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Transition metal and rare earth intermetallics have been a fertile playground for research of various quantum states. We
report detailed magnetic studies on SmMn,Ge;, an anisotropic itinerant magnet with multiple magnetic phases. The critical
behavior of the ferromagnetic phase transition is investigated by employing the modified Arrott plot with the Kouvel—
Fisher method. The critical temperature T¢. is determined to be around 342.7 K with critical exponents of f = 0.417 and
y = 1.122, and the interaction function is found to be J(r) ~ r~*98, suggesting the coexistence of long-range and short-
range magnetic interactions. Our results contribute to the understanding of complex magnetism in SmMn,Ge,, which may

provide fundamental guidance in future spintronic applications.

Keywords: critical exponent, itinerant ferromagnet, rare earth
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1. Introduction

Ternary rare-earth compounds R7»>X> (R =rare-earth el-
ements, 7 = transition metals, and X = Ge, Si) have attracted
much attention in recent years due to their strong spin—orbit
coupling, enhanced Coulomb interaction, and electron cor-
relation. Combined with the partially filled 3d and 4f elec-
tron orbitals, this family can host abundant physical prop-
erties including heavy fermion behavior, quantum criticality,
unconventional superconductivity, and novel magnetism.[!=]
Among them, the RMn,Ge, compounds crystallize in a lay-
ered ThCr,Sip-type tetragonal structure with space group
I4/mmm, and have a particularly attractive nature due to the
relatively large magnetic moment of Mn ions. The atoms lie
on the alternate layers stacked along the c-axis with a sequence
of R-Ge-Mn-Ge-R, as shown in Fig. 1(a). In RMn;Ge,
compounds, owing to the coexistence of exchange interac-
tions between the localized moments, interband Kondo in-
teraction, and Ruderman—Kittel-Kasuya—Yosida (RKKY) in-
teraction, abundant and novel magnetic phases have been
observed. ! Recent works also reported the topological mag-
netic texture of room-temperature stable skyrmion bubbles and
giant topological Hall effect in RMn;Ge, (R =Ce, Pr, and
Nd) compounds owing to the noncollinear/noncoplanar spin
structures.[6-8]

In RMn,Ge, compounds, the interlayer Mn—Mn coupling
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is controlled by the intralayer Mn—Mn distance, with antifer-
romagnetic (AFM) coupling for R%;, . < 2.85 A and ferro-
magnetic (FM) for R, > 2.85 A. SmMn,Ge; happens to
possess this critical distance, and undergoes a series of mag-
netic phase transitions as temperature changes.”) Extensive
investigations have been performed on this compound to fig-
ure out its magnetic structures in the entire temperature range.
SmMn,Ge, undergoes a paramagnetic (PM) to FM transition
at Tc ~ 350 K, and an FM-to-AFM phase transition at 7j;
(~ 150 K), both transitions dominated by the magnetic cou-
pling of Mn sublattice. In the FM region, the Mn moments are
AFM-coupled within the ab plane whereas FM-coupled along
the ¢ direction. In the AFM region, the coupling along the
c direction is also AFM due to the decrease of intralayer Mn—
Mn distance. For even lower temperature (below Ty, ~ 100 K),
the moments of Sm become FM coupled along the a direction
which dominates over the Mn—Mn coupling, and SmMn;Ge,
is in a re-entrant ferromagnetic (RFM) phase.!'% These make
SmMn,Ge, a proper specimen to study the underlying mech-
anism of the various magnetic phases. In this work, we re-
port critical behavior studies on SmMn;Ge; and identify this
material as an itinerant ferromagnet with multiple-range mag-
netic interactions by the large Rhodes—Wohlfarth (RW) ratio

(~ 3.20) and interaction function J(r) ~ r~*68,
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2. Methods

