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LaCrGes is an itinerant ferromagnet with a Curie temperature of 7. = 85 K and exhibits an
avoided ferromagnetic quantum critical point under pressure through a modulated antiferromag-
netic phase as well as tri-critical wing structure in its temperature-pressure-magnetic field (7-p-H)
phase diagram. In order to understand the static and dynamical magnetic properties of LaCrGes,
we carried out *°La nuclear magnetic resonance (NMR) measurements. Based on the analysis
of NMR data, using the self-consistent-renomalization (SCR) theory, the spin fluctuations in the
paramagnetic state are revealed to be isotropic ferromagnetic and three dimensional (3D) in nature.
Moreover, the system is found to follow the generalized Rhodes-Wohfarth relation which is expected
in 3D itinerant ferromagnetic systems. As compared to other similar itinerant ferromagnets, the
Cr 3d electrons and their spin fluctuations are characterized to have a relatively high degree of

localization in real space.

PACS numbers:
I. INTRODUCTION

Recently much attention has been paid to itinerant fer-
romagnetic (FM) compounds because of the observations
of unconventional superconductivity (SC) as well as char-
acteristic magnetic properties related to FM quantum
criticality under application of pressure (p) and magnetic
field (H)'". Interestingly, in itinerant FM compounds,
the FM quantum critical point (QCP) under p is always
avoided, which has been of great interest in experimen-
tal and theoretical studies. Usually, when the second
order paramagnetic (PM)-FM phase transition tempera-
ture (T.) is suppressed by the application of p, the or-
der of the phase transition changes to the first order
at the trictrtical point (TCP) before T. reaches 0 K at
the quantum phase transition (QPT). This is known as
the avoided QCP® !0, Here the QCP is a second or-
der quantum phase transition at 7 = 0 K.'' When the
PM-FM transition becomes of the first order at the TCP
in the p-T plane, the application of magnetic field (H)
leads to a tricritical wing (TCW) structure in the T-p-
H three dimensional phase diagram [see, Fig. 1(a)] as
found in UGes®? and ZrZn,'°. A PM-FM QCP can also
be avoided by the appearance of an antiferromagnetic
(AFM) ordered state under p near the putative QCP, as
actually observed in CeRuPO'?13 and MnP'415. In this
case, no wing structure has been reported and the AFM
state is suppressed by the application of moderate H, as
schematically shown in Fig. 1(b).

Such interesting phase diagrams have been theoreti-
cally well studied, and PM-FM QCP in clean itinerant
FM systems is suggested to be always avoided following
the above two scenarios. It has also been suggested that
the coupling of quantum fluctuations of particle-hole ex-
citations with the order parameter in metallic systems
can generically render the prior second order phase tran-
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FIG. 1: Generic temperature-pressure-magnetic field (7-p-
H) phase diagrams for clean itinerant ferromagnets. (a)
Schematic T-p-H phase diagram with a tricritical wing
(TCW) structure. The second order phase transition (solid
line) becomes first order (dashed line) at a tricritical point
(TCP). Under magnetic field, the TCW structure shown in
red emerge from the TCP. (b) Schematic T-p-H phase dia-
gram with an antiferromagnetic (AFM) phase in blue. The
AFM phase emerges from the Lifshitz point (LP) that is sup-
pressed under H.

sitions first order'6 2% or drive the system towards incom-

mensurate ordering states'”'8. In addition, magnetic
fluctuations may also play an important role to avoid
FM QCP as some systems exhibit phases such as incom-
mensurate magnetic ordered states'> ' and unconven-
tional superconductivity® 7. Therefore, the experimental
characterization of the nature of quantum fluctuations,
including magnetic fluctuations, in these classes of ma-
terials is important to illuminate the underlying mech-



anism that connects magnetism, quantum critically and
superconductivity.

Recently, the itinerant ferromagnet LaCrGes has been
discovered to be a new class of itinerant ferromag-
nets exhibiting the remarkable T-p-H phase diagram
where both the TCW structure and AFM phase are
observed?' 2%, LaCrGes crystallizes in the hexagonal
BaNiOs-type structure [space group P63/mmc(194)]%.
At ambient p, LaCrGes is FM below the Curie tempera-
ture T, = 85 K with an ordered magnetic moment at low
temperatures of 1.25 up/Cr aligned along the ¢ axis?!.
This small value of the magnetic moment compared with
the effective moment above T, (peg = 2.4 up/Cr)?® in
the PM state suggests some degree of delocalization of
the Cr 3d spins. T, can be suppressed with p leading
to a weakly modulated AFM state around 1.5 GPa and
T close to 50 K2!. Furthermore, it was also reported to
exhibit a TCP where the second order FM transition be-
comes of the first order at T" of around 40 K and p close
to 1.8 GPa?? yielding a TCW structure under H.

