hardly been studied systematically up to
now.!3!% Therefore, it is very important to study the evolu-
tion of the spin-fluctuation spectrum for a system from mag-
netic ordered state to the paramagnetic state crossing the
quantum critical point (QCP) for a fully understanding of the
3d itinerant magnetism.

Among these itinerant ferromagnets, now we are very in-
terested in the NisAl system, which is a typical weak itiner-
ant ferromagnet with the cubic CusAu structure.'> Ni atoms
are at the face-centered position of each cubic unit cell,
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where Al atoms are situated at the corner site of each cube.
The Curie temperature 7 can be suppressed to zero at the
critical P,=80 kbar for Ni;Al under pressure* and at the
critical concentration x,=0.10 for (Ni;_,Pd,);Al upon
substitution.'® The electrical resistivity measurements indi-
cate that the three-dimensional spin fluctuations are domi-
nant in this system. Recently, the magnetic measurements
on the carbon-intercalated Ni;AIC, showed that the magnetic
long-range order is suppressed by the carbon
intercalation.!”"!” The theoretical calculation suggested that
this may be due to the hybridization between Ni 3d and C 2p
orbitals.?2! Our magnetic measurements show that the spin
fluctuations of the itinerant electrons are dominant in de-
scribing the magnetic properties in this system, and the car-
bon intercalation leads to the modification of the electronic
state near the Fermi surface, which results in the drastic
change in the magnetism through the QCP." The systematic
changes in the electronic states and the magnetic spin-
fluctuation spectrum in this system have still been unclear so
far.

Since the nuclear magnetic resonance (NMR) is a local
probe of electronic spins through hyperfine interactions, it is
useful to understand the microscopic characteristics of elec-
tronic systems, including the spin dynamics of the magnetic
materials. In this paper, we report a systematic *’Al NMR
study of Ni;AIC, with the carbon intercalation of x=0, 0.01,
0.02, 0.05, and 0.1. Our results indicate that the ferromag-
netic spin fluctuations play an important role in determining
the magnetic properties of Ni;AlC, from the ferromagnetic
to paramagnetic states.

II. EXPERIMENTS

The polycrystalline samples of Ni;AlC, (nominal concen-
tration x=0, 0.01, 0.02, 0.05, and 0.1) were synthesized by
the arc-melting method in an atmosphere of high-purity ar-
gon gas (99.99%). Starting materials used in this study were

©2010 The American Physical Society
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FIG. 1. (a) Ni composition-y dependence of the Curie tempera-
ture 7¢ for NijAl,_,. The plotted data of the Curie temperatures are
reproduced from the former papers by de Boer er al. (Ref. 22),
Suzuki and Masuda (Ref. 23), Sasakura (Ref. 15), and Buis et al.
(Ref. 24). (b) Ni concentrations for Ni;AIC, with x=0, 0.01, 0.02,
0.05, 0.08, and 0.1.

99.9% pure Ni ingot, 99.99% Al ingot, and 99.8% carbon
sheet. The melting was repeated at least six times to ensure
the homogeneity. The arc-melted buttons were annealed at
1050 °C for 1 week in evacuated quartz tubes. No obvious
weight loss was found during the above process. After that
the annealed buttons were cut to small pieces of about 50 mg
by a diamond cutter. To remove the disorder in the samples
introduced through the mechanical treatments, these pieces
were annealed again with the same condition as described
above for 3 days.

For NijAl system, its magnetic properties are very sensi-
tive to nickel composition.?> The Ni composition dependence
of the Curie temperatures of NiyAl,_, is shown in Fig. 1(a).
So it is important to verify the final composition of samples.
We determine the Ni concentration for each sample with
energy-dispersive x-ray spectroscopy (EDS). Because the
carbon composition can hardly be determined by EDS, we
only determine the relative compositions of Ni and Al. As
shown in Fig. 1(b), the Ni concentrations are about
74.9*0.1% for all the samples. Furthermore, we found the
plot of our data of T (36 K) (Ref. 19) vs y (74.9%) is in a
good agreement with the previously reported phase diagram
in Fig. 1(a),’>?>2* resulting in the good reliability of our
EDS analyses. Thus, hereafter we represent the sample name
only as NizAIC, in this study.