Single crystals of SmMn,Ge, were synthesized by using
In-flux with a molar ratio of Sm:Mn:Ge:In=1.05:2:2:30.
Sm powder, Mn powder, Ge powder, and In grains were mixed
and placed in an alumina crucible, the mixture was then sealed
in an evacuated quartz tube to avoid oxidation. The tube was
placed in a furnace and kept at 1060 °C for one day to obtain a
homogeneous metallic solution, and then cooled to 700 °C at a
rate of 3 °C/h and kept at 700 °C for another day to minimize
potential crystal defects. To isolate individual single crystals,
the quartz tube was rapidly transferred to a centrifuge to re-
move excessive In flux at 700 °C. The isothermal magnetiza-
tion up to 50 T was measured in a pulsed magnetic field at
Wuhan National High Magnetic Field Center.

3. Results

Figure 1(b) shows the x-ray diffraction (XRD) pattern of
SmMn, Ge; single crystal. The sharp rocking curve in the inset
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indicates good crystallization quality. In Fig. 1(c), the temper-
ature dependence of the magnetic susceptibility is shown for
magnetic field ypH = 0.02 T along the ab-plane and c-axis.
Multiple magnetic phase transitions are observed as the tem-
perature changes, including an FM transition at 7c ~ 343 K, an
FM-to-AFM transition at 7T{; ~ 150 K, and an RFM transition
at Tip ~ 100 K. Obvious magnetic anisotropy is observed in
both high-temperature FM and low-temperature RFM phases.
In the high-temperature FM phase, the long-range magnetic
ordering is determined by FM coupling between Mn—-Mn mo-
ments, which are oriented to the ¢ direction. There is also an
AFM component in the ab-plane that has nearly equal strength
compared to the FM component. As a result, the susceptibil-
ity . is relatively larger than y,, at low field. In the RFM
phase below 100 K, the in-plane FM coupling between Sm—
Sm is dominant, leading to a net in-plane FM coupling with
an AFM component along the c-axis.!!!! Consequently, a x,

much larger than y, is observed.
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Fig. 1. (a) Side view (left) and top view (right) of SmMn,Ge; crystal structure. (b) XRD pattern of SmMn;,Ge; single crystal. The
left inset shows a typical SmMn;,Ge; single crystal. The right inset shows the rocking curve of (004) reflection. (c) Temperature
dependence of magnetic susceptibility under zero-field-cooling and an applied field of 0.02 T. PM: paramagnetic, FM: ferromagnetic,
AFM: antiferromagnetic, REM: re-entrant ferromagnetic. (d) In-plane resistivity p,; and dp/dT as a function of temperature.

In the temperature range of 360—400 K, the magnetic sus-
ceptibility x(7) can be well fitted by the modified Curie—
Weiss law

2(T) = xo+ (1)

T-6,

where Y is a temperature-independent contribution, C is the

Curie constant, and 6, is the Weiss temperature. The fitting
results are summarized in Table 1. The effective magnetic mo-
ments for H//ab and H// ¢ are 3.15 pp/Mn and 3.52 pp/Mn,
respectively, which are slightly smaller than the theoretical
value 3.82 uy of Mn>* ion due to the canted spin.'?! The
Rhodes—Wohlfarth (RW) ratio ¢./gs reflects the change in the
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number of the magnetic carrier with temperature, and can be
used as a criterion for identifying itinerant magnets. Here, g,
is estimated from the effective moment (U2 = gc(ge +2)u2)
and g is calculated from the saturated moment (Usy = 2gsUs)
at 200 K.['31 The RW ratios for H // ab and H // ¢ are 2.83 and
3.20, respectively, indicating that the SmMn,Ge; is an itiner-
ant magnet.

In the p,p, versus T curve (Fig. 1(d)), a kink was seen at
the ferromagnetic transition temperature 7 ~ 343 K, due to a
significant change of spin scattering. However, no clear sig-
natures of other magnetic transitions could be observed in the
resistivity and the dp /dT curve.

