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electrical transport and heat capacity measurements in the low temperature regime. This compound
shows two peaks at low magnetic field around T' ~ 10.7 and T" ~ 7.3 K due to antiferromagnetic
ordering and subsequent spin rearrangement respectively. Investigation of non-linear DC susceptibility
reveals a presence of higher order magnetization which results in the development of a new order
parameter around T'. This leads to a lowering of symmetry of the magnetic state. The order parameter
increases with decreasing temperature and stabilizes around T'. Consequently, the symmetry of the
magnetic state is preserved below this transition. Heat capacity and resistivity results indicate the
presence of a gap opening around T' on portion of Fermi surface, due to evolution of the Fermi surface.
Magnetoresistance behavior and violation of Kohler’s rule suggest that the evolution of Fermi surface
changes the symmetry of magnetic state. The observation of new order parameter (which is of second
order) is also confirmed from the Landau free energy theory.

The physics of 4f electrons and its coupling with conduction electrons have resulted in novel phases, like anti-
ferromagnetic state, spin density wave, unconventional superconductivity, nematicity, heavy fermions, Fermi
liquid behavior etc. in different compounds'™. Understanding the underlying mechanism for the occurrence
of such phase remains a challenge in the field of the strongly correlated electron systems. In this context, the
Ce-based intermetallic compounds are extensively studied because the 4flevel of Ce** jons lie close to the Fermi
level. The coupling of the 4f electrons via the conduction electrons results in a magnetic ground state through a
mechanism known as the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interaction. In contrast, hybridi-
zation between the localized moment and conducting electrons gives rise to a non-magnetic ground state and
this phenomenon is known as Kondo effect. Under the application of external perturbations like magnetic field,
pressure, doping etc.; the competition between RKKY interaction and Kondo effect results in the observation of
unique properties®”. In recent years, substantial investigations are being carried out in the area of second order
phase transition near quantum critical point (QCP), which is obtained by suppression of magnetic state at zero
temperature. Furthermore, investigations of the presence of higher order magnetization have received a great deal
of attention in recent years. As per literature reports, in some systems, magnetic ordering lowers the symmetry
of magnetic state. This results in higher order magnetization due to presence of multiple interactions, leading to
the development of a new order parameter®’. The lowering of symmetry of the magnetic state might cause some
changes in Fermi surface leading to a partial gap opening at Fermi surface'®!!. Also, the gap opening might be a
consequence of the formation of new Brillouin zone boundaries'"'2. The interplay between higher order magnet-
ization and gap opening at Fermi surface might reveal some new and interesting physical phenomena and may
warrant an attention for understanding such behavior. In this context, CeGe is an interesting 4f electron based
system though; there are only few literature reports about this compound. This indicates that the magnetic state
of this compound is quite complex'*-1”. Recent studies on single crystals of CeGe report the presence of magnetic
anisotropy as well as gap opening'®. However, to the best of our knowledge, a detailed study on polycrystalline
CeGe s still lacking in literature. Hence, it would be interesting to explore extensively the magnetic and electronic
properties of a polycrystalline CeGe. Special emphasis is given on the low field magnetic measurements to discern
the magnetic ground state; as large applied fields might mask the intrinsic signatures of an inhomogeneously
magnetized system.
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Figure 1. Rietveld refined powder x-ray diffraction pattern of CeGe. The difference between the observed and
the experimental pattern and the Bragg position are also shown.

In this work, we report the results of DC and AC susceptibility, non-linear DC susceptibility, heat capacity
and electrical transport measurement on polycrystalline CeGe. Our results show that the compound exhibits
two anomalies around 10.7 and 7.3 K at low field. The first anomaly arises due to antiferromagnetic ordering
while the second one is due to the subsequent spin rearrangement after the ordering. Presence of higher order
magnetization around 10.7 K signifies a change of symmetry of the magnetic state. This results in development
of a new order parameter due to the presence of multiple spin interactions. Also, a gap opening is noted around
10.7 K due to evolution of Fermi surface because of a change in symmetry of the magnetic state. This evolution of
Fermi surface is also reflected in magnetoresistance behavior and Kohler’s plot analysis. Observation of new order
parameter (which is of second order) is re-confirmed from the Landau free energy theory.