The x-ray diffraction (XRD) pattern was collected with
Cu Ka radiation at room temperature. The XRD patterns of
Ni;AlIC, shown in Fig. 2 indicate that all the samples are in a
single phase of the CusAu structure. The samples are too
ductile to be crushed into powders. Therefore, the XRD pat-
terns were measured with the bulk samples. Some crystal
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FIG. 2. X-ray diffraction pattern for NizAlC, at room tempera-
ture. The inset shows the x dependence of the lattice constant a.

planes may align along the bulk surface leading to the em-
phasis of the diffraction intensity due to this plane. As a
result, pattern intensities differ from those of the powder
pattern. Here, peak intensity ratio does not show consistency
with x. On the other hand, the relatively large error of 26 is
usually obtained at low angle range. Therefore, we use the
extrapolation method to refine the lattice parameters, i.e., we
obtain the lattice parameters from the a vs sin? @ plot with
26 extrapolated to 180°. The inset of Fig. 2 shows the
carbon-concentration dependence of the lattice constant a.
The slightly increase in a with increasing carbon concentra-
tion x may be ascribed to the carbon intercalation into the
body-center site of NizAl. As shown latter, the systematic
changes in magnetic properties of Ni;AIC, can be ascribed to
this carbon-intercalation effects.

The magnetization measurements were performed using a
superconducting quantum interference device (SQUID) mag-
netometer in the temperature range from 2 to 300 K with
applied magnetic fields H up to 5 T. For the observation of
2’Al NMR signals (nuclear spin I=5/2, the nuclear gyro-
magnetic ratio 2’y/27=11.094 MHz/T), a phase-coherent
pulsed NMR spectrometer was utilized. The NMR frequency
spectra were obtained by plotting the spin-echo intensity vs
frequency. The external magnetic field used for the NMR
measurements was fixed to H=7.4847 T.

III. RESULTS AND DISCUSSION
A. Magnetic susceptibility

Figure 3(a) shows the temperature dependence of inverse
magnetic susceptibilities x '(=H/M) of Ni;AIC, (x=0,
0.01, 0.02, 0.05, 0.08, and 0.1). The Curie-Weiss (CW) be-
havior was observed for all the samples in the high-
temperature region. The x dependence of the Weiss tempera-
ture @ (estimated from the CW fit of y) and the Curie
temperature T¢ (determined from the Arrott plots, i.e., M? vs
H/M plots)'® are shown in Fig. 3(b). The ferromagnetic
long-range ordering was completely suppressed at about x
=0.02: the T approaches to zero at about x=0.02, and the
sign of the Weiss temperature € changes from positive to
negative around x=0.04.
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FIG. 3. (a) Temperature dependences of inverse magnetic sus-
ceptibilities x~! for Ni3AIC, (x=0, 0.01, 0.02, 0.05, 0.08, and 0.1)
measured at magnetic field of H=0.1 T. (b) The x dependence of
the Curie temperature 7 and the Weiss temperature 6.

B. Knight shift and hyperfine coupling constant

Figure 4 shows the frequency-swept >’Al NMR spectra at
several temperatures for NizAlC, with x=0.01, 0.02, and 0.1
in the external magnetic field of H=7.4847 T. Near the
room temperature, we found that the linewidths of spectra
for x=0, 0.01, and 0.02 are almost the same, and found the
slight broadenings of the spectra for x=0.05 and 0.1. On the
other hand, with decreasing temperature, the 27Al NMR
spectra were observed to be broadened very much for all the
samples. Below 100 K, the NMR linewidths for x=0, 0.01,
and 0.02 were much larger than those for x=0.05 and 0.1.
Usually, the two origins of broadening should be considered
through the magnetic and the quadrupole interaction. Since
the 2’Al nuclei are at the cubic sites, a broadening due to the
quadrupole interaction is not expected. However, because of
the carbon intercalation will lead to the local distortion of the
lattice, the broadening due to the quadrupole interaction may
be expected. With the increase in the carbon concentration,
the local quadrupole interaction will be dominant at high
temperatures. This may be the reason for the broadening of
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FIG. 5. Temperature dependence of 2TAl Knight shift YK of
NizAIC, (x=0, 0.01, 0.02, 0.05, and 0.1).

the spectra with x=0.05 and 0.1 near room temperature. We
should note that the large increases in linewidths of the spec-
tra with decreasing temperature cannot be explained by the
quadrupole interaction. Therefore, this kind of broadening
may arise from magnetic interaction, such as the inhomoge-
neous distribution in magnitude of the magnetic moment of
the Ni atom.?