Motivated by the novel magnetic properties in
LaCrGes, we carried out nuclear magnetic resonance
(NMR) measurement which is a powerful technique to
investigate the magnetic and electronic properties of ma-
terials from a microscopic point of view. It is known that
the temperature dependence of the nuclear spin-lattice
relaxation rate (1/7}) reflects the wave vector g-summed
dynamical susceptibility. On the other hand, NMR spec-
trum measurements, in particular the Knight shift K,
give us information on local static magnetic susceptibil-
ity x. Thus from the temperature dependence of 1/77T
and K, one can obtain valuable insights into spin fluctua-
tions in materials. In this paper, we report the results of
139T,a NMR measurements performed to investigate the
spin fluctuations in LaCrGes. Our analysis, based on the
self-consistent renomalization (SCR) theory, reveals that
FM spin fluctuations due to Cr 3d spins are of 3D nature.
In addition, LaCrGes is well characterized by a relatively
high degree of localization of 3d spins although the sys-
tem is itinerant. Furthermore, the spin fluctuations are
also revealed to have a more localized nature in real space
compared to other similar itinerant FM materials.

II. EXPERIMENTAL DETAILS

Needle-like shaped single crystals of LaCrGes were
grown out of high temperature solutions, the details of
which are reported in Ref.2%. Plural single crystals used
for NMR measurements were placed in parallel on a glass
plate (5x5x0.2 mm?) to align their directions. The crys-
talline ¢ axis and the ab plane are parallel and perpendic-
ular to the needle direction of the crystal, respectively.
An NMR coil was tightly wound around the crystals in-
cluding the glass plate to reduce a loss of the filling factor
that is estimated to be about 0.6. NMR measurements of
139a (I = %, % = 6.0146 MHz/T, Q = 0.21 barns) nu-
clei were conducted using a lab-built phase-coherent spin-

echo pulse spectrometer. The '*?La NMR spectra were
obtained by sweeping H at fixed frequencies or by sweep-
ing frequency under constant H. H was applied paral-
lel to either the crystalline ¢ axis or the ab plane. The
zero-shift position corresponding to the Larmor field for
each resonance frequency was determined by 3'P NMR
in H3POy4 solution or 3Cu NMR in Cu metal.

The 139La nuclear spin-lattice relaxation rate (1/7%)
was measured with a saturation recovery method. 1/T}
at each temperature (T') was determined by fitting the
nuclear magnetization M versus time ¢ using the ex-
ponential function 1 — M(t)/M(cc) = 0.012e 4Tt +
0.068¢ 6/t 1-0.206e ~154/T1 +0.714e=28!/T1 where M (t)
and M (o0) are the nuclear magnetization at time ¢ after
the saturation and the equilibrium nuclear magnetiza-
tion at ¢ — oo, respectively, for the case of magnetic
relaxation?. The observed recovery data in the param-
agnetic state were well fitted by the function, indicating
that the nuclear relaxation is mainly induced by fluctu-
ations of the hyperfine field at the '?°La site. For the
analysis of NMR data, we measured the magnetic sus-
ceptibility x(7') of the single crystal at H = 7 T applied
parallel to the ¢ axis and to the ab plane in a commercial
Quantum Design superconducting quantum interference
device magnetometer.