Result and Discussion

X-ray diffraction. Figure 1 shows the powder x-ray diffraction pattern of this compound at room temper-
ature. The obtained pattern indicates that the compound is crystallographically single phase. The pattern is also
analyzed by the Rietveld profile refinement using FullProf suite software. The compound crystallizes in orthor-
hombic structure (space group Pnma). The obtained lattice parameters are a=8.358 (7) A, b=4.082 (3) A and
¢=6.028 (4) A. The obtained pattern and the parameters are in analogy to that reported in'®.

DC, AC and non-linear DC susceptibility study. Figure 2(a,b) shows the temperature (T) dependent
(in the range 1.8-20 K) DC magnetic susceptibility in the magnetic field (H) range 0.005-7 T under zero field
cooling (ZFC) and field cooled warming (FCW) conditions. As noted from Fig. 2(a), two clear peaks are observed
around T' ~ 10.7K and T ~ 7.3K, at 0.005 T in the ZFC curve. Additionally, a large irreversibility is also observed
between ZFC and FCW curves at the same field. As the magnetic field is increased, the peak around T! does not
shift in temperature up to 1T, but peak around T" initially broadens and gets suppressed above 0.1 T. Above 1T,
a single peak around T' is noted, which is shifted to the lower temperature with increasing magnetic field. Also,
the strong irreversibility observed at lower field is absent. The inverse magnetic susceptibility of the compound
at 0.1 T is fitted with Curie Weiss law in temperature range 150-300K (inset of Fig. 2(a)). The effective magnetic
moment (j.¢) and Curie Weiss temperature (0,,) obtained from fitting are ~2.4j1 and ~—34 K respectively. The
experimental value of pi.; matches with the effective moment of free ion of Ce>* and reflects the presence of the
localized moments. The negative value of 0, indicates to the dominance of antiferromagnetic interactions. Thus,
it can be said that the peak around T arises due to the antiferromagnetic ordering which is also consistent with
the observed shifting of T down in temperature, above 1 T. The presence of antiferromagnetic ordering around T!
is in accordance to literature reports'>'¢, however, there are no reports about the second peak which is observed
at low fields. In order to collect further information, the magnetic field response of isothermal magnetization
(M) curves at different temperatures is measured (as shown in Fig. 2(c)). A significant hysteresis is observed at
temperatures below T and at low fields (below 0.4 T). The magnitude of the hysteresis increases with decreasing
temperature below T" (inset of Fig. 2(c)). This observation suggests the existence of ferromagnetism which might
arise due to the presence of possible short range correlations among magnetic moments. Inset of Fig. 2(b) shows
the magnetic field response of AM/H (where AM = Mgcw — Mzzc) at 1.8 K. As stated above, and also observed
from this figure, the bifurcation is significant only below 1 T. The observed irreversibility in magnetization can
arise due to anisotropy effect. For a single crystal of CeGe, it has been reported that the anisotropy effect is min-
imal in low field whereas, it increases at high fields'®. In our case, for polycrystalline CeGe, the bifurcation is
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Figure 2. (a,b) Temperature (T) dependent DC susceptibility (M/H) in field range of 0.005-7 T under ZFC and
FCW condition. Inset (a): Temperature dependent H/M at 0.1 T. Red curve shows the Curie Weiss law fitting.
Inset (b): Magnetic field (H) dependent AM/H (AM = Myc — M) at 1.8 K. (c) Isothermal magnetization (M)
curves as a function of magnetic field (7 to —7 T) at 1.8, 5 and 10K. Inset: Expanded form of the same curves at
low fields.

suppressed above 1T due to the suppression of weak ferromagnetism, possibly, because of onset of long ranged
antiferromagnetic ordering among magnetic moments.

To cross-check the features observed in DC susceptibility, temperature dependent AC susceptibility at differ-
ent frequencies and in presence of different DC fields are measured. Figure 3(a) shows the temperature response
of the real part of AC susceptibility (x’,.) measured in 4 (107*) T AC field along with superimposed DC fields of
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Figure 3. (a) Temperature dependent real part of AC susceptibility (x/,.) at4 (10~*) T AC field and
superimposed DC field of 0.005 and 1T; at 931 Hz. Inset: imaginary part of AC susceptibility (x”,.) under
similar condition. (b) DC magnetic field (7 to —7 T) dependent %', at 1.8, 7 and 15K and 931 Hz in presence of
1(107*) T AC field. Inset: Temperature response X/, . in different frequencies in presence of 4 (107*) T AC field
and superimposed DC field of 0.005 T. (c) H*> dependent M/H at different temperatures. Upper inset: Expanded
portion of the same curves in field range 2-7 T. Lower inset: Temperature response of 3.

