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Ferromagnetic quantum critical phenomena in single-crystalline SrCo,(Ge;_,P,),
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Single crystals of SrCo,(Ge;_,P,), were grown using a self-flux method, and their physical properties were
investigated by means of magnetization and specific-heat measurements. Although the compounds near both
ends of x exhibit paramagnetism, those with 0.39 < x < 0.58 exhibit ferromagnetism at low temperatures. The
analysis of critical exponents and spin fluctuations revealed a weak itinerant ferromagnetic character. It is found
that an intermediate phase exists for a wide range of composition between the collapsed tetragonal and the
uncollapsed tetragonal phases, which causes ferromagnetic quantum critical phenomena in SrCo,(Ge,_,P,),.
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I. INTRODUCTION

The ThCr,Si-type layered compounds ATX, (A=
alkali metal, alkaline earth metal, lanthanoid, T = transition
metal, X = crystallogen, pnictogen, chalcogen) have been ex-
tensively investigated since they exhibit a wide variety of
anomalous physical properties, such as heavy-fermion su-
perconductivity in CeCu,Si, [1], high-T,. superconductivity
in carrier-doped systems of BaFe,As, [2,3] and itinerant-
electron metamagnetic transition in SrCo,P, [4]. ATLX)
consists of alternately stacked A and TX layers and is clas-
sified into two types depending on the presence of the X-X
chemical bonds between neighboring 7X layers: one is the
collapsed tetragonal (cT) structure with the interlayer X-X
bonds, the other is the uncollapsed tetragonal (ucT) structure
without the bonds. The formation of the X-X bonds leads not
only to a reduction of the interlayer distance, but also to a
distortion of TX4 tetrahedron, resulting in both a decrease in
the lattice parameter ¢ and an increase in the parameter a.

The structural transition between the c¢T and the ucT
phases can lead to significant changes in physical proper-
ties. For EuCo,P,, whereas only the magnetic moment of
Eu?*t exhibits helical ordering in the ucT phase at ambient
pressure [5], a pressure-induced phase transition to the cT
structure leads to both a valence shift in Eu and an an-
tiferromagnetic ordering of Co moment [6]. According to
the previous studies on magnetization for Sr;_,Ca,Co,P,,
compounds in the ucT phase with 0 <x < 0.5 exhibit
exchange-enhanced Pauli paramagnetism down to low tem-
peratures, whereas those in the cT phase with 0.6 < x < 1
exhibit A-type antiferromagnetic ordering [4,7].

In the above cases, the structural and magnetic phases seem
to be coincide. On the other hand, the characteristic magnetic
phase diagram in SrCo,(Ge;_,P,), cannot be explained by
the simple structural phase diagram consisting only of the
c¢T and ucT phases. SrCo,Ge, (x = 0) has the cT structure
with a short interlayer Ge-Ge distance (2.88 A), whereas
SrCo,P, (x = 1) has the ucT structure with a long interlayer
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P-P distance (3.42 A) [8]. According to the previous report
on polycrystalline samples of SrCo,(Ge;_,P,),, compounds
in the cT phase with 0 < x < 0.325 exhibit Pauli paramag-
netism, and those in the ucT phase with 0.7 < x < 1 exhibit
exchange-enhanced Pauli paramagnetism, whereas only the
compounds with 0.325 < x < 0.7 exhibit ferromagnetism at
low temperatures [9]. Although there have been several re-
ports of ferromagnetism induced by substituting elements
in nearly ferromagnetic metals, it is rare that such a ferro-
magnetic phase disappears again with further substitutions.
In order to clarify the relationship between these anomalous
properties and the crystal structure, further experiments and
analysis of ferromagnetism are desired.