III. RESULTS AND DISCUSSION
A. ¥ La NMR spectrum

Figure 2(a) shows the field-swept *La-NMR spectra
of LaCrGes at T' = 230 K for H parallel to the ¢ axis
(H||c) and to the ab plane (H||ab). The typical NMR
spectrum for a nucleus with spin I = 7/2 with Zeeman
and quadrupolar interactions can be described by a nu-
clear spin Hamiltonian # = —yAL- Heg + "2 [312 — 17 +
In(I% + I%)], where Heg is the effective field at the nu-
clear site, h is Planck’s constant, and 7 is the asymmetry
parameter of electric field gradient (EFG) at the nuclear
site. The nuclear quadrupole frequency for I = 7/2 nu-
clei is given by vq = €2QVzz/14h, where Q is the nu-
clear quadrupole moment and Vzz is the EFG at the La
site. When the Zeeman interaction is much greater than
the Quadrupole interaction, this Hamiltonian produces a
spectrum with a central transition line flanked by three
satellite peaks on either side. The observed spectra are
well reproduced by simulated spectra (red lines) from the
simple Hamiltonian with vq = 0.66 MHz and n ~ 0. The
tiny extra peaks around 6.80 T and 7.66 T for H||c in
Fig. 1(a) could be due to mis-orientation of some of the
crystals while being attached on the glass plate and also
may be due to slightly different qualities of the crystals.
The values of vq and 7 estimated from the main seven
peaks are found to be independent of temperature in the
PM state above Tc = 85 K. From the spectrum analy-
sis where @s are found to be 0 and 7/2 for H || ¢ and
H || ab, respectively, it is clear that the principal axis
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FIG. 2: (a) Typical field-swept '3°La-NMR. spectra of
LaCrGes in the PM state at f = 42.5 MHz and T = 230
K for H||c and H||ab. (b) Temperature dependence of '**La-
NMR spectrum for H||e. (c) Field-swept **?La-NMR spectra
in the FM state (I' = 1.65 K) for H||c and H||ab. Blue and
green curves represent spectra for H||c and H||ab, respec-
tively, and the red curves are the calculated spectra with vq
= 0.66 MHz for the PM state and vq ~ 0.49 MHz for the FM
state. The vertical dashed black lines in (a) and (b) represent
the zero-shift position (K = 0).

of the EFG at the La site is along the ¢ axis. Since the
La site in LaGeCrz does not have a local axial symmetry
(6m2), one may expect finite value of . However, 7 is
found to be very close to zero within our experimental
uncertainty.

As shown in Fig. 2(b), with decreasing temperatures,
each line becomes broader due to inhomogeneous mag-
netic broadening and the spectra show less clear features
of the quadrupolar split lines below ~ 155 K. At the
same time, nuclear spin-spin relaxation time 75 becomes
short at a wide range of temperatures close to T¢. Those
make NMR spectrum measurements difficult below ~ 110
K. However, when the temperature is decreased down to
1.65 K, well below T = 85 K, we were able to observe the
139La NMR spectrum in the FM state as shown at the
bottom of Fig. 2(b), where the spectrum largely shifted
to higher magnetic field by ~ 4 T. The shift is due to
the internal magnetic induction (Bjy,) at the La site pro-
duced by the Cr spontaneous magnetic moments in the
FM state. The vg ~ 0.49 MHz estimated from the spec-
tra under two different magnetic field directions (H||c
and H||ab) shown in Fig. 2(c) is slightly smaller than
0.66 MHz observed in the PM state. From the spectrum,
the Bipt is estimated to be —4 T and —4.2 T for H||c and
H ||ab, respectively. Here we took the zero-shift position
(K = 0) as the origin of Bj,;. Unfortunately, the spec-
trum is measurable only around 1.6 K since its intensity
decreases rapidly by raising the temperature.

In order to check whether the By is induced by the
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FIG. 3: (a) "**La NMR spectra at various frequencies for H||c
at T'= 1.65 K. Inset: Resonance magnetic field (Hres) depen-
dence of Bint for H||ab (green circles) and H||c (blue squares).
The arrows show the positions of the central transition line
of the spectra measured at different frequencies

spontaneous Cr magnetic moments in the FM state and
not due to NMR shift produced by the application of
magnetic field, we determined the external magnetic field
dependence of Bj,; by measuring the spectra with differ-
ent frequencies as shown in Fig. 3. Although the signal
intensity decreases with decreasing resonance frequency,
we observed the spectrum down to f = 18.81 MHz and
found that Bjy ~ —4 T and —4.2 T for H||c and H||ab
are nearly independent of resonance frequency (i.e. ex-
ternal magnetic field), confirming that these By values
can be attributed to the hyperfine field at the La sites
produced by the magnetic field independent spontaneous
magnetic moment of the Cr ions in LaCrGes in the FM
state.