0.005 and 1 T. In analogy to DC susceptibility, two peaks are also noted near T' and T". Under superimposed DC
field of 1T, the peak around T" is suppressed. These peaks are also noted in the imaginary part of AC susceptibil-
ity (x”,.) due to dissipation of magnetic energy arising out of spin dynamics (shown in inset of Fig. 3(a)). At 1 T,
both the peaks are suppressed, indicating towards the development of collinear magnetic ordering. Additionally,
it is noted that the peaks show insignificant shift in temperature with increase in frequency (inset of Fig. 3(b)),
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thereby ruling out the freezing mechanism of spins'®. Figure 3(b) shows the magnetic field dependent AC suscep-
tibility (x/,.) at frequency 931 Hz and AC field of 1 (107*T). In paramagnetic region (above T'), x/,. decreases
with increasing magnetic field, in both direction. However, below T', the shape of the curve changes drastically. It
is observed that with increasing magnetic field, x’,. decreases and attains minima ~+1T. Above £1T, x/,.
increases and attains maxima ~=45 T and again decreases above £5 T. However, below T the features of the curve
changes drastically and x’,_ increases continuously with increasing magnetic field. Hence, our observation gives
an indication of the presence of complex behavior arising out of the competing magnetic interaction which
undergoes a change as the temperature is decreased.

In order to investigate the possibility of the presence of higher order magnetization in this complex magnetic
state, the non-linear DC susceptibility (as a probe of higher order spin correlations) is studied, using the protocol
as given in refs'®. Figure 3(c) show the H?> dependent M/H curves at selected temperature upto 15K. Below
T', it is noted that M/H decreases linearly with H? and at low field (below 1T), the curves sharply increases with
decreasing magnetic field due to the presence of the ferromagnetic component. Such upturns are also noted in
other Ce based compounds like CeRu,Si, and Ce,_,Y,Ru,Si,?!. Such behaviors of curves suggest that there is pres-
ence of significant higher order magnetization in whole field range. For extracting the higher order magnetization
coeflicient, a good fitting of H? dependent M/H curves (upper inset of Fig. 3(c)) are obtained in field range 2-7T
with the equation as:

M/H = x, + x,H* + x;H" )

where ; is linear susceptibility, X ; and X ; are non-linear susceptibility. The obtained , from this fitting rep-
licates to that observed from direct DC susceptibility measurement and obtained value of 5 is very small (not
shown). Lower inset Fig. 3(c) shows the temperature response of . It is seen that a sign change from nega-
tive to positive take place just below T', and X increases with decreasing temperature. Around T" and below
it, a finite ' ; is noted. The growth of ' ; indicates the presence of higher order magnetization associated with
quadrapole moment*>?*. The development of quadrapole moment across T' suggests that symmetry of magnetic
state is lowered due to the presence of an excited quartet ground state along with doublet state®®. This results in
quadrapole-quadrapole coupling and develops an order parameter which increases with decreasing temperature.
The observation of finite X ; around T" is an outcome of dominating quadrapole-quadrapole interactions, as com-
pared to dipolar antiferromagnetic interactions. Hence, it can be said that the observed ferromagnetic component
might arise because of short ranged correlations among quadrapolar magnetic moments. At high field (above
1T), antiferromagnetic dipolar interactions dominate resulting in the observation of long ranged magnetic order-
ing and suppression of the ferromagnetic component. Hence, it can be said that the low field magnetic behavior
of this compound is quite complex due to the presence of higher order magnetization, which possibly develops a
new order parameter.