It is known that the magnetic structure of SmMn;,Ge, sin-
gle crystal is strongly anisotropic.l'*! As shown in Fig. 2(a),
below Ti» ~ 100 K, a large bifurcation is observed between the
zero-field-cooling (ZFC) and field-cooling (FC) curves under
a low magnetic field in the ab-plane, indicating a considerable
effect of the FM domains. However, a much smaller bifur-
cation is observed when the applied field is along the c-axis,
as shown in Fig. 2(b), suggesting an external field orientation

controlled magnetic domain texture in our sample. With the
increase of the external field, both RFM and FM to AFM tran-
sitions were suppressed by a field of 4 T. At 4 T, the magne-
tization in the ab-plane shows an FM-like temperature depen-
dence (see Fig. 2(a)), suggesting that the in-plane FM interac-
tions induced by Sm—Sm coupling can be enhanced by applied
field and has pronounced effects at temperatures above RFM
transition temperature T;;. Moreover, the AFM transition is
strongly suppressed under the 4 T field along the c-axis (see
Fig. 2(b)), while it still represents a strong AFM component
along the ¢ direction.

Figures 2(c) and 2(d) show M versus H under the external
field in the ab-plane and along the c-axis at selected tempera-
tures. Below T, the M versus H curves show the FM behav-
ior generally. Notably, a metamagnetic transition is observed
in the curves measured at 125 K under both field directions
as shown in the insets of Figs. 2(c) and 2(d). With decreas-
ing temperature, the system enters an RFM state induced by
Sm—Sm coupling after a first-order FM transition at ~ 100 K,

which has been reported in the literature on SmMn,Ge,. [14]

Table 1. The fitting parameters of modified Curie-Weiss law and RW ratios for SmMn;Ge,.

Field Fitting range X0 C 6, Uefr RW
direction (K) (1073 emu/mol) (emu-K/mol) (K) (up/Mn)

H//ab 360 < T <400 1.47 2.48 334.72 3.15 2.83
H/lc 360 < T <400 —11.91 3.10 344.82 3.52 3.20
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Fig. 2. Temperature dependence of magnetization with field along (a) ab-plane and (b) c-axis. Magnetic field dependence of magne-

tization with field along (c) ab-plane and (d) c-axis.
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Fig. 3. The isothermal magnetization measured in a high pulsed mag-
netic field at representative temperatures for H // c.

In addition, to fully magnetize SmMn,Ge, along the ¢
axis, pulsed-field magnetization measurements were carried
out. As shown in Fig. 3, a magnetic field of 10 T along the c di-
rection is sufficient to fully polarize the magnetization above
100 K. Due to the strong in-plane FM Sm—Sm and Sm—Mn
coupling, for temperature below 50 K, the saturation field is
higher than 40 T.

The analysis of critical behavior and critical exponent can
reflect the dimensionality, coherence length, and correlation
distance of spins. Consequently, it can effectively reveal the
interaction and coupling mechanism of a magnetically ordered
system.[>! For several RMn,Ge, compounds, the topologi-
cal spin textures have been observed around room tempera-
ture due to competition between long-range and short-range

(78] Here, to understand the magnetic

magnetic interactions.
interactions and ground state of Mn—Mn magnetic coupling in
SmMn,Ge,, the critical behavior analysis around 7¢ ~ 343 K
has been performed. The isothermal field dependence mag-
netization for H//ab in the temperature range from 330 K
to 360 K with steps of AT =1 K was measured and plot-
ted in Fig. 4(a). Arrott plots for the mean field model and
the modified Arrott plots (MAPs) for universal models: 3D-
Heisenberg, 3D-XY, 3D-Ising, and tricritical mean field are
plotted in Figs. 4(b)-4(f), respectively. The corresponding
critical exponents are listed in Table 2 for comparison. Ac-
cording to the Arrott—-Noakes equation, the MAPs near the
critical temperature should display parallel lines in high field
region with suitable critical exponents.!'%! By defining the nor-
malized slope NS = S(T)/S(T¢), where S(T') represents the
high field slope of the MAPs at temperature 7, we can judge
whether the critical exponents are suitable. For the ideal case,
the normalized slope NS should remain constant with temper-
ature and equal to 1. Figure 5(a) shows the NS values of dif-
ferent models as a function of temperature. It can be seen that
none of the models meet the above conditions, indicating that
the critical behavior of SmMn,Ge; does not belong to a single