Figure 4 shows the T dependence of the 3°La-NMR
shift in the PM state for H || ab plane (K,;) and H || ¢
axis (K.) determined from the simulated spectra, where
both K., and K. are nearly the same and decrease on
lowering temperature. The NMR shift consists of tem-
perature dependent spin shift K(7') and T independent
orbital shift Ko: K(T) =K(T) + Ko where K(T) is
proportional to the spin part of magnetic susceptibil-
ity xs(T') via hyperfine coupling constant A, K(T) =
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FIG. 4: Temperature dependence of *°La Knight shift for
both H||ab (green) and H||c (blue) directions measured at H
~ 7 T. Inset: Kap vs. Xab» and K. vs. x. plots. The solid
lines are linear fits as described in the text.

ij\j—m. Here Nja is Avogadro’s number. The hyper-

fine coupling constants are estimated to be Ay, = —32
+ 1 kOe/pup and A, = —27+ 1 kOe/pup for Hl||ab and
H||e, respectively, from the slopes in the so-called K-x
plots shown in the inset of Figure 4. The intercepts for
the fits are almost zero for both the directions. This
indicates that the observed Knight shifts are mainly at-
tributed to Ks(T'). Bint is proportional to Aps<p> where
Ay is the hyperfine coupling constant and <p> is the
ordered Cr magnetic moment. Using By, = —4.0 T
and —4.2 T for H||c and H||ab, respectively, and Agp
= —32 kOe/up and A, = —27 kOe/pup, <pu> are esti-
mated to be 1.30 pp for H||ab and 1.50 ug for H||c which
are slightly higher but in good agreement with 1.22 ugp
(along the ¢ axis) reported by the neutron diffraction
measurements?” and 1.25 up (along the c axis) from mag-
netization measurements?%25,

B. '*°La spin lattice relaxation time

In order to investigate the magnetic fluctuations in
LaCrGes, we measured the '3%La spin-lattice relaxation
rate (1/77) at the peak position of the spectra for both
the magnetic field directions. Figure 5 shows the temper-
ature dependence of 1/T4T where 1/TT increases with
decreasing temperature from room temperature to 125 K
with no anisotropy in 7.

Based on the 77 and the spin part of the Knight
shift (K5) data, we discuss the magnetic fluctuations
in the PM state of LaCrGes. First we tentatively em-
ploy the modified Korringa ratio analysis. In Fermi lig-
uid picture, 1/T7T and Ky are determined by the den-
sity of states at the Fermi energy D(Er). The T has
relation with K that can be described as TlTKS2 =
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FIG. 5: Temperature dependence of **La 1/T1T for H||ab
(green circles) and H||c (blue squares). The inset shows the
semi- log plots of 1/(TATKs) and 1/(T1TK53/2) for two differ-
ent magnetic fluctuation directions (in-plane and out-of-plane
directions).

(h/Amkg)(Ye/n)? = S. Here 7, is the electronic gy-
romagnetic ratio. The Korringa ratio a (= S/TiTK2)
between an experimental value of 71T K2 and the non-
interacting electron system S can reveal information
about electron correlations in materials®®2%. a ~ 1 rep-
resents the situation of uncorrelated electrons. How-
ever, enhancement of x5 (q # 0) increases 1/T1T but
has little or no effect on Ky which probes only the
uniform ys (q = 0) where q represents wave vector.
Thus « > 1 indicates antiferromagnetic (AFM) spin
correlations. In contrast, FM spin correlations pro-
duce o < 1. Since 1/T1T probes magnetic fluctuations
perpendicular to the magnetic field?®, in general, one
should consider the Korringa ratio 1/(T1,J_TK37ab), where
1/(Th,.T) = 1/(ThT)nyje, when examining the charac-
ter of magnetic fluctuations in the ab plane (in-plane di-
rection). One also needs to consider the Korringa ratio
1/(Th TKZ,) for magnetic fluctuations along the ¢ axis
(out-of-plane direction). Here, 1/(T}T) is estimated
from 2/(T0T) grjjab — 1/(T1T) pr))c-*°. However, since both
1/Ty and K are nearly isotropic, 1/(Th, L TKZ ;) and
1/(Th TKZ.) are almost the same, clearly indicating
isotropic magnetic fluctuations in LaCrGes. o) and aj
decrease from ~0.07 at room temperature to less than
~0.008 around 120 K, indicating dominant FM spin cor-
relations between Cr spins in the compound.