Figure 5 shows the temperature dependence of 2TAl
Knight shift ?’K. The magnitudes of Knight shifts are esti-
mated from the peak frequencies of the 2TAl NMR spectra as
shown in Fig. 4. The Knight shifts ’K show the CW-type
temperature dependence and decrease monotonically with
decreasing temperature. In Fig. 6, the Knight shifts *’K for
all the samples are plotted against the uniform magnetic sus-
ceptibility y=M/H with temperature as an implicit param-
eter. The uniform magnetic susceptibilities used here were
measured by a SQUID with a magnetic field of 4.5 T.

Usually, for the d-band metals, the bulk magnetic suscep-
tibility x can be decomposed into several components as

(1)

where x4(7) and x4, are the spin and orbital susceptibilities
of d electrons per Ni atom, x, is the spin susceptibilities of s
and p conduction electrons, and yy;, is the diamagnetic sus-
ceptibilities of core electrons. Only x4 can be assumed to

X(T) = 3Xd(T) + 3Xorb + Xs + Xdia>

2 [NLAIC),, Ni,AIC, NLAIC,, |
E [ : _ L -
g [ISK 1 1ok 1
220 | ‘ 10 K
Z | 30K ‘ -23%1‘ " 4| 20k i
§ | 40K . K 30K
ki 60 K ‘ 60 K ‘
g | 80K i 40 K- /I
8 [ 100 K n 100 K 100 K
' 150 K - -
E‘? ok 150 K
2 - 4L i 200 K
= | @ 250k (b) © 350k}
S 20KAL L 20K | b BOKAN
81.0 820 830 810 8.0 830 810 80 830

Frequency (MHz)

FIG. 4. Frequency-swept 2TAl NMR spectra of NizAIC, (x
=0.01, 0.02, and 0.1) at the external magnetic field of H
=7.4847 T. The dotted lines show the zero Knight shift YK =0 for
27
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FIG. 6. ?’Al Knight shift Yk plotted against magnetic suscep-
tibility with temperature as an implicit parameter (K-y plot) of
NizAIC, (x=0, 0.01, 0.02, 0.05, and 0.1).
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TABLE 1. The Al hyperfine coupling constant of the
Ni;AIC,.

Apg
X (kOe/ ugNi)
0 -7.8
0.01 -5.0
0.02 -8.7
0.05 -94
0.1 -22.8

depend on temperature. The linear relations in the K-y plots
as seen in Fig. 6 indicate that the microscopic susceptibilities
at the Al site is governed by the bulk susceptibility originat-
ing from the Ni 3d electrons. Furthermore, 2TAl nuclei can
be thought to see only the hyperfine fields transferred from
Ni 3d spins through the conduction-electron bands and/or
d-p-band hybridizations. Therefore, this field which 2TAl
sees is so called the transferred hyperfine field. Thus, the
temperature-dependent part of the ’Al Knight shift origi-
nates from Ni x4(7) and given by

A
27 K( T) ~ hf
N,

AMB

Xd(T) ’ (2)

where N, is Avogadoro’s number and g the Bohr magneton.
The *’ Al hyperfine coupling constants A, estimated from the
slops of the K-y plots are listed in Table I. For NijAl, our
result is almost the same as that reported before.”> It was
found that the magnitude of hyperfine coupling constant Ay
decreases first and then increases with the increase in carbon
intercalation x. Here, the transferred hyperfine fields at the
7TAl site away from the carbons are thought to be modified
by the intercalated carbon as well. The carbon intercalation
may cause carrier doping effects but may not bring local
impurity effects. For all the samples, the hyperfine coupling
constants Ay’s are negative. Since 2’Ay; is isotropic, the di-
pole field from Ni moments is not predominant at the Al site.
The core polarization due to the Al 3p electrons is also ex-
cluded because it should give a positive value of the hyper-
fine coupling constant.’® In order to explain the negative
value, an exchange-polarization-transfer mechanism to an
empty orbital of the Ni ion might be considered.”’” The mag-
nitude of A;; for x=0.1 is three times larger in magnitude
than that of the pure NijAl.