Heat capacity study: Evidence for gap opening. Figure 4(a) shows heat capacity divided by temper-
ature (C/T) as a function of temperature, in the field range 0-14T. A jump in heat capacity is observed around
T'at 0'T. No peak is observed around T", but a deviation in the curve is noted around that temperature. As the
magnetic field is increased, it is noticed that there is no shift in the peak around T'. But, beyond 1T, the peak
around T' broadens and is shifted towards the lower temperature, which is analogy with the DC susceptibility.
The observation of this feature is due to the commencement of long ranged antiferromagnetic dipole moment
which competes with quadrapolar moment. The value of the change in heat capacity at 0T is ~7.0 J/mol K, which
is small as compared to mean field value of 12.5]/mol-K for a free Ce*" ion. The reduction of value could be due
to partial screening of Ce*" localized moment via conduction electrons. Magnetic contribution of heat capacity
(Cinag) i calculated after subtracting electronic () and phonon (3) contributions in paramagnetic region from
total heat capacity, using the equation

CIT =~ + BT? )

and extrapolating the fitting of equation to lowest temperature from 25K (Inset Fig. 3(a). From the nature of the
heat capacity curve (below 25K), it is noticed that electron and phonon contribution dominates over Schottky
type excitation in the temperature range of our fitting. The obtained value of ~ is 0.267 4 0.002 J/mol-K?, which
signifies that this compound can be classified as an intermediate heavy fermionic system. Upper inset of Fig. 4(b)
shows the temperature dependent magnetic entropy (S,,) at 0T. The S, is calculated from integration of C,,,,.
Around T, Smg is found to be ~3.13 J/mol-K, which is 0.54 times of theoretical value of 5.76 J/mol-K. With
decreasing temperature, S,,,,; decreases and its value around T" is ~0.37 J/mol-K. Also, as noted from the tem-
perature response of heat capacity curve at 0T, below T'/2, the heat capacity decreases exponentially (Fig. 4(b)),
which might suggest the possible presence of gap opening?®. Hence, the curve below T'/2 is fitted with the follow-
ing equation

C =T+ Aexp(—A/T) (3)

where ~ is the electronic contribution in magnetic region, A is a coefficient and A is the estimated gap opening
value. The value of A obtained from fitting is ~14.3+0.3K (1.2meV). In order to further authenticate this gap
opening, we tried to fit the DC susceptibility curve at 0.005 T obtained under ZFC condition. It is to be noted that
this curve also decreases exponentially with temperature below T'/2 (lower inset of Fig. 4(b)). The curve is fitted
with the following equation?
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Figure 4. (a) Heat capacity divided by temperature (C/T) plotted as a function of temperature in field range of
0-14T. Arrow shows the deviation in C/T near 7.6K at 0 T. Inset: T dependent C/T at 0 T. Red curve shows the
linear fitting above the ordering temperature, which is extrapolated to the lowest temperature. (b) Temperature
(logarithmic scale) dependent heat capacity at 0 T. Red curve shows the curve fitting of equation (3). Upper
inset: Temperature dependent magnetic entropy (S,,,,) at 0 T. Lower inset: Temperature dependent M/H at
0.005T (ZFC mode). Red curve shows the fitting of equation (4).

M/H(T) = M/H(0) + B exp(—A/T) (4)

where M/H (0) is zero temperature DC susceptibility and B is a coefficient. The observed value of A is ~15+0.3K,
which is analogy with the heat capacity. Hence, it can be said that in this compound there is a presence of gap
opening. This observation suggests that Fermi surface changes and it results in the evolution of new Brillouin
zone boundaries.

Resistivity and magnetoresistance: Study of change in Fermi surface. Temperature (1.8-50K)
dependent resistivity (p) behavior (in field range 0-14 T) of the compound is shown in Fig. 5(a). With decreasing
temperature, resistivity decreases due to the metallic behavior of compound, however, around T' it increases
resulting in a maxima around T'. Inset of Fig. 5(a) shows the change in resistivity (p.x — Pmin) @s @ function of
magnetic field around T'. It is observed that this change remains unaffected upto 3 T while it is suppressed above
6 T. This rise in resistivity indicates to the presence of gap opening due to changes in Fermi surface. Signature of
such changes is also reflected in the behavior of the magnetoresistance (MR). Figure 5(b) shows the magnetic
field response of p in temperature range of 1.8—-15K. With increasing magnetic field, the resistivity decreases
due to localization of magnetic moment, as generally observed in Ce compounds''. Also, below T%, the changes
in resistivity is unaffected by the change in temperature. The H> dependence of MR (=(py — po)/p,) at different
temperatures is represented in Fig. 5(c). It is noted that MR varies linearly with H? below 3 T. The H? behavior of
MR is explained with equation®*%:
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Figure 5. (a) Temperature dependent resistivity (p) in field range of 0-14 T. Inset: Magnetic field dependent
resistivity (prax — Pmin) @t T% (b) DC magnetic field (14 to —14 T) dependent resistivity in temperature range
of 1.8-15K. (c) H*> dependent magnetoresistance (MR) at similar temperatures. Inset: Temperature dependent
d(—=MR)/d(H?). (d) H/p, dependent MR at similar temperature. Inset: Scaling of Kohler’s rule.