It should be noted that, however, the Korringa analysis
usually applies for PM materials where electron-electron
interaction is weak. Since LaCrGes exhibits a FM order,
we also analyze NMR data based on self-consistent renor-
malization (SCR) theory. As shown above, the magnetic
fluctuations are governed by FM spin correlations. In this
case, according to SCR theory for weak itinerant ferro-



magnets, 1/(ThTK;) and 1/(T1TKS?’/2) are expected to
be independent of T' for three dimensional (3D) or two-
dimensional (2D) FM spin fluctuations, respectively!-32,
The inset of Fig. 5 shows the T dependence of 1/(T1TKj)

and 1/(T1TK53/2) for the two directions. Both the
/(T TKs.) and 1/(T1,1 T K ap) are nearly constant,

while both the 1/(Ty TK.’) and 1/(Ty \TK}) in-
crease with increasing temperature. This indicates that
the FM spin fluctuations are characterized as 3D in na-
ture.

C. Spin fluctuations

The Curie Weiss behavior of 1/T1T in itinerant ferro-
magents is well described in the SCR theory in terms of
3D FM spin fluctuations®® 37, as described above. Ac-
cording to SCR theory, there are two important param-
eters to characterize spin fluctuation for itinerant ferro-
magnets: Ty and Ty corresponding to the widths of the
spin fluctuations in frequency (w) space at wave vector
(¢) = 0 and the width of the distribution of static suscep-
tibility in ¢ space at w = 0, respectively®®. The former
can be obtained from the following equation of 1/T1T as
derived by Corti et al.??,

1 - 3h71%th 5

— = ZNTA 1
TlT 167T/LB To ()

Here Hyt is the hyperfine field experienced at the La site
per spin®?. From the experimentally determined values,
Ty is estimated to be 89 K and 75 K for the in-plane
and out-of-plane directions of spin fluctuations, respec-
tively. On the other hand, Ta can be estimated using the
following equation given by Takahashi’®:

T 4/3
T = 20C, 5[ ~rs | (2)
/ p§/2T01/4
where T. = 85 K, ps is the saturated moment and

C4/3=1.006089 is a constant. Utilizing these values, Ta
is estimated to be 998 K and 793 K for the in-plane and
out-of-plane directions of spin fluctuations, respectively.
The estimated values of Ty seem to be comparable or
slightly greater than those in uranium based compounds
such as URhGe (Ta = 568 K)¥ and UGey (Tx = 442
K)“%, but are smaller than those in 3d electron itinerant
ferromagnets such as ZrZng (Ta = 7400 K)®, NiAlz (Ta
= 3670 K)3® and MnSi (Ta = 1690 K)3°.

In order to compare LaCrGes with other clean itiner-
ant ferromagnets that avoid the FM QCP with the TCW
structure, we plotted their spin fluctuation parameters in
Fig. 6 along with those in LaCrGes. The plot is known
as the Generalized Rhodes-Wohlfarth plot. The z axis
of this plot is the ratio of T and Ty and the y axis the
ratio of the effective paramagnetic moment (peg) and ps.
According to SCR theory, in the case of itinerant ferro-
magnets, magnetic fluctuations contribute to peg in PM
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FIG. 6: Generalized Rhodes-Wohlfarth plot for the in-plane
(blue) and out-of-plane (green) directions for LaCrGes along
with other itinerant ferromagnets that avoid FM-PM QCP
through tricritical wings under pressure. The values of pa-
rameters are estimated from Ref.?® for ZrZns and MnSi and
Ref.%° for UGes, URhGe and URhAI The red line represents
the generalized Rhodes-Wohlfarth relation in the 3D system:
pet/ps = 1.4 (TC/T0)72/338-

state. Therefore, one can expect that the ratio of peg/ps
becomes large, when spin fluctuations are important in
these systems. As for Tj, based on SCR theory, T¢/T is
close to unity in the case of localized ferromagnets, while
the ratio becomes less than unity if itinerant character
becomes significant. These situations are predicted the-
oretically through the generalized Rhodes-Wolfarth rela-
tion of pegr/ps = 1.4 (Tc/Tp) /> (red line), and the rela-
tion has shown great empirical agreement with materials
having 3D FM fluctuations®®. As shown in the Fig. 6,
LaCrGes and other typical itinerant ferromagnets seem
to follow the relation. However, the values of LaCrGes
for both the in-plane and out-of-plane directions of mag-
netic fluctuations are located close to unity, indicating a
relatively high degree of localization in Cr 3d electrons
even though the system is itinerant. In addition, the re-
sults also indicate that the spin fluctuations in LaCrGes
show a more localized nature in real space than the other
similar itinerant FM materials compared.