The modified Arrott plot method proposed by Arrott
and Noaks is one of effective methods to characterize
the feature of ferromagnetism [10]. Recently, critical ex-
ponents have been evaluated for two-dimensional itinerant
ferromagnets, such as Fe;_,GeTe, [11] and AlFe,;B, [12]
using modified Arrott plots. The critical exponents pro-
vide information on the universality class of the mag-
netic phase transition, which is important to understand
the nature of the magnetically ordered state. In addition,
the magnetic properties in itinerant-electron ferromagnets,
such as Y(Coy_,Al,), [13-16], Sr;_,Ca,RuO; [17-19],
FeGaj;_,Ge, [20-22], and LaCrGes [23] have been quan-
titatively analyzed using the self-consistent renormalization
(SCR) theory. In the SCR theory, the spectrum of the
imaginary part of the dynamical magnetic susceptibility is ap-
proximately represented using a double Lorentz function [24].
The spin-fluctuation parameters 74 and T are defined to repre-
sent the dispersion of the spectrum in the wave-number space
and that in the frequency space, respectively. At finite tem-
peratures, spin fluctuations are excited thermally according
to the dynamical magnetic susceptibility. By self-consistently
incorporating the effect of the mode-mode coupling be-
tween spin fluctuations into the magnetic susceptibility, one
can explain typical features of weak ferromagnetism in an
itinerant-electron system, such as the Curie-Weiss behavior of
the magnetic susceptibility.

In this paper, we present the magnetic properties in single
crystals of SrCo,(Ge;_,P,),. We have grown single crystals

©2023 American Physical Society
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with a wide range of substitution ratio using a self-flux method
and measured their magnetization and specific heat. We char-
acterized the ferromagnetism in terms of critical exponents
and spin fluctuations, and produced a detailed magnetic phase
diagram. Our results suggest that an intermediate phase ex-
ists for a wide range of composition, which causes quantum
critical phenomena in SrCo,(Ge;_,P,),.

II. EXPERIMENTAL METHOD

Single-crystalline samples of SrCo,(Ge|_,P,), (0 < x <
0.9) were synthesized using a self-flux method. Starting ma-
terials consisting of Sr (99%), Co (99.9%), P (99.999%),
and Ge (99.99%), with composition ratio of Sr:Co:P:Ge =
1-2.4:4:2.5Xpominal:5, Were put into an alumina crucible and
sealed into an evacuated fused quartz tube. The tube was
heated to 1100°C, kept at this temperature for 15 h, and
slowly cooled to 700 °C at the rate of 2.5 °C/h. Excess flux
was removed by dilute hydrochloric acid. Single-crystalline
samples of SrCo,P, (x = 1) were obtained using a tin flux
method [25]. In order to compare lattice constants, single
crystals of Ca;_,Fu,Co,P, were also synthesized using a tin
flux method.

Elemental compositions of obtained crystals were checked
using an energy dispersive x-ray (EDX) spectroscopy
(Bruker) equipped to a scanning electron microscope (Hi-
tachi). The x-ray diffraction (XRD) patterns of obtained single
crystals were measured at room temperature using Mini-
flex600 (Rigaku) with Cu K« radiation. The crystallographic
parameters were refined using POWDER CELL analysis [26].

The temperature and magnetic-field-dependent magnetiza-
tions M in single crystals of SrCo,(Ge_,P,), were measured
using a Quantum Design magnetic property measurement
system at the Research Center for Low Temperature and
Materials Sciences, Kyoto University. Heat-capacity measure-
ments were performed using a Quantum Design physical
property measurement system.

III. RESULTS AND DISCUSSION

A. Sample characterization

Using the self-flux method, platelike single crystals with
a typical dimension of 0.5 x 0.5 x 0.05 mm? shown in the
inset of Fig. 1(a) were obtained. Figure 1(a) shows the plots of
the P content x determined using EDX measurements against
the starting P content xpomina. The composition of the crystals
depends not only on Xpominat, but also on the starting ratio of
Sr. Crystals with x > 0.81 were obtained under the condition
of low Sr content. In the following discussion, x is defined as
the P content determined using EDX measurements.

Figure 1(b) shows the normalized XRD patterns of
SrCo,(Ge_.P,), single crystals with the plate surface being
perpendicular to the scattering vector. Only (00/) diffraction
peaks were observed, which suggests that the surface is the
ab plane. The composition dependence of the lattice param-
eters determined using the XRD measurements for powdered
samples will be discussed in Sec. III F.