C. Nuclear spin-lattice relaxation rate 1/T

Figure 7(a) shows the temperature dependence of the 2TAl
nuclear spin-lattice relaxation rate 1/7; for Ni3AIC, with x
=0, 0.01, 0.02, 0.05, and 0.1. The T, was measured at the
peak frequency of the NMR spectrum, and determined by
fitting the recovery curve to a single exponential function
Ocexp(—TL]). The observed 1/T| decreases monotonically with
decreasing temperature but does not follow a simple Kor-
ringa relation (1/7,T). In Fig. 7(b), we present the tem-
perature dependence of the >’Al nuclear spin-lattice relax-
ation rate 1/7; divided by temperature 7, 1/7 7.
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FIG. 7. (a) Temperature dependence of the nuclear spin-lattice
relaxation rate 1/T of 2’Al of Ni;AIC, with x=0, 0.01, 0.02, 0.05,
and 0.1 measured at the external magnetic field H=7.4847 T. (b)
The corresponding temperature dependence of 1/7,T for each
sample.

In general, 1/T,T can be written as the wave-vector g
summation of the imaginary part of the dynamical electronic
susceptibility ¥"(¢,w,) as®

1 yk X'(q,®,)
— =0 Al P,
T pgh-, w,

3)

where A(q) is the g-dependent hyperfine coupling constant
and w, the NMR frequency.

For NisAl i.e., x=0, compared with the result of Uemura
et al.,” the peak of 1/T,T near T, which originates from
critical ferromagnetic spin fluctuations, was almost sup-
pressed by the strong magnetic field of H=7.4847 T applied
in the present experiment, and only a slight temperature de-
pendence of 1/T,T was observed as seen in Fig. 7(b). With
the same reason, we might believe that the spin fluctuations
are suppressed for x=0.01, 0.02, 0.05, and 0.1 samples as
well. However, for x=0.05 and 0.1, the 1/7,T data show
monotonic increases and large enhancements in their magni-
tudes with the decrease in temperature, indicating that the
low-frequency spin fluctuations are greatly enhanced in the
case of x=0.05 and 0.1. These results are quite different from
the x dependence of the uniform susceptibility x(¢=0,w
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FIG. 8. 1/T,T of Ni3;AIC, (x=0, 0.01, 0.02, 0.05, and 0.1) plot-
ted against the susceptibility y with the temperature as an implicit
parameter.

=0), where the uniform susceptibility is suppressed with the
carbon intercalation. As shown in Eq. (3), 1/T\T
*3 An(q)*X"(q,,)/ »,, the three-dimensional ferromag-
netic fluctuations are dominant in these samples. Further-
more, for x=0.05 and 0.1, the enhancement of 1/7,T can be
ascribed to not only the increase in the hyperfine coupling
constant Ay, but also the strongly enhanced spin fluctuations
in these samples.

In order to obtain the information about spin-fluctuation
character, the comparison between 1/7,7T and Knight shift
(or x) are necessary. If antiferromagnetic (AFM) correlations
are dominant, the dynamical susceptibility has peaks at the
AFM wave vector Q apart from ¢=0, i.e., g=1, therefore
1/T,T is mainly dominated by y(Q). In contrast, when fer-
romagnetic correlations are dominant, the dynamical suscep-
tibility shows a peak around ¢=0, thus, 1/7,T is dominated
by the component x(g=0).