IV. SUMMARY

In summary, we carried out '3°La NMR in the itiner-
ant ferromagnet LaCrGes to characterize the magnetic
properties from a microscopic point of view. The prin-
cipal axis of the electric field gradient at the La site has
been shown to be along the c axis with vg of 0.66 MHz in
the PM state and about 0.49 MHz in the FM state. '3%La
NMR spectra measurements in the FM state confirmed
the FM ordered state below T = 85 K with a magnetic



moment of ~ 1.4 up /Cr, consistent with previous reports.
Based on the Korringa ratio analysis and the SCR theory
using the results of 1/77T and K, spin fluctuations in the
PM state are revealed to be isotropic FM and three di-
mensional in nature. In addition, the system is found to
follow the generalized Rhodes-Wohfarth relation which
is expected in 3D itinerant FM systems. T¢/Tp is found
to be close to unity, indicating that there is a relatively
high degree of localization in the 3d Cr electrons even
though the system is itinerant. It would be interesting
if these uniqueness in magnetic fluctuations in LaCrGes
is related to the appearance of both tricritcal wings and
AFM state under pressure and magnetic fields. Analysis
of spin fluctuations in those materials where FM QCP is
avoided by the appearance of AFM phase, and further
studies on LaCrGes under pressure are important to in-
vestigate this connection, which are now in progress.

V. ACKNOWLEDGMENTS

The authors would like to thank Q.-P. Ding, R.
Takeuchi and Y. Kuwata, for help in conducting exper-

iments and T. Matsui for fruitful discussions. The re-
search was supported by the U.S. Department of Energy,
Office of Basic Energy Sciences, Division of Materials
Sciences and Engineering. Ames Laboratory is oper-
ated for the U.S. Department of Energy by Iowa State
University under Contract No. DE-AC02-07CH11358.
Part of the work was supported by the Japan So-
ciety for the Promotion of Science KAKENHI Grant
Numbers JP15H05882, JP15H05885, JP15K21732, and
JP18H04321 (J-Physics). K. R. also thanks the KAK-
ENHI: J-Physics for the financial support that provided
an opportunity to be a visiting scholar at Kobe Univer-
sity.

L P. C. Canfield, and S. L. Bud’ko, Preserved entropy and
fragile magnetism, Rep. Prog. Phys. 79, 084506 (2016).

2 M. Brando, D. Belitz, F.M. Grosche, and T. R. Kirk-
patrick, Metallic quantum ferromagnets, Rev. Mod. Phys.
88, 025006 (2016).

3 E. A. Yelland, JM. Barraclough, W. Wang, K.V.
Kamenev, and A.D. Huxley, High-field superconductiv-
ity at an electronic topological transition in URhGe, Nat.
Phys. 7, 890 (2011).

4'S. S. Saxena, P. Agarwal, K. Ahilan, F. M. Grosche, R.
K. W. Haselwimmer, M. J. Steiner, E. Pugh, I. R. Walker,
S. R. Julian, P. Monthoux, G. G. Lonzarich, A. Huxley, I.
Sheikin, D. Braithwaite, and J. Flouquet, Superconductiv-
ity on the border of itinerant-electron ferromagnetism in
UGez, Nature (London), 406, 587 (2000).

5 E. Hassinger, D. Aoki, G. Knebel, and J. Flouquet, Pres-
suretemperature Phase Diagram of Polycrystalline UCoGe
Studied by Resistivity Measurement, J. Phys. Soc. Jpn.,
77, 073703 (2008).

6 D. Aoki, A.D. Huxley, E. Ressouche, D. Braithwaite, J.
Flouquet, J. Brison, E. Lhotel, and C. Paulen, Coexis-
tence of superconductivity and ferromagnetism in URhGe,
Nature (London) 413, 613 (2001).