B. Magnetic properties

Figure 2(a) shows the temperature dependence of the mag-
netic susceptibility x (7)) in SrCo,(Ge;_,P,), single crystals
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FIG. 1. (a) Plots of the P content x determined using EDX
measurements against the starting P content xpomina. The plots are
distinguished by different markers depending on starting Sr ratio.
The inset is the photograph of a SrCo,(Ge,_,P,), single crystal.
(b) X-ray diffraction patterns of SrCo,(Ge;_,P,), single crystals.
The spectra are normalized using the intensity of each (004) diffrac-
tion peak. Only (00/) reflections are observed, which suggests that
the plate surface is perpendicular to the ¢ axis.

under a magnetic field of 1 T for H || ab. Although x(T)
for 0 < x < 0.22 shows a nearly temperature-independent
Pauli paramagnetic behavior, x(7') for x > 0.34 at high
temperatures follows the Curie-Weiss law with a temperature-
independent term x(. The temperature dependence of 1/(x —
Xo) is shown in Fig. 2(b). The estimated effective magnetic
moment /s and the Weiss temperature 6 will be discussed in
Sec. I F.

For 0.39 <x <0.58, 1/(x — xo) shows ferromagnetic
behavior at low temperatures. Assuming that the y-axis in-
tercept of the linear extrapolation of the Arrott plots is the
square of the spontaneous magnetization, a finite spontaneous
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FIG. 2. Magnetic properties of SrCo,(Ge;_,P,),. (a) Tempera-
ture dependence of the magnetic susceptibility under a magnetic field
of 1 T for H | ab. (b) Temperature dependence of the inverse of
the magnetic susceptibility. The temperature independent term o
estimated by fitting x(7") with the Curie-Weiss formula has been
subtracted. (c) Isothermal magnetization curves measured at 2 K
under a magnetic field up to 7 T for H || ab. (d) Arrott plot for
x = 0.48.

magnetization exists at 2 K only for these compositions.
These results are roughly consistent with the previous study
on polycrystalline samples [9]. In the ferromagnetic phase,
the magnetic easy plane is the ab plane (see Fig. 1 in the
Supplemental Material [27]).

As x approaches 1, a broad maximum of x(7") appears.
Considering that SrCo,P, (x = 1) exhibits an itinerant-
electron metamagnetic transition at H =59.7 T [4], it is
suggested that the maximum of x(7) in this system is a
common feature that is observed in nearly ferromagnetic met-
als showing metamagnetic transition, such as YCo, [13,31],
LaCooSi4 [32], and CosMosC [33]. For x = 1, an additional
anomaly at 7 = 30 K can be seen as in the previous stud-
ies [4,34]. Although its origin remains unclear, it might be
attributed to a crossover between two magnetic states [4].

Figure 2(d) shows the Arrott plot for x = 0.48. The plots
show a good linearity at 2 K, wherease they show concave
curvatures around 7c. In the simple mean-field theory, the
Arrott plot would show linear behavior around T implying
that the sixth and higher terms of the Landau expansion of
the free energy F'(M) are neglected. In the present case, the
contribution of the higher terms is not negligible, i.e., the
effect of spin fluctuations must be considered. In order to char-
acterize the feature of the ferromagnetic phase, we estimated
the critical exponents from the magnetization data, which will
be discussed in Sec. III C.

C. Critical exponents

The critical behavior of a second-order ferromagnetic tran-
sition is characterized using the critical exponents g, y, and
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FIG. 3. (a) Temperature dependence of the spontaneous mag-
netization M; (red circles) and the reciprocal susceptibility 1/x
(blue squares) for x =0.48. The dashed lines are the fitting
curves. (b) Kouvel-Fisher plots of My(dM,/dT )" (red circles) and
x~'(dyx~'/dT)~" (blue squares). The dashed lines are the linear fits.
(c) M8 vs (H/M)'/¥ plots within a temperature range of 4-18 K at
a step of 2 K. The adopted parameters § = 0.440 and y = 1.31 were
obtained using the modified Arrott plot method.