When the Knight shift and 1/7,T arise from s electrons,
the Korringa relation 1/7;7T=constant is known to be satis-
fied. However, our data show that the 7" dependence of 1/T;
does not follow the simple Korringa relation. Here, we first
discuss the spin fluctuations in these compounds at low tem-
peratures in the framework of the modified Korringa relation.
In general, the modified Korringa relation is written at low
temperatures where the random-phase approximation is valid
for spin fluctuations as

So
T,TK?

=K(a), (4)

(1-a)

a) = . 5
M @ | ©
Xo JF

Here, So=(v,/v,)*(h/47ks)=3.88X107° (sK) for *’Al,
where vy, and 7, are the electron and nuclear gyromagnetic
ratios, respectively, « is the Stoner enhancement factor, y,
and xo(g) the static susceptibility and the g mode of the
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FIG. 9. (1/T,TA?)4 of Ni3AIC, (x=0, 0.01, 0.02, 0.05, and 0.1)
plotted against the d-electron part of susceptibility x4 with the tem-
perature as an implicit parameter.

generalized susceptibility of noninteracting electrons, respec-
tively, and [--- ]y stands for the average over the Fermi sur-
face. The ratio K(«) provides the important information on
magnetic correlations. If K(a) <1, the spin fluctuations are
enhanced around ¢=0, leading to that the ferromagnetic cor-
relations become significant. By using the experimental val-
ues of 2’K and 1/T,T, K(«a) are estimated to be about 0.02
for x=0, 0.01, 0.02 and K(a)=0.05 for x=0.05 and 0.1 at
low temperatures. The values of K(«) are much smaller than
1, which evidences a predominance of ferromagnetic corre-
lations for all the samples.

Next, we discuss the behavior of 1/7,T at finite tempera-
tures in the frame of the self-consistant renormalization
(SCR) theory. The 1/T,T can be obtained from Eq. (3) as

1

- koxa(T) + B (6)
in the case when three-dimensional ferromagnetic fluctua-
tions are dominant in the SCR theory,® where &, is the coef-
ficient written by spin-fluctuation parameters as explained
later. Figure 8 shows the 1/T,T-y plots for all the samples
with temperature as an implicit parameter. The good linear
relations were found between 1/7,T and x4 for all the
samples at high temperatures, indicating that the ferromag-
netic spin fluctuations possess three-dimensional characteris-
tics in NizAlC, and can be quantitatively explained by the
SCR theory. The relation 1/7T,T*y4 has been observed
in some itinerant magnetic compounds, such as
Y (Co,_,Al,),,'3?® Sr,_.Ca,Ru05,”° and MnSi.’

As we will shown hereafter, the slope of the 1/7,T-y plot
not only includes the information of the energy scale of fer-
romagnetic spin fluctuations, that is 7, but also the informa-
tion of the hyperfine coupling constant A;;. Because the hy-
perfine coupling constant show the carbon-component x
dependence, it is necessary to eliminate the influence of Aﬁf
from 1/7,T in order to obtain an insight into the influence of
the carbon intercalation on the ferromagnetic spin fluctua-
tions. For this propose, at first, we fit the 1/7,T-x curve
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shown in Fig. 8 with Eq. (6), and get the value of
temperature-independent part of 1/7,7, 3, from the intercept
of the 1/T,T axis. Although the temperature-independent
part of magnetic susceptibility was thought to be consider-
ably small for Ni;AlL> here we can get the d-spin part sus-
ceptibility x4 from the K-y plot in Fig. 6 approximately.
Then, we deduce the d-electron part (1/T,T)4. As a result,
we get the (1/T,TAZ) s x, plot as shown in Fig. 9. The linear
relationships are found between them in Fig. 9. Furthermore,
we found that the slope of the line shows the large carbon-
concentration dependence, which indicates that the carbon
intercalation leads to the changes in the ferromagnetic spin-
fluctuation spectrum in Ni;AlC,.

Consequently, from our NMR measurements, we found
that the carbon intercalation modifies the electronic state
near the Fermi surface, which leads to the changes in the
hyperfine coupling constants Ay, furthermore, the changes in
the ferromagnetic spin-fluctuation spectrum in NizAlC,. In
order to investigate how the ferromagnetic spin-fluctuation
parameters are modified, the measurements of magnetic field
dependence of T, are desired to be conducted.