" N. T. Huy, A. Gasparini, D..E. de Nijs, Y. Huang, J.C.P.
Klaasse, T. Gortenmulder, A. de Visser, A. Hamann,
T. Gorlach, and H. v. Lohneysen, Superconductivity on
the Border of Weak Itinerant Ferromagnetism in UCoGe,
Phys. Rev. Lett. 99, 067006 (2007).

8 V. Taufour, D. Aoki, G. Knebel, and J. Flouquet, Tricriti-
cal Point and Wing Structure in the Itinerant Ferromagnet
UGez, Phys. Rev. Lett. 105, 217201 (2010).

% H. Kotegawa, V. Taufour, D. Aoki, G. Knebel, and J.
Flouquet, Evolution toward Quantum Critical end Point
in UGez, J. Phys. Soc. Jpn. 80, 083703 (2011).

10 N. Kabeya, H. Mackawa, K. Deguchi, N. Kimura, H. Aoki,

and N. K. Sato, Non-Fermi Liquid State Bounded by a Pos-

sible Electronic Topological Transition in ZrZns, J. Phys.

Soc. Jpn. 81, 073706 (2012).

S. Sachdev, Quantum Phase Transitions, (Cambridge Uni-

versity Press, New York, 2011).

12 H. Kotegawa, T. Toyama, S. Kitagawa, H. Tou, R. Ya-
mauchi, E. Matsuoka, and H. Sugawara, PressureTem-
peratureMagnetic Field Phase Diagram of Ferromagnetic
Kondo Lattice CeRuPO, J. Phys. Soc. Jpn. 82, 123711
(2013).

13 E. Lengyel, M. E. Macovei, A. Jesche, C. Krellner, C.
Geibel, and M. Nicklas, Avoided ferromagnetic quantum
critical point in CeRuPO, Phys. Rev. B 91, 035130 (2015).

14 J.G. Cheng, K. Matsubayashi, W. Wu, J.P. Sun, F. K. Lin,
J. L. Luo, and Y. Uwatoko, Pressure Induced Supercon-
ductivity on the border of Magnetic Order in MnP, Phys.
Rev. Lett. 114, 117001 (2015).

15 M. Matsuda, F. Ye, S. E. Dissanayake, J.-G. Cheng, S. Chi,
J. Ma, H. D. Zhou, J.-Q. Yan, S. Kasamatsu, O. Sugino, T.
Kato, K. Matsubayashi, T. Okada, and Y. Uwatoko, Pres-
sure dependence of the magnetic ground states in MnP,
Phys. Rev. B 93, 100405(R) (2016).

16 D. Belitz, T.R. Kirkpatrick and T. Vojta, First Order
Transitions and Multicritical Points in Weak Itinerant Fer-
romagnets, Phys. Rev. Lett. 82, 4707 (1999).

17 A. V. Chubukov and C. Pépin, Instability of the Quantum-
Critical Point of Itinerant Ferromagnets, J. Rech, Phys.
Rev. Lett. 92, 147003 (2004).

8 T, R. Kirkpatrick, and D. Belitz, Universal low-
temperature tricritical point in metallic ferromagnets and
ferrimagnets, Phys. Rev. B 85, 134451 (2012).

19 F. Kriiger, C. J. Pedder, and A.G. Green, Fluctuation-
Driven Magnetic Hard-Axis Ordering in Metallic Ferro-

11



20

21

22

23

24

25

26

27

28

29

magnets, Phys. Rev. Lett. 113, 147001 (2014).

Y. Sang, D. Belitz, and T. R. Kirkpatrick, Disorder De-
pendence of the Ferromagnetic Quantum Phase Transition,
Phys. Rev. Lett. 113, 207201 (2014).

V. Taufour, U. S. Kaluarachchi, R. Khasanov, M. C.
Nguyen, Z. Guguchia, P. K. Biswas, P. Bonfa, Roberto
De Renzi, X. Lin, S. K. Kim, E. D. Mun, H. Kim, Y. Fu-
rukawa, C.-Z. Wang, K.M. Ho, S. L. Budko, and P. C.
Canfield, Ferromagnetic Quantum Critical Point Avoided
by the Appearance of Another Magnetic Phase in LaCrGes
under Pressure, Phys. Rev. Lett. 117, 037207 (2016).
U.S. Kaluarachchi, S. L. Bud’ko, P.C. Canfield, and V.
Taufour, Tricritical wings and modulated magnetic phases
in LaCrGes under pressure, Nat. Comm. 8, 546 (2017).
V. Taufour, U. S. Kaluarachchi, S. L. Budko, and P. C.
Canfield, Ferromagnetic quantum criticality: New aspects
from the phase diagram of LaCrGes, Physica B 536, 483
(2018).