6 [35]. They are associated with the temperature dependence
of the spontaneous magnetization M (T) below T¢, the tem-
perature dependence of the reciprocal susceptibility x ~'(T')
above T¢ and the isothermal magnetization M(H) at Tc, re-
spectively, as the following equations:

M(T) = My(0)(—¢e)?, & <0, (1
x T = (ho/mo)e”, & >0, 2)
M(H)=DH' ¢=0, 3)

where ¢ = (T — T¢)/1c is the reduced temperature and A /my
and D are the critical amplitudes [36]. In order to evaluate 8
and y, we adopt the modified Arrott plot method described
in Ref. [11]. Figure 3(a) shows an example for x = 0.48.
The obtained exponents are 8 = 0.440 and y = 1.31. These
values are close to those predicted in the SCR theory for
three-dimensional (3D) itinerant ferromagnets near a quantum
critical point (8 = 0.5, y = 4/3) [24,37]. A small difference
in 8 may reflect a quasi-two-dimensional feature of CoX
layers.

To validate the obtained critical exponents, we also es-
timate the exponents using the Kouvel-Fisher method [38].
Differentiating both sides in Eqs. (1) and (2) by temperature,
the following equations are derived:

T —Tc

B

-1 i -1 _I_T_TC
X (T)[de (T)} =, Q)]

d —1
MS(T)[ﬁMS(T)} = , 4)

Therefore, the plots of My(T) [dM(T)/dT]1~' vs T and
x NT) [dx~"(T)/dT]~" vs T are expected to be linear, and
the slopes correspond 1/8 and 1/y, respectively. As shown
in Fig. 3(b), the plots exhibit a good linearity, and the linear
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fits give B = 0.472, y = 1.29. These values are close to the
results of the modified Arrott plot method.

In addition, the exponent § can be estimated using the
Widom scaling law § = 1 + y /8 [39]. Using the values of
B and y estimated from the modified Arrott plots and the
Kouvel-Fisher plots, we obtain § = 3.98 and & = 3.83, re-
spectively. The obtained values are larger than 3 of the
mean-field theory, which suggests that the contribution of the
sixth- and higher-order terms of the Landau expansion of
the free-energy F'(M) is not negligible in SrCo,(Ge|_,P,),.
Figure 3(c) shows M/ vs (H/M)'/" for x = 0.48 constructed
using the critical exponents estimated from the modified Ar-
rott plots. The plots show a good linearity around 7¢.

D. Evaluation of spin fluctuations

As discussed in Sec. IIIC, it is reasonable to character-
ize the ferromagnetism in this system using the theory of
spin fluctuations in itinerant-electron magnets. The large §
value suggests that the fourth term of the Landau expansion
F(M) becomes small near Tc. According to Takahashi, if
one assumes a conservation of the total amplitude of zero-
point and thermal spin fluctuations against temperature, the
fourth term in the Landau expansion corresponds to the
temperature-depending zero-point spin fluctuations [40]. In
this framework, the temperature dependence of the sponta-
neous magnetization My(T') at low temperatures is expressed

as
(MS(T)>2 _,_ 504 (T >2 ©
Ms(o) ps4 TA '
where ps is the spontaneous magnetization in Bohr magneton
unit, and 74 is the spin-fluctuation parameter corresponding
to the local amplitude of spin fluctuations in the wave vector
space. As shown in Fig. 4, the spontaneous magnetization
estimated using the modified Arrott plots almost satisfies
Eq. (6) at low temperatures. In addition, the spin-fluctuation
parameter F] corresponding to the strength of the mode-mode
coupling between spin fluctuations can be estimated from the
Arrott plot at the lowest temperature as the following equa-
tion:

_ 16
Fo— "B

_ , 7
1 ks @)

where wp is the Bohr magneton in the units of J/T and n is the
gradient of the Arrott plot in the units of (ug/ atom)® T~! [40].
Then, the relationship between the spin-fluctuation parame-
ters is written as

. 4 kgT}

1= 15 T
where Tj corresponds to the energy width of the dynamical
spin fluctuation spectrum [40]. The spin-fluctuation parame-
ters estimated from Eqs. (6)—(8) are summarized in Table L.
The obtained values of Ty, Ty, and F; are close to those in typ-
ical itinerant-electron ferromagnets (approximately 10°-10%,
10>-10%, and 10*-10° K, respectively [15,41-47]). The pa-
rameters satisfy the generalized Rhodes-Wohlfarth relation
peit/ps = 1.4(Tc/Ty) >3 in the 3D ferromagnetic system pro-
posed by Takahashi [40], which suggests that the obtained
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FIG. 4. (a) Temperature dependence of the spontaneous magneti-
zation M for x = 0.39, 0.41, 0.48, and 0.58. The dashed lines are the
fitting curves obtained using the modified Arrott plot method. (b) M2
vs T? plots. The dashed lines are the linear fits at low temperatures.

parameters are consistent in this framework (see Fig. 2 in the
Supplemental Material [27]).