universality class.
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Fig. 4. (a) Isothermal field dependence magnetization curves measured
at H // ab in the temperature range from 330 K to 360 K with steps of
AT =1 K. (b) Arrott plot of SmMn;,Ge; for mean field theory. Modified
Arrott plot of M'/B vs, (H/M)l/y for (c) the 3D-Heisenberg model, (d)
3D-XY model, (e) 3D-Ising model, and (f) tricritical mean field model.

For a second-order magnetic phase transition, the critical

exponents can be obtained by the following equations:17-18]
Ms(T) =Mo(—£)P, £<0,T<T, (2a)
Xo (T) = (ho/Mo)e", €>0,T > T, (2b)
M=DH'% £=0,T=T,, (20)

where My, hyo/My, and D are the critical amplitudes, and the
e = (T —T¢)/T¢ is the reduced temperature.

The initial critical exponents can be obtained from the
magnetic field dependent magnetization and magnetic en-
tropy change curves around 7, where the magnetic entropy
change has an exponential relationship with the magnetic field,

—AST o« {1191 The magnetic entropy change is defined
[20]
as

OM(T,H)

ASM(T,H):/OH[ = }HdH. 3)

Figure 5(b) exhibits the temperature dependence of mag-
netic entropy change curves at 330 K-360 K. By fitting the
magnetic entropy change curve at 343 K, n = 0.503 is ob-
tained, as shown in the inset of Fig. 5(b). This exponent n

has a universal relation with 8 and 7,!°!

_ i Bl
nelt g @)
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Fig. 5. (a) Temperature dependence of the normalized slope (NS). (b) Temperature dependence of the magnetic entropy change —ASy.
Inset: field dependence of the magnetic entropy change —ASy at 343 K. (c) Field dependence of magnetization at 7 = 343 K. Inset:

the fitting curve of logM—logH by using Eq. (2¢). (d) Modified Arrott plot of M'/B vs. (H/M) 7 with B =0.383(2) and y=0.857(7).

Table 2. Comparison of the critical exponents of the SmMn,Ge; single crystal with the theoretical models.

Composition Technique B Y 9] Tc (K)
3D-Heisenberg theory 0.365 1.386 4.8 — Ref. [23]
3D-XY theory 0.345 1.316 4.81 — Ref. [23]
3D-Ising theory 0.325 1.24 4.82 — Ref. [23]
Tricritical mean field theory 0.25 1.0 5.0 — Ref. [24]
Mean field theory 0.5 1.0 3.0 — Ref. [24]
SmMn,Ge, MAP 0.417(6) 1.122(9) 3.688(9) 342.7 this work
SmMn,Ge, KF 0.419(8) 1.131(9) 3.696(2) 342.7 this work

Figure 5(c) shows the magnetic field dependence of the
magnetization curve at 7o = 343 K, and its inset exhibits the
log—log plot of the data in the high field region. By the lin-
ear fit, § = 3.238 is estimated based on Eq. (2c). In addition,
according to Widom’s scaling theory, the critical exponents of

B. 7, and § are related in the following way:[>!]

s=1+7L. (5)

B

From the n and & obtained above, the initial critical exponents
are calculated as B = 0.383(2), y = 0.857(7), 6 = 3.238, and
anew MAP is constructed in Fig. 5(d).

By fitting the new MAP, a set of convergent critical
exponents are finally obtained as = 0.417(6) with Tp =

342.71(2) K and y = 1.122(9) with Tc = 342.50(3) K, as
shown in Fig. 6(a). Meanwhile, the critical exponents can also
be obtained by using the Kouvel-Fisher (KF) method,?*!