H. Bie, O. Y. Zelinska, A. V. Tkachuk, and A. Mar, Struc-
tures and Physical Properties of Rare-Earth Chromium
Germanides RECrGes (RE = La-Nd, Sm), Chem. Mater.
19, 4613 (2007).

X. Lin, V. Taufour, S. L. Bud’ko, and P. C. Canfield, Sup-
pression of ferromagnetism in the LaVCri_xGes system,
Phys. Rev. B 88, 094405 (2013).

A. Narath, Nuclear Spin-Lattice Relaxation in Hexagonal
Transition Metals: Titanium, Phys. Rev. 162, 320 (1967).
J. M. Cadogan, P. Lemoine, B.R. Slater, A. Mar, and
M. Avdeev, Neutron Diffraction Study of the Hexagonal
Perovskite-Type Compound LaCrGes, Solid State Phe-
nom. 194, 71 (2013).

T. Moriya, The Effect of Electron-Electron Interaction on
the Nuclear Spin Relaxation in Metals, J. Phys. Soc. Jpn.
18, 516 (1963).

A. Narath and H. T. Weaver, Effects of Electron-Electron
Interactions on Nuclear Spin-Lattice Relaxation Rates and
Knight Shifts in Alkali and Noble Metals, Phys. Rev. 175,
373 (1968).

31

32

33

34

35

36

37

38

39

40

P. Wiecki, B. Roy, D. C. Johnston, S. L. Bud’ko, P.C. Can-
field, and Y. Furukawa, Competing Magnetic Fluctuations
in Iron Pnictide Superconductors: Role of Ferromagnetic
Spin Correlations Revealed by NMR, Phys. Rev. Lett. 115,
137001 (2015).

T. Moriya and K. Ueda, Nuclear magnetic relaxation in
weakly ferro-and antiferromagnetic metals, Solid State
Commun.15, 169 (1974).

M. Hatatani and T. Moriya, Ferromagnetic Spin Fluctua-
tions in Two-Dimensional Metals, J. Phys. Soc. Jpn. 64,
3434 (1995).

T. Moriya and A. Kawabata, Effect of Spin Fluctuations
on Itinerant Electron Ferromagnetism, J. Phys. Soc. Jpn.
34, 639 (1973).

M. Kontani, T. Hioki, and Y. Masuda, Nuclear magnetic
relaxation in itinerant electron ferromagnet ZrZnsa, Solid
State Commun. 18, 1251 (1976).

Y. Takahashi and T. Moriya, Quantitative Aspects of the
Theory of Weak Itinerant Ferromagnetism, J. Phys. Soc.
Jpn. 54,1592 (1985).

Y. Takahashi, On the Origin of the Curie-Weiss Law of
the Magnetic Susceptibility in Itinerant Electron Ferro-
magnetism, J. Phys. Soc. Jpn. 55, 3553 (1986).

K. Yoshimura, M. Takigawa, Y. Takahashi, H. Yasuoka,
and Y. Nakmura, NMR Study of Weakly Itinerant Fer-
romagnetic Y (Coi1—»Alz)2, J. Phys. Soc. Jpn. 56, 1138
(1987) .

Y. Takahashi, Spin Fluctuation Theory of Itinerant Elec-
tron Magnetism, (Springer-Verlag, Berlin, 2013).

M. Corti, F. Carbone, M. Filibian, T. Jarlborg, A. A. Nu-
groho, and P. Carretta, Spin dynamics in a weakly itin-
erant magnet from 2°Si NMR in MnSi, Phys. Rev. B 75,
115111 (2007).

N. Tateiwa, J. Pospisil, Y. Haga, H. Sakai, T. D. Matsuda,
and E. Yamamoto, Itinerant ferromagnetism in actinide
5f-electron systems: Phenomenological analysis with spin
fluctuation theory, Phys. Rev. B 96, 035125 (2017).