According to the SCR theory, the Curie temperature 7¢c can
be calculated using 74, Tp, and py, as the following equation:

Te = (60c) P32 (c=0.3353). (9)

The calculated values of Tc are 5.3, 9.4, 9.6, and 5.8 K for
x =0.39, 0.41, 0.48, and 0.58, respectively. They are almost
consistent with the experimental values estimated from the
modified Arrott plots (3.3, 8.2, 11.0, and 4.4 K, respectively).

These results suggest that the ferromagnetism in this sys-
tem can be understood in the framework of the theory of
spin fluctuations for weak itinerant ferromagnets. However,
there is a finite ambiguity in the obtained value of 7 since
the Curie temperature is too low to accurately evaluate the
temperature derivative of the spontaneous magnetization as
shown in Fig. 4. Owing to such an ambiguity, the reciprocal
susceptibilities calculated using the obtained parameters are

TABLE I. Spin-fluctuation parameters of SrCo,(Ge;_,P,), esti-
mated from the magnetization data using Takahashi’s theory.

x Ty (K) To (K) Fi (K)

0.39 7.02 x 10* 537 2.45 x 10°
0.41 4.97 x 10* 463 1.42 x 10°
0.48 1.68 x 10* 282 2.66 x 10°
0.58 2.07 x 10* 294 3.87 x 10°
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FIG. 5. Specific heats in SrCo,(Ge;_,P,),. (a) and (b) C/T as a
function of temperature on a logarithmic scale for (a) 0 < x < 0.48
and (b) 0.54 < x < 1. (¢) and (d) Temperature dependence of C/T
for (¢) x =0.39 and (d) x = 0.58. The dashed lines indicate the
calculated C/T described in the text.

larger than the experimental results (see Fig. 3 in the Supple-
mental Material [27]).

E. Quantum critical phenomena in heat capacity

Figures 5(a) and 5(b) show C/T as a function of the tem-
perature on a logarithmic scale for 0 < x < 0.48 and 0.54 <
x < 1, respectively. Since the magnetic moment of Co is
very small, no anomaly corresponding to the ferromagnetic
ordering can be seen. In all compounds except for x = 0.39
and 0.58, C/T is almost constant at low temperatures. In both
x =0.39and 0.58, C/T exhibits a distinct upturn proportional
to InT. According to the SCR theory, such an upturn can be
detected only in the vicinity of quantum critical point, and the
temperature dependence of the specific heat derived from spin
fluctuations is expressed as

Cn 9Ny (VKo 1 o,
il g —|—u—-= W) |, (10
T T )y XX ; u > + u W' (u) (10)
t =T/ToKg, (11)
Ky = 1/2aT,x(0), (12)

u = x[x* + x(0)/x(T)1/t ~ x(x* + 1)/t, (13)

where Ny is the number of magnetic atoms, W'(u) the
trigamma function, and (1 — o)~! the Stoner enhancement
factor [48]. For systems near a ferromagnetic ordering, o is
often approximated as 1. 7y and 7, are the spin-fluctuation
parameters. Although the calculation of C, /T using the for-
mula described above has a quantitative ambiguity due to
the neglection of low-energy excitations derived from minor
dispersions of spin fluctuation unique to each compound, an
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FIG. 6. Lattice parameter ratio c/a in SrCo,(Ge;_,P,), (red
circles), Ca;_,Sr,Co,P, (blue squares) and Ca;_,Eu,Co,P, (green
triangles). The data for Ca;_,Sr,Co,P; is cited from Ref. [4]. The
dashed lines indicate the c¢T or ucT phase, and the solid lines indicate
the intermediate phase for each system.