IV. DISCUSSION

In this section, we show that the present spin-lattice re-
laxation results are interpreted in a quantitatively consistent
way based on the framework of the SCR theory. Originally,
the SCR theory was developed by Moriya and co-workers in
order to interpret the nearly and weakly magnetism in the
itinerant systems.® The dynamical susceptibility x”(g,w) is
characterized by two energy scales, T;, and T, which corre-
spond to magnetic spin fluctuations in energy w and momen-
tum g spaces, respectively. Using the parameters, 7, and T,
and some other parameters such as the mode-mode coupling

constant F,, the Curie temperature 7, and the spontaneous
magnetization Pg and/or the 1/y, at 7=0, etc., the magnetic
susceptibility can be calculated for weakly/nearly ferromag-
netic materials according to the SCR theory.3%3!

The parameters F,, T¢, P, and/or 1/, etc., can be de-
duced simply from the magnetization measurements, the
problem is how to deduce the values of T, and T,. Usually,
T, can be obtained directly from the measurements of the
nuclear spin-lattice relaxation rate 1/7;. According to the
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SCR theory, the linear relation between (1/7,T) and y can be
found, and the slope k; of the 1/T,T-y plot is written as

_ [wAr(@Tvg
o= 4oy M

where T’ characterizes the energy width of the dynamical
spin-fluctuation spectrum. It always be transformed to the
temperature scale as follows:

_ I‘oqg
07 og

(8)

where gp is the effective zone-boundary vector given by
(672/vy)"" and v, the volume per magnetic atom. From the
slope of the 1/T,T-x plots, we get the values of k. Using the
Ay obtained from the K-y plot, we deduced the spin-
fluctuation energy width 7|y for each sample as shown in
Table II.

The most interesting feature of the concentration depen-
dence of T}, is that T, has a quite different value at the critical
concentration x ~ (.02 for the disappearance of the ferromag-
netism, which corresponds to the discontinuous change in the
hyperfine coupling constant Ay; at x=0.02. This behavior is
quite different from the pressure-induced QCP in MnSi (Ref.
14) and the Ca-substitution-induced QCP in Sr,_,Ca,Ru0;,%
where the T, decreases continuously as the system ap-
proaches to the QCP. The present results seem to be very
similar to the Y(Co,_,Al,), system, where the T, shows the
divergence near the QCP because of the discontinuous
change in the electronic state of 3d bands.'® Similarly, our
results suggest that the carbon intercalation leads to the dis-
continuous change in the Ni 3d electronic state at the critical
concentration x~0.02. The details are still unclear for the
moment.

On the other hand, in order to get the value of T, the
neutron-scattering experiments are needed. Unfortunately, it
seems that there is no published data of 7, for these samples
which can be used for our analysis. Therefore, we will dis-
cuss here for these samples by using the parameter value,
T,=3.09 X 10* K, estimated for NizAl from the neutron-
diffraction experiments.>> Then we can calculate the inverse
magnetic susceptibility for these samples with the following
expressions:

TABLE II. Spin-fluctuation parameters of NisAIC,. The value of 7|, estimated from the NMR measure-

ments and F; were estimated from the slope of the Arrott plots. T were calculated from Eq. (7). T, and F |
were determined from the simulations of the inverse magnetic susceptibilities as described in the text.

T, T,
X (KC) (KO) T, (X10* K) " (X10% K) F; (X10° K) F; (X10° K)
0 36 3800 43 6.1 1.3 2.6
0.01 18 1700 32 43 1.6 2.9
0.02 4100 5.4 3.9 1.8 1.0
0.05 700 25 1.8 23 1.3
0.1 1000 34 3.7 3.0 3.7
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For weak ferromagnetic materials, y~'=47"T,x/3, u=z(y
+2)/t, p=(TcIT)', fi=F\P2I8T 7, v=1T,/U, c
=0.3353..., t=T/T¢, and U the intra-atomic exchange
energy (~10* K).%1%12 On the other hand, for nearly
ferromagnetic metals, y=x(0)/x, wu=z(+y)/t', K}
=1/2aTyx(0),  5=15FTy/2(aT,)?>, and ¢'=T/T*,
T*=T,K;.>' Here W(u) is the digamma function. The calcu-
lated temperature dependence of the inverse susceptibility
for NizAIC, is shown in Fig. 10(a) by solid lines. The agree-
ments are fair at low temperatures.