~MR ~ XZIOCHZ (5)

where X, is the local magnetic susceptibility due to Brillouin contribution, where magnetization linearly varies
with magnetic field. Above 3T, MR deviates from H? due to non-linear variation of magnetization with magnetic
field arising out from dominating exchange interactions of antiferromagnetic dipole moments. The slope of equa-
tion (5), d(—MR)/dH? is plotted as a function of temperature (inset of Fig. 5(c)). From the figure, a peak is noted
around T', and below this temperature Y;,. decreases. The variation in local moments is related with the changes
in electronic properties of the compound?. Also, alteration of electronic properties can be a possible cause of
the change in Fermi surface. Additionally, as stated before, below T the change in MR is insignificant and this
observation is further analyzed by Kohler’s rule””. The Kohler’s rule is derived from the semi-classical transport
theory of Boltzmann equation. The scaling of Kohler’s rule holds if there is only one species of charge carriers and
scattering rate () is similar at all points of the Fermi surface. The field dependence resistivity is then included
in the quantity wT, (w is the frequency at which the magnetic field causes the charge to sweep across the Fermi
surface). As the resistivity at zero field is directly dependent on T, the field dependence of MR with different T due
to different temperature can be related by rescaling the magnetic field by zero field resistivity*®. Figure 5(d) shows
the Kohler plot in temperature range of 2-15K. The equation for Kohler plot is as follows?:

MR = Ap/p(0) = £ (wr) = £ (H/p(0)) (6)

As noted from the figure above 5K, the Kohler’s rule is violated, while below 5K the scaling shows a single
curve (inset of Fig. 5(d)). This observation suggests the reconstruction of Fermi surface (across T') which affects
the symmetry of magnetic state. This leads to variation of electronic properties with temperature resulting in
distinct scattering rate. However, this variation is insignificant at temperature less than T'/2, indicating that the
symmetry might be preserved, resulting in observation of scaling®. Hence it can be said that a new order param-
eter which develops around T', grows with decreasing temperature and is stabilized below T'/2 because of some
spin rearrangement. It results in preservation of symmetry of the magnetic state.
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Figure 6. (a,b) Virgin isothermal magnetization (M) curves as a function of magnetic field (0 to 7 T) at different
temperatures. (c,d) H/M versus M? in temperature range of 1.8-15K. Red curve shows the linear fitting of the
plots. (e,f) Intercepts (¢, c*) and slopes (d, d*) plotted as a function of temperature.

Arrott plots: Analysis of order parameter through two-order-parameter model of Landau free
energy theory. Landau free energy density theory is interesting for investigation of the order parameter
associated with higher order magnetization arising due to lowering of symmetry of magnetic state. The free

energy density F (in term of the two order parameters M and M) can be expressed in term of scalar quantity
30,31
as?®3:

F (M, Mg) = c/2 M + d/4 M* + 1/2 M3 + m/4 M§ + n/2 M*Mj — HM )

where M, is the order parameter associated with quadrapole moment. M couples biquadratically with M. The
coeflicients ¢, d, I, m and n depend on temperature. M couples linearly with the magnetic field. As in this com-
pound the magnetic anisotropy plays a minimal role, it is expected that the scalar expression of Landau free
energy theory will be valid. At zero field, the minima of F corresponds to either paramagnetic state (M = M,=0)
or one of the possible following magnetic state: (i) M =0, My = 0; (ii) M = 0, M= 0; (iii) M = 0, My= 0. In this
compound, magnetization studies suggest that for H =0, possibility (i) might not occur because M, is related
with M. The conditions (ii) and (iii) are possible which is differentiated in the presence of external applied mag-
netic fields. Hence, for magnetic state, M =0, M, =0 for H=0, the equation for minima of F (dF/dM =0) is
described in form of Arrott plots as:

HIM = ¢ + d M* (8)
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Figure 7. Temperature-Magnetic field phase diagram of CeGe.

where c and d are the slope and intercept of equation respectively. For magnetic state, M= 0, M= 0 for H=0, the
equation of Arrott plots for minimization of F with respect to M and Mq (dF/dM = dF/dM,=0) is modified as:

HI/M = ¢* + d*M? 9)

where ¢* (T) =c¢ — I n/m and d* (T) = d — n*/m are slope and intercept of equation respectively. Figure 6(a,b)
shows the virgin curves of the isothermal magnetization at selected temperatures in the range 1.8-15K.
Figure 6(c,d) shows the Arrott plots (H/M versus M?) extracted from these curves. In paramagnetic region, it is
observed that the slope is positive which changes to an arc with negative slope ~T'. With decreasing temperature,
the negative slope persist still 1.8 K. For obtaining the values of the slope and intercept, for both positive and neg-
ative slopes, we fit the equations (8,9) respectively. Figure 6(e,f) shows the temperature dependent (c, c*) and (d,
d*) respectively. The negative slope (d*) increases with decreasing temperature. As reported in ref. * the change
of slope from positive to negative is obtained for the first order magnetic transition and it is found that negative
slope decreases with the decreasing temperature, which is in contrast to that observed for this compound. Such
opposite behavior has been studied by taking into account the asymmetry of the free energy with respect to the
magnetization®. Hence, it can be said that the presence of M, lower the symmetry of the magnetic state which
results in changeover of ¢ and d to c* and d* respectively. This develops the new parameter which is second order
in nature. The changeover from the positive to negative slope is an indication of development of a new second
order parameter due to change of symmetry of the magnetic state. The change of symmetry occurs due to pres-
ence of higher order magnetization.

Magnetic field - Temperature phase diagram of CeGe. Figure 7 show the H-T phase diagram, which
illustrates the possible presence of five phases in CeGe. The points in the figure are estimated from the order-
ing temperatures, obtained from the magnetization curves. In this compound, the phase I is present between
T'and T", below 0.1 T. In this phase quadrapole moment competes with ordered antiferromagnetic dipolar
moments. A new order parameter driven by quadrapole-quadrapole interactions develops which increases with
decreasing temperature and lowers the symmetry of the magnetic state. It results in opening of a gap due to
evolution of the Fermi surface. Phase II is below 0.1 T and T™. In this phase, the interactions are dominated by
quadrapole-quadrapole coupling which stabilizes the order parameter. The symmetry of the magnetic state is
conserved in this phase. The observed ferromagnetic component arises due to the presence of short ranged cor-
relations among quadrapolar magnetic moments. Phase III of the compound is between 0.1 to 1 T and below T".
In this phase, dipole-dipole interactions dominate over the quadrapolar interactions. The region above 1 T and
below T' is phase IV of the compound. In this phase, long ranged antiferromagnetic ordering is observed due to
strong dipole-dipole interactions. The exchange energy of long range antiferromagnetic ordering is mediated
via conduction electrons. Increase in magnetic field enhances the exchange interaction energy strength resulting
in the observation of the long ranged ordering. The onset of this ordering suppresses the ferromagnetism in this
phase. Phase V is the paramagnetic phase of the compound and it is above T".

Summary. Insummary, our study on CeGe compound reveals that the presence of higher order magnetiza-
tion in this compound, results in the development of a new order parameter. Presence of higher order magneti-
zation indicates the lowering of symmetry of the magnetic state and opens a partial gap due to changes in Fermi
surface. The evolution of Fermi surface is also substantiated from the H?> dependent magnetoresistance behavior
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and Kohler’s plots. The observed order parameter (which is second order in nature) is confirmed from the Landau
free energy theory. Further, for an unambiguous identification of the new order parameter microscopic probes
like resonant x-ray scattering, field dependent neutron diffraction, NMR etc. are warranted.

Methods

High quality polycrystalline compound CeGe is prepared by arc melting the stoichiometric amounts of high
purity (>99.9%) Ce and Ge in an atmosphere of argon. The characterization of compound is carried out by x-ray
diffraction (Cu Ka) pattern obtained using Rigaku Smart Lab instruments. Temperature dependent magnetiza-
tion measurements are performed using Magnetic Property Measurement System (MPMS), while, temperature
and magnetic field dependent heat capacity and resistivity measurements are performed using Physical Property
Measurement System (PPMS), both from Quantum design, USA. Magnetization, heat capacity and resistivity
measurements are carried out on pellets of specific shapes.