upturn at low temperatures would be qualitatively reproduced
when the parameters for quantum critical point are assigned.
We calculated Cp,/T for both x = 0.39 and 0.58 with
Egs. (10)—(13) using the parameters estimated from the mag-
netization data (shown in Table I). In addition, we also
estimated the lattice specific heat by fitting C/T at high tem-
peratures with the sum of Debye and Einstein contributions.
The dashed lines in Figs. 5(c) and 5(d) show the sum of
the calculated magnetic contribution and the estimated lattice
contribution. The upturn at low temperatures is qualitatively
reproduced. The fact that upturns are observed at both x =
0.39 and 0.58 suggests the existence of two independent fer-
romagnetic critical points near these compositions.

F. Magnetic phase diagram

The structural transition between the c¢T and ucT phases is
identified using the lattice parameter ratio c¢/a. Figure 6 shows
the composition dependence of c/a for SrCo,(Ge;_.P;)»
(red circles). As a comparison, the data for Ca;_,Eu,Co,P;
(green triangles) and Ca;_,Sr,Co,P, (blue squares, cited
from Ref. [4]) are also shown. CaCo,P, and EuCo,P, have
been identified as having the cT and ucT structures, respec-
tively [49,50]. For Ca;_,Eu,Co,P,, c/a increases slightly
for 0 < x < 0.5 and for 0.5 < x < 1. The change of c/a at
x = 0.5 is steplike, which suggests that the structural tran-
sition between the cT and ucT phases is first-order. For
SrCo,(Ge_Py), and Ca;_,Sr,Co,P,, there is a finite com-
position range where the variation of c/a is relatively steep
(shown as solid lines) in addition to the ranges where c/a
increases slightly (shown as dashed lines). This implies that
the first-order structural transition is broadened owing to a
disorder caused by elemental substitution. This intermediate
region is denoted as the intermediate phase to distinguish it
from the cT and ucT phases. According to the recent u*SR
study on Ca;_,Sr,Co,P,, the antiferromagnetic behavior for
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FIG. 7. Lattice and magnetic parameters in SrCo,(Ge;_,P,),.
The lattice parameters ¢ and a are shown in the upper and sec-
ond panels, respectively. The effective magnetic moment p.g (black
squares) and the spontaneous magnetic moment p, (red circles) are
shown in the third panel. The Weiss temperature 6 (green squares)
and the Curie temperature 7c (yellow circles) are shown in the
bottom panel. FM and PM stand for the ferromagnetic state and the
paramagnetic state, respectively.

0.25 < x < 0.52 is attributed not to a long-range order but to
a short-range order [51], which is consistent with the present
identification of the structural phase. For SrCo,(Ge;|_.P,)»,
the composition range of the intermediate phase is highly
wider than that for Ca;_,Sr,Co,P,, owing to the destabiliza-
tion of the cT and ucT phases caused by a randomness in the X
atoms which have arole to form the interlayer X-X bonds. The
existence of the wide intermediate phase is closely related to
the anomalous magnetic properties, which is discussed below.

Figure 7 shows the phase diagram of SrCo,(Ge_.P,)>.
For x < 0.34, the lattice parameter c is almost constant, sug-
gesting that the system is in the cT phase. In this region,
the magnetic susceptibility exhibits a nearly temperature-
independent Pauli paramagnetic (PM) behavior. This phase is
denoted as PM1.

For 0.34 < x < 0.81, the system has the intermediate
structure described above, although the boundary between the
intermediate and ucT phases is not very clear. The magnetic
susceptibility follows the Curie-Weiss law at high tempera-
tures, which is completely different from the behavior in PM1.