Recently, Takahashi developed the SCR theory by assum-
ing the conservation of the sum of the zero-point and thermal
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| O x=0.01 o]
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FIG. 10. (Color online) Simulation of temperature dependence
of inverse magnetic susceptibilities (H/M) for NizAlIC, (x=0, 0.01,
0.02, 0.05, and 0.1). (a) Dotted lines represent the calculated inverse
magnetic susceptibilities based on the SCR theory with the param-
eters determined experimentally except 7. Solid lines represent the
simulation of H/M with the T4 deduced from Eq. (10) (b) Solid
lines show the best-fitted lines for each samples (see text).
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1/7] 1
J dzz{ln u— o ‘I’(u)} ) , for weak ferromagnet,
0

9)

for nearly ferromagnet.

spin fluctuations, and deduced the relation between F 1 Ta,
and T, as’?3

_ 4kgT,

= : 10
1= 57, (10)

which makes it possible to estimate the 7,4 from the magnetic
measurements. Thus, we can obtain 7, and T, easily from
the NMR and magnetic measurements without neutron-

scattering data. Using the value of F, reported previously,'
we deduced T, for each sample as shown in Table II. Using
these parameters we calculated the inverse magnetic suscep-
tibilities for NizAlC, numerically by Eq. (9) as shown in Fig.
10(a) with dotted lines. These results are quite close to the
results calculated only by the SCR theory with the 7, value
obtained for Ni;Al and shown by the solid lines in Fig. 10(a).

Of course, the discrepancy between the experimental and
the calculated results is found in the high-temperature range,
which may be due to many assumptions. Here, we use Eq.

(10) to modify our estimations of F; and T,. Then, we can

get F; and T which can give the best fit of the inverse
magnetic susceptibilities as shown in Fig. 10(b) by solid
lines. We succeed in obtaining very good agreements be-
tween experimental and calculated results as seen in Fig.
10(b). All the results are shown in Table II. For Ni;Al, our
results are two times larger than that had been reported. It
may be because the T for our NizAl is 36 K, which is a little
lower than that used in the former calculation.?® In our view,
the values of T, obtained by this method have the same order
of magnitude compared with the values obtained experimen-
tally, and can be considered reasonable.

In summary, though the C intercalation leads to the drastic
changes in the magnetic ground state and the ferromagnetic
spin-fluctuation spectrum, all the magnetic properties of
NizAIC, from the ferromagnetic to paramagnetic states can
be quantitatively understood by the SCR theory of spin fluc-
tuations. Furthermore, the discontinuous change in the hy-
perfine coupling constant and 7 may be connected with the
QCP behavior at carbon concentration x~ 0.02.

V. CONCLUSION

The magnetic properties of NisAlC, with x=0, 0.01, 0.02,
0.05, and 0.1 have been investigated by 27A1 NMR experi-
ments from a microscopic point of view. We found that the
magnitude of the negative 7TAl hyperfine coupling constant
decreases first, and then increases monotonically with the
increase in carbon concentration. The linear relationship be-
tween the 1/7,T and the magnetic susceptibility y indicates

134416-7
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the dominant of ferromagnetic correlations even in the case
with paramagnetic NizAlC,. Using the parameters estimated
from our experiments, we calculated the inverse magnetic
susceptibilities. Quantitative good agreements can be suc-
cessfully found between the experimental and the calculated
H/M, implying that the rapid disappearance of ferromag-
netic long-range ordering in NizAlC, should be regarded as
three-dimensional ferromagnetic quantum phase transition,
and that their magnetic characteristics including dynamical
properties can be explained by the SCR and Takahashi theo-
ries of spin fluctuations in the Ni;AlIC, system.

PHYSICAL REVIEW B 81, 134416 (2010)
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