References
1. Sachdeyv, S., Metlitski, Max A. & Punk, M. Antiferromagnetism in metals: from the cuprate superconductors to the heavy fermion
materials. J. Phys.: Condens. Matter 24, 294205 (2012).
2. Murayama, S., Sekine, C., Yokoyanagi, A. & Hoshi, K. Uniaxial Fermi-surface nesting and spin-density-wave transition in the heavy-
fermion compound Ce(Ruy gsRhy ;5),Si,. Phys. Rev. B72, 11092 (1997).
. Mathur, N. D. et al. Magnetically mediated superconductivity in heavy fermion compounds. Nature (London) 394, 39 (1998).
4. Fradkin, E., Kivelson, S. A., Lawler, M. J., Eisenshtein, J. P. & Mackenzie, A. P. Nematic fermi liquid fluids in condensed matter
physics. Annu. Rev. Condens. Matter Phys. 1,153 (2010).
5. Doniach, S. In proceedings of the International Conference on Valence Instabilities and Related Narrow-Band Phenomena, edited by R.
D. Parks, p. 168 (Plenum Press: New York;1976).
6. Stewart, G. R. Heavy-fermion systems. Rev. Mod. Phys. 56, 755 (1984).
7. Stewart, G. R. Non-Fermi-liquid behavior in d- and f-electron metals. Rev. Mod. Phys.73,797 (2001).
8. Cameron, A. S., Friemel, G. & Inosov, D. S. Multipolar phases and magnetically hidden order: review of the heavy-fermion
compound Ce,_,La, By. Rep. Prog. Phys. 79, 066502 (2016).
9. Kuramoto, Y., Kusunose, H. & Kiss, A. Multipole Orders and Fluctuations in Strongly Correlated Electron Systems. J. Phys. Soc. Jpn.
78, 072001 (2009).
10. Jiao, L. et al. Fermi surface reconstruction and multiple quantum phase transitions in the antiferromagnet CeRhlIns. Proc. Natl. Acad.
Sci. USA 112, 673 (2015).
11. Umeo, K. et al. Field-induced magnetic transition in the heavy-fermion antiferromagnet Ce,Ni,. Phys. Rev. B 67, 144408 (2003).
12. Takabatake, T. et al. Superzone gap formation in UCu,Sn. J. Magn. Magn.Mater. 177, 53 (1998).
13. Marcano, N,, Espeso, J. I, Noakes, D. R., Kalvius, G. M. & Gomez Sal, J. C. Electrical transport and magnetic properties of CeGe.
Physica B 359, 269 (2005).
14. Marcano, N, Espeso, J. I. & Gomez Sal, J. C. Complex magnetism in CeGe binary alloy. J. Magn. Magn. Mater. 310, €35 (2007).
15. Haines, C. R. S. et al. Complex magnetic states of the heavy fermion compound CeGe. Low Temp. Physics 38, 651 (2012).
16. Das, P. K., Kumar, N., Kulkarni, R., Dhar, S. K. & Thamizhavel, A. Anisotropy magnetic properties and superzone gap formation in
CeGe single crystal. J. Phys.: Condens. Matter 24, 146003 (2012).
17. Schobinger-Papamantellos, P. et al. Magnetic properties of the CeGel-xSix series studied by powder neutron diffraction and pSR-
measurements. Physica B 349, 100 (2004).
18. Mydosh, J. A. Disordered magnetism and spin glasses. J. Magn. Magn. Mater. 157, 606 (1996).
19. Gingras, M. J. P, Stager, C. V,, Raju, N. P, Gaulin, B. D. & Greedan, J. E. Static Critical Behavior of the Spin-Freezing Transitions in
the Geometrically Frustrated Pyrochlore Antiferromagnet. Phys. Rev. Lett. 78, 947 (1997).
20. Singh, K. & Mukherjee, K. Evidence of partial gap opening and Ce-site dilution effects in a heavy fermion compound CeNiGe,.
Philos. Mag. 99, 386 (2019).
21. Park, J.-G., Haen, P,, Lejay, P. & Voiron, J. Non-linear susceptibility in heavy fermion compounds CeRu,Si, and Ce, ,Y,Ru,Si,
(x<0.1). J. Phys.: Condens. Matter 6, 9383 (1994).
22. Chandra, P. et al. Nonlinear susceptibility measurements in heavy fermion systems. Physica B 199, 426 (1994).
23. Ramirez, A. P. et al. Nonlinear Susceptibility as a probe of Tensor Spin Order in URu,Si,. Phys. Rev. Lett. 68, 2680 (1992).
24. Sluchanko, N. E. et al. Anomalies of magnetoresistance in Ce-based heavy fermion compounds. Low Temp. Physics 41, 1011 (2015).
25. Yosida, K. Anomalous Electrical Resistivity and Magnetoresistance Due to an s-d Interaction in Cu-Mn Alloys. Phys. Rev. B
107(396), 144408 (1957).
26. Bogach, A. V. et al. Bulk and local magnetic susceptibility in CeAl, and CeBg. J. Magn. Magn. Mater. 300, el (2006).
27. Pippard, A. B. Magnetoresistance in Metals (Cambridge University Press, Cambridge, 1989).
28. McKenzie, R. H. Violation of Kohler’s rule by the magnetoresistance of a quasi-two-dimensional organic metal. Phys. Rev. B 57,
11854 (1998).
29. Harris, J. M. et al. Violation of Kohler’ Rule in the Normal-State Magnetoresistance of YBa,Cu;0,_sand La,Sr,CuO,. Phys. Rev. Lett.
75, 1391 (1995).
30. Moriya, T. & Usami, K. Coexistance of ferro-and antiferromagnetism and phase transitions in itinerant electron systems. Solid Stat.
Commun. 23,935 (1977).
31. Friedemann, S. et al. Quantum tricritical points in NbFe,. Nature Physics 14, 62 (2018).
32. Banerjee, S. K. On a generlised approach to first and second order magnetic transitions. Phys. Lett. 12, 16 (1964).
33. Bustingorry, S., Pomiro, E, Aurelio, G. & Curiale, J. Second-order magnetic critical points at finite magnetic fields: Revisiting Arrott
Plots. Phys. Rev. B 93,224429 (R) (2016).