M(T)  T-T
AM(T)/dT B ©
—1

% (1) _T-T (6b)

dyo (T)/dT ¥

According to this method, the linear fits in Fig. 6(b) yield
B =0.419(8) with T = 342.73(7) K, and y = 1.131(9) with
Tc = 342.45(4) K, which is very close to the values obtained
from the MAP method, indicating that the obtained critical ex-
ponents are reliable.
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Fig. 6. (a) Temperature dependence of the spontaneous magnetization Ms (left) and the inverse initial susceptibility y, 1 (right), which
are fitted by using Egs. (2a) and (2b). (b) Kouvel-Fisher plots of Ms(T)/[dMs(T)/dT) (left) and x, ' (T)/[dx ' (T)/dT] (right) vs.
T. The B, v, and T¢. are obtained from the linear fits by using Egs. (6a) and (6b). (c) Scaling plots of renormalized magnetization m
vs. renormalized field & below and above Tc with § = 0.417(6) and y = 1.122(9). (d) Scaling plots of renormalized magnetization m
vs. renormalized field & below and above T with § = 0.419(8) and y = 1.131(9).

Moreover, the critical exponents can be examined by
rescaling the isothermal magnetization.l'”) As shown in
Figs. 6(c) and 6(d), the data below and above Tt are collapsed
into two separate branches. These well-renormalized isother-
mal magnetization curves further reveal that the critical expo-
nents f3, 7, and Tt are intrinsic and reliable. The parameters of
theoretical models and the critical exponents obtained in our
work are listed in Table 2.

The critical exponents obtained in this work, especially
for B and ¥, are in between the long-range mean field model
and short-range 3D magnetic models, suggesting the coexis-
tence of long-range and short-range magnetic interactions in
SmMn,Ge;. For a homogeneous magnetic system, the attenu-
ation distance J of the spin interaction determines the univer-
sality of magnetic phase transition. Fisher et al. theoretically
treated this interaction as two spins attracting each other. Ac-
cording to the renormalization group theory, the interaction

intensity J(r) decays with the increasing spatial distance r, 23!

I(r) ~ (%), @)
where d is the spatial dimensionality and o is a position con-
stant. We can obtain ¢ using the following equation: (>3
4 8 2)(n—4

( )AG+7(n+ )(n—4)

d d*(n+38)?

n+2
n+38

y=1+

2G(4)(Tn+20)

1+ =2 " |Ac? 8
|1+ e 12 ®
where Ao = 0 — 4, G(4) =3 —1(4)? and n is the spin

dimensionality. For SmMn;Ge, we obtain ¢ = 1.68 and

r~468  This value of o is

the interaction function J(r) ~
larger than the long-range interaction one ~ 1.5, but smaller
than that of short-range interaction ~ 2.0, further demon-
strating the effect of multiple-range magnetic interactions.
This is consistent with previous findings in LaMn,Ge, 20!
and PrMn,Ge,,?”! and provides a reasonable theoretical ex-
planation for the noncollinear spin structure and observation
of topological skyrmion bubbles in such compounds, e.g.,

PrMn,Ge,, NdMn,Ge,, and CeMn,Ge,. 0]

4. Conclusion

In summary, we have analyzed the critical behav-
ior of high-temperature ferromagnetic phase transition of
SmMn,Ge, single crystal by modified Arrott plots and the
Kouvel-Fisher method. The obtained critical exponents are
between the long-range mean field model and short-range
3D magnetic models, suggesting the coexistence of multiple-
range magnetic interactions in SmMn,Ge;, which is further
proved by the interaction function J(r) ~ r~*68, The results
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will provide more clues to understanding the complex mag-
netic structure in such compounds and further research. Our
work reveals that the ternary rare-earth compounds are an at-
tractive class of materials for both fundamental research and
applications in the field of magnetism and spintronics.
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