This paramagnetic phase is denoted as PM2. According to
the SCR theory, the Curie-Weiss-like behavior of the mag-
netic susceptibility in itinerant-electron magnets is attributed
to the temperature dependence of the thermal spin fluctua-
tions [24]. In this framework, the effective magnetic moment
Wegr corresponds not to the magnitude of the magnetic moment
but to the amplitude of the local spin fluctuations. The e
increases with P substitution for x < 0.48, whereas that for
0.48 < x < 0.81 is almost constant. The ratios of pieg to
are 34.7, 22.1, 14.8, and 22.5 for x = 0.39, 0.41, 0.48, and
0.58, respectively. The values larger than 1 are typical in
itinerant ferromagnetic compounds. The Curie temperatures
for ferromagnetic samples are quite lower than in the previous
study on polycrystals [9], which is owing to the difference in
the estimation methods. 7¢ shown in Fig. 7 is determined care-
fully analyzing the magnetization curves using the modified
Arrott plots, whereas the previously reported values have been
obtained assuming M (7T¢) = 20 &+ 10%M (2 K) for M(T') at
H =1 T. The estimation of the Curie temperatures of weak
ferromagnets is strongly affected by the magnetic-field depen-
dence of magnetization, so the present values should be more
accurate.

For x > 0.81, the lattice parameters are nearly constant,
which suggests that the system is in the ucT phase. In this
region, the temperature dependence of the magnetic suscep-
tibility exhibits a maximum as with nearly ferromagnetic
metals. This phase is denoted as PM3. Probably owing to
lattice defects induced by chemical substitution and X-X bond
formation, such a maximum behavior cannot be observed in
PM2.

In the case of itinerant-electron magnets with ferromag-
netic spin fluctuations, the absolute value of the Weiss
temperature |0| indicates the distance from the ferromagnetic
quantum critical point [24,52]. The sign of 6 is switched
around x = 0.38 and 0.6, which is consistent with the fact
that ferromagnetic quantum critical phenomena are observed
at both x = 0.39 and 0.58 in specific-heat measurements.

Next, we discuss the origin of the quantum critical phase
transition in SrCo,(Ge;_,P,),. The quantum critical point
approximately at x = 0.58 exists inside the structural in-
termediate phase. In the vicinity of this critical point, e
remains almost constant whereas 6 decreases with P sub-
stitution, which suggests the variation in the ferromagnetic
interaction drives the quantum critical phase transition. In
fact, the parameter T, corresponding to the local amplitude of
spin fluctuations at Q = 0 (ferromagnetic spin fluctuations)
decreases from x = 0.39 to 0.58 as shown in Table I. These
results are consistent with the prediction in the SCR theory
for ferromagnetic quantum critical region [24]. The intralayer
Co-Co distance (equal to a/+/2) decreases gradually with P
substitution, which can lead to a gradual reduction of ferro-
magnetic interaction.

On the other hand, for near x = 0.39, both the elec-
tronic specific heat and effective magnetic moment increase
markedly with increasing x as shown in Figs. 5(a) and 7,
respectively. A similar behavior has been observed in
FeGaj;_,Ge, in which changes in the Fe-3d-Ga-4p hybridiza-
tion due to Ge substitution are considered to be the origin of
quantum critical phase transition [20,53]. In the present case,
the quantum phase transition at x = 0.39 can be attributed to a
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steep increase in the density of states at the Fermi level, which
is driven by the structural change from the cT to the inter-
mediate phase. The temperature dependence of the resistivity
for x = 0.39 and 0.65 also suggests that the two independent
quantum critical points have different origins (see Fig. 4 in the
Supplemental Material [27]).

Although the present results suggest that the ferromagnetic
quantum criticality is closely related to the existence of the
intermediate phase, the compositional variation in spin fluctu-
ations for the paramagnetic region remains to be revealed. It is
a future issue to evaluate spin fluctuations in a wide range of
compositions including the PM1 and PM3 phase, using NMR
measurements and other techniques.

IV. CONCLUSION

We studied the physical properties of single crystals of
SrCo,(Ge;_,P,), by means of magnetization and specific heat

measurements. Although the compounds in the cT and ucT
phases show no signs of magnetic ordering, those with 0.39 <
x < 0.58 exhibit ferromagnetism at low temperatures. The
critical exponents of the ferromagnetic transition are close to
those predicted in the SCR theory for itinerant ferromagnets.
We found that an intermediate phase exists for a wide range
of composition, which induces ferromagnetic quantum critical
phenomena in SrCo,(Ge;_,P,),. The present results possi-
bly promote further research on novel quantum properties of
itinerant-electron magnetism.
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