w

Acknowledgements
The authors acknowledge the experimental facilities of Advanced Material Research Centre, IIT Mandi. Financial
support from II'T Mandi is also acknowledged.

Author Contributions
K.S. synthesized the sample and performed the experiments. K.S. and K.M. analyzed the data and wrote the
manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

SCIENTIFICREPORTS| (2019) 9:5131 | https://doi.org/10.1038/s41598-019-41565-8 10


https://doi.org/10.1038/s41598-019-41565-8

www.nature.com/scientificreports/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:5131 | https://doi.org/10.1038/s41598-019-41565-8 11


https://doi.org/10.1038/s41598-019-41565-8
http://creativecommons.org/licenses/by/4.0/

	Possibility of a new order parameter driven by multipolar moment and Fermi surface evolution in CeGe

	Result and Discussion

	X-ray diffraction. 
	DC, AC and non-linear DC susceptibility study. 
	Heat capacity study: Evidence for gap opening. 
	Resistivity and magnetoresistance: Study of change in Fermi surface. 
	Arrott plots: Analysis of order parameter through two-order-parameter model of Landau free energy theory. 
	Magnetic field – Temperature phase diagram of CeGe. 
	Summary. 

	Methods

	Acknowledgements

	Figure 1 Rietveld refined powder x-ray diffraction pattern of CeGe.
	Figure 2 (a,b) Temperature (T) dependent DC susceptibility (M/H) in field range of 0.
	Figure 3 (a) Temperature dependent real part of AC susceptibility () at 4 (10−4) T AC field and superimposed DC field of 0.
	Figure 4 (a) Heat capacity divided by temperature (C/T) plotted as a function of temperature in field range of 0–14 T.
	Figure 5 (a) Temperature dependent resistivity (ρ) in field range of 0–14 T.
	Figure 6 (a,b) Virgin isothermal magnetization (M) curves as a function of magnetic field (0 to 7 T) at different temperatures.
	Figure 7 Temperature-Magnetic field phase diagram of CeGe.




